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Outline

2Higgs Couplings 2015

✓ Introduction

✓ Experimental techniques and 
results of μ measurements:
‣ H → ZZ*
‣ H → WW*
‣ H → γγ (Zγ)

✓ Conclusions and outlook

Oct. 12 2015  
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Introduction

3Higgs Couplings 2015

✓ Very successful Run1 at the LHC
- Discovery of the Higgs boson with bosonic 

decay channels

Oct. 12 2015  

→ Relatively clean signature with excellent detector 
capabilities

- Precision measurement of the 
Higgs boson production/decay 
rates (couplings) provides 
constraints on BSM scenarios, or is 
capable of observing deviations 
from the SM Constraint on hMSSM model 

as an example
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ATLAS performance in Run1

4Higgs Couplings 2015 Oct. 12 2015  

✓ All results presented in this talk are based on
- 4.6 fb-1 at 7 TeV (2011) and 20.7 fb-1 at 8 TeV (2012)

✓Data taking efficiency: 94%;  
          physics quality: 91%
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Higgs production at LHC
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～125 GeV

Fermion coupling Boson coupling

ggF VBF

VH ttH

ggF is the dominant process 
at the LHC

✓ This talk covers μ measurements using bosonic decay modes:
ggF VBF VH ttH

H→ZZ* ✔ ✔ ✔ -
H→WW* ✔ ✔ ✔ -

H→γγ ✔ ✔ ✔ ✔ Phys. Rev. D. 90, 112015 (2014)

Phys. Rev. D. 91, 012006 (2015)

Phys. Rev. D. 92, 012006 (2015)
JHEP 08 (2015) 137
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H → ZZ*→4l: overview　
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✓ Low branching fraction, but 
very clean signature
- Signal to background ratio ˜2

H→ZZ*→2μ2e candidate

✓ Event categories for rate measurements:

4l selection
High mass 

two jets
VBF

Low mass 
two jets

W(→jj)H, Z(→jj)H

Additional 
lepton

W(→lν)H, Z(→ll)H
ggF

VBF enriched ggF enrichedVH enriched

✓ Final state particles can be 
fully reconstructed
- Two same flavor and opposite-

sign lepton pairs 

˜90% of final events
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H → ZZ*→4l: backgrounds　
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ATLAS
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ZZ
- Simulation normalized to the SM 

cross section (Powheg+GG2ZZ) 

Z+jets, tt
- Estimated using data-driven 

methods
- Background enriched CR
- Extrapolate CR to SR using transfer factors 

✓Discriminating variables:
- m4l

- BDT ← For ZZ rejection, trained by   
           pT4l, η4l, DZZ=ln(|Msig|2/|MZZ|2)  
           *M is matrix element

     → 2D fit to m4l and BDT is baseline method to  
   extract the signal  outputZZ*BDT

-1 -0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1
 E

ve
nt

s 
/ 0

.2
0

2

4

6

8

10

12

14

16

18

 < 130 GeVl4120 < m

Data

 = 1.51)µ = 125 GeV 
H

Signal (m

Background ZZ*

tBackground Z+jets, t

Systematic uncertainty

l 4→ ZZ* →H 
-1Ldt = 4.5 fb∫ = 7 TeV  s

-1Ldt = 20.3 fb∫ = 8 TeV  s

ATLAS

BDT for 
ZZ rejection



. . . . . .

T.Kishimoto (Kobe) 20 / 20

H → ZZ*→4l: results　
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✓ Summary of signal 
strength measurements:

- Ratio μVBF+VH/μggF is 0.2+1.2-0.9

μ

ggF 1.7 + ︎0.5 -0.4

VBF + VH 0.3 + ︎1.6 -0.9

Combined 1.44 + ︎0.34-0.31(stat)+0.21-0.11(syst)

Vκ
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ATLAS

l 4→ ZZ*→H
-1Ldt = 4.5 fb∫ = 7 TeV  s

-1Ldt = 20.3 fb∫ = 8 TeV  s  = 125.36 GeVHm

 68% CL 
 95% CL 
 SM

- Consistent with the 
SM expectation

- Currently 
statistically limited

SM B/B× 
HtH+tbggF+b

µ

0.5 1 1.5 2 2.5 3 3.5 4

SM
 B

/B
× 

VH
+V

BF
µ

-4
-2

0
2
4

6
8

10
12
14 SM

Best Fit
68% CL
95% CL

ATLAS
l 4→ ZZ*→H

-1Ldt =4.5 fb∫=7 TeV  s
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2D model ggF
 = 125.36 GeVHm

