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• ATLAS / CMS, LHC

• Higgs yield……………. N

• Sig. strength..……. µ = Nobs / Nexp 

• Coupling…………. µ = Π κi 
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‣ New physics in vertices?

‣ New physics in loops?

‣ Fermion v. Boson?

‣ Decay invisibly?

• Summary

• Backup
‣ References [1, 2] & model list

Outline
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Does 
anything 
live in the 

error bars?
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ATLAS & CMS detectors
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Pattern Recognition
N

ew
 particles discovered in CM

S w
ill be typically unstable and 

rapidly transform
 into a cascade of lighter, m

ore stable and better 
understood particles. Particles travelling through CM

S leave behind 
characteristic patterns, or ‘signatures’, in the different layers, allow

ing 
them

 to be identified. The presence (or not) of any new
 particles can 

then be inferred.

Trigger System
To have a good chance of producing a rare particle, such as a H

iggs 
boson, the particle bunches in the LH

C collide up to 40 m
illion tim

es a 
second. Particle signatures are analyzed by fast electronics to save (or 
‘trigger on’) only those events (around 100 per second) m

ost likely to 
show

 new
 physics, such as the H

iggs particle decaying to four m
uons 

in the figure below
. This reduces the data rate to a m

anageable level. 
These events are stored for subsequent detailed analysis.

D
ata Analysis

Physicists from
 around the w

orld 
use 

cutting-edge 
com

puting 
techniques (such as the G

rid) to 
sift 

through 
m

illions 
of 

events 
from

 CM
S to produce plots like 

the one on the left (a sim
ulation) 

that could indicate the presence 
of new

 particles or phenom
ena.

Superconducting Solenoid
Passing 

20 000 am
peres 

through 
a 13 m

 long, 6 m
 diam

eter coil of 
niobium

-titanium
 

superconductor, 
cooled to –270°C, produces a m

agnetic 
field of 4 teslas (about 100 000 tim

es 
stronger than that of the Earth). This 
field bends the trajectories of charged 
particles, allow

ing their separation 
and m

om
enta m

easurem
ents.

M
uon D

etectors
To 

identify 
m

uons 
(essentially 

heavy electrons) and m
easure their 

m
om

enta, 
CM

S 
uses 

three 
types 

of 
detector: 

drift 
tubes, 

cathode 
strip cham

bers and resistive plate 
cham

bers.

H
adron Calorim

eter
Layers of dense m

aterial (brass or steel) 
interleaved w

ith plastic scintillators or 
quartz fibres allow

 the determ
ination 

of the energy of hadrons, that is, 
particles such as protons, neutrons, 
pions and kaons.

Electrom
agnetic Calorim

eter
N

early 
80 000 

crystals 
of 

lead 
tungstate 

(PbW
O

4 ) 
are 

used 
to 

m
easure precisely the energies of 

electrons and photons. A ‘preshow
er’ 

detector, based on silicon sensors, 
helps particle identification in the 
endcaps.

The D
etector and D

etectives
CM

S is a large technologically advanced detector 
com

prising 
m

any 
layers, 

each 
designed 

to 
perform

 a specific task. Together these layers 
allow

 CM
S scientists to identify and precisely 

m
easure the energies and m

om
enta of all 

particles produced in collisions at CERN
’s 

Large H
adron Collider (LH

C).

Tracker
Finely 

segm
ented 

silicon 
sensors 

(strips and pixels) enable charged 
particles 

to 
be 

tracked 
and 

their 
m

om
enta to be m

easured. They also 
reveal the positions at w

hich long-
lived unstable particles decay.

ATLAS
CMS

Beam 
Pipe

Tracker

EM calo

Had. calo

Muon 
chambers

e µ ɣ τ q/g b ν

Typical        for 60 GeV object is

• ones% for tracking    
• ones% for EM calo    
• tens % for jets    

σ 
PT
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LHC is a Higgs factory
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ggF

q

q V
V H

q

q
VBF

q V
V

H

q VH

g
g t H

t

t
ttH

g
g t H

1%

7%
5%

87%

Cross-section 
of ≈ 20 pb

0.5M 
Higgs· =Luminosity 

of 25 fb-1( ) ( ) ( )
Produce 0.5M Higgs per exp’t → 10 - 20% measurements

tH
bbH



Higgs yields
Yields below for rough idea.  Categories / bins important.
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Nobserved Higgs 
Nexpected Higgs

