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Content of this talk is devoted to the purpose of this meeting

Standard Model EFT meets Chiral EFT :
Main purpose of this talk is not reviewing but generating discussions between SMEFT/HEFT communities

Content organized through four main issues:

* Basics of the EChL

* Introducing Loops: Renormalization in the HEFT. RGEs. Running coefficients

Y  Matching HEFT to UV theories. Matching HEFT to SMEFT

* Pheno implications for MultiHiggs production at colliders (focus on HH and HHH)



Basics of the EChL



The Electroweak Chiral Lagrangian: Beftore Higgs discovery (l)

Let’s go back in time to the origin .......... around 35-40 years ago |

Central Point of Chiral Lagrangians: Non Linearity of Goldstone Bosons Dynamics

Seminal works of the EChL:

S. Weinberg, Phenomenological Lagrangians, Physica A96, 327 (1979)
T. Appelquist and C. Bernard, Strongly Interacting Higgs Bosons, PRD22, 200 (1980)
A.Longhitano, Heavy Higgs Bosons in the Weinberg Salam Model, PRD22, 1166 (1980)
M.Chanowitz and M.K.Gaillard, The TeV Physics of Strongly Interacting W's and Z's, NPB261, 379 (1985)
A.Dobado and M.J. Herrero, Phenomenological Lagrangian Approach to the SBS of the SM, PLB228,495(1989)
A.Dobado, D.Espriu and M.J.Herrero, Chiral Lagrangians as a tool to probe the SSB of the SM at LEPR, PLB255,405(1991)

F. Feruglio , The chival approach to the electroweak interactions, Int. J. Mod. PHys. A 08, 4937 (1993).

GBs self couplings given by a derivative expansion, like in low energy QCD. Parallelism EChL<ChL.
The building of this Effective Field Theory followed the guidelines of ChPT (Gasser, Leuwyler, Annals Phys.158(1984)142)

The 3 GBs are those of Spontaneous Chiral Symmetry breaking SU(2); X SU(2)p — SU2); . p
GBs transform non-linearly ; U (2 X 2 matrix) transforms linearly U — LUR™

EChL Chidim2 0(0*)  Chidim4 0(d") | ChL  0cp _ e L e, -y
IR = IS Uly) = e oo Uls,) = e/
14 QCDh _ /7 UTTHY - £ —
gEW — —Tl’(a Ua,uU+) -y = 246 GeV | 32 — A Tl’(aﬂUa U ) ,fﬂ = 0.094 GeV Seale of chiral |
2 4 H Scale of chiral loops cale ot chiral 1oops
Perturb. expansion In A Perturb. expansion In ; AChL=Min<4nfﬂ,MreSODanceS)
A EChL — 111(471' Vs Mresonances) A
EChL ChL
SU(2); g is EW isospin (custodial symmetry — p ~ 1) SU(2); . is isospin symmetry of pion physics



The Electroweak Chiral Lagrangian: Before Higgs discovery ()

Central Physics Issue of Chiral Lagrangians:

Non Linearity of GBs Dynamics is not just a choice of representation...
It reflects the Strongly Interacting Character of the Underlying Fundamental Theory.

As in ChPT of QCD, the multi-GBs interactions in the EChL all grow with energy
2

PN = —TrQ,UU") v = 246GeV  U(w,) = et

Example (4 qB’s Lnteraction vertex at LO):

: i / / / / § . . .m?
le+w_w+w_ — 302 (2p+ Py +2p_ - p_ — (p—l— ‘|‘p-|-) ' (p— ‘|‘p_)) ~ @(?) n contrast to SM (GBs linear ints) N—QZ% ~ @(SO)
and to sSMEFT (GBs linear ints)
L tlarl
for m@ﬁ;:kwm:xbre?of CBs 4GBs, 6 GBs, etc...self interactions at LO all grow with energy as O(s) ; at NLO as O(s?); at NNLO as O(s?); etc ...
The growing with energy of GBs self-interactions Enhancements in multiple
announce Strongly Interacting Dynamics in GB'’s boson production at colliders in TeV region
scattering and the potential emergent resonances. with respectto SM rates

