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A few Cross-Sections Measurements




Reminder: proton-proton collisions

Parton-parton collision /

Having no knowledge a priori of the type and momentum fraction of the initial partons, the
predictions need to be integrated w.r.t. to all parton types and momenta.

2 ‘Resolution scale’
In the case depicted above M )2(

- g4 and g, are the initial partons
- X4 and x, are the momentum
fraction of each parton.

1
oop = X)= 3 /O dzide, iz, Q) f; (2, QP)d6 (qsa; — X, 3, Q)
1,7

Important messages

(1) The centre-of-mass energy of the interaction is not (2) At LHC making predictions that are: (3) Predictions rely on the knowledge of

known a priori (and essentially impossible to - Exact is not possible. the number and types of partons and

reconstruct due to limited resolution and part of the - Accurate and precise is however the distributions of their momenta in the
possible... but difficult. protons.

event being undetected)
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Reminder: PDFs

MMHT14 NNLO, Q? = 10* GeV?

1.2 , S PDFs Sum rules
2f(@ Q%) | ] Momentum sum rule 1
1| 5 > [ doosie@h =1
i 1 . 0
L 4 1
0.8 | . .
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i 1 (.fu(w7Q )_fﬂ(xaQ ))dCIZZQ
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5 | | (Gale,Q?) = fala,@?)dz =1
/ \ ' 2 2
0B vl ol sk, — [z, dr =0
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T

- PDFs are the probability to find a parton with a momentum fraction of x.
- PDFs are not calculable, but measured in DIS experiments (with electron and neutrino scattering on nucleons).
- PDFs evolution in Q2 are calculable (with Altarelli-Parisi equations).
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Measurement of the Total pp Cross Section

From the initial O(80) mb naive estimate of the total cross section of pp collisions.

The total cross section is dominated
(60 mb) by inelastic interactions.
mb).

b1

P

The main subject of
these lectures.

The measurement of the total cross section requires
the measurement of the elastic cross section at (very)

low momentum transfer.

The simplest measurement
of the cross section counting
events:
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Includes elastic interactions from

exchange of photons or pomerons (20 1?““\
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t = (p1 — p3)°

(very naive view of the pomeron is
a colorless pair of gluons)
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QCD background

QO High-p; events are dominated by QCD jet production

q q :
> q‘s b Jet
— —— jet
q s g )

U Strong interaction = large cross-section
U Many diagrams contribute: qq 2 qq; qg = qg; gg = gg; etc ...
U They are called “QCD background “

J Most interesting processes are rare processes:
> involve heavy particles
> have weak cross-sections (e.g. W cross-sections)
> to extract signal over QCD jet background must look at decays to photons and leptons = pay a prize in branching ratio
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Drell-Yan Processes Cross Sections

Flavour content of the pp — Z’ W:IZ process flavour decomposition of W cross sections flavour decomposition of Z° cross sections
100 —r—r—rrrr 100 ——r——rrry — g
In pp collisions a sizeable charge asymmetry s E e |
due to the valence quarks (2u vs 1d) in the T kkuu
proton (difference reduces with the COM i ~ / dd
)

energy as W production occurs at lower Xx).

—_
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L |
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For 13 TeV collisions predictions are:

% of total o (Z°)

bb
ow- = 8.54 7321 (PDF) £ 0.16 (TH) nb /
o+ = 11.54 7032 (PDF) 4 0.22 (TH) nb |5 Wz
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Note: PDF uncertainties are dominant. Vs (TeV) Vs (TeV)
0 Il thi s OBM) t I Typically in pp in leptonic modes

verall this process is imes smaller _ =\
than the total inelastic cross section. t=e, 'lﬁ T Br(Z — VZ) 207

: . Br(W — qq’) ~ 70% Br(Z — qq) ~ 70%
Still O(2) Billion W boson events produced !! i + -

Br(W — £*v) ~ 10% Br(Z — £7¢7) ~ 3%
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The di-lepton mass spectrum at LHC

Inclusive mass distributions 13116 (13 TeV, 2016)
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SM Cross Section Measurements

Standard Model Production Cross Section Measurements

Status: February 2022
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ATLAS Preliminary
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Theory

Very large number of fiducial cross
section measurement made at the LHC

Down to processes as rare as three
boson production
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Now measured VBS diboson
production (VVjj)
q
Vv
%4
q
See later
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CATLAS
A EXPERIMENT
http://atlas.ch

Ruri®) 280673
Event: 21273922482
2015-09-29 15:32:53 CEST

a

Jet Cross Section and Measurement of a

d20' 1 Nj

dprdy L AprAy
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Double differential cross section
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o. Measurement at LHC

From the measurements of jet cross sections and
their ratios, the strong coupling constant can be
measured at the highest energy scales!

Ratio of Differential Jet Production Cross Sections
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One W event in the muon-neutrino channel
YATLAS pp — W — uy,

EXPERIMENT

Run: 183081

neutrino

The muon and the neutrino

are not back to back, therefore
the W has got a P+.

(therefore, besides the muon,
we have also calorimetric activity
in the detector [recail]).
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One W event in the electron-neutrino channel

6} | 7 7 . . Run Number: 152409, Event Number: 5966801
2\\‘3\?] N » " Datef 2010-04-05/06:54:50 CEST

JA EXPERIMENT

P
< A1
1 \“&
- RGN \
Ry s VN
\ ) "I‘ A0 track, it is slighlty
. bent (pr=34 GeV)

W-ev candidate in

electron 7 TeV collisions
s p,(e+) = 34 GeV
ne+)= -042

E,™ss = 26 GeV

M. =57 GeV

Very low momentum tracks
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2011 data set: Eqy=7 TeV; £=4.6 fb™’

p

Q Q)

Event selection

Due to the neutrino the W invariant mass can not be
reconstructed and we are forced to consider other
variables sensitive to the W mass, like:

=/
* The lepton transverse momentum: pT

- The W transverse mass: M, = \/Zﬁ;ﬁ?iss(l—cosA(z))

—miss

where P, = —(PT +UT) is the neutrino missing pr

and ugis the recoil: HT = ZE‘Ti(canrimeter cells)

The W has a transverse momentum !

- Muons: |n|<2.4

- Electrons : |n|<1.2 OR 1.8<|n|<2.4
- Lepton isolation

- p1>30 GeV

- prmiss>30 GeV

- ur<30 GeV

- mt>60 GeV

Event sample

W+t = utv
W= = u v

4 609 818
3 234 960

Wt s ety

W~ —e v

3 397 716
2 487 525

Sample of 13.7 M events: 5 times larger than
combined (DO + CDF) Tevatron sample

Statistics is not an issue; the challenge is the control of systematics (theoretical and experimental) to aim at 10 MeV error
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et a transverse momentum

Feynman Assumption:
infinite momentum frame.

Partons have only longitudinal
momentum, therefore the W/Z
does not have a transverse
momentum

BUT ... we have to take into account the QCD higher order corrections, namely the emission of gluons from the initial state.

Now the W/Z has got a
transverse momentum

I

Ay~

A
N/ - u x

J
:,.,,,/,,,// Gluon jet
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PDF

Q Qi

Example taken from an ATLAS note (2008) arxiv:0901.0512

= At Leading Order the W is emitted along
the beam pipe:

=W
p, =0
= High Order corrections modify the spectrum:

b, #0

T  SLNLINL AL BN B B B B B N B S N B B B

— pT(W) = 0, no smearing
...... p,(W) #0, no smearing

=== Pp(W) =0, with smearing

4——-[3?/;&0

c
e
-
(4]
[72]
=3
C
=
o
-

/

llIlllllllllllllllllllllllllllll-

(b)

- oo

B 00O T T TR Y T T BN LN ERE R T R 7 $7000F
r —— p,(W) =0, no smearing _: (0} :
g 60005 ...... p,(W) #0, no smearing E E’GOOOE
; 5000:_ === p;(W) 20, with smearing —: % 5000:—
£ F 1 s
) E . o C
) 4000F - 54000
2 3000E w E 2 3000E
L. — - — -Q | —
-é) - py #0 1 E .
=1 == ] .4 —
Z 2000; ur resolution J 2000F
1000+ - 1000
F e (8) p
[ P [ P § g-gg > 1 ot et e 1
% 25 30 35 40 45 50 55 60 %

" GeV

Sensitive to pt" and PDFs Pr [ ]
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50 60 70 80 90 100 110 120

Sensitive to pile up and UE m; [GeV] UE: underlying events
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A closer look at the two distributions

] W width and W transverse momentum effects.

—Q_" 0-01:""1""l"";':ﬂ""l" = é‘ 0-01:""I""I""I"""""';";i""l"""""":
kS E - {4 3 B E o - i =
> 0.009 ly=0 i — = 0.009 =0 N =
= SR Iy =2.1 GeV : = < SR Iy = 2.1 GeV : =
z 0.008 ...r, =2.1GeV,ISR = = 0.008F ...r,=21Gev,ISR =
A 0.007 E_ — Iy = 2.1 GeV, ISR, FSR 5‘ Z _f - 0.007 E_ —TI'y = 2.1 GeV, ISR, FSR _E
0.0065- (ISR = 1) 3 0.006 3
0.005F- A - 0.005F -
0.004F- '. = 0.004F B
0.003E- X - 0.003F .
0.002F- = 0.002F- =
0.001 P = 0.001E- B
S B RPN PRt co O A U BRI PR I I SO Moo o B

%5 30 35 40 45 50 % 55 60 65 70 75 80 85 90 95 100
p. [GeV] m; [GeV]

The W transverse mass is only slightly affected by W width and ISR has
no significant effect, so it seems to be a more robust estimator of the W
mass, but... wait for the detector effect.

