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Motivation: Where are we 
standing?
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SM 10 years ago: gauge 
and matter fields

SM today: gauge, matter, 
and Higgs fields

2012 boson:
SM-like Higgs
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SM 10 years ago: gauge 
and matter fields

SM today: gauge, matter, 
and Higgs fields

2012 boson:
SM-like Higgs

Phys. Rev. D 101, 
012002 (2020)

PDG 2019 Review 
Electroweak Model 
and Constraints on 

New Physics

PLETHORA OF DATA: 

signal stre
ngths, kappa 

fra
mework, STXS…

PDG 2019 Review 
CKM Matrix
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Motivation: What can be 
done?
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Reconstruct TeV-scale 
Lagrangian with 

current data?

Rates are not enough. 
Include differential 

information?

What observables are 
best to anticipate to 

incoming data?

Absence at the LHC of new physics BSM ⁉
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Absence at the LHC of new physics BSM ⁉
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EFT: PARAMETERISE NEW PHYSICS IN 
A “MODEL-INDEPENDENT” WAY 💪😎

Mass scale of new physics (should be large)

Wilson coefficients Higher-dimensional operators
❖ Respect SM 

gauge symmetry 
(SU(2) x U(1))

❖ Include only SM 
fields
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SMEFT: HD operators, 
choice of basis, …
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• SM here is a low-energy effective theory valid 
below a cut-off scale 𝚲, superseded by a bigger 
theory above such scale. 

• Appelquist-Carazzone theorem: at the 
perturbative level, all heavy (> 𝚲) DOF are 
decoupled from the low-energy theory.
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Leading BSM 
effects (59 

independent 
B-conserving 

operators)

Neutral TGC 
interactions

d = 5: 
Majorana 

mass term to 
neutrinos

d = 7: Breaks B, L

(Nucl. Phys. B 268 (1986) 621-653;
Phys.Rev.D 48 (1993) 2182-2203;

JHEP 10 (2010) 085; …)

15 boson + 19 single 
fermion + 25 four fermion. 
Lowest dimension, after 

d=4, inducing hXY, hXYZ, 
charged TGCs

Many deformations 
from a single 

operator: 
correlated 

interactions
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SMEFT: HD operators, 
choice of basis, …
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• SM here is a low-energy effective theory valid 
below a cut-off scale 𝚲, superseded by a bigger 
theory above such scale. 

• Appelquist-Carazzone theorem: at the 
perturbative level, all heavy (> 𝚲) DOF are 
decoupled from the low-energy theory.

New vertices ensuing 
from EFT can produce 
novel/enhanced effects 

in certain PS regions

Observables to study 
the effects of certain 

operators/processes?

In the Higgs sector, 
precisely measure their 

couplings to gauge 
bosons and fermions

Indirect constraints (S, T), 
precision physics at LEP, 

correlations… Need more and 
better measurements to improve 

current bounds
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★Bottom-up approach: find set of independent 
new interactions that can arise and are the 
experimentally best tested ones.

★Use BSM primary effects to constrain new 
physics (broken phase).
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• Probe of Higgs-gauge boson couplings at the 
LHC: resolution of the tensor structure with 
differential study.

11

The golden channel: SM
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h ! 4`

• Angular 
distribution with the 
Method of 
Moments in the 
Higgs golden 
channel             .
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The golden channel: SMEFT
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(JHEP 02 (2015) 039;
https://cds.cern.ch/record/2285934)

Constrain this operator at future lepton colliders. 
arXiv:2105.ABCDE (in preparation)

NEGLECTED
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NEGLECTED

Already strongly constrained. 
(JHEP 1505 (2015) 125,

Phys. Lett. B 812 (2021) 135980)

<latexit sha1_base64="zgZu9+I2LKyppNOiHlMTEWSUHZE="></latexit>

�L �
X

f=`

ghZf
h

v
Zµf̄�

µf

+ ZZ
h

v
Zµ⌫Zµ⌫

+
X

f=`

ghffhf̄LfR

+ GG
h

v
GAµ⌫GA

µ⌫ + . . .

Oscar Ochoa-Valeriano

The golden channel: SMEFT



15 XXXV RADPyC

NEGLECTED

Affects the total rate, 
not the angular distributions.
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OUR ANALYSIS
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Angular distribution
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computed in the Higgs rest frame, and its differential 
distribution in the lepton emission angles. 
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Angular dependence
in HELAS
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2 pairs of opposite-charge 
and opposite-helicity leptons

<latexit sha1_base64="yVOFB8uIIuB7mKruXcypBmlT4DQ=">AAACA3icbZC7TsMwFIadcivlFmCDJVAhlaVKGICxgoWxSPQiNVHkuG5r1XYs20GqokgszLwFCwMIsbLwCGw8CDtO2wFafsnSp/+co+PzR4ISpV33yyosLC4trxRXS2vrG5tb9vZOU8WJRLiBYhrLdgQVpoTjhiaa4raQGLKI4lY0vMzrrVssFYn5jR4JHDDY56RHENTGCu09P4Iy9TGlWZj6gmU5GmIiC+2yW3XHcubBm0K5dlD5/njwj+uh/el3Y5QwzDWiUKmO5wodpFBqgijOSn6isIBoCPu4Y5BDhlWQjm/InCPjdJ1eLM3j2hm7vydSyJQasch0MqgHaraWm//VOonunQcp4SLRmKPJol5CHR07eSBOl0iMNB0ZgEgS81cHDaCESJvYSiYEb/bkeWieVL3Tqntt0rgAExXBPjgEFeCBM1ADV6AOGgCBO/AInsGLdW89Wa/W26S1YE1ndsEfWe8/u2Sb3w==</latexit>

¯̀±`⌥

For such a system, the dependence on the emission angles is determined by 
the angular momentum quantum numbers (J, M), in their rest frame.

