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Hàγγ	  (Backgrounds)	  

•  Essenziale	  una	  reiezione	  di	  104	  ÷	  105	  
rispeRo	  ai	  jet	  

•  OLmizzare	  la	  risoluzione	  in	  massa	  
invariante	  γγ	

–  Detector	  design,	  calibrazione,	  monitoring	  
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Spin:  Vector bosons vs. fermions
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Background and purity 

Conclusions 

Cross Section 

A MC-based study aiming at determining ATLAS detector performance in 

measuring SM di-photon cross section is in progress. Need to evaluate di-jet 

background contribution and move towards data-driven techniques. 

The background estimation is MC-based. Events passing selection criteria 

are classified as one of the two types of signal or background according to a 

matching (ΔR<0.2) to a truth generated particle (when more than two photons 

are passing selection, classification is based on the two highest ET photons). 

events for L=100  pb-1  

2 DP 1502 ± 39 

DP+Frag 923 ± 30 

DP+bkgd 1032 ± 32 

The results for the differential cross section at generator and reconstruction 

level are in fair agreement (few % differences). 

Due to the small probability for a jet to fake a photon in the detector (≈10-3), the 

di-jet contribution to the invariant mass spectrum has not yet been estimated. If 

we estimate the probability from the γ+jet events and apply it to di-jet events we 

obtain the same order of magnitude for the DP+bkgd, Frag+bkgd and 2 bkgd 

events.  

Proposed selection leads to a sample purity of ≈ 45 % (more work is needed 

to better estimate the 2Bkgd and Frag+Bkgd events). 

To retrieve generator (truth) level cross section need to correct the 

reconstruction level results for detector effects (reconstruction and id. 

efficiencies). 

The method: compute the weight of each event by multiplying the efficiency of 

each of the two photons. Single photon efficiency info is stored in a 2-dimensional 

η vs. ET matrix evaluated from independent samples. 

Motivations 
A SM di-photon production measurement @ LHC could: 

• increase understanding of pQCD: primary source of direct photons 

• determine background to yet undiscovered physics: Hγγ, R.S. graviton 

(any deviation from expected behaviour can be the hint for new processes ) 

The ATLAS experiment 
A multipurpose detector: 

• high granularity to cope with 

LHC luminosity 

• good pT resolution for charged-

particle in the inner tracker 

• highly segmented e.m. calo-

rimeter for electron/photon 

reconstruction 

• full coverage hadronic calo-

rimeter  

• separate toroidal field for muon 

identification 

Liquid Argon e.m. calorimeter: 

• coverage |η|<3.2 (precision strips <2.5) 

• 3 layer longitudinal segmentation 

• total thickness: >25 X0 

• 170 K channels 

• presampler layer for |η|<1.8 

Photon reconstruction and identification 

• sliding window ΔηxΔφ = 5x5 cells in the middle layer  

to find a local maximum 

• track/vertex matching to disentangle electrons from 

unconverted and converted photons 

• re-build the cluster: ΔηxΔφ= 3x7 cells for converted 

photons, ΔηxΔφ= 3x7 cells for unconverted photons  

• weighting cells and energy position + position 

dependent corrections 

• Photons: narrow objects well contained in the e.m. calorimeter 

• Jets: broader profile with significant energy deposition in hadronic calorimeter 

Reconstruction: 

Identification: photon/jets discrimination based on their characteristic features   

Present implementation: cut-based identification method relying on:  

 energy deposition in first layer of hadronic calorimeter 

 longitudinal and lateral shower shape in the e.m. calorimeter 

 high granularity of strips to reject π0 background (to distinguish between showers 

from 2  photons vs. single photon) 

Di-photon theory 
Photons classification: 

- 2 Direct Photons (2DP) production @ LO: 

- Direct + Fragmentation photons (DP+Frag) production @ LO: 

qqbar annihilation gluon-gluon {box} 

cross section (*): 

( 47.5 ± 0.2 ) pb 

cross section (*): 

( 37.2 ± 0.9 ) pb 

- 2 Fragmentation photons (2 Frag) production @ LO: not yet addressed 

(*) computed with PYTHIA requiring both photons with ET>20GeV, |η|<2.5  

- Background processes: at least one of the 2 photons is a background photon     

   (γ+jet and di-jet events where one or two jets fragment into light neutral mesons) 

3 possible combinations: 

-  Direct photon + background photon (DP+Bkgd) 

-  Frag. photon + background photon (Frag+Bkgd)  

-  2 background photons (2Bkgd)   

• Direct Photons: from primary parton-parton interaction, well isolated 

• Fragmentation Photons: ISR and FSR from quarks, less (or not) isolated 

• Background Photons: from hadron decays (π0,η) in jets    

Signal selection & efficiency 

Different performance is expected for the two types of photon signal. 

Fiducial Cuts: both photons with ET>20 GeV, |η|<2.5 

Identification Cuts: ATLAS standard photon identification + calorimetric isolation 

(sum of energy in the e.m. calorimeter in a cone around the object defined by ΔR<0.2)  

Trigger: g20 (at least one photon with ET>20GeV, |η|<2.5) 

• reconstruction efficiency: a reconstructed photon passing fiducial cuts needs to 

have a distance ΔR<0.2 to the truth photons, with ΔR defined by:  

• identification efficiency: require both matched reconstructed objects to pass 

identification cuts  

• trigger efficiency: g20 trigger ≈100% efficient w.r.t. offline selection for the signal 

Efficiency evaluation is MC based: 

≈ 68 %

≈ 65 %
≈ 47 %

≈ 40 %

2DP cross section: 

( 48.1 ± 0.8 ) pb 

DP+Frag cross section: 

( 35.6 ± 1.2 ) pb € 

(Δη)2 + (Δφ)2

+    …. 

Standard Model di-photon production at ATLAS 

Valerio Dao 

University of Geneva 

65TH Scottish Universities Summer School in Physics, St. Andrews (Scotland) 

Background and purity 

Conclusions 

Cross Section 

A MC-based study aiming at determining ATLAS detector performance in 

measuring SM di-photon cross section is in progress. Need to evaluate di-jet 

background contribution and move towards data-driven techniques. 

The background estimation is MC-based. Events passing selection criteria 

are classified as one of the two types of signal or background according to a 

matching (ΔR<0.2) to a truth generated particle (when more than two photons 

are passing selection, classification is based on the two highest ET photons). 

events for L=100  pb-1  

2 DP 1502 ± 39 

DP+Frag 923 ± 30 

DP+bkgd 1032 ± 32 

The results for the differential cross section at generator and reconstruction 

level are in fair agreement (few % differences). 

Due to the small probability for a jet to fake a photon in the detector (≈10-3), the 

di-jet contribution to the invariant mass spectrum has not yet been estimated. If 

we estimate the probability from the γ+jet events and apply it to di-jet events we 

obtain the same order of magnitude for the DP+bkgd, Frag+bkgd and 2 bkgd 

events.  

Proposed selection leads to a sample purity of ≈ 45 % (more work is needed 

to better estimate the 2Bkgd and Frag+Bkgd events). 

To retrieve generator (truth) level cross section need to correct the 

reconstruction level results for detector effects (reconstruction and id. 

efficiencies). 

The method: compute the weight of each event by multiplying the efficiency of 

each of the two photons. Single photon efficiency info is stored in a 2-dimensional 

η vs. ET matrix evaluated from independent samples. 

Motivations 
A SM di-photon production measurement @ LHC could: 

• increase understanding of pQCD: primary source of direct photons 

• determine background to yet undiscovered physics: Hγγ, R.S. graviton 

(any deviation from expected behaviour can be the hint for new processes ) 

The ATLAS experiment 
A multipurpose detector: 

• high granularity to cope with 

LHC luminosity 

• good pT resolution for charged-

particle in the inner tracker 

• highly segmented e.m. calo-

rimeter for electron/photon 

reconstruction 

• full coverage hadronic calo-

rimeter  

• separate toroidal field for muon 

identification 

Liquid Argon e.m. calorimeter: 

• coverage |η|<3.2 (precision strips <2.5) 

• 3 layer longitudinal segmentation 

• total thickness: >25 X0 

• 170 K channels 

• presampler layer for |η|<1.8 

Photon reconstruction and identification 

• sliding window ΔηxΔφ = 5x5 cells in the middle layer  

to find a local maximum 

• track/vertex matching to disentangle electrons from 

unconverted and converted photons 

• re-build the cluster: ΔηxΔφ= 3x7 cells for converted 

photons, ΔηxΔφ= 3x7 cells for unconverted photons  

• weighting cells and energy position + position 

dependent corrections 

• Photons: narrow objects well contained in the e.m. calorimeter 

• Jets: broader profile with significant energy deposition in hadronic calorimeter 

Reconstruction: 

Identification: photon/jets discrimination based on their characteristic features   

Present implementation: cut-based identification method relying on:  

 energy deposition in first layer of hadronic calorimeter 

 longitudinal and lateral shower shape in the e.m. calorimeter 

 high granularity of strips to reject π0 background (to distinguish between showers 

from 2  photons vs. single photon) 

Di-photon theory 
Photons classification: 

- 2 Direct Photons (2DP) production @ LO: 

- Direct + Fragmentation photons (DP+Frag) production @ LO: 

qqbar annihilation gluon-gluon {box} 

cross section (*): 

( 47.5 ± 0.2 ) pb 

cross section (*): 

( 37.2 ± 0.9 ) pb 

- 2 Fragmentation photons (2 Frag) production @ LO: not yet addressed 

(*) computed with PYTHIA requiring both photons with ET>20GeV, |η|<2.5  

- Background processes: at least one of the 2 photons is a background photon     

   (γ+jet and di-jet events where one or two jets fragment into light neutral mesons) 

3 possible combinations: 

-  Direct photon + background photon (DP+Bkgd) 

-  Frag. photon + background photon (Frag+Bkgd)  

-  2 background photons (2Bkgd)   

• Direct Photons: from primary parton-parton interaction, well isolated 

• Fragmentation Photons: ISR and FSR from quarks, less (or not) isolated 

• Background Photons: from hadron decays (π0,η) in jets    

Signal selection & efficiency 

Different performance is expected for the two types of photon signal. 