W width and W transverse momentum smear the jacobian peak of the lepton
transverse momentum. The FSR has no significant impact.
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A closer look at the two distributions

] W width and W transverse momentum effects.
(] Detector effects:

> lepton calibration (~10-); recoil resolution (~5-15 GeV); acceptance (~ 15%)

- 00— 71— 7 T 1 g 3 0-015' L I UL I I UL IR E
g 0.009;— — Generator level —; g 0.009- — Generator level =
2 0.008F- - Resolution 3 S 0.008F - Resolution E
~ 0.007 E— — Resolution + cuts —f - 0.007 E— — Resolution + cuts —E
0.006- = 0.006- =
0.005F - 0.005F =
0.004F- = 0.004F -
0.003E- = 0.003( .
0.002F = 0.002 =
0.001 — 0.001 B
%5 E R R 05560 65 70 75 80 85 90 95 100
P [GeV] m; [GeV]

Lepton transverse momentum is slightly affected by detector effect
since the lepton momentum is well measured and the recoil does not
enter in this measurement.

On the contrary, W transverse mass depends heavily on the recoil resolution.
So, the two measurements are really complementary.

Claudio Luci — Collider Particle Physics — Chapter 12 21



OLepton momentum scales are measured using Z->Il and events and corrected in MC
O Scale known better than ~2 x 10-4 (except for muons at highest rapidity)
O Translates into an uncertainty on my, of approx. 8-9 MeV

O Reconstruction, identification and trigger efficiency studied from Z sample, small effects for muon, of similar
size as the energy scale for electrons.

>

L e e B .S AL B S S B B S S B S S B

eV

S ooof. ATLAS #-Data : - ATLAS * Data 3
Q 00000 < 7 Tev, 4.1 b mzoww o9 30000— \s=7TeV, 46" Wz-oete 3
< - T []Background 3 o - []Background _-
© 50000 — o 25000:— =
® = 3 @ 20000 =
g 400005 1 E = =
5 30000F- 3 150005— E
20000~ — 10000 —
10000F- = 5000F- =
B 105y B o g A T
S i¥ o
o 1 ++++ +,++++++ gt e +++ +++"H‘ +++:E o :i ............... -|-+++++++H+++ ...... sppebigicp +H—|-++.++ ++ + +-|- +.|. ++H
(\U 0.95F- e o o s s s e E (\U [0 ) Lo RS, i
© 80 86 88 90 92 94 96 98 100 O 80 82 84 86 88 90 92 94 96 98 100
a -
m, [GeV] m, [GeV]



Recoil reconstruction

hadronic recoil

0 The reconstruction of the hadronic recoil depends strongly
on the total E; in the event, three corrections are needed:
1. Pileup distribution: data/MC equalisation.

2. Correction of residual differences in the total E; distribution (activity
mis-modeling)

3. Calibration obtained by the pr balance in Z event

Q Uncertainty on my, ~ 11 MeV for m; fits (smaller for py)),
dominated by the total E; correction.
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Data / Pred.
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160 T T T T T

S . F « Data 1 3 e0000E. ATLAS | obaa 3
Good data/MC agreement in Z> |I 8 140E ATAS i B | e ATAs me
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@8 120 [CJBackground — —_ 50000F- [ Background =
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. . L 2 ERE =
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T
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U Fit from MC templates with different mass generated in steps of 1 - 10 MeV
028 x? fits, separeted for lepton type (u,e), W charge (+/-), rapidity interval (4 for y, 3 for e) and fit variable (my, p;').
U Many other fits were performed as consistency checks by varying fit range, etc ...

><1 03 X1 03
> 220 s F ey f O e f s R YT R e Y e > S S S S S S S S SN S S S S S S S S S S S S S S S S
8 200 & ATLAS 3 -o-Data 8 160 = ATLAS -e- Data
o 180 E Vs=7TeV, 4.1 BW- u'v Z 140 \s=7TeV,46fb" mwW ey
oS 160 []Background w120 []Background
— 140 x*Idof = 20/39 € x?/dof = 54/59
£ 120 S 100
£ w
0>> 100 80
L 80 60
60
40 40
20 20
< 102F S 5 1.02 ' : ] |
T e ——— 44T B Mep— t: ]
o 1E-I-Hq.+++++++f—0-++-f-ts;p¥#+;ﬁf++ 4t ii ++ g a 1 '01 H#“ﬂﬁf*ﬁm"&f ++. # uH—: | l%ﬂ . 1 E|
~ 0.99 3 ~  0.99 [t b L ++ ..... + ......... TT ..... 3
& 098 : S 098 : : : : : ]
8 30 32 34 36 38 40 42 44 46 | 48 50 8 60 70 80 90 100 110 120
Py [GeV] my [GeV]

Combined result

x2/dof
of Comb.

Value | Stat. Muon Elec. Recoil Bckg. QCD EW PDF Total
[MeV] | Unc. Une. Une. Une. Une. Unc. Une. Une. Unc.

80369.5 : 5. .4 2: 5 & 5.! .2 bS] 29/2
R0369.5 6.8 6.6 6.4 2.9 4.5 8.3 5.5 9.2 18.5 29/27

M,y = 80370 = 19 MeV

stat. = 6.8 MeV exp. syst =10.6 MeV  mod. syst =13.6 MeV mw = 80370 + 7 (stat.) + 18 (sys.) MeV




Comparison with previous results and SM

and is consistent with previous results.

% 80 5: ATLAIS' l '—I "“V\'I =l8(').3l70'i'0.(')1é Gle\'/ ]

O, so. - B = 17284070 GeV The ATLAS measurement has the same precision of

W - = 125.0020.24 GeV the previous most precise single measurement (CDF)
80.451— == 68/95% CL of m,, and m, -

80.4

80.35F From PDG 2019
- w5 68/95% CL of Electrowealc] ALEPH { ——8—— 80.440+0.051

F Fit w/o m,, and m, ] :

- (Eur. Phys. J. C 74 (2014) 3046) |

googl—— b L ML L .
165 170 175 180 185 13— 80.57040.055

m, [GeV]
. . . OPAL ———  80.415+0.052

Good agreement with SM EWK fits (Gfitter )
o, 10 — — —— LEP2 —a— 80.376+0.033
) oF Nod i ] fitter [« {5 i ot = assat

8F E |
7E = DO —a— 80.383+0.023
6 E Tevatron - 80.387+0.016
5F = »2/dof =4.2/6
= 3 World av. (old) - 80.385+0.015

4 i - A = 2c :
3 E = ATLAS - 80.370+0.019
2F A\ E World av. (new) 4 80.379+0.012

S NPT =S

E 7 L. . 3 ! | ! 1 | 1 L |
0 0.2 80.42 80.2 80.4 80.6
M,, [GeV] M,y [GeV]
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http://pdg.lbl.gov/2019/reviews/rpp2018-rev-w-mass.pdf
http://pdg.lbl.gov/2019/reviews/rpp2018-rev-w-mass.pdf
http://pdg.lbl.gov/2019/reviews/rpp2018-rev-w-mass.pdf
http://project-gfitter.web.cern.ch/project-gfitter/Standard_Model/index.html

Prospects for M,, measurements

Major source of uncertainties are pr'V (from QCD and PDF) and recoil (from pile-up)

# exploit dedicated low pile up runs (<u>=2) to get ptV from data | ATLAS:ATL-PHYS-PUB-2017-021

Low-mu datasets: ATLAS/CMS 380/200 pb™' at 13 TeV; 260/300 pb™' 5 TeV

ATLAS-CMS High_Lumi perspective arxiv:1902.10229

o 30 T L T ] s 20 T T T T ]
% N /‘/\_TLAS Simulation PreI|m|1nary .Stat. ® PDF ] % 18 ;\?_TLAS Simulation Preliminary E
— - = ) = . = =14 T V, =2 e
ST I N L
L T T B T , Il < SR
a © o710 PDF Wror ] 5 P [ stat. ® PDF 1 b ;
20 - ; B 14 I PoF =
C ] 12 =
15 . 10 =
C ] 8 =
10 [ . ]
N N 6 =
5| ] 4 E
: : 2 T
0 T ]

nl<2.4 <4 | Inl<2.4 Inl<4 | Inl<4 0 CT10 CT14  MMHT2014 HL-LHC LHeC

\s= 14 TeV | 27 TeV 14827 TeV

Different set of PDF functions

U Total uncertainty of ~11 MeV with 200 pb-1 of data at each energy ( ~one week of data taking)
U With HL-LHC PDF and 1 fb'! we could reach of precision of 6 MeV
U With Future LHeC PDF set from DIS data we could aim at a precision of 4 MeV

CAVEAT: experimental systematics are not included, but they are of statistical nature and could be reduced
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https://arxiv.org/abs/1902.10229
https://arxiv.org/abs/1902.10229
https://arxiv.org/abs/1902.10229
https://arxiv.org/abs/1902.10229
https://arxiv.org/abs/1902.10229
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2017-021/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2017-021/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2017-021/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2017-021/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2017-021/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2017-021/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2017-021/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2017-021/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2017-021/




=
I
4
Y
s
-2
<
w
I




L L LIl

L1l llllll

T
w
G
=
o
o
?é 10 E i
= 3] 2 ‘%
7} 4 4
g 7 s s .
E 1 . £ 5 current measurement
3 * SR : >
'Y -
.

previous measurement

Ll Illllll

0.1 —
| I I I | | I | |
1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012




CDF Il measurement of the W boson mass
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Events / 0.5 GeV

