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A Phenomenological Profile of the Higgs Boson
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found 
me 

I was 
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4th JULY 2012
Higgs Hunters’ Independence Day
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17 september 2012
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3000 Signatures!

3000 Signatures!
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Thanks to the LHC Team
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ATLAS: Status of SM Higgs searches, 4/7/2012 7 

BIG THANKS 

To the whole LHC exploitation team, including the operation, technical  
and infrastructure groups, for the OUTSTANDING performance  of the 
machine, and to all the people who have contributed to the conception,  
design, construction and operation of this superb instrument 
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A dream comes true:  27 fb-1 by 2012

13

~1 H->γγ is produced every 50’  at 7x1033

~1 1H->4l is produced every 14h at 7x1033



Eilam Gross, Higgs Symposium, Edinburgh, January 2013

Higgs Production @ the LHC
Higgs hardly couples to u & d quarks (which make protons)

To produce a Higgs Boson in P-P collisions 4 processes are 
used: ggF, VBF, Associate Production and ttH

14

ggF
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Higgs Production @ the LHC
Higgs hardly couples to u & d quarks (which make protons)

To produce a Higgs Boson in P-P collisions 4 processes are 
used: ggF, VBF, Associate Production and ttH
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VBF
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Higgs Production @ the LHC

16

AP

Higgs hardly couples to u & d quarks (which make protons)

To produce a Higgs Boson in P-P collisions 4 processes are 
used: ggF, VBF, Associate Production and ttH



Eilam Gross, Higgs Symposium, Edinburgh, January 2013

Higgs Production @ the LHC

17

ttH

Higgs hardly couples to u & d quarks (which make protons)

To produce a Higgs Boson in P-P collisions 4 processes are 
used: ggF, VBF, Associate Production and ttH
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Higgs Decay Modes
The Higgs Boson couples stronger to the 
heaviest kinematically available particles 
pair

A light Higgs (mH~125 GeV) decays to 
ττ and mainly to a pair of bottom Quarks 
(bb)

But H->bb is hard to detect or trigger on 
(only via its association with a W or a Z)

Leptons (electrons or muons) and photons 
are easy to trigger on and detect.

 Though BR(H->gamma gamma)~10-3, 
H->gamma gamma is the favorite 
experimental channel for a Higgs with 
mH~110-130

18
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Higgs Decay Modes
Once the Z and W channels are open (mH>120) it decays to 
ZZ* and WW*

The Higgs decay modes are classified according to the decays 
of the daughter bosons, thus the main decay modes are

the golden channel 4l=4 leptons

and other WW or ZZ channels

19
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mH=125 GeV

20
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mH=125 GeV

21

For a channel to be usable, we must be able to trigger it

Most efficient and clean triggers are photon or lepton based
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mH=125 GeV
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For a channel to be usable, we must be able to trigger it

Most efficient and clean triggers are photon or lepton based
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mH=125 GeV

22

For a channel to be usable, we must be able to trigger it

Most efficient and clean triggers are photon or lepton based

bb can still be triggered via VH->Vbb
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Electroweak measurements are Higgs backgrounds

Good agreement with theory , W, Z, tt become a challenge for theory

Systematics dominate

Higgs cross section same order of magnitude as Di-Boson production (WW,WZ,ZZ)

23

σ (ppà H) mH=125 GeV = 22 pb

Inner error: statistical
Outer error: total

Number of events selected in 
full 2010-2012 dataset
(25 fb-1)

W ->ℓv    ~ 100 M# #

Z->ll       ~  10 M
tt-> ℓ+X   ~  0.4 M (top factory)

SM Higgs ~400

~1 H->γγ (1H->4l) produced 
every 50’ (14h) at 7x1033
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mH=125 GeV Channels Weight

Probing 
mH=125 GeV 

Probing 
channels:

H->γγ
H->4l
H->WW->lvlv

vH-> Vbb,
H-> ττ
 

24
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H->γγ  the “grey” became gold

Probing 
mH=125 GeV

Probing 
channels:

H->γγ
H->4l
H->WW->lvlv

vH-> Vbb,
H-> ττ
 

25

wi 
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H->γγ  
 Clean signature: 2 energetic 
isolated photons->narrow mass peak
ET (γ1, γ2) > 40, 30 GeV

A narrow peak is searched for 
over a large, smooth 
background.

