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CMS Higgs Results
I Avalanche of CMS results in past month...

I "Constraints on anomalous HVV interactions using H → 4`
decays"

[CMS-PAS-HIG-14-014, July 3, 2014]
I "Constraints on Anomalous HWW Interactions using Higgs

boson decays to W+W- in the fully leptonic final state"
[CMS-PAS-HIG-14-012, July 3, 2014]

I "Precise determination of the mass of the Higgs boson and
studies of the compatibility of its couplings with the standard
model"

[CMS-PAS-HIG-14-009, July 3, 2014]
I "Observation of the diphoton decay of the Higgs boson and

measurement of its properties"
submitted to EPJ C [arXiv:1407.0558, July 2, 2014]

I "Evidence for the direct decay of the 125GeV Higgs boson to
fermions"

Nature Phys. 10 [doi:10.1038/nphys3005, June 22, 2014]
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CMS Higgs Couplings
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CMS Higgs searches
Inclusive (ggH) VBF tag VH tag t t̄H tag

H → bb̄
H → ττ

H → WW
H → ZZ
H → γγ

H → Zγ
H → µµ

H → invisible

Used in the current combination
[CMS-PAS-HIG-14-009]

I 200+ categories, 2500+ nuisance parameters
I Tags are never 100% pure

I Combination of VH → bb̄ and H → ττ

Nature Phys. 10 [doi:10.1038/nphys3005]

Consistent with SM Yukawa coupling

at 125.0 GeV Obs. Exp.
H → ZZ 6.5 6.3
H → γγ 5.6 5.3

H →WW 4.7 5.4
H → ττ 3.8 3.9
H → bb̄ 2.0 2.3
H → ff 3.8 4.4
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Global signal strength

I Theoretical
Uncertainties:
QCD scales, PDF+αS ,
UEPS, and BR

I Per production &
decay tag:

I χ2/d.o.f. = 10.5/16
I p-value = 0.84

(asymptotic)

SMσ/σBest fit 
-4 -2 0 2 4 6

 ZZ (2 jets)→H 
 ZZ (0/1 jet)→H 

 (ttH tag)ττ →H 
 (VH tag)ττ →H 

 (VBF tag)ττ →H 
 (0/1 jet)ττ →H 

 WW (ttH tag)→H 
 WW (VH tag)→H 

 WW (VBF tag)→H 
 WW (0/1 jet)→H 

 (ttH tag)γγ →H 
 (VH tag)γγ →H 

 (VBF tag)γγ →H 
 (untagged)γγ →H 
 bb (ttH tag)→H 
 bb (VH tag)→H 

 0.13± = 1.00 µ       
Combined

CMS
Preliminary

 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb

 = 125 GeVH m

1.00± 0.09(stat.) +0.08
−0.07(theo.)± 0.07(syst.)

I @ 125.0: See talk by S. Nourbakhsh
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Signal strength

SMσ/σBest fit 
0 0.5 1 1.5 2

 0.29± = 1.00 µ       
 ZZ tagged→H 

 0.21± = 0.83 µ       
 WW tagged→H 

 0.24± = 1.13 µ       
 taggedγγ →H 

 0.27± = 0.91 µ       
 taggedττ →H 

 0.49± = 0.93 µ       
 bb tagged→H 

 0.13± = 1.00 µ       
Combined CMS

Preliminary

 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb

 = 125 GeVH m

I Per decay tag:
I χ2/d.o.f. = 0.9/5
I p-value = 0.97

(asymptotic)
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Production modes

Fermion Mediated

ggH ttH

Boson Mediated

VBF VH

ggH,ttH
µ-1 0 1 2 3

V
B

F,
V

H
µ

0

2

4

6
 taggedττ →H 

 WW tagged→H 

 ZZ tagged→H 

 bb tagged→H 

 taggedγγ →H 

CMS
Preliminary

 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb
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Higgs production mode

