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Higgs Boson Mass in H→γγ
MH - the only parameter not fixed in the Standard Model 
Most precisely determined with H→γγ and 4 lepton channels.
CMS stat. uncert. smaller as core resol., syst. smaller due to homogen. ECAL.
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Mass measurement categories

ATLAS

ATLAS PRD 90 (2014) 052004
CMS EPJ C 74 (2014) 3076

 ATLAS:  MHγγ = 126.02 ± 0.43 (stat.) ± 0.27 (syst.) = 126.02 ± 0.51 GeV      
 CMS:      MHγγ = 124.70 ± 0.31 (stat.) ± 0.15 (syst.) = 124.70 ± 0.34 GeV
                 ΔMH(ATLAS-CMS) =  1.3 ± 0.6 GeV (2.1σ)
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9
Total Stat. Syst.CMS and ATLAS

 Run 1LHC       Total      Stat.    Syst.

l+4γγ CMS+ATLAS  0.11) GeV± 0.21 ± 0.24 ( ±125.09 

l 4CMS+ATLAS  0.15) GeV± 0.37 ± 0.40 ( ±125.15 

γγ CMS+ATLAS  0.14) GeV± 0.25 ± 0.29 ( ±125.07 

l4→ZZ→H CMS  0.17) GeV± 0.42 ± 0.45 ( ±125.59 

l4→ZZ→H ATLAS  0.04) GeV± 0.52 ± 0.52 ( ±124.51 

γγ→H CMS  0.15) GeV± 0.31 ± 0.34 ( ±124.70 

γγ→H ATLAS  0.27) GeV± 0.43 ± 0.51 ( ±126.02 

Combined Higgs Boson Mass
δMH  precision below 0.3% level for single A&C and 0.2% level for combined. 
Already at impressive accuracy (PDG2014: δMW~190ppm, δMZ~23ppm, δMtop~0.5%).
Need to further improve in future? (Mtop more important) For Higgs BR in ILC? 

 ATLAS:      MH = 125.36 ± 0.37 (stat.) ± 0.18 (syst.) = 125.36 ± 0.41 GeV      
 CMS:          MH = 125.02 ± 0.27 (stat.) ± 0.15 (syst.) = 125.02 ± 0.30 GeV
 Combined: MH = 125.09 ± 0.21 (stat.) ± 0.11 (syst.) = 125.09 ± 0.24 GeV
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Weight

19%
40%
18%
23%

ATLAS-HIGG-2014-14, CMS-HIG-14-042

‣Uncertainty in mass ~ 0.2% , better than for top (~0.5%)!

‣ Run 1 mass combination: ATLAS and CMS (2015)   125.09 GeV 

This time last year, the 125 GeV boson had been “rediscovered”

with up to 15 fb�1
of 13 TeV data!
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However, in most cases Run 1 measurements were still superior and several

“mysteries” persisted...

Measurements in the H ! �� channel

Available on the CERN CDS information server
CMS PAS HIG-16-040

CMS Physics Analysis Summary

Contact: cms-pag-conveners-higgs@cern.ch

2017/05/15

Measurements of properties of the Higgs boson in the

diphoton decay channel with the full 2016 data set

The CMS Collaboration

Abstract

Measurements of properties of the Higgs boson SM(125) in the H ! �� de-

cay channel are reported. The analysis uses the data collected by the CMS ex-

periment in proton-proton collisions during the 2016 LHC running period. The

data sample corresponds to an integrated luminosity of 35.9 fb�1 at
� s = 13 TeV.

The measured signal strength relative to the standard model prediction is

1.16+0.15
�0.14 = 1.16 +0.11

�0.10(stat.) +0.09
�0.08(syst.) +0.06

�0.05(theo.). Signal strengths associated with

the different Higgs boson production mechanisms, coupling modifiers to bosons and

fermions, and effective couplings to photons and gluons are also measured.

Available on the CERN CDS information server
CMS PAS HIG-17-015CMS Physics Analysis SummaryContact: cms-pag-conveners-higgs@cern.ch

2017/03/30Measurement of differential fiducial cross sections for

Higgs boson production in the diphoton decay channel in

pp collisions at
�

s = 13TeV
The CMS Collaboration

AbstractA measurement of the integrated and differential fiducial production cross sections

for the Higgs boson in the diphoton decay channel at �
s = 13 TeV is performed

using 35.9 fb�1 of pp collisions data collected by the CMS experiment at the CERN

LHC. Differential cross sections are measured as a function of the diphoton transverse

momentum and jet multiplicity. All cross sections are measured within a fiducial

phase space defined by the requirements on the photons kinematics, their isolation,

and the event topology. The measured cross sections are compared to state of the

art theoretical predictions for the Standard Model Higgs bosons. A good agreement

between observations and predictions is observed.

