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Sign of Higgs boson couplings to W & Z
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Sign of Higgs boson couplings to W & Z



Beyond the SM: The SMEFT

The SM EFT is a general framework for describing non-SM interactions at a high scale

It assumes the low (electroweak) scale is governed by the SM

Expansion in orders of the new-physics scale: ∫d𝛔(d < TeV-1) = 𝛔5 v/𝚲NP + 𝛔6 v2/𝚲NP2 + …


If NP distance scale is <TeV-1 we can measure the SMEFT parameters affecting SM fields


If the low-mass fields are only SM then the 𝛔5 v/𝚲NP term is constrained by neutrino 
masses and the first term in the expansion relevant for Higgs is 𝛔6 v2/𝚲NP2 

d𝛔(exp) = d𝛔(SM) + d𝛔(d < TeV-1)
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The SMEFT: CP-even operators
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ATLAS DRAFT

Table 2: Wilson coefficients c and corresponding 3 = 6 SMEFT operators O 9 used in this analysis. The operator and
coefficient notation follows the convention of Ref. [98].
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Assuming gauge and flavor symmetries there 
are 60 parameters for CP-even interactions at 
mass-dimension 6 (arXiv:2012.11343)


Allowing for 3rd-generation-specific couplings 
increases this to 204 (“top” symmetry scheme)


Most parameters correspond to 4-fermion 
operators


Including constraints from precision EW 
physics reduces the number of parameters 
affecting Higgs physics to O(50)

Higgs/gauge

Higgs/EW

4-quark

Higgs Yukawa

top gauge

GF

ATLAS-CONF-2023-052
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Simplified template cross sections

Nature 607, 52 (2022)



Acceptance corrections
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Current STXS definitions require fiducial acceptance corrections for EFT interpretation

ATLAS-CONF-2023-052
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Eigenvectors
ATLAS DRAFT

used in the following, to ensure the convergence of the numerical likelihood maximisation procedure for476

the largest number of degrees of freedom that can be probed by the current set of measurements.477

3.2.1 Sensitivity estimate and choice of parameters478

To determine a modified basis c0 that can be estimated from the data, the SM expected covariance matrix479

+STXS of the measurement, expressed in the STXS basis {`8,:0,-}, is analysed. From +STXS, the Hessian480

matrix +
�1
STXS is obtained, and then rotated to the SMEFT basis {2 9}:481

+
�1
SMEFT = %

)
(8,:0,-)!( 9 ) +

�1
STXS %(8,:0,-)!( 9 ) . (16)

The expected Jacobian matrix %(8,:0,-)!( 9 ) is based on the linearised SMEFT model of Eq. (13):482

%(8,:0,-)!( 9 ) = �

f8,:0
9 + �

��!-

9 � �
��

9 , (17)

where �

f8,:0
9 , ���!-

9 and �
��

9 are the constant factors obtained from the simulation.483

In the limit of Gaussian STXS measurements, the matrix +
�1
SMEFT represents the Fisher information matrix484

of its linearised SMEFT model re-parametrisation, with the additional caveat that for large coefficient485

variations the representation of +�1
SMEFT may be suboptimal, as a consequence of the fully linearized form of486

Eq. 17 that is only valid in the limit of small coefficient values. An eigenvalue decomposition of the Fisher487

information matrix yields the eigenvectors 4E
[8 ] and their corresponding eigenvalues _8 and variances488

1/_8 .489

Figure 7 lists the eigenvectors obtained from the expected measurements and accounting for the observed490

values of nuisance parameters, ranked by eigenvalue and truncated to eigenvalues _8 � 0.01, corresponding491

to a truncation at an estimated uncertainty of f(4E [8 ] )  10, well beyond the validity range of the Wilson492

coefficients of O(1).493
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Figure 7: Eigenvectors of the inverse EFT covariance matrix obtained by propagating the SMEFT parameterisation
to the covariance matrix +STXS and requiring a significant (� 0.01) eigenvalue _. The corresponding expected
uncertainty for each eigenvector is also shown.
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Decompose Fisher information matrix to get eigenvectors with experimental sensitivity

Use eigenvectors to define a fit basis

ATLAS-CONF-2023-052
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Constraints on CP-even couplings 

12 ATLAS-CONF-2023-052
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Constraints on CP-even couplings 

h H A
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Higgs boson mass

Mass 

Width 

arXiv:2308.04775
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Higgs boson width

F. Errico, 20th Workshop of the LHC Higgs Working Group

2. Higgs boson width 15

Predicted precisely within the SM: 4.07 MeV*

Differences with this value could be hints of modifications of the H 
boson couplings to the SM particles and/or a test for invisible 
decays


Due to its small value, difficulties in directly measuring it.