Fiducial Cuts: both photons with ET>20 GeV, |η|<2.5 

Identification Cuts: ATLAS standard photon identification + calorimetric isolation 
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• reconstruction efficiency: a reconstructed photon passing fiducial cuts needs to 
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• identification efficiency: require both matched reconstructed objects to pass 

identification cuts  

• trigger efficiency: g20 trigger ≈100% efficient w.r.t. offline selection for the signal 

Efficiency evaluation is MC based: 
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≈ 65 %
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2DP cross section: 

( 48.1 ± 0.8 ) pb 

DP+Frag cross section: 
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(Δη)2 + (Δφ)2

+    …. 

σ*Br=	  20	  *	  2E-‐3	  =	  
0.04	  pb	  

σ≅	  0(10)	  pb	  	  
Fondo	  irriducibile	  

σ≅	  0(100)	  µb	  	  
Fondo	  riducibile	  
(dipende	  dalla	  capacita’	  di	  
discriminare	  fotoni	  da	  jet	  



Hàγγ	  (Backgrounds)	  

I	  fondi	  sono	  misura?	  
indipendentemente,	  
ma	  una	  misura	  della	  
sez.	  D’urto	  e	  della	  
distribuzione	  in	  
massa	  invariante	  si	  
oLene	  “in-‐situ”	  
dalle	  side-‐bands	  del	  
segnale	  
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Hàγγ(latest/CMS)	  
EPJ	  C	  74	  (2014)	  3076	  

•  Spinta	  al	  massimo	  la	  discriminazione	  tra	  fotoni	  e	  Jet/πo	  ([CERN-‐PH-‐EP/
2015-‐006	  2015/02/11	  ]	  

•  Si	  u?lizzano	  gli	  abbondan?	  campioni	  di	  Zàee	  per	  calibrazioni	  e	  sistema?che	  

4	  
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Figure 16: Distributions of the isolation variables: (top) Ig, (bottom left) Ip, and (bottom right)
In, constructed from particle-flow objects. The distributions are shown for FSR photons from
Z ! µ+µ�g events in data (solid circles) and simulation (histogram) and for background-
dominated photon candidates in dimuon triggered events (open circles). The simulated signal
and background distributions are normalized to the number of signal photons in data. The
ratios between the photon signal distributions in data and simulation are shown in the bottom
panels.
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Figure 14: Distribution of the shower-shape variable, shh , for FSR photons in Z ! µ+µ�g
events in data (solid circles) and simulation (histogram), and for background-dominated pho-
ton candidates in dimuon triggered events (open circles). The barrel and endcaps are shown
separately. The simulated signal and background distributions are normalized to the number
of signal photons in the data. The ratios between the photon signal distributions in data and
simulation are shown in the bottom panels.

Photon isolation is measured exploiting the information provided by the particle-flow event
reconstruction [35, 36]. The particle-flow algorithm combines information from the tracker, the
calorimeters, and the muon detectors, and aims to reconstruct the four-momenta of all particles
in the event, classifying them as charged and neutral hadrons, photons, electrons and muons.
The photon isolation variables are obtained by summing the transverse momenta of charged
hadrons, Ip, photons, Ig, and neutral hadrons, In, inside an isolation region of radius DR in the
(h, f) plane around the photon direction. Since the reconstruction of the signal photons and the
particle-flow objects is not (yet) optimally synchronized, energy from the signal photon must be
removed from the isolation sums by imposing geometrical requirements. When calculating Ig,
particle-flow photons falling in a pseudorapidity slice of size Dh = 0.015 are excluded from the
sum. Similarly, when constructing Ip, summing the transverse momenta of charged hadrons, a
region of DR = 0.02 is excluded.

Charged hadrons are reliably associated with reconstructed primary vertices and thus Ip is
potentially independent of pileup. However, the association of photons with a primary ver-
tex is often less than certain, and an incorrect choice of the vertex used will give a random
isolation sum consistent with an isolated photon. For this reason, two variables are defined,
Ip, where the list of charged hadrons is measured with respect to the primary vertex chosen
for the photon, and Imax

p , where the isolation sum is the largest among those calculated for all
reconstructed primary vertices.

When the charged-hadron component of the isolation is calculated from candidates compatible
with the chosen primary vertex, it is independent on the number of pileup events as shown in

Shower	  
shape	  



Calibrazione	  Calorimetro	  	  
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10 4 Reconstruction and energy calibration

from the entire data set after applying LM corrections. The width of the E/p reference distri-
bution is dominated by the energy and momentum resolution and is not biased by residual
imperfections in the LM corrections. This reference distribution is then scaled to fit E/p distri-
butions obtained by dividing the same data in groups of 12000 consecutive events. The scale
factors provide a measure of the relative response and are shown in Fig. 4 for 2011, as a func-
tion of time. The data are shown before (red points) and after (green points) LM corrections
to the ECAL channel response are applied. The magnitude of the average correction for each
point is indicated by the continuous blue line. A stable response to electromagnetic showers is
achieved throughout 2011 with an RMS of 0.12% in EB and 0.35% in EE. This method does not
require a knowledge of the absolute calibration of both the energy and the momentum.
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Figure 4: Relative energy response variation for EB (top) and EE (bottom) determined from
the E/p analysis of electrons in W-boson decays. Left: examples of fits to the E/p distributions
before (red) and after (green) LM corrections. Middle: Response stability during the 2011 pp
data-taking period before (red open circles) and after (green points) response corrections; the
blue line shows the inverse of the average LM corrections. Right: Distribution of the projected
relative energy scales.

The response corrections for EE were calculated using an ‘effective’ a value of 1.16 for all BTCP
crystals. This value of a was shown to give the most stable and optimal mass resolution as a
function of time by minimizing the resolution of the invariant mass for Z ! e+e� decays, and
evaluating the stability of the E/p evolution with time for different values of a. The value of
the effective a is smaller than the value measured in beam tests, of 1.52. This is attributed to
the larger crystal transparency losses in EE and the VPT response losses. Large transparency
losses reduce the difference between the path lengths for injected light and scintillation light.
For the same path length a is expected to be 1. VPT response losses give rise to a proportional

Diminuzione	  della	  risposta	  dovuta	  alla	  dose	  di	  
radiazione	  integrata	  (recupera	  parzialmente	  con	  LHC	  
fermo)	  



Zàee	  peak	  

6	  

4.1 Corrections for changes in response, Si(t) 11

loss of the ECAL response, and correspond to a = 1.

The validation of the response corrections was also carried out by monitoring the ECAL energy
resolution during 2011 using events with a Z-boson decaying into two electrons. The selection
of these events is described in [32, 38]. The invariant mass was calculated from the energy de-
posits of the two electrons and the angle between them using track and vertex information. The
mass resolution is dominated by the energy resolution of the electron reconstruction. Figure 5
shows the contribution to the instrumental mass resolution for the Z-boson peak, sCB/MZ, as
a function of time for events with both electrons in EB (left) or both in EE (right). The fits to
the Z-boson peak, based on the Crystal Ball parameterization [39] of the resolution function,
and the fit parameters are described in Section 4.5.1. The mass resolution, after the application
of the response corrections, is stable within an RMS spread of 0.1% and 0.2% for events with
both electrons in EB or EE, respectively. The observed spread of the points is consistent with
the uncertainty on the resolution from the fit.
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Figure 5: Mass resolution for the reconstructed Z-boson peak, from Z ! e+e� decays, as a
function of time for EB (left) and EE (right) before (red dots) and after (green dots) LM correc-
tions are applied.

4.1.2 Response correction summary

Excellent energy response and resolution stability have been achieved for 2011 after the ap-
plication of LM corrections. In EE an effective value of a has been derived to stabilize and
optimize the invariant mass resolution with Z ! e+e�decays. The various cross-checks, using
reconstructed masses from particle decays, have confirmed the validity of the LM corrections.

The contributions to the constant term of the energy resolution due to the monitoring correc-
tions at the single-crystal level comprise:

• The precision of an individual LM correction measurement, which is better than
0.1%, and the long-term instability of a single channel, which is < 0.2% (Section 3).

• The 10% spread in a, from channel-to-channel, translates to a contribution to the
resolution of 0.3% for EB by the end of 2011.