As it occurs in low energy QCD with 7z scattering

Generic BSM signals within EChL



The Electroweak Chiral Lagrangian: Before Higgs discovery (lll)

Introducing EW gauge bosons in the EChL with SU(2); X U(1), EW gauge symmetry

Bosons Sector : A.Longhitano, Heavy Higgs Bosons in the Weinberg Salam Model, PRD22, 1166 (1980)

Fermions
introduced later:

F. Feruglio , The chiral approach to the electroweak interactions, Int. J. Mod. Phys. A 08, 4937 (1993).
CS in pure GB sector

Here we consider . Same GB
Sosonic EChL ()| ZE8TS = Lok Lyt TSR SUQLX UMy = Uy SUG)LXSUR) = SUQ)pr  CS Breaking by ¢ # 0
l R , , l. .
1 . 1 .. ol Light bosonic fields GBs w; and gauge bosons, W) and B,  (Higgs less)
LH = %Tr[DﬂUTD”U] —2—92Tr[WWW“”] = 37 Tr|B,, B*" |+ Lar + Lrp Wi Ty , ' :
. o U = exp (z—) (other nown-Linear reps. U — LUR+
gionghltano(ai) — Z gl ; al — EChL CoefﬂClentS (|=O1 3 I_F CP) v ln LL’CCY&I’CM.YC)

(dimensionless) . . . :
won-Cs Zo=aq (=) 117, | e[ 777] W= Wi B, - 4B,

X X X R Wi = i(Wj FiW2), Zy=cwW, —swB,, A,=swW;+cwB,
P, = alTr[UBWU*WW] 2, = iazTr[UBWU‘f[%ﬂ, %v]] P = ia3Tr[WW[7”, %v]] V2
CS 1P DU = 8,U —iW,U +iUB
a0 Loc l T
P, = a,Tr [%%] Tr [%”%”] L. = agTr [%ﬂ%ﬂ] Tr[%y%”] L =g~ EwtdingBlocks T“ g " : T
: V, = (D, U)UT |, D,0=8,0+i[W,,0] T=UgU
= q,
: frfpr] 5 =snlr el ol o o0y ) B B
e e e I o I S
nOﬂ-CS g _ _@TI. TW Tr TWMU g —_ l@Tr[TW ]TI’[T[%’M %V]] LIO = al ’ g2 ’, , , ,
8 — A I 9 y pv ? Chidim OOMW’CLW@: masses and derivatives count equaLLg (as 1n ChlL-RCD)
Gasser, /
Lo = alOTr[TW] Tr[T%M] Tr[T%V] Tr[T%y] Leutwyler @,, my, Mz, gv, ¢v~O(p)
Anwnals ’Phgs : ~ ~
Pz = aHTr[@M%”@U%”] 158(1984)142 DU Vu W,, B, ~ O(p)

Removable ] | S N 5
a, ,dsz the most relevant . W A~
by e.om (g aT|12,2,7°|Te|[17| 213 =210 |19,7 | Te| 1907 A DuVy s B o)

Lys~ 00



The Electroweak Chiral Lagrangian: After Higgs discovery (l)

To describe BSM Physics we focus on the Bosonic EChL  Zyppr = Lpag™e

The Bosonic EChL is reformulated including explicitly a light Higgs particle in addition to GBs and EW gauge bosons

CS restored for g’ —» 0
(OM.Y) CP, Lorentz, Gauge SUR2); X U(l)y — U(1l),,, , Global SUR2); xSUR2)g — SU2).p (M, — My, cyy — 1)

also called isospin limit

Assumptions — — | . Hn o
H is a singlet under all symmetries| It is introduced via Polynomials in powers of (—) , and their derivatives
v