Measured in the H→ZZ channel, full Run 2 data, comparing on-shell 
and off-shell production, in different decay channels

*R.L. Workman et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2022, 083C01 (2022)

Mass 

Width 
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Higgs boson width

Mass 

Width 

PLB 846, 138223 (2023)
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Higgs boson width

Mass 

Width 

PLB 846, 138223 (2023)

ΓH = 4.5+3.3
−2.5 MeV



1818

Higgs potential

Potential

Nature 607, 41 (2022)



Higgs potential
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Potential

arXiv:2310.12301

mbbγγ < 350 GeV
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Higgs potential

Potential

arXiv:2310.12301
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CP-odd Higgs couplings

CP flavor DM
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The SMEFT: CP-odd operators
In the “top” symmetry scheme there are 71 parameters for 
CP-odd interactions at mass-dimension 6 (arXiv:2012.11343)
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(ūp�µT aur)(d̄s�µT adt)

QH2 (H†H)2(H†H) QdB (q̄p�µ⌫dr)H Bµ⌫

QHD

�
DµH†H

� �
H†DµH

�

L
(4)
6 – X2H2

L
(7)
6 –  2H2D L

(8c)
6 – (L̄L)(R̄R)

QHG H†H Ga

µ⌫
Gaµ⌫ Q(1)

Hl
(H†i

 !
D µH)(l̄p�µlr) Qle (l̄p�µlr)(ēs�µet)
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QW "ijkW i⌫

µ
W j⇢

⌫
W kµ

⇢
QuG (q̄p�µ⌫T aur) eH Ga

µ⌫
Qdd (d̄p�µdr)(d̄s�µdt)

QfW "ijkfW i⌫

µ
W j⇢

⌫
W kµ

⇢
QuW (q̄p�µ⌫ur)�i eHW i

µ⌫
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QHB H†H Bµ⌫Bµ⌫ Q(3)
Hq

(H†i
 !
D i

µ
H)(q̄p�i�µqr) Q(1)

qu (q̄p�µqr)(ūs�µut)

Q
H eB H†H eBµ⌫Bµ⌫ QHu (H†i

 !
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qd
(q̄p�µT aqr)(d̄s�µT adt)

L
(5)
6 –  2H3

L
(8a)
6 – (L̄L)(L̄L) L

(8d)
6 – (L̄R)(R̄L), (L̄R)(L̄R)

QeH (H†H)(l̄perH) Qll (l̄p�µlr)(l̄s�µlt) Qledq (l̄j
p
er)(d̄sqtj)

QuH (H†H)(q̄pur
eH) Q(1)

qq (q̄p�µqr)(q̄s�µqt) Q(1)
quqd

(q̄j
p
ur)"jk(q̄ksdt)

QdH (H†H)(q̄pdrH) Q(3)
qq (q̄p�µ�iqr)(q̄s�µ�iqt) Q(8)

quqd
(q̄j

p
T aur)"jk(q̄ksT

adt)

Q(1)
lq

(l̄p�µlr)(q̄s�µqt) Q(1)
lequ

(l̄j
p
er)"jk(q̄ksut)

Q(3)
lq

(l̄p�µ�ilr)(q̄s�µ�iqt) Q(3)
lequ

(l̄j
p
�µ⌫er)"jk(q̄ks�

µ⌫ut)

Table 1. L6 operators in the Warsaw basis [42], categorized into eight classes L
(n)
6 as in [48]. Only

baryon number-conserving invariants are retained. The flavor indices p, r, s, t are suppressed in the
operators’ names.

– 6 –

L
(1)
6 – X3

L
(6)
6 –  2XH L

(8b)
6 – (R̄R)(R̄R)

QG fabcGa⌫

µ
Gb⇢

⌫
Gcµ

⇢
QeW (l̄p�µ⌫er)�iHW i

µ⌫
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QW "ijkW i⌫

µ
W j⇢

⌫
W kµ

⇢
QuG (q̄p�µ⌫T aur) eH Ga

µ⌫
Qdd (d̄p�µdr)(d̄s�µdt)

QfW "ijkfW i⌫

µ
W j⇢

⌫
W kµ

⇢
QuW (q̄p�µ⌫ur)�i eHW i

µ⌫
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QH (H†H)3 QdG (q̄p�µ⌫T adr)H Ga

µ⌫
Q(1)

ud
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Q
H eG H†H eGa

µ⌫
Gaµ⌫ Q(3)

Hl
(H†i

 !
D i

µ
H)(l̄p�i�µlr) Qlu (l̄p�µlr)(ūs�µut)
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Bµ⌫ QHud + h.c. i( eH†DµH)(ūp�µdr) Q(8)

qd
(q̄p�µT aqr)(d̄s�µT adt)

L
(5)
6 –  2H3

L
(8a)
6 – (L̄L)(L̄L) L

(8d)
6 – (L̄R)(R̄L), (L̄R)(L̄R)