• In EE, the introduction of an effective a compensates for the average VPT response
loss, which is not separated from the contribution due to crystal transparency change.
Both the channel-to-channel variation of the VPT loss and the channel-to-channel
difference in the value of a contribute to the single-channel uncertainty on the value
of the effective a, which is estimated to be approximately 10%. Given the impact of



Vertex	  determina?on	  

•  Pile-‐up	  induce	  un	  numero	  di	  collissioni	  medio	  dipari	  a	  21	  
•  Normalmente	  il	  ver?ce	  primario	  della	  collisione	  viene	  iden?ficato	  dalle	  tracce	  

cariche	  dell’Higgs	  (tra	  le	  altre	  cose),	  ma	  nel	  caso	  di	  Hàgg	  non	  e’	  possibile	  !	  
•  Lo	  spred	  del	  fascio	  (5	  cm	  di	  lunghezza	  di	  interazione)	  contribuirebbe	  in	  maniera	  

significa?va	  alla	  risoluzione	  
•  Bisogna	  ricostruire	  il	  ver?ce	  giusto	  dal	  “resto	  dell’evento”,	  in	  par?colare	  

prendendo	  il	  ver?ce	  che	  mostra	  piu’	  sbilanciamento	  del	  momento	  trasverso	  delle	  
tracce	  che	  vi	  apparengono	  (che	  rinculano	  al	  nostro	  bosone	  di	  Higgs)	  

7	  
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ImpaRo	  circa	  	  
1.4	  GeV	  nella	  
risoluzione	  su	  
mγγ	




Vertex	  determina?on	  
(ATLAS)	  	  

•  Nel	  caso	  di	  ATLAS	  questa	  issue	  e’	  meno	  cruciale,	  perche’	  il	  
calorimetro	  e’	  segmentato	  longitudinalmente	  	  

•  La	  risoluzione	  e’	  dominata	  dal	  constant	  term	  del	  calorimetro	  
in	  ogni	  caso	  

•  Best	  resolu?on	  (Central	  -‐	  high	  pTt,	  σ68=1.32	  GeV)	  and	  worst	  
resolu?on	  (Forward	  -‐	  low	  pTt,	  σ68=1.86	  GeV)	  	  

•  Insensibile	  al	  pileup	  
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Hàγγ(latest/CMS)	  
EPJ	  C	  74	  (2014)	  3076	  

•  La	  risoluzione	  media	  su	  tuRo	  il	  sample	  e’	  quasi	  due	  
volte	  peggio	  dei	  soRo-‐sample	  migliori	  

•  Conviene	  dividere	  il	  sample	  in	  tan?	  soRo-‐sample	  
separa?	  per	  qualita’	  della	  misura	  del	  fotone	  e	  per	  
meccanismo	  di	  produzione	  (ggF,	  VBF,	  VH	  etc.)	  

9	  

•  Confronta	  con	  ATLAS	  best	  
resolu?on	  (Central	  -‐	  high	  
pTt,	  σ68=1.32	  GeV)	  and	  
worst	  resolu?on	  (Forward	  
-‐	  low	  pTt,	  σ68=1.86	  GeV)	  	  
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Hàγγ(latest/CMS)	  
EPJ	  C	  74	  (2014)	  3076	  
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Combined	  Mass	  
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Combined	  Higgs	  Mass	  
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Higgs	  Width	  

•  Il	  picco	  osservato	  e’	  
consistente	  con	  la	  
larghezza	  predeRa	  dalla	  
simulazione	  assumendo	  
ΓH=0	  

•  Possibile	  solo	  meRere	  
un	  limite	  superiore	  
1000	  volte	  piu’	  grande	  
del	  valore	  aReso	  nel	  MS	  
(ΓH	  	  <	  2.4	  (3.1	  expected)	  
GeV	  at	  	  95%	  CL.	  )	   15	  
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•  Le	  misure	  di	  rate	  sono	  sensibili	  a σ*Γf/ΓH	  
•  Non	  e’	  possibile	  ricavare	  gli	  accoppiamen?	  e	  la	  larghezza	  

totale	  se	  non	  facendo	  assunzioni	  sull’assenza	  di	  
decadimen?	  imprevis?	  dalMS	  	  



Higgs	  Width/Interference	  
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Non	  interferisce,	  traRato	  
come	  fondo	  



Higgs	  Width/Interference	  
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+	  

L’interferenza	  tra	  il	  grafico	  a	  box	  e	  quello	  che	  procede	  
aRraverso	  un	  bosone	  di	  Higgs	  altamente	  virtuale	  dipende	  
dalla	  larghezza	  totale	  del	  bosone	  di	  Higgs.	  	  



Higgs	  Width/Interference	  
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ΓH	  <	  22	  MeV	  at	  95%	  C.L.	  	  



Fig. 10: Projected precision on Higgs-boson couplings, with regard to ILC capability to distinguish between
different models of more complex Higgs sectors: SUSY multiple Higgs model (left) and Minimal Composite
Higgs boson (right) [8].

Fig. 11: Cross sections for the main Higgs production mechanisms in e+e� (left). Recoil-mass distribution in
e+e� ! Zh ! µµX (right) [8].

independent way through the normalization of the Z recoil-mass distribution with no assumption on the
Higgs interaction with other particles. In Fig. 11 (right plot), the recoil-mass distribution for the process
e+e� ! ZH ! µµX is shown as obtained by a full detector simulation [44]. A precise measurement
of the Higgs mass (�mH

<⇠ 100 MeV) can also be obtained from the shape of the distribution.
An absolute measurement of Higgs BRs for all possible decay channels (including invisible and

exotic decays, as well as SM decays which are overwhelmed by background at the LHC, like H !
jets) can then be made by tagging different Higgs final states, thus obtaining a model-independent
determination of the quantities �(ZH) · BR(H ! ii) for different Higgs decays, and hence an absolute
measurements of BR(H ! ii) (here i stands for any boson or fermion coupled to H). The latter in turn

34

Higgs	  Width	  at	  TLEP	  

•  Misura	  model	  independent	  della	  sezione	  d’urto	  
eeàZhàµµ	  X,	  indipendente	  dal	  decadimento	  dell’Higgs,	  
aRraverso	  il	  picco	  nella	  misura	  della	  massa	  del	  sistema	  
che	  accompagna	  la	  coppia	  dei	  muoni	  e	  la	  conoscenza	  del	  
quadri-‐impulso	  iniziale:	  Pin	  =	  (√s,0);	  	  PH=Pin-‐PZ	  
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Motivation
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Objective of this task: 
To study the impact of the ILC designs on the Higgs recoil mass and cross-section analysis.
(In other words, we use this analysis to optimize the ILC design.)

Higgs-strahlung Process:

Importance of the Higgs recoil mass and cross-section analysis at the future ILC:
   Advantage: Model independent signature. No assumptions on the Higgs decay are needed.
   Only need the 4-momentum of the Z boson and the center of mass energy to reconstruct the Higgs boson.

In other words, this analysis will survive even if the Higgs boson is not Standard Model (SM) like. 
The model independent signature of this analysis, allows it to serve both as a precision measurement 
and a searching for new physics.

M2
H = (

p
s� EZ)

2 � P 2
Z

g2ZZH / � = N/L✏

from acceleratorfrom detector

=  Mrecoil	


6 E. KATO

Table II. – Model-independent precisions [1].

ILC(250) ILC(500) ILC(1000) ILC(LumUp)�
s (GeV) 250 250+500 250+500+1000 250+500+1000

L (ab�1) 0.25 0.25+0.5 0.25+0.5+1 1.15+1.6+2.5

�� 18% 8.4% 4.0% 2.4%

gg 6.4% 2.3% 1.6% 0.9%

WW 4.8% 1.1% 1.1% 0.6%

ZZ 1.3% 1.0% 1.0% 0.5%

tt̄ – 14% 3.1% 1.9%

bb̄ 5.3% 1.6% 1.3% 0.7%

⌧+⌧� 5.7% 2.3% 1.6% 0.9%

cc̄ 6.8% 2.8% 1.8% 1.0%

µ+µ� 91% 91% 16% 10%

�T (h) 12% 4.9% 4.5% 2.3%

hhh – 83% 21% 13%

BR(invis.) < 0.9% < 0.9% < 0.9% < 0.4%

Therefore by analyzing this process we can obtain absolute normalization of other cou-
plings H decaying into X [2].

4.
2.2. Top-Yukawa coupling. The ttH-production process opens up above 500 GeV.

Although the ttH cross section is small at 500 GeV and there are large combinatorial
background events, due to QCD bound-state e�ects, the signal cross section is enhanced
by a factor of two (0.23 ! 0.45 fb). This makes it possible to measure the top-Yukawa
coupling. Increasing the center-mass energy will further enhance the cross section and
with luminosity upgrade, an improvement of 14% to 2.0% is expected [1]. The pair-
production threshold for top quarks can also be used for top-Yukawa coupling extrac-
tion [3], since the existence of Higgs exchange between top pairs will enhance the overall
top pair-production cross section. A sensitivity of 4.2% for the Yukawa coupling can be
achieved. This includes only experimental errors and does not include theoretical errors.

4.
2.3. Higgs self-coupling. In order to verify if the Higgs is indeed what condenses in

the vacuum and gives masses to all the SM particles, we need to measure the Higgs self-
coupling and measure the shape of the Higgs potential. The self-coupling is one of the
most challenging to be measured at the ILC. In addition to its small cross section and
large background, the existence of various irreducible diagrams dilutes the sensitivity to
this coupling, as follows:

��

�
= 1.8

��

�
(@500GeV),

��

�
= 0.85

��

�
(@1000GeV),(4)

making it di�cult to extract it. This dilution factor can be improved to 1.66 and 0.76
respectively using a new weighting method [1, 2]. High polarization helps improve the
accuracy of cross section measurement. With the luminosity upgrade and the increase
of energy to 1 TeV, measurement accuracy of 13% can be reached for Z ! ll and qq,
HH ! 4b and bbWW combined [4].

ILC FROM PHYSICS TO DETECTOR 7

Table III. – Model-dependent precisions [1].

