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Higgs boson couplings
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Light fermion Yukawa couplings

|k, | <2.3-10°, —42 <k, <44
|x,] <9.7-10°, —40<k.<35

SRS RO SRR DI

at 95 % C.L. [cMS
Collaboration, 2025]

Higgs + photon:
Current
S

constraint

| Ke_l”,‘< 260 § at 95 % C.L. [ATLAS Collaboration, 2019]

Higgs decay to electrons:

Proposals for light quark Yukawa couplings:

HL-LHC at 95 % C.L.
« W= h charge asymmetry [yu.2016] Mt

|k, | <260 { [Balzani, Grober, Vitti,

* Higgs p; spectrum [Bishara, Haisch, Monni, Re, 2016]

kgl < 156 {2923

* Higgs pair production [Alasfar, Corral Lopez, Grober, 2019], [Alasfar,

Gréber, Grojean, Paul, Qian, 2022]
* Global fits on Higgs data [de Blas et al., 2019]

[de Blas et al., 2019]

* Triboson production [Falkowski et al, 2020]

'/ [Cepeda et al., 2019]
* Higgs plus photon [Aquilar-Saavedra, Cano, No, 2020] }

* Higgs off-shell production [Balzani. Grober, Vitti, 2023]
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Standard Model Effective Field Theory

g
ZLsyprr = ZLsu + Z Z € D) 0P, l%l(.d)] =4—d.
d>4 i=1

1. ldentify deviations from SM predictions:

@Zzeo — @gM + 5@§MEFT;

Effective field theory

Heavy new particle

2. Compare with experimental results, obtaining /
Wilson coefficient

constraints in terms of Wilson Coefficients; //

3. Introduce UV model dependence by matching o Fhysies senl '

procedure [Fuentes-Martin, Kénig, Pagés, Thomsen, Wilsch

2022], [Guedes, Olgoso, Santiago, 2023] and [Guedes, Olgoso,

Figure courtesy of L. Alasfar
2024].
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|dentification of dimension-six SMEFT operators

&
d=6  _ 6 6 6)| _
SfSMEFT—fZSM‘FZCgE () O, [%f )] =-2.
i=1
|dentify three Warsaw basis [Grzadkowski, Iskrzynski, _

UR qL
Misiak, Rosiek, 2010] operators:
Oup = <¢T¢> <QL€’§”R> ;
_ Oy
Oy = <¢T¢> <qL¢dR>, T O
, Opp = (¢T¢) (ZL¢6R> : /// : \\\\
Broken y | N
phase ¢* €b ¢*

2 . . E.g.:fork, ~ 1000 order per mille tuning
(yf 2 Cgf¢> @‘-"’Vb — F|ne tunlng between [yu]ll and V2[C‘gu¢]ll/2
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Model Identification

Goal: identify UV models

| r'uR ¢* UR ¢* 3
generating unsuppressed
® ®
contributionsto O, : 1 o <m0 s ¢
qr o* qr o
(@) Single scalar mediator (8) (b)
y sy UR , ¢
models; UR qr .
(b) Two scalars models; \\ // ______ <
@y v
(c) Models with a pair of vector- i \ ¢
like fermions (VLQs and VL Ls);
| | (VLQ ) ¢ ¢ ¢ qr ¢
(d) Models with a VLQ / VLL + - (c) _ (d)

scalar.

[de Blas, Criado, Perez-Victoria, Santiago, 2018]
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UV models with one vector-like fermion

V2

If only one VLF is included, matching results in %ﬁb N@ /1%\, => K — 1 ~ W;%V

qr
U /
> \

\
\

E.g.: model with only U ~ (3,1)% UR

Z D —QyUpdp'q; +hc)—M,OU

\
\
\

7
¢ ¢°
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Models with Vector-like quark pairs

Singlets Doublets Triplets Yukawa-like

U~@Bl: 0~G2:r hi~G3) interactions with SM
- - light quarks

under D~@_1 Q5~ (3.2)_s Ty ~(3.3):
G \
Q7 ~(3.2)2 4

Zuv 2 X b Qidl do0h Q1 Qs

VLQs and
Irreps.