QeH (H†H)(l̄perH) Qll (l̄p�µlr)(l̄s�µlt) Qledq (l̄j
p
er)(d̄sqtj)

QuH (H†H)(q̄pur
eH) Q(1)

qq (q̄p�µqr)(q̄s�µqt) Q(1)
quqd

(q̄j
p
ur)"jk(q̄ksdt)

QdH (H†H)(q̄pdrH) Q(3)
qq (q̄p�µ�iqr)(q̄s�µ�iqt) Q(8)

quqd
(q̄j

p
T aur)"jk(q̄ksT

adt)

Q(1)
lq

(l̄p�µlr)(q̄s�µqt) Q(1)
lequ

(l̄j
p
er)"jk(q̄ksut)

Q(3)
lq

(l̄p�µ�ilr)(q̄s�µ�iqt) Q(3)
lequ

(l̄j
p
�µ⌫er)"jk(q̄ks�

µ⌫ut)

Table 1. L6 operators in the Warsaw basis [42], categorized into eight classes L
(n)
6 as in [48]. Only

baryon number-conserving invariants are retained. The flavor indices p, r, s, t are suppressed in the
operators’ names.

– 6 –

L
(5)
6 �  

2H3

QuH (H†H)(q̄ Y †
u
uH̃) QdH (H†H)(q̄ Y †

d
dH) QeH (H†H)(l̄perH)

QtH (H†H)(Q̄H̃t) QbH (H†H)(Q̄Hb)

L
(6)
6 �  

2XH

QeW (l̄p�µ⌫er)�iHW i

µ⌫
QuW (q̄ Y †

u
�µ⌫u)�iH̃W i

µ⌫
QuB (q̄ Y †

u
�µ⌫u)H̃Bµ⌫ QuG (q̄ Y †

u
�µ⌫T au)H̃Ga

µ⌫

QeB (l̄p�µ⌫er)HBµ⌫ QtW (Q̄�µ⌫t)�iH̃W i

µ⌫
QtB (Q̄�µ⌫t)H̃Bµ⌫ QtG (Q̄�µ⌫T at)H̃Ga

µ⌫

QdW (q̄ Y †
d
�µ⌫d)�iHW i

µ⌫
QdB (q̄ Y †

d
�µ⌫d)HBµ⌫ QdG (q̄ Y †

d
�µ⌫T ad)HGa

µ⌫

QbW (Q̄�µ⌫b)�iHW i

µ⌫
QbB (Q̄�µ⌫b)HBµ⌫ QbG (Q̄�µ⌫T ab)HGa

µ⌫

L
(7)
6 �  

2H2D

Q(1)
Hl

(H†i
 !
D µH)(l̄p�µlr) Q(3)

Hl
(H†i

 !
D i

µ
H)(l̄p�i�µlr) QHe (H†i

 !
D µH)(ēp�µer)

Q(1)
Hq

(H†i
 !
D µH)(q̄�µq) Q(3)

Hq
(H†i

 !
D i

µ
H)(q̄�i�µq) QHu (H†i

 !
D µH)(ū�µu) QHd (H†i

 !
D µH)(d̄�µd)

Q(1)
HQ

(H†i
 !
D µH)(Q̄�µQ) Q(3)

HQ
(H†i

 !
D i

µ
H)(Q̄�i�µQ) QHt (H†i

 !
D µH)(t̄�µt) QHb (H†i

 !
D µH)(b̄�µb)

QHud i(H̃†DµH)(ū YuY
†
d
�µd) QHtb i(H̃†DµH)(t̄�µb)

L
(8a)
6 � (L̄L)(L̄L)

Q(1)
lq

(l̄p�µlr)(q̄�µq) Q(3)
lq

(l̄p�i�µlr)(q̄�i�µq) Qll (l̄p�µlr)(l̄s�µlt)

Q(1)
lQ

(l̄p�µlr)(Q̄�µQ) Q(3)
lQ

(l̄p�i�µlr)(Q̄�i�µQ) Q(1)
QQ

(Q̄�µQ)(Q̄�µQ) Q(8)
QQ

(Q̄T a�µQ)(Q̄T a�µQ)

Q(1,1)
qq (q̄�µq)(q̄�µq) Q(1,8)

qq (q̄T a�µq)(q̄T a�µq) Q(3,1)
qq (q̄�i�µq)(q̄�i�µq) Q(3,8)

qq (q̄�iT a�µq)(q̄�iT a�µq)

Q(1,1)
Qq

(Q̄�µQ)(q̄�µq) Q(1,8)
Qq

(Q̄T a�µQ)(q̄T a�µq) Q(3,1)
Qq

(Q̄�i�µQ)(q̄�i�µq) Q(3,8)
Qq

(Q̄�iT a�µQ)(q̄�iT a�µq)

L
(8b)
6 � (R̄R)(R̄R)