—
o

n
o
[

x10°

+2/dof = 33 / 30
x2 = 29 %
PKS - 88 %

1.2

—4— Jp—pu
= Y—uu
—#— Z—uu
-4= combined




2/dof = 46 / 38
P.=16%
P =93 %

Events /0.5 GeV
N
I




x2/dof=18/14

x2/dof=14/14

L I L ! |
10 20
P (Z=uw) (

30
GeV)




Mass measurement distributions

x10° x10°
2 2
G x2/dof = 50 / 48 CEE x2/dof = 39 / 48
o 240
S50+ P.=37% S P.=79%
g2 | Pes=98% £ Pys = 76 %
> >
L W]
I l l 20
s L N L L | L L N h
100 %o 70 80 90 100
m; (GeV) m; (GeV)
x10° x10°
> >
Q - S Q
G} x2/dof = 82 / 62 G 40~ 2/dof = 83 / 62
Q| Q i
s sz =4% S i I;H—r" sz =3%
240 Hf; Pys =89 % g | Pys =53 %
o § [ -
> >
w r w
L 20
- . ; z : — ! N \m
% 35 40 45 50 55 %o 35 40 45 50 55
P, (GeV) P, (GeV)
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New CDF W boson mass measurement

Combination mr fit p5 fit pr fit Value (MeV) |x?/dof|Probability
Electrons Muons |Electrons Muons |Electrons Muons (%)
mr v v 80439.0+9.8 (1.2 /1 28
P v v 80421.2+119 (09 /1 36
Y v v |80427.7+138(0.0/1] 91
mr & py v v v v 80435.4+9.5 (4.8 /3 19
mr & pr v v v v (804379+£9.7 |2.2/3 o3
P4 & Py v v v v |80424.14+10.1 |1.1/3 78
Electrons v v v 80 424.6 £13.2 |3.3 / 2 19
Muons v v v [80437.9+11.0 |3.6 /2 17
All v v v v v v 1|180433.5+94 ||7.4/5 20

Fit difference

Muon channel

Electron channel

Mw (£7)—Mw (£7)

Mw (¢e > 0)—Mw (¢ < 0)

—7.8 £ 18.5stat £ 12.7coT

24.4 :I': 18-5stat

14.7 & 213000t £+ 7.72/ (0.4 £ 21.344a¢)
B/P (20.8 £ 21.341at)

9.9 &+ 21.3stat £ 7.5

Mz (run > 271100) — Mz(run < 271100)

5.2 + 12.25¢a¢

63.2 &+ 29.95¢at = 8.2

B/P(216.0 & 29.95¢a¢ )
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Distribution W boson mass (MeV) x2/dof
MT€N) o] 80,429.1+10.3¢tat +8.5gst | 39/48
p% (e) .................................. 80’4114i1075tati1185¥5t .................. 8 3/62
PYE) 80,4263 +14 55t £ 1. 79y 69/62
L 80,446.1£9.2¢tat £ 7. 3gyst 50/48
P 80,428.2£9.65at +10.39yt 82/62
PY) o 80,4289+ 13 15t £10. 99yt | 63/62
Combination 80,433.5 £ 6.4tat £ 6.9yst 7.4/5

Illlllllllllllll
- Experimental unc. 68% CL

- = === LEP2/Tevatron
|~ = This measurement

80.45 —

M,, [GeV]

80.40 — o .

80.35

IIIlIIIIIlIIIIlIIIl]IIllIlllIIIIII

IIIIIIIIIIIIIIII

Light supersymmetry
A

Heinemeyer, Hollik, Weiglein, Zeune 20 |

171 172 173 174
m, [

175 176 177 178
GeV]




Comparison with SM

Eur. Phys. J. C78, 675 (2018)

; B 1 T 1 1 I 1 1 1 1 I I 1 I I I I: 1 1 1 I I 1 1 1 I 1 l;.
3 - i #
= 805 o =
E; ~ i A
i i -
80.45 — i / =
s W €DbF =
- bt o~ s
- i = .
80.4 |- = Rl
- iéiﬂ:ombingd'(éxc. CDF)
80.35 [ Predicted (SM) )\ g =
B 7 lils N
80.3 — .
N rd L _
B 3 X| o _
B o o N R _
[ P, N oD ,G?.Q!w‘ —
e W W WA —
— 1 1 1 1 '/r,l 1 1 1 1 i L 1 1 l'lA.l :: 1 1 1 l L 1 1 1 l 1 l_l
140 150 160 170 180 190
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DO | 80478 83 — Total uncertainty

Stat. uncertainty

CDF | 80432 + 79

LEP combination

DELPHI 80336 67 Phys. Rept. 532 (2013) 119
DO II
PRL 108 (2012) 151804

ATLAS
EPIC 78 (2018) 110

LHCb
JHEP 01 (2022) 036

—
ALEPH 80440 + 51 —— —
——
-
@

L3 80270 + 55

OPAL 80415 + 52

Science 376 (2022) 170

Electroweak Fit (J. Haller et al.)
EPJC 78 (2018) 675

Electroweak Fit (J. de Blas et al.)
arxiv:2112.07274

DO Il 80376 * 23

ATLAS 80370 + 19

CDF i 80433 £ 9 80100 80200 80300 80400 80500

L1 1 | I 11 1 1 I L1 1 1 I | I I | I | I | I | I 11 1
79900 80000 80100 80200 80300 80400 80500 My [MGV]

W boson mass (MeV/c?)

What shall we conclude? | |Se sono rose fioriranno?




CMS entered the

dme

A high precision measurement of the W mass at
CMS

Josh Bendavid (MIT)
on behalf of the CMS Collaboration

Sept. 17, 2024

@ Use well-understood subset of 13 TeV data: 16.8 fb~! from later part of
2016 run (~ 30 mean interactions per crossing)

@ Focus on muon channel and kinematics

o Larger experimental systematics for electrons and hadronic recoil,
especially with higher pileup

@ General strategy: Exploit large dataset, accurate modeling of
uncertainties for maximal in-situ contraints on theoretical modeling

o Reserve Z data as an independent cross-check as much as possible
Muon calibration from J/W, validated with Z

o In-situ constraints on theory modeling from W itself, independent
validation with Z.

CERN seminar: you can find the full talk on my web page

Claudio Luci — Collider Particle Physics — Chapter 12

@ my extracted from profile likelihood fit to muon (7, pr, charge)
e Thousands of bins and systematic variations
e Optimized Tensorflow-based fitting framework
@ Building on experimental techniques, tools, and experience from W-like
mz measurement (2016) and W rapidity-helicity measurement (2020)

which established strong in-situ constraints on PDFs from charged lepton
kinematics

@ 4B fully simulated MC events, >100M selected W candidates

e Significant computing/technical challenges for a measurement of
this complexity




CMS W mass measurement: event selection

108 16.8 tb~' (13 TeV)
> L L BN : : LR
3 | cMs Prei \ Data ] o Stralghtforward. sm.gle muon selection:
% 8 Pre/iminary{é’;‘/jgo(pzm%) - WEs Y ] track quality criteria, loose transverse
& | s Nonprompt impact parameter cut, and isolation
Ll>J 6l B Z/y* - pp/tt |
- WSy @ Selected events are about 90%
R 1
. are W—)/JJ/
@ Nonprompt background from
2 . .
data-driven estimate
0 @ Mostly from B and D decays
. L L L B B S L BN AL B . . .
8 1.05] == mwx100MeV Pred. unc. . with smaller contribution from
f'\“ i 7 or K decay-in-flight
© 1.00fmmm=———— SR - . .
o' OO;E et TSI @ Prompt backgrounds from simulation
T T with all relevant
p¥ (GeV) corrections/uncertainties

o W — 1v, Z — pp (mostly with
one muon out-of-acceptance),
Z — 7T, top, diboson

“W-like" selection of Z events

@ Z — up events are also selected with very similar selection

@ One muon removed and treated as neutrino
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CMS W mass: muon momentum calibration

@ General strategy: Calibrate with quarkonia, validate with Z | Tracker Material Budget |

@ Muon chambers are not used for final momentum measurement,
“only” for trigger and identification

@ Precise calibration requires accurate simulation track reconstruction,
precise modeling of magnetic field, material, and alignment in the inner

detector
@ Challenge: Significant amount of material in the tracking volume
" 13.1 fo" (13 TeV, 2016)
> 10 Trigger paths
8 oF CMS -
= 10 Preliminary _—
L2 . Jhp — 5
qc) 10 — Y‘
> I ow mass double muon + track
w 108 Y double muon inclusive
> . .
10 2 Source of uncertainty Nuisance  Unc. in myy
108 parameters (MeV)
J/¢ calibration stat. (with 2.1x scaling) 144 3.7
10° Z closure stat. uncertainty 48 1.0
10° Z closure (LEP measurement) 1 1.7
Resolution stat. (with 10x scaling) 72 1.4
- e e Pixel multiplicity 49 0.7
i Lo/ S 10° Total 314 18
u*u invariant mass [GeV]
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CMS W mass: result

ooeEe 11‘6.‘8'ft'>‘l‘ (13 Tev) : MeV)
[ Postfit 4 Data . mpact e
G 7 = Source of uncertaint ;
@ . - WEspy y Nominal Global
c Bl Nonprompt
Z s = Zy - ppir Muon momentum scale 4.8 44
. ‘Q’*HW : Muon reco. efficiency 3:.0 2.3
Il Rare E
. | W and Z angular coeffs. 3.3 3.0
) Higher-order EW 2.0 1.9
] pY modeling 2.0 0.8
o PDF 4.4 2.8
. L L B R BN LN B
B 1002l = Mw9.9Mev Pred. Unc. } i Nonprompt background 3.2 17
by bbb L L Integrated luminosity 0.1 0.1
£ 1.000 =955 RS e S S .
8 toosl * ro L MC sample size 15 3.8
] Data sample size 2.4 6.0
30 35 40 45 50 55 ;
P (GeV) Total uncertainty 9.9 9.9
- - - Some theory contributions (like PDF) can
@ For the nominal measurement, total uncertainty is 9.9MeV be evaluated with the data (in a global fit)
) .. at the expense of increasing the statistical
@ Most precise measurement at the LHC and comparable to CDF precision error (froE)n 2 4 MeV to 6.0 lsleV)
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CMS W mass: result

my = 80360.2 - 9.9MeV

CMS Preliminary
1 | I I: I I
my in MeV '
LEP combination | 80376 + 33 1 |- : |
Phys. Rep. 532 (2013) 119 il
DO | 80375 + 23 ‘—.—1 |
PRL 108 (2012) 151804 _
CDF [ 80433.5 + 9.4 ' ——  —
Science 376 (2022) 6589 |
LHCb | 80354 +32 | | ! —
JHEP 01 (2022) 036 !
ATLAS | 80366.5 + 15.9 el -
arxiv:2403.15085, subm. to EPJC I
CMS [ 80360.2 + 9.9 | - o —
This Work co i —= EW fit
| . T | l