Coupling strength scale factors for vector bosons (κV) and fermions (κF)
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H → WW*: overview
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✓ Large branching fraction
- VBF and VH productions can be 

studied
       → Purely bosonic channels  
✓ Relatively clean signatures 

by selecting isolated leptons

ggF H → WW* candidate

ggF and VBF

WH 3 leptons

4 leptons

Same-sign di-leptons 

Opposite-sign di-leptons

Lepton requirementsProduction modes

ZH

Decay modes
H→WW*→ lνlν

V(H→WW*)→ qqlνlν

W(H→WW*)→ lνlνqq

W(H→WW*)→ lνlνlν

Z(H→WW*)→ lllνlν

Opposite-sign di-leptons
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ggF and VBF H → WW*: overview

10Higgs Couplings 2015 Oct. 12 2015  

nj =0 nj =1 nj ≥ 2

enriched

VBF-ggF-

enriched

ee/µµee/µµ eµ

VBF-enriched

selection

Pre-

eµ

eµ (8TeV) ee/µµeµ

ggF-enriched

✓ Analysis is split by lepton 
flavor and number of jets due 
to different bkg. composition 

✓Discriminating variables:
- ΔΦll

- mT, mll, pT of sub leading lepton

→ Small opening angle of two 
leptons from W decays due to 
spin-0 nature of the Higgs boson

eμ channel

→Final variable used in fit to extract 
the signal is mT or BDT score

Event categories 
in ggF and VBF 
analysis

most sensitive
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ggF and VBF H → WW*: backgrounds
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WW, Top, di-boson(VV), Z+jets(DY) 
- Rates are extracted from data in 

control regions but shapes are 
extracted from simulation
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W+jets, QCD (Misid)
- Rates and shapes are extracted 

from data using transfer factors

✓ Various physics processes contaminate to signal 
regions as backgrounds

✓ ggF-enriched category as an example:
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2-7 % 
theo. err.
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VH  H → WW*: overview
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✓ Analysis is split by lepton 
multiplicity and charge
- 3 lepton analysis: shape fit to 

BDT score and ΔRl0l1 
- Other analysis: fit without 

shape information 
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ATLAS
-1 = 8 TeV, 20.3 fbs

3-leptons (0SFOS)

✓Major backgrounds 
are normalized 
using CRs
- Di-bosons, Top, 

Z→ττ, etc

Wγ CRΔRl0l1
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H → WW*: results

13Higgs Couplings 2015 Oct. 12 2015  

✓ Summary of signal strength measurements:
μ Exp Z0 Obs Z0

ggF 0.98 + ︎0.29 -0.26 4.4 4.2
VBF 1.28 + ︎0.55 -0.32 2.6 3.2
VH 3.0 + ︎1.6 -1.3 0.93 2.5

Combined 1.16 + ︎0.24 -0.21 5.9 6.5

- Consistent with the SM expectation
- Stat. and syst. uncertainties 

contribute approximately equal
    ← Dominant systematics are theory  
     uncertainties on the signals (cross   
     section, acceptance)

BDT in VBF-enriched
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H → γγ: overview
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✓Decay to two photons via loop of 
other particles
- Sensitive to new phenomena
- ET/mγγ > 0.35 (0.25) for leading (sub-

leading) photon 

H → γγ candidate

BDTO
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

 / 
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05
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T
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N

 d
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0
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0.04
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0.08

0.1

0.12

0.14 VBF
ggF

j+jjγ+γγ
Data, sidebands

ATLAS

 = 8TeVs, -1Ldt = 20.3 fb∫
 = 125 GeVHm, γγ→H

✓ Event categorization
- ttH enriched: 

- b-tagged jets from top decay
- VH enriched: 

- Lepton, MET and jets from V decay
- VBF enriched: 

- BDT score based on VBF topology 
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H → γγ: signal and background modeling
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✓ Signals are extracted from mγγ distribution by fit

mγγ distribution
- Crystal Ball function (a Gaussian core with 

one exponential tail) 

Signal

 [GeV]γγm
110 115 120 125 130 135 140

 / 
0.