ILC(250) ILC(500) ILC(1000) ILC(LumUp)�
s (GeV) 250 250+500 250+500+1000 250+500+1000

L (ab�1) 0.25 0.250+0.5 0.25+0.5+1 1.15+1.6+2.5

�� 17% 8.3% 3.8% 2.3%

gg 6.1% 2.0% 1.1% 0.7%

WW 4.7% 0.4% 0.3% 0.2%

ZZ 0.7% 0.5% 0.5% 0.3%

tt̄ 6.4% 2.5% 1.3% 0.9%

bb̄ 4.7% 1.0% 0.6% 0.4%

⌧+⌧� 5.2% 1.9% 1.3% 0.7%

cc̄ 6.8% 2.8% 1.8% 1.0%

µ+µ� 91% 91% 16% 10%

�T (h) 9.0% 1.7% 1.1% 0.8%

hhh – 83% 21% 13%

BR(invis.) < 0.9% < 0.9% < 0.9% < 0.4%

4.
3. Full ILC . – We summarize here the ILC expected precision. We can complete

the Higgs-coupling measurements at 500 GeV and furthermore improve the sensitivity by
combining results with increasing energy and luminosity. Improving the determination
of absolute couplings at higher energies through the WW -fusion process is possible using
the gHbb coupling obtained at 250 GeV through the Higgs-strahlung process. Therefore
the measurement of the gHbb coupling at 250 GeV can set an upper-limit to the accuracy
of Higgs couplings. An important advantage of increasing the ILC energy in terms of
Higgs physics, other than improving accuracy, is the higher mass-reach for additional
Higgs bosons expected in an extended Higgs sector and an higher sensitivity to the
WLWL scattering to decide whether the Higgs sector is strongly interacting. The model-
independent coupling sensitivity shown in table II can be achieved at full ILC run. With
a model-dependent Higgs coupling parametrization proposed by the LHC Higgs Cross
Section Working Group [5, 6], the sensitivity shown in table III can be achieved. Here
it was assumed that 2nd-generation fermion Higgs couplings are related to those of the
3rd-generation couplings via c = t, µ = � , and that the total width is the sum of all
SM partial widths.

5. – Physics demands on International Large Detectors

This section is dedicated to address the technical di�culties of the previously men-
tioned analysis and introduce factors which drive detector technology, focusing on the
International Large Detector (ILD). The most challenging are the measurements of Higgs
self-coupling and of top-Yukawa coupling. These processes su�er from small signal cross
section and large background events. Reducing combinatorial background events is cru-
cial for improving sensitivity. Luminosity upgrade and polarization helps improving
signal significance at the production level. To achieve high reconstruction e�ciency
and powerful discrimination power against background events, namely high quality lep-
ton selection, flavour tagging and mass resolution are required. This implies excellent
momentum resolution, impact parameter resolution and jet energy resolution for the de-

Table 10: Model-Independent (top) and Model-Dependent (bottom) precision on Higgs-boson couplings [8]. For
the latter, the fitting technique most closely matches that used at the LHC, and no non-SM production or decay
modes are assumed.

Table 11: Expected precisions on the Higgs coupling scaling factors from a constrained 7-parameter fit assuming
no non-SM production or decay modes, and i ⌘ ghii/g(SM)

hii . The fit assumes generation universality [38].

can be combined with the direct coupling measurement from the production cross section in order to
obtain a direct (model independent) determination of the Higgs total width. For instance, starting from
the H ! ZZ branching ratio, one has �H = �(H ! ZZ)/BR(H ! ZZ) / �(ZH)/BR(H ! ZZ) .
Similarly, at larger collision energies, one can use the e+e� ! H⌫⌫ cross section to get a different
(and more accurate) �H determination via the relation �H = �(H ! WW )/BR(H ! WW ) /
�(H⌫⌫)/BR(H ! WW ) . Finally, by inserting �H in the measured value of BR(H ! ii) / g2

Hii/�H ,
one can obtain an absolute measurement of the Hii coupling gHii.
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Fig. 10: Projected precision on Higgs-boson couplings, with regard to ILC capability to distinguish between
different models of more complex Higgs sectors: SUSY multiple Higgs model (left) and Minimal Composite
Higgs boson (right) [8].

Fig. 11: Cross sections for the main Higgs production mechanisms in e+e� (left). Recoil-mass distribution in
e+e� ! Zh ! µµX (right) [8].

independent way through the normalization of the Z recoil-mass distribution with no assumption on the
Higgs interaction with other particles. In Fig. 11 (right plot), the recoil-mass distribution for the process
e+e� ! ZH ! µµX is shown as obtained by a full detector simulation [44]. A precise measurement
of the Higgs mass (�mH

<⇠ 100 MeV) can also be obtained from the shape of the distribution.
An absolute measurement of Higgs BRs for all possible decay channels (including invisible and

exotic decays, as well as SM decays which are overwhelmed by background at the LHC, like H !
jets) can then be made by tagging different Higgs final states, thus obtaining a model-independent
determination of the quantities �(ZH) · BR(H ! ii) for different Higgs decays, and hence an absolute
measurements of BR(H ! ii) (here i stands for any boson or fermion coupled to H). The latter in turn
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•  Dalla	  misura	  inclusiva	  (model	  indepndent)	  della	  sez.	  
d’urto	  si	  ricava	  una	  misura	  assoluta	  dei	  BR	  iden?ficando	  I	  
differen?	  canali	  di	  decadimento	  e	  quindi	  anche	  una	  
misura	  model	  independent	  di	  ΓH:	  



Determinazione	  di	  JP	  
•  Una	  volta	  osservata	  una	  risonanza	  con	  sezione	  d’urto	  e	  

decadimen?	  approssima?vamente	  simili	  a	  quelli	  del	  
bosone	  di	  Higgs	  del	  Modello	  Standard	  (a	  “Higgs-‐boson	  
like	  resonance”	  negli	  ar?coli	  post-‐scoperta)	  la	  conferma	  
mancante	  era	  la	  verifica	  dello	  spin	  e	  della	  parita’	  della	  
nuova	  par?cella	  

•  Dai	  decadimen?	  osserva?	  sappiamo	  che	  la	  par?cella	  e’	  un	  
bosone	  e	  che	  non	  puo’	  avere	  spin	  1	  dal	  teorema	  di	  
Landau-‐Yang,	  visto	  che	  decade	  in	  due	  bosoni	  iden?ci	  
massless.	  Dunque	  J=0,2	  …	  

•  Landau-‐Yang:	  ampiezza	  piu’	  generale	  dipende	  da	  
polarizzazioni	  (e)	  e	  dal	  momento	  dei	  fotoni,	  con	  termini	  
come:	  
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M1 = (e1


∧e22


) ⋅eV


M2 = (e1


⋅e22


) ⋅ (ek

⋅ k

)

N.B.:  e1


⋅ k

= 0 ; e2


⋅ k

= 0  photon massless, transverse field

•  M1	  e	  M2	  non	  rispeRano	  la	  simmetria	  di	  Bose-‐Einstein	  per	  
per	  lo	  scambio	  1ßà2	  di	  bosoni	  iden?ci	  

•  Inoltre	  la	  parita’	  del	  Higgs	  nello	  SM	  deve	  essere	  pari,	  
mentre	  Higgs	  pseudo-‐scalari	  esistono	  per	  esempio	  nelle	  
teorie	  supersimmetriche	  à	  occorre	  verificare	  questa	  
proprieta’.	  

decaying particle has a magnetic moment it can interact with the magnetic field. But
if the initial particle does not have any magnetic moment magnetic fields can still enter
into the picture through their interaction with virtual charged fermions or other charged
particles propagating in the loops occurring in the Feynman diagram for the decay process.
There are many calculations employing suitable fermion propagators, as for example the
photon self-energy or photon pair creation in a magnetic field [3, 4, 5, 6]. The present
article is completely general in the sense that we have not specified any model of particle
interactions or carried out a loop integral to predict a unique result for a specific situation.
Our results are general and give some important insight on the decay process in the
presence of a magnetic field.

In this article we have worked in the 3-vector language; the calculations are not written
in a Lorentz covariant fashion. The reason for this choice has been that a uniform classical
magnetic field implies a specific frame in which it is present. All the calculations done
are essentially specific to the frame where the magnetic field exists and we have chosen
that frame to be the rest frame of the decaying boson. As the processes involve photons
we must be careful about the gauge invariance of the theory. In the present case we work
with photons in the Coulomb gauge where the photon polarization vectors are transverse.

Using Yang’s theorem Gell-Mann predicted that the cross-section of the reaction γγ →
νν vanishes in the four-Fermi limit [7]. In the present article we show that Yang’s theorem
does not hold true in the presence of an external magnetic field and consequently the
process γγ → νν can happen. The calculation of the cross-section of the above process
to first order in the external magnetic field has already been done by Shaisultanov [9].
This results can have interesting astrophysical applications because the reaction of two-
photon decay to neutrinos is an efficient process of energy dissipation from stars which
does possess high magnetic fields.

The organization of the paper is as follows. Section 2 gives the proof of Yang’s theorem
by enumerating amplitudes permitted by rotational invariance and showing that they are
ruled out by Bose symmetry. In the subsequent section we specify the most general terms
which can constitute the decay amplitude in presence of a magnetic field. By invoking
symmetry arguments it will be shown that only a few of the possible terms will actually
contribute for the two-photon decay in a magnetic field when CP is a symmetry of the
theory. In the concluding section we will summarize our results.

2 Yang’s theorem

γ2

e2, −k

γ1
V

eV
e1, k

Figure 1: The decay of a vector particle into two photons, V → γ1 γ2. eV , e1, e2 are the
polarizations of the initial vector particle and the two photons respectively.