26

Prod Luminosity BG Signal
 (126.5 GeV) s/b

ggF, VBF, VH 4.9+13 fb-1 γγ,jj,γj
~2-30

(total ~300)
2%-20%

σxBR~50fb 
@ mH=125
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Needs a powerful γ/jet separation to suppress 
γj and jj background
 with jet -> π0 faking single γ

The fine longitudinal and lateral segmentation and pointing 
geometry of the ATLAS EM calorimeter enable good γγ 
angular separation and better Z-vertex determination.
This is crucial in  high pile up environment and 
in identifying fake photons from pions

 

H->γγ   Experimental Aspects

27

H  γγ 

jj 

γj 

~ 500 μb 

~ 200 nb 

~ 30 pb 

~ 40 fb 

mγ 1γ 2
2 = 2Eγ 1

Eγ 2
1− cos(γ 1,γ 2 )( )

Present understanding of 
calorimeter E response 
from tag&probe Z->ee, 
J/ψ ->ee, W->eν data and 
MC->
Excellent mass resolution η-strips

ET~ 21 GeVET~ 32 GeV

Mass resolution is 
not affected by pile up
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H->γγ  
A narrow peak is searched for over a 
large, smooth background.

To increase sensitivity Data are split into 12 
exclusive categories based on 
direction of photons (detector region) ,

conversion mode (which affect γγ mass 

resolution, which is excellent)
and pT

γγ perpendicular to γγ thrust axis

High mass di-jet - High mass dijet (400 GeV) 
with large η separation (targetting VBF)

1-lepton - target W/Z/ttH

Low mass di-jet - Low mass dijet 
(60<mjj<100 GeV) (targetting W/ZH)

28

New
 2012

mγγ was fit (per category) with 
exponential or polynomial 
functions for background plus a 
sum of Crystal Ball and Gaussian 
(tails) for signal.

Background was fitted from data
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H->γγ  

29

After all selections with *TeV 
&  13 fb-1 @126 GeV:
77430 events observe
Expected signal 250 Eventsd
 (10% from VBF/VH)
~8280 BG events expected in
 signal region (inclusive)
~8800 observed (inclusive)
S/B~3% inclusive 
(20% for VBF)

Overall mass resolution 1.6 GeV
Photon Efficiency ~85%
BG composition: 
75%γγ, 22%γj, 3%jj
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Exclusion: CLs

30

µ =
σ

σ SM (mH )

->CLs measures the compatibility of the data 
with the signal hypothesis.
->If CLs<5% the signal hypothesis is excluded 
at the 95% CL

->μup is the signal strength for which CLs=5%

-> If μup<1 => σ(mH)<σSM

   =>mH is excluded at the 95% Confidence Level
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γγ Exclusion

31



->p0 measures the compatibility of the data 
with the NO-HIGGS hypothesis.

->If p0=0.025 the NO-HIGGS hypothesis is 
rejected at the 2σ level

p0 = Prob(q0 > q0
obs | H0 )

q0 = −2 log
max{b}L(b)

max{µ ,b}L(µs(mH ) + b)

Discovery p0
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γγ p0

33

Mass 
@ 

peak
Exp. Obs.

2011 126 1.6σ 3.3σ

2012 126.5 2.9σ 5.1σ

Comb. 126.5 3.3σ 6.1σ

Global significance (LEE) is 5.4σ confirming the 
discovery of a new particle
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Mass Measurement

34

mH = 126.6 ± 0.3 (stat)± 0.7 (syst) GeV

 [GeV]Hm
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)
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 preliminaryATLAS
=7TeVs, -1Ldt=4.8fb0

=8TeVs, -1Ldt=13.0fb0

All syst.
Without MSS
Without syst.
Best fit
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γγ Signal Strength

Best fit mass 126.6 GeV

35

)µSignal strength (
0 0.5 1 1.5 2 2.5 3

Combined

July - September
      2012 data

March - June
   2012 data

2011 data
ATLAS Preliminary
Data 2011 + 2012

 = 7 TeVs
-1 Ldt = 4.8 fb0

 = 8 TeVs
-1 Ldt = 13.0 fb0

aa ASM H 
 = 126.5 GeV)

H
(m

µ̂ = 1.8 ± 0.3 (stat)−0.15
+0.29 (syst)−0.14

+0.21  (theory)
Theory contains QCD scale, PDF+αs and BR unc.

The probability for SM Higgs to fluctuate to the observed μ is 2.4σ

µ̂ = µ L µs(mH ) + b( ) = maxL(µ,b){ }
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Diphoton Mass Scale Uncertainty

The statistical significance of the peak being at the level of ~ 6 sigma, 
and the overall uncertainty at the level of 650 MeV

The Likelihood has a second maximum, around mu=0., occurs when the 
hypothesized pdf is too far away from the data bump and the diphoton 
mass scale uncertainty nuisance parameters cannot make up for it. 