5 
G

eV
γ

γ
/d

m
1/

N
 d

N

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16
ATLAS Simulation

 = 8 TeVs
 = 125 GeV

H
, mγγ→H

Tt
pCentral - high 

Tt
pForward - low 

MC
Model

MC
Model
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component

- Exponential of a 
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second-order 
polynomial

- Components are 
well understood

Backgrounds 77% is SM γγ (8TeV)
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H → γγ: results
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Signal strength
-1 0 1 2 3 4 5 6 7 8

1

2

3

4

5

6

ATLAS
 = 7 TeVs, -1Ldt = 4.5 fb∫
 = 8 TeVs, -1Ldt = 20.3 fb∫

 = 125.4 GeVHm, γγ →H 

Total

Stat.

Syst.

µ

ggF
µ

VBF
µ

WH
µ

ZH
µ

Htt
µ

✓ Summary of signal 
strength measurements:
- μcomb = 1.17 ± 0.27

- Consistent with the SM 
expectation

- Uncertainties are dominated 
by the statistical uncertainty  
←More data are needed to 
establish evidence for VBF,VH 
and ttH

Ratio

μVBF/μggF 0.6 + ︎0.8 -0.5

μVH/μggF 0.6 + ︎1.1 -0.6

μttH/μggF 1.2 + ︎2.2 -1.4
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H → Zγ
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✓ Signature: opposite-sign lepton pair + photon
- Branching ratio of H→Z(→ll)γ is only 5% of H→γγ

 [GeV]γllm
120 130 140 150 160 170

Ev
en

ts
/G

eV

0

100

200

300

400

500

600

Data
50)×SMσ=125 GeV, 

H
 (mγZ→H

=7 TeVs, -1Ldt = 4.5 fb∫
=8 TeVs, -1Ldt = 20.3 fb∫

ATLAS

 [GeV]Hm
120 125 130 135 140 145 150

)γZ
→

(H
SM
σ)/γZ

→
(H
σ

95
%

 C
L 

lim
it 

on
 

0

5

10

15

20

25

30
Observed
Expected

σ 1±
σ 2±

 = 7 TeVs, -1 Ldt = 4.5 fb∫
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ATLAS

✓No excess is found in mllγ distribution
- Observed 95% CL limit at 125.5 GeV is 11 × SM expectation

✓ Prospects for H→Zγ search [ATL-PHYS-PUB-2014-006]
- p-value = 2.3σ (3.9σ) with 300 fb-1 (3000 fb-1)

mllγ distribution
95% CL limit
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VBF/VH productions
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✓ Combined results of focusing on individual production 
processes [arXiv:1507.04548]  
← VBF and VH productions are good probes to test Higgs 
and gauge boson interactions 

0 0.5 1 1.5 2 2.5 3

μ
ttH

= 1.81 ± 0.80

μ
VH

= 0.80 ± 0.36

μ
VBF

= 1.23 ± 0.32

μ
ggF

= 1.23
+0.23

−0.20

Signal strength (μ)

ATLAS
√s = 7 TeV, 4.5 − 4.7 fb

−1

√s = 8 TeV, 20.3 fb
−1

m
H
= 125.36GeV

68% CL:

95% CL:

✓ Assume the SM Higgs decay ratios for μ measurements

- μVBF = 1.23 ± 0.32

- μVH  = 0.80 ± 0.36

- Consistent with the SM 
expectation

- 4.3σ evidence of VBF production
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Conclusions and outlook
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✓ The measurements of the production and bosonic 
decay rates of the Higgs boson are consistent with 
the SM expectation so far..
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 = 13 TeVs     ATLAS Online Luminosity

LHC Delivered

ATLAS Recorded

-1Total Delivered: 1.31 fb
-1Total Recorded: 1.20 fb

H → ZZ* 1.44 + ︎0.34-0.31(stat)+0.21-0.11(syst)

H → WW* 1.16 + ︎0.16-0.15(stat)+0.18-0.15(syst)

H → γγ 1.17 ±0.23(stat)+0.10-0.08(syst)+0.12-0.08(theory)

Run2 data!