µ =

• Combined result
 µATLAS = 1.18 ±  0.15       

 µCMS = 1.00 ±  0.14            

Statistical 0.09             
Systematic 0.07           
Higgs theory 0.07         

• Each decay & production
Consistent within errors     

ttH

γγ

WW

ZZ

ττ

bb
µµ
Zγ



Compare ggF v. VBF
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VBF-ggF consistent within 1σ.  Most stringent input from WW.
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• Fit all κ simultaneously (assume fixed ΓH)

• Better constraints with addt’l assumptions

General relations for µ ↔ κ
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yield
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Diagrams Formulae



Table 7: Summary of coupling benchmark models considered in this paper, where li j ⌘ ki/k j , kii ⌘ kiki/kH, and the functional dependence assumptions are:
kV = kW = kZ, kF = kt = kb = kt = kµ (and similarly for the other fermions), kg = kg(kb , kt), kg = kg (kb , kt , kt , kW), and kH = kH(ki ). The tick marks indicate
which assumptions are made in each case. The last column shows, as an example, the relative coupling strengths involved in the gg ! H!�� process.
Section in Corresponding Probed Parameters of Functional assumptions Example: gg ! H!��
this paper table in [11] couplings interest kV kF kg kg kH
5.2.1 43.1 Couplings to fermions and bosons kV , kF X X X X X k2

F
· k2

g (kF , kV )/k2
H(kF , kV )

5.2.2 43.3 lFV , kVV X X X X � k2
VV
· l2

FV
· k2

g (lFV , lFV , lFV , 1)

5.3.1 48.1 Vertex loops +
H!invisible/undetected decays

kg , kg ,
kZg

=1 =1 � � X k2
g · k2

g /k2
H(kg , kg )

5.3.2 48.2
kg , kg ,

kZg ,BRi. ,u.
=1 =1 � � X k2

g · k2
g /k2

H(kg , kg ) · (1 � BRi. ,u.)

5.4.1 43.2 kF , kV , BRi. ,u.
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26

Fermions / Bosons

Loops + BRΒSM

U/D-type fermions

Leptons / Quarks

Generic models

Couplings Parameters Example: γγ in ggF

Higgs → invisible directBRinv

Benchmark models
Table for reference; will discuss a few models next
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I added the last row to the list, not part of couplings papers.

Table 7: Summary of coupling benchmark models considered in this paper, where li j ⌘ ki/k j , kii ⌘ kiki/kH, and the functional dependence assumptions are:
kV = kW = kZ, kF = kt = kb = kt = kµ (and similarly for the other fermions), kg = kg(kb , kt), kg = kg (kb , kt , kt , kW), and kH = kH(ki ). The tick marks indicate
which assumptions are made in each case. The last column shows, as an example, the relative coupling strengths involved in the gg ! H!�� process.
Section in Corresponding Probed Parameters of Functional assumptions Example: gg ! H!��
this paper table in [11] couplings interest kV kF kg kg kH
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Higgs couplings
Higgs gives mass?  Check vertices (assume SM loops)
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m or m2 dependence in the Lagrangian consistent within ~1σ.
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Higgs couplings
New physics in loops?  Check loops.
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vertices

loops

Decay

γ
γtH

W
γ
γH

γ
γH WProduction

g
g t H +

• Use κg and κγ to parametrize

• Can reduce # of parameters per model.
Here V = (W, Z ) & can, e.g., require κV < 1. 

• SM for every κ included in 95% confidence interval
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Example of κF - κV relations
Consider H → WW*
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• Simplest model is (κV, κF) where
the denominator κH

2 is mostly κF
2 ττ   cc  

1% rest 
(0.2% γγ)

57%

21%

gg 
via loop

3%

3%
ZZ*

9%
6%

W

W

b

b

g
g

W

Wq

q
V
V

q

q

µWW =        κt2 · κW
2 

κH
2 ≈        κV

2 

µWW =        κV
2 · κW

2 

κH
2 ≈        κV

4 

κF
2

W

W
ggF

VBF

fermion



Higgs couplings
Fermions v. Bosons
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2-d compatibility test consistent at 41%