36

µ̂ = µ L µs(mH ) + b( ) = maxL(µ,b){ }

Due to MSU signal 
strength is not dependent on mass
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γγ Signal Strength

37

Fermion couplings
ggF+ttH

Vector Boson
coplings
VBF+VH

SMB/B×
ggF+ttH
µ

-1 -0.5 0 0.5 1 1.5 2 2.5 3 3.5 4

SM
B/

B
×

VB
F+
VH

µ

-2
-1
0
1
2

3
4

5
6
7

 PreliminaryATLAS
2011-2012

=126.6GeVHm

 = 7 TeVs, -1Ldt = 4.8 fb0
 = 8 TeVs, -1Ldt = 13.0 fb0

Best fit
68% CL
95% CL
SM

(1.8,	  2.0)
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γγ Spin
Using the angular distribution 
of the photons in the helicity 
ref frame (Collins-Soper) 

Spin 0 hypothesis 
dN/dcosθ*~flat (before cuts)

Spin 2 hypothesis
dN/dcosθ*~1+6cos2θ*+cos4θ*

We find a slight preference for 
spin 0 over spin 2 (graviton-like 
particle)

38
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The Golden Channel H->ZZ->4l

Probing 
mH=125 GeV

Probing 
channels:

H->γγ
H->4l
H->WW->lvlv

vH-> Vbb,
H-> ττ
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4 leptons

40

4e candidate with mass = 124.5 GeV

σxBR~2,5fb 
@ 125
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4 leptons

41

4μ candidate with mass = 124.1 GeV
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4 leptons

42

2e2μ candidate with mass = 122.7 GeV
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Prod Luminosity BG Signal
 (126.5 GeV) s/b

Inclusive 4.9+13 fb-1 ZZ*,Zbb,
Z+jets, top

~10 ~1

The Golden Channel: H->ZZ->4l
CLEAN but very low rate (σ~2-5fb), yet robust

All information is available, one can fully reconstruct the kinematics and the masses (m2l, m4l)

Signature: Two pairs of same flavor opposite charged isolated leptons, one or both compatible 
with Z ->narrow peak

43

ee

Main backgrounds:

ZZ* (irreducible)
Zbb, Z+jets, tt

Suppress backgrounds with 
isolation and impact parameters 
cuts on two softest leptons

e

μ

μ
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The Golden Channel: H->ZZ->4l

44
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4ℓ
The resolution of the 
reconstructed Higgs boson 
mass is dominated by 
detector resolution at low 
mH values and by the Higgs 
boson width at high mH.

Candidates account:

45

Expected 
from BG

mH=125 
GeV Observed

8.3±0.3 9.9±1.3 18
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Validating 4ℓanalysis method
Demonstrating the single-
resonant peak
 pp-> Z-> 4leptons 

To improve the acceptance 
the requirements on m12, 
m34 and the leptons pT 
were relaxed

46



Eilam Gross, Higgs Symposium, Edinburgh, January 2013

Exclusion

47



Eilam Gross, Higgs Symposium, Edinburgh, January 2013

4ℓdiscovery excess is confirmed

48

2011 2012 Combi
ned

Mass 124.1 
GeV

123.3 
GeV

123.5 
GeV

Exp 1.4σ 2.8σ 3.1σ

Obs 2.5σ 3.4σ 4.1σ
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4ℓdiscovery excess is confirmed

49

µ̂ = 1.3± 0.4

2011 2012 Combi
ned

Mass 124.1 
GeV

123.3 
GeV

123.5 
GeV

Exp 1.4σ 2.8σ 3.1σ

Obs 2.5σ 3.4σ 4.1σ

mH = 123.5 ± 0.9(stat)± 0.3(syst)
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4ℓSpin & CP

50

Use the distributions of
 5 production and decay angles, m12 and m34 
fed into BDT or MELA (Matrix Element) 
discriminant.

