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Caveats
▻ 54 experimental talks

▻ 12 experimental YSF talks


− congratulations to younger colleagues for very interesting and well prepared 
presentations 

▻ Number of new results, ideas, upgrades, exceeded by far the number 
of minutes allocated for this talk!

− … and my absorption rate 

▻ The following is a very personal and non-comprehensive selection of 
what I see as a concerted effort to explain our universe

− apologies if your favorite result is not included
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Many thanks to all speakers for providing the material for this talk

Any name omission is purely due to sleep deprivation and 
will be fixed in the public version on the conference website
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Executive Summary
▻ LHCb experiment at CERN stole the show this year at Moriond EW


− Last experimental YSF talk from BELLE a pleasant surprise!  

▻ Flavor anomalies are still alive after updated result by LHCb

− x2 more data still to be looked at by LHCb 
− Heads up to BELLE, CMS, and ATLAS 

▻ Observation of CP Violation in charm mesons by LHCb 
▻ Neutrino experiments on track to tackle CP Violation as well

▻ Rich program across energy and mass scales to detect rare processes


− indirect search for New Physics 

▻ Standard Model physics at colliders entering New Physics territory

▻ Vibrant and diversified direct search program for New Particles

▻ Multi-prong approach to Dark Matter expanding


− Not just WIMPs but also very light or exotic candidates pursued
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What is the goal of experimental program?
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Scientific Method
▻ Galileo was the father of the scientific method 


– Observe  phenomena in Nature with experiments 
– Make hypothesis about laws of Nature (models) 
– Make quantitative predictions 
– Verify predictions with new experiments  
– Successful predictive models promoted to  

be a new theory  
– Never stop verification and falsification  

of existing theories 
◦ taking advantage of theoretical and technological  

advancements
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XVI Century

Falsification of Standard Model is as relevant as ever 
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Standard Model
▻ Extremely predictive theory since its inception


▻ Last missing piece discovered just 7 years ago

– Compare to gravitational waves and general relativity 

▻ Has successfully resisted 50 years of falsification


▻ We already know it is incomplete 
– Neutrinos are massive 

▻ It cannot address some basic curiosities and questions 
about our Universe
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A few questions and curiosities
▻ What is the origin of mass?

▻ Have we found the Higgs boson?

▻ What is the origin of mass hierarchy?

▻ Where is all the anti-matter in our Universe?

▻ What is Dark Matter?
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Means of Falsification
▻ Multiple and redundant measurements of well known quantities


− different methods 
− different contexts 
− different technologies 

▻ Measurement of very small and precise predictions

− variety of such observables across the spectrum 
− typically referred to as indirect search for New Physics 
− At LHC now merging with standard Physics thanks to amount of data 

▻ Search for the exotic

− chasing more or less crazy ideas by theory friends  
◦ often motivated by some big question 

− Taking advantage of capabilities of detectors for unconventional signatures 

▻ New computational tools for more efficient data mining and increasing 
sensitivity

▻ New technologies to improve detection techniques and try new 

avenues
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The Known Knowns

The Known Unknowns

The Unknown Unknowns
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Multi-prong Approach 
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Neutrinos 
The known unknown

Moriond EW 2019                                                                            Diana Mendez                                                                                           !2
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What is flavor alignment?!

Flavor Yukawa mass terms

�L = Q̄iDµ�
µ
Qi + hijQ̄Li�uRj + h̃ijQ̄Li�̃dRj
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Neutrinos
▻ Only confirmed proof of Physics Beyond Standard Model (BSM)


− mass term confirmed by oscillation experiments but not predicted in SM 

▻ Open Questions

− origin of the mass and nature of neutrinos 
− overall mass scale 
− mass hierarchy of 3 generations 
− mixing angles  
− CP violation  
− existence of new (possibly sterile) neutrinos 
◦ and how to detect them 

− anomalies in flux of anti-neutrinos 

▻ Experimental approach

− appearance and disappearance of each generation 
◦ NOvA, T2K, Day Bay, Ice Cube 

− Investigation of flux anomaly at reactors 
◦ Daya Bay, STEREO, PROSPECT, CONUS
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Neutrino Mixing and Mass Hierarchy
▻ Taking advantage of both appearance and disappearance 

▻ NOvA: 2 detectors using NuMI beam from FNAL with narrow energy spectrum


− First anti-neutrino data: Total analysis exposure 6.90x1020 (antineutrino) + 8.85x1020 
(neutrino) POT  

− Additional antin-antis-neutrino data collected and to be added 

▻  T2K: 2 detectors using narrow energy beam from J-PARC

− recent run mostly in anti-neutrino (50% more statistics wrt neutrino 2018 results)  
− best year of data taking in 2017~2018 

▻ Both experiments favor maximal  
mixing for neutrinos and  
Normal Hierarchy for mass


▻ Slight preference for Normal  
Hierarchy also by IceCube  
DeepCore

− limited sensitivity

 13• Appearance + disappearance fit favours UO and NO
• 90% C.L. compatible with other experiments
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CP Violation in Neutrinos
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Alain Blondel  T2K latest results and 
prospects 18

Joint result
appearance + disappearance
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Prospects
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Tau Neutrino Appearance

▻ Important to constrain PMNS matrix  
unitarity in tau sector

− not yet as constrained as e and μ sectors 

▻ Upgraded IceCube detector expected  
to further enhance this program 
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IceCube
Ø 5160 PMTs
Ø 17 m vertical spacing
Ø 86 strings

Ø 125 m string spacing
Ø 1 km3 volume

2

Tau-neutrino appearance

τ sector is the least 
well-constrained

Ø An order of 
magnitude worse 
than the e and μ
sectors

Important constraint on 
PMNS matrix unitarity

11

Subtract best-fit 
non-ντ backgrounds:

ντ appearance rate consistent  with standard neutrino oscillations 

A new tool for studies of atmospheric neutrinos
Ø 7 additional strings to be installed in 2022-2023

Ø Includes a suite of calibration devices to improve IceCube scientific capabilities 
at both low and high energies 14

IceCube upgrade
Justin Evans, IceCube
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Neutrino Mass Scale
▻ Oscillation measurements not sensitive to neutrino mass scale 
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Introduction Tritium data Model components Fitting Conclusion

From ‹ oscillations to mass scale
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Karlsruhe Tritium Neutrino experiment
▻ Analyse electron energy spectrum from molecular tritium β-decay


− take advantage of vibrational and rotational energy 

▻ 3-h run used to 

− test analysis framework 
− optimise source and spectrometer parameters 
− refine systematics 

▻ Aim at sub-eV sensitivity
 17

Introduction Tritium data Model components Fitting Conclusion

KATRIN: m‹ from — spectrum

• Analyse electrons from molecular tritium —-decay
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Neutrinoless Double β-Decay (0νββ)
▻ Rare process in Standard Model sensitive to


− Nature of neutrinos 
− lepton number violation 
− absolute neutrino mass scale

 18

Wouter Dekens, Moriond EWIntroduction
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• Implications for the mass hierarchy

Well-known Majorana mass mechanism

=

Why search for Neutrinoless Double Beta (0⌫��) decay

Powerful method to study the unknown neutrino properties
Observation of 0⌫�� decay implies:

neutrino ⌫ has Majorana nature

lepton number violation (�L = 2)

determination of ⌫ absolute mass
(nuclear model dependent)

Half life of 0⌫�� (in case of light Majorana neutrino exchange):

(T 0⌫
1/2)

�1 =G0⌫⇥ |M0⌫|2⇥ (m��

me
)2

Phase Space Integral: well known quantity

Nuclear Matrix Element: most critical ingredient, produces uncertainty in
the determination of m�� (quenching problem)

Neutrino E↵ective Mass: by measuring T 0⌫
1/2, m�� can be estimate

Valerio D’Andrea (Università dell’Aquila) 0⌫�� decay search with
76
Ge Moriond 2019 - La Thuile 2 / 20

Search for 0⌫�� decay

signature: sharp peak at Q-value of the decay
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Aim at background-free experiment
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0νββ with CUORE detector at Gran Sasso
▻ Cryogenic detector of 750 kg of high-purity TeO2 crystals readout by 

bolometers 


▻ Most precise 2νββ measurement 

− now almost the only source of background 

▻ Energy resolution of 7.7 keV currently


▻ Ambitious goal of 9 x 1025 yr @ 90% C.L.
 19

Neutrinoless double beta decay & thermal detectors

A powerful search has to aim at the optimal

isotope + detector technique combination

• 130Te is an ideal candidate for the 0⌫�� search

• Q�� moderately high: (2527.515 ± 0.013) keV (between the 208Tl peak and Compton edge)

• large natural abundance: (34.167 ± 0.002)%

• Tellurium dioxide, TeO2, suitable for the use in cryogenic particle detectors

• high Debye temperature: ) small heat capacity

• thermal expansion close to copper

• production of high-quality crystals

• large mass: ⇠ 750 g (5 ⇥ 5 ⇥ 5 cm3)

• scalability of detector arrays

• very low radioactive contamination

• bulk: 10�14 g/g for both U and Th

• surface: < 10�9 Bq cm�2 for both U and Th
CUORE crystal

S. Dell’Oro Results of CUORE La Thuile – March 19, 2019 2 / 18

Observation of the
130

Te 2⌫��
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CUORE: t2⌫1/2 = (7.9± 0.1 (stat.) ± 0.2 (syst.)) · 1020 yr

CUORE-0: t2⌫1/2 = (8.2± 0.2 (stat.) ± 0.6 (syst.)) · 1020 yr

NEMO-3: t2⌫1/2 = (7.0± 0.9 (stat.) ± 1.1 (syst.)) · 1020 yr

Comparison with CUORE-0

• CUORE-0

2⌫�� spectrum accounts

for ⇠ 20% of counts in

(1� 2)MeV range

• CUORE

2⌫�� spectrum dominates

for nearly all events in

(1� 2)MeV range

Eur. Phys. J. C 77, 13 (2017)

paper in preparation
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Results on the search for 0⌫��

• no peak found at Q��

• bkg index consistent with expectations:

(1.4± 0.2) · 10�2 counts keV�1 kg�1 yr�1

• median statistical sensitivity:

t0⌫1/2 = 7.0 · 1024 yr @ 90%C. L.

• combined limit on 130Te:

t0⌫1/2 > 1.5 · 1025 yr @ 90%C. L.

Decay rate [10�24 yr�1]
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• limit on the e↵ective Majorana mass:

m�� > (110� 520)meV

ROI spectrum

Phys. Rev. Lett. 120, 132501 (2018)
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0νββ with LEGEND detector
▻ Successor of GERDA and MAJORANA detectors using 76GE


− First stage with 200 kg of 76GE aiming for 0.6 counts/t/yr 

▻ Outstanding performance for GERDA and MAJORANA


▻ LEGEND aims at sensitivity  
of 1027 yr and neutrino effective mass  
limit of ~10 meV

 20

The Legend Experiment [arXiv:1709.01980]

First Stage
LEGEND-200

up to 200 kg of
76
Ge

modification of existing Gerda
infrastructure at LNGS

improved background,

0.6 cts/(FWHM·t·yr)

start in ⇠ 2021

Subsequent Stage
LEGEND-1000

1000 kg of
76
Ge

location tbd, required depth under investigation

background goal < 0.1 cts/(FWHM·t·yr)

timeline connected to review process

Valerio D’Andrea (Università dell’Aquila) 0⌫�� decay search with
76
Ge Moriond 2019 - La Thuile 17 / 20

Background suppression in Gerda

Active background suppression: by the detection of LAr scintillation light
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Conclusions and Outlook

GERDA and MAJORANA reached important milestones in the
0⌫�� decay search:

energy resolution ⇠ 0.1% at Q��

lowest background ever achieved: 6 · 10�4 cts/(keV·kg·yr)
exploration of the 0⌫�� decay at the 1026 yr scale

LEGEND-200 is in preparation and will continue the search for 0⌫��
decay in 76Ge and reach a sensitivity of 1027 yr

The experiment is fully funded

Ongoing e↵orts to start in 2021!

Valerio D’Andrea (Università dell’Aquila) 0⌫�� decay search with
76
Ge Moriond 2019 - La Thuile 20 / 20

Status of neutrinoless double beta decay search

most recent limits on the half-life, sensitivity and m�� (at 90% C.L.)

isotope T 0⌫
1/2 [1025 yr] S0⌫

1/2 [1025 yr] m�� [meV] experiment

76Ge 9 11 104–228 Gerda
76Ge 2.7 4.8 157–346 Majorana
130Te 1.5 0.7 162–757 CUORE
136Xe 1.8 3.7 93–287 EXO-200
136Xe 10.7 5.6 76–234 KamLAND-Zen

+
the future goal is reach sensitivities of S0⌫

1/2 ⇠ 1027–1028 yr and
improve the limit on the e↵ective Majorana neutrino mass to

m�� ⇠ 10 meV

Valerio D’Andrea (Università dell’Aquila) 0⌫�� decay search with
76
Ge Moriond 2019 - La Thuile 4 / 20

Valerio D’Andrea, 
LEGEND



Reactor Anti-Neutrino 
Flux Anomaly (RAA)

Motivation: Flux Measurement
≠æ ‹̄e Disappearance at Short Baseline

2011: Re-evaluation of the ‹̄e reactor flux prediction

≠æ Reactor Antineutrino Anomaly
All reactor short-baseline experiments are observing a deficit (≥ 6%)
æ confirmed by recent accurate measurements from Daya Bay, RENO & Double Chooz

Laura Bernard, MORIOND, March 19, 2019 1/18
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Reactor Antineutrino “Anomalies” (RAA)

�3

Flux Deficit

Deficit due to extra (sterile) neutrino 
oscillations or artifact of flux predictions?

Spectral Deviation

Measured spectrum does not agree 
with predictions.

Daya Bay, 
CPC 41, No. 1 (2017)Understanding reactor flux and spectrum 

anomalies requires additional data

Chinese Physics C Vol. 41, No. 1 (2017) 013002

to the measurement. A clear discrepancy between the
data and the prediction near 5 MeV is observed, while
the agreement is reasonable in other energy regions. A
comparison to the Huber+Mueller model yields a χ2/dof
of 46.6/24 in the full energy range from 0.7 to 12 MeV,
corresponding to a 2.9 σ discrepancy. The ILL+Vogel
model shows a similar level of discrepancy from the data.

Fig. 22. (color online) The fractional size of
the diagonal elements of the covariance matrix,
Vii/N

pred
i , for each component in each prompt en-

ergy bin. Inset: the elements of the correlation
matrix, Vij/

√
ViiVjj for the total uncertainty.

Another compatibility test was performed with a
modified fitting algorithm. In this method, N(=number
of prompt energy bins) free-floating nuisance parameters
are introduced to the oscillation parameter fit to adjust
the normalization for each bin, as described in Ref. [65].
The compatibility was tested by evaluating

∆χ2 = χ2(standard)−χ2(N extra parameters) (29)

for N degrees of freedom. We obtained ∆χ2/N =
50.1/25, which is consistent with the results obtained
by the first method using Eq. (28).

6.3 Quantification of the local deviation

The ratio of the measured to predicted energy spectra
is shown in Fig. 23(b). The spectral discrepancy around
5 MeV prompt energy is clearly visible. Two approaches
are adopted to evaluate the significance of this discrep-
ancy. The first method evaluates the χ2 contribution of
each energy bin,

χ̃i =
N obs

i −Npred
i

|N obs
i −Npred

i |

√∑

j

χ2
ij ,

χ2
ij = (N obs

i −Npred
i )(V −1)ij(N

obs
j −Npred

j ). (30)

By definition,
∑

i χ̃
2
i is equal to the value of χ2 defined in

Eq. 28. As shown in Fig. 23(c), an enhanced contribution
is visible around 5 MeV.

In the second approach, the significance of the devia-
tion is evaluated based on the modified oscillation anal-
ysis similar to Eq. (29). Instead of allowing all the N
nuisance parameters to be free floating, only parameters
within a selected energy window are varied in the fit. The
difference between minimum χ2s before and after intro-
ducing these nuisance parameters within the selected en-
ergy window was used to evaluate the p-value of the local
variation from the predictions. The p-values with 1 MeV
sliding energy window are shown in Fig. 23(c). The local
significance for a discrepancy is greater than 4σ at the
highest point around 5 MeV. In addition, the local signif-
icance for the 2 MeV window between 4 and 6 MeV were
evaluated. We obtained a ∆χ2/N value of 37.4/8, which
corresponds to the p-value of 9.7×10−6(4.4σ). Compar-
ing with the ILL+Vogel model shows a similar level of
local discrepancy between 4 and 6 MeV.

Fig. 23. (color online) (a) Comparison of predicted
and measured prompt energy spectra. The pre-
diction is based on the Huber+Mueller model and
normalized to the number of measured events.
The error bars on the data points represent the
statistical uncertainty. The hatched and red filled
bands represent the square-root of diagonal ele-
ments of the covariance matrix (

√
(Vii)) for the

reactor related and the full systematic uncertain-
ties, respectively. (b) Ratio of the measured
prompt energy spectrum to the predicted spec-
trum (Huber+Mueller model). (c) The defined
χ2 distribution (χ̃i) of each bin (black solid curve)
and local p-values for 1 MeV energy windows (ma-
genta dashed curve). See Eq. 30 and relevant text
for the definitions.
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ysis similar to Eq. (29). Instead of allowing all the N
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within a selected energy window are varied in the fit. The
difference between minimum χ2s before and after intro-
ducing these nuisance parameters within the selected en-
ergy window was used to evaluate the p-value of the local
variation from the predictions. The p-values with 1 MeV
sliding energy window are shown in Fig. 23(c). The local
significance for a discrepancy is greater than 4σ at the
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icance for the 2 MeV window between 4 and 6 MeV were
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corresponds to the p-value of 9.7×10−6(4.4σ). Compar-
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and measured prompt energy spectra. The pre-
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χ2 distribution (χ̃i) of each bin (black solid curve)
and local p-values for 1 MeV energy windows (ma-
genta dashed curve). See Eq. 30 and relevant text
for the definitions.
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▻ Day Bay confirms 5% deficit in flux of  
anti-neutrinos WRT Huber-Mueller expectation


▻ Fuel composition of 4 primary isotopes: 235U,  
239Pu, 238U, 241Pu 

− 235U believed to be the largest contribution 

◦ Typically makes up 50-60% of fuel  
− but composition evolves in time 

▻ In addition, investigating discrepancy also  
in spectral shape of prompt energy  
around 4-6 MeV

− reported also by other experiments

Flux Anomaly at Daya Bay
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Liang Zhan, Daya Bay

Motivation: Spectral Distortions
≠æ Isotopes Contributions & Nuclear Models

Several experiments revealed a "bump"
around 5 MeV w.r.t. predicted spectrum

• Could be linked to underestimation of
certain isotopes of uranium/plutonium

• Can not explain the total deficit
Double Chooz Collaboration (De Kerret, H. et al.)
arXiv:1901.09445 [hep-ex]

≠æ Studies of decorrelation of isotopes
contributions at commercial reactors

In conclusion:
• Sterile neutrino ?
• Wrong prediction ?

≠æ Need dedicated measurements:
• Confirm or rule out sterile ‹ hypothesis
• Constrain the ‹̄e energy spectrum
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Sterile Neutrino as source of RAA

▻ Addressing RAA provides a mean to verify the sterile neutrinos hypothesis
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Motivation: Flux Measurement
≠æ Sterile Neutrino Hypothesis
Phys.Rev.D83:073006 (2011)

Introduction of a 4th neutrino adds a mixing with the ‹̄e :

P‹eæ‹e (E‹e ,L) = 1 - sin2(2◊new ) sin2
1

1.27 �m2
new [eV 2]L[km]
E‹e [MeV ]

2

Suggested oscillation parameter best fit by RAA :
• �m2

new = 2.3 eV2

• sin2(2◊new ) = 0.14

3+1 scenario fits better the experimental data points :
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RAA with STEREO at Grenoble

▻ Probe anomaly through measurement of distortion of anti-neutrino energy 
spectrum as a function of distance

− independent from prediction 

▻ Spectral shape: significant deviation in the  
6-7 MeV range to be investigated with more  
data and complementary experiments 


▻ Best-fit hypothesis of Sterile neutrino preferred by  
RAA rejected at ~99.8% C.L.
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The STEREO Experiment
arXiv:1804.09052 (2018)
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Designed to:

1- Probe the RAA1 region by measuring oscillation-driven distortions of the ‹̄e energy spectrum as a function
of the distance

≠æ Independent from predicted energy spectrum

2- Provide a measurement of a pure 235U ‹̄e energy spectrum
1Reactor Anti-neutrino Anomaly
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Experimental Site
ILL research facility, Grenoble, France

Research reactor core ≥ 58 MWth
æ 1019 ‹̄e s≠1

• Compact core (?40cm ◊ 80cm)

• Highly enriched 235U (93%)
• Short baseline measurement:

9.4m < Lcore < 11.2m

Challenging mitigation of the background
• “ and neutron background from

neighboring experiments
• Surface-level experiment (15 m.w.e

thanks to water channel)

Laura Bernard, MORIOND, March 19, 2019 4/18

Spectrum Shape
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Preliminary

STEREO Phase-II data only

• Predicted spectrum: Huber 235U
spectrum
≠æ + % level corrections in the first 2
energy bins (n-Al capture,
o�-equilibrium e�ect, spent fuel).