2



Determinazione	  di	  J	  
•  Nel	  sistema	  di	  riferimento	  della	  par?cella	  scalare,	  

l’angolo	  di	  decadimento	  e’	  isotropico	  nel	  caso	  di	  
par?cella	  scalare	  altrimen?	  abbiamo	  una	  
dipendenza	  non	  triviale	  dal	  ?po	  di	  stato	  iniziale	  e	  
dallo	  spin,	  in	  generale	  un	  polinomio	  di	  secondo	  
grado	  in	  cos2θ*	  	  
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FIG. 2: Distributions of some of the representative observables: m1 in the X → ZZ analysis (left), Φ in the X → WW
analysis (middle), and cos θ∗ in the X → γγ analysis. Four signal hypotheses are shown: SM Higgs boson (red circles), 0−

(magenta squares), 2+m (blue triangles), 2+h (green diamonds), as defined in Table I. Points show simulated events and lines show
projections of analytical distributions. Here and throughout the paper, where only shapes of the distributions are illustrated
and unless otherwise noted, units on the y axis are arbitrary.

dominates the production mechanism, which is the case for the minimal coupling Kaluza-Klein graviton (2+m) [17], and
this assumption may have an impact on the final results for the achievable significance of spin hypotheses separation.
On the other hand, for the spin-zero scenarios, the production mechanism does not affect the angular and mass
distributions. The chosen scenarios listed in Table I are similar to those considered in our earlier paper [20].
Distributions of some of the representative observables are shown in Fig. 2 for mX = 125 GeV. A complete set of

distributions in the ZZ and WW final states is shown in Appendix B in Figs. 11, 12, 13. Throughout the paper we
consider

√
s = 8 TeV proton-proton collisions and use the CTEQ6L1 parton distribution functions [37].

In the following we describe a simplified treatment of the detector effects which is not meant to reproduce exactly
any of the LHC experiments, but still allows us to reliably understand feasibility of spin-parity studies at the LHC.
We introduce smearing of the track momentum transverse to the collision axis, pT , and photon cluster energy.
However, the exact resolution parameterization is not crucial as long as the overall signal-to-background separation
is reproduced well. We mimic detector acceptance effects by cutting on geometric and kinematic parameters, such as
pT and pseudorapidity, η = − ln tan(θ/2). Both leptons and photons are required to be in the effective acceptance
range |η| < 2.5.
The main backgrounds in the X → ZZ, WW , and γγ analyses are the continuum di-boson production, includ-

ing Zγ∗ for ZZ [1, 2]. These are modeled with POWHEG [38] (ZZ) and MadGraph [39] (WW, γγ). Additional
contributions of backgrounds with fake vector boson reconstruction requires special treatment. However, their con-
tributions are smaller and observable distributions are similar to the V V background, so their contributions can be
effectively accounted for by rescaling the di-boson background rate to match total background rates observed by the
LHC experiments.

IV. ANALYSIS METHODS

In this Section, we illustrate the application of the matrix element analysis formalism to distinguishing different
spin-parity hypotheses for the observed boson near 125 GeV. We illustrate this with the seven scenarios defined in
Table I and comment on future direction of the measurements.
In Ref. [20] we pointed out that the ultimate goal of the analysis should be the experimental determination of all

helicity amplitudes that involve X and two gauge bosons. The techniques discussed here and in Ref. [20] are ideally
suited for such measurements since parameters in the angular and mass distributions become fit parameters in analysis
of data. However, such multi-parameter fits require large samples of the signal events which are not yet available.
Therefore, in our opinion, the first step in understanding the spin-parity of the resonance should be distinguishing
between different hypotheses. For such a goal, a simplified, but still optimal, analysis approach can be developed that
employs just two observables. A simple extension of this analysis, which naturally arises if we assume, for example,
that the observed resonance is a mixed spin-parity state, is to fit for ratios of couplings. Ultimately, this approach
will lead to a complete multi-dimensional fit of all coupling parameters using a complete set of kinematic observables.

19

+ 2
√
2|A−−||A−0|(1− 2Af1 cos θ1 + cos2 θ1)(Af2 − cos θ2) sin θ2 cos(Ψ+ Φ/2 + φ−0 − φ−−)

+ 2
√
2|A++||A0+|(Af1 + cos θ1) sin θ1(1 + 2Af2 cos θ2 + cos2 θ2) cos(Ψ− Φ/2 + φ0+ − φ++)

+ 2
√
2|A++||A−0| sin2 θ1(Af2 + cos θ2) sin θ2 cos(−Ψ+ 3Φ/2− φ−0 + φ++)

]

+F J
0,2(θ

∗)×
[

4|A00||A+−|(Af1 + cos θ1) sin θ1(Af2 − cos θ2) sin θ2 cos(2Ψ− φ+−)

+ 2|A−−||A+−| sin2 θ1(1− 2Af2 cos θ2 + cos2 θ2) cos(2Ψ− Φ+ φ−− − φ+−)

+ 2|A++||A+−|(1 + 2Af1 cos θ1 + cos2 θ1) sin
2 θ2 cos(2Ψ+ Φ+ φ++ − φ+−)

]

+F J
0,−2(θ

∗)×
[

4|A00||A−+|(Af1 − cos θ1) sin θ1(Af2 + cos θ2) sin θ2 cos(2Ψ+ φ−+)

+ 2|A−−||A−+|(1 − 2Af1 cos θ1 + cos2 θ1) sin
2 θ2 cos(2Ψ+ Φ− φ−− + φ−+)

+ 2|A++||A−+| sin2 θ1(1 + 2Af2 cos θ2 + cos2 θ2) cos(2Ψ− Φ− φ++ + φ−+)
]
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1,2(θ

∗)×
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2
√
2|A+0||A+−|(1 + 2Af1 cos θ1 + cos2 θ1)(Af2 − cos θ2) sin θ2 cos(Ψ+ Φ/2 + φ+0 − φ+−)
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√
2|A0−||A+−|(Af1 + cos θ1) sin θ1(1− 2Af2 cos θ2 + cos2 θ2) cos(Ψ− Φ/2 + φ0− − φ+−)
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√
2|A0+||A−+|(Af1 − cos θ1) sin θ1(1 + 2Af2 cos θ2 + cos2 θ2) cos(−Ψ+ Φ/2 + φ0+ − φ−+)

− 2
√
2|A−0||A−+|(1− 2Af1 cos θ1 + cos2 θ1)(Af2 + cos θ2) sin θ2 cos(Ψ+ Φ/2 + φ−0 − φ−+)

]

+F J
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∗)×
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2
√
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2 θ2 cos(3Ψ+ Φ/2− φ0− + φ−+)

− 2
√
2|A0+||A+−|(Af1 + cos θ1) sin θ1 sin

2 θ2 cos(3Ψ+ Φ/2 + φ0+ − φ+−)

− 2
√
2|A−0||A+−| sin2 θ1(Af2 − cos θ2) sin θ2 cos(3Ψ− Φ/2 + φ−0 − φ+−)

]

, (A1)

where NJ is the normalization constant which does not affect the angular and mass distributions. Because decays
of vector bosons Vi → fif̄i are involved, the angular distributions depend on the parameter Afi characterizing their

decay, defined as Af = 2ḡfV ḡ
f
A/(ḡ

f2
V + ḡf2A ) [31]. This parameter is 1 for W decays and approximately 0.15 for

Z → #−#+. Equation (A1) represents a more general version of Eq. (B1) from Ref. [20], where sign conventions are
different between the two equations. Conventions for Eq. (A1) are consistent with Eqs. (2)–(4). The functions F J

i,j(θ
∗)

are defined through the Wigner d-functions as7

F J
i,j(θ

∗) =
∑

m=0,±1,±2

fm dJim(θ∗)dJjm(θ∗) , (A2)

where fm are fractions of the X particle polarization as defined in Ref. [20]. In qq̄ annihilation the resonance X can
only be produced by m = ±1, whereas in gluon fusion m = ±2 or 0. The relative fractions of m = ±2 and 0 are
determined by amplitudes in Eq. (21) which simplify in the case of couplings to two massless gluons and depend on
production couplings in Eq. (18). The relative fraction of qq̄ → X production is denoted by fqq̄ and is determined by
the ratio of cross-sections, including effects of parton structure functions. This leads to

f+1 = f−1 =
fz1
2

=
fqq̄
2

,

f+2 = f−2 =
fz2
2

= (1 − fqq̄)
|Agg

+−|2
∑

α,β=±1 |A
gg
αβ |2

= (1− fqq̄)
|Agg

−+|2
∑

α,β=±1 |A
gg
αβ |2

,

f0 = fz0 = (1− fqq̄)
|Agg

++|2 + |Agg
−−|2

∑

α,β=±1 |A
gg
αβ |2

. (A3)

For a spin-zero resonance fqq̄ = 0 and f0 = 1. For a spin-one resonance fqq̄ = 1. For a spin-two resonance, generally

7 The convention presented here differs from that in Ref. [20]. All probability distributions are invariant under the simultaneous
transformations θ∗ → (π − θ∗) and Φ1 → (π +Φ1). The different convention is equivalent to either of these two transformations.

