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1. Introduction

Although the Standard Model (SM) is remarkably sucessful, new physics must
be included to explain new phenomena.

Additionally, some couplings of the SM have not been measured with high ac-
curacy. In HEFT language (a = Ky and b = Koy ):

a — hWW,hZZ coupling
a € [0.9, 1.1] roughly

b— hhWW,hhZ Z coupling

b e [—0.1, 22] CMS — hh — bEbE o [A. Tumasyan et al. (CMS Collaboration),22]
b E [_0.037 2,11] ATLAS — hh — bbbb [G. Aad et al. (ATLAS Collaboration),22]
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[Brivio, Trott,2017]

2. HEFT and SMEFT

ng C-(d)
Lovrrr = Lsy HL® + 20 + £ 4 E(S)..., LD — Z ford > 4
i=1

Each term £(9) is written in the unbroken phase (before EW symmetry breaking)
in terms of the complex doublet

[Feruglio,1992]

Luprr = L2 +|Luy + L) ..., expansion in chiral dimensions

Each term L4 of HEFT is written in the broken phase (after EW symmetry
breaking) in terms of the Higgs and Goldstone fields

a,ua MW) MZ) Mh ~ O(p)
Chiral counting DU, V,, ¢vT, W,, B, ~ O(p)
W,’.LI/ ; é;ﬁf} ~ O(Pz)
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o HEET The lagrangian at lowest order (chiral dimension 2)

T pr ] n
@alence Th@ ?(@23“}’3 ! } w® (GB) + h

= V() +iQdQ —v¥(h) [QLUHoQ +he.] + Yukawa sector
[Castillo,Delgado Dobado,Llanes-Estrada,2016]

Spherical parametrization for the GB

. / /
@ - _a, .a (n _ J‘?/w U = (u’ = t) Quarks
@:‘/1—§+zg w =T Q (_@w) D' = (d,s,b)
Analytic functions of powers of the Higgs field. Inspired by most of low energy
HEFT models. Recover the SM

F(h)=1+2ab 4+ b 4+ 5 Gh)=1+c 2 4oy 4 4>
V(h) = 1M2R2 + ds e p3 4+ 0, Mapt o=l
\ } 3 — (],1 - 1
Y C1 = 1
Modifications on the Higgs SM couplings and beyond rest kgprr = 0
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2. HEFT
}_(:4 — ﬂi‘r[Tr( )][Tr(VHVTf‘)] + HS[TT(HLV”)][TI( v VV)] —|_ dy,hd“h)z

d . ’ R
+—(0,h"h)Tr[(D,U) DU + i,}(éﬁjfr@”h)Tr[(D“U)' D, U]+
D= -

a, Tr(U B, UT W) + ia, Te(U B, UT[VF, VV]) — ias Te(W,,, [VH, V])
/ / f

gf—dﬁw“dmhn + gf - 0 ho*htt

NLO in HEFT C Tree level O(p*) + one-loop level formed by O(p?) vertices

AWEW? — WEWE) = A(ww® — wew?) + O

Mw)
/5

Equivalence Theorem
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GB and Higgs production at tree-level in the Equivalence Theorem

| —a?

A(s. t.u) = S wrwb — W
v
M(s,t,u) a — bS wawb — hh [Delgado,Dobado,Llanes, 1710.07548]
Jou) = =
v2
T(s.t,u)y =20 hh — hh

In the SM, a = b = 1, these amplitudes are zero but in general they break
unitarity.
Amplitudes can be unitarized according to different methods

[AO(s)]?
Aam(s) = A (s) — A(s)
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wrwb — Wb
4 - I - [Delgado,Dobado,Llanes, 1710.07548]
— a=0 (QCD)
ol S s a=0.2
_ I" - a=04
=== a=0.6
~ éf,l_ [==== a={}.8
& i
g vl
Ay
Sl
&
S b e
0 ik 2 3

E(TeV¥)
QCD-like p resonance for I=J=1 for a® = b and a4 = —2a4/1927>
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3. Loop effects for Vector Boson Scattering
We want to consider all relevant loops for Vector Boson Scattering.

Many studies in HEFT use GB to calculate Vector Boson Scattering at LO and
the eﬂ.ect Of bOSOH IOOpS at NLO. [Delgado, Dobado, Herrero, Sanz-Cillero,2014]

[Delgado, Dobado, Llanes-Estrada,2013]
[Castillo, Delgado, Dobado, Llanes-Estrada,2016]
[Espriu, Yencho, 2014]
[Espriu, Mescia,2014]
[Garcia-Garcia, Herrero, Morales,2019]

[Castillo, Delgado, Dobado, Llanes-Estrada,2016] [Asidin, Espriu, Mescia,2021]

Some works study processes involving top quarks at LO but not at NLO in
HEFT.