I Simultaneous fit for 4
production modes

I Decay BR’s are
assumed to be the SM

I ttH production
observes a 2σ
deviation from SM

parameter value
0 1 2 3 4 5 6

ttH
µ

VH
µ

VBF
µ

ggH
µ

68% CL

95% CL
CMS
Preliminary

 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb

68% CL

95% CL

I Investigating µggH uncertainty:
I 0.85+0.11

−0.09(stat.)+0.11
−0.08(theo.)+0.10

−0.09(syst.)
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Higgs Couplings Overview

I Following the LHCHXSWG (arXiv:1307.1347)
I Assume: single state, spin-0, and CP-even
I Narrow-width approx. (σ · B) (x → H → ff ) = σx ·Γff

Γtot
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Custodial symmetry?
I Using only WW and ZZ

0/1 jet categories
I λWZ = κW

κZ
= 0.94+0.22

−0.18

 = 1)fκ (WZλ
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Exp. for SM H

CMS
Preliminary

 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb

 VV (0/1 jet)→H 

WZλ, Zκ=1, fκ

I Full combination
I λWZ = κW

κZ
= 0.91+0.14

−0.12

WZλ
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 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb

WZλ, Zκ, fκ

Results justify treating W and Z as single coupling V
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Couplings κV and κf

I Map vector-boson and fermion couplings to κV and κf

I two quadrant (left) and one quadrant (right)

  Vκ0 0.5 1 1.5

fκ

-2

-1

0

1

2

95% C.L.

bb→H

ττ→H

ZZ→H

WW→H γγ
→

H

Preliminary CMS  (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

Observed SM Higgs

   Vκ0 0.5 1 1.5

fκ

0

0.5

1

1.5

2

95
%

 C
.L

.

bb→H

ττ→H

ZZ→H

WW→H

γγ
→

H

Preliminary CMS  (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

Observed SM Higgs
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New Physics in Loops
I New particles can hide in

loop mediated couplings
I Treat photons and gluons as

effective couplings

γκ
0.5 1.0 1.5

gκ

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8
CMS
Preliminary

 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb

I New particles can
contribute to the total width

I Allow total width to scale as
1/(1− BRBSM)

BSMBR
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Observed

Exp. for SM H

CMS
Preliminary

 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb

BSM
, BRgκ, γκ

Everything is consistent with SM, BRBSM < 0.32 at 95% CL
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Fermion asymmetry?
I Some BSM models (e.g. 2HDM, SUSY) have altered relative

couplings to fermions

I Up-type vs down-type
I λdu = κd

κu
= 1.01+0.20

−0.19

duλ
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 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb

Vκ, uκ, duλ

I Leptons vs quarks
I λlq = κl

κq
= 1.02+0.22

−0.21

lqλ
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Preliminary

 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb

Vκ, qκ, lqλ

No asymmetry seen
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Six-parameter model

I Fit Tree-level couplings
I Effective coupling for

gluon and photon
I Couplings to W and Z

scaled by common factor
I Couplings to third

generation fermions are
scaled independently

I Partial width ΓBSM is zero

I Additionally, lift last
restriction but restrict κV ≤ 1
to test BRBSM parameter value

0 0.5 1 1.5 2 2.5

BSMBR

γκ

gκ

tκ

τκ

bκ

Vκ

68% CL

95% CL
CMS
Preliminary

 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb

68% CL

95% CL

Everything is consistent with SM, BRBSM < 0.58 at 95% CL
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CMS Higgs Spin-parity
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Spin-1 & 2 Results
Spin-1

WW qq̄ → 1+
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Anomalous HVV couplings
I Spin-0 Amplitude

I Expression to the order of q2

I Interpretation only clear for small BSM contributions
I Include ZZ , WW , Zγ∗, and γ∗γ∗ terms