Con	  m=+/-‐1	  per	  annichilazioni	  qqbar	  	  
0,+/-‐2	  per	  gluon-‐gluon,	  e	  dove	  le	  d	  
sono	  le	  funzioni	  di	  Wigner	  e.g.	  	  
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43. CLEBSCH-GORDAN COEFFICIENTS, SPHERICAL HARMONICS,

AND d FUNCTIONS

Note: A square-root sign is to be understood over every coefficient, e.g., for −8/15 read −
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Figure 43.1: The sign convention is that of Wigner (Group Theory, Academic Press, New York, 1959), also used by Condon and Shortley (The
Theory of Atomic Spectra, Cambridge Univ. Press, New York, 1953), Rose (Elementary Theory of Angular Momentum, Wiley, New York, 1957),
and Cohen (Tables of the Clebsch-Gordan Coefficients, North American Rockwell Science Center, Thousand Oaks, Calif., 1974).
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Determinazione	  parita’	  
•  U?lizziamo	  il	  potere	  analizzante	  delle	  distribuzioni	  

angolari	  nei	  decadimen?	  HàZZ*à4l	  
•  Per	  uno	  scalare	  che	  decade	  in	  due	  veRori	  di	  spin	  1,	  

esistono	  3	  possibili	  sta?	  del	  momento	  angolaro	  rela?vo	  
L	  dei	  due	  bosoni	  Z,	  corrisponden?	  a	  L=0,1,2	  

•  L=0,2	  corrispoondono	  ad	  ampiezze	  a	  parita’	  posi?va	  	  
(P=(-‐1)L)	  	  (CP	  ugualmente	  pari,	  par?celle	  iden?che),	  L=1	  
ad	  ampiezze	  a	  parita’	  nega?ve	  

•  Nel	  caso	  generale	  del	  decadimento	  di	  uno	  scalare	  in	  
due	  par?celle	  di	  spin	  1,	  avremo	  3	  ampiezze	  
indipenden?	  corrisponden?	  ai	  3	  sta?	  possibili	  di	  
momento	  angolare	  e	  caraRerizzate	  da	  proprieta’	  di	  
trasformazione	  soRo	  CP	  diverse.	  	  
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•  Una	  base	  appropriata	  per	  le	  
ampiezze	  e’	  quella	  di	  elicita’,	  in	  cui	  
sono	  classificate	  in	  base	  all’elicita’	  
dei	  due	  boasoni	  dello	  stato	  finale	  	  
A00,	  A++,	  A-‐-‐.	  Gli	  angoli	  di	  
decadimento	  dei	  leptoni	  nel	  frame	  
di	  uno	  Z	  sono	  sensibili	  all’elicita’	  
dello	  Z	  

•  Nel	  caso	  HàZZ	  e’	  usuale	  
parametrizzare	  l’ampiezza	  come:	  

V. Ippolito - CSN1 - January 19th, 2015

Strategy

18

we write the most general Lorentz-invariant decay amplitude A(H→ZZ)

e.g.: for J=0

SM Higgs pseudoscalar

we relate it to the differential mass and angular distribution

J=0: three helicity combinations (A++,A--,A00) 

⇒ Ki = |A++|2,Re(A++A00*), Im(A++A00*) ... (9 terms)

phase space + propagator

d�J(m1,m2,⌦)

dm1dm2d⌦
= P (m1,m2) ·

X

i

Ki(m1,m2)fi(⌦)/

L=1	  	  	  L=0,2	  	  	  
BSM	  scalar	  	  



J=0 J=1 J=2 qq→ZZ

Jm+

Jh+

Jh-

cos(θ*)

ϕ1

cos(θ1)

cos(θ2)

ϕ

arXiv:1208.4018
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Determinazione	  parita’	  
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V. Ippolito - CSN1 - January 19th, 2015

Strategy

18

we write the most general Lorentz-invariant decay amplitude A(H→ZZ)

e.g.: for J=0

SM Higgs pseudoscalar

we relate it to the differential mass and angular distribution

J=0: three helicity combinations (A++,A--,A00) 

⇒ Ki = |A++|2,Re(A++A00*), Im(A++A00*) ... (9 terms)

phase space + propagator

d�J(m1,m2,⌦)

dm1dm2d⌦
= P (m1,m2) ·

X

i

Ki(m1,m2)fi(⌦)/
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V. Ippolito - CSN1 - January 19th, 2015

How Good ?

21

good description of full-sim MC for all tested models

this avoids loss in separation between hypotheses

V. Ippolito - CSN1 - January 19th, 2015
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The JP-MELA Discriminant

23

statistical analysis is split in 4 final states, 2 c.o.m. 
energies, 2 m4l bins ⇒ enhanced H0/H1 separation  

shapes of the discriminant with 7+8 TeV data

JP-MELA = 0 for alternative hypothesis, 1 for SM Higgs

8 TeV 7 TeV

V. Ippolito - CSN1 - January 19th, 2015
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Determinazione	  limi?	  sui	  
parametri	  della	  lagrangiana	  

efficace	  
ATLAS/HIGG-‐2013-‐17	  
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ULTERIORI	  CANALI	  DI	  
DECADIMENTO	  DEL	  BOSONE	  
DI	  HIGGS	  
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HàWW*(Latest/ATLAS)	  
ATLAS-‐HIGG-‐2013-‐13	  

•  Sta?	  finali	  con	  due	  leptoni	  e	  due	  
neutrini,	  background	  molto	  difficili	  da	  
controllare,	  nelle	  configurazioni	  di	  
interesse	  per	  selezionare	  il	  segnale	  

•  Variabile	  fondamentale	  per	  sopprimere	  
il	  fondo	  Drell-‐Yan,	  la	  missing	  transverse	  
energy	  	  
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Correlazioni	  di	  spin	  
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Background irriducibile : correlazioni di spin
W+

s = +1

W-

s = -1

s = 0
H

L’Higgs è una particella scalare

i W avranno spin opposto

I leptoni carichi a causa della loro elicità opposta
tendono ad avere la stessa direzione : 

Uso del piccolo angolo di apertura tra i leptoni 
per distinguerli da quelli del fondo 

s = +1
W+

s = +1/2

s = +1/2
l+

ν
s = -1/2

s = -1
W-

s = -1/2
l-

ν

⇓



HàWW*(Latest/ATLAS)	  
ATLAS-‐HIGG-‐2013-‐13	  

32	  Δφll	  variable	  sensibile	  
allo	  spin	  del	  Higgs	  



HàWW*(Latest/ATLAS)	  
ATLAS-‐HIGG-‐2013-‐13	  
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HàWW*(Latest/ATLAS)	  
ATLAS-‐HIGG-‐2013-‐13	  
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HàWW*(Latest/ATLAS)	  
ATLAS-‐HIGG-‐2013-‐13	  
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Hàbb	  

•  Cruciale	  aumentare	  la	  
risoluzione	  in	  massa	  
invariante	  del	  sistema	  bb	  
per	  aumentare	  
significa?vita’.	  Si	  
raggiungono	  valori	  di σ/M	  
fino	  a	  10%	  u?lizzando	  tuRa	  
l’informazione	  dell’evento	  
in	  even?	  del	  ?po	  ZHàllbb	  

•  Da	  confrontare	  con	  
risoluzioni	  di	  ~2%	  Hàγγ	


•  Al	  Tevatron	  e’	  il	  canale	  piu’	  
sensibile	  per	  mH=125	  GeV,	  
al	  contrario	  che	  a	  LHC	  
perche’	  	  la	  sezione	  d’urto	  
del	  fondo	  cresce	  molto	  piu’	  
che	  per	  il	  segnale	  tra	  p-‐
an?p	  a	  1.96	  TeV	  e	  pp	  a	  8	  
TeV	  

36	  

4

Inputs to the NN jet-energy correction algorithm

lead jet ET

lead jet ⌘

��( 6~ET , lead jet)

Z projection onto the lead jet

6~ET projection onto the lead jet

second jet ET

second jet ⌘

��( 6~ET , second jet)

Z projection onto the second jet

6~ET projection onto the second jet

6ET

��(lead jet, second jet)

number of jets

TABLE I: Inputs to the jet-energy correction neural network.
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FIG. 1: The dijet invariant mass distribution for all b-tagged candidates before (left) and after (right) NN correction. The bin
at 400 GeV/c2 contains the histogram overflow.

V. NEURAL NETWORK JET ENERGY CORRECTION

To improve the separation of ZH signal from background, we utilize several multivariate techniques that use
kinematic quantities as inputs. The dijet mass (Mjj) is one of the most useful quantities, with its separating power
limited mainly by the jet-energy resolution. In ZH signal events with Z ! `+`� incorrect measurement of jet energies
results in apparent missing transverse energy 6~ET . We correct jet energies, based upon the 6~ET , and thereby improve
the resolution on the dijet invariant mass. Jet-energy correction factors are computed by a NN trained to match
measured jet energies to parton-level energies in Z+jets and signal events. Inputs to the NN are listed in Table I. The
e↵ect of the NN corrections on the reconstructed H ! bb̄ mass is shown in Fig. 1. In b-tagged signal the resolution [21]
on MH is improved from about 18% to 11%.

VI. EVENT DISCRIMINANTS

We utilize new multivariate algorithms to improve our ability to distinguish between ZH signal and background
processes. To isolate ZH signal from tt̄ we employ an “expert” NN, trained to distinguish ZH from top. Similarly we
use a second expert network to separate ZH from Z + l.f. and Z+cc̄ backgrounds. The expert networks have been
re-optimized since the previous analysis [11, 12], with the most significant di↵erence being that the Z + l.f./Z+cc̄



Hàbb	  

•  Analisi	  suddivisa	  in	  mol?	  soRocanali:	  WHàlnubb,	  ZHàllbb,	  
ZHànunu	  bb,	  regioni	  cinema?che	  e	  diverse	  categorie	  di	  b-‐
tagging	  e	  dei	  disciminan?	  basa?	  sulle	  caraReris?che	  degli	  
even?	  

•  Il	  plot	  qui	  mostrato	  e’	  solo	  illustra?vo	  e	  rappresenta	  la	  
distribuzione	  finale	  di	  massa	  invariante	  pesata	  per	  la	  
significa?vita’	  aspeRata	  in	  ciascuna	  categoria	  

•  Da	  un’idea	  del	  rapporto	  S/B	  e	  della	  difficolta’	  di	  questa	  
ricerca	  
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Hàbb	  
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Hàbb	  Tevatron	  
combina?on	  
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Hàττ	


•  Unico	  canale	  
realis?camente	  
osservabile	  con	  
Higgs	  che	  decade	  
in	  leptoni	  

•  Evidenza	  a	  >3σ	  
oRenuta	  in	  ATLAS	  
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Higgs	  coupling	  in	  SM	  

•  Given	  Higgs	  Mass	  no	  free	  parameter	  in	  
the	  SM	  !	  

