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H→γγ: Differential Distributions  
Study kinematics of candidate events:
      fit  distributions into bins of kinematic
        variables such as  and ,

      unfold to particle-level cross sections
  

jet T

m
N p

γγ
γγ





Good agreements between data and the SM expectations (within statistics) 
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H→ZZ*→4l Differential Distributions 

*Similar measurements from H ZZ 4  with slightly different
fiducial volume and much low statistics.

→ → 



Jianming Qian (University of Michigan) 4 

γγ and 4l Combination 

absolute normalized 

Combination after correction to the full acceptance. 
High overall rate, but good agreement in shape 
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H→γγ: mH Measurement 

( ) ( )

( ) ( )

ATLAS:  
125.98 0.42 stat 0.28 syst  GeV

CMS:      
124.70 0.31 stat 0.15 syst  GeV

H

H

m

m

= ± ±

= ± ±

Full H  decay reconstruction, 
excellent mass resultion 1.5 GeV

γγ
σ

→


Systematic uncertainties dominated 
by those of photon energy calibration. 

Largely independent of signal strength 

Note a 1.3 GeV ( 2 )  difference between 
the two measurements

σ

arXiv:1406.3827 (ATLAS) 

arXiv:14070558 (CMS) 

http://arxiv.org/abs/1406.3827
http://arxiv.org/abs/1407.0558
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H→ZZ*→4l: mH Measurement 
*

4

Full H ZZ 4  reconstruction, 
excellent m  mass resolution

→ →




Energy/momentum calibration from  
data of “Standard candle” events 

( ) ( )

( ) ( )

ATLAS:  
125.36 0.37 stat 0.18 syst  GeV

CMS:      
125.6 0.4 stat 0.2 syst  GeV

H

H

m

m

= ± ±

= ± ±

Good agreements between the two measurements 
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http://arxiv.org/abs/1406.3827
http://arxiv.org/abs/1312.5353
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Individual Experiment Combination 

( ) ( )
( ) ( )4

ATLAS:

125.98 0.42 0.28  GeV
124.51 0.52 0.06  GeV

H

H

m stat syst
m stat syst

γγ = ± ±
= ± ±

4a 2.0  difference between  and H Hm mγγσ 

( ) ( )
( ) ( )4

CMS:

124.70 0.31 0.15  GeV
125.6 0.4 0.2  GeV

H

H

m stat syst
m stat syst

γγ = ± ±
= ± ±

CM
S-

PA
S-

HI
G-

14
-0

09
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1  difference in the other directionσ+


( ) ( )
( ) ( )

125.36 0.37 0.18  GeV
 125.03 0.27 0.14  GeV

ATLAS
H
CMS
H

m stat syst
m stat syst

= ± ±
= ± ±

Combined: 

http://cds.cern.ch/record/1728249
http://cds.cern.ch/record/1728249
http://cds.cern.ch/record/1728249
http://cds.cern.ch/record/1728249
http://cds.cern.ch/record/1728249
http://cds.cern.ch/record/1728249
http://cds.cern.ch/record/1728249
http://cds.cern.ch/record/1728249
http://cds.cern.ch/record/1728249
http://arxiv.org/abs/1406.3827
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ATLAS and CMS Combination 
Combining measurements in H  and H ZZ* 4
taking into account correlations of uncertainties

γγ→ → → 

( ) ( )125.09 0.21 stat. 0.11 syst. 125.09 0.24 GeVHm = ± ± = ±

arXiv:1503.07589  
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ATLAS and CMS Combination 
Leading systematic uncertainties 

arXiv:1503.07589  
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ATLAS and CMS Combination 

( )
( )4 4

1.3 0.6 GeV 2.1
0.9 0.7 GeV 1.3

ATLAS CMS

ATLAS CMS

m m
m m

γγ γγ σ
σ

− = ±

− = − ±
 

Some tension between ATLAS 
and CMS individual measurements 

Statistics? Calibration? 

arXiv:1503.07589  
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H→WW*→lνlν: Mass Estimator 

3.6
3.8CMS: 125.5  GeV assuming SM rate.Hm +

−=

(~15% resolution at 125 GeV) 
No full reconstruction, but still sensitive to the Higgs boson mass, 

* *If were not for  and 4 ,   would be the
main final state for the mass measurement (think about top quark!).