! |
80300 80350 80400 80450
my (MeV)

@ Compatible with the Standard Model expectation and with other measurements

@ In clear tension with the CDF measurement
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Sin%0,,, Measurements




Sin20,,, and the Forward-Backward Asymmetr

-04

<02

M,

88

92

92

94
E_, [GeV]

Forward-Backward asymmetry at LEP

On peak, effect is very small, off peak
measurement are also extremely crucial.

LEP

At the Z pole: 'A%‘B — 3A4°4f

oe
M
|

+ org Z/y

+ / .
Z rest frame ¢ Term coming from the f

Z/gamma* interference

v

do A [3 B
d cos 0* 33 |:8 ( -+ cos 0 )+] B x AFB— 0_F+0_B

do 0 0 ) ) - *
deos0* ((g5e + 9ae)(Gos + ap) (1 + cos”™ 0%) + 8guegaegusgas cos 0 )

Gay = \/ﬁT;?

go, = \/ﬁ(TJ‘j’ —2Qyf sin? Haj,cf)

—
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9v;/9a 5 1
Af =2 ! ! :> (Sln206 )fzi(l_gv /Gaf)
! 1+ (9v;/9a;)? v 4|Qy| froad
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Measurement is based on the cos(theta) dependence
of the Drell-Yan cross-section (using ee/up events)

At LO SM
do . .
—= A(1+c0520 )+Bc059
dcos@
2012 data set: Eqy=8 TeV; £ =20 fb"’
ATLAS: 7.5 x 10° di-muons and 7.5 x 10° di-electrons =
CMS: 8.2 x 108 di-muons and 4.9 x 106 di-electrons Arg= Forward-Backward asymmetry

(Backward event)

o(cos@*>0)—o(cosd* <0)
Apg =

o(cos@*>0)+o(cosd* <0)

PROBLEM: how do we distinguish a quark from an antiquark in the initial state? [~ = === =

a) The antiquark is picked up from the sea; b) at high rapidity is more likely that the Z follows the quark direction.

y,~0 u(x)~u(x) = maximal dilution

\
A

~ » <
~ L

y,>>0 u(x)>>u(x) = unambiguous

u u u u
- ———— > o —

» This measurement is best done in the high rapidity region of the detector

Claudio Luci — Collider Particle Physics — Chapter 12

Moreover ...

=  The measurement must be done
in the Z reference frame

= Gluon emission from initial quark

leg will give a transvers momentum
to the Z

47



PDF effects on the A

O Ag; is sensitive to PDF for two reasons: e / i
% § q q

> different couplings of u- and d-type quarks g >

> &
> yy direction depends on the relative content of valence and sea quarks 6’
et e

(Forward event)

(Backward event)

o(cos@* > 0)—o(cosd * < 0)

v. =T/ -20Q sin’*0 FB=
S Qf w o(cos@*>0)+ o(cosd * <0)
—_7f
af—T3
MC study on Arg
Using quark direction Using di-lepton direction Agg for different rapidity bin
@ 08T @ 08— @ 08—
28 F t b (P L o o
< [ PYTHIAS u-type . < [ PYTHIA S < [ PYTHIA 8
0‘6,— s* 003 0.6_— - 06_— -1
T LO NNPDF3.0 2 et C LO NNPDF3.0 u [ LO NNPDF3.0 ]
04 Jos T ] 04 Sea quarks do v 7] 04 7
r CMS Jogo®” ] [ not contribute Soame ] L entral bin d
021 92 - 02| ¢ ...'°°°°°°23 0.2f- =
[ o d-type e88800000°2°%7 [ °g
0 < of —orssserseddl T o
- average .°., 1 988835500°7, 4 1 Consa 0.0<ly,|<04 ;
02 ¥ _ o 02F " teec e _ o O 2 " 0.4<ly,|<0.8 7
: \o°., °dd  eul F °dd  eul ; = 08<ly|<12 ]
] Y 2§ +& —041 as§ +cC 04 o 1.2<ly|<1.6 ]
- o® 2 . : average = _ ] : u ]
—06fgeee” L * bb  eqq ] yys bb eqq ] 06f © 16<ly <20 J
[ ] C ] [ 20<ly |<24 ]
_osle [ EPEPEPSPS IPUPEITS | PRPEPN | ] Y| SIIFS EFPEPIPE BRI | N 1 | SPEFEFEFE EFSPEPERS BRI | NP R .
60 70 80 9 100 110 120 60 70 80 9 100 110 120 60 70 8 9 100 110 120
m;; (GeV) m, (GeV) m, (GeV)

PDF uncertainty is the major source of systematic error and require particular care in the sin8,, extraction
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CMS: AFB methodolo 701 )

O Measure Az asymmetry in Collin-Soper frame in reconstructed my, y; bins Collins and Soper reference

PhysRevD.16.2219

A
LSin20.4 extracted from template fit to Ag; in data using theoretical predictions / ¢ N Y

(Powheg v2 event generator using NNPDF3.0 PDFs) ,/ A e SZ 5
/ p/\Kp //
//

//
70 < MM < 110 GeV 0.0 < ‘y| <24
-1 -1
o o CMS e CMS 1880 (ETeY) « P are the directions of the two protons
LL .0 <1yl <0. L4<lyl <0. 8<lyl<1.; 2<lyl<1.6 [1.6<lyl<2 0<lyl<2. LL L0<lyl< <lyl <0. 8<lyl<12 [1.2<lyl<16 |[1.6<lyl<2/ <lyl< .
< :00 Iyl<0.4 (04<lyl<0.8 [08<lyl<1.2 |1.2<lyl<1.6 [1.6<lyl<2.0 |20<lyl ZTﬁ < fo lyl<04 (04<lyl<08 |08 <lyl 2 2<lyl 6 6<lyl<20 [20<lyl 24: |n the Z rest frame. They are used to
i fh H i A ﬁ define the z axis.
R . . . .
o2 M e N H + lis the direction of the lepton and theta is
I J F f | i JJ* ) )* | the angle with respect to the z axis
H I 4 4 ' [ . .«
- M«* s e M N . _—*.—-“# /H‘“‘ 7/ / f' ] + Phiis the angle of the plane containing
I ey g ‘,J +' i - e i o "r. i the two leptons with respect to the xz plane
) i H i i L +1+ i
- |- —~Data H ﬁ. 7 I~ ~Data 1
02T Fit B 2T Fit 7]
Ll L1l ) I L1l | % L1l | L1l I . L1l L1 L1
= ous|- } | ‘ 1 & of ; Using quantities measured in the Lab:
(l“ 0}+* st At +¢'.~*++++wa+ +4 + N.‘,o*++ + H+ x _.(IE 0 :—+’-.~*+ M it pbpmret bttt fi ++‘¢“"o+++ +}}H++ . - -
g | ™ & Y _ 2T 4lE)
AP NN IV I I | R ] b i cosblog = :
70 90 110|/70 90 110{70 90 110/70 90 110{70 90 110|70 90 110 70 90 110{70 90 110/70 90 110/70 90 110|70 90 11070 90 110 M /M2 +p%
Mee (GeV) m,, (GeV)
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https://link.springer.com/article/10.1140/epjc/s10052-018-6148-7
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.16.2219
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.16.2219
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.16.2219
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.16.2219
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.16.2219

ATLAS-CONF-2018-037 )

The differential cross section pp = Z - # can be parametrized at EW LO and all order QCD as:

do 3 doV+L

dpft dyt“ dm‘ d cos 6 d Tlén dpf dytt dm‘

[4 ._\9 R 2 1 2
AS Pes {(l+cos‘6)+—Ao(l—3008'6))+A| sinm
S ‘4 2
o 1 .2 .
/ p/\p / +5 Az sin“ @ cos2¢ + Az sinf cos ¢ +|A4 |cos A

+As sin® @ sin 2¢ + Ap sin26 sin¢g + A7 sinf sin ¢}.