A(XJ=0 → V1V2) ∼ v−1

([
a1 − eiφΛ1

q2
V1

+ q2
V2

(Λ1)2

]
m2

V ε
∗
V1
ε∗V2

+ a2f ∗(V1)
µν f ∗(V2),µν + a3f ∗(V1)

µν f̃ ∗(V2),µν
)

I In the SM only the a1 term is sizable for ZZ and WW (a1 = 2)
I Λ1 is scale of new physics affecting the tree level coupling
I a2 is a CP-even scalar (10−2 − 10−3 in SM)
I a3 is a CP-odd pseudo-scalar (three-loop level in SM)

I a2, a3, Λ1 (ZZ terms) would contribute to H → 4`
I aZγ

2 , aZγ
3 , aγγ

2 , aγγ
3 would contribute to H → 4`

I aWW
2 , aWW

3 , ΛWW
1 would contribute to H →WW → `ν`ν
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Spin-0 Measurables
I To measure HVV anomalous couplings in spin-0, we report

effective cross section fractions
I Invariant under coupling notation and allows for full coverage

fa3 =
|a3|2σ3

|a1|2σ1 + |a2|2σ2 + |a3|2σ3 + σ̃Λ1/ (Λ1)4 φa3 = arg
(

a3

a1

)

I ZZ , Zγ∗, γ∗γ∗, and WW are tested when amplitude ratio is
real (φai = 0 or π) (e.g. φai = 0 is SM)

I H → 4` measures ZZ couplings by profiling the phase as well
I When combining ZZ+WW we define rai and Rai

rai =
aWW

i /aWW
1

aZZ
i /aZZ

1

Rai =
rai |rai |
1 + r2

ai
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Observables in ZZ → 4`

I Eight independent d.o.f. describe the
kinematics in center of mass frame

I m4`,mZ1,mZ2, θ
∗,Φ1, θ1, θ2,Φ

I Can use all 8 simultaneously or
combine in optimal discriminants
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I Spin-0 signals: NLO
(POWHEG + JHUGen)
{ZZ ,WW , γγ}

I Spin-1 & Spin-2 signals:
LO (JHUGen)
{ZZ ,WW , γγ}

I qq̄ → ZZ NLO
(POWHEG)

I gg → ZZ : LO (GG2VV &

MCFM) with m4`

dependent K-factor
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ZZ → 4` Discriminants

I Transform into Discriminants sensitive to specific pieces of
amplitude using MELA method

I Dbkg =
PSM

PSM+Pbkg
: Signal from Background

I Dkin
JP =

Pkin
SM

Pkin
SM +Pkin

JP
: SM from pure JP state

I DInterf =

(
Pkin

SM+JP−P
kin
JP −P

kin
SM

)
Pkin

SM +Pkin
JP

: Pure states (SM, JP ) from interference

bkgD
0 0.2 0.4 0.6 0.8 1

E
ve

nt
s 

/ 0
.0

5

0

5

10

15

20
Observed

SM

*γZZ/Z

Z+X

CMS (preliminary)  (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

0-D
0 0.2 0.4 0.6 0.8 1

E
ve

nt
s 

/ 0
.0

5

0

2

4

6

8
Observed

SM

=1a3f

*γZZ/Z

Z+X

CMS (preliminary)  (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

>0.5bkgD

CPD
-0.4 -0.2 0 0.2 0.4

E
ve

nt
s 

/ 0
.0

40

0

2

4

6

8
Observed

SM

=0.5a3f

*γZZ/Z

Z+X

CMS (preliminary)  (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

>0.5bkgD

Christopher B. Martin (JHU) CMS - Higgs couplings and spin HH2014: Orsay-FR July 22 20 / 29



Observables in WW
I H →WW → `ν`ν kinematics described by lepton momenta

and MET
I Build 2D p.d.f. of [MT ,m``]
I Fit spin-0 HVV anomalous couplings
I Hypothesis testing for pure spin-1 & as a function of qq̄ for

spin-2
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Spin-0 HVV Constraints
H → ZZMELA‖MD