O(M2,_ s/v*) wvs. O(s*/v?)

Quezada Calonge 2024 8



We have studied the effect of both boson loops and top quark loops for all
combinations of w®w? — ww? and w*w® — hh

__________________ 4 ]
| —a? Wil — wew?
Als. ., u) =
v2
”2 —b a. b hh
M(s. t,u) = s wrw' —

We will focus on the process|wtw™ — wtw™ |(similar results for all
combinations of GB and Higgs)

We will allow a +0.1 deviation from 1 for the HEFT coeflicients
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Fermion loops

GP GP
< WGP s quF_r'{.}.P bg G
A . A 7
bgr "= gp Q1 T 6P ta™ St
g e Ao
GP "GP - GP  GP
T1P1 M1 T1P1 M2 T2P1 N3
GP g GP GP  GP GP  GP
- : L F '-llt. __I';{_t ad £ __-r';{_tl_-.
H_*H. y A ba A\ ba
by bq AN AN
GP GP ~ "GP M GPT "GP W GP
T2P1 N4 I T3F1 NG
GP GP GF pg GP
tq e “ bq e o
GF" :-p::m 1 bg GF‘ :4-: vig tq ta
TGPty . TEpby .
GF GP GP bd Gp
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PWA study and +0.1 deviation from 1 for the HEFT coefficients

fermions

_ la
RO - |agermi0?18 |_|_ | CL}))osons |

R ~ 0 bosons dominate
R ~ 1 fermions dominate

Fermion corrections are dominant
for values close to the SM and
relevant for intermediate energies

In this region of the parameter
space the GB approximation
breaks down
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Imaginary part to physical VBS:\W/ W=~ — W W,

[Quezada-Calonge, Dobado, Sanz-Cillero, 22]

Im|Bosons| = Im|a ||y ~z~hw+w—- 2z zhnn Im[Bosons] depend on a,b and dj

Im|Fermions| = Im|a ]| b tE

Im|Fermions| depend on a and ¢,

Ry =

Im [ag’ermions]

Im[a?osons] + Im[agermions]

We will allow a +0.1 deviation from 1 for the HEFT coeflicients

Scenario 1  PWA for cosf € [—1,1]
Scenario 2 pseudo-PWA (p-PWA) for cosf € [-0.9,0.9]
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1.10 1.10
a 0 [Quezada-Calonge, Dobado, Sanz-Cillero, 22]
Ry Ry
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Parameter scan fOI' agp [Quezada-Calonge, Dobado, Sanz-Cillero, 22

\/E(TGV) a—1 b—1 Cl—l d3—1 J=0
1.5 (PWA) 0.023 0.100 -0.100 0.100 Ry=76%

3 (PWA) 0.008 0.035 0.100 -0.100 Ry=94%
1.5 (p-PWA) 0.011 0.045 -0.100 0.094 R;=81%
3 (p-PWA) 0.003 0.011 0.100 0.100 R,=93%
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Parameter scan fOI' agp [Quezada-Calonge, Dobado, Sanz-Cillero, 22

\/E(TGV) a—1 b—1 Cl—l d3—1 J=0
1.5 (PWA) 0.023 0.100 -0.100 0.100 Ry=76%
3 (PWA)  0.008 0.035 0.100 -0.100 Ro=94%

1.5 (p-PWA) 0.011 0.045 -0.100 0.094 IR;=81%]
3 (p-PWA) 0.003 0.011 0.100 0.100 R)=93%

0.90 0.95 1.00 1.05 1.10
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Conclusions:

We have studied the effect of loops on VBS and Higgs production in the context
of HEFT and the Equivalence Theorem.

We have found that there are regions where only bosons suffice to characterize

the loop effects, but also sections of the parameter space where top loops need
to be included.

Additionally, we have considered a more realistic case involving physical vector
bosons and have found comaparable results.

Other combinations of VBS and Higgs show a similar behavior.
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Thank you
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Backup slides
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[Quezada-Calonge, Dobado, Sanz-Cillero, 22]

ai
2
1.10 1 —a?)s
\‘ Im[Bosons]| ~ [( 2) ]
967V
Ry
o Im[Fermions| = Im|Fermions||sas
100 Fermions dominate " No dependence on HEFT parameters
04
0.3
0.95 0.2
01 Parameter scan for a;
0.90 ‘ Vs (TeV) a—1 J=1
' 500 1000 1500 2000 2500 3000 1.5 (PWA)  -0.009 R;=18%

1.5 (p-PWA) 0.019 R\= 66%
3 (p-PWA) 0007 R,=67%

High corrections for a ~ 1
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Ongoing
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