Doublet + Singlet Doublet + Triplet =12
O,+U O, +1,
Models O,+D Os+ T,
Yukawa-like pair

U T

Q7 + i+ interaction
Qs+ D O, +7,

3
Prediction: k, — 1 = Cop ™ YA, Ao40, 40,0, = No Yukawa suppression
\/qu 010

[de Blas, Criado, Perez-Victoria, Santiago, 2018]
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Models with Vector-like Lepton pairs

VLLs and | Singlets Doublets Triplets Yukawa-like
Irreps. E~(LD_; Aj~(12)_y Z~(13) interactions with SM
under electron
GSM A3 ~ (332)_% 21 ~ (173)—1
ZLuy D Arp Ly e + A Logljt Ay @ Ly Ly
Doublet + Singlet Doublet + Triplet
A+ E 2+ Ay
Models
A;+E 2+ A Yukawa-like pair
S+ A, Interaction

V3

E  ~
\/Eme ¢ ]\4L1ML2

Prediction: k, — 1 = A AL AL L, = No Yukawa suppression

[de Blas, Criado, Perez-Victoria, Santiago, 2018]
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SMEFT operators from UV Models with VLF pairs

We focus on the following Warsaw basis operators [Grzadkowski, Iskrzyriski, Misiak, Rosiek, 2010],

generated by integrating out the heavy particles:

» Operators generated at the tree level (f = e, u,d):

Ous (¢79) (Grdur) Oa (¢7¢) (qrodr) Ocg (¢7¢) (Ider)

Opr | (i1 Do) (frrfr) || O | (ot Dud)(frvef) || O | (ot D) (fry ol fr)

* Operators generated at the one loop level:

Oy (¢T0)D(oT ) Oyc (¢T9) (G, G* ) Oy (¢T¢) (B, B*)

Op 61D, Opw (¢Tp) (Wi, W) Oypw B (¢Tol o) (WL,B)
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SMEFT operators from UV Models with VLF pairs

These operators cause deviations in the theoretical predictions for
and for ElectroWeak Precision Observables :

» Operators generated at the tree level (f = e, u,d):

‘ 6" D ) (v ) (i6' Do) (Frf) || OF) | (¢! Dlo)(furrolf) |

* Operators generated at the one loop level:

Opr | (6'O0(6'0) | Oua | (#10)(GALG™) || O | (676)(BuB™)
Opp | 16D | | 0w | o) WLwel) | [Ogws | (s1070) (WL, B))
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Light quark Yukawa coupling enhancements



Constraints: Overview

V EWPOs
: quark couplings to W* "'
and Z

Flavour Physics
Ao i=1.2
CKM

2 2 2
Xiot < )(tot, min + A)( (ndofs’ CL)

Higgs Physics

. Observables:
¢ Direct Searches |

, MQ > ASXP Higgs boson production

and decays
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Flavour Physics

o-1=12
CKM

=N

( Dot Searches )

exp
Mo> A

Barbara Anna Erdelyi

Constraints:

LOT A, = 136, 68%CL

Overview

| Aug, = 1.41,95%CL
A9, 1 =A%, 1

[Avh

uuuuuuuuuuu

68 % CL
95 % CL

Higgs Physics

June 18, 2025

Observables:
Higgs boson production

and decays

Plot made using current experimental constraints




Constraints: Flavour Physics Bounds

* Flavour changing neutral currents constrain models to very high scales if couplings to

first and second generation couplings are allowed:

Eqg..ForD~@3.1) ., K* — ntup sets My, >/ [4] [4,]7 126 Tev.
: D D D

[Ishiwata, Ligeti, Wise, 2015]

=NP couples to one generation at a time

Lower bounds on masses

. Presence of @22 induces deviations in W boson Particle CKM unitarity
U~ (3,1)3 3.2 X |[Av]1]

D~ (3,1)_1/3 | 3.2x|[Ap]i]

Ty~ (3,3)_1/3 | 1.6 x |[Aq]q

- I~ (3,3)2/3 1.6 X |[Ag,]1]

couplings, in particular deviations from CKM unitarity

Si =1V |7+ Vol + | Vs |* = 0.9984 £ 0.0007
[Particle Data Group, 2024]