ATLAS NOTE

ATLAS-CONF-2017-045

July 5, 2017

Measurements of Higgs boson properties in the diphoton decay

channel with 36.1 fb�1 pp collision data at the center-of-mass

energy of 13 TeV with the ATLAS detector

The ATLAS Collaboration

Abstract

Properties of the Higgs boson are measured in the two-photon final state using 36.1 fb�1

of proton–proton collision data recorded at
� s = 13 TeV by the ATLAS experiment at the

Large Hadron Collider. The ATLAS and CMS mass measurement of 125.09 ± 0.24 GeV

is used and signals are extracted in a diphoton mass range of 105–160 GeV. Production

cross section measurements for a Higgs boson rapidity |yH| < 2.5 and in the full phase

space for gluon fusion (ggH), vector boson fusion (VBF), and Higgs boson production in

association with a vector boson or a top-quark pair are reported. The signal strength, defined

as the ratio of the observed signal yield to the expected signal yield, is measured for the

same production processes as well as inclusively. The global signal strength measurement

of 0.99± 0.14 improves on the precision of the previous ATLAS measurement by a factor of

2, and ggH (VBF) production is measured to be 1 � below (2 � above) the Standard Model

expectation. Measurements of simplified template cross sections, designed to measure the

di�erent Higgs boson production processes in specific regions of phase space, are reported.

The fiducial cross section is measured to be 54.7±10.2 fb for a Higgs boson decaying to two

isolated photons that have transverse momentum greater than 35% and 25% of the diphoton

invariant mass and each with absolute pseudorapidity |�| < 2.37, excluding the region 1.37 <

|�| < 1.52. Fiducial regions probing Higgs boson production in vector boson fusion or

in association with large missing transverse energy, leptons or top-quark pair are reported.

Finally, di�erential cross sections dominated by ggH production are measured as a function

of diphoton kinematic variables sensitive to quantum chromodynamics and the spin of the

Higgs boson. These are compared with state-of-the-art Standard Model predictions, where

no significant deviations are observed.

c� 2017 CERN for the benefit of the ATLAS Collaboration.

Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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ATLAS and CMS have updated their analyses with over 35 fb�1 of 13 TeV data!
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Higgs discovered, re-discovered and re-re-discovered

mH - Latest ATLAS measurement (ATLAS-CONF-2017-046)

Combined measurement in H ! 4` and H ! �� channels:
mH = 124.98 ± 0.19 (stat.) ± 0.21 (syst.) GeV

Per-event method used in H ! 4` case,
cross-checked with template method

Likelihood fit with analytical PDF used
for H ! �� channel

Uncertainty on combined mH value
dominated by systematics

Source Systematic uncertainty on mH [MeV]

LAr cell non-linearity 90
LAr layer calibration 90
Non-ID material 60
ID material 50
Lateral shower shape 50
Z ! ee calibration 30
Muon momentum scale 20
Conversion reconstruction 20

 [GeV]
H

m
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Total Stat. Syst.
 PreliminaryATLAS

-1 = 13 TeV, 36.1 fbs

��Total      Stat.   Syst.

Combined  0.21) GeV± 0.19 ± 0.28 ( ±124.98 

γγ→H  0.36) GeV± 0.21 ± 0.42 ( ±125.11 

l4→ZZ*→H  0.05) GeV± 0.37 ± 0.37 ( ±124.88 

LHC Run 1  0.11) GeV± 0.21 ± 0.24 ( ±125.09 
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Improved precision from both experiments, while H ! 4` still very much statistically
limited, the ATLAS H ! �� uncertainty is now dominated by systematics!
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now similar precision in one exp



Searches targeting the fermion Yukawa couplings

Particle mass [GeV]
1−10 1 10 210

vV
m V

κ
 o

r 
vF

m F
κ

4−10

3−10

2−10

1−10

1
W

t
Z

b

µ

τ

ATLAS+CMS
SM Higgs boson

] fitε[M, 
68% CL
95% CL
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This time last year, the Run 1 ATLAS and CMS couplings combination summarised
our best knowledge of the fermion couplings

Notable unsatisfactorily large uncertainty on muon coupling while b quark coupling
seems to deviate slightly from the Yukawa trend

What progress has been made recently?
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H->ττ:	results

10

Best Fit signal strength : 1.06 ± 0.25

log(S/S+B) plot has been made from every bin from the unrolled 2-D
distributions

Expected (postfit) significance is 4.7 σ

Observed significance is 4.9 σ
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Best Fit signal strength : 1.06 ± 0.25

5.9 when combined with CMS Run1

Paolo Meridiani

OBSERVATION OF H➝!!