FB

>a
8

4

* 9 harmonic polynomials P;(cosB¢s,Pcs) describe the lepton angular distribution in the Z rest frame (final state)
«  8A(MY pt, y¥) coefficients and total unpolarised cross section oYUt (m¥, p%, y%) describe the Z dynamics (initial state)
«  Parity-violating A, term is sensitive to sin20.4

(box diagrams give little contribuion
near the Z pole)

« A, obtained from templates binned in (m¥, y¥) / ~

. n2

(method here: J. High Energ. Phys. (2016) 2016: 159 ) _ From A, we get sin“B¢g
Fit A; to the data A,
ATLAS Simulation ee,.: y’-integrated . ATLAS Simulation Preliminary 1
1~ V&= 8 TeV, p’ = 22.25.5 GeV 0.1F fs=8TeV, Zy" (NLOQCD)
8 ’ L o F 80 GeV <m’ <100 GeV o
08 © o 0.04 ~ 7 & ]
0.6 03 0.03 ‘; 0.09— A Improved Born Approximalion—_
0.4 g 0.02 EQ 0082 7y o . Effective Born _E
0.2 o 0.01 & “F . 1
R — . = : - :
B 0.07— A -
0.2 001 § F " 1
b ua .
full phase 04 Fold detector 002 £ ol N
06 acceptance 003 © £ “ ]
I BRI BN PR ST SRR BT B
Space -08 4 -0.04 0055775229 023 0.231 0.232 0.233 0.234 0.235

)y -08-06-04-02 0 02 04 06 08 1 -1 -1 -08-06-04-02 0 02 04 06 08 1

in2
cos 6 Sin Geff

cos B¢

aa__- vi.intearated


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-037/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-037/
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CDF uyu 9 b
CDF ee 9fb™

DO uu 9"
DO ee 10 fb™'

CDF ee+uu 9 fbo'

DO ee+uu 10 fb™

———

—

0.2315+0.0010

- . -
0.23248+0.00053

——
0.23221:0.00046
0.23016+0.00064

——

0.23137+0.00047

ce -
0.23095+0.00040

TeV combined: CDF+D0

-

0.23148+0.00033

LEP-1 and SLD: Z-pole
LEP-1 and SLD: Agy

SLD: A,
Tevatron
LHCb: 7+8 TeV
CMS: 8 TeV
ATLAS: 7 TeV

ATLAS: eeccHiM

ATLAS: ee.
ATLAS: 8 TeV

1

ATLAS Preliminary

—e——i

———

—@—

1

023 0231

0232

in2n/
Sin“0, 4

0.23152 + 0.00016
0.23221+ 0.00029
0.23098 + 0.00026
0.23148 + 0.00033
0.23142 + 0.00106
0.23101+ 0.00053
0.23080 + 0.00120
0.23119 + 0.00049
0.23166 + 0.00043
0.23140 + 0.00036

The measurement is
still dominated

by the “old” LEP and
SLD done at the Z-pole

ATLAS error is similar to the Tevatron one

ATLAS and CMS errors are comparable in the central region

sin? 0%, = 0.23101 4 0.00036 (stat) == 0.00018 (syst) == 0.00016 (theo) + 0.00031 (PDF)

CMS pp 18.8 b’ —O-—— 0.23125 £ 0.00060

CMS ee 19.6 fb™ 0.23056 + 0.00086

CMS ee+upu ——— 0.23101 + 0.00053
CMS:
ATLAS:

sin® 00 = 0.23140 + 0.00021 (stat.) + 0.00024 (PDF) + 0.00016 (syst.)




» Select events where Z recoils against jet

» Measure ratio of Z — invisible to Z — 2l to
cancel many systematic uncertainties

Important test of SM

» Most precise recoil-based constraint on
I'(Z =» inv) (LEP lineshape result more precise)

Looking for monojet
in the detector

5
> 1 O . T r . . . T . v r r T . . . . T . . . . T T T T T | T .I |‘ T I T T T T T T T T I T T T T | T T
o ATLAS  Preliminary e Data ATLAS Preliminary
9 10° Vs=13 TeV, 37 fb E 56(—>W))+i_etts Vs=13 TeV, 37 b Fe— Total WM Syst | SM
; ; —1v)+jets
£ 10° 2G2i)Hets — R LEP Lineshape o 499.0 + 1.5 MeV
o B WooviHels: T 00000 Lrccsscsnmmeeaee s s e e S e s e e e S R R R ]
> t/single-top
w 102 S QCD multijet L3 - — 498 + 17 MeV
I Non-collision
10 B Di-/triboson
I Others OPAL —====e===— 539+ 31 MeV
///, Syst. ® stat. uncertainty
1 Signal theo. uncertainty
10" . ALEPH ——— 450 + 48 MeV
1072 LEP Combination, Photon-tagged +F—p— 503 + 16 MeV
'd 1 2 e 9 ., _____________________“"J] P T T TETTE T
o L]
- 1P ///////////9////////////////////////////// CmMs — 623 £ 16 MeV
S 08 : : g : :
©
500 1000 1500 2000 2500 ATLAS -|—l 506 + 13 MeV
O L 1 L 1 I 1 1 L 1 I 1 1 L 1 | 1 1 1 1 I 1 L 1 1 I 1 1
Py, [GeV] 350 400 450 500 550 600

[(Z—inv) [MeV]




Gauge Boson Couplings




Motivations for the Measurement

U The non-Abelian gauge nature of the Standard Model predicts, in addition to the trilinear
WWZ and WWY couplings (TGV), also Quartic Gauge Boson Couplings (QGC)

TGC QGC
U TGC and QGC probe different aspects of the weak interactions.

U TGC test the non-Abelian gauge structure of the Model; they have been tested at LEP:

e-—:vvvvyv ] e A% e W
0
Ve Y ;

e W+ e wt el wt

L QGC are accessible to LHC. They can be regarded as a window on the electroweak symmetry breaking mechanism and they represent a
connection to the scalar sector of the theory.

U Anomalous couplings are handled by the Effective Field Theory approach:
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Production Cross-Sections

July 2019 CMS Preliminary
gr— —
o) 3
Q. | =l Drell-Yan @ 7 TeV CMS measurement (L <5.0 fb") A
— 410 . @ 8 TeV CMS measurement (L < 19.6 fb’') =
o) i electroweak production @ 13 TeV CMS measurement (L < 137 fb") -
A and multi-boson final states Theory prediction ]
C" 104 B Z Z Zz CMS 95%CL limits at 7, 8 and 13 TeV N
5V \ z
© 403l ]
o 10°F \ @ E
n F 8 s @ 5
(7)) 102 - 5114;1@1 —{
n S -4 o =
o - @ ’ e =
— N § ﬁﬁ o o 2
S 10f Rl i 3
S E £ T “l 13
(@) - D?F" ? .
B 1 Ll g s A A
S iy B B
< e - B i ]
o10 'E - E
— 5 Z -
o C s -
10_2 E + * - g
=g N
107°F .
1 0_4 | | | I |} | I | 1 | I 1 1 | | 1l I I | I | | | 1 I I I I | I I | | I I i
W Z Wy Zy WWWzZ 2z 5;‘{,, gq"‘; 5% E.Y&,i"vcw%i%%ézwww vy Zo Wttt tWo Lty tZq HZ ty ttW it ggH'xgﬁ VH WH ZH ttH tH HH
All results at: http://cern.ch/go/pNj7 "™ st mp W 24 es Th. Aoy, in exp. Ao
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An example:
Vector Boson Scattering (VBS)




VBS: Feynman diagrams

Final state: 2 Vector Bosons + 2 jets

2 4

@ q3 q1 h

fi 1 i
Ve fT2 + g q3
Vs fs da
f4 Vs fs

a2 Lz q2 fa

9 q3 A g

Qo _..—Q h —R000000)

) Va fa it Vi ( fa

Vs fs I3

&99"*5 fa Va s fa

g o o\ ¢

VVjj EWK NON VBS
q1 q3 q1 fi = (1) »
fi - - —
Va 3 q3 tagging jet (4)
Vi F2 + 1
% e " tagging jet
fi Vs f3
7, *(2) y
q2 q4 q2 f4

Several final states depending on the nature of the Vector Bosons
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VBS: same sigh WW

SWHWHi et +, i
ATLAS

EXPERIMENT

Run: 302956
Event: 1297610851

£ 00 o2 PIRERAES KRES A rare process, but very clean

mjj = 3.8 TeV
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O Two hadronics jets in forward and backward regions with high energy (tagging jets)
L Hadronics activity suppressed between the two jets (rapidity gap) due to absence of colour flow between interacting partons
L Boson pair more central than in non-EWK processed

‘ The VBS process involving two same-sign W bosons has the largest signal-to-background ratio of all the VBS processes at LHC.

