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Self introduction

Name : Haifeng Li (李海峰) , haifeng.li@cern.ch
Current : Postdoc at Stony Brook University since July of
2012, ATLAS
Research interest : Higgs physics at WW and di-muon
channels
Education

I Ph.D (2005/09-2008/09) : Shandong University, Pheno
I Ph.D (2008/10-2012/06) : Joint training Ph.D between

University of Wisconsin-Madison and SDU
Thesis : Search for Standard Model Higgs boson in
H →WW ∗ → lνlν decay mode with ATLAS detector at√

s = 7 TeV
Advisors : 梁作堂(SDU),吴秀兰 (UW, Madison)
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ATLAS detector (and comparison with CMS)

2

22m

15m

ATLASCMS

(A Toroidal LHC ApparatuS)Why x2 different size?

General Purpose LHC Detectors

Why ATLAS is 2 times bigger?
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Size of detectors

Size difference mainly due to ATLAS muon toroid system
ATLAS wants to measure 1 TeV muon at 10% level

Calorimetry : particle deceleration by
absorption (the larger, the better)

Tracker :
σpT

pT
=

8pT

0.3BL2σs R-
S

R

L
2

S
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Inner Tracker
ATLAS CMS

Size is more or less the same

But CMS has full silicon strip and pixel detectors - high
resolution, high granularity
ATLAS: silicon (strips and pixels) + Transition Radiation
Tracker (TRT)
And CMS has 4 Tesla solenoid magnetic fields. ATLAS has
2 Tesla for inner detector
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Calorimeter (EM)

ATLAS CMS

Liquid Argon (液氩) , Pb
Good energy resolution
Not so fast (450 ns)
Longitudinally segmented
Angular measurement
Radiation resistance

PbWO4 (钨酸铅)
Excellent energy resolution
Fast (�100 ns)
No longitudinally segmentation

No angular measurement
Less radiation tolerance

Haifeng Li (Stony Brook University) Higgs properties at ATLAS May 23, 2014 7 / 37



Muon Spectrometer
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Performance
ATLAS CMS 

Magnetic field 2 T solenoid  
+ toroid:  0.5 T (barrel), 1 T (endcap) 

4 T solenoid + return yoke 

Tracker Silicon pixels and strips  
+ transition radiation tracker 
�/pT  �  5 �10-4 pT  +  0.01  

Silicon  pixels and strips 
(full silicon tracker)  
�/pT  � 1.5 � 10-4 pT  + 0.005 

EM calorimeter Liquid argon + Pb absorbers  
�/E � 10%/�E + 0.007 

PbWO4 crystals 
�/E � 3%/�E + 0.003 

Hadronic 
calorimeter 

Fe + scintillator / Cu+LAr (10�) 
�/E � 50%/�E + 0.03 GeV 

Brass + scintillator (7 � + catcher) 
�/E � 100%/�E + 0.05 GeV 

Muon �/pT � 2% @ 50GeV to 10% @ 1TeV 
(Inner Tracker + muon system) 

�/pT � 1% @ 50GeV to 10% @ 1TeV 
(Inner Tracker + muon system) 

Trigger L1 + HLT (L2+EF) L1 + HLT (L2 + L3) 
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Introduction to Higgs physics

Higgs discovery has been
established with bosonic
channels (H → γγ,
H →WW → `ν`ν and
H → ZZ → 4`).
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Phys. Lett. B 716 (2012) 1-29 (Submitted: 2012/07/31)

Is the new boson responsible for the electroweak
symmetry breaking?
Have to measure the properties of the Higgs boson (mass,
coupling, spin and parity).
LHC Run I data : 7 TeV and 8 TeV (about 25 fb−1)
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Higgs boson production/decay arXiv:1307.1347

 [GeV] HM
80 100 120 140 160 180 200

 H
+X

) [
pb

]  
  

→
(p

p 
σ

-210

-110

1

10

210
= 8 TeVs

LH
C

 H
IG

G
S

 X
S

 W
G

 2
01

2

 H (NNLO+NNLL QCD + NLO EW)