H H ZZ H WWγγ ν ν→ → → → →  
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Higgs Boson Width 

SM @ 125 GeV: 4.07 MeV smaller than the experimental
                                                          resolutions of direct measurements

hΓ ≈ 

hard to measure experimentally 
though indirect measurements 
can significantly improve the 
precision

Even a small contribution to the  
width from potential new physics 
can lead to a sizable decay BR 

For measurements: 

For searches: 
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Direct Width Measurement 
4The Higgs width can be in principle extracted from the  or  distributions 

with the signal lineshape
m mγγ 

( ) ( )Breit-Wigner , ResultionHm σΓ ⊗

Limited by detector mass resolution, statistics and backgrounds 

The observed high µ value plays  an  
important role in the difference  
between the observation and the  
expectation.  
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x2 difference in sensitivity between ATLAS and CMS? 

http://arxiv.org/abs/1407.0558
http://arxiv.org/abs/1406.3827
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Indirect Width Measurement 

( )
2 2

2 22 2 2 2
Process :   i f

H H H

g gd
i H f

dm m m m

σ
→ →

− + Γ


( )

2 2

2 22

2 2

2

2 2

2

On-peak:    

Off-peak: 

i f

H

i

H

H

f

d
dm m

d
dm

g g

g g

m m

σ

σ

−

Γ




( )
( )

2

2

on-shell measures ,

off-shell measures 

i f H

i f

g g

g g

Γ

Extract  by comparing the on-shell and off-shell signal strength 
measurements assuming 
   - No BSM contribution in the loops;
   - the couplings are the same on- and off-shell
(thanks to the large off

HΓ

-shell contribution)



Jianming Qian (University of Michigan) 17 

Indirect Width Measurement 
Caola & Melnikov, arXiv:1307.4935 
Campbell & Ellis, arXiv:1311.3589 

Signal 

Background 

http://arxiv.org/abs/1307.4935
http://arxiv.org/abs/1311.3589
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Indirect Width Measurement 

Large *  off-shell Higgs boson production in SM already,
significant enhancement for a larger

gg H ZZ→ →

*Destructive interference between the  signal and
the  background

gg H ZZ
gg ZZ

→ →
→
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Indirect Width Measurement  
The key is to isolate off-shell Higgs signal from the continuum background, 
such as ,  for the case of , . Exploring kinematic
difference for the separation of the signal and background.

qq gg WW ZZ H WW ZZ→ →

ATLAS analyzed 4 ,  2 2  and  final states. ZZ WWν ν ν→ →   

44 :  220 m GeV>




miss
T2 2 :  E 180 GeV, 380 GeVZZ

Tmν > >
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Indirect Width Measurement 

( )
( )* *

Unknown K-factor of the background  production:

                   RB
H

gg ZZ
K gg ZZ

K gg H ZZ

→
→

=
→ → ( )

*

22.7 33.0  MeV 
at 95% CL for R 1.0

H
B
H

Γ <
=

The qq  process is reasonably wellunderstood theoretically, but the 
gg ZZ process is not, calculation available only at LO

ZZ→
→
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Indirect Width Measurement 

( )
( ) ( )

*CMS has studied 4 ,  with the combined observed expected  
limit:  22 33  MeV or 5.4 8.0  @ 95% CLSM

H H

H ZZ νν→ →
Γ < × Γ

 

The key is to isolate off-shell Higgs signal from the continuum background, 
such as ,  for the case of ,qq gg WW ZZ H WW ZZ→ →

7.7
1.8Or as a measurement 1.8  MeVH

+
−Γ =
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http://arxiv.org/abs/1405.3455
http://arxiv.org/abs/1405.3455
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Spin Parity Property 

*

The Higgs boson has the quantum numbers J 0  in the SM, this information 
is encoded in its decay products and has been exploited by the event selection,
e.g. the H WW  analysis:

CP

ν ν

++=

→ →  

The spin/CP properties of the Higgs boson have been tested in diboson
decays. Construct statistic to test alternative spin/CP hypothese against
the SM prediction.
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H→γγ 

 decay is forbidden for the spin-1 particle by the Landau-Yang theorem. 
Test spin-2 hypothesis of both  and  production.
H

qq X gg X
γγ→

→ →

*

 example :  
      similar p  distribution, but very different cos  distribution.

q g

T
γγ

κ κ
θ

=
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H→ZZ*→4l  

Small differences in many observables between  
the SM and alternative hypotheses. 
 