GB's are in non-linear representation Ulw?) = ea)afa/" U— LUR™

EW gauge bosons introduced via the gauge principle Fermions assumed as in the SM,

i.e. no new interactions with fermions chiral dim
DMU = @MU—iVAVMU—FZ'UBM Vi :(DMU)UT, D“OzauO—l—i[WM,O] /
) ) gHEFT(az):‘EZ2+°CZ4+“
T i i 5 g 3
-BM'LLDILV\'Q Blocks _WM — %_WMT = — ?1B/~'JT H J.H a; dimensionless H singlet
W, = 0,W, — 0, W, —i[W,,W,] B,, = 0,B, —0,B, In contrast to
Wf:%(WJqZZWi), ZM:CWWE_SWBM7 Auzstj—l—cWBu gSMEFT(Ci)=gSM+g6+g8+”'
C. : \
’ ’ ’ l l
Chiral dime countiin 'Y~ <= 9,
9 Oy My g, My, AV, 8V, 8V ~ O(p) =2 Nd—2 04 canonical dim d
D U V W B N O + l
= ’LLA ’ ’L“A H gp) o = ’ C; dimensionless H tn doublet @
D/LVV ’ V[/:uy7 BNV ~ 0(p ) %(’U—l—H—I—iqu)



The Electroweak Chiral Lagranglan After Higgs dlscovery (1)

Bosonic HEFT|  Zpad™ = L)+ Ly + .

v’ H H* H
— | 1+2a—+b—+c—+.
4 V y2 p3

32=

i
Poly nomtals L H

—Addyvi 8“]7?[]28’/}[% {VMVV} — AddyV2 Tr {V”V }

U
m
relevant in WW — HH and Z2Z - HH

a, , ds the most relevant for ves, VV - VV

orH 0, H

Main wmessage: there Ls a hierarchy in the HEFT based on energy arguments

0(0°) terms in &, give A ~ O(s) 00" terms in £, give o ~ O(s?)

Most relevant coeﬁ‘s. at Lo a, b, ¢ Most relevant coe{-(:s. at NLO ds, Ay, 1, 5, Y, ...

1
Tv[D,U'D"U] + EaﬂHa”H — V(H) + Lcg + ZLrp

On the relevance of the a’s.....

adddd

N—m T ——
relevant in HH — HH

8 HO"H 0,HO"H

A
V(H) = —mngz + 1 AVH? + K4ZH4

i’j:+’_’i’A / N Gauge fixing
| Fe= 72(0”Wﬂ — Smwa™), functions in Ré
A 4(al.) — sz(i{) g?onghltano A Additional tnvartant terms bullt with the baste blocks F,— ﬁ((yzﬂ

Now itncluding also H's and 0H's

1
VE

—fmzﬂ3), Fy = (aﬂA,u)

For a complete list of operators, see Brivio et al 1311.1823

For a review, see : Brivio, Trott 1706.08945

Other notatlons:
Delgado et al 1911.06844

Dobado, Espriu 1911.06244

Gasser, Leutwy Ler
Annals Phys15g (1984)142

to get of ~ O(s?)

n=e=4dqqyy1
0 =d=dayp
Y = A3ddd

Ly =as. Ly =aqy

n contrast to SMEFT where

dim g operators are needed

1
effects of Og suppressed by <F>



HH and HHH (EW) production with LO-HEFT: a, b, ¢, k5, K4

Easy connection of HEFT with the kappa formalism: Choose Unitary gauge to see this connection (U=1)

L ’ H H? H |
gH(F)LFT — UZ (1"‘2&@ | b’UQ | CUS )TI[DMUTD“U]+§3MH8NH—V(H) ; mé:Zﬂvz ) mW=gV/2’mZ=mW/CW
1 N 1 N .
202 Tr[W, WH 2972 Tr[B,, B" |+ Lagr + Lrp, V(H) = §mzH2+%3MH3+M%H4

SMia=b=K5=x,=1,c=0 BSM:a#1,b# 1,k # 1,5, # 1,c # 0 (any of them provide BSM signals)

W H
W:HH a = Ky Wy S b =1y : C
L S H
______ H ’ 7D
: : . , lbg 3¢ 2
ﬁj L ywy = 1agmyg,, AN Suw W, ~H oIl S 8
W H W “H n OH Z WWHHH 7y M
H . = H L H WW—HH gives access to a, b, k;
3= X2 K _
»-----H g : WW—HHH gives access also to ¢, x;,
iFHHH = — l.K36/1V ZFHHHH — — lK46/1
H - H .’ AN H