Di-jet rapidity difference: arxiv:1803.07943 Di-jet invariant mass: arxiv:1803.07943
Inclusive study at LO: do / dIA y“, | (fb) Inclusive study at LO: do / dm, J (fo/GeV)
i ; 0.006 :
B e & 1 TTE®E i of
1= — 0® — o0

- %a‘ 0.005 ol
0.8 total — o+ 00+ ot 0.004 — o + o,0° + oot
0.6/

do/diay 1 (fb)
2
o
-

LB TTTI]TTTT]IIIIlIIII]IIIT]TTIII

P

N s b by T Lo o b oy
0 100 200 300 400 500 600 700 800
m”'(GeV)

|:> The analysis can be cut flow based



https://arxiv.org/abs/1803.07943
https://arxiv.org/abs/1803.07943
https://arxiv.org/abs/1803.07943
https://arxiv.org/abs/1803.07943
https://arxiv.org/abs/1803.07943
https://arxiv.org/abs/1803.07943
https://arxiv.org/abs/1803.07943
https://arxiv.org/abs/1803.07943
https://arxiv.org/abs/1803.07943
https://arxiv.org/abs/1803.07943

Phys Rev Lett. 120.081801

Data 201
2016 data: 35.9 fb-! at 13 TeV Signal + total background 205+ 13
Signal 669 +24
. L Total background 138 £ 13
= 2 same sign leptons (e or p) with: Nonprompt 88 + 13
pTt> 25/20 GeV and n < 2.5/2.4 A 251411
QCD wWw 48+04
_ Wy 83+ 16
* M;> 500 GeV; |An; > 2.5| Triboson 5.8+0.8
Wrong sign 52+1.1
CMS 359" (13 TeV) CMS 35.9fb" (13 TeV)
—r— T T— T e T —— ]
-« Data 1 - Data 1
5oL EW WW b 150 EW WW S
L mwz 1 mwz 1
7 Nonprompt £ Nonprompt
£ Others £ Others |
< 100 B N Bkg. unc. 3 2 100 W Bkg. unc. g
2 NI g .
> > -
w w ]
50 NN h 50 -
SN i e
\\\\\\\\\\\\\\&\\\\\\\\\\\\\\-
0 S S Cury s | N 0 N " ' 1
500 1000 1500 2000 200 400 600
m, (GeV) m, (GeV)

—
-

= Significance: 5.5 o (obs); 5.7 0 (exp.) > first observation of EWK W+ Wtjj
" Ofg(W*E WHj) = 3.83 £ 0.66 (stat) + 0.35 (syst) fb (statistically dominated)
= gl0=4.25+0.27 (scale + PDF) fb



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.081801

CMS VBS WW: aQGC & limits on H*

Anomalous gauge couplings handled by > Effective Field Theory
' [ |
I 1o I
1 Cl | 1 f; 1
£EFT - £SM +:ziP01 ) jPOJ: +
I o I You can choose a
| 1 1 .
—————————————— particular model and
Tac QGC dim-6 dim-8 set limits on its parameters
‘ Limits on o x BR for VBF production of H**
Focus on dim-8 operators for aQGC = VBEH- ~Ww 3|59 ft|>1 ‘(|1|3| Tev)
=300 CMS -
] - —4 A —4 7 — Observed |
Observed limits (TeV™)  Expected limits (TeV ™) +|§ . Median expected
fso/A* [-7.7.7.7] [—7.0,7.2] 2 W 68% expected
fs1 /A [—21.6,21.8] [—19.9,20.2] t 95% expected
fro/A? [-6.0,5.9] [-5.6,5.5] i
fyr /A [-8.7,9.1] [-7.9,8.5] &
fame /A [-11.9,11.8] [-11.1,11.0] ;
fag /A [—13.3,12.9] [-12.4,11.8] <
fro/A* [—0.62, 0.65] [—0.58,0.61] =
£, /A* [-0.28,0.31] [—0.26,0.29]
N [—0.89, 1.02] [—0.80, 0.95] o
200 300 400 500 600 700 800 900 1000
They are all compatible with 0 (SM) m,;.. (GeV)
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ATLAS: VBS Same Si oN WW (arxiv:1906.03203 )

Combined
. -1

2016 data: 36.1 fb™' at 13 TeV WZ 5 ed

: : Non-prompt 15 + 5
= 2 same sign leptons (e or p) with: e/y conversions 139 + 2.9
pr>27 GeVandn<2.5 Other prompt 24 + 05
W=W=jj strong 72 + 23

" M;>500 GeV; |An; > 2.0 Expected background 69 + 7

W=W=jj electroweak 60 =+11

S =
2 - ATLAS —+— Data N
) 25 1 W*WHjj electroweak — Data 122 <::|
o - Vs=13TeV, 36.1fb WEWSj strong .
S B ]
-— - Non-prompt -
P = O oomscane B _ Comparison with MC predictions
[ =1 . Ke} |-
g . ?o?;rup;\rg:ginty ] ;‘;‘ L ATLAS _1 Total experimental uncertainties
w - o L Vs=13TeV,36.1 fb" ZEZE Experimental stat. uncertainties
] 4- Total theoretical uncertainties
_ L Z=== Theoretical scale uncertainties
i N I
5 T - 3
500 1000 1500 2000 2500 3000 o Z
m, [GeV] |
- - / I Interference with strong production and NLO EW
Sherpa v2.2: non-optimal setting of colour flow for the parton shower L corrections are not included in theoretical predictions
| |

- excess of central emissions

Sherpa v2.2.2 Powheg+Pythia8 Data

fid. +0.51 (. +0.24 et ) +0.14 oep ) +0.08 :
o = 2.897 g (stat.) T35 (exp. syst.) T e (mod. syst.) "o (lumi.) b

Significance: 6.5 o (obs); 4.4 o (exp. from Sherpa) and 6.5 o (exp. from Powheg+Pythia8)
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https://arxiv.org/abs/1906.03203

Three Bosons Final State (VVV)

2 . Process sensitive to
Process never observed at previous colliders TGC and QGC




VBF, VBS, and Triboson Cross Section Measurements stws: Juy 2019

JLdt

Reference

-
—

YYY
Zyy—tlyy

= [njer = 0]
Wyy—tvyy

[y = 0]
WWy—-evuvy
WWW, (tot.)

- WWW - vlvij

- WWW-{vevly
WWZ, (tot.)

Hjj EWK, (tot.)

— H(»WW)jj EWK

— H(>yy)ij EWK (lyl<2.5)
Wijj EWK M(jj) > 1 Tev)

— M(jj) > 500 GeV

Zjj EWK

yy - WW
Zyjj EWK
(WV+2ZV)jj EWK

mm)  WHWHjj EWK

=) Wzjj EWK
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ATLAS Preliminary

n

n
[=aN=1

PRD 93, 112002 (2016

n

PRL 115, 03

—

[

§ 1

Run12 V5=7.813 TeV h

LHCpp Vs=7 TeV

SM is still solid ... as usual

NN

[
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w

J
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n
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S ©
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r
]

EPJC 77 (2017) 474

n
o

o Dta:la 47 EPJCT77(2017) 474
sta
stat & syst 3 PLB 775 (20
LHC pp Vs=8TeV 20.3 JHEP 04, 031 (2014)
Data 20.2
- stat 20.3
BT 35.5
LHC pp Vs=13 TeV =
N . | 203
stat & syst . == & 36.1
T 0.3
sl sslssaablassalssaalssaslassatlssasnd
ouU 05 10 15 20 25 30 35

data/theory



Higgs discovery at LHC (Runl)




The Higgs Boson

i - f o v % \ 1N &

A Wl T S \ y L TR T |

Yy &4 3 LS N =L
\

i
- i
o

The first Higgs seen in the ATLAS Experiment

-]
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_ H>ZZ" 2 pu piy-

o= B QATLAS

EXPERIMENT
http://atlas.ch

Run: 204769
Event: 71902630
Date: 2012-06-10
Time: 13:24:31 CEST
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SM Hiqgs Boson Production

Production Cross section [pb]

process Vs=TTeV s=8TeV
ggF 150£1.6 192420
VBF 1.22+0.03 1.57£0.04
WH 0.573£0.016 0.698 +0.018
ZH 0.332+0.013 0412+0.013
bbH 0.155+£0.021 0.202 £ 0.028
nH 0.086 +0.009 0.128 £0.014

tH 0.012+0.001 0.018 £0.001
Total 174£1.6 223120

Claudio Luci — Collider Particle Physics — Chapter 12

o(pp — H+X) [pb]

10

107

10°

=T

7

(o]

—

@

<

L
LHC HIOGS XS WG 2014

Lol

80 100

300 400 500 1000

200

andv 11010503 M, [GeV]
gsF ~86% Gluon Fusion
VBF ~7% Vector Boson Fusion
VH ~5% Higgs-strahlung
bbH/ttH | ~1.5% ttbar associated production
Oit(13 TeV) = ~20,,(8 TeV)
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LIl

LHC HIGGS XS WG 2013

L1l llllll

Higgs ER + Total Uncert [%)]
o

¥ A llllll

Most used decay modes are built

v mu
-4 NI I AT R R PR SR SR NN SN B 1 i i
1045 T 50 125 60 350 500 using |.sollated leptons (e,u), photons
‘l' M, [GeV] and missing energy

Decay channel Branching ratio [%]
H — bb 571+19
H— Wwe 20409 H>ZZ*->4l(e,u) |~0.013%
H— g9 8.53 £ 0.85
H-rr 6.26 + 0.35 H-2>vv ~0.23%
H - ct 2.88 £0.35
H— 77 273 £0.11 H=2T1T ~6.3%
H—yy 0.228 = 0.011
H—Zy 0.157 +0.014 H>WW-lvlv ~1.1%

H— Hy 0.022 £ 0.001




10"

1072

IR RALL

=

| IIIIIIII 1 lIIlIIII | Illll‘l

LI llllll]

| llllll

\7(65 XS WG 2010

N
roughly «c m 3

my~=1.4TeV->T, ,~m,,

not anymore a particle

\_ /

the direct measure of
I', is a powerful test of
~ the SM. How measure

Tk I
\It ? ideas welcome ! y

| lIIlIIl

200 300
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> C
8 40— e Data 2011+ 2012
v - [ SM Higgs Boson
£ a5f m,=124.3 GeV (fit)
4 - [_] Background Z, Zz*
- ~ [ Background Z+jets, ft
30— 2 Syst.Unc.
25
20F
15
10
51
0

100 150
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ATLAS

H—ZZ"—4|
\s=7TeV JLdt=46fb"
I\s=8TeV |Ldt=20.7fb"

Events / 3 GeV
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\s=8TeV ILdt =207 o'

Data 2011+2012
SM Higgs boson mH=126.8 GeV (fit)

Bkg (4th order polynomial)

H—yy
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Events - Fitted bkg

—_
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o
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IlIIIIIIllIIIIIIIIIlII
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S/(S+B) Weighted Events / 1.5 GeV