25

CMS HIG-16-043 

4.9σ (4.7σ exp)

4 !! channels (!h!h, e!h, μ!h, eμ) x 3 categories (0-jet, boosted, VBF) 
  2D fit signal extraction: m!! vs (! decay mode, pT, di-jet mass) 

Observation of !! decay mode from a single experiment: 4.9σ (4.7σ exp), 5.9σ when 
combined with CMS Run1  

sensitivity 
driven by VBF 
& boosted 
category

Couplings



µ =
�

�SM
Signal strength

Cross sections in “agreement” with SM in all channels (large errors yet)

�

�SM
⌘ µ = 1.09± 0.07(stat)± .04(syst)

±.03(th bckd)+.07
�.06(th signal)

similar for Run 2



WHY MULTIPLE HIGGS?



WHY MULTIPLE HIGGS?
Scalar Symmetry Breaking potential in the SM:

Self coupling fixed by measurement of the Higgs mass and VEV!

Consequences for the scalar field H

The scalar potential

V
(

Φ†Φ
)

= λ

(

Φ†Φ − v2

2

)2

expanded around the vacuum state

Φ(x) =
1√
2

⎛

⎝

0

v + H(x)

⎞

⎠

becomes

V =
λ

4

(

2vH + H2
)2

=
1

2
(2λv2)H2 + λvH3 +

λ

4
H4

Consequences:

•• the scalar field H gets a mass which is given by the quartic coupling λ

m2
H = 2λv2

•• there is a term of cubic and quartic self-coupling.
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One recognizes in Eq. (25) the mass terms for the charged gauge bosons W±
µ :

W±
µ =

1√
2
(A1

µ ± A2
µ) −→ MW = g

v

2
, (26)

and for the neutral gauge boson Z0
µ:

Z0
µ =

1√
g2 + g′2

(gA3
µ − g′Bµ) −→ MZ =

√

g2 + g′2v

2
, (27)

while the orthogonal linear combination of A3
µ and Bµ remains massless and corresponds to

the photon field (Aµ):

Aµ =
1√

g2 + g′2
(g′A3

µ + gBµ) −→ MA = 0 , (28)

the gauge boson of the residual U(1)em gauge symmetry.

The content of the scalar sector of the theory becomes more transparent if one works in

the unitary gauge and eliminate the unphysical degrees of freedom using gauge invariance.

In analogy to what we wrote for the abelian case in Eq. (7), this amounts to parametrize

and rotate the φ(x) complex scalar field as follows:

φ(x) =
e

i
v
χ⃗(x)·τ⃗
√

2

⎛

⎜
⎝

0

v + H(x)

⎞

⎟
⎠

SU(2)−→ φ(x) =
1√
2

⎛

⎜
⎝

0

v + H(x)

⎞

⎟
⎠ , (29)

after which the scalar potential in Eq. (23) becomes:

Lφ = µ2H2 − λvH3 − 1

4
H4 = −1

2
M2

HH2 −
√

λ

2
MHH3 − 1

4
λH4 . (30)

Three degrees of freedom, the χa(x) Goldstone bosons, have been reabsorbed into the lon-

gitudinal components of the W±
µ and Z0

µ weak gauge bosons. One real scalar field remains,

the Higgs boson H , with mass M2
H =−2µ2 = 2λv2 and self-couplings:

H

H

H= −3iM2
H

v

H

H

H

H

= −3iM2
H

v2

Furthermore, some of the terms that we omitted in Eq. (25), the terms linear in the gauge

bosons W±
µ and Z0

µ, define the coupling of the SM Higgs boson to the weak gauge fields:

Vµ

Vν

H= 2iM2
V

v gµν

Vµ

Vν

H

H

= 2iM2
V

v2 gµν
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⎝

0

v + H(x)

⎞

⎟
⎠

SU(2)−→ φ(x) =
1√
2

⎛

⎜
⎝

0

v + H(x)

⎞

⎟
⎠ , (29)

after which the scalar potential in Eq. (23) becomes:

Lφ = µ2H2 − λvH3 − 1

4
H4 = −1

2
M2

HH2 −
√

λ

2
MHH3 − 1

4
λH4 . (30)

Three degrees of freedom, the χa(x) Goldstone bosons, have been reabsorbed into the lon-

gitudinal components of the W±
µ and Z0

µ weak gauge bosons. One real scalar field remains,

the Higgs boson H , with mass M2
H =−2µ2 = 2λv2 and self-couplings:

H

H

H= −3iM2
H

v

H

H

H

H

= −3iM2
H

v2

Furthermore, some of the terms that we omitted in Eq. (25), the terms linear in the gauge

bosons W±
µ and Z0

µ, define the coupling of the SM Higgs boson to the weak gauge fields:

Vµ

Vν

H= 2iM2
V

v gµν

Vµ

Vν

H

H

= 2iM2
V

v2 gµν
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One recognizes in Eq. (25) the mass terms for the charged gauge bosons W±
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2
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2
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BECAUSE IS  FUNDAMENTAL TO TEST THE SCALAR POTENTIAL

To be seen in:



SM is an effective theory:  
                    Let’s move to higher dimension operators



Warsaw basis  → 2499 non-redundant 6-dim operators 

Phenomenological use: Subsets, e.g. SILH ⊂ Warsaw 

Relevant for HH production: H-top & H-G interactions

SM EFT:

LSILH

6
� c̄H

2v2
@µ(H

†
H)@µ(H†

H) +
c̄u

v2
yt(H

†
Hq̄LH

c
tR + h.c.)

� c̄6

6v2
3M2

h

v2
(H†

H)3 + c̄g
g
2

s

M
2

W

H
†
HG

aµ⌫
G

a

µ⌫
,

Giudice et al. 2007
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Warsaw basis  → 2499 non-redundant 6-dim operators 

Phenomenological use: Subsets, e.g. SILH ⊂ Warsaw 

Relevant for HH production: H-top & H-G interactions

SM EFT:

HEFT: Interactions that involve the Higgs singlet only:

Non-linear 
realization of EWSM

Linearly (in Λ-1EFT) equivalent if cg = cgg

LSILH

6
� c̄H

2v2
@µ(H

†
H)@µ(H†

H) +
c̄u

v2
yt(H

†
Hq̄LH

c
tR + h.c.)

� c̄6

6v2
3M2

h

v2
(H†

H)3 + c̄g
g
2

s

M
2

W

H
†
HG

aµ⌫
G

a

µ⌫
,

Lnon-lin ��Mt t̄t

✓
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h

v
+ ctt

h2

2v2

◆
� c3

1

6
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3M3
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◆
h3

+
↵s

⇡
Gaµ⌫Ga

µ⌫

✓
cg

h

v
+ cgg

h2

2v2

◆

Contino et al. 2010

Giudice et al. 2007

SM is an effective theory:  
                    Let’s move to higher dimension operators



LO:



QCD Corrections: Too difficult → Use HTL and rescale by Born

mt ! 1

mt ! 1

CH = 1 +
11

4
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⇡
+
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
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16
log

µ2
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t

+Nf

✓
�
67

96
+

1

3
log

µ2
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t

◆�
+ O(↵3

s
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✓
35
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+

2

3
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◆
+O(↵3

s
)

NLO:

These include virtual 
NNLO corrections



WHAT WE DID?



ADAPTED THE DOUBLE HIGGS RESULT TO THE EFT
(arXiv:hep-ph/1704.05700 - DdF, IF, JM)



ADAPTED THE DOUBLE HIGGS RESULT TO THE EFT
NNLO K-Factor

�Kc3 ⇡ 7.2% at c3 = 4.20 ,

�Kctt ⇡ 5.7% at ctt = 0.66 ,

�Kcg ⇡ 3.4% at cg = �0.15 ,

�Kct ⇡ 0.5% at ct = 0.65 .

Maximum departure from SM:

Global maximum:

at c3 = 7.0, ct = 1.15, ctt = 0.1, cg = �0.09, cgg = 0.02

�Kmax ⇡ 84% EFT NNLO calculation relevant!!!

(arXiv:hep-ph/1704.05700 - DdF, IF, JM)



ADAPTED THE DOUBLE HIGGS RESULT TO THE EFT

Degeneracy structure 
preserved after 
inclusion of mt 

effects (in Born) and 
NNLO radiative 

corrections. 
Breaking of degeneracy in differential distributions

(arXiv:hep-ph/1704.05700 - DdF, IF, JM)
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Cons: 

•Very low cross section (ab -> won’t be seen @ LHC) 

•HTL not very good approximation



WHAT ABOUT TRIPLE HIGGS?

(arXiv:hep-ph/1610.05012  - DdF, JM)

Cons: 

•Very low cross section (ab -> won’t be seen @ LHC) 

•HTL not very good approximation

But… only NNLO (single) real emission missing to have a full 
calculation
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SUMMARY
Multiple Higgs production is a tool to test the scalar 
potential that drives EWSM.

We need precision in QCD to have good estimates & EFT’s 
to parametrize possible deviations.

We can make use of existing calculations in order to achieve 
precision without doing the heavy lifting.

Work in progress with Daniel and Manuel:  
Mixed QCDxQED corrections to Z production. Please ask.



FIN