• Good agreement with the data up to
6.375 MeV (‰2=14.9/18)

• Large deviation observed in the 3
highest energy bins (‰2=33.3/21)
≠æ Such localized large distortion
cannot be explained by varying the 3
parameters of a quadratic model of the
energy scale

• Further constraints from upcoming
higher statistical accuracy and
combination with other pure 235U
spectra are required to draw pertinent
tests of the spectrum shape
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Laura Bernard , STEREO

Conclusions and Perspectives

STEREO demonstrates its high precision capability:

⇤ Detection – 43.4 k neutrinos detected in phase-II, 65.5 k total

⇤ Backgrounds – Extensive measurements between the ON periods show a very high stability of the
background

⇤ Sterile ‹ exclusion contours – Major fraction of the initial RAA contour is now rejected with no sign of
cell-to-cell systematics

⇤ Absolute normalization – Accurate measurement of the pure 235U neutrino rate, in agreement with the
previous world average

⇤ Spectrum shape – Accurate test of the spectrum shape up to 6 MeV, significant deviation observed in the
6-7 MeV range to be investigated with more statistics and complementary experiments

Perspectives toward even higher accuracy:
⇤ Refined tuning of the MC
⇤ Complementary calibration observable (source at 6 MeV (Am-C), Boron 12 spectrum ...)
⇤ Improved background rejection (NN for cuts optimization)
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RAA with PROSPECT at Oak Ridge

▻ Same approach as STEREO via spectral distortion

▻ Spectral shape: Huber model broadly agrees  

with spectrum but exhibits large  
chi2 and not a good fit 


▻ Best-fit hypothesis of Sterile neutrino preferred by  
RAA disfavoured at >95% C.L.
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PROSPECT Detector Design

�7

Liquid Scintillator

Antineutrino Detector Performance

Liquid Scintillator

PROSPECT Segmented 6Li-Loaded 

Antineutrino Detector Design

Initial Performance of the PROSPECT 

Antineutrino Detector

N.S. Bowden (LLNL) for the PROSPECT Collaboration  

LLNL-POST-XXXXXX

Prepared by LLNL under Contract 

DE-AC52-07NA27344.

Liquid Scintillator

Stability of Antineutrino Detector Response 

Liquid Scintillator

Antineutrino Detector Self-Calibration 

Liquid Scintillator

Uniformity of Antineutrino Detector Response 

Liquid Scintillator

Signal and Background Characteristics

Conclusions

Conclusions

Monday 112 

http://prospect.yale.edu

See also posters 139, 146, 188, 194; Talk Friday 12.15pm

PROSPECT Publications

arXiv: 1506.03547, 1508.06575,   

1512.02202, 1805.09245 

Background events provide a myriad of ways to measure segments 

performance – observed segment-to-segment  variation is small

The PROSPECT antineutrino detector (AD) in now 

operating 7-9m from a research reactor core: 

• The recently commissioned PROSPECT AD is performing very well

• Detector design features provide multiple observables to calibrate and track system 

stability and uniformity 

In addition to calibration sources, AD data can be used to 

measure system stability, validating our calibration procedures 

• 4 ton 6Li-loaded liquid scintillator ( 6LiLS) target 

• Low mass optical separators provide 154 optical 

segments, 117.5x14.6x14.6cm 3

• Double-ended PMT readout

• Internal calibration access along full segment length

Prospect has begun to study the characteristics of IBD signal and 

cosmogenic background events

• Energy resolution, position resolution and detection efficiency meet expectations

• Antineutrinos have been detected in the high background environment close to a 

research reactor core and on the Earth’s surface

Antineutrino 
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wealth of data for position, timing, and response calibrations for all 
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The AD light yield & PSD performance are very good (poster 146), as is 

axial position resolution. Other performance parameters are assessed via a 

combination of measurements and simulation.

Antineutrino detection efficiency

Antineutrino selection cuts preferentially 

reject cosmogenic backgrounds. Some 

PMTs have exhibited anomalous current 

behavior, with these segments being 

excluded from analysis for now. 

Simulation is used to understand the 

effect of these factors on IBD detection 

efficiency across the detector.

6Li neutron capture gives fixed 

energy events distributed 

throughout entire AD – track 

system response in time and 

measure variation along segments

Optical collection along 

segment length

Axial variation in single PMT 

light collection is almost 

exponential and has minor 

variation amongst PMTs 

Relative energy scale 

between segments

Tracking  6Li neutron capture 

feature in time demonstrates  

effectiveness of  running 

calibration and segment-to-

segment uniformity 

Timing Calibration

Muon tracks traversing 

multiple segments provide 

coincident events to extract 

segment-to-segment and 

PMT-to-PMT timing 

information

Axial position 

reconstruction

BiPo events provide a 

uniformly distributed event 

sample with which to validate 

axial position reconstruction

Time stability of energy 

reconstruction

Tracking  reconstructed energy 

of BiPo events distributed 

uniformly throughout the 

detector independently 

validates energy calibration

Time stability of neutron capture efficiency

The LiLS contains three species with non-negligible capture 

cross sections: 6Li, 1H, and 35Cl. Tracking  relative capture 

fractions demonstrates stable efficiency of the 6Li capture 

reaction used for antineutrino detection

Time variation of 

cosmogenic backgrounds

Several cosmogenic background 

event classes are observed to 

vary with the depth of the 

atmospheric column. This ~1% 

effect is corrected for in 

background subtraction 

Axial Position Resolution

212Po decays produce b-a

correlated events in the 

same location - provide 

direct measure of AD 

position resolution
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The PROSPECT AD has successfully detected antineutrinos in the high 

background environment close to a reactor core and on the Earth’s surface
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Observation of reactor antineutrinos at the Earth’s surface

Accidental backgrounds vary due to g-rays background from 

nearby neutron scattering experiments. Cosmogenic correlated 

backgrounds are measured during Reactor Off periods. 

Preliminary selection cuts that emphasize statistical precision 

yield a Signal-to-Correlated Background ratio of 1.3.

A 5s observation at the surface is achieved with ~4 hours of 
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WATER BRICK NEUTRON SHIELD

tilted array for 
calibration access

Optimized shielding to reduce 
cosmogenic backgrounds 

Single 4,000 L 6Li-loaded liquid 
scintillator (3,000 L fiducial volume)

11 x 14 (154) array of optically 
separated segments

Very low mass separators (1.5 mm thick)
Corner support rods allow for full 
in situ calibration access

Double ended PMT readout, with light 
concentrators  

good light collection and energy 
response 
~5%√E energy resolution
full X,Y,Z event reconstruction

>99% of flux from 235U

Karsten Heeger, Yale University  Moriond 2019

Prompt Energy Spectrum

�21

Preliminary

Is PROSPECT consistent with Huber 
235U model for HFIR HEU reactor?

χ2/ndf = 52.1/31
p-value = 0.01

Huber model broadly agrees with spectrum 
but exhibits large χ2/ndf with respect to 
measured spectrum, not a good fit.

Deviations mostly in two energy regions.

Statistics limited measurement.

Karsten Heeger, Yale University  Moriond 2019

Shielding

Active Inner 
Detector

Precision Oscillation and Spectrum Experiment

�5

Antineutrino 
Detector

HFIR Core

Objectives Search for short-baseline oscillation at  <10m
Precision measurement of 235U reactor νe spectrum

Relative Spectrum Measurement
relative measurement of L/E and spectral shape distortions

Segmented, 6Li-loaded Detector

unoscillated spectrum oscillated spectrum
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CEνNS: Coherent Elastic νeutrino Nucleus Scattering
▻ A different process that can be used to investigate the flux anomaly


− coherent scattering of low-energy neutrons 

▻ Predicted in 1974 and measured in 2017 by COHERENT experiment 


▻ An important background for Dark Matter experiments

− currently a sub-dominant background for Xenon-1T 
− But can become important for next generation Darwin experiment

 26

The reaction
Past experiments: 
• Inverse beta decay on protons 

(liquid scintillators) 
• Coincidence signal of prompt 

positron and delayed neutron 
• Energy threshold: 1.8 MeV

CONUS: 
• Coherent elastic neutrino nucleus 

scattering (CEνNS): fully coherent 
regime! 

• Cross section ~ N2 x E2 

• Emax (recoil) ~ 1/mN 
• Predicted 1974, measured 2017 

(COHERENT experiment)

D. Akimov et al. Science 2017;357:1123-1126
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RAA with CONUS at Brokdorf (GE)

▻ Results still statistically limited


▻ Unlikely to tackle RAA due to small mass
 27

The requirements
1. Site: intense neutrino flux  

2. Low background environment 
(material selection, shielding) 

3. Low energy threshold (~keV): 
Scintillating crystals, Ge-
spectrometer, liquid noble gases

Signal

Energy threshold

Background

Energy

Count  
Rate

The CEνNS signal
• Rate-only analysis (shape analysis in progress) 

• Statistically limited: one regular reactor OFF period so far (4 weeks) 

• Next outage: June 2019 (4 weeks); long reactor OFF after 2021 

• Outlook: lower energy threshold and pulse shape discrimination 
with DAQ upgrade

Counting analysis 
(~300-550 keV)

Counts

Reactor OFF (65 kg d) 354±19

Reactor ON (417 kg d) 2405±49

ON-OFF 133±130

Prediction for quenching 
factor 0.25: 117 counts

Preliminary

New

Christian Buck, CONUS



Energy (and Intensity) Frontier 
High-Luminosity Colliders

The Higgs and the LHC �2

today

First beam in ATLAS
(2009)

Higgs discovery
(2012)

Only ~5% of total 
expected data
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Energy Frontier after Higgs Discovery
▻ Intense scrutiny of Higgs and Yukawa sector 


▻ While keeping a wide open eye on new phenomena

 29

Higgs properties 
Higgs self interaction

Higgs coupling to bosons and fermions

CKM matrix and CP Violation

New light and heavy particles

Lepton flavour universality violation


Leptoquarks

SUSY


Long-lived particles

Dark matter

Precision Electroweak and 
QCD
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BELLE-II at SuperKEKB getting ready

▻ Commissioning run in 2018 with  
partial vertex detector

− new collisions by end of this week  
− Aiming for 10 fb-1 by Summer 2019  

and 50 fb-1 within next 12 months 
− Reaching design instantaneous luminosity 

of 8 x 1035 cm—2 s—1 in 4 years by 2024 

▻ Performance of charged and neutrals  
in agreement with simulations


▻ Ambitious physics program targeting  
search for new phenomena with first 10 fb—1
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SuperKEKB:	New	intensity	frontier	machine	

4	

q  Targets	to	deliver	e+e−	collisions	at	a	peak	luminosity	of	8×1035	cm−2s−1 
è	40	times	that	of	KEKB:	
²  Increase	beam	currents	twice	
²  Reduce	beam	size	by	20	times	

1µ
m

 

5mm 50
nm

 

10
0µ

m
 

KEKB SuperKEKB 

4 GeV 

7 GeV 

Ø  First	new	particle	collider	after	LHC!	
Tracking system is working fine! 

7	

q  Charged	tracks	reconstructed	using	info	
mostly	from	the	CDC	are	available	since	
the	beginning	of	collisions�

q  Mass	resolutions	of	known	particles	in	
data	in	agreement	with	simulations	(B	
field	measured	well	and	sub-detectors	
also	aligned)�

electrons		(7	GeV)�

positrons	(4	GeV)�

KL	and	muon	detector:	
Resistive	plate	counter	(barrel	outer),	plastic	
scintillator	+	WLS	fiber	+	SiPM	(endcap	and	
inner	two	barrel	layers)�

Particle	identification:		
Time-of-Propagation	counter	(barrel)	
Prox.	focusing	Aerogel	RICH	(forward)	

Central	Drift	Chamber	(CDC):	
He(50%)+C2H6(50%),	small	cells,	long	
lever	arm,		fast	electronics	

EM	Calorimeter	(ECL):	CsI(Tl)	
crystals,	waveform	sampling	readout	

Vertex	Detector	(VXD):	2-layer	
pixel	(PXD)	+	4-layer	strip	(SVD)	

Beryllium	beam	
pipe	(2	cm	diameter)	

Belle	II:	A	21st	century	HEP	experiment	
q  Designed	to	operate	with	a	performance	similar	to	or	better	than	Belle,	

but	in	a	harsh	beam	background	condition�

6	

Gagan Mohanty , LHCb
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Matter - anti—matter Asymmetry 
CP Violation
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What is flavor alignment?!

Flavor Yukawa mass terms
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Unitarity Triangle(s)

▻ Probing new physics as enhancement  
in Bs CP Violation

 33
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CP violation in B⁰s 

Moriond EW 2019                                                                  21 March 2019

ϕSM
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Time-integrated CP Violation
▻ Full amplitude analysis in challenging final state B0→ρ0K*(892)0


−  sensitive to gluon and electroweak penguins 
− challenging combinatorial background and pollution from B0→a1(1260)-K+ 

▻ Probing also direct CP violation in baryons

− no experimental evidence so far compared to 20%  

theoretical prediction 

▻ No hint of CPV in phhh (h=π,k) final states of Λ0b and Ξ0b
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More results in the backup

Selected results

f̃ L
ωK* = 0.68 ± 0.017 ± 0.16

AL
ρK* = − 0.62 ± 0.09 ± 0.09

Large CP asymmetry: first significant observation (5σ) of 
CP asymmetry  in angular distributions of B→VV decays

The longitudinal polarisation fraction and CP 
asymmetry for ω0K* are also measured

f̃ L
ρK* = 0.164 ± 0.015 ± 0.022

AL
ωK* = − 0.13 ± 0.27 ± 0.13

arXiv:1812.07008

Triple Products Asymmetries are found to be below 5% 
which is consistent with SM prediction. arXiv:hep-ph/0303159

Longitudinal Polarization Fraction in Charmless B Decays

LHCb
Belle

BABAR
Our Avg.

HFLAV

May 2018
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Overview
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Doubly Cabibbo suppressed Tree Gluonic-penguin
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W+

Z, γ
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u, d

ρ0

K∗0

Electoweak-penguin

Dominant contribution

 (π+π-)(Κ-π+) final state: leading order diagrams 

Polarisation puzzle: large polarisation fractions expected in B→ VV decays 
(due to quark helicity conservation and the V-A nature of the weak interaction). 

→ holds for tree dominated decays (eg. ρρ ) 

→ fail for penguin dominated decays (eg. ΦΦ) 

4 particles in the final state →  angular analysis 

The sign of the EW-penguin contribution depends on the helicity eigenstate. 

Theoretical works predict enhanced direct CPV due to interference with 
B0→ωK*. arXiv:hep-ph/0502139
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CP Violation in Bs→J/ΨKK
▻ Updated time-dependent angular analysis by adding 2016 data


▻ Combination with other Bs decays for most precise measurement of Φs


▻ No evidence for direct CPV

▻ Width and interference consistent with  

expectations
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Ekaterina Govorkova, LHCb
Jennifer Zonneveld, LHCb
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Analyses strategy

B⁰s →J/ψ K˖K˗ 
[LHCB-PAPER-2019-013]

B⁰s →J/ψ π˖π˗ 
arXiv:1903.05530

Using 2015 (0.3 fb-1) and 2016 (1.6 fb-1) data  
measure !s , |λ| and

 ΔΓs and Γs - ΓB⁰  
to test the Heavy Quark Expansion 
prediction of Γs / ΓB⁰ = 1.0006 ± 0.0025

 ΓH - ΓB⁰ 
 since the final state is almost 

entirely CP-odd 
Simultaneous fit to the decay time and three  

helicity angles 
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Selection efficiency as a function of angles
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Kinematic selection and detector acceptance are  
causing non uniform efficiency as function of decay angles

B⁰s →J/ψ K˖K˗ 
[LHCB-PAPER-2019-013]

B⁰s →J/ψ π˖π˗ 
arXiv:1903.05530

      angular distribution in MC / 
expected without acceptance effect

      fourth-order polynomial 
parameterisation 
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CP asymmetry in B⁰s →J/ψ K˖K˗
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ACP(t) =
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!s 0.1σ away from SM 
consistent with Standard Model 

!s 1.6σ away from 0  
consistent with no CPV in interference  
between direct decay and after mixing 

|λ| consistent with 1 
consistent with no direct CPV 

Γs/ΓB⁰  consistent with HQE prediction

Conclusions

B⁰s →J/ψ K˖K˗ 
[LHCB-PAPER-2019-013]

B⁰s →J/ψ π˖π˗ 
arXiv:1903.05530

!s = −0.040 ± 0.025 [rad] 
|λ| = 0.991 ± 0.010 

ΔΓs = 0.0813 ± 0.0048 [ps-1] 
Γs- ΓB⁰ = −0.0024 ± 0.0018 [ps-1]
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CP Violation in Bs→J/Ψ !
▻ Time-dependent angular analysis with 80 fb-1 collected in 2015-2017

▻ Uncertainties competitive with latest LHCb results
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Run 2 result
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Bs→J/ψφ results
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ATLAS Run 1 and Run 2 combination

Uncertainties on φs, ΔΓs, Γs and helicity function parameters
are very similar to that of LHCb!

60 ifb of 2018 data are still to be added

Figure 9: Likelihood 68% confidence level contours in the �s – ��splane, including results from LHCb (green) and
CMS (red) using 7 TeV and 8 TeV data. The brown contour shows the ATLAS result for 13 TeV combined with
7 TeV and 8 TeV. In all contours the statistical and systematic uncertainties are combined in quadrature.

9 Summary

A measurement of the time-dependent CP asymmetry parameters in B0
s ! J/ (µ+µ�)�(K+K�

) decays
from a 80.5 fb�1 data sample of pp collisions collected with the ATLAS detector during the 13 TeV LHC
run is presented. The values from the 13 TeV analysis are consistent with those obtained in the previous
analysis using 7 TeV and 8 TeV ATLAS data [9]. The two measurements are statistically combined leading
to the following results:

�s = �0.076 ± 0.034 (stat.) ± 0.019 (syst.) rad
��s = 0.068 ± 0.004 (stat.) ± 0.003 (syst.) ps�1

�s = 0.669 ± 0.001 (stat.) ± 0.001 (syst.) ps�1

|Ak(0)|2 = 0.220 ± 0.002 (stat.) ± 0.002 (syst.)
|A0(0)|2 = 0.517 ± 0.001 (stat.) ± 0.004 (syst.)
|AS(0)|2 = 0.043 ± 0.004 (stat.) ± 0.004 (syst.)

�? = 3.075 ± 0.096 (stat.) ± 0.091 (syst.) rad
�k = 3.295 ± 0.079 (stat.) ± 0.202 (syst.) rad

�? � �S = �0.216 ± 0.037 (stat.) ± 0.010 (syst.) rad

The new ATLAS result is consistent with previous Run-1 results from LHCb [8] and CMS [10], using the
B0
s ! J/ � decay, and with the SM. The ATLAS result presented in this paper gives the most stringent

measurement on parameters �s, ��s, �s and the helicity functions parameters of the B0
s ! J/ � decay

from a single measurement.
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!s 0.1σ away from SM 
consistent with Standard Model 

!s 1.6σ away from 0  
consistent with no CPV in interference  
between direct decay and after mixing 

|λ| consistent with 1 
consistent with no direct CPV 

Γs/ΓB⁰  consistent with HQE prediction

Conclusions

B⁰s →J/ψ K˖K˗ 
[LHCB-PAPER-2019-013]

B⁰s →J/ψ π˖π˗ 
arXiv:1903.05530

!s = −0.040 ± 0.025 [rad] 
|λ| = 0.991 ± 0.010 

ΔΓs = 0.0813 ± 0.0048 [ps-1] 
Γs- ΓB⁰ = −0.0024 ± 0.0018 [ps-1]

LHCb: JpsiKK

ATLAS: Run1 + Run2



Flavour tagging

• Look at the charge of the 
accompanying particle
• Prompt charm: !∗± → !%&±

o!% points to PV
oDecay time acceptance

• Semileptonic charm: ' → !%(±)
o!% does not point to PV
oAccess all !% decay times
oLower yield
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▻ CP violation in Standard Model  
expected at ~ 10-3 – 10-4  
in charm mesons

− compare to O(1) in B mesons! 

▻ Flavor tagging with soft pion from prompt  
charm and muons from semi-leptonic decays

Shahram Rahatlou, Roma Sapienza & INFN

Probing CP Violation in Charm
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CP violation history
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TODAYDirect and indirect CP violation

• Direct CP violation when !"
# ≠ !̅ ̅"

#

• For oscillating neutral mesons &|(),# = , ⟩|(. ± 0 ⟩| 1(.

oCP violation in mixing when , ≠ |0|
oCP violation in interference

between decay and mixing when
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▻ Dedicated TURBO stream with online calibration and reconstruction of events

− Increased event rate and faster turn around for critical measurements 

▻ Probing also D0 →KsKs but no CPV yet
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Results

• Compatible with previous LHCb results and the WA
• Combination with LHCb Run 1 gives:
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Results
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• In the Standard model, the only di↵erence between B! D(⇤)⌧⌫ and
B! D(⇤)µ⌫ is the mass of the lepton

• Theoretically clean: ⇠ 2% uncertainty for D⇤ mode

• Ratio R(D(⇤)) = B(B! D(⇤)⌧⌫) / B(B! D(⇤)µ⌫) is sensitive to e.g
charged Higgs, leptoquark

• Current world average for R(D(⇤))in ⇠ 4� tension with Standard Model!