Constraints from ATLAS and CMS on kappa’s

ATLAS (95%CL) : sy €[0.99,1.11] , koy € [0.6,1.5] , xy € [—1.2,7.2], CMS (95%CL) : ky €10.97,1.09] , koy € [0.6,1.4] , k) € [—1.2,7.5], Ky practically unconstraint

Nature 607, 52 (2022) PRL 133, 101801 (2024) Nature 607, 60 (2022) PLB 861, 139210 (2025) C unconstraint



In HEFT with Ré; gauge, diff interactions than in SM
LO-HEFT: different vertices than in SM (GBs non-linearity, H singlet)

Some examples: taken from M.Herrero, R. Morales, PRD104.0#5013 (2021)
EChL and SM provide

a_a in™"
LO'EChL U(]Z-a) — €ﬂ t /V SM DO = (U+H—iﬂ3> . .
LN T NG Gauge Invariant amplitudes
pS., OB . o
Ny X " _# (2[? + .p/+ +2p_-pl — (p+ + P/+) : (p_ + p’_)) 9 m% ﬂunitary—gauge — QiRé:—gauge
at- g b Nt 1]2
s The x framework does not
(7 )\\ //H X m2
N 7 —pbpl " P2 { 51 because GBs are not included
Ve >< N v
7T+(7T3)// \\H ) )
Gqauwge wvartance checked analytically
71'_(71'3)\\ . m%l
ZON 2 l ln several processes: (Herrero,Movrales)
pz,/>_ _____ H o ? apl ) p2 (%
() H — yy,yZ PrRDL02.075040(2020)
Tt
WITW:”/* agpé‘F Fig(ps — po)¥ WZ - W/  PrDLO4.075012(2021)
“SH WW — HH PRD106.0723008(2022)
i
Py, 7 : 2 2 — Domenech et al 2506.21 716
/ 2iad{sy, =2} (p_ — p ) 0 WW —- HHH >
RN A Nl )
T
W, ) //7r_(7r ) i
-7 O 29 g
W \\\\71'+(7r3) . . . .
H does NOT interact with ghosts !! H interacts with ghosts

10



WW—HH gives access to a, b, k; (LO-HEFT)

Important Issue 1): When looking for enhancements respect to SM not all the coefficients are equally relevant

DIAGRAMS IN UNITARY GAUGE # — e
PERTURBATIVE —ioisho1s PERTURBATIVE — s
UNITARITY VIOLATION — 5:1i Zos UNITARITY VIOLATION —
W+ H W‘|‘ H § — a=1b=2 § —
\L\wa K3 , b ’ $ ° / ;“ —
, s :
7 - § 10
4 § 10! = e —
o : :
r"”;,.r \ ) B 1o~ /,
W_ H W_ H \/%O(Gev) — 500 1000 \/%O(Gev) 2
o)
2
T
I
a a T
+

W+ ANNNNNAN D = = = = = = H W+ AN H |§
N . ) P ‘ %

W Ws ° _

a AR

W_ ANANANNS - - - - — - H W— a H :

3000

500

The most releva Nt Explained by behavior with energy

Forv/s > my, my

are a =Ky , b =K,y

Ky effects are subleading

Important Issue 3): Gauge Invariance of the HEFT amplitude checked analitically <f

Kappa framework should not be be applied in R: gauges
(for instance, tn Feynman gauge whieh is the most frequently used tn BW theory)

1000

AHEFT(WLWL — HH) ~

unitary—gauge — 4 R:—gauge

1500

2000 2500

Ve (Gev)
1
fUQ

(a* — b)s

Similarly for ZZ—HH

a, b

grow with energy

Unitarity Violation

Unless close to:

b = a?

