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The Gauge-Higgs Legacy of the LHC Run I

Outline

Precise study of the SM particle interactions as a door for hints of New Physics/answers.

Triple gauge boson couplings (WWV ) Higgs coupling measurements

� SM: fixed by gauge invariance and
renormalizability

� BSM: strong sectors (composite
fermions/Higgs 1406.7320), new bosonic
states (1510.03114), extra dimensional
Gauge-Higgs unification (1604.01531).

� Precision until now fixed by LEP.

� Run I: SM hypothesis works, coupling
strengths . 20%.

� BSM: extended Higgs sectors, 2HDM,
Higgs Portals, vector triplets, strongly
sectors etc

� Run I ∆ or κ framework: powerful, but
Run II needs extension; several sector
measurements, kinematic distributions,
higher order corrections.

→ LHC Run I combination → Effective Lagrangian
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The Framework

Effective Lagrangian Approach
∼ O(30) years: SM success motivates model independent parametrization for NP→ Leff

Key principle: To describe physics at some scale (for us, LHC), we do not need to know all
the details of the dynamics at a much higher scale.

Leff = LSM
0 +

∞∑
m=1

∑
n

f
(4+m)
n

Λm
O(4+m)
n

Based on symmetries and particle content at low energy.

Model Independent: Captures (almost) any NP BSM without committing to a specific BSM
extension. If no NP appears quantify the exclusion accuracy on NP.
Provides an ordering principle in terms of Λ.

First flavor, then LEP/2 and EWPD, TGV, also Higgs at LEP and Tevatron

Apply it to the Higgs sector!
1207.1344

Extends ∆ or κ framework for Higgs:
• New Lorentz structures: potential to break/increase sensitivity with kinematics!
• Suitable multiple sectors: EWPD, top physics, TGV and now Higgs! → Higgs-TGV
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The Framework

Effective Lagrangian: the linear realization

Non–linear→ see Luca Merlo

Bottom-up model-independent effective Lagrangian approach:

Leff = LSM
0 +

∑
n

fn

Λ2
On

Particle content (SU(2)L doublet), Symmetries (SM, lepton, baryon, CP)

Choice of basis: EOM, huge variety of data (DATA–DRIVEN), focus measurable at LHC:1

OGG = Φ†Φ GaµνG
aµν , OWW = Φ†ŴµνŴµνΦ, OBB = Φ†B̂µνB̂µνΦ,

OΦ,2 = 1
2
∂µ
(
Φ†Φ

)
∂µ
(
Φ†Φ

)
, OW = (DµΦ)†Ŵµν(DνΦ), OB = (DµΦ)†B̂µν(DνΦ),

OeΦ,33 = (Φ†Φ)(L̄3ΦeR,3), OuΦ,33 = (Φ†Φ)(Q̄3Φ̃uR,3), OdΦ,33 = (Φ†Φ)(Q̄3ΦdR,3) ,

OWWW = Tr
(
ŴµνŴ νρŴµ

ρ

)
Thus, 10 parameters for Gauge-Higgs sector:

fGG

Λ2
,
fWW

Λ2
,
fBB

Λ2
,
fφ,2

Λ2
,
fW

Λ2
,
fB

Λ2
,
fτ

Λ2
,
fb

Λ2
,
ft

Λ2
,
fWWW

Λ2

1
DµΦ =

(
∂µ + i 1

2
g′Bµ + ig σa

2
Wa
µ

)
Φ, B̂µν = i g

′
2
Bµν , Ŵµν = i g

2
σaWa

µν
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ρ

)
Triple gauge boson vertices (TGV):

fW

Λ2
,
fB

Λ2
,
fWWW

Λ2

1
DµΦ =

(
∂µ + i 1

2
g′Bµ + ig σa

2
Wa
µ

)
Φ, B̂µν = i g

′
2
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Combination of LHC Run I TGV data

Effective Lagrangian for TGV interactions

The usual Lagrangian to study TGV interactions since LEP:

LWWV
eff = gWWV

(
− igV1

(
W †µνW

µV ν −W †µWµνVν
)
− iκVW †µWνV

µν

−i
λV

M2
W

W †ρµW
µ
ν V

νρ

)

These can be directly measured at Colliders in
diboson production (WW,WZ,Wγ):

1
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p
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v

en
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/b
in

Background
SM WW
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f
W

/Λ
2
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f
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2
=25TeV

-2

f
WWW

/Λ
2
=25TeV

-2
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1

∆gZ1 = gZ1 − 1 =
g2v2

8c2Λ2
fW ,

∆κγ = κγ − 1 =
g2v2

8Λ2

(
fW + fB

)
,

∆κZ = κZ − 1 =
g2v2

8c2Λ2

(
c2fW − s2fB

)
,

λγ = λZ =
3g2M2

W

Λ2
fWWW .
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Combination of LHC Run I TGV data

Analysis Framework arXiv:1604.03105

Channel Distribution # bins Data set
WW lep. pleadT 4 ATLAS 8 TeV, 20.3 fb−1, 1603.01702
WW lep. m``(′) 8 CMS 8 TeV, 19.4 fb−1, 1507.03268
WZ lep. mWZ

T 6 ATLAS 8 TeV, 20.3 fb−1, 1603.02151
WZ lep. Z–p``T 10 CMS 8 TeV, 19.6 fb−1, PAS-SMP-12-006
WV semilep. V –pjjT 12 ATLAS 7 TeV, 4.6 fb−1, 1410.7238
WV semilep. V –pjjT 10 CMS 7 TeV, 5.0 fb−1, 1210.7544
WZ lep. Z–p``T 7 ATLAS 7 TeV, 4.6 fb−1, 1208.1390
WZ lep. Z–p``T 8 CMS 7 TeV, 4.9 fb−1, PAS-SMP-12-006