Introduction 2

• Fractional	electric	charge	
(�5/3,	�4/3,	�2/3,	�1/3	e)

• Spin	0	(scalar)	or	1	(vector)
• Inter-generational	mixing	

suppressed	to	meet	
experimental	constraint
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(unknown)
coupling	l

Recently	got	particular	
attention	as	it	might	
explain	observed	B-
anomalies

LQ	that	preferentially	couples	to	
2nd/3rd	generation	favored:
Can	be	even	at	O(1)	TeV scale

t+

µ-µ-

Direct	searches	at	CMS	

LQ phenomenology 

  new scalar (J=0) or vector (J=1) particles 
color, L, B, fractional Q (±1/3, ±2/3, ±4/3, ±5/3) 
  decay to lepton + quark via unknown coupling λ
  realised in some BSM theories 

  GUT-inspired models, technicolor, compositeness, RPV SUSY, … 
  free parameters (scalar case): MLQ,  λ,  β = BR(LQ→l±q) = 1-BR(LQ→νq’) 
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Leptoquarks possible solution
I Strong coupling to 3rd generation
I Weakest flavor constraints on 3rd gen
I Mass at TeV scale
I LQ! tµ also elegant solution for aµ
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  tree-level explanation of  
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  preferred: couplings to 2nd/ 3rd 
generation 
  mass could be O(1) TeV 

Standard Model

New Physics

Figure 1: Feynman diagrams in the SM of the B0! K⇤0`+`� decay for the (top left) electroweak
penguin and (top right) box diagram. Possible NP contributions violating LU: (bottom left) a
tree-level diagram mediated by a new gauge boson Z 0 and (bottom right) a tree-level diagram
involving a leptoquark LQ.

bin at 6.0 GeV2
/c

4 is chosen to reduce contamination from the radiative tail of the J/ 

resonance.
The measurement is performed as a double ratio of the branching fractions of the

B
0! K

⇤0
`
+
`
� and B

0! K
⇤0

J/ (! `
+
`
�) decays

RK⇤0 =
B(B0! K

⇤0
µ
+
µ
�)

B(B0! K
⇤0

J/ (! µ
+
µ
�))

�
B(B0! K

⇤0
e
+
e
�)

B(B0! K
⇤0

J/ (! e
+
e
�))

,

where the two channels are also referred to as the “nonresonant” and the “resonant” modes,
respectively. The experimental quantities relevant for the measurement are the yields
and the reconstruction e�ciencies of the four decays entering in the double ratio. Due
to the similarity between the experimental e�ciencies of the nonresonant and resonant
decay modes, many sources of systematic uncertainty are substantially reduced. This
helps to mitigate the significant di↵erences in reconstruction between decays with muons
or electrons in the final state, mostly due to bremsstrahlung emission and the trigger
response. The decay J/ ! `

+
`
� is measured to be consistent with LU [24]. In order to

avoid experimental biases, a blind analysis was performed. The measurement is corrected
for final-state radiation (FSR). Recent SM predictions for RK⇤0 in the two q

2 regions are
reported in table 1. Note that possible uncertainties related to QED corrections are only
included in Ref. [26], and these are found to be at the percent level. The RK⇤0 ratio is
smaller than unity in the low-q2 region due to phase-space e↵ects.

The remainder of this paper is organised as follows: section 2 describes the LHCb
detector, as well as the data and the simulation samples used; the experimental challenges
in studying electrons as compared to muons are discussed in section 3; section 4 details

2
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Previous RKú and RK results (LHCb Run 1 data)

LHCb: PRL113(2014)151601

BaBar: PRD86(2012)032012

Belle: PRL103(2009)171801
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LHCb
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LHCb: JHEP08(2017)055

All LHCb results below SM expectations:

I RK = 0.745
+0.090

≠0.074
± 0.036 for 1.0 < q2 < 6.0 GeV2

, ≥ 2.6 ‡ from SM;

I RKú = 0.66
+0.11

≠0.07
± 0.03 for 0.045 < q2 < 1.1 GeV2

, ≥ 2.2 ‡ from SM;

I RKú = 0.69
+0.11

≠0.07
± 0.05 for 1.1 < q2 < 6.0 GeV2

, ≥ 2.4 ‡ from SM;

Together with b æ sµµ results, RK and RKú constitute an interesting pattern of anomalies,

but the significance is still low.

3 Thibaud Humair

6 4 Analysis method
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Figure 1: Illustration of the angular variables q` (left), qK (middle), and j (right) for the decay
B0 ! K⇤0(K+p�)µ+µ�.
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where FL denotes the longitudinal polarization fraction of the K⇤0. This expression is an exact207

simplification of the full angular distribution, obtained by folding the j and q` angles about208

zero and p/2, respectively. Specifically, if j < 0, then j ! �j, and the new j domain is [0, p].209

If q` > p/2, then q` ! p � q`, and the new q` domain is [0, p/2]. We use this simplified version210

of the expression because of difficulties in the fit convergence with the full angular distribution211

due to the limited size of the data sample. This simplification exploits the odd symmetry of the212

angular variables with respect to j = 0 and q` = p/2 in such a manner that the cancellation213

around these angular values is exact. This cancellation remains approximately valid even after214

accounting for the experimental acceptance because the efficiency is symmetric with respect to215

the folding angles.216

For each q
2 bin, the observables of interest are extracted from an unbinned extended maximum-

likelihood fit to four variables: the K+p�µ+µ� invariant mass m and the three angular vari-
ables q`, qK, and j. The unnormalized probability density function (pdf) in each q

2 bin has the
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angular variables with respect to j = 0 and q` = p/2 in such a manner that the cancellation213

around these angular values is exact. This cancellation remains approximately valid even after214

accounting for the experimental acceptance because the efficiency is symmetric with respect to215

the folding angles.216

For each q
2 bin, the observables of interest are extracted from an unbinned extended maximum-

likelihood fit to four variables: the K+p�µ+µ� invariant mass m and the three angular vari-
ables q`, qK, and j. The unnormalized probability density function (pdf) in each q

2 bin has the
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Table 2
The measured signal yields, which include both correctly tagged and mistagged events, the P1 and P ′

5 values, and the correlation coefficients, in bins of q2, for B0 →
K∗0µ+µ− decays. The first uncertainty is statistical and the second is systematic. The bin ranges are selected to allow comparison with previous measurements.

q2 (GeV2) Signal yield P1 P ′
5 Correlations

1.00–2.00 80 ± 12 +0.12 +0.46
− 0.47 ± 0.10 +0.10 +0.32

− 0.31 ± 0.07 − 0.0526

2.00–4.30 145 ± 16 − 0.69 +0.58
− 0.27 ± 0.23 − 0.57 +0.34

− 0.31 ± 0.18 − 0.0452

4.30–6.00 119 ± 14 +0.53 +0.24
− 0.33 ± 0.19 − 0.96 +0.22

− 0.21 ± 0.25 +0.4715

6.00–8.68 247 ± 21 − 0.47 +0.27
− 0.23 ± 0.15 − 0.64 +0.15

− 0.19 ± 0.13 +0.0761

10.09–12.86 354 ± 23 − 0.53 +0.20
− 0.14 ± 0.15 − 0.69 +0.11

− 0.14 ± 0.13 +0.6077

14.18–16.00 213 ± 17 − 0.33 +0.24
− 0.23 ± 0.20 − 0.66 +0.13

− 0.20 ± 0.18 +0.4188

16.00–19.00 239 ± 19 − 0.53 ± 0.19 ± 0.16 − 0.56 ± 0.12 ± 0.07 +0.4621

Fig. 3. CMS measurements of the (left) P1 and (right) P ′
5 angular parameters versus q2 for B0 → K∗0µ+µ− decays, in comparison to results from the LHCb [33] and Belle [34]

Collaborations. The statistical uncertainties are shown by the inner vertical bars, while the outer vertical bars give the total uncertainties. The horizontal bars show the bin 
widths. The vertical shaded regions correspond to the J/ψ and ψ ′ resonances. The hatched region shows the prediction from SM calculations described in the text, averaged 
over each q2 bin.

the four Gaussian terms to vary at a time. The maximum change 
in P1 and P ′

5 for either of the two control channels is taken as the 
systematic uncertainty for all q2 bins.

The q2 bin just below the J/ψ (ψ ′) control region, and the q2

bin just above, may be contaminated with B0 → J/ψK∗0 (B0 →
ψ ′K∗0) “feed-through” events that are not removed by the selec-
tion procedure. A special fit in these two bins is performed, in 
which an additional background term is added to the pdf. This 
background distribution is obtained from simulated B0 → J/ψK∗0

(B0 → ψ ′K∗0) events, with the background yield as a fitted param-
eter. The resulting changes in P1 and P ′

5 are used as estimates of 
the systematic uncertainty associated with this contribution.

To properly propagate the uncertainty associated with the val-
ues of FL, FS, and AS, taking into account possible correlations, 
10 pseudo-experiments per q2 bin are generated using the pdf pa-
rameters determined from the fit to data. The number of events 
in these pseudo-experiments is 100 times that of the data. The 
pseudo-experiments are then fit twice, once with the same pro-
cedure as for the data and once with P1, P ′

5, A5
S , FL, FS, and AS

allowed to vary. The average ratio ρ of the statistical uncertain-
ties in P1 and P ′

5 from the first fit to that in the second fit is 
used to compute this systematic uncertainty, which is proportional 
to the confidence interval determined from the Feldman–Cousins 
method through the coefficient 

√
ρ2 − 1. The stability of ρ as a 

function of the number of events of the pseudo-experiments is 
also verified. As cross-checks of our procedure concerning the fixed 
value of FL, we fit the two control regions either fixing FL or 
allowing it to vary, and find that the values of P1 and P ′

5 are 
essentially unaffected, obtaining the same value of FL as in our 
previous study [31]. Moreover, we refit all the q2 bins using only 
the P-wave contribution for the decay rate in Eq. (1) and leaving 

all three parameters, P1, P ′
5, and FL, free to vary. The differences 

in the measured values of P1 and P ′
5 are within the systematic 

uncertainty quoted for the FL, FS, and AS uncertainty propagation.
The effects of angular resolution on the reconstructed values of 

θK and θℓ are estimated by performing two fits on the same set of 
simulated events. One fit uses the true values of the angular vari-
ables and the other fit their reconstructed values. The difference in 
the fitted parameters between the two fits is taken as an estimate 
of the systematic uncertainty.

The systematic uncertainties are determined for each q2 bin, 
with the total systematic uncertainty obtained by adding the indi-
vidual contributions in quadrature.

As a note for future possible global fits of our P1 and P ′
5

data, the systematic uncertainties associated with the efficiency, 
Kπ mistagging, B0 mass distribution, and angular resolution can 
be assumed to be fully correlated bin-by-bin, while the remaining 
uncertainties can be assumed to be uncorrelated.

6. Results

The events are fit in seven q2 bins from 1 to 19 GeV2, yielding 
1397 signal and 1794 background events in total. As an example, 
distributions for two of these bins, along with the fit projections, 
are shown in Fig. 2. The fitted values of the signal yields, P1, 
and P ′

5 are given in Table 2 for the seven q2 bins. The results 
for P1 and P ′

5 are shown in Fig. 3, along with those from the 
LHCb [33] and Belle [34] experiments. The fitted values of A5

S vary 
from − 0.052 to +0.057.

A SM prediction, denoted SM-DHMV, is available for compari-
son with the measured angular parameters. The SM-DHMV result, 
derived from Refs. [18,25], updates the calculations from Ref. [52]
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R(K ⇤): (Preliminary) Result

q2
in GeV

2
/c

4
All modes B0

modes B+
modes

[0.045, 1.1] 0.52
+0.36

�0.26
± 0.05 0.46

+0.55

�0.27
± 0.07 0.62

+0.60

�0.36
± 0.10

[1.1, 6] 0.96
+0.45

�0.29
± 0.11 1.06

+0.63

�0.38
± 0.13 0.72

+0.99

�0.44
± 0.18

[0.1, 8] 0.90
+0.27

�0.21
± 0.10 0.86

+0.33

�0.24
± 0.08 0.96

+0.56

�0.35
± 0.14

[15, 19] 1.18
+0.52

�0.32
± 0.10 1.12

+0.61

�0.36
± 0.10 1.40

+1.99

�0.68
± 0.11

[0.045, ] 0.94
+0.17

�0.14
± 0.08 1.12

+0.27

�0.21
± 0.09 0.70

+0.24

�0.19
± 0.07

All measured values are in

accordance with the SM and

other recent measurements.

First measurement of R(K⇤+).

Search for B ! `⌫� and B ! µ⌫µ and Test of Lepton Universality with R(K⇤) at Belle - Markus Prim 22nd March 2019 22/23

Shahram Rahatlou, Roma Sapienza & INFN

R(K*) and R(K*+) by BELLE
▻ Updated R(K*) and first measurement of R(K*+) with 711 fb-1 of data collected  

ion Y(4s) resonance


▻ No deviation from SM predictions

− dominated by statistical uncertainty
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R(K ⇤)

Test of lepton flavor universality via:

R
K
⇤ =

B(B ! K
⇤µ+µ�)

B(B ! K
⇤
e
+

e
�)

⇡ 1

Clean theoretical predictions.

Currently O(2.3�) tension.

New physics can change this ratio.
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R(K ⇤): Fit on Data

Example fit for q2 > 0.045GeV
2
.

103.0+13.4
�12.7 (139.0+16.0

�15.4) events in the electron (muon) modes.
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Shahram Rahatlou, Roma Sapienza & INFN

Updated R(K) by LHCb
▻ Addition of 2016 data and re-analysis of Run1 data


− x2 increase in number of B mesons 
− x2 reduction in systematic uncertainty  

◦ better trigger and particle identification 
− double ratio to reduce electron/muon differences
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RK measurement at LHCb

Need two inputs to measure RK : yields and e�ciencies.

RK =
B(B+ æ K+µµ)

B(B+ æ K+ee)

?
B(B+ æ K+J/Â(µµ))

B(B+ æ K+J/Â(ee))

=
N(K+µµ)

N(K+J/Â(µµ))
· N(K+J/Â(ee))

N(K+ee)
· Á(K+J/Â(µµ))

Á(K+µµ)
· Á(K+ee)

Á(K+J/Â(ee))

Electron and muon tracks very di�erent in LHCb:

I Electrons interact with material and emit

bremsstrahlung;

I worse mass and q2 resolution;
I lower reconstruction e�ciency.

I Better PID and trigger performances for muons.

e track

µ track

Critical aspect in the analysis: get the electron e�ciencies fully under control.

∆ use double ratio to cancel out most systematic uncertainties.

4 Thibaud Humair

Cross-check 1: rJ/Â in 1D

To check e�ciencies are correct, check:

rJ/Â =
B(B æ K+J/Â(µµ))

B(B æ K+J/Â(ee))
= 1.0,

Result:

rJ/Â = 1.014 ± 0.035 (stat. + syst.)

I Check that e�ciencies are understood as a

function of any variable:

∆ di�erential rJ/Â demonstrates it is the

case: rJ/Â is flat for all variables examined.

]c)) [MeV/−l(
T
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T
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) spectra,

bias expected on RK if deviations are genuine

rather than fluctuations is 0.1%.
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6 Thibaud Humair

Fit to B+ æ K +µ+µ≠
and B+ æ K +e+e≠

A single fit to the m(K+¸+¸≠
) distributions is performed to determine RK from the entire

2011-2016 dataset, taking into account all correlations (LHCb-Paper-2019-009):
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Partially reconstructed background shape in B+ æ K+e+e≠
taken from simulated

B0 æ Kú0
(K+fi≠

)e+e≠
, associated systematic is 1%.

8 Thibaud Humair

Thibaud Humair, LHCb



Shahram Rahatlou, Roma Sapienza & INFN

Anomaly is still out there

▻ Prospects

− LHCb still has x2 data to analysis (2017 and 2018) 
− Additional measurements with Bs, Bc and Λb will be useful to understand the puzzle 
− Updated R(K*) still to come  
− Updated R(D) and R(D*) could also help understand differences between charged and 

neutral currents (written before Friday PM session) 
− Input from BELLE-II and other LHC experiments most welcome
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RK result with 2011 to 2016 data LHCb-Paper-2019-009

Using 2011 and 2012 LHCb data, RK was:

RK = 0.745
+0.090

≠0.074
(stat.) ± 0.036(syst.),

≥ 2.6 ‡ from SM (PRL113(2014)151601).

Adding 2015 and 2016 data, RK becomes:

RK = 0.846 +0.060
≠0.054(stat.) +0.016

≠0.014(syst.)

≥ 2.5 ‡ from SM.
]4c/2 [GeV2q

0 5 10 15 20

KR

0.0

0.5

1.0

1.5

2.0

BaBar
Belle
LHCb Run 1
LHCb Run 1 + 2015 + 2016

LHCb

Dominant systematic uncertainties:

Fit shape, trigger calibration, B+
kinematics.

9 Thibaud Humair

Branching fractions and other results LHCb-Paper-2019-009

If instead the Run 1 and Run 2 were fitted separately:

Rnew
K Run 1 = 0.717

+0.083

≠0.071

+0.017

≠0.016
, RK Run 2 = 0.928

+0.089

≠0.076

+0.020

≠0.017
,

Rold
K Run 1 = 0.745

+0.090

≠0.074
± 0.036 (PRL113(2014)151601) ,

Compatibility taking correlations into account:

I Previous Run 1 result vs. this Run 1 result (new reconstruction selection): < 1 ‡;

I Run 1 result vs. Run 2 result: 1.9 ‡.

B+ æ K+µ+µ≠ branching fraction:

I Compatible with previous result (JHEP06(2014)133) at < 1 ‡;

I Run 1 and Run 2 results compatible at < 1 ‡.

B+ æ K+e+e≠ branching fraction:

dB (B+ æ K+e+e≠
)

dq2
(1.1 < q2 < 6.0 GeV2

) = (28.6+2.0
≠1.7 ± 1.4) ◊ 10

≠9 GeV≠2

10 Thibaud Humair
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Combined Run1 + Run2
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10 Thibaud Humair

~70% of events in common between  
old and new Run1 analysis

Thibaud Humair, LHCb

LHCb-paper-2019-009 

https://cds.cern.ch/record/2668514


Shahram Rahatlou, Roma Sapienza & INFN

R(D) and R(D*) from BELLE
▻ Simultaneous measurement of R(D) and R(D*) and their correlation with 2D fit 

to both D and D* samples


▻ Eagerly awaiting the release of the paper or conference note!
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Giacomo Caria, BELLE

Giacomo Caria University of Melbourne22/03/2019

• Most precise measurement of 
R(D) and R(D*) to date 

• First R(D) measurement 
performed with a semileptonic 
tag

• Results compatible with SM 
expectation within 1.2σ 

• R(D) - R(D*) Belle average is 
now within 2σ of the SM 
prediction 

• R(D) - R(D*) exp. world average 
tension with SM expectation 
decreases from 3.8σ to 3.1σ 

9
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Chapter 81559

Conclusion1560

This thesis presents the measurement of the branching ratio of B̄ ! D
(⇤)

⌧
�
⌫̄⌧ relative to1561

B̄ ! D
(⇤)

`
�
⌫̄` decays – where ` is either e or µ – using semileptonic tagging channels and1562

leptonic ⌧ decays exclusively. It is performed on the full dataset on the ⌥(4S ) resonance of1563

the Belle experiment.1564

In the past these measurements have been carried out using hadronic tags, and this work1565

is the first analysis that uses a semileptonic tag for a combined measurement of R(D) and1566

R(D⇤) . Furthermore, with respect to the previous semileptonic measurement of R(D⇤+) by1567

Belle [44], this analysis uses a larger number of Btag channels, which directly translates to a1568

larger analysis dataset.1569

Our results are

R(D) = 0.307 ± 0.037 ± 0.016 (8.1)

R(D⇤) = 0.283 ± 0.018 ± 0.014, (8.2)

where the first uncertainty is statistical and provided by the fit, and the second error is1570

systematic. This is the single most precise measurement of R(D) and R(D⇤) ever performed.1571

The results are in agreement with the previous Belle measurement of R(D⇤) performed with1572

a semileptonic tag, which is now superseded.1573

The goal was to test the compatibility of this experimental data with the SM, whose
expectation values are

R(D) SM = 0.299 ± 0.003 (8.3)

R(D⇤) SM = 0.258 ± 0.005. (8.4)

Our results for R(D) and R(D⇤) are in agreement with the SM predictions within 0.2� and1574

1.1� respectively. The combination of our R(D) and R(D⇤) results is compatible with the1575

SM within 1.3�. Before these results, the experimental R(D) and R(D⇤) world average1576

showed a discrepancy of approximately 4� with the SM expectations. However, given the1577

compatibility of our results with the SM and their high precision, this discrepancy is reduced1578

to 3� when including these latest results.1579

151

SM prediction

Chapter 71522

Results and Discussion1523

7.1 Results1524

After performing the fit and evaluating the systematic uncertainty, we extract the results:

R(D) = 0.307 ± 0.037 ± 0.016 (7.1)

R(D⇤) = 0.283 ± 0.018 ± 0.014, (7.2)

where the first uncertainty is statistical and provided by the fit, and the second error is1525

systematic. A break-down of electron and muon channel results is given in Table 7.1. We1526

exploited the isospin symmetry between B
0 and B

+ to impose the relationship R(D(⇤)) =1527

R(D(⇤)+) = R(D(⇤)0) in the fit. The fit projection on the EECL axis and on the classifier axis,1528

for both the whole 2D fit region and for the signal region defined by class > 0.9, are shown1529

in Figures 7.2 to 7.8. The correlation matrix for all floating parameters of the fit is shown in1530

Figure 7.9. As expected, we find a statistical correlation factor of �0.53 between R(D⇤) and1531

R(D) .

Table 7.1: Fit results for the electron, muon and sum of electron and muon channels.

R(D, `) 0.307 ± 0.037 ± 0.016

R(D, e) 0.281 ± 0.042 ± 0.017

R(D, µ) 0.373 ± 0.068 ± 0.030

R(D⇤
, `) 0.283 ± 0.018 ± 0.014

R(D⇤
, e) 0.304 ± 0.022 ± 0.016

R(D⇤
, µ) 0.245 ± 0.035 ± 0.020

1532

The 2D combination of the R(D⇤) and R(D) results, together with their correlation and1533

the SM expectation is shown in Figure 7.10.1534

137

This result
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LFUV in charm decays
▻ Probing LFUV with semi-leptonic decays of charm mesons and baryons at 

BES-III
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� Most precise measurements

� More results will be coming in the near future

Summary and prospect at BESIII

Constant Syst. error (%) Stat.  error (%)

Now Exp.
fD+ ~0.9 2.6 1.3
fDs+ ~1 1.2 0.6

fDÆK
+(0) ~0.5 0.35 0.18

fDÆp
+ (0) ~0.7 1.26 0.63

|Vcs|Ds+Æl+v ~1 1.2 0.6
|Vcs|D0ÆK-e+v 2.5 (2.4LQCD) 0.35 0.18
|Vcd|D+Æm+v ~0.9 2.6 1.3

|Vcd|D0Æp-e+v 4.5 (4.4LQCD) 1.26 0.63

� No LFU violation in charm decays

Decays Syst.  Error
(%) Stat. error (%)

Now Exp.