H1 = 2
+

H0 = 0
+
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pH1 = Prob(moreH1-like |H1)
pH1 (exp |H0 ) = 20%(0.86σ ),
pH1 (obs) = 16%(1σ )
pH0 (obs) = 57%(−0.18σ )

4ℓSpin & CP test Jp=2+

51

H1 = 2
+

H0 = 0
+

Which means
assuming Jp=0+ 0ne has 
the sensitivity to exclude 
2+ at the 80% CL and 
excludes it at the 84% CL

q = log L(H0 )
L(H1)
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pH1 = Prob(moreH1-like |H1)
pH1 (exp |H0 ) = 4.1%(1.7σ ),
pH1 (obs) = 1.1%(2.3σ )
pH0 (obs) = 69%(−0.5σ )

4ℓSpin & CP, test Jp=0-

52

H1 = 0
−

H0 = 0
+

Which means
assuming Jp=0+ 0ne has the 
sensitivity to exclude 0- at 
the 96% CL and excludes it 
at the 99% CL

q = log L(H0 )
L(H1)
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 H->WW

Probing 
mH=125 GeV

Probing 
channels:

H->γγ
H->4l
H->WW->lvlv

vH-> Vbb,
H-> ττ
 

53
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H->WW->eνμν 

54

μ

e

ETmiss

Prod Luminosity BG Signal
 (126.5 GeV) s/b

ggF
13 fb-1

8 TeV only
WW, 

W+jets, top
~110 ~1/10

σxBR~200 fb 
@ 125
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H->WW->eνμν

55

μ

e

b

top BG, 
Rejected by 
b-tag veto

WW can be 
reduced by 
exploiting the 
Higgs spin, 
require small 
ΔΦll
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H->WW->lνlν
Main background from WW, 
top,
 Z+jets, W+jets 
->Use of control regions to 
estimate fakes

A control region is defined rich in 
the measured BG (e.g. WW or 
top), contaminations are being 
subtracted and then the BG is 
extrapolated to the signal region 
(mostly using MC)
Example: b-tag is inverted to 
estimate Top BG

56

top 1j control region

WW 0j control region
Require b-tag  (inverse b-tag veto)

mll<50 -> mll>80
same sign 0 j control region
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-> large ETmiss, mll incompatible with 
mZ (DY),
-> b jet veto (tt), 
->Topological cuts against irreducible 
WW (ΔΦll)

Discriminating variable mT 

H->WW->lνlν

The cannel is challenging
2 neutrinos- no mass 
reconstruction ->mT

Signature: 2 high pT opposite 
sign isolated leptons with large 
ETmiss->Understanding of ETmiss is 
crucial

Two Jet bins: +0j, +1

57

mT = (ET
ll + ET

miss )2 + (pT
ll + pT

miss )2

Obs in mass bin 
0.75mH<mT<mH

546 Events

Exp (BG) 448±45

Exp (Higgs) 63±13
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H->WW->eνμν

58

mT = (ET
ll + ET

miss )2 + (pT
ll + pT

miss )2
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H->WW->eνμν
Observed p0 @ 
125 GeV: 4x10-3 
(corresponds to 2.6σ)

Expected significance @ 
125 GeV is 1.9σ

59
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H->WW->eνμν
Observed p0 @ 
125 GeV: 4x10-3 
(corresponds to 2.6σ)

Expected significance @ 
125 GeV is 1.9σ

Consistent with SM 
Higgs Boson

60

µ̂(125GeV ) = 1.5 ± 0.6
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The Fermionic Channels

Probing 
mH=125 GeV

Probing 
channels:

H->γγ
H->4l
H->WW->lvlv

vH-> Vbb,
H-> ττ
 

61
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H->bb: W/ZH->W/Zbb

62

Prod Luminosity BG Signal
 (126.5 GeV) s/b

VH 4.9+13 fb-1 W/Zbb, top ~50 ~1-5%

σ × BR
(mH = 125GeV ) ~ 150 fb
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H->bb: W/ZH->W/Zbb
H->bb is the dominant decay 
of a low
 mass Higgs.
 It also extremely important  
to measure Higgs couplings.

Multi-jet background kills its inclusive 
production

W/ZH is feasible for low Higgs mass
 channels: lυbb,llbb and υυbb 

Signature
(0,1,2)leptons,MET and 2 b-tagged jets! " #  
$ #

Z/W+jets and tt BG can be reduced by 
requiring boosted Higgses with 
tight b-tag (no substructure)

63
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H->bb: W/ZH->W/Zbb
Proof of feasibility:

Observation of 
WZ/ZZ with 
Z->bb peak from data 
after subtraction of 
all non-di-Boson 
backgrounds