Use MVA techniques to characterize these  
differences and to discriminate against background 

Test scalar vs pseudoscalar
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Spin/CP Combination 

Combining test statistics from contributing 
final states  
 
 
 
 
All alternative hypotheses studied are  
excluded at  > 95% CL 
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Input to the Coupling Fits 
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Signal Rate Characterization 

At the LHC, only the products BR are measured, there is no
model-independent way to determine the cross section and the
branching ratio separately.

σ ⋅

Signal strengths: 

Only  are determined from the Higgs signal rate measurements.f
iµ
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Global Signal Strength 

Consistency p-values: 
    76% with µ=1.18 
    18% with µ=1.0 (SM) 
 
Systematic uncertainty: 

roughly equal experimental and  
theoretical contribution.  

Assuming all signal rates are modified 
by a global signal strength µ: 

0.15
0.14 1.18  µ +

−=
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Probe Production 

One signal strength for each production process assuming  
SM decay branching ratios  
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Probe Production Groups 

VBF+VH ggF+Vector boson mediation vs fermion mediation:   vs ttHµ µ

VBF+VH ggF+

Branching ratios cancel in the ratio
,  thus it is independent 

of potential new physics in decays.
ttHµ µ ( ) 0.43

VBF+VH ggF+ 0.31Combined
0.96ttHµ µ +

−=
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Parametrization using Ratios 

One ratio of cross sections per 
process other than ggF 
 

One ratio of branching ratios 
per decay mode other than WW. 
 

Model-independent parametrization; 
Many systematic uncertainties cancel 
in the ratio . 

 is chosen for the 
normalization because it is relatively 
well measured.

gg H WW→ →
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Coupling Parametrization 

( )( ) ( ) ( )
2 2

2For example: 

assuming there is no new production processes and decay modes.

g

S
H

M
BR gg H gg H BR H γσ γγ σ γγ

κ κ
κ

 ⋅ → → = → ⋅ → × 
⋅

( )2 2 2 is the scale factor to the total Higgs decay width:  H H x SM
x

BR h xxκ κ κ= ⋅ →∑

( )Parametrizing deviations from SM using scale parameters:  SM: 1κ κ =

2

2

2 2
,               

2 2
,   

f V
Hff HVV

f V
Hff HVVf V

m m
g g

m m
g g

υ υ

υ υ
κ κ

= = ⇒

= ⋅ = ⋅

( )( ) ( ) ( ) ( )
2 2

2

If there are new decays with a total branching ratio BR , then

1

NE

g
N

W

SM EW
H

BR gg H gg H BR BRH γσ γγ σ γ
κ

κ
γ

κ
 ⋅ → → = → ⋅ →

⋅
−×  
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Decomposing Loops… 

t/b 

In SM, the  cross section can be broken
into three pieces: SM tt bb tb

gg H
σ σ σ σ

→
= + +

2 2
With coupling modifications, the cross section 
becomes σ σκ κ σ σκ κ⇒ = + +tt bbt b t b tb

The effective  coupling 
scale parameter is

Hgg
2 2

2

2 2 *     1.058 0.007 0.065

tt bb tb

SM tt b

t b t b
g

t b t b

b tb

σ σκ κ κ κκ

κ κ

σσ
σ σ σ

κ κ
σ

+ +
= =

+ +
≈ + −

2 2
2

2 2 *     0.07 1.59 0.66  

tt WW tW

SM tt
t W t W

t

W

W

W

W

W

t

t
γγ γγ γγ γγ

γγ γγ γγ γ
γ

γ

κ κ κ κ
κ

κ κ κ κ

Γ Γ + Γ + Γ
= =

Γ Γ + Γ + Γ

≈ + −

*  125.5 GeVHm =
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Coupling dependences 
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Higgs Boson Width Constraint 

( ). .