D+Æl+v [m/t] ~10 20 10
Ds

+Æl+v [m/t] ~3 4 2
D0ÆK-l+v [e/m] ~1 0.7 0.35
D0Æp-l+v [e/m] ~2 3.3 1.7
Ds

+Æfl+v [e/m] ~4 6 3
Ds

+Æhl+v [e/m] ~3 4 2
Lc

+ÆLl+v [e/m] ~4 17 5

� See backslides for results of other semileptonic D decays 

Now: Current D/Ds/Lc analyses are based 2.9/3.2/0.567 fb-1 data at 3.773/4.178/4.6 GeV
Exp.:  Expected precision is based on 12/12/5 fb-1 data at 3.773/4.178/4.65 GeV
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Figure 2: Distribution of the reconstructed four-muon invariant mass and a comparison to the
predicted qq/gg ! 4µ background. Different Z0 signal hypotheses are also shown.
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Probing Anomalies at High Mass
▻ Several models proposing new heavy Z’ or leptoquarks as possible source


▻ Active program of direct searches underway at CMS and ATLAS
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Z’ interpretation of    

So far this looks very similar to the basis used for the up type quarks, in Eqs.16, 21
with the replacements Q ! L, with uc ! ec and a relabelling L2 $ L3 and ec2 $ ec3.
Indeed, without further assumption, the Yukawa matrices seem to be dominated by the
element with the largest angle, which would imply that the second family charged lepton
is the heaviest, so we would interpret that as the ⌧ lepton. However, let us suppose that
for some reason the Yukawa coupling ye42 is very small in this basis, with the hierarchy
ye42 ⌧ ye34 so that the charged lepton Yukawa matrix is in fact dominated by the first
matrix in Eq.23, even though the angles are assumed to be small. The first matrix is rank
one, so the muon mass is provided by the small contribution from the second matrix. We
shall also assume for later phenomenological reasons that ye24 ⌧ ye34 so there is small left-
handed charged lepton mixing. Most of the large lepton mixing is assumed to originate
in the neutrino sector.

2.9 Phenomenology

With the preceding assumptions, the relevant terms in the Lagrangian can be written as,

L � Z 0
µ

�
gbbb̄L�

µbL + gµµµ̄L�
µµL

�
. (25)

where gbb = g0(sQ34)
2, gµµ = g0(sL24)

2.

RK and RK⇤ As discussed in the Introduction, one possible explanation of the RK and
RK⇤ measurements in LHCb is that the low-energy Lagrangian below the weak scale
contains an additional contribution to the e↵ective 4-fermion operator with left-handed
muon, b-quark, and s-quark fields:

�Le↵ � Gbsµ(b̄L�
µsL)(µ̄L�µµL) + h.c., Gbsµ ⇡ 1

(31.5 TeV)2
. (26)

We can express the coe�cient Gbsµ as function of the couplings in Eq. 25,

Gbsµ = �gbsgµµ
M2

Z0
= �Vtsgbbgµµ

M2
Z0

. (27)

Together, Eqs. (26) and (27) imply the constraint on the parameters gbb, gµµ and MZ0 :

gbbgµµ
M2

Z0
⇡ 1

(6.4 TeV)2
. (28)

Bs � Bs mixing

The Z 0 coupling to bs leads to an additional tree-level contribution to Bs � Bs mixing
due to the e↵ective operator arising from integrating out the Z 0 at tree level:

�Le↵ � �Gbs

2
(s̄L�

µbL)
2 + h.c, Gbs =

g2bs
M2

Z0
=

g2bbV
2
ts

M2
Z0

. (29)

12

Violations of LFU could originate from massive Z’ model with couplings 

�

µ

��

µ

�

Figure 6: Particles that can mediate RK at tree level: a Z
0 or a lepto-quark, scalar or vector.

and therefore one needs to consider the associated experimental constraints. The first operator
a↵ects Bs mass mixing for which the relative measurements, together with CKM fits, imply
c
BSM
bLbL

= (�0.09 ± 0.08)/(110 TeV)2 , i.e. the bound |c
BSM
bLbL

| < 1/(210 TeV)2 [35, 36]. The second
operator is constrained by CCFR data on the neutrino trident cross section, yielding the weaker
bound |c

BSM
µL⌫µ

| < 1/(490 GeV)2 at 95% C.L. [37]. Furthermore, new physics that a↵ects muons
can contribute to the anomalous magnetic moment of the muon. Experiments found hints of a
possible deviation from the Standard Model with �aµ = (24 ± 9) · 10�10 [38].

4.1 Models with an extra Z
0

Models featuring extra Z
0 to explain the anomalies are very popular, see the partial list of

references [39–58]. Typically these models contain a Z
0 with mass MZ0 savagely coupled to

[gbs(s̄�µPLb) + h.c.] + gµL(µ̄�µPLµ) . (22)

The model can reproduce the flavour anomalies with cbLµL = �gbsgµL/M
2
Z0 as illustrated in

figure 6a. At the same time the Z
0 contributes to the Bs mass mixing with cbLbL = �g

2
bs

/2M2
Z0 .

The bound from �MBs can be satisfied by requiring a large enough gµL in order to reproduce
the b ! s`

+
`
� anomalies. Left-handed leptons are unified in a SU(2)L doublet L = (⌫L, `L),

such that also the neutrino operator cµL⌫µ = �g
2
µL

/M
2
Z0 is generated. However the latter does

not yield a strong constraint on gµL .
Another possibility is for the Z

0 to couple to the 3-rd generation left-handed quarks with
coupling gt and to lighter left-handed quarks with coupling gq. The coupling gbs arises as
gbs = (gt � gq)(UQd

)ts after performing a flavour rotation UQd
among left-handed down quarks

to their mass-eigenstate basis. The matrix element (UQd
)ts is presumably not much larger

than Vts and possibly equal to it, if the CKM matrix V = UQuU
†
Qd

is dominated by the rotation
among left-handed down quarks, rather than by the rotation UQu among left-handed up quarks.

Then, the parameter space of the Z
0 model gets severely constrained by combining per-

turbative bounds on gµL . In addition the LHC bounds on pp ! Z
0
! µµ̄ can be relaxed by

17
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The important point is that the Z 0 couplings of the SM quarks in Eqs.21,22 are controlled
by the same mixing angles that control their Yukawa couplings, in the same basis Eq.16,
but are second order in these mixing angles. Thus while the large top quark Yukawa
coupling implies that sQ34 ⇠ 1 and hence the Z 0 couples in an unsuppressed way to the
third family quark doublet Q3 = (tL, bL), there are no couplings to the first or second
family quark doublets Q1 = (uL, dL), Q2 = (cL, sL) in the basis of Eq.16. Moreover, the
small value of the Yukawa coupling of the charm quark yc ⇠ ✓u

c

24 ⇠ mc/mt implies that
the cR coupling to Z 0 is suppressed by (✓u

c

24)
2 ⇠ (mc/mt)2 ⇠ 10�4 in this basis. The

sR coupling to Z 0 is similarly suppressed, so there there is a negligible contribution to
K0 � K̄0 mixing for M 0

Z ⇠ 1 TeV.

2.8 Phenomenology

One way to explain the muon anomalies especially RK(⇤) is via the couplings

L � Z 0
µ (gbss̄L�

µbL + gµµµ̄L�
µµL) , (23)

where in our model of quarks the above Z 0 coupling originates from gbbb̄L�µbL where
gbb = g0(sQ34)

2 from Eq.22, where this coupling is in the basis where the quark Yukawa
matrices are given by Eq. 8 (or equivalently Eq. 16). The CKM matrix for the quarks
may be constructed in the usual way, by diagonalising these Yukawa matrices,

VuLy
uV †

uR = diag(yu, yc, yt), VdLy
dV †

dR = diag(yd, ys, yb) (24)

to yield the unitary 3⇥ 3 CKM matrix,

VCKM = VuLV
†
dL. (25)

The previous assumption of this model that MQ
4 ⌧ Mdc

4 ⌧ Muc

4 implies that the CKM
mixing originates predominantly from the down sector, hence to good approximation,

VCKM ⇡ V †
dL. (26)

This implies that in the diagonal quark mass basis, the o↵-diagonal quark coupling in
Eq. 23 is generated with

gbs = g0(sQ34)
2(V 0†

dL)32 ⇡ g0(sQ34)
2Vts. (27)

In our model, we expect sQ34 ⇠ 1/
p
2, say, due to the large top Yukawa coupling, with the

gauge coupling g0 ⇠ 1 and Vts ⇠ �0.04 (in the usual PDG convention for VCKM) and so
from Eq.27,

gbs = g0(sQ34)
2Vts ⇠ � 1

50
. (28)

We have not yet specified the lepton sector so we do not yet know the value of gµµ. In fact
we will be guided by these anomalies in our construction of the lepton sector. However
we remark that it will have the same relative sign as gbb (positive in our convention),

12
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Bs → μμ with ATLAS
▻ Standard Model BF = 3 x 10–9  

sensitive to BSM enhancements

▻ 26 fb-1 of data collected in 2015-2016

▻ Abundant sample of J/psi K+ as reference
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Olga Igonkina, ATLAS
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Bs→µµ  Motivation

5
Figure 1: Correlation between the branching ratios of Bs ! µ+µ�

and Bd ! µ+µ�
in MFV, the SM4 and four

SUSY flavour models. The gray area is ruled out experimentally. The SM point is marked by a star.

2 The impact of Bs ! µ
+
µ
�

The decay Bs ! µ
+
µ
� is strongly helicity-suppressed in the SM. For this reason, its branching

ratio could be strongly enhanced in the presence of NP in the scalar or pseudoscalar operators,
which would lift this helicity suppression. A prominent example of a model predicting such
enhancement is supersymmetry with large tan� and sizable A terms, as motivated e.g. by grand
unification.

However, the recent upper bound on the branching ratio presented by the CMS collaboration1

and the very recent, even stronger bound by LHCb presented at this conference2, strongly limit
the size of such contributions. This constitutes a significant constraint for a large class of
NP models, as is exemplified in fig. 1, showing the correlation between BR(Bs ! µ

+
µ
�) and

BR(Bd ! µ
+
µ
�) in models with Minimal Flavour Violation (MFV 3), the Randall-Sundrum

model with custodial protection (RSc4), the Standard Model with a sequential fourth generation
(SM45) and four SUSY flavour modelsb A large part of the parameter space of the supersymmetric
models, where tan� can be large, is ruled out by the constraints, leading to a much more
constrained situation than one year ago6,7. However, it should be emphasized that models where

NP enters Bs ! µ
+
µ
� via the semi-leptonic operators O

(0)
10 , like the SM4 or RSc in fig. 1, or

SUSY models with small tan�, are starting to be probed only now. Indeed, a model-independent
analysis of new physics in b ! s transitions has shown that NP in C10 or C 0

10 can only enhance
the branching ratio of Bs ! µ

+
µ
� up to 5.6⇥10�9, using all the information on b ! s transitions

available before this conference13.

In any case, an important consequence of the strong new bounds is that the scalar and
pseudoscalar operators are irrelevantc for all the semi-leptonic b ! s decays, which are not
helicity suppressed. The following model-independent discussion will thus focus on the magnetic
and semi-leptonic operators.

b
The acronyms stand for the models by Agashe and Carone (AC

8
), Ross, Velasco-Sevilla and Vives (RVV2

9
), Antusch, King and Malinsky (AKM

10
) and a model with left-handed currents only (LL

11
). See the original

analysis
12

for details.
c
Barring a fortuitous cancellation in CS � C0

S and CP � C0
P , which are the only combinations entering the

Bs ! µ+µ�
branching ratio.

D.M.Straub, arXiv:1205.6094v1

SUSY

SM examples
of BSM

~3x10-9

PDG:
(2.7 ± 0.6) x 10-9
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Figure 1: Correlation between the branching ratios of Bs ! µ+µ�

and Bd ! µ+µ�
in MFV, the SM4 and four

SUSY flavour models. The gray area is ruled out experimentally. The SM point is marked by a star.

2 The impact of Bs ! µ
+
µ
�
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µ
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10 , like the SM4 or RSc in fig. 1, or
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b
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8
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9
), Antusch, King and Malinsky (AKM
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) and a model with left-handed currents only (LL
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Methodology
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 2015-2016  13 TeV data (23 ifb)   
 Select μμ pair, consistent with B/Bs 
candidate
 Separate Signal from Background using 
multivariate boosted decision trees (BDT)
Compare observed N(signal) with                
B+→J/"K+ decays

ATLAS, 
arXiv:1812.03017

B(B0
(s) ! µ+µ�) =

Nd(s)

"µ+µ�

"J/ K+

NJ/ K+

⇥ [B(B+ ! J/ K+)⇥ B(J/ ! µ+µ�)]⇥ fu
fd(s)

B+→J/"K+

Olya Igonkina Moriond EW 2019

Measurement

 SM :
Br(Bs→μμ) =(3.65±0.23)x10-9 
Br(B0→μμ) =(1.06±0.09)x10-10

Best fit of Run 2 data :
Br(Bs→μμ) =(3.2±0.9)x10-9 
Br(B0→μμ) =(-1.3±2.1)x10-10
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Figure 8: Dimuon invariant mass distributions in the unblinded data, in the four intervals of BDT output. Superim-
posed is the result of the maximum-likelihood fit. The total fit is shown as a continuous line, with the dashed lines
corresponding to the observed signal component, the b ! µµX background, and the continuum background. The
signal components are grouped in one single curve, including both the B0

s ! µ+µ� and the (negative) B0 ! µ+µ�
component. The curve representing the peaking B0

(s) ! hh0 background lies very close to the horizontal axis in all
BDT bins.

11 Branching fraction extraction

The branching fractions for the decays B0
s ! µ+µ� and B0 ! µ+µ� are extracted from data using a

maximum-likelihood fit. The likelihood is obtained from the one used for Ns and Nd by replacing the fit
parameters with the corresponding branching fractions divided by normalisation terms in Eq. (1), and
including Gaussian multiplicative factors for the normalisation uncertainties. All results are obtained
profiling the fit likelihood with respect to all parameters involved other than the branching fraction(s) of
interest.

The normalisation terms include external inputs for the B+ branching fraction and the relative hadronisation
probability. The branching fraction is obtained from world averages [29] as the product of B(B+ !

20

Expect    Ns = 91,        Nd = 10
Observe Ns = 80±22 , Nd = -12±20

ATLAS, 
arXiv:1812.03017
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Results
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ATLAS, 
arXiv:1812.03017

 SM :
Br(Bs→μμ) =(3.65±0.23)x10-9 
Br(B0→μμ) =(1.06±0.09)x10-10

Best fit of Run 2 data :
Br(Bs→μμ) =(3.2±0.9)x10-9 
Br(B0→μμ) =(-1.3±2.1)x10-10

Run 1 + Run 2 result @ 95% CL
Br(Bs→μμ) =(2.8±0.8)x10-9 
Br(B0→μμ) < 2.1x10-10

B0 limit is most stringent at the moment
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Results
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ATLAS, 
arXiv:1812.03017

 SM :
Br(Bs→μμ) =(3.65±0.23)x10-9 
Br(B0→μμ) =(1.06±0.09)x10-10

Best fit of Run 2 data :
Br(Bs→μμ) =(3.2±0.9)x10-9 
Br(B0→μμ) =(-1.3±2.1)x10-10

Run 1 + Run 2 result @ 95% CL
Br(Bs→μμ) =(2.8±0.8)x10-9 
Br(B0→μμ) < 2.1x10-10

B0 limit is most stringent at the moment
Mass spectrum in best S/B category First theoretical implications already shown yesterday afternoon!  

(see theory summary)
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Flavor Changing Neutral Currents

▻ Forbidden in Standard Model at tree level

▻ Typically small predicated rates and hence sensitive to new particles in strong 

and electroweak penguin loops

▻ Rich area of probe in b, c, s, and now also top decays
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Rare decays of b hadrons

Flavour-changing neutral-currents (FCNC) forbidden at tree-level in SM:

W�

W�

�

u, c, tb s

u, c, t

u, c, t

�

H
�b s

Sensitive to new particles at higher scales than direct searches.

Model-independent description: Operator Product Expansion.

He↵ /
X

i

⇣
CSM
i + CNP

i

⌘
· Oi

I Wilson Coe�cients (Ci ) are extracted from global fits to the data.
I Any deviation from SM calculations would point to New Physics e↵ects.

Carla Marin (carla.marin@cern.ch) Rare, radiative and EW decays at LHCb Moriond EW 2019 1 / 15

Loïc Valéry | FCNC searches in ATLAS and CMS !2

FCNC

• Flavour Changing Neutral Currents 

• Forbidden at tree-level in SM: need more complex diagrams to achieve 
• Very low branching ratio in SM 

• BR(            ) ~ 10-15  
• BR(            ) ~ 10-14

Introduction

t

u, c

W

f
b, d, s

f

• Enhanced in many BSM theories  

• 2HDM models (~10-6) 
• Including RPV SUSY scenarios 

• MSSM (~10-7) 
• Extra-dimensions (~10-5) 
• …

t → qH
t → qZ

Constraints on FCNC         Constraints on new phenomena⇔

t → Zq

t
Z

u/c

ℓ

ℓ

t → Hq

t
H

u/c
Loïc Valéry, ATLAS



Search for ⇤0
b! ⇤� LHCb-PAPER-2019-010

From simultaneous unbinned maximum likelihood fit:

Signal excess with 5.6� significance ! first observation of ⇤0

b ! ⇤�

Branching fraction measurement within range of SM predictions

B(⇤0

b ! ⇤�) = (7.1 ± 1.5 ± 0.6 ± 0.7) ⇥ 10�6

Carla Marin (carla.marin@cern.ch) Rare, radiative and EW decays at LHCb Moriond EW 2019 12 / 15

Shahram Rahatlou, Roma Sapienza & INFN

FNCN with radiative decay Λb →Λ"
▻ Rare radiative decays sensitive to new physics

▻ Only theoretical prediction affected by large  

uncertainties: 10–5 — 10–7

− Experimental limit  

▻ Machine learning techniques to reduce combinatorial background and 
improved particle identification

− 99.8% background rejection  

with 1/3 signal efficiency  

▻ Begging for new theoretical calculation 

▻ LHCb also investigating other such radiative decays
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Search for ⇤0
b! ⇤� LHCb-PAPER-2019-010

⇤0

b ! ⇤� is a FCNC b! s� transition:

He↵ / V ⇤
tsVtb(C7O7 + C 0

7O
0
7)

BR in SM: 10�7 � 10�5, large uncertainties from form factors
Best limit so far by CDF: B(⇤0

b ! ⇤�) < 1.9 ⇥ 10�3 at 90% CL.
! large room for improvement

⇤0

b ! ⇤� o↵ers access to the photon polarization [J.Phys.G24 (1998) 979]

Carla Marin (carla.marin@cern.ch) Rare, radiative and EW decays at LHCb Moriond EW 2019 8 / 15
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Carla Marin , LHCb

Search for ⇤0
b! ⇤� LHCb-PAPER-2019-010

Use well-know B0! K ⇤0� as normalization mode:

N(⇤0

b ! ⇤�)

N(B0! K ⇤0�)
=

f⇤0

b

fB0

⇥
B(⇤0

b ! ⇤�)

B(B0! K ⇤0�)
⇥ B(⇤! p⇡�)

B(K ⇤0! K+⇡�)
⇥

✏(⇤0

b ! ⇤�)

✏(B0! K ⇤0�)

f
⇤0

b
fB0

from recent LHCb measurement at 13TeV [arXiv:1902.06794]

Input branching fractions from PDG

E�ciencies from simulation and calibration samples

Carla Marin (carla.marin@cern.ch) Rare, radiative and EW decays at LHCb Moriond EW 2019 11 / 15
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b! ⇤� LHCb-PAPER-2019-010

From simultaneous unbinned maximum likelihood fit:

Signal excess with 5.6� significance ! first observation of ⇤0

b ! ⇤�

Branching fraction measurement within range of SM predictions

B(⇤0

b ! ⇤�) = (7.1 ± 1.5 ± 0.6 ± 0.7) ⇥ 10�6
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Summary

Rare FCNC b-hadron decays provide high sensitivity to NP e↵ects

Experimental status

Tensions wrt SM in both di↵erential BR and angular observables

Updates and new analyses ongoing to confirm them

Lepton Flavour Universality observables provide complementary tests
(see talk by T. Humair tomorrow)

Latest results from LHCb

Best world limit on B+! µ+µ�µ+⌫µ

Full angular analysis of ⇤0

b ! ⇤µ+µ�: compatible with SM

First observation of ⇤0

b ! ⇤�: first step towards photon polarisation
measurement

Many more results with Run 2 data are underway

Stay tuned!