4σ excess

Measured rate 
μ=1.09±0.28

64
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H->bb: W/ZH->W/Zbb

65

7TeV data: 2σ deficit
8TeV data: 1σ excess
Sensitivity still far from 
SM

p0 expected (obs) @ 125= 
      0.15    (0.64)
7TeV : µ̂ = −2.7 ±1.1(stat)±1.1(syst)
8TeV : µ̂ = 1.0 ± 0.9(stat)±1.1(syst)
Combined :µ̂ = −0.4 ± 0.7(stat)± 0.8(syst)
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H->ττ

66

Prod Luminosity BG Signal
 (126.5 GeV) s/b

ggF,VH,VBF 4.9+13 fb-1
Z+jets,
 W+jets, 
QCD, top

~330 ~0.3-10%

σ × BR
(mH = 125GeV )
~ 1.3pb
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H->ττ (ℓℓ,ℓhad, had had)

67

Important for couplings

Huge BG from Z+jets, top 
and fakes

Z->ττ from embedding 
(Z->μμ. replace Muon by Tau)

Discrimination based on MMC 
ττ mass



Eilam Gross, Higgs Symposium, Edinburgh, January 2013

H->ττ (ℓℓ,ℓhad, had had)

68

Important for couplings

Huge BG from Z+jets, top 
and fakes

Z->ττ from enbedding 
(Z->μμ. replace Muon by Tau)

hadhad VBF
MMC=131 GeV
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H->ττ (ℓℓ,ℓhad, had had)

69

Sensitivity is not yet enough

@ mH=125, expected (obs) limit 
= 1.2 (1.9 x SM) - a slight 
excess

@mH=125, a 1.1σ observed 

               1.7σ expected 
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H->ττ (ℓℓ,ℓhad, had had)

70

 Couplimgs are consistent 
with SM within 1σ, but no 

significant statement about 
H->tautau can be made yet

@mH=125, a 1.1σ observed 

               1.7σ expected 
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Combining Results
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Combining 4ℓand γγ 

72

µ̂ = 1.3± 0.4
mH = 123.5± 0.9(stat)+0.4

�0.2(syst)GeV

 [GeV]Hm
123 124 125 126 127 128 129

)
µ

Si
gn

al
 s
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ng

th
 (

0.5

1

1.5

2

2.5

3

3.5

 preliminaryATLAS
=7TeVs, -1Ldt=4.8fb0

=8TeVs, -1Ldt=13.0fb0

All syst.
Without MSS
Without syst.
Best fit

mH = 126.6 ± 0.3 (stat)± 0.7 (syst) GeV
µ̂ = 1.8 ± 0.3 (stat)−0.15

+0.29 (syst)−0.14
+0.20  (theory)
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Combining 4ℓand γγ 

73

Here, the 
signal 
strengths are 
left free in 
the fit
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Combining 4ℓand γγ 

74

µ̂ = 1.3± 0.4

 [GeV]Hm
123 124 125 126 127 128 129

)
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3.5

 preliminaryATLAS
=7TeVs, -1Ldt=4.8fb0

=8TeVs, -1Ldt=13.0fb0

All syst.
Without MSS
Without syst.
Best fit

mH = 125.2 ± 0.3 (stat) ±  0.6 (syst) GeV
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Consistency of 4ℓand γγ  mass measuremenst

The two mass 
measurements are almost 
uncorrelated

Largest correlation is the 
overall e/γ energy scale 
(from Z->ee calibration) 
affecting mostly the γγ 
channel

75
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Consistency of 4ℓand γγ  mass measuremenst

Test the ΔmH=0 
hypothesis

The (2-sided) 
probability for a single Higgs Boson to 
produce a value of the test statistic 
disfavoring the ΔmH=0 hypothesis more 
than the observed is 0.6% (2.7 σ)

Using toy experiments similar results are 
achieved

Using rectangular pdf for ESS, the mass 
difference significance is reduced to 
2.3σ (p-value=2.3%)

76

q = −2 logΛ(ΔmH )

q(ΔmH = 0) = 2.7σ
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Combining 4ℓand γγ 

77

mH = 125.2 ± 0.3 (stat) ±  0.6 (syst) GeV

Let                         (2 parameters of interest)

µ̂ = 1.35 ± 0.19 (stat)± 0.15 (syst)

q = −2 logΛ(µ,mH ;θ )
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Significance and Production Signal Strength

The MSS are taken 
into account with 
asymptotic 
approximation which 
known to increase 
the significance by 
O(0.1σ)

78

expected observed

W/O 
MSS 6.6σ

With
MSS 5.9σ 7.0σ
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Significance and Production Signal Strength

The signal strength 
is consistent with a 
SM Higgs (μ=1)