→pp 

 qqH (NNLO QCD + NLO EW)

→pp 

 WH (NNLO QCD + NLO EW)

→pp 

 ZH (NNLO QCD +NLO EW)

→pp 

 ttH (NLO QCD)

→pp 

 [GeV]HM
80 100 120 140 160 180 200

H
ig

gs
 B

R
 +

 T
ot

al
 U

nc
er

t
-410

-310

-210

-110

1

LH
C

 H
IG

G
S

 X
S

 W
G

 2
01

3

bb

ττ

µµ

cc

gg

γγ γZ

WW

ZZ

0.1 1 10
10

-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

10
9

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

10
9

σσσσ
WH

(M
H
=125 GeV)

HE 

LHC

WJS2012

σσσσ
jet

(E
T

jet
 > 100 GeV)

σσσσ
jet

(E
T

jet
 > √√√√s/20)

σσσσ
ggH

(M
H
=125 GeV)

LHCTevatron

e
v
e

n
ts

 /
 s

e
c
 f

o
r 
L

 =
 1

0
3

3
 c

m
-2
s

-1

 

σσσσ
b

σσσσ
tot

proton - (anti)proton cross sections

σσσσ
W

σσσσ
Z

σσσσ
t

σ
   

σ
   

σ
   

σ
   

(( ((n
b

)) ))

√√√√s  (TeV)

mH=125 GeV
σ (pb) 7 TeV 8 TeV
ggF 15 19
VBF 1.2 1.6
WH 0.57 0.70
ZH 0.33 0.41
ttH 0.09 0.31

mH=125 GeV
Higgs decay BR
bb 57%
WW 22%
ττ 6.2%
ZZ 2.8%
γγ 0.23%
Zγ 0.154%
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How to probe different production modes
Higgs candidate events are selected from their decay states. Need to
disentangle different production modes to probe Higgs couplings

VH
q̄

q

H

V Leptons, missing ET or low-mass
dijets (from W/Z decays) not included in WW

or Zγ in this talk

VBF

q

q

H
Two forward jets with high di-jet
mass and large rapidity gap

ttH

g t

g t̄

H

Two top quarks : leptons, missing
ET , multi-jets or b-tagged jets not dis-

cussed in this talk

ggF
t

t

t

g

g

H The rest
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H → γγ

It’s the first analysis written in ATLAS Technical Design Report
(TDR), May 25, 1999

ATLAS detector and physics performance Volume II
Technical Design Report 25 May 1999

680 19   Higgs Bosons

For an integrated luminosity of 100 fb−1, a Standard Model Higgs boson in the mass range be-
tween 105 GeV and 145 GeV can be observed with a significance of more than 5σ by using the
H→ γγ channel alone. Table 19-2 also contains the estimated significances of the H→ γγ channel
for an integrated luminosity of 30 fb-1, corresponding to the first three years of LHC operation.
The significances at low luminosity have been evaluated by taking the resulting improvements
in mass resolution and background rejection into account. A signal in the γγ channel can only be
seen in this case with a significance of ∼ 4σ over a narrow mass range between 120 and 130 GeV.

The significances quoted in Table 19-2 are slightly higher than the ones given in the Technical
Proposal. The main reason for this is the removal of the so called pT-balance cut, which was ap-
plied in order to suppress bremsstrahlung background. Although without this cut the back-
ground increases, there is a net gain in the significance. Another reason is the slightly improved
mass resolution which is mainly due to a more sophisticated photon energy reconstruction, sep-
arating converted and non-converted photons. These gains are somewhat offset by the higher
reducible background.

As an example of signal reconstruction above background, Figure 19-4 shows the expected sig-
nal from a Higgs boson with mH = 120 GeV for an integrated luminosity of 100 fb-1. The H→ γγ
signal is clearly visible above the smooth γγ background, which is dominated by the irreducible
continuum of real photon pairs.