Scattering amplitudes
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h → ZZ* HELAS

19 XXXV RADPyCOscar Ochoa-Valeriano

Starting point: h → Z𝜆1Z*𝜆2 decay with definite helicity for the final Z.

Angular momentum conservation in the decay of a scalar (s = 0) 
at rest implies 𝝀1 = 𝝀2.

Boost factors.

h → ZZ* amplitudes.



h → ZZ* → 𝓵+𝓵-𝓵+𝓵- HELAS
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Full helicity amplitude, with h production factorised out.

Breit-Wigner propagators (helicity-independent):
common factor in the angular distribution.



h → ZZ* → 𝓵+𝓵-𝓵+𝓵- HELAS
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Full helicity amplitude, with h production factorised out.

BSM corrections in h → ZZ* amplitudes (helicity-dependent):
modification of the angular distribution. 
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Visible angular modulation
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Angular distribution not for 𝛌 = +1/2 leptons, 
but for negatively charged leptons instead.

Q = -1 fermions • RH: 𝛌 = +1/2
• LH: 𝛌 = -1/2



Angular Moments
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Linear combination of 
the following 9 

functions of the final 
lepton angles:

<latexit sha1_base64="WM1ikbj0xQxljQGhWd24LKo80Sg=">AAACEXicbVDLSgMxFM3UV62vqks3oUWoCGVGRF0W3bisYB/QKSWT3pmGZh4kd4RS+gtu9FPcuFDErTt3/RvTx0JbDyQczrmX5BwvkUKjbY+tzMrq2vpGdjO3tb2zu5ffP6jrOFUcajyWsWp6TIMUEdRQoIRmooCFnoSG17+Z+I0HUFrE0T0OEmiHLIiELzhDI3XyJVeLIGTUleBjKQioizHtTe9zF6Sk1FUi6OFJJ1+0y/YUdJk4c1KsFNzT53FlUO3kv91uzNMQIuSSad1y7ATbQ6ZQcAmjnJtqSBjvswBahkYsBN0eThON6LFRutSPlTkR0qn6e2PIQq0HoWcmQ4Y9vehNxP+8Vor+VXsooiRFiPjsIT+V1OSd1EO7QgFHOTCEcSXMXynvMcU4mhJzpgRnMfIyqZ+VnYuyfWfauCYzZMkRKZASccglqZBbUiU1wskjeSFv5N16sl6tD+tzNpqx5juH5A+srx8kNZ7r</latexit>

� (gg ! h ! 4`)



Angular Moments
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Coefficients of the previously shown 9 angular functions, in the 
differential cross-section evaluated in the Higgs rest frame.

1 → SM

C
P-

od
d

Small → a5, a6, a8 suppressed



Method of Moments
Extraction of the ai’s coefficients with the Method of Moments.
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(Phys. Rev. D 43, 2193 (1991),
Phys. Rev. D 91, 114012 (2015))

Transparent and advantageous when statistics are low.

Assume there exists a dual basis           orthonormal to         ,  
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Method of Moments
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In our analysis,

Diagonalisation:



Collider analysis
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Validated against (CMS-PAS-HIG-19-001): 96% agreement with experimental numbers. 
We target the HL-LHC.
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- MC estimated moments:                    , with 
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ai = N̂w̄i

Expected events at L = 3 ab-1.
Total Rate

All moments
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syst = 0.02
(ATL-PHYS-PUB-2018-054)68% C.L. bounds on 

CP-even coupling.
Angular distribution allows to set 

bounds along a flat direction.
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Vh

h->4l

-0.10 -0.05 0.00 0.05 0.10

-0.04

-0.02

0.00

0.02

0.04

δg� h
ZZ

κ Z
Z

<latexit sha1_base64="1ug5GG9m9KFu9UueGNmFWZSSCUY="></latexit>

With syst = 0, |ZZ | < 0.05 for �ĝhZZ = 0

(MELA |ZZ | < 0.04)

<latexit sha1_base64="qOgugkYfGJpvAD4sEXWakvFJwq4="></latexit>

|̃ZZ | < 0.5 (Marginalising over ZZ and �ĝhZZ)

[a7, a8, a9 : small contribution to �2
]

<latexit sha1_base64="uf7eeSBGuH00O1EZEP9K7X1oeq4="></latexit>

1/⇤4 negligible w.r.t 1/⇤2

- Purple: gg → h → 4𝓵
- Green: pp → Vh
(JHEP 09 (2020) 170)
- Red: Combination
- Yellow ellipse: + pp → h → WW
(ATL-PHYS-PUB-2018-054)



• Angular differential study to probe the tensor 
structure of the Higgs coupling to gauge bosons. 