✓ In general, the analyses are still 
statistically limited

   ← Also systematic uncertainty is often 
      stemmed from the statistic nature

More precise measurements will be 
performed using Run2 data!
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Backup
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Decay fraction
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H → ZZ*→4l: event selections　
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✓ Four isolated leptons
- pT > 20, 15, 10, 6 (7) GeV
- electron: |η| < 2.47, muon: |η| < 2.7 

✓ Two opposite-sign lepton pairs
- on-shell Z: m12 = [50,106] GeV
- off-shell Z: m34 = [mmin,115] GeV

✓ FSR recovery 
- 4 % (1%) recovery for collinear (non-collinear)

✓ Event categorization
- mjj > 130 GeV with pT,jet > 25(30) GeV
- 40 < mjj < 130 GeV and BDTVH > -0.4
- additional lepton with pT > 8 GeV
- Other events

VBF enriched 

VH enriched

ggF enriched

mmin=[12, 50] GeV depending on m4l 
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H → ZZ*: expected signals
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93% purity 35% purity 34% purity
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H → ZZ*: BDTZZ*
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H → ZZ*: BDTVH
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BDTVH output
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 / 
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05
VH

1/
N

 d
N

/d
BD

T

0
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0.1

0.12 Simulation ATLAS
l 4→ ZZ* →H 

-1Ldt = 4.5 fb∫ = 7 TeV  s
-1Ldt = 20.3 fb∫ = 8 TeV  s

 categoryVH-hadronic enriched
 [GeV] < 130jj40 < m

=125 GeVHm

ggF

VH

✓ a) invariant mass of the dijet system
✓ b) η separation between the jets
✓ c) pT of each jet
✓ d) η of the leading jet
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 Same sign control regionµµ+ll
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ATLAS
-1Ldt = 4.5 fb∫ = 7 TeV  s

-1Ldt = 20.3 fb∫ = 8 TeV  s

 control region
0

 Inverted dµµ+ll
✓ 1) Reference region is 

defined by applying 
analysis event selection 
except for the isolation 
and impact parameter 

✓ 2)Number of Z+jets and 
ttbar backgrounds in a 
reference region are 
estimated from fit on CRs

✓ 3) Apply transfer factors 
estimated from MC 
(reference to signal) 

ll+μμ control regions
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✓ 1) Define a control region by:
✓ relaxing selection of the lowest pt electron
✓ requiring same-sign for sub-leading electron pair

✓ 2) Estimate composition of light flavor jets, photon conversions 
and heavy flavor semi-leptonic decay by fit

✓ 3) Apply transfer factor from Z+X simulation with data corrections 

ll+ee control regions

B-layer
hitsn
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38±f  = 1290 
13± =     62 γ
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ATLAS-1Ldt = 4.5 fb∫ = 7 TeV  s
-1Ldt = 20.3 fb∫ = 8 TeV  s

TRTr
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Data 
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 5±q =     21 
Total

ATLAS
-1Ldt = 4.5 fb∫ = 7 TeV  s

-1Ldt = 20.3 fb∫ = 8 TeV  s
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VH  H → WW*: overview
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✓ Analysis is split by 
lepton multiplicity 
and charge 
- In 3 lepton analysis, 

shape fit to ΔRl0l1 and 
BDT score is 
performed to extract 
the signals

- Other analyses use the 
fit without shape 
information 
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* ΔRl0l1 is the angle separation between the lepton with unique charge (l0) 
and the lepton closest to l0
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ggF and VBF H → WW*: event selections
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✓ Opposite-sign lepton pair
- pT > 22, 10 GeV
- |η| < 2.47 (2.5) for e (μ)
- mll > 10 (12) GeV for eμ (ee/μμ)

✓ Jet for categorization
- pT > 25 (30) GeV for |η| < 2.4 

(2.4 < |η| < 4.5)
- njet = 0,1 
- njet > 1 

→ ggF enriched
→ VBF enriched

✓ Background rejection
- ΔΦll < 1.8 and  

mll < 55 GeV for  
ggF enriched

- BDTVBF > -0.48 for 
VBF enriched

- ..etc (backup)



. . . . . .

T.Kishimoto (Kobe) 20 / 20

1l, 0l
R∆

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Ev
en

ts
 / 

bi
n 

w
id

th

2

4

6

8

10
12

14

16

18
 Data  Bkg. Uncert.

*)WW→H (VH  Other Higgs

VV  Top

VVV V 

ATLAS
-1 = 8 TeV, 20.3 fbs

3-leptons (0SFOS)

 [rad]boost

1l, 0l
φ∆

0 0.5 1 1.5 2 2.5 3

 / 
5 

) r
ad

π
Ev

en
ts

 / 
( 

-210

-110

1

10

210
 Data Bkg. Uncert.

*)WW→H (VH  Other Higgs

VV VVV 

 Top V 

ATLAS
-1 = 8 TeV, 20.3 fbs
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VH  H → WW*: event selections and backgrounds
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✓ 4 lepton analysis
- 1 SFOS or 2 SFOS leptons
- |ml2l3-mZ| < 10 GeV, etc
- Background: ZZ*