Qeu (ēp�µer)(ū�µu) Qed (ēp�µer)(d̄�µd) Qee (ēp�µer)(ēs�µet)

Qet (ēp�µer)(t̄�µt) Qeb (ēp�µer)(b̄�µb) Qtt (t̄�µt)(t̄�µt) Qbb (b̄�µb)(b̄�µb)

Q(1)
uu (ū�µu)(ū�µu) Q(8)

uu (ūT a�µu)(ūT a�µu) Q(1)
tu

(t̄�µt)(ū�µu) Q(8)
tu

(t̄T a�µt)(ūT a�µu)

Q(1)
dd

(d̄�µd)(d̄�µd) Q(8)
dd

(d̄T a�µd)(d̄T a�µd) Q(1)
bd

(b̄�µb)(d̄�µd) Q(8)
bd

(b̄T a�µb)(d̄T a�µd)

Q(1)
ud

(ū�µu)(d̄�µd) Q(8)
ud

(ūT a�µu)(d̄T a�µd) Q(1)
td

(t̄�µt)(d̄�µd) Q(8)
td

(t̄T a�µt)(d̄T a�µd)

Q(1)
ub

(ū�µu)(b̄�µb) Q(8)
ub

(ūT a�µu)(b̄T a�µb) Q(1)
tb

(t̄�µt)(b̄�µb) Q(8)
tb

(t̄T a�µt)(b̄T a�µb)

Q(1)
utbd

(YuY
†
d
)pr(ūp�µt)(b̄�µdr) Q(8)

utbd
(YuY

†
d
)pr(ūpT a�µt)(b̄T a�µdr)

L
(8c)
6 � (L̄L)(R̄R)

Qlu (l̄p�µlr)(ū�µu) Qld (l̄p�µlr)(d̄�µd) Qqe (q̄�µq)(ēp�µer) Qle (l̄p�µlr)(ēs�µet)

Qlt (l̄p�µlr)(t̄�µt) Qlb (l̄p�µlr)(b̄�µb) QQe (Q̄�µQ)(ēp�µer)

Q(1)
qu (q̄�µq)(ū�µu) Q(1)

Qu
(Q̄�µQ)(ū�µu) Q(1)

qt
(q̄�µq)(t̄�µt) Q(1)

Qt
(Q̄�µQ)(t̄�µt)

Q(8)
qu (q̄T a�µq)(ūT a�µu) Q(8)

Qu
(Q̄T a�µQ)(ūT a�µu) Q(8)

qt
(q̄T a�µq)(t̄T a�µt) Q(8)

Qt
(Q̄T a�µQ)(t̄T a�µt)

Q(1)
qd

(q̄�µq)(d̄�µd) Q(1)
Qd

(Q̄�µQ)(d̄�µd) Q(1)
qb

(q̄�µq)(b̄�µb) Q(1)
Qb

(Q̄�µQ)(b̄�µb)

Q(8)
qd

(q̄T a�µq)(d̄T a�µd) Q(8)
Qd

(Q̄T a�µQ)(d̄T a�µd) Q(8)
qb

(q̄T a�µq)(b̄T a�µb) Q(8)
Qb

(Q̄T a�µQ)(b̄T a�µb)

Q(1)
qQtu

(Y †
u
)pr(q̄p�µQ)(t̄�µur) Q(8)

qQtu
(Y †

u
)pr(q̄pT a�µQ)(t̄T a�µur) Q(1)

qQbd
(Y †

d
)pr(q̄p�µQ)(b̄�µdr) Q(8)

qQbd
(Y †

d
)pr(q̄pT a�µQ)(b̄T a�µdr)

L
(8d)
6 � (L̄R)(R̄L), (L̄R)(L̄R)

Qledq (l̄j
p
er)(d̄ Yd qj) QlebQ (l̄j

p
er)(b̄Qj) Q(1)

leQt
(l̄j
p
er)"jk(Q̄k t) Q(3)

leQt
(l̄j
p
�µ⌫er)"jk(Q̄k�µ⌫t)

Q(1)
lequ

(l̄j
p
er)"jk(q̄k Y †

u
u) Q(3)

lequ
(l̄j
p
�µ⌫er)"jk(q̄k Y †

u
�µ⌫u) Q(1)

QtQb
(Q̄j t)"jk(Q̄k b) Q(8)

QtQb
(Q̄j T at)"jk(Q̄k T ab)

Q(1)
quqd

(q̄j Y †
u
u)"jk(q̄k Y

†
d
d) Q(8)

quqd
(q̄j Y †

u
T au)"jk(q̄k Y

†
d
T ad) Q(1)0

quqd
(Y †

u
)sr(Y

†
d
)pt(q̄jp ur)"jk(q̄ks dt) Q(8)0

quqd
(Y †

u
)sr(Y

†
d
)pt(q̄jp T

aur)"jk(q̄ks T
adt)