Carla Marin (carla.marin@cern.ch) Rare, radiative and EW decays at LHCb Moriond EW 2019 14 / 15



Shahram Rahatlou, Roma Sapienza & INFN

FCNC with charm and strange
▻ KOTO detector at J-PARC with collimated beam of K0 


▻ Best upper limit in 2015 

− Still taking data and planning an upgraded  

detector to dive into New Physics realm 

▻ BaBar reported a new search in K→τν and observation of  
D0→K−π+e+e−  final state

− but no deviations from SM when compared to D0→K−π+μ+μ− from LHCb
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KOTO to search for               KL → π0νν

September 4-7, 2013 T. Nomura (KEK),  PIC 2013 - IHEP, Beijing

K→πνν in the Standard Model

Process via loop diagrams
KL case:

• Top quark dominates
– K0-anti-K0 superposition extracts

imaginary part of  the amplitude

• CP violating

K+ case:
• Top and charm contribute

– Absolute value of  s→d amplitude

Theoretically clean

6

VtsBR(SM) = 3 × 10−11

t

 3

• Standard Model : FCNC 
• Rare: 
• Accurate: 
• theoretical uncertainty < 2% 

• CP-violating: 

• Good probe for New Physics search 
• → New source of CPV  
• ↔ Baryon Asymmetry of Universe

$KL→π0νν ∝$s→d − ($s→d)* ∝ Im$s→dKL ∝K0 − K0

KOTO experiment̶Beam̶

21

Beam line

Beam plug

Dipole magnet

1st collimator

⇥4m-long⇤

2nd collimator

(4.5+0.5m)

20m

Halo
neutron
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Narrowly collimated neutral beam : KL,γ, neutron (core and halo)

PKL
(MeV/c)
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2015

2013

SEScombine ∼ 5 × 10−10

PRL, 122, 021802

PTEP, 2017, 021C01

Will reach below indirect limit to search for NP

2015 analysis ̶Results̶

BKL→π0νν < 3.0 × 10−9(90 % C . L.)

BKL→π0X0 < 2.4 × 10−9(90 % C . L.)(mX0 = mπ0)
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0.24. Note that this is an overestimate due to kaon con-
tamination in the control sample, which we were unable
to subtract quantitatively from the estimation because of
the limited statistics.

The background called “upstream-π0” was caused by
halo-neutrons hitting the NCC counter in the upstream
end of the decay volume and producing π0’s. The re-
constructed Zvtx for such decays is shifted downstream
into the signal region if the energies of photons were mis-
measured to be smaller due to photo-nuclear interactions
in CSI, or if one photon in the CSI is paired to a sec-
ondary neutron interacting in the CSI to reconstruct the
π0. This background was evaluated by simulation, and
the yield was normalized to the number of events in the
upstream region in the data and MC. We estimated the
number of this background to be 0.04.

The background called “CV-η” stemmed from the η
production in the halo-neutron interaction with CV [39],
which was a veto counter of plastic scintillator for charged
particles located in front of CSI. In this background,
when a halo-neutron hit CV and produced an η meson,
and the two photons from the η decay hit CSI, the two
clusters were reconstructed using the π0 mass hypoth-
esis which pushes the reconstructed Zvtx upstream into
the signal region. This background was suppressed by
imposing a cut which evaluates the consistency of the
shape of the clusters with the incident angle of the pho-
tons originated from the η→ 2γ decay produced at CV.
The number of the background events was estimated to
be 0.04.

Conclusions and prospects. After all the cuts were
imposed, no signal candidate events were observed as
shown in Fig. 3. Assuming Poisson statistics with un-
certainties taken into account [40], the upper limit for
the branching fraction of the KL → π0νν decay was ob-
tained to be 3.0× 10−9 at the 90% C.L. The upper limit
for the KL → π0X0 decay as a function of the X0 mass
(mX0) was also obtained as shown in Fig. 4; the limit for
mX0 = mπ0 was set to be 2.4× 10−9 (90% C.L.). These
results improve the upper limit of the direct search by
almost an order of magnitude.

Based on this analysis, we developed necessary mea-
sures to reach better sensitivity. We anticipate to im-
prove background rejection with data collected after
2015, which corresponds to 1.4 times larger than the
data in 2015, with a newly-added veto counter in 2016
[41] and more refined analysis methodologies, exploiting
the substantially higher statistics of the collected control
samples.
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FIG. 3. Reconstructed π0 transverse momentum (Pt) versus
π0 decay vertex position (Zvtx) plot of the events with all the
cuts imposed. The region surrounded by red lines is the sig-
nal region. The black dots represent observed events, and the
contour indicates the KL → π0νν signal distribution derived
from the MC simulation. The black italic (red regular) num-
bers indicate the numbers of observed (expected background)
events for the regions inside the lines.

FIG. 4. Upper limit at the 90% C.L. for the KL → π0X0

branching fraction as a function of the X0 mass. For com-
parison, the limit for the KL→π0νν decay is shown with the
red line.
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Eli Ben-Haim, BaBar
Conclusions 

  Improvement of the |Vus| determination through hadronic τ decays 
à still ~3σ away from the value derived from CKM unitarity 

  The results presented here are expected to be published soon 

  The decay D0→K−π+e+e− has been observed for the first time 
à Comparing to BF(D0→K−π+µ+µ−) from LHCb, no evidence of 
deviation from equal lepton coupling strength 

  A search for LNV/LFV in D0→h−h’−ℓ+ℓ+  and D0→h−h’+ℓ−ℓ+   

(h(’) = K, π ; ℓ = e, µ) is being finalized 

Eli Ben-Haim                                               Moriond EW, March 22nd 2019 18 

BABAR continues to produce exciting physics results, adding more information 
and using more sophisticated analysis techniques to probe new physics effects 

The BABAR detector 

e- (9 GeV)

e+ (3GeV)

Magnet 1.5T 

Electromagnetic calorimeter 

Detector of  
Cherenkov light 

Drift Chamber 

Silicon Vertex Tracker 

Instrumented 
flux return 

2 

PEP-II: asymmetric 
beams at Υ(4S) threshold 

BABAR is well suited for the measurements presented here: 
clean environment, hermetic detector, excellent PID, good π0 reconstruction 

Eli Ben-Haim                                               Moriond EW, March 22nd 2019 



▻ Neutrino-less double beta-decay a prime probe of LFV

▻ NA62 at CERN reported on K+→π−l+l+ with of 2017 data


− measurement normalised to similar FNCN mode K+→π+l+l-  

▻ Search for τ→3μ in copious sample of leptons  
from B and D decays in 2016 data at 13 TeV

−                                         used as reference sample

Joel Swallow

LNV & LFV
• Conservation of ! and !", !$, !% is an ‘emergent’ property of SM – not 

required during construction. 

• Violation of these conservation laws predicted in BSM models:

• E.g. &' → )*ℓ'ℓ' : ∆! = 2 and ∆!$ = 2 or ∆!" = 2 (ℓ = 1 or 2) : via Majorana

neutrinos 3 (analogue to 0566 decays) [JHEP 0905 (2009) 030], [Phys.Lett. B491 

(2000) 285-290]

22/3/2019NA62 : LNV/LFV 6

Shahram Rahatlou, Roma Sapienza & INFN

Lepton Flavor Violation
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Joel Swallow, NA62

Alessio Boletti, CMS

Joel Swallow

Final Results Summary
• New branching ratio upper limits at 90% CL (CLs method):

22/3/2019NA62 : LNV/LFV 16

Decay !" UL @ 90% CL PDG (2018) UL @ 90% CL
#$ → &'($($ ). )×,-',- 6.4×10'23
#$ → &'4$4$ 5. )×,-',, 8.6×10'22

• No new physics (LNV/LFV) observed.
• Improvement over previous limits in both modes. 

• Stay tuned for searches for LNV/LFV #$ → &'4$($, #$ → &$4'($… 
Search for ⌧ ! µµµ decay

Search for ⌧ ! 3µ decays using ⌧ leptons

produced in D and B meson decays [CDS: CMS-PAS-BPH-17-004]

Charge-lepton flavour violating decay ⌧ ! µµµ

Allowed by neutrino oscillation: predicted BF
far smaller than experimentally accessible values

Many New-Physics scenarios predict branching fraction
enhancement

Experimentally accessible and clean three-muon final
state

Search performed by Belle [1], BaBar [2], LHCb [3] and
ATLAS [3], with no signal observed

Most stringent limit (Belle): BF < 2.1 · 10�8 (90% CL)

The CMS analysis presented here searches for the ⌧ ! 3µ decay
in a sample of ⌧ leptons produced in D and B hadron decays,
using the data collected in 2016, corresponding to 33 fb�1

[1]Phys. Lett. B687 (2010) 139143

[2]Phys. Rev. D81 (2010) 111101

[3]JHEP 02 (2015) 121

[4]Eur. Phys. J. C (2016) 76:232
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Joel Swallow

!" → $%&"&" : Results

22/3/2019NA62 : LNV/LFV 14

Signal Region
• Bkg. Prediction: '()*+* = 0.91 ± 0.41
• Observe : 3() = 1

Result
Set upper limit on 45 at 90% CL using 
CLs statistical treatment :

• Signal Acceptance = 9.81%
• '8 = (7.94 ± 0.09;*<* ± 0.21>?*)×10BB
• CDC = (1.28 ± 0.04)×10%BB

LNV : !" → $%&"&"
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NA62

!" → $"$"$%

!" → $"$%&"EF

Observe 1 event in SR

GH I" → J%K"K" < M. N×OP%OO @ RP% ST

All numbers in backup slides

Predicted Background
in Signal Region

0.05 ± 0.05
0.07 ± 0.05
0.08 ± 0.02
0.01

0.70 ± 0.40

Total = 
P. RO ± P. MO

Search for ⌧ ! µµµ decay

Search for ⌧ ! 3µ decay [CDS: CMS-PAS-BPH-17-004]

⌧ candidate selection

Trigger: two muons and a track,
with mass and vertex requirements

Candidate: three vertexing muons
with p(µ1,µ2)

T > 3 GeV, p(µ3)

T > 2 GeV

Has charge ±1 and mass in 1.62 - 2.00 GeV

Normalisation sample

D±
s ! �⇡± ! µ+µ�⇡± decays used as

normalisation channel

Selected with signal trigger, and similar
momentum requirements

Fraction of Ds candidates from B meson decay
from template fit to proper decay length

f =
�(pp ! B)B(B ! D

s
+ ...)

�(pp ! D
s
)
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Search for ⌧ ! µµµ decay

Search for ⌧ ! 3µ decay [CDS: CMS-PAS-BPH-17-004]

Nsig(D)
= N

B(D
s
! ⌧ ⌫)

B(D
s
! �⇡ ! µµ⇡)

A
3µ(D)

A
2µ⇡

✏
3µ
reco

✏
2µ⇡
reco

✏
2µ
trig,sig

✏
2µ

trig(µµ⇡)

B(⌧ ! 3µ)

Nsig(B)
= f

B(B ! ⌧ + ...)

B(B ! D
s
+ ...)B(D

s
! ⌧ ⌫)

A
3µ(B)

A
3µ(D)

Nsig(D)

Signal from Ds

Signal from direct B meson decay

Normalisation channel yield

Acceptance and e�ciency correction

from decay length fit

Maximum likelihood fit performed
simultaneously on the six categories

Weighted combination shown in the plot here

Dominant systematic uncertainty:
Ds normalisation (10%)

No excess observed in the signal region

Observed (expected) limits at 90% of CL:

BF (⌧ ! 3µ) < 8.8 (9.9) · 10�8
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Search for ⌧ ! µµµ decay

Search for ⌧ ! 3µ decays using ⌧ leptons

produced in D and B meson decays [CDS: CMS-PAS-BPH-17-004]

Charge-lepton flavour violating decay ⌧ ! µµµ

Allowed by neutrino oscillation: predicted BF
far smaller than experimentally accessible values

Many New-Physics scenarios predict branching fraction
enhancement

Experimentally accessible and clean three-muon final
state

Search performed by Belle [1], BaBar [2], LHCb [3] and
ATLAS [3], with no signal observed

Most stringent limit (Belle): BF < 2.1 · 10�8 (90% CL)

The CMS analysis presented here searches for the ⌧ ! 3µ decay
in a sample of ⌧ leptons produced in D and B hadron decays,
using the data collected in 2016, corresponding to 33 fb�1

[1]Phys. Lett. B687 (2010) 139143

[2]Phys. Rev. D81 (2010) 111101

[3]JHEP 02 (2015) 121

[4]Eur. Phys. J. C (2016) 76:232

A. Boletti (Università & INFN Padova) Run2 CMS B-physics results MoriondEW, 21 Mar 2019 10 / 14

Summary

Summary

Analysis of �b(3P) states
Studied the decay �b(3P) ! ⌥(3S)� with converted photon

First observation of the resolved states �b1(3P) and �b2(3P)

Measurement of their masses, and mass di↵erence

Search for B+

c (2S) excited states

Studied the decay B+

c (2S) ! B+

c ⇡⇡

First observation of two distinct states B+

c (2S) and B⇤+
c (2S)

Measurement of their mass di↵erence and B+

c (2S) mass

Search for ⌧ ! 3µ decay, in sample from B and D meson decays
Three-muon mass fit performed in six event categories

No excess observed

Upper limit set at 90% CL: BF (⌧ ! 3µ) < 8.9 · 10�8

Many other B-physics results from CMS will come in the next months
Stay tuned!
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CMS

CMS PAS-17-004

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-17-004/index.html


Standard Model 
New Physics through Precision

Inclusive W and Z

WW, WZ, ZZ

top pair

tt+X

S
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Y

Higgs 
self  
interaction

Triple and Quartic 
Gauge Coupling

Vector boson scattering
tttt
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Precision top physics
▻ LHC is a top factory

 55 3

Top quarks in nature

Kirill Skovpen - Moriond EW 20192019/03/17

Vts(td)
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Process type

cLFV, FCNC*, BNV

tt

The LHC world @13TeV

t

tXq**

Most abundant production 
mechanism of top quarks  
σtt ≈ 830 pb 

Copiously produced via  
t- and tW-channels  
σt-ch ≈ 220 pb, σtW-ch ≈ 70 pb,  
σs-ch ≈ 10 pb

Rare processes 
σttW ≈ 0.6 pb, σttZ ≈ 0.8 pb, σttɣ ≈ 0.2 pb, 
σttH ≈ 0.5 pb, σtZq ≈ 1 pb, σtɣq ≈ 3 pb,  
σtHq ≈ 0.07 pb, σtHW ≈ 0.02 pb, 
σttbb ≈ 4 pb , σtttt ≈ 0.01 pb

Not reachable at the LHC  
PFCNC < 10-12 

PBNV < 10-27 

PcLFV < 10-55

(*) FCNC is covered by Loic Valery 
(**) Higgs results are covered by Stephane Cooperstein

Rare CKM-suppressed decays 
P < 10-3

ttX**

ttttR
ar

e

ttbb

NEW since  
last Moriond

Kiril Skovpen, CMS



▻ Cross section of ttbar + V measured by both experiments with 2016 data


▻ Differential cross section of ttZ now better precision than NLO calculations

▻ tt+bb production now exceeding theoretical knowledge!


− Important background in study of top-Higgs Yukawa coupling 

▻ Top spin correlations also provide valuable comparison  
with theory

− NNLO predictions needed to mitigate discrepancies up to 3σ 

wrt simulations
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Study of ttV production

Kirill Skovpen - Moriond EW 20192019/03/17

JHEP 08 (2018) 01136 fb-1, 13 TeV

14% precision

22% precision

Sensitive to electroweak  
couplings of the top quark 

Important background to ttH 

Prompt: WW, WZ  
             Z+jets, ttbar  
             (only in dilepton OS) 

Non-prompt: Z+jets, ttbar  
                     (except dilepton OS) 

ttW measured in dilepton SS 

ttZ extracted from trilepton  
and 4-lepton

ttW

ttZ

Good agreement with 

NLO predictions

Shahram Rahatlou, Roma Sapienza & INFN

Top agreement with theory
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Study of ttV production

Kirill Skovpen - Moriond EW 20192019/03/17

arXiv:1901.03584 (Submitted to Phys. Rev. D)36 fb-1, 13 TeV

EFT interpretation to set constraints on operators that 
can modify the ttZ vertex, in the presence of SM-BSM 
interference 

13% precision

22% precision

Good agreement with 
NLO predictions

1

1 Introduction
The 13 TeV center-of-mass energy of proton-proton (pp) collisions at the LHC opens the possi-
bility for studying the processes at larger mass scales than previously explored in the labora-
tory. The top quark-antiquark pair (tt) produced in association with a W (ttW) or Z (ttZ) boson
is among the most massive signatures that can be studied with high precision. The theoretical
cross sections at next-to-leading order (NLO) in quantum chromodynamics (QCD) for ttW and
ttZ production at

p
s = 13 TeV are about 3–4 times higher than those at 8 TeV [1]. This, coupled

with the higher integrated luminosity collected at 13 TeV collisions, allows for a much more ac-
curate study of these processes. Precise measurements of the production cross section for ttW
and ttZ are of particular interest because these topologies can receive sizeable contributions
from new physics (NP) beyond the standard model (SM) [2, 3]. Furthermore, these processes
form dominant backgrounds to several searches for NP, as well as to the measurements of SM
processes, such as tt production in association with the Higgs boson (ttH). In addition, ttZ pro-
duction is the most sensitive process for directly measuring the coupling of the top quark to the
Z boson. The Feynman diagrams for the dominant production mechanisms of these processes
are shown in Fig. 1, to which the charge-conjugate states should be added.

/̄

m

ī

i

q+

;

/

;

;

i

wf�⇤

ī

i

i

Figure 1: Representative leading-order Feynman diagrams for ttW and ttZ production at the
LHC.

The ttZ cross section was measured by the CMS collaboration at
p

s = 7 TeV with a precision
of ⇡ 50% [4]. At

p
s = 8 TeV CMS used multivariate techniques in events containing two,

three, or four charged leptons to measure the ttW and ttZ cross sections with a precision of 30
and 25%, respectively [5, 6]. The ttZ process was observed with a significance of 6.4 standard
deviations, and evidence for ttW production was found with a significance of 4.8 standard de-
viations. The ATLAS Collaboration analyzed events containing two and three charged leptons
for its ttW measurement, and using two, three, and four charged leptons for the ttZ channel,
achieving a similar precision [7]. In a more recent publication, the ATLAS Collaboration re-
ported the first measurement of the ttW and ttZ production cross sections at

p
s = 13 TeV [8]

with a significantly smaller data set than the one considered here.

In this paper we present measurements of the ttZ and ttW production cross sections at
p

s =
13 TeV with a data set corresponding to an integrated luminosity of 35.9 fb�1. The measure-
ments are performed using events in which at least one of the W bosons, originating from a
top quark decay, further decays to a charged lepton and a neutrino, and the associated W or Z
boson decays to a charged lepton and a neutrino or a charged lepton pair, where the charged
lepton (`) refers to an electron or a muon. The contribution from t leptons are included through
their decays to electrons and muons. The analysis is performed in three exclusive final states, in
which events with two leptons of same charge, denoted as same-sign (SS) dileptons, are used to
extract the ttW signal, while events with three or four charged leptons that include a lepton pair
of opposite charge and same flavor (OSSF) are used to measure the ttZ signal yield. In addition
to the individual ttW and ttZ cross section measurements, a fit is performed in all three final

CMS

ATLAS

Jacob Linacre - Moriond EW 201917/03/19

Measuring spin correlations: Indirect

‣ Direct measurement of spin 
correlations requires full 
reconstruction of    and 

‣ Can we probe them indirectly 
with simple lab-frame variables? 

‣ Preferred lepton directions in the 
top rest frames determined by 
top spins:

 5

Preferred direction of 
lepton in top rest frame

t

t

g g

ũ+

ũ-

ũ

θ

ũ± angular distributions:

(1± cos ✓)/2
(parity violating weak decay)

tt̄ tt̄

‣ Leptons preferentially 
aligned 

‣ angular correlation retained 
in lab frame ∆ϕ 

t

(dominant mode near threshold)

(charged lepton is perfect spin analyser)

Jacob Linacre, CMS
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Rare top production
▻ Observation of rare single-top production tZq


▻ Evidence for tγq with 30% precision 


▻ Search for tttt production 

− same sensitivity for both experiments 

◦ expected significance of ~1σ 
− over fluctuation in ATLAS
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Observation of tZq

Kirill Skovpen - Moriond EW 20192019/03/17

arXiv:1812.05900 (Accepted by Phys. Rev. Lett.)77 fb-1, 13 TeV

Observation at 8.2 (7.7) σ

15% precision
First 

observation  

of this process

Sensitive to anomalous WWZ 
triple-gauge and tZ couplings 

Three isolated leptons, forward jet 

Dominant systematics reduced due 
to improved lepton identification:  
≈8-12% better prompt efficiency 
2x (8x) better non-prompt electron 
(muon) rejection  

Signal regions: 
2-3 jets, with 1 b-tagged 
> 3 jets, with 1 b-tagged  
> 1 jets 

Background: ttZ, WZ, non-prompt 
leptons, validated in CRs
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Evidence for tɣq

Kirill Skovpen - Moriond EW 20192019/03/17

Phys. Rev. Lett. 121 (2018) 22180236 fb-1, 13 TeV

Evidence at 4.4 (3.0) σ

Analysis in the  
single top t-channel 

Sensitive to top quark  
charge, its electric  
and magnetic dipole  
moments 

One muon, one photon, two jets  
with 1 b-tagged and one forward jet 

Background: ttbar+ɣ (corrected in data and left 
float in the final fit), Vɣ+jets, diboson+ɣ, 
photon mis-id (in QCD data) 

Dominant systematics from jet reconstruction 
30% precision

First evidence for this process
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float in the final fit), Vɣ+jets, diboson+ɣ, 
photon mis-id (in QCD data) 

Dominant systematics from jet reconstruction 
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1

1 Introduction
In the standard model (SM) the production of four top quarks (tttt) is a rare process, with repre-
sentative leading-order (LO) Feynman diagrams shown in Fig. 1. Many beyond-the-SM (BSM)
theories predict an enhancement of the tttt cross section, s(pp ! tttt), such as gluino pair pro-
duction in the supersymmetry framework [1–10], the pair production of scalar gluons [11, 12],
and the production of a heavy pseudoscalar or scalar boson in association with a tt pair in
Type II two-Higgs-doublet models (2HDM) [13–15]. In addition, a top quark Yukawa coupling
larger than expected in the SM can lead to a significant increase in tttt production via an off-
shell SM Higgs boson [16]. The SM prediction for s(pp ! tttt) at

p
s = 13 TeV is 9.2+2.9

�2.4 fb
at next-to-leading order (NLO) [17]. An alternative prediction of 12.2+5.0

�4.4 fb is reported in Ref.
[16], obtained from a LO calculation of 9.6+3.9

�3.5 fb and an NLO/LO K-factor of 1.27 based on the
14 TeV calculation of Ref. [18].

g
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t̄
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g

t

t̄

t

t̄
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HHH

t

t̄

t̄

t

Figure 1: Representative Feynman diagrams for tttt production at LO in the SM.