� Re-interpret searches: FR, MG5, Pythia,
Delphes

� Statistical analysis: SFITTER

Log-likelihood analysis: statistical,
background, systematic, and theory
uncertainties.
Including correlations

Validation: example ATLAS WW at 8TeV

]-2 [TeV2Λ
Wf

20− 15− 10− 5− 0 5 10 15 20

]
-2

 [T
eV

2
ΛW
W

W
f
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best fit

 (-
2 

lo
g 

L)
Δ

0
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2

3

4

5

6

7

8

9
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Combination of LHC Run I TGV data

Combined LHC Run I results arXiv:1604.03105
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Variety of channels leads to strong constraints:

� Strongest: fWWW /Λ2 (from WW and WZ), close: fW /Λ2 (also from both).

� fB weaker: only WW (in WWZ
s2w
c2w

suppression).

� Semileptonic 8 TeV would improve the resuts.

Juan González Fraile (Heidelberg) Planck 2016 Valencia, May 2016 7 / 13



Combination of LHC Run I TGV data

Comparison and combination with LEP arXiv:1604.03105
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LHC Run I
68 % CL Correlations

∆gZ1 0.010± 0.008 1.00 0.19 −0.06

∆κγ 0.017± 0.028 0.19 1.00 −0.01

λ 0.0029± 0.0057 −0.06 −0.01 1.00
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� LHC+LEP 95% CL (1-dim profiled)

fW

Λ2
∈ [−1.3, 6.3 ] TeV−2 ,

fB

Λ2
∈ [−18, 5, 10.9 ] TeV−2 ,

fWWW

Λ2
∈ [−2.7, 2.8 ] TeV−2 .

� LHC 95% CL (1-dim profiled)

∆gZ1 ∈ [−0.006, 0.026 ] ,∆κγ ∈ [−0.041, 0.072 ] , λγ,Z ∈ [−0.0098, 0.013 ] .
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The Gauge-Higgs Legacy of the LHC Run I

Effective Lagrangian for Higgs Interactions

OGG, OΦ,2, OBB , OWW , OB , OW , OeΦ,33, OdΦ,33, OuΦ,33 .

LHVV
eff = gHgg HG

a
µνG

aµν
+ gHγγ HAµνA

µν
+ g

(1)
HZγ

AµνZ
µ
∂
ν
H + g

(2)
HZγ

HAµνZ
µν

+ g
(1)
HZZ

ZµνZ
µ
∂
ν
H + g

(2)
HZZ

HZµνZ
µν

+ g
(3)
HZZ

HZµZ
µ

+ +g
(1)
HWW

(
W

+
µνW

−µ
∂
ν
H + h.c.

)
+ g

(2)
HWW

HW
+
µνW

−µν
+ g

(3)
HWW

HW
+
µ W

−µ

LHff
eff

= g
f
Hij

f̄LfRH + h.c.

gHgg = −
αs

8π

fGGv

Λ2
, gHγγ = −

(
g2vs2

2Λ2

)
fWW + fBB

2
,

g
(1)
HZγ

=

(
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Effective Lagrangian for Higgs Interactions
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The Gauge-Higgs Legacy of the LHC Run I

Global analysis of the Higgs interactions arXiv:1505.05516

Event rates (159 measurements) from ATLAS
and CMS analyses:

Modes
H →WW
H → ZZ
H → γγ
H → τ τ̄
H → bb̄
H → Zγ

H → invisible
tt̄H production

Kinematic distributions from ATLAS H → bb̄
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The Gauge-Higgs Legacy of the LHC Run I

Combined Gauge-Higgs results arXiv:1505.05516
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Combined Gauge-Higgs results arXiv:1604.03105
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Combined Gauge-Higgs results II arXiv:1604.03105
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� Combination based on OW and OB common contribution to both Higgs and TGV
interaction→ correlation from Higgs SU(2)L doublet nature.

� Relaxing this assumption→ Non-linear effective lagrangian expansion

Higgs-TGV (de)correlation→ testable

I. Brivio, J. G–F, Gonzalez–Garcia, L. Merlo arXiv:1604.06801

Tomorrow’s talk by Luca Merlo
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The Gauge-Higgs Legacy of the LHC Run I

Conclusions
arXiv:1505.05516
arXiv:1604.03105

• First combination of LHC Run I diboson searches:

� Strong bounds on OWWW , OW and OB
� Equivalently on classic parametrization: λV , ∆gZ1 and ∆κγ

� LHC Run I clearly improves LEP bounds

• Gauge-Higgs combination:

� TGV reduces secondary solutions and correlations.
� Allowed regions keep closing around the SM solution.

Given the currently reachable precision the global analysis of the Higgs sector must
include the LHC diboson production results.

Thank you!
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EFT from Effective?
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With the current sensitivity, this is model dependent dimension–6 Lagrangian.

EFT vrs. full model: Biekoetter et al 1406.7320, Gorbhan et al 1502.07352, Dawson et al
1501.04103, Craig et al 1411.0676, Drozd et al 1504.02409 etc

Brehmer et al 1510.03443:

• Several weakly interacting extensions: extra singlet, extra doublet, vector triplet, colored
scalar partner

• Several Higgs channels: Associated production, WBF, decays to photons, 4`, hh
• Several variables: m4`, mVH , pT,j , ∆Φjj etc

Interesting questions arise about how to perform the matching.
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