Barbara Anna Erdelyi June 18, 2025


https://arxiv.org/abs/1506.03484
https://cds.cern.ch/record/2907603

Constraints: Direct searches for Vector-like Quarks

Production of VLQs coupled to the light quarks at the Large Hadron Collider.

e Current searches:

In the limit Br(Q — gW) =1,
[ATLAS Collaboration, 2024] sets 3

My > 153 TeV ={M, = A '_‘1

 Future Colliders:

[Freitas, Gongalves, Morais, Pasechnik, 2022] provides

prOJectlons for HL LHC

Sets
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Constraints: ElectroWeak Precision Observables

)(2 — Z <@gxp _ @?60)0—2<@exp _ @Zleo) : @Zzeo — @gM + 5@§MEFT.
a.p

my, = 80.379(12) GeV;
I'yy = 2.085(42) GeV;
[, =2.4955(23) GeV;

O iy \\/-pole and Z-pole observables:

SOMEFT vty Deviations due to @Sg,@gg,@¢u,@¢d,@¢ud,@¢l)and O yws -
2
E.g.: bmy = — 2 8L @ » 818y

1% D_V %WB°
4gp—gp " gp-gp !

[de Blas et al, 2019], [Bresé-Pla, Falkowksi, Gonzalez-Alonso, 2021], [Bernardi et al, 2022],
[Allwicher, Isidori, Lizana, Selimovic, Stefanek, 2023]
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Constraints: Higgs Physics Observables

42 = 2 (@gxp _ @Zmo) 0;ﬁ2<@;xp _ @zheo> , o0 = OM 4 SOSMEFT
o.p

GgMEFT BRSMEFT (1, @)

oM BRM(h - a)

Observable is the LU,

GgMEF T F‘gM Fil\_{gF T

SM SMEFT SM
Gh 1—‘h Fh—>a

[Brivio, Corbett, Trott, 2019], [Alasfar, Corral Lopez, Groéber, 2019], [Cepeda et al, 2019],
[Spira, 2021], [CMS Collaboration, 2022]
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Constraints: Higgs Physics Observables

Higgs boson production in SMEFT:

a}fMEF I'= G;EM + Gg‘ggF T+I<3 05% + K(% ac‘%.
G
t ¢ !
W B Ry
t _
G X €y q X KV,
G
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Constraints: Higgs Physics Observables

Higgs boson production in SMEFT:

U;fMEF I'= 05M+GgggF T+I<3 05% + K(% ac‘%.
G
t ¢ !
t _
G X €y q X KV,
G

Higgs boson decays in the SMEFT:
OMEFT = 1M(14 [Brivio, Corbett, Trott, 2019] +2v* (BR(h — 7y) + BR(h — GG)) €™+

+Ik; + Uiy + T KCZ — D+ TMx2 - 1)

Barbara Anna Erdelyi June 18, 2025


https://arxiv.org/abs/1906.06949

Constraints: Higgs Physics Observables

42 = 2 (@gxp _ @Zmo) 0;ﬁ2<@;xp _ @zheo> , o0 = OM 4 SOSMEFT
o.p

Quantity | Precision reach [%] || Quantity | Precision reach |7%]
gSMEFT gSMEFT
Z%ﬁ —1 0.17 % —1 0.74
hz z hTT
gSMEFT g’SlMEFT
g”s"l‘\’dw —1 0.43 g’g’“{‘w —1 9.0
hWW hpup
SMEFT SMEFT
9n r
Y — 1 3.9 O — 1 1.3
h~y~y h
g}S;,II}/IEEFT
SM - ]. 0.61
Ihbb

Barbara Anna Erdelyi

June 18, 2025

Precision reach on effective Higgs couplings at 240 GeV and 365 GeV runs at FCC-ee [FCC Collaboration, 2018].



https://cds.cern.ch/record/2651299?ln=en

Results: up quarks

103 4 Ku Current FCC-ee
] __ __ | HL-LHC_ FCC+i40+365
102 -
10t -
109

U+@1 U+Qr Ti+Q1 To+Q To+Qr

§ [Balzani, Gréber, Vitti, 2023]
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Results: light quark Yukawa couplings