79

µ̂ = 1.35 ± 0.19 (stat)± 0.15 (syst)
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Significance and Production Signal Strength

80

µ̂ = 1.35 ± 0.19 (stat)± 0.15 (syst)

Changing the mass 
value between 
123.5-126.5 GeV 
changes the best fitted 
signal strength by 10%



Eilam Gross, Higgs Symposium, Edinburgh, January 2013

Analysis of Higgs Couplings
A lot of information is contained in 
the various production and decay 
modes of the Higgs allowing us to 
perform various tests
 (direct and indirect via loops)
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Analysis of Higgs Couplings
The wealth of couplings and possibilities led to defining 
some benchmarks by the LHC Higgs Cross Section group

For each coupling gi, define ki=gi/giSM, so if the coupligs 
are SM like we find that ki=1

82

ΓWW

ΓWW
SM = kW

2 Γ tt

Γ tt
SM = kt

2
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Analysis of Higgs Couplings

83

kγ
2 = 1.28kW − 0.28kt

2

ΓH

ΓH
SM = kH

2 (ki ,mH )

(σ ⋅BR)(gg→ H →γγ ) =σ SM (gg→ H ) ⋅BRSM (H →γγ ) ⋅
kg
2 ⋅ kγ

2

kH
2
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Analysis of Higgs Couplings

84

Make assumptions to test various couplings in 
the context of a SM Higgs

Simplest assumption, the universal coupling:
μ=k2
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Analysis of Higgs Couplings
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Make assumptions to test various couplings in 
the context of a SM Higgs
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Analysis of Higgs Couplings

86

ATLAS fully analyzed only the HCP data set 
(~5.9 fb-1 @ 8 TeV), ττ and bb not included

 

Assume
kV=kW=kZ,  kf=kt=kb=...
Assume no invisiible width

2D scan in L(kv,kf) reveals
double minima due to 
interference
Couplings are consistent 
with SM
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Analysis of Higgs Couplings

87

Probing custodial symmetry

 

Define
λWZ=kW/kZ to avoid 
assumption on the width

λWZ = 1.07−0.27
+0.35
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Probing non SM particles in the loopsProbing up and down sectors

Probing lepton and quark sectors

Analyzing now 
the full data set
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Conclusions
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Conclusions
The first LHC proton-proton run (2009-2012) ended. ATLAS has recorded a total 
of 26.9 fb-1, with a data-taking efficiency of ~ 93.5%. 

Very effective and smooth operation of the experiment in all its components 
(from detector/ trigger to software and computing and release of physics results) 
during three challenging  and demanding years. Experiment (and people !) 
stressed beyond “design performance”

The physics output, summarized in > 220 papers on collision data and 430 
Conference notes, includes the gorgeous discovery of the Higgs-like Boson

Higgs results including 13 fb-1  of 8 TeV data:

Overall signal strength: μ=1.35 ± 0.4 of SM expectation 

Largest “deviation” from H-> γγ : μ =1.8 ± 0.4

2.7σ difference between masses measured in H-> 4l and H->γγ channels 

likely largely due downward statistical fluctuation in the 4l channel

First spin studies, indicate 0+ is favoured, although far from being conclusive
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Combining 4ℓand γγ 

99

Main	  Mass	  Scale	  systema6c	  uncertain6es	  
(considered	  sonce	  ICHEP	  studies)	  :

Further	  inves6ga6on	  and	  extensive	  checks	  lead	  
to	  find	  addi6onal	  sources	  of	  systema6c	  
uncertain6es	  :

	   -‐	  LAr	  	  Strips	  rela6ve	  calibra6on	  (0.2%)
	   -‐	  Photon	  energy	  resolu6on	  (0.15%)
	   -‐	  Calibra6on	  of	  the	  high	  gain	  (0.15%)
	   -‐	  Mis-‐classifica6on	  due	  to	  fake	  conversions	  (0.13%)
	   -‐	  Backgound	  modeling	  (0.1%)
	   -‐	  Lateral	  shower	  development	  simula6on	  (0.1%)
	   -‐	  Effect	  of	  PV	  choice	  (0.03%)

Source Rela6ve	  Mass	  Scale	  Effect

Absolute	  Energy	  scale	  
calibra6on	  from	  Z

0.3%

Upstream	  material	  
simula6on	  inaccuracies

0.3%

Pre-‐Sampler	  energy	  scale 0.1%

Main	  4l	  Mass	  Scale	  systema6c	  uncertain6es	  :