19.2.2.2 Associated production: WH, ZH and ttH

The production of the Higgs boson in association with aW or a Z boson or with a tt pair can also
be used to search for a low-mass Higgs boson. The production cross-section for the associated
production is almost a factor 50 lower than for the direct production, leading to much smaller
signal rates. If the associated W/Z boson or one of the top quarks is required to decay leptoni-
cally, thereby leading to final states containing one isolated lepton and two isolated photons, the
signal-to-background ratio can nevertheless be substantially improved with respect to the direct
production. In addition, the vertex position can be unambiguously determined by the lepton
charged track, resulting in better mass resolution at high luminosity than for the case of direct
H→ γγ production.

Figure 19-4 Expected H → γγ signal for mH = 120 GeV and for an integrated luminosity of 100 fb-1. The signal
is shown on top of the irreducible background (left) and after subtraction of this background (right).
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H → γγ

It was the first smoking gun for Higgs at LHC (CERN Council
Meeting, December of 2011)

The%CERN%december%2011%Council%Mee/ng%
The%first%evidence%

%
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H → γγ : analysis overview

Signal : narrow peak. Good
mass resolution (about 1.7 GeV
for mH = 120 GeV)
Background composition : SM
di-photon (irreducible, about
75%), γ-jet and jet-jet fake (about
25%)  [GeV]γγm
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Data 2012

Fine η granularity of first layer
can help reject π0 background
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H → γγ : vertex determination

Di-photon mass resolution is
related to angular resolution :
mγγ = 2E1 × E2 × (1− cos θ)

Vertex determination becomes
more difficult with presence of
multiple interactions per bunch
crossing (pile-up)
Thanks to the Longitudinal
segmentation of ATLAS EM
calorimeter
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with(di.photon(kinema8cs
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Daniele del Re H➝γγ with CMS and  ATLAS 

CMS VERTEX DETERMINATION

8
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5 

Z ! µ+ µ-  with 20 reconstructed pp vertices  

Haifeng Li (Stony Brook University) Higgs properties at ATLAS May 23, 2014 16 / 37



H → γγ : mass and coupling

Analysis strategy
Two isolated photons with large
transverse momentum
(pT > 40,30 GeV)
Fitting background and signal
using analytic functions
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Phys. Lett. B 726 (2013), pp. 88-119

7.4σ

mHiggs = 126.8±0.2(stat)±0.7(syst) GeV

Signal strength (µ ≡ σ · BR
(σ · BR)SM exp.

) = 1.55+0.33
−0.28
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H → ZZ ∗ → 4µ candidate



H → ZZ (∗) → 4` : Mass and Coupling

p1,2,3,4
T > 20,15,10,(6)7 GeV (µ)e

Background : Continuum ZZ ∗ :
normalization, shape both taken
from MC simulation. Z+jets, t t̄ :
normalized from data control
regions
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6.6σ

7+8 TeV; 120 < m4l < 130 GeV

32 events selected in the data, one and zero candidates
are found in the VBF–like and VH–like categories, re-
spectively, compared with an expectation of 0.7 and 0.1
events from the signal and 0.14 and 0.04 events from the
background.

Additional interpretation of these results is presented
in Section 7.

Table 7: For the H!ZZ"! 4! inclusive analysis, the number of
expected signal (mH = 125 GeV) and background events, together
with the number of events observed in the data, in a window of size
±5 GeV around m4! = 125 GeV, for the combined

#
s = 7 TeV and#

s = 8 TeV data.