Q(1)
Qtqd

(Q̄j t)"jk(q̄k Y
†
d
d) Q(8)

Qtqd
(Q̄j T at)"jk(q̄k Y

†
d
T ad) Q(1)

quQb
(q̄j Y †

u
u)"jk(Q̄k b) Q(8)

quQb
(q̄j Y †

u
T au)"jk(Q̄k T ab)

Q(1)
Quqb

(Y †
u
)pr (Q̄j ur)"jk(q̄kp b) Q(8)

Quqb
(Y †

u
)pr (Q̄j T aur)"jk(q̄kp T

ab) Q(1)
qtQd

(Y †
d
)pr (q̄jp t)"jk(Q̄

k dr) Q(8)
qtQd

(Y †
d
)pr (q̄jp T

at)"jk(Q̄k T adr)

Table 2. Basis of fermionic operators for the top and topU3l flavor assumptions. Here (q, u, d),
Yu, Yd denote quarks of the first 2 generations and their 2 ⇥ 2 Yukawa matrices. Quark fields of the
3rd generation are (Q, t, b). Flavor indices p, r, s, t run over {1, 2} for light quarks and {1, 2, 3} for
leptons. Whenever flavor indices are not specified, they are implicitly contracted within each current.

L
(5)
6 �  

2H3

QuH (H†H)(q̄ Y †
u
uH̃) QdH (H†H)(q̄ Y †

d
dH) QeH (H†H)(l̄perH)

QtH (H†H)(Q̄H̃t) QbH (H†H)(Q̄Hb)

L
(6)
6 �  

2XH

QeW (l̄p�µ⌫er)�iHW i

µ⌫
QuW (q̄ Y †

u
�µ⌫u)�iH̃W i

µ⌫
QuB (q̄ Y †

u
�µ⌫u)H̃Bµ⌫ QuG (q̄ Y †

u
�µ⌫T au)H̃Ga

µ⌫

QeB (l̄p�µ⌫er)HBµ⌫ QtW (Q̄�µ⌫t)�iH̃W i

µ⌫
QtB (Q̄�µ⌫t)H̃Bµ⌫ QtG (Q̄�µ⌫T at)H̃Ga

µ⌫

QdW (q̄ Y †
d
�µ⌫d)�iHW i

µ⌫
QdB (q̄ Y †

d
�µ⌫d)HBµ⌫ QdG (q̄ Y †

d
�µ⌫T ad)HGa

µ⌫

QbW (Q̄�µ⌫b)�iHW i

µ⌫
QbB (Q̄�µ⌫b)HBµ⌫ QbG (Q̄�µ⌫T ab)HGa

µ⌫

L
(7)
6 �  

2H2D

Q(1)
Hl

(H†i
 !
D µH)(l̄p�µlr) Q(3)

Hl
(H†i

 !
D i

µ
H)(l̄p�i�µlr) QHe (H†i

 !
D µH)(ēp�µer)

Q(1)
Hq

(H†i
 !
D µH)(q̄�µq) Q(3)

Hq
(H†i

 !
D i

µ
H)(q̄�i�µq) QHu (H†i

 !
D µH)(ū�µu) QHd (H†i

 !
D µH)(d̄�µd)

Q(1)
HQ

(H†i
 !
D µH)(Q̄�µQ) Q(3)

HQ
(H†i

 !
D i

µ
H)(Q̄�i�µQ) QHt (H†i

 !
D µH)(t̄�µt) QHb (H†i

 !
D µH)(b̄�µb)

QHud i(H̃†DµH)(ū YuY
†
d
�µd) QHtb i(H̃†DµH)(t̄�µb)

L
(8a)
6 � (L̄L)(L̄L)

Q(1)
lq

(l̄p�µlr)(q̄�µq) Q(3)
lq

(l̄p�i�µlr)(q̄�i�µq) Qll (l̄p�µlr)(l̄s�µlt)

Q(1)
lQ

(l̄p�µlr)(Q̄�µQ) Q(3)
lQ

(l̄p�i�µlr)(Q̄�i�µQ) Q(1)
QQ

(Q̄�µQ)(Q̄�µQ) Q(8)
QQ

(Q̄T a�µQ)(Q̄T a�µQ)

Q(1,1)
qq (q̄�µq)(q̄�µq) Q(1,8)

qq (q̄T a�µq)(q̄T a�µq) Q(3,1)
qq (q̄�i�µq)(q̄�i�µq) Q(3,8)

qq (q̄�iT a�µq)(q̄�iT a�µq)

Q(1,1)
Qq
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Qq
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L
(8b)
6 � (R̄R)(R̄R)

Qeu (ēp�µer)(ū�µu) Qed (ēp�µer)(d̄�µd) Qee (ēp�µer)(ēs�µet)

Qet (ēp�µer)(t̄�µt) Qeb (ēp�µer)(b̄�µb) Qtt (t̄�µt)(t̄�µt) Qbb (b̄�µb)(b̄�µb)