• Angular moments extracted with the Method of 
Moments ⇒ strong bounds as in the MELA 
framework, in a more transparent way. 

• Angular analysis lifts the flat direction in                   .

Summary and conclusions
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(�ĝhZZ ,ZZ)



Questions/Comments/Suggestions?
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👏🙌
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A fully differential SMEFT 
analysis of the golden channel 
using the Method of Moments



Backup slides
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EFT Lagrangian
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EFT parameters
and Warsaw basis
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hZ𝓵𝓵 contact interaction
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hZ ¯̀̀ : ¯̀±`⌥ with J = 1 and M = �Z

contribution to                             can be expressed as a shift in 
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h ! Z2` ! 4`
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Deformations and
correlated interactions
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<latexit sha1_base64="AfLx0GTeYDpcD7V6U4e2llhM99Y="></latexit>

Operator (H†�aH)W a
µ⌫B

µ⌫

Expanding, get terms like: ĥ2
h
Ŵ 3

µ⌫B
µ⌫ + 2igc✓WW�

µ W+
⌫ (Aµ⌫ � t✓W )Zµ⌫

i

Considering ĥ = v + h and expanding further:

hAµ⌫A
µ⌫ , hAµ⌫Z

µ⌫ , hZµ⌫Z
µ⌫ , hW+

µ⌫W
�,µ⌫ ! Higgs deformations

2igc✓WW�
µ W+

⌫ (Aµ⌫ � t✓WZµ⌫) ! �� , �Z (TGCs)

Ŵµ⌫B
µ⌫ ! S-parameter

7 deformations from a single operator
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Anomalous Higgs Couplings
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Lprimary
h = ghV V

"
W+µW�

µ +
1

2c2✓W
ZµZµ

#
+ g3hh

3 + ghff (hf̄LfR + h.c.)

+ GG
h

v
GAµ⌫GA

µ⌫ + ��
h

v
Aµ⌫Aµ⌫ + Z�t✓W

h

v
Aµ⌫Zµ⌫

Terms not constrained by LEP. First time probed at the LHC:

(Phys. Rev. D 91, 035001)
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µ Jµ
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h

v
W+µ⌫W�
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h
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Zµ⌫Zµ⌫

Interactions constrained by LEP:
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(1412.4410) (Phys. Rev. D 91, 035001)

Anomalous Higgs Couplings
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Assuming flavour universality, some anomalous Higgs

couplings first probed at the LHC are:

hW+
µ⌫W

�,µ⌫

hZµ⌫Z
µ⌫ , hAµ⌫A

µ⌫ , hAµ⌫Z
µ⌫ , hGµ⌫G

µ⌫

hff̄ , h2ff̄

hW+
µ W�,µ

h3

hZµf̄L,R�
µfL,R

Anomalous Higgs 
Couplings
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EW Anomalous Couplings:  
9 EW Precision Observables
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Z/W -pole measurements:

Zµ
¯fL,R�

µfL,R

W+
µ ūL�

µdR

3 TGCs measured at LEP by the e+e� ! W+W�
channel:

gZ1 c✓WZµ
⇣
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ˆW�
µ⌫ �W�,⌫
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µ⌫

⌘

�s✓W ˆAµ⌫W+
µ W�

⌫
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µ W+

⇢⌫

QGCs :

ZµZ⌫W�
µ W+

⌫

W�,µW+,⌫W�
µ W+

⌫
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Collider setup @√s = 14 TeV
• gg → h → 4𝓵: MadGraph5 @LO;  NNPDF31_lo_as_0130 PDF set; 

N3LO K-factor = 3.155. SM and EFT contributions, separately. 

• qq → 4𝓵: POWHEG BOX v2 @NLO; NNPDF31_nlo_hessian_pdfas 
PDF set; N2LO/NLO K-factor = 1.1. 

• gg → 4𝓵: MCFM 7 @LO; CTEQ6L PDF set; N2LO/LO K-factor = 2.27. 

• pp → 𝓵𝓵jj: MadGraph5 @LO; K-factor = 0.91.
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Collider setup @√s = 14 TeV
• Pythia8 for parton shower and hadronisation. 

• Gaussian smearing (electrons, muons, jets) → (energy, pT, p) 
to simulate detector response in the reconstruction of FS 
objects. Leptons: mass- and direction-preserving smearing. 
Jets: mass-preserving smearing. 

• Leptonic reconstruction efficiency: 0.92. 

• Jet-to-electron fake rate: 0.016 (0.044) for jets with |yj| < 1.48 
(1.48 < |yj| < 2.5). Only for reducible-background samples.
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Momentum smearing
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(SciPost Phys. 8, 025 (2020))



Collider analysis
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S/B = 0.00734

S/B = 1.37

S/Bfull = 1.09

Irreducible + reducible backgrounds.



Collider analysis
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Angular extraction
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