Signal ZZ" Z + jets, t  t Observed
4µ 6.3±0.8 2.8±0.1 0.55±0.15 13

2e2µ/2µ2e 7.0±0.6 3.5±0.1 2.11±0.37 13
4e 2.6±0.4 1.2±0.1 1.11±0.28 6

6. The H!WW"! !"!" channel

This decay mode provides direct access to the Higgs
boson couplings to W bosons. Its rate is large, but a
narrow mass peak cannot be reconstructed due to the
presence of two neutrinos in the final state. The recon-
structed topology consists of two opposite-charge lep-
tons and a large momentum imbalance from the neutri-
nos. The dominant SM backgrounds are WW (which
includes WW"), t  t and Wt, all of which produce two
W bosons. The classification of events by jet multiplic-
ity (Njet) allows the control of the background from top
quarks, which contains b-quark jets, as well as the ex-
traction of the signal strengths for the ggF and VBF pro-
duction processes. For the hypothesis of a SM Higgs
boson, the spin-zero initial state and the V $ A struc-
ture of the W-boson decays imply a correlation between
the directions of the charged leptons, which can be ex-
ploited to reject the WW background. These correla-
tions lead to the use of quantities such as the dilepton
invariant massm!! and angular separation!"!! in the se-
lection criteria described below. Drell–Yan (DY) events
(pp ! Z/#" ! !!) may be reconstructed with signifi-
cant missing transverse momentum because of leptonic
$ decays or the degradation of the Emiss

T measurement
in the high pile-up environment of the 2012 run. Fi-
nally, W+jets production in which a jet is reconstructed
as a lepton, and the diboson processes W#("), WZ, and
ZZ", are also significant backgrounds after all event se-
lection.

The studies presented here are a significant update of
those reported in Ref. [2]. The signal regions considered

include ee, eµ, and µµ final states with zero, one, or at
least two reconstructed jets. The Njet % 2 analysis has
been re-optimised to increase the sensitivity to Higgs
boson production through VBF for mH = 125 GeV. Im-
proved DY rejection and estimation techniques have al-
lowed the inclusion of ee and µµ events from the 8 TeV
data. The analysis of the 7 TeV data, most recently
documented in Ref. [103], has been updated to apply
improvements from the 8 TeV analysis, including more
stringent lepton isolation requirements, which reduce
the W+jets background by 40%.

6.1. Event selection
Events are required to have two opposite-charge lep-

tons (e or µ) and to pass the same single-lepton triggers
as described in Section 5 for the H ! ZZ" channel. The
leading lepton must satisfy pT > 25 GeV and the sub-
leading lepton pT > 15 GeV. Electron and muon iden-
tification and isolation requirements (see Ref. [2]) are
more restrictive than those used in the H ! ZZ" analy-
sis in order to suppress the W+jets background.

In the ee/µµ channels, Z!!! and low-mass
#"!!! events, including J/% and " production,
are rejected by requiring |m!! $mZ |> 15 GeV and
m!! > 12 GeV, respectively. In the eµ channels, low-
mass #"! $$! e&&µ&& production is rejected by im-
posing m!! > 10 GeV.

Drell–Yan and multi-jet backgrounds are sup-
pressed by requiring large missing transverse mo-
mentum. For Njet & 1, a requirement is made
on Emiss

T, rel = E
miss
T · sin |!"closest|, where !"closest is the

smallest azimuthal angle between the Emiss
T vector and

any jet or high-pT charged lepton in the event; if
|!"closest| > '/2, then Emiss

T, rel = Emiss
T is taken. For ad-

ditional rejection of the DY background in the ee/µµ
channels with Njet & 1, the track-based pmiss

T described
in Section 2 is used, modified to pmiss

T, rel in a similar way
as Emiss

T, rel. For these channels, requirements are also
made on frecoil, an estimate of the magnitude of the soft
hadronic recoil opposite to the system consisting of the
leptons and any accompanying jet, normalised to the
momentum of the system itself. The frecoil value in DY
events is on average larger than that of non-DY events,
where the high-pT system is balanced at least in part by
recoiling neutrinos.