After the decays of the top quarks, the final state contains several jets resulting from the had-
ronization of light quarks and b quarks (b jets), and may contain isolated leptons and missing
transverse momentum depending on the decays of the W bosons [19]. Among these final states,
the same-sign dilepton and the three- (or more) lepton final states, considering ` = e, µ, corre-
spond to branching fractions in tttt events of 8 and 1%, respectively, excluding the small con-
tribution from W ! tn, which is included in selected events. However, due to the low level of
backgrounds, these channels are the most sensitive to tttt production in the regime with SM-like
kinematic properties. The ATLAS and CMS Collaborations at the CERN LHC have previously
searched for SM tttt production in

p
s = 8 and 13 TeV pp collisions [20–24]. The most sensitive

of these results is a re-interpretation of the CMS same-sign dilepton search for BSM physics
at 13 TeV [23], with an observed (expected) tttt cross section upper limit (assuming no SM tttt
signal) of 42 (27+13

�8 ) fb at the 95% confidence level (CL).

The previous search is inclusive, exploring the final state with two same-sign leptons and at
least two jets, using an integrated luminosity of 35.9 fb�1 [23]. The analysis described in this
paper is based on the same data set and improves on the previous search by optimizing the
signal selection for sensitivity to SM tttt production, by using an improved b jet identification
algorithm, and by employing background estimation techniques that are adapted to take into
account the higher jet and b jet multiplicity requirements in the signal regions.

2 Background and signal simulation
Monte Carlo (MC) simulations at NLO are used to evaluate the tttt signal acceptance and to
estimate the background from diboson (WZ, ZZ, Zg, W±W±) and triboson (WWW, WWZ,
WZZ, ZZZ, WWg, WZg) processes, as well as from production of single top quarks (tZq, tg),
or tt produced in association with a boson (ttW, ttZ/g⇤, ttH). These samples are generated us-
ing the NLO MADGRAPH5 aMC@NLO 2.2.2 [17] program with up to one additional parton in

 13

Search for 4 tops

Kirill Skovpen - Moriond EW 20192019/03/17

arXiv:1811.02305 (Submitted to Phys. Rev. D)36 fb-1, 13 TeV

Single lepton and dilepton OS 

Combined with previously published  
dilepton SS and multilepton 

Event categorisation based on the  
number of jets and b tags 

Hadronic top quark decays as large-R jets 

Dominant ttbar background from data 
(extrapolated from low b tag multiplicity CR) 

Constraints on four-top contact  
interactions (C4t) with a dedicated EFT 
analysis

Excluding 5.3 (2.1) x SM prediction 
Reaching 2.8 (1.0) σ (combination)
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Triple Gauge Boson Production

▻ Search at ATLAS (79 fb-1) and CMS (36 fb-1) for WWW in final states with 3 
leptons or at least 2 same-sign leptons + jets

− ATLAS also considering WWZ and WZZ  

and reporting first evidence for VVV 

▻ Multiboson domain finally accessible thanks to high luminosity of LHC
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VVV	production
• Production	of	three	massive	vector	boson	at	LO:

• Two	searches:	
• W±W±W∓ (two	same-sign	leptons	with	at	least	two	jets	or	three	leptons)
• W±W∓Z	and	W±Z	Z	(three	or	four	leptons)

13
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VVV	production
• WWW,	WWZ	and	WZZ	regions	are	
combined	using	the	profile	likelihood

• Simultaneous	fit	to	distributions	in	the
signal	regions	(11)	and	a
background	control	region	(ttZ)

• Observed	(expected)	significance:

üWWW	(lνlνqq)	 4.3	(1.7)	σ

üWWW	(lνlνlν) 1.0	(2.0)	σ

üWVZ	(lνqqll)	 - (1.0)	σ

üWVZ	(lνlνll/qqllll)	3.5	(1.8)	σ

üVVV	 4.0	(3.1)	σ

• Measured	production	cross	sections:

üσWWW=	0.68	1	F.C?0	F.C> pb

üσWWZ =	0.49	1	F.?W0	F.CF	 pb
in	agreement with SM	predictions14
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Alberto Belloni, CMSAleksandra Dimitrievska, ATLAS
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We have compared our results with:
I Jikia et al. (1993),
I Bern et al. (2001),
I Bardin et al. (2009).

Bern et al. consider QCD and QED corrections

(two-loop Feynman diagrams) to the one-loop

fermionic contributions in the ultrarelativistic limit

(ŝ, |̂t|, |û| � m
2
f

). The corrections are quite small

numerically.
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▪ Light-by-light (γγ → γγ) scattering  
▪ Forbidden at tree-level 
▪ Tested indirectly in electron/muon g-2  
measurements 

▪ Another examples:  
Delbruck scattering and  
photon splitting processes  

▪ This reaction is accessible in Pb+Pb  
collisions at the LHC 

▪ Cross-section scales ~with Z4 
▪ Initial photon-photon system has  
very soft pT (< 0.1 GeV)  

▪ At high energies, proposed as a  
clean channel to study: 

▪ Anomalous gauge couplings 
▪ Contributions from BSM particles

Motivation

 3

elementary  
cross section

d’Enterria et al. 
PRL 111 (2013) 080405  
 
Klusek-Gawenda et al. 
PRC 93 (2016) 044907

region probed  
with LHC  
measurements

Shahram Rahatlou, Roma Sapienza & INFN

Observation of Light-by-Light Scattering
▻ Forbidden process at tree level enhanced in Pb-Pb collisions


− Cross section proportional to Z4 
− Another probe of anomalous gauge couplings and BSM contributions 
− Evidence had been reported already 

▻ First observation by ATLAS in collisions recorded in Nov 2018

− better trigger and enhanced identification of photons

 59
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New ATLAS measurement
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Higgs 
From Discovery to Precision

Coupling vs Mass �16

Interpret the results in the 
κ framework as a function 

of the particle mass
assuming no BSM 

contributions to the total 
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7 Interpretation of results in the  framework693

For a measurement of Higgs boson coupling strengths, production cross sections �i, decay branching694

fractions B f and the signal-strength parameters µ f
i

defined in Eq. 3 cannot be treated independently, as695

each observed process involves at least two Higgs boson coupling strengths. Scenarios with a consistent696

treatment of coupling strengths in Higgs boson production and decay modes are presented in this section.697

7.1 Framework for coupling-strength measurements698

Coupling strength modifiers  are introduced to study modifications of the Higgs boson couplings related699

to BSM physics, within a framework [27] (-framework) based on the leading-order contributions to each700

production and decay process. Within the assumptions made in this framework, the Higgs boson production701

and decay can be factorized, such that the cross section times branching fraction of an individual channel702

�(i ! H ! f ) contributing to a measured signal yield are parametrised as703

�i ⇥ B f =
�i() ⇥ � f ()

�H
, (6)

where �H is the total width of the Higgs boson and � f is the partial width for Higgs boson decay to the704

final state f . For a given production process or decay mode j, the corresponding coupling strength modifier705

j is defined as706

2
j
=
�j

�SM
j

or 2
j
=
� j

�
j

SM

. (7)

The SM expectation, denoted by the label SM, by definition corresponds to j = 1. Modifications of the707

coupling scale factors also change the Higgs boson total width �H by a factor H , defined as 2
H
=
Õ

j B f

SM
2
j

708

and assumed to be positive without loss of generality.709

The total width of the Higgs boson increases beyond modifications of j due to contributions from two710

additional classes of Higgs boson decays: invisible decays, which are identified through an Emiss
T signature711

in the analyses described in Section 3.8; and undetected decays, to which none of the analyses included in712

this combination are sensitive (for instance, Higgs boson decays to light quarks). Including a Higgs boson713

branching fraction to such invisible (Binv) or undetected (Bundet) decays, the Higgs boson total width is714

expressed as715

�H (,Binv,Bundet) =
2
H
()

(1 � Binv � Bundet)
�SM
H
. (8)

Constraints of Binv are provided by the analyses described in Section 3.8, but no direct constraints are716

included for Bundet. Since its value scales all observed cross sections of on-shell Higgs boson production717

�(i ! H ! f ) through Eqs. 6 and 8, further assumptions about undetected decays must be included in718

order to interpret these measurements in terms of absolute coupling-strength scale factors j . The simplest719

assumption is that there are no undetected Higgs boson decays and the invisible branching fraction is as720

predicted by SM. An alternative, weaker assumption, is to require W  1 and Z  1 [27]. A second721
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Probing Higgs Couplings at the LHC �4
The Higgs boson at the LHC.
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Higgs Physics in 2019
▻ A standard candle of Standard Model in just 7 years since its discovery


− compare to top, W, and Z 

▻ Higgs now used as a probe in searches for new phenomena

− FCNC in top decays 
− Search for Supersymmetry 
− Search for Dark Matter WIMP candidates 
− Decay of heavy new particles to H+X 

▻ Couplings to 3rd generation established in past 2 years

− taus in 2017, top and b in 2018 

▻ So far it walks and talks like the Standard Model Higgs


▻ Falsification of the Higgs mechanism a critical component of High Energy 
Frontier program

 61
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Higgs Properties
▻ Similar performance for ATLAS and CMS


▻ Experimental precision approaching  
theory precision even before using  
full statistics of Run2


▻ Also extensive measurement of differential cross sections
 62

Higgs Production Modes

• Significances above 5σ are obtained for ggF,  VBF (6.5σ),  VH (5.3σ) and ttH 
(5.8σ) production modes when assuming SM branching ratios

• Low correlations between production modes

• Results are consistent with predictions from the Standard Model

�14

Cross-section normalized to SM value

0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6

Total Stat. Syst. SM PreliminaryATLAS
-1 = 13 TeV, 24.5 - 79.8 fbs

| < 2.5
H

y = 125.09 GeV, |Hm

 = 76%
SM

p
            Total     Stat.    Syst.

ggF   1.04  (  0.09±  ,  0.07±  ) 0.06−

 0.07+
 

VBF   1.21  (  0.22−

 0.24+
  ,  0.17−

 0.18+
  ) 0.13−

 0.16+
 

WH   1.30  (  0.38−

 0.40+
  ,  0.27−

 0.28+
  ) 0.27−

 0.29+
 

ZH   1.05  (  0.29−

 0.31+
  ,  0.24±  ) 0.17−

 0.19+
 

tH+ttH   1.21  (  0.24−

 0.26+
  ,  0.17±  ) 0.18−

 0.20+
 

g
g

F
σ

V
B

F
σ

W
H

σ

Z
H

σ

tH
+

tt
H

σ

tH+ttHσ

ZHσ

WHσ

VBFσ

ggFσ

1−

0.8−

0.6−

0.4−

0.2−

0

0.2

0.4

0.6

0.8

1

(X
,Y

)
ρ

0.08

0.01−

0.06−

0.15−

1

0.03

0.01

0.01

1

0.15−

0.03−

0.08−

1

0.01

0.06−

0.00

1

0.08−

0.01

0.01−

1

0.00

0.03−

0.03

0.08

 PreliminaryATLAS
-1 = 13 TeV, 24.5 - 79.8 fbs

| < 2.5
H

y = 125.09 GeV, |Hm

ATLAS-CONF-2019-005

Production and Decay Modes �15

Fix production/decays with low 
sensitivity to SM values

 Parameter normalized to SM value 
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5 Combined measurements of signal strength, production cross sections520

and branching ratios521

5.1 Global signal strength522

The global signal strength µ is determined following the procedures used for the measurements performed523

at
p

s = 7 and 8 TeV [3]. For a specific production mode i and decay final state f , the signal yield is524

expressed in terms of a single modifier µ f
i

as the production cross section �i and the branching fraction B f525

cannot be separately measured without further assumptions. The modifiers are defined as the ratios of the526

measured Higgs boson yields and their SM expectations, denoted by the subscript SM,527

µ f
i
= µi ⇥ µ f =

�i
(�i)SM

⇥ B f

(B f )SM
. (3)

The SM expectation by definition corresponds to µi = µ f = 1. The uncertainties on the SM predictions528

are included as nuisance parameters in the measurement of the signal strength modifiers, following the529

methodology introduced in Section 4.530

In the model used in this section, all the µ f
i

are set to a global signal strength µ, describing a common
scaling of the expected Higgs boson yield in all categories. Its combined measurement is

µ = 1.11+0.09
�0.08 = 1.11 ± 0.05 (stat.) +0.05

�0.04 (exp.) +0.05
�0.04 (sig. th.) +0.03

�0.03 (bkg. th.)

where the total uncertainty is decomposed into components for statistical uncertainties, experimental531

systematic uncertainties, and theory uncertainties on signal and background modeling, following the532

procedure outlined in Section 4. The signal theory component includes uncertainties due to missing533

higher-order perturbative QCD and electroweak corrections in the MC simulation, the choice of the PDF534

sets, the treatment of the underlying event, the matching between the hard-scattering process and the parton535

shower, choice of hadronization models, and branching ratio uncertainties. The measurement is consistent536

with the SM prediction with a p-value of pSM = 18%, computed using the procedure outlined in Section 4537

with one degree of freedom. The value of �2 log⇤(µ) as a function of µ is shown in Figure 1, for the538

full likelihood and the versions with some nuisance parameters fixed to their best-fit values to obtain the539

components of the uncertainty as described in Section 4.540

Table 3 shows a summary of the leading uncertainties in the combined measurement of the global signal541

strength, with uncertainties computed as described in Section 4. The dominant uncertainties arise from the542

theory modeling of the signal and background processes in simulation. Further important uncertainties543

relate to the luminosity measurement; the selection e�ciencies, energy scale and energy resolution of544

electrons and photons; the estimation of lepton yields from heavy-flavor decays, photon conversions or545

misidentified hadronic jets (classified as background modelling in the table); the jet energy scale and546

resolution, and the identification of heavy-flavor jets. Statistical uncertainties on the numbers of simulated547

events are also counted among the systematic uncertainties.548

February 23, 2019 – 20:57 17

H! �� H ! ZZ
⇤

H ! WW
⇤

H ! ⌧⌧ H ! bb̄

tt̄H

tt̄H leptonic (3 categories) tt̄H multilepton 1 ` + 2 ⌧had tt̄H 1 `, boosted
tt̄H hadronic (4 categories) tt̄H multilepton 2 opposite-sign ` + 1 ⌧had tt̄H 1 `, resolved (11 categories)

tt̄H multilepton 2 same-sign ` (categories for 0 or 1 ⌧had) tt̄H 2 ` (7 categories)
tt̄H multilepton 3 ` (categories for 0 or 1 ⌧had)
tt̄H multilepton 4 ` (except H!ZZ

⇤! 4`)
tt̄H leptonic, H!ZZ

⇤! 4`
tt̄H hadronic, H!ZZ

⇤! 4`

V H

V H 2 ` V H leptonic 2 `, 75  p
V
T < 150 GeV , Njets = 2

V H 1 `, p
`+E

miss
T

T � 150 GeV 2 `, 75  p
V
T < 150 GeV , Njets � 3

V H 1 `, p
`+E

miss
T

T <150 GeV 2 `, p
V
T � 150 GeV , Njets = 2

V H E
miss
T , E

miss
T � 150 GeV 0-jet, p

4`
T � 100 GeV 2 `, p

V
T � 150 GeV , Njets � 3

V H E
miss
T , E

miss
T <150 GeV 1 ` p

V
T � 150 GeV , Njets = 2

V H+VBF p
j1
T � 200 GeV 1 ` p

V
T � 150 GeV , Njets = 3

V H hadronic (2 categories) 2-jet, mjj < 120 GeV 0 `, p
V
T � 150 GeV , Njets = 2

0 `, p
V
T � 150 GeV , Njets = 3

VBF

VBF, p
��jj
T � 25 GeV (2 categories) 2-jet VBF, p

j1
T � 200 GeV 2-jet VBF VBF p

⌧⌧
T > 140 GeV VBF, two central jets

VBF, p
��jj
T <25 GeV (2 categories) 2-jet VBF, p

j1
T <200 GeV (⌧had⌧had only) VBF, four central jets

VBF high-mjj VBF +�

VBF low-mjj

ggF

2-jet, p
��
T � 200 GeV 1-jet, p

4`
T � 120 GeV 1-jet, m`` < 30 GeV , p

`2
T < 20 GeV Boosted, p

⌧⌧
T > 140 GeV

2-jet, 120 GeV  p
��
T ¡200 GeV 1-jet, 60 GeV p

4`
T ¡120 GeV 1-jet, m`` < 30 GeV , p

`2
T � 20 GeV Boosted, p

⌧⌧
T  140 GeV

2-jet, 60 GeV  p
��
T ¡120 GeV 1-jet, p

4`
T < 60 GeV 1-jet, m`` � 30 GeV , p

`2
T < 20 GeV

2-jet, p
��
T < 60 GeV 0-jet, p

4`
T < 100 GeV 1-jet, m`` � 30 GeV , p

`2
T � 20 GeV

1-jet, p
��
T � 200 GeV 0-jet, m`` < 30 GeV , p

`2
T < 20 GeV

1-jet, 120 GeV  p
��
T ¡200 GeV 0-jet, m`` < 30 GeV , p

`2
T � 20 GeV

1-jet, 60 GeV  p
��
T ¡120 GeV 0-jet, m`` � 30 GeV , p

`2
T < 20 GeV

1-jet, p
��
T < 60 GeV 0-jet, m`` � 30 GeV , p

`2
T � 20 GeV

0-jet (2 categories)

Heather Gray, ATLAS

Fabio Cerutti, ATLASYacine Haddad, CMS



▻ Updated study of top-Higgs coupling in H→γγ

− ATLAS using full Run2 sample 
− CMS using 2016+2017 sample

Shahram Rahatlou, Roma Sapienza & INFN

Updated Higgs-Top Coupling

 63

Haichen Wang, Jennet 
Dickinson, ATLAS Stephane Cooperstein, CMS

S. Cooperstein (Princeton) 17/03/2019Moriond EW 2019

ttH measurements in CMS

• ttH ~1% total Higgs production 
!

• Complex many-particle final 
states
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A nice way to visualize the power of categorization is to 
draw the S/B weighted mass distribution 
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The expected significance of 
the ttH process is 4.2 σ, the 
observed is 4.9 σ 

The measured ttH cross section times H→γγ branching ratio 
is 

The signal strength (obs/SM) is measured to be 
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H → invisible 

▻ Aiming for 2-3% limit at High-Luminosity LHC with 3000 fb—1

 64

Higgs to Invisible
• Indirect: constraints from coupling fits

• Direct: searches for Higgs to decays to invisible particles

• Three separate ATLAS searches: V(had)H(inv), Z(lep)H(inv), VBF H(inv)

• B(H→inv) < 0.26 (0.17+0.07-0.05) @ 95% CL
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2

Feynman diagrams are shown in Fig. 1. The VH-tag includes both a search for ZH produc-
tion, in which the Z boson decays to a pair of leptons (e, µ) or b quarks, and one where a
Lorentz-boosted W or Z boson decays to light-flavor quarks, whose corresponding hadroniza-
tion products are reconstructed as a single large-radius jet. Additional sensitivity is achieved
by including a search for gg ! gH production (hereafter referred to as ggH), where a high-pT
Higgs boson candidate is produced in association with jets from initial-state radiation. When
these searches are combined to set an upper limit on B(H ! inv), SM production cross sections
are assumed. The result of this combination is also interpreted in the context of Higgs-portal
models of DM interactions [9–12], in which the 125 GeV Higgs boson plays the role of a medi-
ator between the SM and DM particles, thereby allowing for the possibility of producing DM
candidates.
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Figure 1: Leading order Feynman diagrams for the main production processes targeted in the
combination: VBF (left), VH (middle), and ggH (right).

This Letter is organized as follows: after a brief description of the CMS detector in Section 2,
the event reconstruction in Section 3, and the simulated signal and background processes in
Section 4, Section 5 is dedicated to the event selection requirements followed by a detailed
description of the analysis strategy in Section 6. Section 7 reports the results of the VBF search
in terms of upper limits on B(H ! inv). Section 8 reports the upper limit on B(H ! inv) from
a combination of the aforementioned searches for invisible decays of the Higgs boson based
on 13 TeV data collected in 2016 while, in Section 9, results from a more complete combination,
involving also similar analyses performed on the 7 and 8 TeV data sets, are presented. The
Letter is summarized in Section 10.

2 The CMS detector
The CMS detector is a multi-purpose apparatus designed to study a wide range of physics
processes in both pp and heavy ion collisions. The central feature of the experiment is a su-
perconducting solenoid of 6 m internal diameter, providing a magnetic field of 3.8 T parallel
to the beam direction. Within the solenoid volume a silicon pixel and strip tracker, a lead
tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron cal-
orimeter (HCAL) are installed, each composed of a barrel and two endcap sections. The tracker
system measures the momentum of charged particles up to |h| = 2.5, while the ECAL and
HCAL provide coverage up to |h| = 3.0. In addition, the steel and quartz-fiber Cherenkov
hadron forward calorimeter extends the coverage to |h| = 5.0. Muons are detected in gas-
ionization chambers embedded in the steel flux-return yoke outside the solenoid, which cover
up to |h| = 2.4.