Q(1)
uu (ū�µu)(ū�µu) Q(8)

uu (ūT a�µu)(ūT a�µu) Q(1)
tu

(t̄�µt)(ū�µu) Q(8)
tu

(t̄T a�µt)(ūT a�µu)

Q(1)
dd

(d̄�µd)(d̄�µd) Q(8)
dd

(d̄T a�µd)(d̄T a�µd) Q(1)
bd

(b̄�µb)(d̄�µd) Q(8)
bd

(b̄T a�µb)(d̄T a�µd)

Q(1)
ud

(ū�µu)(d̄�µd) Q(8)
ud

(ūT a�µu)(d̄T a�µd) Q(1)
td

(t̄�µt)(d̄�µd) Q(8)
td

(t̄T a�µt)(d̄T a�µd)

Q(1)
ub

(ū�µu)(b̄�µb) Q(8)
ub

(ūT a�µu)(b̄T a�µb) Q(1)
tb

(t̄�µt)(b̄�µb) Q(8)
tb

(t̄T a�µt)(b̄T a�µb)

Q(1)
utbd

(YuY
†
d
)pr(ūp�µt)(b̄�µdr) Q(8)

utbd
(YuY

†
d
)pr(ūpT a�µt)(b̄T a�µdr)

L
(8c)
6 � (L̄L)(R̄R)

Qlu (l̄p�µlr)(ū�µu) Qld (l̄p�µlr)(d̄�µd) Qqe (q̄�µq)(ēp�µer) Qle (l̄p�µlr)(ēs�µet)

Qlt (l̄p�µlr)(t̄�µt) Qlb (l̄p�µlr)(b̄�µb) QQe (Q̄�µQ)(ēp�µer)

Q(1)
qu (q̄�µq)(ū�µu) Q(1)

Qu
(Q̄�µQ)(ū�µu) Q(1)

qt
(q̄�µq)(t̄�µt) Q(1)

Qt
(Q̄�µQ)(t̄�µt)

Q(8)
qu (q̄T a�µq)(ūT a�µu) Q(8)

Qu
(Q̄T a�µQ)(ūT a�µu) Q(8)

qt
(q̄T a�µq)(t̄T a�µt) Q(8)

Qt
(Q̄T a�µQ)(t̄T a�µt)

Q(1)
qd

(q̄�µq)(d̄�µd) Q(1)
Qd

(Q̄�µQ)(d̄�µd) Q(1)
qb

(q̄�µq)(b̄�µb) Q(1)
Qb

(Q̄�µQ)(b̄�µb)

Q(8)
qd

(q̄T a�µq)(d̄T a�µd) Q(8)
Qd

(Q̄T a�µQ)(d̄T a�µd) Q(8)
qb

(q̄T a�µq)(b̄T a�µb) Q(8)
Qb

(Q̄T a�µQ)(b̄T a�µb)

Q(1)
qQtu

(Y †
u
)pr(q̄p�µQ)(t̄�µur) Q(8)

qQtu
(Y †

u
)pr(q̄pT a�µQ)(t̄T a�µur) Q(1)

qQbd
(Y †

d
)pr(q̄p�µQ)(b̄�µdr) Q(8)

qQbd
(Y †

d
)pr(q̄pT a�µQ)(b̄T a�µdr)

L
(8d)
6 � (L̄R)(R̄L), (L̄R)(L̄R)

Qledq (l̄j
p
er)(d̄ Yd qj) QlebQ (l̄j

p
er)(b̄Qj) Q(1)

leQt
(l̄j
p
er)"jk(Q̄k t) Q(3)

leQt
(l̄j
p
�µ⌫er)"jk(Q̄k�µ⌫t)

Q(1)
lequ

(l̄j
p
er)"jk(q̄k Y †

u
u) Q(3)

lequ
(l̄j
p
�µ⌫er)"jk(q̄k Y †

u
�µ⌫u) Q(1)

QtQb
(Q̄j t)"jk(Q̄k b) Q(8)

QtQb
(Q̄j T at)"jk(Q̄k T ab)

Q(1)
quqd

(q̄j Y †
u
u)"jk(q̄k Y

†
d
d) Q(8)

quqd
(q̄j Y †

u
T au)"jk(q̄k Y

†
d
T ad) Q(1)0

quqd
(Y †

u
)sr(Y

†
d
)pt(q̄jp ur)"jk(q̄ks dt) Q(8)0

quqd
(Y †

u
)sr(Y

†
d
)pt(q̄jp T

aur)"jk(q̄ks T
adt)

Q(1)
Qtqd

(Q̄j t)"jk(q̄k Y
†
d
d) Q(8)