The Njet % 2 analysis uses Emiss
T instead of Emiss

T, rel be-
cause the larger number of jets in the final states re-
duces the signal e#ciency of the Emiss

T, rel criterion. For
the ee/µµ channels with Njet % 2, an Emiss

T variant called
“Emiss

T, STVF” is also employed. In the calculation of
Emiss

T, STVF, the energies of (soft) calorimeter deposits

10

Signal strength
µ = 1.43+0.40

−0.35

mH =
124.3+0.6

−0.5(stat.)+0.5
−0.3(sys.) GeV
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H →WW (∗) → `ν`ν Overview

Feature : large production rate but
with poor mass resolution

Observable :
mT =

√
(E ll

T + Eνν
T )2 − |~pll

T + ~Eνν
T |2

Categories : Same Flavor (ee/µµ)
and Different Flavor (eµ) with 0, 1
and ≥ 2 jets
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2 jets
Observed excess : 3.8σ
(mH = 125.5 GeV)
Signal strength µ = 0.99+0.31

−0.26
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Coupling Combination

Take input from previous public individual channels but
with new luminosity calibration. So the results is slightly
different.
Also include H → ττ and H → bb channels
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Coupling Combination - ATLAS-CONF-2014-009

Statistical Procedure
Likelihood : Poisson probabilities with parameter of interest (POI) and
nuisance parameters.

L(data|µ, θ) = Poisson(data|µ× s(θ) + b(θ))× p(θ̃|θ) (1)

Signal strength µ is tested with test statistics

qµ = −2 ln Λ(µ) = −2 ln{L(µ, ˆ̂
θ(µ))

L(µ̂, θ̂)
} (2)

Combined likelihood is the product of likelihoods from different
channels,

L(data|µ, θ) =
∏

i

Li(datai |µ, θi) (3)

Global fitting with combined likelihood
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Overall Signal Strength - µ
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Different Production Modes
ggF and ttH are probing Higgs fermion coupling. VBF and VH
are probing coupling between Higgs and vector bosons
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Evidence for VBF Production

ggF+ttH
µ / 
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µVBF/µggF+ttH = 1.4+0.5
−0.4(stat)+0.4

−0.3(sys). Compatibility with
µVBF = 0 is 4.1 σ
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Coupling Fitting Beyond Signal Strengths

κg κγ

Assume narrow width approximation

σ × BR(i → H → f ) =
σi · Γf

ΓH

κg =
σ
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Fermion and Vector Gauge Coupling
Define κV = κW = κZ ,
κF = κt = κb = κτ = κg
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Figure 5: Results of fits for the 2-parameter benchmark model defined in Section 5.2.1 that probe di↵erent
coupling strength scale factors for fermions and vector bosons, assuming only SM contributions to the
total width: (a) Correlation of the coupling scale factors kF and kV ; (b) the same correlation, overlaying
the 68% CL contours derived from the individual channels and their combination; (c) coupling scale
factor kV (kF is profiled); (d) coupling scale factor kF (kV is profiled). The dashed curves in (c) and (d)
show the SM expectations. The thin dotted and dash-dotted lines in (c) indicate the continuations of the
likelihood curves when restricting the parameters to either the positive or negative sector of kF .
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best-fit values : κV = 1.15± 0.08, κV = 0.99+0.17
−0.15
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Spin/CP Measurement
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Higgs Spin/CP Models
In SM, Higgs is spin-0 and
CP even (JP = 0+)
Alternative hypothesis can
be JP = 0−, 1+, 1−, 2+.
Detail can be found in Phys.
Rev. D 81 (2010) 075022,

ZZ ∗ WW ∗ γγ

0− " - -
1−,1+ " " -

2+ " " "

Spin-2 model

Lots of possibilities for spin-2. A specific one, 2+
m, is chosen.