HL-LHC projections

103 A
s | Ky urren -ee ] Current FCC-ee
0 _ - ﬁL-LHé IE88+240+365 1 Ky HL-LHC FCC+240+365 @ 95 % CL
] R { Kk, =260
[ 102 & {
102 ] 1 1 1
10! 4 [ 10" 4 :
ﬂ —H —H [de Blas et al., 2019],
10° - 100 | | . . _—
U+Q1 U+Qr Ti+Q1 T+Q Th+Qr D+Q, D+Qs T,+0Q, T,+0Qs T,+0Q, [Balzani, Grober, Vitti, 2023]
4 % 10° — _
K K B Current FCC-ee
= s HL-LHC FCC+240+365 :
Current FCC-ee 1L - Exp. constraints
3x10°] M HL-LHC FCC+240+365 B @ 95 % CL
- 0
[ ] 1()1—_ I Y e i e L Y
¥ x| <2.3-10°
2 x 100 1 £
i I t |k, <9.7-10°
I | § —42 <k <44
i _H ‘H : —-4.0 <k.<3.5
100 —I_l —I—I 100 —|_| _I_I o PO e Sy ” P

U+ U+Qr Ti+Q1 Th+Q Th+Qr

D+@Q D+Qy Ti+Q Ti+Q D+ [CMS Collaboration, 2025]
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Electron Yukawa coupling enhancements



Constraints: Overview

* Current constraints: electron g-2 experiments

Future electron g-2

* Constraints from future experiments FCC-ee Tera-Z run

" FCC-ee Tera-Z plus 240 GeV run
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Constraints: Electron g-2
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Constraints: Electron g-2

Dipoles: & ¢y ppr O %eB(l_LG””eR)gbBW + %eW(ZLG””eR)alquiy + h.c..

Current Ag <5.10-13  [Fan.Myers, Sukra,
Constraints e Gabirielse, 2022]
mZ
Aa, = n———(x, — 1)
c 1672v2 " ¢ Fut . |
uture A 5 10_14 [Di Luzio, Keshavarzi,
a, <D - Masiero, Paradisi, 2024]

Constraints
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Constraints: FCC-ee

2 exp __ smtheo | —2 exp __ smtheo theo _ ASM SMEFT
;(_Z(@a o' )aaﬁ<@ﬂ o ) oo = OSM 4 SOSMEFT

a.p

clectroweak Physics fit: same construction as the one previously shown.

: based on modifications from SMEFT to Zh production and h decays.

e Uncertainties on

from [FCC Collaboration, 2022]

. 0,205V in SMEFT at NLO

studied In [Asteriadis, Dawson,

Giardino, Szafron, 2024]

LO diagrams from [Asteriadis, Dawson, Giardino, Szafron, 2024]
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Direct searches for Vector-like Fermions at HL-LHC

[CMS Collaboration, 2024]: Provides exclusion limits expected for HL-LHC for Vs coupled to the

first generation leptons, as a function of the VLL mass.
Setting M; = M; = A, we obtain:

= = e e e e O = R D PR

Model Al -+ E Ag —+ E 21 —+ Ag 21 —+ Al :,

U

| Mass [TeV] 1.8 1.9 2.2 21 ||

e g o 5 s Ace B pos2 a7 B ta Gaade e Eands de s A oty Az ac RECE o ETE o g D gty Ak 8¢ £oan Eands et oty Ach S g2

N/

W
(]
=

EI

Cs]
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Results: electron

K, | (9-2). FCC-ee (Z-pole)
future (g-2). FCC-ee (Z-pole + 240 GeV)
107 -
10! -
10"

E+ Aq

E + Aj

>+ As X1+ A

June 18, 2025

-, Projections for

| [Cepeda et al, 2019]

Projection for
Higgs pole run
at FCC-ee

[d’Enterria, Poldaru,

Wojcik, 2021]
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Conclusions and Outlook

* Existence of interplay between light fermion Yukawa enhancements and limits on other

SMEFT operators ~-—# to be accounted for in future global fits;

e Large enhancements in the light Yukawa couplings are possible given current and future

experimental data, even using simplified UV models

Koy Ko Koo Ko i Fe
Curent 1| O600) | O(00) | 0@ | 020 § 0100
FCC-eepro. | O(30) | 0@20) | O1L04) | O1s) | 010