)
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a3
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φ

interaction parameter observed expected
(φV Vai = 0 or π) allowed at 95% CL allowed at 95% CL

template method

fΛ1 cos(φΛ1) [−0.25, 0.37] [−1.00, 0.27] ∪ [0.92, 1.00]

HZZ fa2 cos(φa2) [−0.66,−0.57] ∪ [−0.15, 1.00] [−0.18, 1.00]
fa3 cos(φa3) [−0.40, 0.43] [−0.70, 0.70]

fWW
Λ1 cos(φWW

Λ1 ) [−1.00, 0.44] ∪ [0.49, 1.00] [−1.00, 0.43] ∪ [0.48, 1.00]

HWW fWW
a2 cos(φWW

a2 ) [−1.00,−0.58] ∪ [−0.25, 1.00] [−1.00,−0.56] ∪ [−0.24, 1.00]
fWW
a3 cos(φWW
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multidimensional distribution method

HZZ fa2 cos(φa2) [−0.14, 1.00] [−0.18, 0.97]
fa3 cos(φa3) [−0.44, 0.40] [−0.67, 0.67]
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When coupling ratio’s are real results are consistent with SM
I Zγ∗ and γ∗γ∗ much less sensitive than on-shell CMS results
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When phases/amplitudes are profiled→ consistent with SM
Christopher B. Martin (JHU) CMS - Higgs couplings and spin HH2014: Orsay-FR July 22 22 / 29



Spin-0 Constraints (ZZ+WW)

Custodial
Symmetry→
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Summary: CMS Higgs
I Extensive study of 125 GeV boson over the past 2-years

Main analyses have published/submitted Run-1 results
Preliminary combination investigated couplings
Intensive study of spin-parity properties in diboson channels

I Extensive set of measurements
Full combination→ SM expected couplings

I Custodial symmetry, No fermion asymmetry, evidence for SM
Yukawa couplings, BRBSM constraints

Diboson analysis of spin-parity properties
I Hypothesis Testing for spin-1 & 2, coupling fits in spin-0

! Results are quickly approaching theo. uncertainties (ggH)
→ Need help form theory community

I Many results are stat. limited→ promising for Run-2 & beyond
? Questions for Run-2 & beyond

? Is this THE Higgs boson?
? Can this Higgs provide a hint of BSM physics?
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Backup
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The CMS Detector
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Evidence for fermion decay

I Combination of VH → bb̄ and H → ττ published in Nature
Phys. [doi:10.1038/nphys3005]
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    model
standard

Everything is consistent with Yukawa SM coupling
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Alternative spin-1 & 2 Boson
I Spin-1 Amplitude

A(XJ=1 → V1V2) ∼ b1

[(
ε
∗
V1

q
) (
ε
∗
V2
εX

)
+
(
ε
∗
V2

q
) (
ε
∗
V1
εX

)]
+ b2εαµνβε

α
X ε

∗µ
V1
ε
∗ν
V2

q̃β

I ZZ tests if boson is any fraction of vector(b1) & pseudo-vector(b2) for qq̄ production and prod. indep.

I WW tests pure states with qq̄ production

I Spin-2 Amplitude
A(XJ=2 → V1V2) ∼ Λ−1

[
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)]

I ZZ, WW tested terms in Run-1 Papers (arXiv:1312.5353, arXiv:1312.1129)
have completed/combined in new results

I ZZ tests three production modes (gg, qq̄, prod. indep.)

I WW tests as a function of qq̄ contribution

I H → γγ tests 2+
m (c1 = c5) as a function of qq̄ contribution
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Observables in γγ

I H → γγ binned fit signal strength in |cos(θ∗CS)| before
acceptance & efficiency

I Hypothesis testing as a function of qq̄ for 2+
m

I Correct for accep. × eff. of 2+
m boson
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