Vκ

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

F
κ

4−

3−

2−

1−

0

1

2

3

4
ATLAS Prelim.

-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

 Vκ
0 0.5 1 1.5

 F
κ

0

1

2

3

4

σ1 
σ1 

σ2 

σ2 

σ3 
σ3 

1.04, = Vκ Obs (
0.93) = Fκ  

σ 1 ±  Obs
σ 2 ±  Obs
σ 3 ±  Obs

 Exp SM (1, 1)
σ 3 2, 1, ± Exp SM 

ATLAS

-1 = 8 TeV, 20.3 fbs
-1 = 7 TeV, 4.5 fbs
νlνl →WW*→H

 Vκ
0 0.5 1 1.5

 F
κ

0

1

2

3

4

σ1 
σ1 

σ2 

σ2 

σ3 
σ3 

1.04, = Vκ Obs (
0.93) = Fκ  

σ 1 ±  Obs
σ 2 ±  Obs
σ 3 ±  Obs

 Exp SM (1, 1)
σ 3 2, 1, ± Exp SM 

ATLAS

-1 = 8 TeV, 20.3 fbs
-1 = 7 TeV, 4.5 fbs
νlνl →WW*→H

γγ

ZZ

ττbb

bb
γγ

ZZ

ττ

Combined

κV

1-to-1 aspect 
ratio WW plot

VBF WW puts bound 
on κF since κH ~ κF

Diagonal from 
γγ interference

VBF ZZ low stats, 
so κF bound open

Vκ

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

F
κ

4−

3−

2−

1−

0

1

2

3

4
ATLAS Prelim.

-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

Vκ

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

F
κ

4−

3−

2−

1−

0

1

2

3

4
ATLAS Prelim.

-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

 Vκ
0 0.5 1 1.5

 F
κ

0

1

2

3

4

σ1 
σ1 

σ2 

σ2 

σ3 
σ3 

1.04, = Vκ Obs (
0.93) = Fκ  

σ 1 ±  Obs
σ 2 ±  Obs
σ 3 ±  Obs

 Exp SM (1, 1)
σ 3 2, 1, ± Exp SM 

ATLAS

-1 = 8 TeV, 20.3 fbs
-1 = 7 TeV, 4.5 fbs
νlνl →WW*→H

 Vκ
0 0.5 1 1.5

 F
κ

0

1

2

3

4

σ1 
σ1 

σ2 

σ2 

σ3 
σ3 

1.04, = Vκ Obs (
0.93) = Fκ  

σ 1 ±  Obs
σ 2 ±  Obs
σ 3 ±  Obs

 Exp SM (1, 1)
σ 3 2, 1, ± Exp SM 

ATLAS

-1 = 8 TeV, 20.3 fbs
-1 = 7 TeV, 4.5 fbs
νlνl →WW*→H

VH
1j+VBF

Vκ

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

F
κ

4−

3−

2−

1−

0

1

2

3

4
ATLAS Prelim.

-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

Vκ

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
F
κ

4−

3−

2−

1−

0

1

2

3

4
ATLAS Prelim.

-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

ATLAS

κV

κFκF

Vκ

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

F
κ

4−

3−

2−

1−

0

1

2

3

4
ATLAS Prelim.

-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

Vκ

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

F
κ

4−

3−

2−

1−

0

1

2

3

4
ATLAS Prelim.

-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

WW

WW



14

VBF H → WW* → e v µ v Hong       
 PITT



Higgs couplings
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No statistically signficant deviations w.r.t. SM.
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Higgs couplings
Higgs decays invisibly (SUSY, DM, etc.)?
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• Combined coupling limit on     
BRBSM = BRundetected +  BRinvisible 

• H → ETmiss   limit on BRinvisible,      
most stringent from VBF, then VH

BRCMS <    57%   40%           
BRATLAS <    29%   35%       
          obs.   exp.     at 95% CL                            

• Limits from indirect (couplings),     
direct (ETmiss)                         
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• Fermions v. Bosons?
‣ Good to 10 - 20%

• Vertices, loops?
‣ Good to 10 - 20%

• BSM decay?
‣ BRinvisible ≲ 40%

• Corner Higgs with more 
data & better techniques

0.9 0.95 1 1.05 1.1

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

1.25 , w/ theory-1300 fb , w/ theory-13000 fb
, w/o theory-1300 fb , w/o theory-13000 fb

Standard Model

ATLAS Simulation Preliminary
 = 14 TeVs

now

κV

κF 1

1.1

1.2

0.9

0.950.9 1 1.05

Future projections

Higgs is weird!  Check if portal to non-SM physics.

1.1

[2]
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[1] All of the Higgs information is from
‣ https://cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults
‣ http://cms.web.cern.ch/org/cms-higgs-results

I most heavily relied on the two couplings CONF notes.

[2] The cartoon from p1 and p17 is by Roz Chast from
‣ http://www.symmetrymagazine.org/sites/default/files/images/hi-

res/cover_cropped.jpg

https://cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults
http://cms.web.cern.ch/org/cms-higgs-results
http://www.symmetrymagazine.org/sites/default/files/images/hi-res/cover_cropped.jpg
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42 8 Summary

Table 12: Tests of the compatibility of the data with the SM Higgs boson couplings. The best-fit
values and 68% and 95% CL confidence intervals are given for the evaluated scaling factors
ki or ratios lij = ki/kj. The different compatibility tests discussed in the text are separated
by horizontal lines. When one of the parameters in a group is evaluated, others are treated as
nuisance parameters.