Graviton-inspired tensor with minimal coupling to SM particles
(4% qq, 96% gg at LO).
Fraction of qq (fqq̄) can be very different with higher-order QCD
corrections.
Instead of assigning systematics, we perform a scan for fqq̄ (0%,
25% , 50% , 70%, 100%)
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H → γγ : Spin/CP
Separate 0+ and 2+ spin hypotheses using angular correlation

between the two photons (cos θ∗cs =
sinh(ηγ1 − ηγ2)√
1 + (pγγ/mγγ)2
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Side bands: 1-D fit with mγγ

2+ (fqq̄=0) is excluded at
99.3% C.L.
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H → ZZ (∗) → 4` : Spin/CP
Only select events within m4` [115, 130] GeV
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ATLAS-CONF-2013-013

BDT input variables
Production and decay angles : θ∗, Φ1, Φ, θ1, θ2

m12 (the lepton pair close to Z mass) and m34

0− and 1+ are excluded above 97.8% C.L.
2+ (fqq̄ ≥ 25%) : excluded with a C.L. above 96%
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Measurements with H →WW (∗) → `ν`ν

Spin measurement uses different flavor channels only.
BDT method is used. The four variables used for training
are mll , pT ,ll , ∆φll and mT (main analysis is cutting on
∆φll < 1.8)
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Phys. Lett. B 726 (2013), pp. 88-119

∆φll mll pT ,ll

1+ : excluded at 92% C.L.
1− : excluded at 98% C.L.

2+ (all fqq̄) : excluded with
a C.L. above 95%
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Summary for Higgs Spin/CP Measurements

JP Channels Exclusion [C.L.]
0− ZZ excluded at 97.8%
1+ ZZ/WW excluded at 99.9%
1− ZZ/WW excluded at 99.7%
2+ ZZ/WW/γγ excluded > 99%
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Conclusion

Have measured the Higgs properties using full
LHC Run I data with ATLAS detector

All measurements are consistent with SM
expectation

Strong evidence for spin-0 nature of the Higgs
boson

Higgs boson does not universally couple to
fermions (which is different from gauge bosons)

Haifeng Li (Stony Brook University) Higgs properties at ATLAS May 23, 2014 34 / 37



Outlook for LHC Run II
Basic facts about Run II

Time interval between two bunches : 25 ns
CME of p-p : 13 TeV and 14 TeV
µ (average interaction per bunch crossing) about 40
Integrated luminosity : 100 fb−1

Higgs physics priority for Run II
Fermion coupling

I ttH (promising)
I H → bb (will benefit from the newly installed IBL, but will

suffer from higher single lepton trigger threshold)

Search for a ’second Higgs’ at higher mass
VBF production
VBS
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Statistical method for spin/parity

Likelihood function for spin/parity measurement

3. Statistical method

The analyses described in this Letter rely on discrim-
inant observables chosen to be sensitive to the spin and
parity of the signal while preserving the discrimination
against the various backgrounds, as described in Sec-
tions 4, 5 and 6 for the three final states. A likelihood
function L(JP, µ, ✓) that depends on the spin–parity as-
sumption of the signal is constructed as a product of
conditional probabilities over binned distributions of the
discriminant observables in each channel:

L(JP, µ, ✓) =
Nchann.Y

j

NbinsY

i

P
�
Ni, j | µ j · S (JP)

i, j (✓) + Bi, j(✓)
� ⇥A j(✓) ,

(1)

where µ j represents the nuisance parameter associated
with the signal rate in each channel j. The symbol
✓ represents all other nuisance parameters. The likeli-
hood function is therefore a product of Poisson distribu-
tions P corresponding to the observation of Ni, j events
in each bin i of the discriminant observable(s),1 given
the expectations for the signal, S (JP)

i, j (✓), and for the
background, Bi, j(✓). Some of the nuisance parameters
are constrained by auxiliary measurements through the
functionsA j(✓).

While for the SM Higgs boson the couplings to the
SM particles are predicted, they are not known a priori
for the alternative hypotheses, defined as JP

alt. In order to
be insensitive to such assumptions, the numbers of sig-
nal events in each channel and for each tested hypothe-
sis are treated as an independent nuisance parameters in
the likelihood.