* Motivation for dedicated experimental searches.
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Thank you!
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Formulae

e To guarantee canonical normalisation of the Higgs boson’s kinetic term, redefine
\/5 v+h(1+v2‘€5m> ’ ¢ g P )

 Complete expression for the coupling deviation:

my 2 ooKin 4 2oKin
[8};]3.];.] = _5z'j (1 TV ng{) ) __[Cgfqb]ij =~ Kp = I+v ng) B

v V2

2 V3

[l

1

SuppreSSiOn from
* One-loop generated operators;

* Would modify also heavy particle couplings;
 No 1/m, enhancement.
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EWPOs

Aug, = 1.22, 68% CL
[ Auo, = 1.23,95% CL
25,11 = [AH, 1

Model 1

Aug, = (b.f)pw = 0.97
[ A%, =126, 1

~~
=<

Flavour
3
N
il
_if
ol
_3|
3
Barbara Anna Erdelyi

Allowed Parameter Space (Model 1)

i T T T T T T T T T T T HE T T T T T ]
Auo, = 1.36, 68%CL i Model 1~
Aug, = 1.41,95%CL i
[
[, 11 = [A%, 1 W\
L 1
\
LAY
\
\ \
\\
\\\\\
- \\\\\\
_0.5 B \\ ‘\ T
\\ ‘\
\
\a
1
LA |
\ -
_ t Ky =260
_1.0- . . 1 . 1 .“|I|. 1 N N 1 .Kl/f:|3.5(.)-
-2 -1 0 1 2
(10,11
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UV models involving only scalars

_ _ Generates 0, = Not considered
Singlets Doublets Triplets P
S~,1), ¢~12 E~13),.
2
ER 0,
El ~ (1,3)1 ///
[de Blas, Criado, Perez-Victoria, Santiago, 2018] - 30_* _____ A "
Three available models: .
« Single scalar extensions with ¢ L ¢
e Scalar pair extensions with ¢ + $ and ¢ + &,
€R 0,
Particle content | ¢ | o+ 5 | p+ =2 o* r
----------- <o ¢
Ke 266 925 323 Y
Ir ¢*
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UV models involving one scalar and one VLL

107 ; (9°2).
: future (g-2).

FCC-ee (Z-pole) ,,
FCC-ee (Z-pole + 240 GeV) 7| ="

107 ;

10! -

10 ;

10~

S+ E

S+ Aq

Current

1 constraint
’ [ATLAS

Collaboration, 2019]

. Projections for
J HL-LHC

[Cepeda et al., 2019]

Projection for
Higgs pole run
at FCC-ee

[d’Enterria, Poldaru,
Wojcik, 2021]
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Branching Ratios

In some models the branching ratios in an appropriate limit can reproduce
BR (Q — Wq : Zq: hq) =0.5:0.25:0.25

E.g., Model 1 with O, = (g) and U ;
1.0+ | | | | -
>l \/
1 Ag+AF
BR (7/U - hu) = BR(T/U — Zu) = —_a :
2 AB2 + A% + 245 =2 00
0 T, T AAD
16,24, 1
> —-0.5} :
4 0.1
0.2
0.3
_1.0- | | | 0.4 j
-1.0 -0.5 0.0 0.5 1.0

d
g,
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Branching Ratios

In some models the branching ratios in an appropriate limit can reproduce
BR (Q — Wq : Zq: hq) =0.5:0.25:0.25

E.g., Model 1 with O, = (g) and U ;
107
0.5
33+ a8
BR (7/U — W'd) = U2 Ud2Q1 2 S5 0.0
26,~45, 1 |
) 05 BR:
| 0.2
04
| 0.6
~1.0.. J K 08 |
~1.0 =05 00 0.5 1.0
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1.0

Branching Ratios

Neutral channel

0.5+ 1
§<— 0.0_‘
0.1 A
0.2 _
| 03 ||
I A A, 04 ||
-1.0 -0.5 0.0 0.5 1.0
d
A 1
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0.5t

—-0.5}

Charged channel

1.07

—1.0¢

.....................
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