C cms Preliminary
[ {s=7TeV,L=5.11b"(CIC)
[ Vs=8TeV,L=19.6f"(CIC)

| v
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Higgs Boson Mass Measurement

» Precise measurement of mu from channels with the best mass resolution:
H—yy and H—-ZZ*—4l (e,u) (but B.R.=0.25% only)

» Dominant uncertainties:
photon energy scale (H—yy), statistics (H—4l)

H> ZZ* > 4l (e,

>
[} 40 © Data 2011+ 2012 ATLAS
,(g F [ SM Higgs Boson HoZZ* 54 é
£ gg  M1243GeV( (s=7TeV [Ldt=461" o
§ [ LBeckrowndzzz s=8TeV [Ldt=207 b
w r [ Background Z+jets, tf .
30— 7 Syst.Unc.
25
201
15
10
5
0

100 150 200

250
m, [GeV]

| FUP R BB | BSLINLLJNLAN LIS LA L L L B L

5 T
- ATLAS

—— Combined yy+41
F Vs=7TeV fLdt=4.51" —— H-yy
- Vs=8TeV [Ldt=20.3b" ——HoeZZ =4

------ without systematics

llllllllllll

llllllllllllllllll

PSS ISR o SR W i N 07, SO T
128 123.5 124 1245 125 125.5 126 126.5 127 127.5
my, [GeV]

Events / 2 GeV

Events - Fitted bkg

H-> vy

T
ATLAS

(] Data 2011+2012
SM Higgs boson mH:126.8 GeV (fit)

--------- Bkg (4th order polynomial)

Hoyy

Vs=7TeV ILdt =481b"

Vs=8TeV J.Ldt =2071b"

100 11‘0 1‘20 1é0 14.10 150 160
m, [GeV]

Combined mass: my=125.36£0.37 (stat) =0.18 (syst) GeV
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Combined Higgs Boson Mass (Run1

ATLAS-CMS PRL 114 (2015) 191803

T T T T I L] L} T T I T T Ll T I T ) T T I T |l L} T l T T T L} I Ll T ) T I T T

LHC Run 1 Total Stat. Syst.
ATLAS H—7y F——e——H 126.02+0.51 (+0.43 + 0.27) GeV
CMS H—yy ———— 124.70 + 0.34 (+ 0.31+ 0.15) GeV
ATLAS H—ZZ >4l | - i 124.51+ 0.52 ( + 0.52 + 0.04) GeV
CMS H—ZZ —4i ——— 125.59 + 0.45 ( + 0.42 + 0.17) GeV
ATLAS+CMS 7y P-Ei—l 125.07 + 0.29 ( + 0.25 % 0.14) GeV
ATLAS+CMS 41 I-—}E—I 125.15 + 0.40 ( + 0.37 + 0.15) GeV
ATLAS+CMS yy+4l = 125.09 + 0.24 ( + 0.21 + 0.11) GeV
1 1 L 1 I 1 1 1 1 I L 1 1 1 I 1 1 1 1 I L 1 1 1 I 1 1 1 1 I 1 1 1 1 I L 1
123 124 125 126 127 128 129

m,, [GeV]

mp=125.09%0.24 GeV
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» Test SM (0+) against various models
= Spin-2 Higgs
= Spin-0 odd (BSM Higgs)
» (Spin-1 ruled out by observation of H> yy decays)

> In all tested cases non-SM models rejected at >99% CL

5 LN BRLTELE) SURURLEUR! L B ] s ErTTT T ™ Ty
8 .0 + - N 1 S F
8 1ocamas O vs. O Hozzsw 3 .of aas OF VS, 2 Hozz S u
© E s=7TeV,45M 3 2 10°} .
E r on & i ) o s=7ToV. 4561
8 | —D.m‘n s=8TeV, 20310 g L —— Data 8 =8 TeV.203 '
iy H— WW* - evuv 2 1025 — 0" SM H - WW* S evuy
S E oo 0 5= BTeV, 203 ' 3 B sy [ 2" legeg) 203!
£ @ 10F v 9 s=BTaV. 2031 =
B0k E 2 H- 1y ]
e < i s«7Tav. 45 -
o 3 s =8 Tov. 20316 E
10° - 1
B 10" g
10%F 102 .
[ al _'-
104k L ]
Fled g 3
Sl rui | E S E
‘0.30 20 108 sl L
-30 -20 30

(Multivariate analysis (MVVA) based on angular variables)



Comparison with SM expectations

Measure the ratio between observed rate and SM Higgs boson expectation

‘:;’(;A:u na:‘d CMS Preliminary :éIALSA S ATLAS and CMS Preliminary - ATLAS
< ATLAS:CMS LHC Run 1 ~CMS
" e L . - ATLAS+CMS
ogF T 5 —+1c
_-.,-_ uYY _:_._|.
- Production ——
M RS —— ~ i
VBF o o : Decay
— - MZZ —t—
E :LLI' — | ——
V) ' o : BR -
WH : i)sym B : ‘Llf =
- g pww ———— (BR )
; —o— S Jsm
l'LZH -~ I
— um ——
l'LttH :
® — :
ubb —_—
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Higgs Boson Cou

E>|> —IIII| I | IIlIIII I I IIIIIII I I IIIIIII I |
K 1 ATLAS and CMS t',_;
E LHC Run 1 Preliminary L3 3
5 N & .
L 'W -
E“‘|> 101 — Observed _ These are not the latest
L Sp— SM Higgs boson 3 measured couplings
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N " T ’
_ b i
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107" 1 10 107

Particle mass [GeV]

Coupling strengths scale with mass just as predicted by the SM
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s Latest Results

J We will have a dedicated lecture on this subject
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Dark Matter at LHC




Evidence for Dark Matter

v(kmls)

Expected
from
luminous disk

. . , . 10
Comprises majority of mass in Galaxies Rkpc)

Missing mass on Galaxy Cluster scale Zwicky (1937) M33 Rotation Curve

Large halos around Galaxies
Rotation Curves Rubin+(1980)

6000

N\
J A 1T
5000 I %
& J 3
X 4000 ] \
- /
3000 7 4
(&) 4
= 7/ O S .
T 2000 / T k!
=, / A
B i # \
WMAP Science Team - 1000 |- S
OETowww o 3044411

Non-Baryonic Big-Bang Nucleosynthesis,

Almost collisionless
CMB Acoustic Oscillations
+
Bullet Cluster Clowe+(2006) WMAP(2010) Planck(2015)
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Detecting Dark Matter

Assumption: non-gravitational interaction with ordinary matter

DM SM SM SM

DM SM DM DM

Indirect Detection Direct Detection
SM DM SM

Contact interaction (EFT) Ve
|:> “works” if the scale N\ >> Q2 .
(like Fermi theory).

DM otherwise we need a Simplified

SM
M Model with (at least) a Mediator SM

Colliders

Colliders
(Simplified Models)

(Contact interaction)
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Detecting Dark Matter at LHC

Non-interacting DM particles
-> Missing transverse energy (MET)

&

X (jet, photon, etc..)

q 8 x(my)

SDM

q X(my)

General analysis strategy

Require MET
Select for X

Veto other objects

Additional cuts to suppress background

Data-driven techniques to estimate
background - invert vetoes

Results are interpreted in the Simplified Model
framework to allow comparison with Direct Detection

» Mediator particle connects the SM quarks to DM particles:
=  Axial Vector, Pseudoscalar, etc...
» Model depends on four parameters:

= DM mass, Mediator mass, SM-mediator coupling,
DM-mediator coupling

(similar to the single photon analysis at LEP)

Claudio Luci — Collider Particle Physics — Chapter 12

82



DM at ATLAS, one example: monojet

Backgrounds

O Main backgrounds are EW processes
with intrinsic E;™ss , accompanied by jets:
» Z(vv)+jets: irreducible background

» W(Iv)+jets: with unrecostructed or
misidentified lepton

0 Both estimated from data using leptonic Z
or W control regions

O Other backgrounds:

» Non-collision background (data)
» Multijet background (data)
» Z->ee, top, diboson (MC)

Events / 50 GeV

Signal Region MET

v T ‘
ATLAS Internal by

—Im-azm'.ﬁ- 13 TeV
Signal Reglon
p,>250 GaV, E] " >250 GeV

[Ilvlblllll

= No excess observed

Dominant uncertainties:

Statistical (3-10%), top (~3%), boson+jet modeling (2-4%)

Claudio Luci — Collider Particle Physics — Chapter 12

83



DM at ATLAS, one example: monojet

Results

'7]‘!!""11[T"YT'

ATLAS Preliminary === Expected imit (x 1o,)
s=13TeV,321" Z Observed limit (= 1 0por: <>
Axial Vector Mediator
Dirac Fermion DM

9. = 025, g = 1.0 Relic Density
95% CL limits

R L L L
ATLAS 90% CL limits
Vs=13TeV, 320" — XENON100

===-LUX
PICO-2L
PICO-60
Axial Vector Mediator

—

S
wW
o

Perturbativity Limit

Dirac Fermion DM
gq =0.25, gX =1.0

Ogp (x-proton) [cm?]
S
&

—

S
W
D

10 107 10° 10*

t . I R T ) :1 . AT P
(b 500 1000 1500 2000
m, [GeV] m, [GeV]

= T NT T T T T T T T T 'T T T "M

Limits as a function of DM & mediator mass LHC limits reinterpreted as limit on
= Axial vector mediator, fixed values of g, & g, DM-proton scattering cross-section
DM excluded up to 250GeV for 1 TeV mediator = LHC complementary at low m,
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SuperSymmetry




A brief introduction to SuperS

0 SuSy is a generalization of the SM: symmetry between fermions and bosons

> Introduces sfermions and gauginos
-> doubles particles content with respect to SM
> Extended Higgs sector: h, H, A, H*, H-

U PRO:

> Alleviates hierarchy problem (m;,, << mp)

> has a good Dark Matter candidate (neutralino)
> Allows for gauge coupling unification
0 CONS:
>Over 100 free parameters (although with some ad hoc assumptions we can reduce
the number of parameters)

> wide range of possible experimental signatures

It was expected “something” at the TeV scale
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A few diagrams with susy particles in the final state, with the decay chain

q:b (]:b;t
q,b,t

(R-parity
conservation)

O Lightest susy particle ( X' ) escapes detection > Missing Transverse Momentum and Missing Energy

O Different analysis strategies according to many different final states
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D 1400—ATLAS Preliminary =" 3b jets expected N

& 1400 LATLAS Prellmmary . 3b jets observed

= -g— ttX1 -------- SS leptons expected

- L ]

153 12001— , — SS leptons observed_|

\é/ L \s=13 TeV, 3.2fb L Run | expected 4

L . —— Run | observed ]

1000— ;:Q\ > 3b jets: to appear |

- {\4\ S8 leptons: arXiv:1602.09058 -

XO i 1§ Run I: arXiv:1507.05525 ]
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600:. ........... '.:.‘ _:

No signal has been found (yet)! i i )
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2001~ - -
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From other susy searches many exclusions limits on the parameters phase space

now there is less and less room to “manouver”.