Events of interest are selected using a two-tiered trigger system [18]. The first level (L1) is
composed of custom hardware processors, which use information from the calorimeters and
muon detectors to select events at a rate of about 100 kHz. The second level, known as high-
level trigger (HLT), is a software-based system which runs a version of the CMS full event

20

The systematic uncertainties with the highest impact in the B(H ! inv) measurement are the
theoretical uncertainties affecting the Z(nn)/W(`n) and ZZ/WW ratios in the VBF and Z(``)H
channels, respectively, as well as the uncertainties in the lepton and photon reconstruction and
identification efficiencies, jet energy scale, and veto efficiency of th candidates.
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Figure 9: On the left, observed and expected 95% CL upper limits on (s/sSM)B(H ! inv) for
partial combinations based either on 7+8 or 13 TeV data as well as their combination, assuming
SM production cross sections for the Higgs boson with mass of 125.09 GeV. On the right, the
corresponding profile likelihood ratios as a function of B(H ! inv) are presented. The solid
curves represent the observations in data, while the dashed lines represent the expected result
obtained from the background-only hypothesis.

The relative sensitivity of each search considered in the combination depends on the assumed
SM production rates. The cross sections for the ggH, VBF and VH production modes are
parametrized in terms of coupling strength modifiers kV and kF, which directly scale the cou-
pling of the Higgs boson to vector bosons and fermions, respectively [69]. The contribution
from the gg ! ZH production is scaled to account for the interference between the tH and
ZH diagrams, as described in Ref. [34]. In this context, SM production rates are obtained for
kV = kF = 1. Figure 10 (left) shows the observed 95% CL upper limits on (s/sSM)B(H ! inv)
evaluated as a function of kV and kF. The LHC best estimates for kV and kF from Ref. [4] are
superimposed, along with the 68% and 95% CL limit contours. Within the 95% CL region, the
observed (expected) upper limit on B(H ! inv) varies between 0.14 (0.11) and 0.24 (0.19).

The upper limit on B(H ! inv), obtained from the combination of
p

s = 7, 8, and 13 TeV
searches, is interpreted in the context of Higgs-portal models of DM interactions, in which a
stable DM particle couples to the SM Higgs boson. Direct-detection experiments are sensitive
to the interaction between a DM particle and an atomic nucleus, which may be mediated by
the exchange of a Higgs boson, producing nuclear recoil signatures that can be interpreted in
terms of the DM-nucleon scattering cross section. The sensitivity of these experiments depends
mainly on the DM particle mass (mc). If mc is smaller than half of the Higgs boson mass, the
Higgs boson invisible width (Ginv) can be translated, within an effective field theory approach,
into a spin-independent DM-nucleon elastic scattering cross section, as outlined in Ref. [9].
This translation is performed assuming that the DM candidate is either a scalar or a Majorana
fermion, and both the central value and the uncertainty of the dimensionless nuclear form-
factor fN are taken from the recommendations of Ref. [78]. The conversion from B(H ! inv) to
Ginv uses the relation B(H ! inv) = Ginv/(GSM + Ginv), where GSM is set to 4.07 MeV [69]. Since

S. Cooperstein (Princeton) 17/03/2019Moriond EW 2019

H→invisible combination: 7+8+13 TeV

Binv < 0.19 (0.15)
Most stringent limit to date!

• Reinterpretation in context of Higgs-
portal models of DM interactions.  

!
• Most stringent limits for MDM < 18 (7) 

GeV assuming fermion (scalar DM) 
candidate.

NEW RESULT

arXiv:1809.05937 
submitted to Phys. Lett. B

CMS: scalar DM

CMS: 
fermion DM
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The Higgs or A Higgs?
▻ In BSM models with more Higgs bososn, the lightest can resemble the Higgs

▻ Direct search for additional light and heavy Higgs bosons with up to 80 fb-1


▻ So far no excess or evidence and  
only exclusion in theory parameter  
space


▻ High-Luminosity LHC two provide x20  
increase in statistics to answer this question

 65

2HDM

18/03/19 Devin N. Taylor – University of California, Davis 3

MSSM has 2HDM (Type-II) for its 
Higgs sector

Parameterize as:
a) tan $ and cos $ − )
-or-
b) tan $ and *+

MSSM: Minimal Supersymmetric Standard Model

,+--,+// ~ tan$ =
23
2-

) diagonalizes the ℎ, 5 mass matrix

,677 ~ cos $ − )

2HDM: Two Higgs Doublet Model

2HDM has 5 Higgs bosons
ℎ: “SM” Higgs
5: heavy Higgs
8: pseudoscalar
5±: charged Higgs

ℎ125 GeV

5, 8, 5±

mass scale
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ℎ → ##

2%& 2%' %(2%)

boosted resolved

# → **# → ++
# → µµ

2HDM u-type d-type lepton
Type-I Φ. Φ. Φ.
Type-II Φ. Φ/ Φ/
Type-III Φ. Φ. Φ/
Type-IV Φ. Φ/ Φ.

Type 1: approximately 
independent of tan 3

Type 2: NMSSM-like
(NMSSM = MSSM + S)

Type 3: lepton dominates large tan 3, 
b can probe low tan 3

Type 4: inverted, generally leptons probe low tan 3

2HDM+S

4µ

µµ++

**µµ

4*
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Conclusion

§ Many direct searches for 

BSM Higgs Bosons

§ 13 TeV analyses are 

excluding larger fractions 

of the available phase 

space

§ Still only using a ¼ of the 

~150 fb
-1

recorded 

luminosity in Run 2

§ HL-LHC will deliver a total 

of 3000 fb
-1

§ No sign of BSM Higgs yet…

18/03/19 Devin N. Taylor – University of California, Davis 23

§ Some Higgs coupling 

measurements have up to 80 fb
-1

⁄" # → %%, µµ, '',

((, )), ℎℎ, (ℎ
"+ → %,, -.', )+#, )+(
ℎ → // → 4µ, 4%, 

µµ%%, ''µµ, ''%%, 4'

Devin Taylor, CMS



Exotic Phenomena 

disappearing  
track

displaced  
vertex

Credits: J. Antonelli
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Exotica Timeline
▻ Two-body resonances from day one: leptons, photons, jets


− detector effects not critical

− sensitive to bumps right away


▻ Increase complexity and multiplicity  
of final state

− better understanding and calibration  

of detector

▻ Final states with X + MET

▻ Really exotic signatures such  

as long-lived particles 

− control of detector conditions  

over longer period

− ultimate calibration and alignment

− optimisation of dedicated algorithms

 67
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Heavy Resonances

▻ Also updated ATLAS diet bump hunt with full Run2

− Addition of full Run2 data extends exclusion limits by ”just” 700 GeV
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Analysis Strategy
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Dilepton Resonant Search
I First ATLAS Run-2 result (139 fb

�1
)!

I Search in mee , mµµ spectra for a new

resonance

Event Selection
I Two same flavor leptons 225 < mll < 6000

GeV

Background
I Fit parametric function to data to model

background - new in this analysis

I f (mll ) = a·fBW,Z(mll )·(1�x
c
)
b ·x

P
3

i=0
pi log

i
(x)

Generic Signal
I Non-Relativistic BW ⌦ (Gaus+CB),

parameterized by pole mass and width

I Fiducial region (m
true

ll
> mX � 2�X ,

|⌘ll | < 2.5, pT ,ll > 30 GeV) used to obtain

generic limits for a hypothetical X

March 16, 2019 Aaron White - University of Michigan 3 of 6

Excluding particles with mass ~ 4-5 TeV 

Z’ in dileptons

Alberto Zucchetta, CMS

Diboson resonance using  
boson tagging with substructure

Savanna Shaw, ATLAS
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Energy vs Luminosity
▻ Biggest jump in mass limits with increased energy at start of Run2


− Assuming maximal coupling to SM particles 
− Most searches published with 36 fb—1 of data 

▻ With full Run2 data focus on exploring weakly coupled phenomena
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Long-Lived Particles

▻ Extremely quick turn-around for long-lived particle search
 70

Karri	Folan	DiPetrillo	—	Moriond	EW	2019

R-parity	viola<ng	Supersymmetry	(SUSY)	

small !’ couplings result in a long-lived lightest  
SUSY particle, undergoes semi-leptonic decay 

Most	interested	in	life<mes	"	≈	#(ps)	-	#(10	ns)		
- long-lived particle decays result in Inner Detector displaced vertices   

- also complementary to prompt searches

Mo<va<on �2

ATLAS DRAFT

a muon and a k th-generation down-type quark, as shown in Figure 1. The strongest indirect constraints on61

this coupling come from partial width measurements of the Z boson at LEP excluding �023k > 0.45 [19].62

t̃

t̃
p

p

�0
23k

µ

q

�0
23k

µ

q

Figure 1: Diagram showing pair-production of top squarks decaying to a muon and a quark. With su�ciently small
values of the R-parity-violating coupling �023k , the lifetime of the t̃ becomes long enough to give rise to displaced
decays.

For su�ciently small coupling values, the suppression of the decay causes it to occur at discernible63

distances from the pp interaction point where the top-squark pair was produced. This would give rise to64

muons and hadronic jets that are significantly displaced from the primary vertex, yielding a distinctive65

detector signature in a collider experiment, with no irreducible backgrounds from SM processes. The66

search presented here is designed to be sensitive to this signature.67

Other proposed BSM scenarios that could give displaced decays with muons include long-lived lepto-68

quarks [20], long-lived BSM particles appearing in decays of Higgs bosons [21, 22], scenarios with69

right-handed neutrinos with Majorana masses below the electroweak scale [23] and RPV scenarios with a70

long-lived electroweakino LSP decaying through a virtual scalar muon and a �02jk coupling [24].71

Searches for a t̃ decaying promptly via the �0i jk couplings have been performed by the ATLAS and CMS72

collaborations [25, 26]. Exclusion limits on long-lived top squarks decaying in the same way have also73

been obtained by the CMS collaboration [27–29]. Related searches for displaced lepton production in74

association with displaced hadronic activity have been performed by the ATLAS collaboration [30, 31].75

2 The ATLAS detector76

The ATLAS detector [32] at the LHC is a multi-purpose particle detector with a forward-backward77

symmetric cylindrical geometry and a near 4⇡ coverage in solid angle1. It consists of an tracking Inner78

Detector (ID) surrounded by a thin superconducting solenoid, electromagnetic and hadronic calorimeters,79

and a Muon Spectrometer (MS) incorporating three large superconducting toroidal magnets.80

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and the y-axis points upwards.
Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The pseudorapidity
is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Angular distance is measured in units of �R ⌘
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Figure 19: Limits on the mass vs. lifetime of a long-lived stop squark decaying via RPV couplings,
obtained from LLP searches at LHC [255, 256, 257, 258, 259, 227, 226, 61, 250, 249, 185, 184]. When
available, dashed lines and open circles denote the expected limits while solid lines and closed circles
represent the observed limits. If no LLP signature is labeled, the contours show the sensitivity from a
search for prompt decays.

In the small lifetime region, searches for prompt decays of gluinos set the tightest limits. Their
sensitivity decreases at moderate lifetimes, as hadronic jet reconstruction breaks down due to jet-
quality requirements that are optimized for prompt jets. Both the ATLAS and CMS collaborations
have produced results to this e↵ect [253, 254]. If the decays predominantly occur within the ID, a
striking DV signature together with significant MET allows for a very sensitive search, excluding gluino
masses up to 2.4 TeV for lifetimes around 100 ps [224]. At longer lifetimes, sensitivity is provided by
searches for anomalous-ionization, stopped particles decaying out of time, and slow-moving CLLPs [187,
250, 251, 184, 185].

5.2 Long-Lived t̃

Various models allow for a stop squark LSP that may decay via RPV couplings, and many searches
have been performed by ATLAS and CMS for di↵erent RPV couplings. A summary of relevant limits
is shown in Fig. 19.

Prompt searches and short-lifetime reinterpretations of prompt searches have coverage up to lifetimes
of roughly 100 ps, especially for leptonic decays of the stop [255, 256, 257, 258, 259]. Dedicated LLP
searches provide significantly stronger limits for a range of lifetimes from about 10 ps to 1 ns [227,
226, 61, 185, 184]. Searches for out-of-time decays of stopped particles are sensitive to long-lived stop
squarks provided the decay products deposit su�cient energy in the calorimeter. Existing stopped
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Conclusions

No	Supersymmetry	discovery	yet,	
But much more phase space to explore, especially in long-lived scenarios! 

�7ATLAS DRAFT

a muon and a k th-generation down-type quark, as shown in Figure 1. The strongest indirect constraints on61

this coupling come from partial width measurements of the Z boson at LEP excluding �023k > 0.45 [19].62

t̃

t̃
p

p

�0
23k

µ

q

�0
23k

µ

q

Figure 1: Diagram showing pair-production of top squarks decaying to a muon and a quark. With su�ciently small
values of the R-parity-violating coupling �023k , the lifetime of the t̃ becomes long enough to give rise to displaced
decays.

For su�ciently small coupling values, the suppression of the decay causes it to occur at discernible63

distances from the pp interaction point where the top-squark pair was produced. This would give rise to64

muons and hadronic jets that are significantly displaced from the primary vertex, yielding a distinctive65

detector signature in a collider experiment, with no irreducible backgrounds from SM processes. The66

search presented here is designed to be sensitive to this signature.67

Other proposed BSM scenarios that could give displaced decays with muons include long-lived lepto-68

quarks [20], long-lived BSM particles appearing in decays of Higgs bosons [21, 22], scenarios with69

right-handed neutrinos with Majorana masses below the electroweak scale [23] and RPV scenarios with a70

long-lived electroweakino LSP decaying through a virtual scalar muon and a �02jk coupling [24].71

Searches for a t̃ decaying promptly via the �0i jk couplings have been performed by the ATLAS and CMS72

collaborations [25, 26]. Exclusion limits on long-lived top squarks decaying in the same way have also73

been obtained by the CMS collaboration [27–29]. Related searches for displaced lepton production in74

association with displaced hadronic activity have been performed by the ATLAS collaboration [30, 31].75

2 The ATLAS detector76

The ATLAS detector [32] at the LHC is a multi-purpose particle detector with a forward-backward77

symmetric cylindrical geometry and a near 4⇡ coverage in solid angle1. It consists of an tracking Inner78

Detector (ID) surrounded by a thin superconducting solenoid, electromagnetic and hadronic calorimeters,79

and a Muon Spectrometer (MS) incorporating three large superconducting toroidal magnets.80

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and the y-axis points upwards.
Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The pseudorapidity
is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Angular distance is measured in units of �R ⌘
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Jet timing in barrel ECAL
•  PbWO4 crystals with Si APDs
•  Time resolution ≈ 200 ps
•  Cells within ΔR < 0.4 of jet
•  tjet defined by median cell time 

Model assumption and dataset
•  GSMB SUSY model: g -> gG
•  Full Run 2 dataset: 137 fb-1

Trigger and signal selection
•  HLT trigger: MET > 120 GeV
•  MET + delayed calorimeter jet: 3 ns < tjet < 20 ns
•  Particle flow not used for jet reconstruction due to non-standard tracker 

component, calorimeter clustering only

~ ~
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Trigger and signal selection
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•  MET + delayed calorimeter jet: 3 ns < tjet < 20 ns
•  Particle flow not used for jet reconstruction due to non-standard tracker 

component, calorimeter clustering only
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                    Delayed jets

C.-E. Wulz 11

•  Significantly extended reach in cτ compared to tracker based searches

•  Gluino masses up to 2500 GeV (2150 GeV) excluded for cτ of 1m (30 m)
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Supersymmetry
▻ Many new searches targeting both strong  

and electroweak production

− No significant excess observed so far 

▻ Strong SUSY searches targeting  
masses ~ 2 TeV


▻ Searches now using also H→γγ  and exotic  
Higgs decays in  electroweak production

 71Matthew Gignac, ATLASMarco Masciovecchio, CMS

(Strong) SUSY production 
3 Mario Masciovecchio (UCSD), 18 March 2019 

•  SUSY may be that answer. 

0.3 fb 

o  Production cross section of 
strong SUSY is larger than 
EW, for the same masses 

o  Standard Model has been 
probed with success down 
to cross-sections � 0.5 fb 

à Expect to probe squarks & 
gluinos up to 2-2.5 TeV 

EW 
SUSY 

•  Expect ~50 SUSY events in full LHC Run II, for strong production of 
gluinos and/or squarks with mass ~ 2 TeV (140 fb-1 x 0.3 fb) 
o  If SUSY is there 

Chargino/Neutralino: Whàbb 
�  Search for hàbb final state with 105 GeV < mbb < 135 GeV 
�  Benefit from improved light-flavor rejection due to new IBL pixel layer! 
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�  Events triggered with MET > 200 GeV and selected with 
large contransverse mass mCT to reduce top backgrounds 

�  No excesses in either zero or one lepton final states 

Chargino/Neutralino: Whàγγ 
�  Search for narrow resonance from h->γγ decay in Wh signature 
�  Robust background estimation: 

–  Non-peaking contributions à side band fit in 105 GeV < mγγ < 160 GeV  
–  Peaking standard model Higgs à dominant contribution from Wh, taken 

from Monte Carlo and normalized to NLO cross section 
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Discovery p0 values: 
→  SR1Lγγ-a: 0.03 
→  SR1Lγγ-b: 0.09  
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Exotic Higgs decays with photons 

�  Gauge Mediated Supersymmetry Breaking (GMSB) model 
�  Events with MET > 95 GeV and no jets with pT>20 GeV 
�  Require balance between Zàll  and higgs + MET 
�  Dominant backgrounds 

–  Electron faking a photon (WZàevll)  
–  Z+jets with jet faking a photon  
–  SM Zγ à shape from MC, normalization in CRs 
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Data-driven 

Observations consistent with predictions 

ATLAS-CONF-2018-019 
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DM INTERACTIONS WITH ORDINARY MATTER

• Dark#Ma\er#interacCons;#important#to#get#the#right#relic#abundance

• Then#why#not##

• Dark#Ma\er#as#a#parCcle#hints#at#many#interacCons#with#ordinary#ma\er
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Indirect Detection Direct Detection Production at Colliders
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...We%can%probe%the%same%interac9on%at%the%LHC

?

Dark Matter 
The known unknown
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Detection Techniques 
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Ionization

LightPhonons

Semiconductor detectors (Ex. CoGeNT) 
Drift chambers (Ex. DRIFT)

Cryogenic 
semiconductor detectors 

(Ex. CDMS, Edelweiss)

2 phase noble liquids     
(Ex. LUX, Xenon, Dark-Side)

Inorganic Scintillators (Ex. DAMA/LIBRA) 
Single phase noble liquids (Ex. DEAP) Superheated liquids (Ex. PICO)

Scintillating bolometers 
(Ex. CRESST)

COSINE 
ANAIS 
SABRE

Credits: 
Claudia Tomei

Radio pure material and clean environment critical for background reduction 
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Dark Matter Mass Spectrum
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Enectali Figueroa-Feliciano \ Recontres de Moriond \ March, 2019

The Dark Matter Mass Spectrum

!4

Enectalí Figueroa-Feliciano, CDMS

Enectali Figueroa-Feliciano \ Recontres de Moriond \ March, 2019

The Dark Matter Mass Spectrum: NR and ER

!5
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ABRACADABRA
▻ Probing coupling of axions to SM particles


▻ Sensitivity currently reduced by x 6.5 WRT expectation due to parasitic 
inductance in the circuit

− Low frequency noise due to  

mechanical vibration and  
some transient noise yet  
to be understood 

▻ Upgraded 40cm and 1m versions  
could probe axion space preferred  
by QCD

 75

Chiara Salemi, ABRACADABRA
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by considering the weak interactions alone without the
determinental interaction, but the conditions of the fla-
vor singlet, chirality flipping (L↔R) and CP violating
effects do not occur at one loop level. In the SM with
the Kobayashi-Maskawa CP violation, Ref. [153, Ellis,
Gaillard (1979)] shows that a finite correction occurs at
the fourth order, O(α2), leading to a very small NEDM,
but infinite corrections occur from O(α7). These can
give rise to a linear term of π. In the SM, the pioneering
calculation with axion has been performed in chiral per-
turbation theory to obtain θ ≤ 10−17 [167, 168, Georgi,
Kaplan, Randall (1986), Georgi, Randall (1986)]. The es-
timated θ however is far below the current experimental
limit of 10−11.

C. Axion couplings

The axion interactions are given in Eq. (19) which
are depicted in Fig. 10 where we have not drawn aWW̃
and aZZ̃ diagrams which are orthogonal to the aγγ̃. The
diagrams of Fig. 10 are complete for the low energy axion
phenomenology, where the suppression factor, 1/Fa, by
the axion decay constant is explicitly shown.

• cq
1γµγ5

1
Fa

a

q

q

• cq
2iγ5

1
Fa

a

q

q

•
c31

Fa
a

G

G

•
caγγ1

Fa
a

γ

γ

• cℓiγ5
1

Fa
a

ℓ

ℓ

FIG. 10: The Feynman diagrams of axion couplings. G and
γ are gluon and photon, respectively. c3 and caγγ couplings
are anomalous.

1. Axion hadron coupling

When we discuss axion–hadron interactions, which are
the relevant ones for low energy laboratory experiments
and physics at the core of supernovae, we must integrate
out gluon fields. Technically, it is achieved by using the
reparametrization invariance to remove the c3θGG̃ cou-
pling. If we keep the c3 coupling, we must consider the
axion–gluon–gluon interactions also, which is hard to be
treated accurately with its face value but must be the
same as the one in the c3 = 0 basis. In this way, the
quark interactions are changed from the original value as

c1 → c̄1 = c1 + 1
2c3

c2 → c̄2 = c2 + c3

c3 → c̄3 = c3 − c3 = 0.

(49)

In the barred notation, there exist only c̄1 and c̄2.