✓ 3 lepton analysis
- 3 SF or 1 SFOS or 0 SFOS leptons
- ΔRl0l1 < 2.0, etc
- Background: WZ/Wγ*, ZZ* and VVV

✓ OS di-lepton analysis
- Only eμ events, |mjj - 85| < 15 GeV, etc
- Background: Top, Z→ττ

✓ SS di-lepton analysis
- Split jet multiplicity and lepton flavor
- Background: W+jets, Top, WZ/Wγ*, Wγ

Wγ CR

* Backgrounds in bold are normalized 
using CRs

1 SFOS SR 0 SFOS SR
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H → WW*: BDTVBF
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1

10

210

-1 -0.5 0 0.5 1

1
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210

MCstat ± Exp
1)× ( VBFH

Top
WW
DY

 ggFH
Misid
VV

µµee/ VBF, 2≥jn(b) 

BDTO

Ev
en

ts
 / 

0.
2

µe VBF, 2≥jn(a) 

Ev
en

ts
 / 

0.
2

ATLAS Simulation
TeV =8 s

BDTVBF output

✓ a) pTsum: pTll+pTmiss+ΣpTjet

✓ b) Σmlj: ml1j1+ml1j2+ml2j1+ml2j2

✓ c) mjj

✓ d) Δyjj

✓ e) ΣCl: Cl1+Cl2

✓ f) mll

✓ g) Δφll

✓ h) mT
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H → WW*: systematics
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H → WW*: κ calculation
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H → WW*: results
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✓ Likelihood scan as function of κV and κF:

κF = 0.85 +0.26-0.20  
κV = 1.06 +0.10-0.10  

- Consistent with the SM 
expectation

- Total uncertainty is ˜10% 
for boson coupling
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BDTO
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H → γγ: event selections
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✓ Event categorization
- ttH enriched: 

- b-tagged jets from top decay
- VH enriched: 

- Lepton, MET and jets from V decay
- VBF enriched: 

- BDT score based on VBF topology 

 [GeV]jjm

0 20 40 60 80 100 120 140 160 180 200

 /
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ttHggF+VBF+

, MCj+jjγ+γγ

Data, sidebands

ATLAS

-1
Ldt = 20.3 fb∫
 = 8 TeVs

 = 125 GeVHm, γγ→H

✓ At least two photon candidates
- ET/mγγ > 0.35 (0.25) for leading (sub-

leading) photon 

backup for details
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H → γγ: overview
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✓Decay to two photons via loop of other particles
- Event topology can be fully reconstructed 
- Sensitive to new phenomena

✓Diphoton events are divided into 12 categories to 
maximize sensitivities

H → γγ candidate
Event categories 

VH enriched

VBF enriched

ggF enriched

ttH enriched

VH enriched
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H → γγ: BDTVBF
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H → γγ: event categorization
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Fraction of each signal process per category
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ATLAS Simulation γγ→H  = 8 TeVs
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H → γγ: systematics
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Combined results
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0 0.5 1 1.5 2 2.5 3

μ
ttH

= 1.81 ± 0.80

μ
VH

= 0.80 ± 0.36

μ
VBF

= 1.23 ± 0.32

μ
ggF

= 1.23
+0.23

−0.20

Signal strength (μ)

ATLAS
√s = 7 TeV, 4.5 − 4.7 fb

−1

√s = 8 TeV, 20.3 fb
−1

m
H
= 125.36GeV

68% CL:

95% CL:

Vκ
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ATLAS

-1 = 7 TeV, 4.5-4.7 fbs
-1 = 8 TeV, 20.3 fbs

 = 125.36 GeVHm

γγ →H 
 ZZ*→H 
 WW*→H 
ττ →H 

 bb→H 
Combined

SM 68% CL
Best fit 95% CL

κV = 1.09 ±0.07 [+0.05-0.05(stat.)+0.03-0.03(syst.)+0.04-0.03(theo.)]  
κF = 1.11 ±0.16 [+0.12-0.11(stat.)+0.10-0.09(syst.)+0.06-0.05(theo.)]  

μcomb = 1.18+0.15-0.14 [±0.10(stat.)±0.07(syst.)+0.08-0.07(theo.)]  
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Combined results
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Process VBF ttH WH ZH VH
Observed 4.3 2.5 2.1 0.9 2.6
Expected 3.8 1.5 2.0 2.1 3.1
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Prospects
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Prospects
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