Further	  inves6ga6on	  and	  extensive	  checks	  
have	  not	  lead	  to	  addi6onal	  substan6al	  sources	  
of	  systema6c	  uncertainty	  :

	   -‐	  Measurement	  with	  MS	  and	  ID	  alone
	   -‐	  Local	  detector	  biases	  checked	  event	  by	  event
	   -‐	  Local	  resolu6on	  effects	  checked	  using	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  event-‐by-‐event	  error;	  
	   -‐	  kinema6c	  distribu6ons	  in	  agreement	  with	  
	   expecta6on
	   -‐	  FSR	  simula6on
	   -‐	  Different	  mass	  reconstruc6on	  using	  Z-‐mass	  
	   constraint	  (+400	  MeV	  shi\)

Source Rela6ve	  Mass	  Scale	  Effect

Absolute	  Energy	  scale	  
calibra6on	  from	  Z

0.4%

Low	  transverse	  energy	  
electrons

0.2%

Muon	  momentum	  scale 0.2%
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γγ systematic uncertainties
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TextText

17 september 2012
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Higgs (in a snail mail to me):
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Landau (1960)
Goldstone(1961)
Goldstone, Salam , Weiberg (1962)
Anderson (1963)
Englert & Brout (1964)
Higgs (1964)
Geralnik, Hagen & Kibble (1964)

                                  Note that all six of us
were awarded the 2010 Sakuarai Prize of the APS

104

Higgs (in a snail mail to me):
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A Prelude to the Nobel Prize
2010 Sakurai Prize awarded for 1964 Higgs Boson theory work to
 Hagen, Guralnik, Kibble, Brout, Englert & Higgs

105

Kibble
Hagen

Guralnik Englert Brout
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Spontaneous Symmetry Breaking
Spontaneously Symmetry Breaking was first introduced by Ginzburg 
& Landau (1950,1957) 
(in an attempt to explain
superconductivity)

The physics of the system 
(Lagrangian) posses some
exact symmetry, but the 
vacuum (ground state) breaks
this symmetry 

            Nambu (1960) proposed for the first time that SSB is the 
            source of fermion masses in elementary particle physics:
            “the existence of such a condensate (scalar field) would 
break the symmetry of the model.... . In particle physics, that would be 
a non-Abelian group containing the U(1) group associated with 
electric charge conservation as a subgroup”
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Spontaneous Symmetry Breaking
          Inspired by Nambu, Goldstone (1961) studies models 
          featuring scalar fields and finds that all these models 
          contains (under SSB) massless (Nambu-Goldstone) Bosons

Goldstone, Salam and Weinberg (1962) prove formally that 
Goldstone Bosons must occur whenever a symmetry (“like 
isospin or strangeness”) is broken (Goldstone Theorem). But no 
such Bosons were observed experimentally.

Weinberg recalls in his Nobel lecture (1979) that he was so 
disappointed that he added a quote to the paper from king 
Lear: “Nothing will come out of nothing, speak again”

Is Quantum Field Theory a one trick pony? 
Can it explain only long range interactions?
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           Spontaneous Symmetry Breaking
           Philip Anderson (1963) points out that in a
             superconductor the Goldstone mode becomes a 
             massive plasmon-mode, due to its electromagnetic interaction.
   
           Peter Higgs (Phys. Lett. July 1964) shows that one 
             can evade Goldstone theorem. He shows that if 
             the broken symmetry is local gauge symmetry (like
             electromagnetic U(1) gauge invariance), then, although the 
Goldstone Bosons exist formally, and in some sense real, they can be 
eliminated by gauge transformation, so that they do not appear as physical 
particles. That explains why experiment fails to detect the massless Bosons.

The missing Gloldstone boson appears instead as helicity zero state of 
the massless boson which thereby acquire a mass.

The massless boson eats the Goldstone Boson
 and acquires mass.
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The Higgs Mechanism
Based on field theory (using a lagrangian formalism) Higgs 
develops the formalism of the mechanism by which the 
Goldstone Boson is “eaten” by the photon and the pohoton 
becomes massive -> short range interaction

He sends the 3 pages paper to Physics Letter, the paper is 
rejected.     Higgs: “I was rather shocked. I did not see why they 
would accept a paper that said this is a possible way to evade the 
Goldstone theorem, and then reject a paper that showed how you 
actually do it.”