Three assumptions are considered:
      1) No beyond SM decay, BR BR 0;
      2) constraint from the off-shell measurement;
      3) 1 (motivated by the unitarity requirement in VV scattering)

NEW i u

Vκ

=

≤

2

The Higgs rate measurements alone are insufficient to constrain the 
Higgs boson width. For process ,  the rate 

                      with   
1

SM
f H H

i f i H
H NEW

i H f

BR
BR

κ
σ σ

→ →
Γ ⋅Γ

⋅ = ⋅ Γ =
Γ −

If both  and  are scaled by the same factor, the rate is unchanged.H fΓ Γ



Jianming Qian (University of Michigan) 38 

Fermion and Boson Couplings 

( )
( )

:  for all fermions ...
:  for all vector bosons 
 and  are decomposed to their tree-level couplings

No beyond SM decays

F F t b

V V W Z

g

τ

γ

κ κ κ κ κ
κ κ κ κ
κ κ

≡ = = =
≡ =

 ,   F Vκ κ 2 2 20.75 0.25H F Vκ κ κ⇒ ≈ +

arXiv:1507.04548  (ATLAS) 

1.11 0.16
1.09 0.07

F

V

κ
κ

= ±
= ±

2
2 2

2

 analysis:

VF
V F

H

VH Vbb

BR κκσ κ κ
κ

→∞

→

⋅ ⋅ →
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Probe Coupling Sign 

The interference effects (mostly from the H→γγ decay) are sensitive  
to the sign of fermion and vector boson couplings. 

0 disfavored by 4.0Fκ σ<

arXiv:1507.04548  (ATLAS) 
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Probe New Decays 
. . ,  ,  F V i uBRκ κ

( )
( )

. .

:  for all fermions ...
:  for all vector bosons 

:  allow beyond SM decays
 and  are decomposed to their 

                  tree-level couplings

F F t b

V V W Z

i u

g

BR

τ

γ

κ κ κ κ κ
κ κ κ κ

κ κ

≡ = = =
≡ =

Consider 3 different constraints 
of the Higgs boson width 

( ). . 13% at 95% CL 1  i u VBR κ< <

. .Note:  , . . invisible, unidentified decaysi u NEWBR BR i u≡ =
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Probe Vertex Loops 

. . ,  ,  g i uBRγκ κ

  and  for H and H  couplings;
 Allow BSM decays;
 All other tree-level scale parameters 1.

g

i

ggγκ κ γγ

κ

→ →

=







2 2 20.91 0.085 0.0023H g γκ κ κ⇒ ≈ + +

Probe  production 
and  decay loops, 
sensitive to potential new 
physics in the loops.

gg H
H γγ

→
→
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Test SM Consistency 

 ,  , , , ,  W Z t b τ µκ κ κ κ κ κ
 Decompose all loops according to SM; 
 No beyond SM decays;
 One scale factor per relevant particles







( ),   c t s bκ κ κ κ= =
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Mass Dependence 
( )
( )2

SM:   fermions
        g  bosons

m
m

λ ∝
∝

Measured couplings are very Standard Model like 
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General Parametrization 

 one  per relevant particle or loop;
 allow beyond SM decays

κ



. .

,  ,  ,  ,  ,  ,  
,  , ,   

W Z t b

g Z i uBR
τ µ

γ γ

κ κ κ κ κ κ
κ κ κ
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Ratios of Couplings 
When expressed in ratios, Higgs boson 
width cancels out ⇒ allowing test of the 
SM without any assumption about 
the Higgs boson width 
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SM + Singlet 

( ) ( ){ } { } ( )22 † † 2 2 4 † 2, SV S m S S Sκ φ φφ µ φ φ λ φ φ ρ= + + + +

The simplest extension of the standard model Higgs sector is the  
addition of a singlet S: 

( ) ( )
If 0, in general the singlet scalar and the "SM" Higgs boson can 
mix to form two mass eigenstates: ,   assuming 125 :

cos sin                       sin cos
and new decay

SM

S
h H h h

h H
H S

θ θ
θ θ

≠
=

    =    −    
  opens up if kinematically allowed.H hh→

If 0, there will be no mixing and the physical scalar  can be 
stable and is therefore a dark matter candidate. 