Particles masses higher and higher; cross-sections lower and lower




ATLAS SUSY Searches* - 95% CL Lower Limits

Status: March 2016

ATLAS Preliminary
\Vs=7,8,13 TeV

Model e TY Jets EL™ [aim™] Mass limit V5=7,8TeV [ 5=13TeV| Reference
T T T — T T T T —
MSUGRA/CMSSM 0-3e.u/l27 2-10jets/3b Yes  20.3 1.85 TeV. m(3)=m(3) 1507.05525
id, q—)qX 0 26jets  Yes 3.2 m(¥7)=0GeV, m(1* gen.g)=m(2™ gen. §) ATLAS-CONF-2015-062
PR G—ag¥) (compressed) mono-jet  1-3jets  Yes 3.2 m(q) m(¥})<5GeV To appear
L g %q([[;([V/VV)Xl 2e,p(off-Z)  2jets Yes 203 820 GeV 1503.03290
S 8% 8-qa¥) 0 26jets  Yes 3.2 ) ATLAS-CONF-2015-062
3 g—qgti ﬂ;qv'/*)(1 ;e,# 5-2 je:s Yes 32:3 — m(¥})<350 GeV, m(¥*)=0.5(m(¥})+m(z)) ATLAS-CONF-2015-076
%] —qq(LL [’v/vv}h ep -3 Jets - .38 Te' m(X,) 0GeV 1501.03555
3 ﬁqu " 0 7-10jets  Yes 3.2 m(¥)) =100 GeV 1602.06194
) GMSB ([ NLSP) 1-27+0-1( 0-2jets  Yes 20.3 4 1.63 TeV tang >20 1407.0603
2 GGM (bino NLSP) 2y - Yes 203 |z 1.34 TeV r(NLSP)<0.1 mm 1507.05493
£ GGM (higgsino-bino NLSP) Y 1b Yes 203 |% 1.37 TeV m(¥1)<950 GeV, c7(NLSP)<0.1 mm, u<0 1507.05493
GGM (higgsino-bino NLSP) Y 2jets  Yes 203 |2 1.3TeV m(¥})<850 GeV, cr(NLSP)<0.1 mm, u>0 1507.05493
GGM (higgsino NLSP) 2e,u(2) 2jets Yes 20.3 4 900 GeV m(NLSP)>430 GeV 1503.03290
Gravitino LSP 0 mono-jet  Yes 20.3 F'2 scale 865 GeV m(G)>1.8 x 107 eV, m(z)=m(3)=1.5TeV 1502.01518
33 0 3b Yes 33 RN TS TV | m(fy)<600 Gev ATLAS-CONF-2015-067
s O-tep 3b Yes 33 |76 TR m(fy)=0 Gev To appear
o 0 O-lep 3b Yes 201 4 1.37 TeV (71)<300 GeV 1407.0600
o bibibi-bl 0 2b Yes 32 (s Gevl m(E¥})<100 GeV ATLAS-CONF-2015-066
< .9 b[b],blHl/h 2¢,4(SS)  03b  Yes 32 |k | 325-540 GeV m(¥})=50GeV, m(¥})= m(¥})+100 GeV 1602.09058
% S hii, bk 1-2ep 1-2b  Yes 4.7/20.3 | 7117-170 GeV 200-500 GeV m(¥}) = 2m(¥), m(¥})=55 GeV 1209.2102, 1407.0583
88 nn, Wbt or i) 0-2e,u 0-2jets/1-2b Yes 203 |& 90-198 GeV 205-715 GeV 745-785 GeV m(¥})=1GeV 1506108616, ATLAS-CONF-2016-007
g S fock) 0 mono-jet/ctag Yes 203 | & 90-245 GeV m(f\)-m(¥})<85 GeV 1407.0608
[SY g 1 (natural GMSB) 2eu(2) 1h Yes 203 |& 150-600 GeV ¥))>150 GeV 1403.5222
35 hhboh+Z 3e.u(2) 1b Yes 203 |& 290-610 GeV m(¥})<200 GeV 1403.5222
fby, i +h leu 6Gjets+2b Yes 20.3 I 320-620 GeV m(¥})=0GeV 1506.08616
2ep 0 Yes 203 |7 90-335 GeV m(¥})=0GeV 1403.5294
2ep 0 Yes 203 )?i 140-475 GeV v 0.5(m(¥7)+m(¥})) 1403.5294
£ )?,*)(’ Xi >tv(ry) 27 - Yes 203 |X 355 GeV 0.5(m(¥} )+m(E?)) 1407.0350
= 8 )(,)(a—m, vy l(vv) VT L) Sepu [ Yes 20.3 )‘r,*,)?" 715 GeV =0.5(m(¥)+m(t})) 1402.7029
W )(,Xa—»wxézq 23epu  02jets Yes 203 Xf,*,,\"j 425 GeV . sleptons decoupled |  1403.5294, 1402.7029
bvs —»W)mh)(., h—bb|WW/tt]yy &Y 026 Yes 203 |i.%, 270 GeV , sleptons decoupled 1501.07110
O3 Sl 4ep 0 Yes 203 |Xp 635 GeV m¥2)=m(e?), m(¥})=0, m(Z, )=0.5(m(¥3)+m(k})) 1405.5086
GGM (wino NLSP) weak prod. Tep+y - Yes 20.3 w 115-370 GeV cr<imm 1507.05493
Direct {1 ¥, prod., long-lived ¥{ ~ Disapp. trk 1 jet Yes 203 & 270 GeV m(FT)-m(E))~160 MeV, 7(¥5)=0.2 ns 1310.3675
o Direct X1 ¥} prod., long-lived ¥7  dE/dx trk - Yes 184 | X 495 GeV m(EE)-m(¥))~160 MeV, 7(¥i)<15 ns 1506.05332
g % Stable, stopped g R-hadron 0 1-5 jets Yes 279 F4 850 GeV m(¥1)=100 GeV, 10 us<r(3)<1000 s 1310.6584
S5 Melastable g -hadron dElxuk - © a2 (@I AR m)-100 GeV, r>10ns Touppear
2% awmss, stable 7, BN, Bty 124 - - 191 |# 537 GeV 10<tan<50 14116795
S 2 cwmss, =G, long-lived ¥ 2y - Yes 20.3 )'ra 440 GeV 1<7(¥1)<83 ns, SPS8 model 1409.5542
R4 qeev{eﬂv/ﬂm displ. ee/ep/pp - - 20.3 j& 1.0 Tev 7 <ct(¥})< 740 mm, m()=1.3 TeV 1504.05162
GGM g3, V|-G displ. vix + jets - - 203 |& 1.0 Tev 6 <ct(¥))< 480 mm, m(g)=1.1 TeV 1504.05162
LFV pp—¥r + X, Ve—ep/et/ut CHLETHT - 203 |9 1.7TeV 45, =011, Aixyisy233=0.07 1503.04430
Bilinear RPV CMSSM 2e,1(SS) 0-3b Yes 20.3 4.8 1.45TeV m(g)=m(2). ctrsp<1 mm 1404.2500
)m 1 ,)m —>W)(| X|—>eevy.e/.tvr 4eu - Yes 203 |X 760 GeV m(E))>0.2xm(¥), A121£0 1405.5086
S XTRLAT *)WX“)(]*?TTVF, ety Bepu+t - Yes 20.3 7 450 GeV m(F})>0.2xm(¥1), A,33#0 1405.5086
& 28, g—)qqq 0 6-7 jets - 20.3 F4 917 GeV BR(r)=BR(b)=BR(c)=0% 1502.05686
22,2990, %} — g9q 0 6-7jets - 203 |[% 980 GeV m(¥1)=600 GeV 1502.05686
8, 301, 1| >bs 2e,u(SS) 0-3b Yes 20.3 K4 880 GeV 1404.2500
717y, fi—bs 0 2jets+2b - 20.3 & 320 GeV 1601.07453
i1, fi—bl 2ep 2b - 203 |# 0.4-1.0 TeV BR(F) —be/u)>20% ATLAS-CONF-2015-015
Other Scalar charm, ¢—cf| 0 2¢ Yes 203 510 GeV m(t))<200 GeV 1501.01325
s L L P | s L L PR
*Only a selection of the available mass limits on new 107! 1

states or phenomena is shown.
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study this table
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