Model parameters
Table in

Ref. [169]
Parameter

Best-fit result
Comment

68% CL 95% CL

kZ, lWZ (kf =1) — lWZ 0.94+0.22
�0.18 [0.61, 1.45] lWZ = kW/kZ from ZZ and

0/1-jet WW channels.

kZ, lWZ, kf
44

(top)
lWZ 0.92+0.14

�0.12 [0.71, 1.24] lWZ = kW/kZ from
full combination.

kV, kf
43

(top)
kV 1.01+0.07

�0.07 [0.87, 1.14] kV scales couplings
to W and Z bosons.

kf 0.87+0.14
�0.13 [0.63, 1.15] kf scales couplings

to all fermions.

kV, ldu, ku
46

(top)
ldu 0.99+0.19

�0.18 [0.65, 1.39]
ldu = ku/kd, relates
up-type and down-type
fermions.

kV, l`q, kq
47

(top)
l`q 1.03+0.23

�0.21 [0.62, 1.50] l`q = k`/kq, relates
leptons and quarks.

kW, kZ, kt,

kb, kt, kµ

Extends
51

kW 0.95 +0.14
�0.13 [0.68, 1.23]

kZ 1.05 +0.16
�0.16 [0.72, 1.35]

kt 0.81 +0.19
�0.15 [0.53, 1.20] Up-type quarks (via t).

kb 0.74 +0.33
�0.29 [0.09, 1.44] Down-type quarks (via b).

kt 0.84 +0.19
�0.18 [0.50, 1.24] Electron and tau lepton (via t).

kµ 0.49 +1.38
�0.49 [0.00, 2.77] kµ scales the coupling to muons.

M, e Ref. [202]
M ( GeV) 245 ± 15 [217, 279] kf = v me

f
M1+e and kV = v m2e

V
M1+2e

(Section 7.4)e 0.014+0.041
�0.036 [�0.054, 0.100]

kg, kg
48

(top)
kg 0.89+0.11

�0.10 [0.69, 1.11] Effective couplings to
gluons (g) and photons (g).kg 1.14+0.12

�0.13 [0.89, 1.40]
kg, kg, BRBSM 48 (middle) BRBSM  0.14 [0.00, 0.32] Allows for BSM decays.

with H(inv) searches — BRinv 0.03 +0.15
�0.03 [0.00, 0.32] H(inv) use implies BRundet =0.

with H(inv) and ki = 1 — BRinv 0.06 +0.11
�0.06 [0.00, 0.27] Assumes ki = 1 and uses H(inv).

kgZ,

lWZ, lZg, lbZ,

lgZ, ltZ, ltg

50
(bottom)

kgZ 0.98 +0.14
�0.13 [0.73, 1.27] kgZ = kgkZ/kH, i.e. floating kH.

lWZ 0.87 +0.15
�0.13 [0.63, 1.19] lWZ = kW/kZ.

lZg 1.39 +0.36
�0.28 [0.87, 2.18] lZg = kZ/kg.

lbZ 0.59 +0.22
�0.23  1.07 lbZ = kb/kZ.

lgZ 0.93 +0.17
�0.14 [0.67, 1.31] lgZ = kg/kZ.

ltZ 0.79 +0.19
�0.17 [0.47, 1.20] ltZ = kt/kZ.

ltg 2.18 +0.54
�0.46 [1.30, 3.35] ltg = kt/kg.

kV, kb, kt,

kt, kg, kg

Similar to
50 (top)

kV 0.96+0.14
�0.15 [0.66, 1.23]

kb 0.64+0.28
�0.29 [0.00, 1.23] Down-type quarks (via b).

kt 0.82+0.18
�0.18 [0.48, 1.20] Charged leptons (via t).

kt 1.60+0.34
�0.32 [0.97, 2.28] Up-type quarks (via t).

kg 0.75+0.15
�0.13 [0.52, 1.07]

kg 0.98+0.17
�0.16 [0.67, 1.33]

with kV  1 and BRBSM — BRBSM  0.34 [0.00, 0.57] Allows for BSM decays.

with kV  1 and H(inv) — BRinv 0.17 ± 0.17 [0.00, 0.49] H(inv) use implies BRundet = 0.

with kV  1, H(inv),
BRinv, and BRundet

— BRinv 0.17 ± 0.17 [0.00, 0.49] Separates BRinv from BRundet,
BRBSM = BRinv + BRundet.— BRundet  0.23 [0.00, 0.52]
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