We will discuss one family without separating c1,2

into cu,d
1,2 first for an illustration, and then we will dis-

cuss the cases with cu,d
1,2 and write down formulae for

three families. Let us define the initial parameters c1, c2

and c3 together with the definition of the vacuum an-
gle θ0 ≡ θQCD. In principle, the initial vacuum angle
can be a free parameter. Here, the vacuum angle θQCD

is defined such that c1 = 0. Picking up the axion de-
pendent chiral rotation charge defined below the chiral
symmetry breaking scale Eq. (47), the chiral quarks
in the chiral perturbation theory are transforming as
qL → exp(iQAθ)qL, qR → exp(−iQAθ)qR where

QA =
1

2

M−1

TrM−1
, M−1 = diag.(

1

mu
,

1

md
). (50)

The derivative interactions of axion is obtained in this
way [167, 215, Kaplan (1985), Georgi, Kaplan, Randall
(1986)].

For the KSVZ axion, we have c1 = c2 = 0 and c3 = 1,
and the coefficient of the gluon anomaly term is (a/Fa)+
θQCD. Hence, redefining the axion as a + FaθQCD, we
obtain3

KSVZ axion (c1 = 0, c2 = 0) :

c̄1 = 1
2c3 = 1

2 ,

c̄2 = c2 + c3 = 1.

(51)

Here, c̄2 must be split according to the flavor singlet con-
dition to c̄u

2 + c̄d
2, (47) or (50).

For the DFSZ and PQWW axions, c1 = 0, c2 ≠ 0 and
c3 = 0. If a non-vanishing θQCD is introduced here, we
have, using the reparametrization invariance (21), c′1 =
−c2/2, c′2 = 0, and c′3 = c2. Then, the coefficient of
the gluon anomaly term is c2(a/fS) + θQCD, and hence
redefining axion as a + (fS/c2)θQCD and going back to
the c̄3 = 0 basis, we obtain for one family

DFSZ and PQWW axions :

c̄1 = 1
2 (−c2 + c̄2),

c̄2 ≠ 0, c̄3 = 0.

(52)

Again, c′3 must be split according to the flavor singlet
condition to c̄u

2 + c̄d
2 according to the anomaly matching

condition, Eq. (47).

Integrating out the heavy σ field and heavy quark
fields, the massless (at this level) degree a = Faθ which
appears from the phase of the singlet field σ = (⟨σ⟩ +
ρ√
2
)eiθ appears in the effective low energy Lagrangian.

If there are multiple SM singlets Si carrying PQ charges

3 The sign convention is stated below.
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Lindley Specified ABRA-1M

• 365 day readout

• Li = Lp = 658 nh

• Mind = 18.1 nh

• (r, R, a, H) = (.476, .476, 
.680, 1.36) m

• VB = .096 m3

• B = 5 T

• Resonant Frequencies: [10 
MHz, 80 MHz]

• Q-factor: 106

• Resonant Step Size: 100Q

ABRA-10cm

ABRA-40cm

ABRA-1m

ABRA-10cm

ABRA-40cm & 1m

ABRA-10cm current limits
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SuperCDMS at SNOLAB
▻ Ge-based detector with phonon-based  charge amplification


▻ First observation of e—h+ pairs in Si crystal with  
phonon sensor (arXiv:1710.09335) 

− Reached also resolution of 0.06 e—h+ 

▻ Improved constraints on inelastic ERDM for both  
heavy and light mediators down to 0.5 MeV  
with 0.5 g.day!
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Enectali Figueroa-Feliciano \ Recontres de Moriond \ March, 2019

SuperCDMS Detectors: iZIPs

!8

Ge (1.4 kg per detector) 
Si (0.6 kg per detector) 

10 cm Diameter 
3.3 cm Thick

2 charge + 2 charge 
6 phonon + 6 phonon

Enectali Figueroa-Feliciano \ Recontres de Moriond \ March, 2019

WIMP

WIMP

E field

SuperCDMS High-Voltage Detectors

!12Enectali Figueroa-Feliciano \ Recontres de Moriond \ March, 2019

SuperCDMS High-Voltage Operation

!14

Phonon energy = Erecoil + ENTL 

       = Erecoil + neh e- V

Phonon sensors measure amount of charge produced: 
Phonon-based charge amplification!
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Prompt phonons

NTL phonons

NTL phonons

Phonon Sensors

Phonon Sensors
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SuperCDMS High-Voltage Operation
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Phonon energy = Erecoil + ENTL 
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Phonon sensors measure amount of charge produced: 
Phonon-based charge amplification!
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E field
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Phonon Sensors

Phonon Sensors

Enectalí Figueroa-Feliciano, CDMS
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HVeV Sensor Laser Response

!19

First observation of eh pairs in Si crystal with phonon sensor (arXiv:1710.09335)

Enectali Figueroa-Feliciano \ Recontres de Moriond \ March, 2019

ER DM Limits
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Annual WIMP Modulation
▻ Strong signal reported by DAMA/LIBRA


− pure NaI crystals 
− Not confirmed by any other experiment 
− Excluded by many other experiments using 

different technologies and methods 

▻ Galileo (the physicist) would suggest at least one other experiment to 
reproduce results as closely as possible
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Wright Lab, Yale UniversityReina Maruyama 

• Modulation persists in DAMA Phase 2
• 6+ additional years / 1.13 ton-year
• Threshold lowered to 1 keV

• (1 – 6) keV: 9.5σ from 1.13 ton- year
• (2 – 6) keV: 12.9σ from 2.46 ton-year
• Signal consistent with Dark Matter

• Mod’n amp.: 0.0103 ± 0.0008 cpd/kg/keV
• Phase: (145 ± 5) days
• period: (0.999 ± 0.001) year

DAMA’s Observation of Annual Modulation

�3

arXiv:1805.10486

Phase1 
Phase2

Nucl. Phys. At. Energy 19 (2018) 307
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 The signal we’re looking for

(Not to scale)

WIMP
● WIMP sca0ers on argon nucleus

 ≲ 100 keV 
nuclear recoil

Wright Lab, Yale UniversityReina Maruyama 

• Modulation persists in DAMA Phase 2
• 6+ additional years / 1.13 ton-year
• Threshold lowered to 1 keV

• (1 – 6) keV: 9.5σ from 1.13 ton- year
• (2 – 6) keV: 12.9σ from 2.46 ton-year
• Signal consistent with Dark Matter

• Mod’n amp.: 0.0103 ± 0.0008 cpd/kg/keV
• Phase: (145 ± 5) days
• period: (0.999 ± 0.001) year

DAMA’s Observation of Annual Modulation

�3

arXiv:1805.10486

Phase1 
Phase2

Nucl. Phys. At. Energy 19 (2018) 307



Shahram Rahatlou, Roma Sapienza & INFN

COSINE-100 at Yang Yang Lab (Korea)
▻ 8 copper encapsulated NaI(Tl) crystals,106 kg total


− Detailed Geant4 simulation; BDT background rejection 
− Currently background ~ x 2-4 DAMA 

▻ First results with 2 years of exposure

− disfavors standard spin-independent WIMP  

interaction with NaI(Tl) as explanation for DAMA/LIBRA  

▻ Effort underway for COSINE-200 with  
ultra pure crystals

− 5 year of data needed to confirm DAMA with 3σ
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Reina Maruyama, COSINE

Wright Lab, Yale UniversityReina Maruyama 

NaI(Tl) Detectors

�8

C1
C2 C3 C4

C5
C6 C7 C8

Eur.Phys.J. C 78 107 (2018)
arXiv:1806.09788

• 8 copper encapsulated NaI(Tl) 
crystals,106 kg total

• Two 3-inch PMTs per crystal
• trigger at ~0.2 p.e. threshold

• Calibration via sources through 
tubes

Wright Lab, Yale UniversityReina Maruyama 

Spin-Independent WIMP Search

• First 6303.9 kg•da exposure (SET1, 59.5 days)
• Spectrum fit for 2-20 keV bgd + WIMP
• DAMA/LIBRA’s signal is *not* spin-independent WIMP with NaI(Tl)
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Wright Lab, Yale UniversityReina Maruyama 

Annual Modulation Search with COSINE-100

�17

Preliminary

2—6 keV

fit with fixed phase in  1 keV bin

• Best fit amplitude for 2 – 6 keV: 

• 0.0083 ± 0.0068 cpd/kg/keV 
• phase fixed at 152.5 day

• Statistically limited, not yet able to distinguish DAMA/
null

Preliminary

(cpd/kg/keV)

COSINE-100’s first annual modulation analysis with 1.7 years of data (97.79 kg.year)



Xenon-1T at Gran Sasso

Shahram Rahatlou, Roma Sapienza & INFN

▻ Dual phase time projection chamber

− Using s1/s2 discrimination instead 

of pulse shape 

▻ CEνNS: subdominant background

− will be more important in next generation Darwin experiment 

▻ Events shown as pie charts showing relative PDF from  
each component for the best fit model of a 200 GeV WIM 


▻ Limits with 1 year of exposure

− p-value of ~0.2 for  m >= 200 GeV does not disfavor a signal hypothesis
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!! WIMP-Like Background !!

Backgrounds

Jacques Pienaar, jpienaar@uchicago.edu

arXiv:1604.03858

8B Solar neutrino signal looks like a 6 GeV WIMP 

Electronic Recoil (ER) 
!,β Backgrounds 

Nuclear Recoil  (NR) 
WIMP signal, neutrons, 
CEνNS

natKr=Xe ¼ ð0.66 # 0.11Þ ppt, as determined from regu-
lar mass-spectrometry measurements [24], and it contri-
butes an ER background rate of ð7.7 # 1.3Þ events=
ðton yr keVeeÞ. The background contribution from the
natural radioactivity of detector materials is suppressed

within the fiducial volume to a similar level. Thus,
the dominant ER background is from β decays of
214Pb originating from 222Rn emanation. The maximum
and minimum decay rates of 214Pb are ð12.6 # 0.8Þ and
ð5.1 # 0.5Þ μBq =kg, estimated from 218Po α decays and

FIG. 2. Spatial distributions of DM search data. Events that pass all selection criteria and are within the fiducial mass are drawn as pie
charts representing the relative probabilities of the background and signal components for each event under the best-fit model (assuming
a 200 GeV=c2 WIMP and a resulting best-fit σSI ¼ 4.7 × 10−47 cm2) with the color code given in the legend. Small charts (mainly
single-colored) correspond to unambiguously background-like events, while events with larger WIMP probability are drawn
progressively larger. Gray points are events reconstructed outside the fiducial mass. The TPC boundary (black line), the 1.3 tons
fiducial mass (magenta), the maximum radius of the reference 0.9 ton mass (blue dashed), and the 0.65 ton core mass (green dashed) are
shown. Yellow shaded regions display the 1σ (dark) and 2σ (light) probability density percentiles of the radiogenic neutron background
component for SR1.

FIG. 3. DM search data in the 1.3 tons fiducial mass distributed in the (cS1, cS2b) (left) and (R2, cS2b) (right) parameter spaces with
the same marker descriptions as in Fig. 2. Shaded regions are similar to Fig. 2, showing the projections in each space of the surface (blue)
and ER (gray) background components for SR1. The 1σ (purple dashed) and 2σ (purple solid) percentiles of a 200 GeV=c2 WIMP
signal are overlaid for reference. Vertical shaded regions are outside the ROI. The NR signal reference region (left, between the two red
dotted lines) and the maximum radii (right) of the 0.9 ton (blue dashed) and 1.3 tons (magenta solid) masses are shown. Gray lines show
isoenergy contours in NR energy.

PHYSICAL REVIEW LETTERS 121, 111302 (2018)
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of the neutron model. The second modification improved
this model to correctly describe events with enlarged S1 due
to additional scatters in the charge-insensitive region below
the cathode. These events comprise 13% of the total neutron
rate in Table I. Third, we implemented the core mass
segmentation to better reflect our knowledge of the neutron
background’s Z distribution, motivated again by the neutron-
like event. This shifts the probability of a neutron
(50 GeV=c2 WIMP) interpretation for this event in the
best-fit model from 35% (49%) to 75% (7%) and improves
the limit (median sensitivity) by 13% (4%). Fourth, the
estimated signal efficiency decreased relative to the preun-
blinding model due to further matching of the simulated S1
waveform shape to 220Rn data, smaller uncertainties from
improved understanding and treatment of detector system-
atics, and correction of an error in the S1 detection efficiency
nuisance parameter. This latter set of improvements was not
influenced by unblinded DM search data.
In addition to blinding, the data were also “salted” by

injecting an undisclosed number and class of events in
order to protect against the fine-tuning of models or
selection conditions in the postunblinding phase. After
the postunblinding modifications described above, the
number of injected salt and their properties were revealed
to be two randomly selected 241AmBe events, which had
not motivated any postunblinding scrutiny. The number of
events in the NR reference region in Table I is consistent
with background expectations. The profile likelihood
analysis indicates no significant excesses in the 1.3 tons
fiducial mass at any WIMP mass. A p-value calculation
based on the likelihood ratio of the best fit including signal
to that of background only gives p ¼ 0.28, 0.41, and 0.22
at 6, 50, and 200 GeV=c2 WIMP masses, respectively.

Figure 5 shows the resulting 90% confidence level upper
limit on σSI, which falls within the predicted sensitivity
range across all masses. The 2σ sensitivity band spans an
order of magnitude, indicating the large random variation
in upper limits due to statistical fluctuations of the back-
ground (common to all rare-event searches). The sensitivity
itself is unaffected by such fluctuations, and is thus the
appropriate measure of the capabilities of an experiment
[44]. The inset in Fig. 5 shows that the median sensitivity of
this search is ∼7.0 times better than previous experiments
[6,7] at WIMP masses > 50 GeV=c2.
Table I shows an excess in the data compared to the total

background expectation in the reference region of the
1.3 tons fiducial mass. The background-only local p value
(based on Poisson statistics including a Gaussian uncer-
tainty) is 0.03, which is not significant enough, including
also an unknown trial factor, to trigger changes in the
background model, fiducial boundary, or consideration of
alternate signal models. This choice is conservative, as it
results in a weaker limit.
In summary, we performed a DM search using an

exposure of 278.8 days × 1.3 t ¼ 1.0 ton yr, with an
ER background rate of ½82þ 5

−3ðsystÞ & 3ðstatÞ' events=
ðton yr keVeeÞ, the lowest ever achieved in a DM search
experiment. We found no significant excess above back-
ground and set an upper limit on the WIMP-nucleon
spin-independent elastic scattering cross-section σSI at
4.1×10−47cm2 for a mass of 30 GeV=c2, the most stringent
limit to date for WIMP masses above 6 GeV=c2. An
imminent detector upgrade, XENONnT, will increase the
target mass to 5.9 tons. The sensitivity will improve upon
this result by more than an order of magnitude.
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FIG. 5. 90% confidence level upper limit on σSI from this work
(thick black line) with the 1σ (green) and 2σ (yellow) sensitivity
bands. Previous results from LUX [6] and PandaX-II [7] are
shown for comparison. The inset shows these limits and corre-
sponding & 1σ bands normalized to the median of this work’s
sensitivity band. The normalized median of the PandaX-II
sensitivity band is shown as a dotted line.
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DEAP-3600 at SNOLAB
▻ Single phase LAr using pulse shape discrimination 

 80

Moriond-EW 2019 S. Westerdale (Carleton University) 5

 The DEAP-3600 dark ma0er detector

3.3 tonnes of LAr

with a ~30 cm GAr layer

Acrylic <ow guides facilitate <uid <ow 

during =lling, poten%al recircula%on

5 cm thick acrylic shell 

contains the LAr

255 8” PMTs

3 µm thick TPB coa%ng shiAs 

UV LAr scin%lla%on to visible 

Foam =ller blocks between 

light guides provide further 

insula%on and shielding

45 cm long acrylic light 

guides transport light to 

PMTs, provide thermal 

insula%on and shielding

The DEAP Collabora%on, Design and Construc)on of the DEAP-3600 Dark Ma
er Detector, 
Astropart. Phys. 108, 1 (2019).

Moriond-EW 2019 S. Westerdale (Carleton University) 13

 The signal we’re looking for

● WIMP sca0ers on argon nucleus
● Singlet and triplet Ar dimers form
● Singlets decay (~6 ns), create 

128 nm photons
● TPB shiAs light to visible, 

detected by PMTs
● Triplets decay (~1.3 μs), create 

128 nm photons
● TPB shiAs light to visible, 

detected by PMTs

By looking for events with a large 

frac%on of fast scin%lla%on light, 

we iden%fy nuclear recoils, which 

may be caused by WIMPs

Shawn Westerdale, DEAP

Moriond-EW 2019 S. Westerdale (Carleton University) 42

 Most sensi%ve WIMP search with LAr

 target

See arXiv:1902.04048 

231 live days aAer run 

selec%on and dead%me 

correc%ons

824 kg =ducial mass

0 events in ROI

Exclude S.I. WIMP-

nucleon cross sec%ons 

above 3.9×10-45 cm2 for 

100 GeV/c2 WIMP mass arXiv:1902.04048 
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Directional Detection
▻ Nuclear Emulsion based detector acting both as target and tracking device 


▻ Potential to overcome the neutrino floor,  
where coherent neutrino scattering  
creates an irreducible background


▻ Plans (if funded)

− 2020: construction 
− 2021: data taking 
− 2020: analysis

 81

Valerio Gentile, NEWSdm

/ 603

NEWSdm PRINCIPLE
Nuclear Emulsions for  WIMP Search with directional measurement 

Nuclear Emulsion based detector acting both as target and tracking device

• Aim: detect the direction of nuclear recoils produced in WIMP interactions 
• Background reduction: shielding surrounding the target
• Fixed pointing: target mounted on equatorial telescope constantly 

pointing to the Cygnus Constellation 
• Directionality: Unambiguous proof of the galactic origin of Dark Matter
• Location: Gran Sasso underground laboratory

/ 608

NEWSdm SENSITIVITY 

With mass detector of 10 kg and assuming a spin-indipendent 
interaction and the SHM for the local WIMP density, it is possible 
to cover a wide region of the DAMA/LIBRA signal by using a 
completely di?erent approach

Unique possibility to overcome the “neutrino Ooor”, where 
coherent neutrino scattering creates an irreducible background
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WIMP at LHC

▻ In addition to classic MET + mono-object  search, also constraining mediator 
mass and coupling in simplified models


▻ No excess reported

− Significant reduction of both  

experimental and theoretical  
background systematics
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Sergei Chekanov, ATLAS
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Figure 1: Dark matter production in association with a single jet in a hadron collider.

3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like figure 1 is one of the leading channels
for dark matter searches at hadron colliders [3, 4]. The signal would manifest itself as an excess
of jets plus missing energy (j + /ET ) events over the Standard Model background, which consists
mainly of (Z ! ⌫⌫)+ j and (W ! `

inv
⌫)+ j final states. In the latter case the charged lepton ` is

lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final states have been
performed by CDF [22], CMS [23] and ATLAS [24, 25], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [25] which looked for mono-
jets in 1 fb�1 of data, although we will also compare to the earlier CMS analysis [23], which used
36 pb�1 of integrated luminosity. The ATLAS search contains three separate analyses based on
successively harder pT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |⌘(j1)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |⌘(j2)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |⌘(j1)| < 2, and events
are vetoed if there is a second jet with |⌘(j2)| < 4.5 and with either pT (j2) > 60 GeV or
��(j2, /ET ) < 0.5. Any further jets with |⌘(j2)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |⌘(j1)| < 2, and
events are vetoed if there is a second jet with |⌘(j2)| < 4.5 and with either pT (j2) > 60 GeV
or ��(j2, /ET ) < 0.5. Any further jets with |⌘(j2)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |⌘(e)| < 2.47
and pT (e) > 20 GeV and for muons as |⌘(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|⌘(j1)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is ��(j1, j2) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.
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Figure 1: Dark matter production in association with a single jet in a hadron collider.

3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like figure 1 is one of the leading channels
for dark matter searches at hadron colliders [3, 4]. The signal would manifest itself as an excess
of jets plus missing energy (j + /ET ) events over the Standard Model background, which consists
mainly of (Z ! ⌫⌫)+ j and (W ! `

inv
⌫)+ j final states. In the latter case the charged lepton ` is

lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final states have been
performed by CDF [22], CMS [23] and ATLAS [24, 25], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [25] which looked for mono-
jets in 1 fb�1 of data, although we will also compare to the earlier CMS analysis [23], which used
36 pb�1 of integrated luminosity. The ATLAS search contains three separate analyses based on
successively harder pT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |⌘(j1)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |⌘(j2)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |⌘(j1)| < 2, and events
are vetoed if there is a second jet with |⌘(j2)| < 4.5 and with either pT (j2) > 60 GeV or
��(j2, /ET ) < 0.5. Any further jets with |⌘(j2)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |⌘(j1)| < 2, and
events are vetoed if there is a second jet with |⌘(j2)| < 4.5 and with either pT (j2) > 60 GeV
or ��(j2, /ET ) < 0.5. Any further jets with |⌘(j2)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |⌘(e)| < 2.47
and pT (e) > 20 GeV and for muons as |⌘(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|⌘(j1)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is ��(j1, j2) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.
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Machine-Assisted Intelligence
▻ Machine-Learning methods percolating data analysis at fast rate

▻ Not always the choice of artificial intelligence is an intelligent decision


− Modest gains of 1-5% by using methods at late stages of analysis 
− Countered by painful and complicated systematic assessment 

▻ Highest pay-off for deployment at low level to better understand detector 
response and particle or event identification 
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Outlook
▻ Standard Model still stands strong after Moriond EW

▻ Observation of CP Violation in D mesons another victory for Standard Model

▻ Flavor anomaly still there and to be pursued at low and high mass


− Redundant measurements and revamped interest for Z’ and LQ 

▻ My desiderata or wish list for near future (~ 5 years) based on this week

− Resolution of flavor anomaly 

◦ possibly still standing and confirmed by heavy new particles  
− Verification of DAMA/LIBRA by NaI experiments 

◦ Possibly also in the southern hemisphere with SABRE 
− Reaching the neutrino floor at low mass with superCDMS 
− First evidence for coupling of Higgs to second generation fermions 
− Updated heavy neutrino searches at LHC 

− And more importantly… some sleep!
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