	  
	  	  	  	  	  	  	  	  With	  
	  
Then	  Higgs	  –	  Boson	  and	  Higgs	  –	  Fermion	  
(Yukawa)	  interac?on	  perfectly	  determined	  
given	  par?cle	  masses	  
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Elements of the SU(2) x U(1) electroweak theory

         (Glashow, Salam, Weinberg)

add to the known quarks, leptons, bosons one scalar 

field        with  

The Lagrangian for      is 

  

         + (coupling to quarks and leptons)

Assume              is such that 
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         (Glashow, Salam, Weinberg)

add to the known quarks, leptons, bosons one scalar 

field        with  

The Lagrangian for      is 

  

         + (coupling to quarks and leptons)

Assume              is such that 
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With this orientation, it is straightforward to work out 
the couplings of the Higgs boson.

Since in Higgs appears from                   ,
its W, Z vertices are:

The potential above gives

and the vertex 
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EWK	  Lagrangian	  
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Precision measurement of the Higgs couplings 
will be possibly one of the most important 

driver of the field in the next decade(s) 
(provided no surprises behind the corner) 



Higgs	  Coupling/tree	  level	  
decays	  
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With this orientation, it is straightforward to work out 
the couplings of the Higgs boson.

Since in Higgs appears from                   ,
its W, Z vertices are:

The potential above gives

and the vertex 
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Using                          we find the Higgs coupling to fermions:

If the fermion mass matrix is diagonal, the Higgs coupling is 
also flavor-diagonal.

Here is a direct argument.  Start from the most general 
Lagrangian with flavor-mixing:

We can represent any complex matrix as a product of unitary 
and real diagonal matrices:

Now transform

This removes flavor violation in the Higgs couplings.
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Higgs	  coupling/important	  
loops	  !	  
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G l u o n f u s i o n 
p r o v i d e s 
dominant  Higgs 
boson 
p r o d u c t i o n 
mechanism 
T o p  l o o p 
dominant (-10% 
interference from 
bottom loop). 
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Higgs decay modes
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by factor κ
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Spin:  Vector bosons vs. fermions

 1D likelihood scan for each coupling

 Asymmetry of double minima in κ
f

due to interference (constructive or
destructive) between fermions and
vector bosons in H->γγ

 κ
V
 = [0.9, 1.0] ∪ [1.1, 1.3]
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→ Fermiophobic Higgs (κ
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=0)

strongly disfavored
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Verifica	  della	  sensibilita’	  dei	  da?	  ad	  un	  contributo	  >0	  del	  processo	  
VBF	  (rapporto	  di	  sezioni	  d’urto	  normalizzate	  alla	  teoria	  SM	  



General	  Strategy	  

•  Parameterize	  devia?on	  from	  SM	  through	  scaling	  factor	  for	  
couplings	  such	  that	  :	  

50 

•  Assumptions 
•  Single resonance 
•  No modification to kinematics of Higgs 

events: acceptance is the same as in 
SM  

•  Lorentz structure of amplitude as in 
the SM 

•  Zero width approximation: igrnore 
effect of interference with SM 
amplitudes etc. 

•  Cross sections can then be written 
as: 

•  Taking into account dependency from various sub-
components in loop process scale factors e.g.: 
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Figure 2: Likelihood contours for the H→ γγ and H→WW(∗)→ "ν"ν channels in the (µggF+tt̄H , µVBF+VH)

plane including the branching ratio factor B/BSM. The quantity µggF+tt̄H (µVBF+VH) is a common scale

factor for the ggF and tt̄H (VBF and VH) production cross sections (the µ f parameters in Equation 1 are

fixed). The best fit to the data (×) and 68% (full) and 95% (dashed) CL contours are also indicated, as

well as the SM expectation (+).
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Figure 3: Likelihood curves for µVBF+VH/µggF+tt̄H from the H→ γγ and H→WW(∗)→ "ν"ν channels and

their combination. The branching ratios cancel in this ratio so that the curves can be compared.

product σ × BR(ii→ H → ff ) can be decomposed in the following way for all channels:

σ × BR(ii→ H → ff ) =
σii · Γff
ΓH

(3)

where σii is the production cross section through the initial state ii, Γff the partial decay width into

the final state ff and ΓH the total width of the Higgs boson.

The leading order (LO) motivated scale factors κi are defined in such a way that the cross sections σii

and the partial decay widths Γii associated with the SM particle i scale with the factor κ2
i when compared

to the corresponding SM prediction. Table 3 lists all relevant cases. Taking the process gg → H → γγ as

an example, one would use as cross section:

(σ · BR) (gg → H → γγ) = σSM(gg → H) · BRSM(H → γγ) ·
κ2

g · κ2
γ

κ2
H

(4)

7

Higgs Boson Width 
 Strong mass dependent 
H = 3.5 MeV @ 120 GeV 
         1.4 GeV @ 200 GeV 
         8.4 GeV @ 300 GeV 
       68.0 GeV @ 500 GeV 
  
At low mass region (<200 

GeV), detector resolution 
dominates mass resolution 
 
 At high mass, intrinsic 

width becomes dominant 

HCP-2012, Kyoto, Japan Higgs Property Measurement - H. Yang (SJTU) 19 

Γ ff =κ f
2Γ ff

SM   ;  ΓH =κH
2 ΓH

SM  ;  σ i =κ i
2σ i

SM

κγγ
2 =κγγ

2 (κ t;κw;mH )  ;   κggH
2 =κggH

2 (κb;κ t;mH )

From LHC HXSWG 

based on recommendation in    arXiv:1209.0040 

•  SM prediction incudes state-of-the-art higher order 
corrections. Accuracy breaks for k!=1, but important NLO 
QCD corrections factorize 



General	  Strategy/
Benchmark	  Fits	  

•  Total	  width	  cannot	  be	  directly	  measured	  at	  LHC	  
–  Assume	  no	  invisible/undetected	  decays	  are	  possible	  

such	  that:	  

–  Measure	  ra?o	  of	  coupling	  scale	  factors	  ki,	  including	  one	  
ra?o	  to	  the	  total	  Higgs	  width	  	  

•  Current	  dataset	  do	  not	  allow	  yet	  the	  precise	  
determina?on	  of	  all	  the	  coupling	  scale	  factors	  à	  Atlas	  
&	  CMS	  performed	  several	  simplified	  fits	  (blue	  one	  
shown	  in	  the	  following):	  
–  κV	  vs.	  κF:	  universal	  scale	  for	  boson	  and	  for	  fermions	  
–  κW	  	  vs	  κZ:	  W	  vs.	  Z	  boson	  (custodial	  symmety)	  	  
–  κu	  vs.	  κd:	  fermion	  type,	  up	  vs.	  down	  	  (all	  up/down	  type	  

fermions	  receive	  universal	  correc?ons)	  
–  κq	  vs.	  κl:	  quarks	  vs.	  leptons	  	  
–  κg	  vs.	  κγ:	  model	  independent	  test	  for	  BSM	  contribu?on	  

to	  1-‐loop	  coupling	  
–  BRinv:	  test	  invisible	  or	  undetected	  decays	  in	  total	  width	  

assuming	  BSM	  effect	  only	  in	  loops	  and	  SM	  tree	  level	  
couplings	  
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ΓH =κH
2 ΓH

SM  =κH
2 (κ i,mH )ΓH

SM    i = l, t,b,τ ,g,W,Z...
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Verifica	  del	  rapporto	  degli	  accoppiamen?	  di	  W	  e	  Z	  
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BSM	  Higgs:	  	  
composite	  Higgs	  

Coupling	  to	  Vector	  Boson	  and	  to	  fermions	  devia?ons	  
can	  be	  interpreted	  in	  different	  Beyond	  the	  Standard	  
Model	  classes.	  As	  an	  exmple	  the	  Higgs	  as	  a	  composite	  
object	  (MCHM4)	  would	  produce	  a	  reduc?on	  of	  both	  
the	  kV	  and	  kF	  couplings	  as:	  

54	  

4 MINIMAL COMPOSITE HIGGS MODEL 4

The production and decay rates are modified from their SM expectations accordingly. For example,
assuming the narrow-width approximation [23,24], the rate for the process gg! h! ZZ⇤ ! 4` relative
to the SM prediction can be parametrized as [25]:

µ = �⇥BR
(�⇥BR)SM

=
2g ·2Z
2h
. (4)

Here g is the scale factor for the loop-induced coupling to the gluon through the top and bottom
quarks, where both the top and bottom couplings are scaled by  f , and Z is the coupling scale factor
for the Z boson. The scale factor for the total width of the Higgs boson, 2h, is calculated as a squared
e↵ective coupling scale factor. It is defined as the sum of squared coupling scale factors for all decay
modes, 2i , each weighted by the corresponding SM branching ratio:

2h =
X

i

2i BRi, (5)

where the summation is taken over all decay modes. The production and decay modes are assumed to be
the same as those in the SM. Production or decays through loops are resolved in terms of the contributing
particles in the loops, assuming the same mixture of contributions as in the SM. For example, the W
boson provides the dominant contribution, followed by the top quark, to the h! �� decay, such that the
e↵ective coupling scale factor � at mh = 125.5 GeV is given by:

2� ⇠ |1.26W � 0.26t|2, (6)

where the negative interference between the W and top loops, as well as the contributions from other
particles in the loops, are accounted for.