Higgs adds an epilogue to the paper: “it is worth noting that 
an essential feature of this type of theory is the prediction of 
incomplete multiplets of scalar and vector bosons” and sends 
the revised version to PRL.
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The Higgs Mechanism
Higgs: “The referee who, I discovered later, was Nambu, drew my 
attention to a paper by Englert and Brout that they had just 
published in Physical Review Letters”. Higgs is asked to cite 
Englert & Brout and the paper is accepted (August 1964)

Guralnik, Hagen  and Kibble (1964).
Guralnik (2009): “As we were literally placing the manuscript 
in the envelope to be sent to PRL, Kibble came into the office 
bearing two papers by Higgs and the one by Englert and Brout. 
These had just arrived in the then very slow and unreliable…
Imperial College mail. We were very surprised and even 
amazed.” 
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Higgs (in a snail mail to me):
The Higgs Mechanism
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The Higgs Mechanism
Higgs (in a snail mail to me):
In my first paper I outlined how to evade the Goldstone 
theorem.
Englert & Brout showed how a gauge field interaction turns 
Goldstone massless bosons (elementary OR composite) into 
helicity-0 states of massive spin-1 particles. They started 
from Feynmann diagrams and didn’t discuss the remaining 
massive spin-0 particles.
In my second paper I used Lagarangian field theory 
explicitly with elementary scalar fields (a‘ la Goldstone) 
coupled to a gauge field, so the massive spin-0 boson was 
an obvious feature, to which I drew attention.    
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The Birth of the Standard Model
           Glashow (1961) suggests that the symmetry of the 
           Electro-Weak   interaction is SU(2)xU(1) and is 
broken to U(1) em. But Glashow puts the masses of the force 
carriers by hand and his theory is therefore non-
renormalizable

               Weinberg (1967) implements Higgs mechanism to 
               Glashow’s SU(2)xU(1) and writes the most 
quoted paper in the history of particle phsyics
 

Weinberg predicts that the mass of the weak interaction 
force carriers is mW=80 GeV and mZ=90 GeV, but it took 
another 14 years to confirm it experimentally.
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(one of the most quoted .   .... >8000 citations).
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The Birth of the Standard Model

           The (theoretical) story was completed when ‘tHooft 
           (& Veltman) proved the renormalizability of Yang-
Mills theories with masses generated by spontaneous 
symmetry breaking in a scalar field system in 1971.

All that is left is to find the mass generator, the Higgs Boson
114

Eilam Gross, Weizmann Institute of 
Science,Van Leer lecture 2012 1 
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How Elementary Particles Acquire Mass
A mass term is given by

Only left handed fields carry weak charge.

Via SSB the Higgs field “charges” the vacuum with a weak 
charge and the symmetry is preserved (“hidden”) 

The coupling of the Higgs to particles is proportional to the 
particles’ mass

The Higgs Boson will therefore decay with a higher 
probability to the heaviest particle kinematically available 
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mψ Lψ R

gHψHLψ Lψ R− > gHψ HL ψ Lψ R = gHψvψ Lψ R

mψ = gHψv, gHψ =
mψ

v

V
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Inner Detector (|η|<2.5, B=2T): 
Si Pixels, Si strips, Transition 
Radiation detector (straws) 
Precise tracking and vertexing,
e/π separation
Momentum resolution: 
σ/pT ~ 3.8x10-4 pT (GeV) ⊕ 0.015

Length  : ~ 46 m 
Radius  : ~ 12 m 
Weight : ~ 7000 tons
~108 electronic channels
3000 km of cables

Muon Spectrometer (|η|<2.7) : air-core toroids with gas-based muon chambers
Muon trigger and measurement with momentum resolution < 10% up to Eµ ~ 1 TeV

EM calorimeter: Pb-LAr Accordion
e/γ trigger, identification and measurement
E-resolution: σ/E ~ 10%/√E 

HAD calorimetry (|η|<5): segmentation, hermeticity
Fe/scintillator Tiles (central), Cu/W-LAr (fwd)
Trigger and measurement of jets and missing ET

E-resolution: σ/E ~ 50%/√E ⊕ 0.03 

3-level trigger
reducing the rate
from 40 MHz to
~200 Hz
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pH1 = Prob(moreH1-like |H1)
pH1 (exp |H0 ) = 4%(1.7σ ),
pH1 (obs) = 2.5%(2σ )
pH0 (obs) = 56%(−0.15σ )

4ℓSpin & CP, test Jp=2-

118

H1 = 2
−

H0 = 0
+

Which means
assuming Jp=0+ 0ne has the 
sensitivity to exclude 2- at 
the 96% CL and exclude it 
at the 97.5% CL

q = log L(H0 )
L(H1)
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