The test statistic q used to distinguish between the
two signal spin–parity hypotheses is based on a ratio of
likelihoods:

q = log
L(JP = 0+, ˆ̂µ0+ ,

ˆ̂✓0+ )

L(JP
alt,

ˆ̂µJP
alt
, ˆ̂✓JP

alt
)
, (2)

where L(JP, ˆ̂µJP , ˆ̂✓JP ) is the maximum likelihood esti-
mator, evaluated under either the 0+ or the JP

alt spin–

parity hypothesis. The ˆ̂µJP , ˆ̂✓JP represent the values
of the signal strength and nuisance parameters fitted

1As explained in the following sections, the sensitivity for spin–
parity separation is improved by a simultaneous fit to two discrim-
inants in the H! �� and H ! WW⇤ decay modes, while in the
H ! ZZ⇤ channel only one discriminant is used.

to the data under each JP hypothesis. The distribu-
tions of the test statistics for each of the two hypothe-
ses are obtained using ensemble tests (Monte Carlo
pseudo-experiments). The generation of the pseudo-
experiments uses the numbers of signal and background
events in each channel obtained from maximum likeli-
hood fits to data. In the fits of each pseudo-experiment,
these and all other nuisance parameters are profiled, i.e.
fitted to the value that maximises the likelihood for each
value of the parameter of interest. When generating the
distributions of the test statistics for a given spin–parity
hypothesis, the signal strength µ is fixed to the value ob-
tained in the fit to the data under the same spin–parity
assumption. The distributions of q are used to deter-
mine the corresponding p0-values p0(0+) and p0(JP

alt).
For a tested hypothesis JP

alt, the observed (expected)
p0-values are obtained by integrating the corresponding
test-statistic distributions above the observed value of q
(above the median of the JP = 0+ q distribution). When
the measured data are in agreement with the tested hy-
pothesis, the observed value of q is expected to be close
to the median, corresponding to a p0-value around 50%.
Very small values of the integral of the JP

alt distribution,
corresponding to large values of q, are interpreted as the
data being in disagreement with the tested hypothesis
in favour of the SM hypothesis. An example of such
distributions is shown in Section 7 for the 0+ and 0�

hypotheses.
The exclusion of the alternative JP

alt hypothesis in
favour of the Standard Model 0+ hypothesis is evaluated
in terms of the corresponding CLs(JP

alt), defined as:

CLs(JP
alt) =

p0(JP
alt)

1 � p0(0+)
. (3)

4. H! �� Analysis

The H! �� decay mode is sensitive to the spin of
the Higgs boson through the measurement of the po-
lar angular distribution of the photons in the resonance
rest frame. For this channel, the SM spin hypothesis
is compared only to the JP = 2+ hypothesis. Spin in-
formation can be extracted from the distribution of the
absolute value of the cosine of the polar angle ✓⇤ of the
photons with respect to the z-axis of the Collins–Soper
frame [27]:

| cos ✓⇤| = | sinh(�⌘��)|q
1 + (p��T /m��)

2

2p�1T p�2T

m2
��

, (4)

where m�� and p��T are the invariant mass and the trans-
verse momentum of the photon pair, �⌘�� is the separa-
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Figure 8.1 (a) Determination of a p-value of a hypothesized value of µ . The area of
shaded region is p-value. (b) Illustration of the correspondence between the significance
Z and a p-value [17].

The H!WW (⇤)!`n`n is using profile likelihood ratio as the test staticstics,

l (µ) =
L(µ, ˆ̂q(µ))

L(µ̂, q̂)
, (8.7)

where ˆ̂q denotes the value of q that maximizes L for fixed µ , q̂ is the maximum-likelihood esti-

mator of q . If l (µ) is close to one, it means data has good agreement with the hypothesis with

signal strength µ value. Usually the log-likelihood ratio,

qµ = �2lnl (µ), (8.8)

is used for convenience. If qµ is higher, the agreement between data and model is worse. qµ has a

sampling distributions f (qµ |µ). A p-value is defined to quantify the difference between data and

model,

pµ =
Z •

qµ ,obs
f (qµ |µ)dqµ , (8.9)

H → γγ Spin/CP : cos(θ∗)

θ∗ is defined in Collins-Soper frame : the center of mass frame
of di-photon
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