Combined fits to the measured rates are performed with the mass scaling factor ✏ and the vacuum
expectation value parameter M as the two parameters of interest. Figure 1 shows the two-dimensional
likelihood scan as a function of ✏ and M. The best-fit point is compatible with the expectation for the
SM Higgs boson within approximately 1.5�. The extracted value of ✏ is close to 0, indicating that the
measured couplings to fermions and vector bosons are consistent with the linear and quadratic mass
dependence, respectively, predicted in the SM. The best-fit value for M is less than v ⇡ 246 GeV since
the measured overall signal strength µh is greater than 1.

4 Minimal Composite Higgs Model

Minimal Composite Higgs Models (MCHM) [26–28] represent another possible explanation for the
scalar naturalness problem, wherein the Higgs boson is a composite, pseudo-Nambu-Goldstone bo-
son rather than an elementary particle. In such cases, the Higgs boson couplings to vector bosons and
fermions are modified with respect to their SM expectations as a function of the Higgs boson compos-
iteness scale, f . It is assumed here that corrections due to new heavy resonances such as vector-like
quarks [29] are sub-dominant.

In the MCHM4 model [26], the ratio of the predicted couplings to their SM expectations can be
written in the particularly simple form:

 = V = F =
p

1 � ⇠, (7)

where ⇠ = v2/ f 2 is a scaling parameter such that the SM is recovered in the limit ⇠ ! 0, namely f ! 1.
The combined signal strength, µh, and equivalent coupling scale factor,  = pµh, measured using the
combination of all considered channels are listed in Model 1 of Table 1. The experimental measurements
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Where	  f	  is	  the	  compositeness	  scale:	  ξ<0.2	  	  à	  	  	  	  	  	  	  
f	  >	  550	  GeV	  	  



Up	  vs	  down	  type	  fermions	  

•  Up	  type	  fermions	  (top)	  vs	  down	  type	  fermions	  (boRom	  +	  tau)	  
comparison	  à	  no	  anomaly	  within	  40%	  @	  95%	  CL	  

•  Important	  input	  for	  BSM	  Higgs	  models,	  where	  up	  and	  down	  
type	  fermions	  couple	  to	  different	  Higgs	  doubles.	  As	  an	  
example	  in	  a	  model	  with	  2	  Higgs	  doubles	  as	  in	  SUSY,	  coupling	  
to	  boRom	  and	  tau	  fermions	  are	  propor?onal	  to	  tanβ=v2/v1:	  
the	  ra?o	  of	  the	  vacuum	  expecta?on	  values	  of	  the	  two	  Higgs	  
doublet	  fields.	  

•  Low	  and	  high	  tanβ	  region	  are	  excluded	  by	  the	  approximate	  
coincidence	  of	  the	  measured	  Higgs	  rate	  to	  the	  SM	  predic?ons	  

•  Regions	  of	  low	  cos(β-α)	  correspond	  to	  a	  low	  mixing	  angle	  
between	  the	  two	  Higgs	  doublets,	  implying	  the	  W/Z	  boson	  
coupling	  are	  very	  similar	  to	  the	  SM	  ones	  
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Indirect	  bound	  on	  
Hàinvisible	  	  
CMS-‐HIG-‐14-‐009	  

•  Relaxing	  assump?on	  on	  total	  width:	  allow	  undetectable	  
and/or	  invisible	  decays	  

•  Assume	  BSM	  effects	  only	  in	  1-‐loop	  couplings	  
•  Likelihood	  scan	  for	  effec?ve	  scale	  factors	  for	  gluon	  and	  

photon	  widths	  and	  total	  Higgs	  width,	  assuming	  no	  
devia?on	  in	  tree	  level	  contribu?on	  to	  Higgs	  width	  a	  
bound	  on	  invisible	  width	  can	  be	  obtained	  from	  :	  	  
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κγ  can vary freely (H→ γγ );
κg  can vary freely (gg→H);
kV  constrained to be negative 
(reasonable in most BSM models)

BRinv < 0.57(expexted 0.53) @ 95% C.L.
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Figure 7: Fits for benchmark models probing for contributions from non-SM particles: (a) Probing only

the gg → H and H→ γγ loops, assuming no sizable extra contribution to the total width; (b) Probing in

addition to (a) for a possible invisible or undetectable branching ratio BRinv.,undet..

6.3.1 Assuming only SM particles contributing to the total width

A fit is shown in Figure 7(a) which assumes that there are no sizeable extra contributions to the total

width caused by the non-SM particles. The free parameters are κg and κγ .

Figure 7(a) shows the 68% and 95% CL contours for the two parameters. The best fit values and

uncertainties when profiling over the other parameter are

κg = 1.1+0.2
−0.3 (48)

κγ = 1.2+0.3
−0.2 (49)

at 68% CL. When removing the theoretical systematic uncertainties on the measurements of κg and κγ ,

the uncertainty is reduced by O(15 %). It is further reduced by O(5%) when removing the experimental

systematic uncertainties. The compatibility of the SM hypothesis (2D) with the best fit point is 18%.

6.3.2 No assumption on the total width

By constraining some of the factors to be equal to their SM values, it is possible to probe for new non-SM

decay modes that might appear as invisible or undetectable final states. The free parameters are κg, κγ

and BRinv.,undet.. In this model the modification to the total width is parametrized as follows:

ΓH =
κ2

H(κi)

(1 − BRinv.,undet.)
ΓSM

H (50)

Figure 7(b) shows the likelihood as a function of BRinv.,undet. when κg and κγ are profiled. The

best fit values and uncertainties, and confidence level interval at 68% CL when profiling over the other

parameters are

κg = 1.1+1.4
−0.2 (51)

κγ = 1.2+0.3
−0.2 (52)

BRinv.,undet. < 0.68 (53)

The 95% confidence level interval on the invisible or undetectable branching fraction is BRinv.,undet. <

0.84. The 68% CL interval for the invisible or undetectable branching fraction without theory systematic

14
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Perspec?ve	  –	  HL-‐LHC	  

•  Show	  case	  
the	  poten?al	  
for	  HL-‐LHC	  
–  Precision	  

of	  a	  few	  
percent	  
seems	  	  
reachable	  

•  Ex.	  kv	  vs	  kF	  fit	  
with	  
(without)	  
theory	  
uncertainty	  
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Current th  
uncertainty 

300 fb�1 3000 fb�1

V 3.0% (5.6%) 1.9% (4.5%)
F 8.9% (10%) 3.6% (5.9%)

Table 2: Expected precision for the determination of the coupling scale factors V and F for 300 fb�1

and 3000 fb�1. Numbers in brackets include current theory systematic uncertainties.

2.3 Observation of the Higgs self coupling

In order to completely determine the parameters of the Standard Model and establish the Higgs mech-
anism as being responsible for electroweak symmetry breaking, the measurement of the Higgs self-
couplings and subsequent reconstruction of the Higgs potential is important. A direct analysis of the
Higgs boson trilinear self-coupling �HHH can be done via the detection of Higgs boson pair produc-
tion. At hadron colliders, the dominant production mechanism is gluon-gluon fusion, and for centre-
of-mass energies of 14 TeV, the production cross section of two 125 GeV Higgs bosons is estimated1

to be 34 +18%
�15% (QCD scale) ±3% (PDF) fb. Due to the destructive interference of diagrams involving

gg ! HH, the cross section is enhanced at lower values of �HHH; cross sections for �HHH/�S M
HHH = 0

and �HHH/�S M
HHH = 2 are ��=0 = 71 and ��=2 = 16 fb respectively.

A Higgs boson mass mH ⇡ 125 GeV implies a number of potential channels to investigate, due to a
wide spectrum of decay modes. Sensitivity studies at the generator level2 for the HL-LHC upgrade were
performed on just two channels, HH ! bb�� and HH ! bbW+W�, chosen for their clean signature and
high branching ratio, respectively3.

2.3.1 HH ! bbW+W� channel

The branching ratio of the HH ! bbW+W� channel is 25%, which results in 25k expected events in
3000 fb�1 at 14 TeV including all possible W boson decay modes. However the final state is identical
to tt-production giving a huge potential background to this decay mode. For this study the semi-leptonic
channel, where one W boson decays hadronically and the second one leptonically, is chosen.

Events are selected if they contain exactly one lepton, at least four jets with at least one of them
b-tagged and missing transverse momentum. The W- and the Higgs bosons are reconstructed using a �2

fitting-technique and events are selected if the masses of the WW- and bb-systems are close to the Higgs
boson mass.

The signal to background ratio before applying any smearing or object reconstruction e�ciencies is
of the order of 10�5, consistent with the results of Ref. [14]. The analysis cuts reduce the background
by two orders of magnitude but also a↵ect the signal e�ciency so that no constraints on the Higgs self-
coupling can be obtained from this channel.

2.3.2 HH ! bb�� channel

The HH ! bb�� channel has a branching ratio of 0.27%, resulting in a predicted yield of 260 events
in 3000 fb�1 of 14 TeV pp collisions. Several main backgrounds are considered; the irreducible ��bb,
bbH(H ! ��), Z(Z ! bb)H(H ! ��), ttH(H ! ��), and tt (with two electrons faking photons) which
have � ⇥ BR of 111, 0.124, 0.044, 1.71 and 5 ⇥ 105 fb respectively, compared to 0.087 fb for the signal.

1Cross sections at NLO calculated using the HPAIR package [13]. Theoretical uncertainties provided by Michael Spira in
private communications.

2Event files produced by Dolan, Englert and Spannowsky as described in [14].
3The bbbb final state has the highest branching ratio, but is expected to be too di�cult to extract from the huge background
4Cross-section taken directly from generator output
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