sS =

Interesting phenomenology depends on whether 0.S =



Jianming Qian (University of Michigan) 48 

Constraints on the Heavy Higgs 
( )SM

SM SM SM
h h h h h h

SM SM
H H H H

new

H S

BR

BR

2 2 2 2

2 2

2
2

The mixing of  and  leads to the modifications cos  and ' sin

        ,         ,                   BR ,         
'

        ' ,        ,       B
1

κ θ κ θ

σ κ σ κ
κσ κ σ

= =

= × Γ = ×Γ =

= × Γ = ×Γ
−

( ) SM
H new HBR BRR 1= − ×

independent of the mass of the heavy Higgs boson .Hm

( )
( )

( )
( )

( ) ( )( )2 2

The measurement of the light Higgs boson can constrain the heavy Higgs boson: 

        ' 1 1 1h H
h H new h newSM SM

h H

BR BR
BR BR

BR BR

σ σ
µ κ µ κ µ

σ σ

× ×
= = ⇒ = = − = − −

× ×
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2 Higgs Doublet Models (2HDM) 
These models result in 5 Higgs bosons after the symmetry breaking:
    -  two neutral CP-even scalars:  and 
    -  one neutral CP-odd pseudoscalar:  
    -  two charged  and 

;

 scalars.
;

h H
A

H H+ −

2
12

and are described by 8 free parameters (2 in SM), often chosen to be
      5 mass parameters:   ,  ,  ,  and
      2 angular parameters:  and 
(One more param

  
ta

eter is fixed by  boson s
n

 ma

h H A H
m m m m

W

m
α β

±

s: 246 GeV)υ =

2

1

tan

:  mixing parameter of two CP-even Higgs scalars;

:   ratio of V.E.V. of the two Higgs doublets

α
υ

β
υ

=

2HDMs are classified into 4 types according to Higgs-Fermion couplings 
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Decoupling and Alignment Limits 

( )
( )

sin 1
cos 0

SMh H

β α
β α →

⇓
≈

− →
−

Typically, the neutral Higgs bosons of 2HDMs have very different properties 
compared with the SM Higgs boson.  However, SM-like Higgs boson can arise 
from 2HDMs in two ways 

Decoupling limit 
All but the lightest Higgs boson are heavy: , ,  
Integrating out the heavy states yields an effective 1 Higgs doublet theory. 

MH A H Shm m Hm m h± ⇒ ≈

Alignment limit 

,   ,   ,   
SM SM SM SMhVV H VV htt H tt hbb H bb h Hg g g g g g g gττ ττ⇒ ⇒ ⇒ ⇒

These relations hold true for all 2HDM types 
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Indirect Constraints from Coupling Fits 
Assuming no change in Higgs decay kinematics and no new production
process, the measured rates of (125) can be turned into constraints
on the two 2HDM parameters:  and  

h
α β

( )( )
( ) ( )

2 2

htt h

S

VV
SM SM
htt hVVM

g g
g

BR gg h WW
gg h BR h WW g
σ

σ
⋅ → →    

≈ ×   → ⋅ →     

httg hVVg

( )Parametrized using  andtan s inβ β α−
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BRinv from direct and indirect constraints 

Assuming BR , i.e., all new decays are invisible decays,  
constraints from:    - the rate measurements: 0.49 for 1;
                                    - the direct searches: 0.2

NEW inv

inv V

inv

BR
BR

BR
κ

=
< ≤

< 5 

Combining the direct searches with
the indirect (rate measurements) in
the most general model: ,  ,  ,  

,  ,  ,  ,  , ,   with
W Z t

b g Z invBRτ µ γ γ

κ κ κ
κ κ κ κ κ κ

 23% at 95% CL invBR <

2

The total Higgs boson width

      
1

SM
h h

h
invBR

κ ⋅Γ
Γ =

−



Jianming Qian (University of Michigan) 53 

Dark Matter Interpretation 
( )

( )
( )

The constraints on BR  can be turned into constraint on 

                
1

 constrain dark-matter and nucleon interactions

inv

SM
inv h

h inv
BR h inv

BR h inv

→ Γ
→

Γ = Γ
− →

⇒
( ) 23%BR h inv→ <
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