Qtqd
(Q̄j T at)"jk(q̄k Y

†
d
T ad) Q(1)

quQb
(q̄j Y †

u
u)"jk(Q̄k b) Q(8)

quQb
(q̄j Y †

u
T au)"jk(Q̄k T ab)

Q(1)
Quqb

(Y †
u
)pr (Q̄j ur)"jk(q̄kp b) Q(8)

Quqb
(Y †

u
)pr (Q̄j T aur)"jk(q̄kp T

ab) Q(1)
qtQd

(Y †
d
)pr (q̄jp t)"jk(Q̄

k dr) Q(8)
qtQd

(Y †
d
)pr (q̄jp T

at)"jk(Q̄k T adr)

Table 2. Basis of fermionic operators for the top and topU3l flavor assumptions. Here (q, u, d),
Yu, Yd denote quarks of the first 2 generations and their 2 ⇥ 2 Yukawa matrices. Quark fields of the
3rd generation are (Q, t, b). Flavor indices p, r, s, t run over {1, 2} for light quarks and {1, 2, 3} for
leptons. Whenever flavor indices are not specified, they are implicitly contracted within each current.

Higgs/gauge (6)

Higgs Yukawa (7)

Higgs/EW/QCD (20)

L
(5)
6 �  

2H3

QuH (H†H)(q̄ Y †
u
uH̃) QdH (H†H)(q̄ Y †

d
dH) QeH (H†H)(l̄perH)
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L
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µ⌫

L
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6 �  

2H2D

Q(1)
Hl
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 !
D µH)(l̄p�µlr) Q(3)
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 !
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µ
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Table 2. Basis of fermionic operators for the top and topU3l flavor assumptions. Here (q, u, d),
Yu, Yd denote quarks of the first 2 generations and their 2 ⇥ 2 Yukawa matrices. Quark fields of the
3rd generation are (Q, t, b). Flavor indices p, r, s, t run over {1, 2} for light quarks and {1, 2, 3} for
leptons. Whenever flavor indices are not specified, they are implicitly contracted within each current.
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D µH)(ēp�µer)

Q(1)
Hq

(H†i
 !
D µH)(q̄�µq) Q(3)

Hq
(H†i

 !
D i

µ
H)(q̄�i�µq) QHu (H†i

 !
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uu (ū�µu)(ū�µu) Q(8)
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Table 2. Basis of fermionic operators for the top and topU3l flavor assumptions. Here (q, u, d),
Yu, Yd denote quarks of the first 2 generations and their 2 ⇥ 2 Yukawa matrices. Quark fields of the
3rd generation are (Q, t, b). Flavor indices p, r, s, t run over {1, 2} for light quarks and {1, 2, 3} for
leptons. Whenever flavor indices are not specified, they are implicitly contracted within each current.
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Table 2. Basis of fermionic operators for the top and topU3l flavor assumptions. Here (q, u, d),
Yu, Yd denote quarks of the first 2 generations and their 2 ⇥ 2 Yukawa matrices. Quark fields of the
3rd generation are (Q, t, b). Flavor indices p, r, s, t run over {1, 2} for light quarks and {1, 2, 3} for
leptons. Whenever flavor indices are not specified, they are implicitly contracted within each current.
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Table 2. Basis of fermionic operators for the top and topU3l flavor assumptions. Here (q, u, d),
Yu, Yd denote quarks of the first 2 generations and their 2 ⇥ 2 Yukawa matrices. Quark fields of the
3rd generation are (Q, t, b). Flavor indices p, r, s, t run over {1, 2} for light quarks and {1, 2, 3} for
leptons. Whenever flavor indices are not specified, they are implicitly contracted within each current.
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Table 2. Basis of fermionic operators for the top and topU3l flavor assumptions. Here (q, u, d),
Yu, Yd denote quarks of the first 2 generations and their 2 ⇥ 2 Yukawa matrices. Quark fields of the
3rd generation are (Q, t, b). Flavor indices p, r, s, t run over {1, 2} for light quarks and {1, 2, 3} for
leptons. Whenever flavor indices are not specified, they are implicitly contracted within each current.
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†
d
�µd) QHtb i(H̃†DµH)(t̄�µb)

L
(8a)
6 � (L̄L)(L̄L)

Q(1)
lq

(l̄p�µlr)(q̄�µq) Q(3)
lq

(l̄p�i�µlr)(q̄�i�µq) Qll (l̄p�µlr)(l̄s�µlt)

Q(1)
lQ

(l̄p�µlr)(Q̄�µQ) Q(3)
lQ

(l̄p�i�µlr)(Q̄�i�µQ) Q(1)
QQ

(Q̄�µQ)(Q̄�µQ) Q(8)
QQ

(Q̄T a�µQ)(Q̄T a�µQ)

Q(1,1)
qq (q̄�µq)(q̄�µq) Q(1,8)

qq (q̄T a�µq)(q̄T a�µq) Q(3,1)
qq (q̄�i�µq)(q̄�i�µq) Q(3,8)

qq (q̄�iT a�µq)(q̄�iT a�µq)

Q(1,1)
Qq

(Q̄�µQ)(q̄�µq) Q(1,8)
Qq

(Q̄T a�µQ)(q̄T a�µq) Q(3,1)
Qq

(Q̄�i�µQ)(q̄�i�µq) Q(3,8)
Qq

(Q̄�iT a�µQ)(q̄�iT a�µq)

L
(8b)
6 � (R̄R)(R̄R)
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Table 2. Basis of fermionic operators for the top and topU3l flavor assumptions. Here (q, u, d),
Yu, Yd denote quarks of the first 2 generations and their 2 ⇥ 2 Yukawa matrices. Quark fields of the
3rd generation are (Q, t, b). Flavor indices p, r, s, t run over {1, 2} for light quarks and {1, 2, 3} for
leptons. Whenever flavor indices are not specified, they are implicitly contracted within each current.

1 Introduction

A detailed analysis of Higgs boson (�) decays into g-lepton pairs observed at the LHC [1–3] allows a
direct probe of the charge conjugation and parity (⇠%) properties of the Yukawa coupling of the Higgs
boson to the g-lepton. The Standard Model (SM) of particle physics predicts the Higgs boson to be a
⇠%-even (scalar) particle. The presence of a ⇠%-odd (pseudoscalar) admixture has not yet been excluded,
and any observed ⇠%-odd contribution to the �gg coupling properties would be a sign of physics beyond
the SM.

Studies of the ⇠% properties of Higgs boson interactions with gauge bosons performed by the ATLAS and
CMS experiments [4–9] have shown no deviation from the SM predictions. However, these measurements
probe the bosonic couplings in which ⇠%-odd contributions enter only via higher-order operators that are
suppressed by powers of 1/⇤2 [10], where ⇤ is the scale of the new physics in an effective field theory. In
contrast, a ⇠%-odd contribution to Yukawa couplings can be present at tree level. Recently, measurements
of the ⇠% properties of the interaction between the Higgs boson and top quarks were performed by the
ATLAS [11] and CMS [12] Collaborations, and excluded a pure⇠%-odd structure for the top-quark Yukawa
coupling at 3.9f and 3.2f, respectively.

This paper presents a measurement of the ⇠% properties of the Higgs boson interaction with g-leptons.
The measurement is based on ⇠%-sensitive angular observables defined using the visible g-lepton decay
products. Ideas about how to probe a ⇠%-odd and ⇠%-even admixture in the g-lepton Yukawa coupling in
� ! gg decay were initially developed in the context of 4+4� colliders [13–17]. Originally, hadronic decays
of the g-leptons into c

±
a and d

±
a were used, and observables sensitive to the transverse spin correlations

between the g-lepton decay products were constructed. These methods, extended to ✓
±
(= 4

±
, `

±
)aa and

0
±

1 a decays and re-evaluated in the context of ?? collisions at the LHC [18–23], are adopted in this analysis.
Recently, a similar study was also performed by the CMS Collaboration [24].

The general effective Yukawa interaction between the Higgs boson and g-leptons can be parameterised as
in Refs. [21, 23]:

L�gg = �
<g

h

^g (cos qg ḡg + sin qg ḡ8W5g)�,

where h = 246 GeV is the vacuum expectation value of the Higgs field, ^g is the reduced Yukawa
coupling strength, and qg (where qg 2 [�90�, 90�]) is the ⇠%-mixing angle that parameterises the relative
contributions of the ⇠%-even and ⇠%-odd components to the �gg coupling. The SM ⇠%-even hypothesis
is realised for qg = 0�, while the pure ⇠%-odd scenario corresponds to qg = ±90�. Other values of qg

represent admixtures of the two components and would indicate a ⇠%-violating scenario.

The ⇠%-mixing angle qg is encoded in the correlations between the transverse spin components of the
g-leptons in the � ! gg decays, which are then reflected in the directions of the g-lepton decay products.
The signed acoplanarity angle i

⇤

CP between the g decay planes (described in Section 3 and illustrated in
Figure 1) is sensitive to the transverse spin correlations impacted by the ⇠%-mixing angle of the Yukawa
coupling. Such correlations are usually calculated by contracting the polarimeter vectors of the decayed
g-leptons1 and the spin density matrix of the g-lepton-pair spin state, '8, 9 , which depends on the g-lepton
pair-production process [26–28]. In the case of Higgs boson decays, the spin density matrix '8, 9 has
only transverse components with respect to the g-lepton direction, and these are first-order trigonometric

1 A polarimeter vector is calculated from the matrix element of the g-lepton decay process and is usually expressed in terms
of the momenta of the decay products. Its direction gives the most probable direction of the g polarization vector, while its
magnitude determines the efficiency of a given decay as a polarimeter [25].
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