K3

Unitarity Preserved

Only relevant for low
energy close to HH threshold

The role of (a? = b) in
WW — HH at LHC

already studied tn 2010
See Contlno, et al 1002.1011

Important Issue 2): Unitary Violation if a®> — b # 0

See, for tnstance,
2208.05900, 2506.2171

11



WW - HHH gives access to a, b, ¢, k3, K, (LO-HEFT)

DIAGRAMS IN UNITARY GAUGE 1) larger enhancements respect to SM from a, b, ¢ than from «;, k,
H y H H i W H"” W H, W H,
) He H _e” .= A . e S /
K //H ,? N ,. W \;/\\ ‘\\\//
;V\\a___él- T \V;/\X ---@, . l;\v\ H/ \\\ H— éw H y . I:’\ W§ Tl
H - H Y Ldda ---& W§ & H
\ 7% f H @ . .
W H ‘\ H W \\ W H . AN - _ AN H \\
- H '\ H W H - W
w H .
) H W W ) H .
\\ H H ’ NANAAL - T Wﬁ/\ ’,-"” NN Hz’/ E -,j,_.’, W H -’
w H WY ws H W' \ ---Q
-- @ > . _- ’ \ h
H W’ \\,\z” """" v”’ wi H ,/‘\” éW H "
W H‘\ AN ol N WQ H ’V\vayg,x’ TN
", H o f\/\/“'\/\'-“~§~\“ W H M/IX/W H‘\ w TTe~e L
W - H
H
ﬂ\/va\/\/ "”” ’\’Vf\/\ H H’,— W H,’ H ’
Wy - w -t Mmoo e H a
Wi H . §\ N \W H H“\‘ C . H
~0-- g WQ,\ N H 3 @------- Wi ) W &-----
T H N N e H\‘\ ‘W H \\\
W H™ w : w S O W g
H w N
Explained by behavior with APEFT (W Wy, HEH) ~ > (c+ 2a(a? — b))s
The most relevant are xplained by behavior with energy 3\ 3

Fory/s > my, my Domenech et al 2506.2171 (full) Delgado el at 2311.04280 (scalar)

a=kKy,b=1Ky,cC

k3 and k, effects are subleading

4
Only relevant close to HHH threshold 2): Unitary Violation if ¢ + Ea(az —b)#£0

3) Gauge Invariance of the amplitude checked analytically <

DPomenech et al 2506.21 71

unitary—gauge — a R-—gauge

Similarly for ZZ—HHH >



|ao (W, W, = HH)|

10?

10! -

100.

10714

10—2.

10-3

Unitarity in Multiple Higgs production with LO-HEFT

2407.20706, Phys. Rev. D 111, 055004 (2025), Anisha, Domenech, Englert, Herrero, Morales

WW —- HHH C coeff.

UNITARITY VIOLATION

WW —- HH b coeff. WW — HHH b coeff.
105 - UNITARITY VIOLATION 105 -
UNITARITY VIOLATION
103 n == 103 .
Eé_ 101 7 g 101 -
© o
1071 - 10-1 A
— b =1 (SM)
— b = 0.5 1073 - — =1 (SM) = b=0..5 10-3 -
a1 m— b = 1.2 b=0.8
— b=15 B b=15 m— = (
=== b=0 T T T T T T
S50 5o = ~5os s ~00 500 1000 1500 2000 2500 3000
Vs (GeV) V5 (GeV)

Restrictive constraints on ¢ and b from unitarity

rates preserving unitarity

a already restricted from single H prod o —
e
total rates

At LHC, we find important
reduction factors

For HL-LHC events 6b2j
ey~ 0.6 for b e [0.5,1.5]

ey ~0.7-05 for c € [0.5,1]

When computing production rates

at colliders, we will be restricted
by unitarity

500 1000 1500 2000 2500 3000

/s (GeV)

UNITARITY CONDITIONS
|ay(W, W, — HH)(s)| < 1

4
(W, W, — HHH)(s) < —
\)

13



NLO-HEFT relevant operators for HH

2208.05900, Phys. Rev. D 106(2022), 073008, Herrero, Morales (WW to HH)

V, = (D, U)UT
e O O )
WfI (261va% + aHHVV%j) Tr {V“VM} + aHddWJQ%I 1;[8“}] 0, H
- <CLHWW§ + aHHWW];}[—22> 1r [VAVWVAVW} + 1 (adz + a Hd2%> (‘9’;}[ Tr {ijyu}

Full operators list given in the literature (see, for instance, Brivio et al 1311.1823) w different notation

summarized by: agqyy1 <+ €8, Gdayyv2 < C20, A11 < C9, AHWW < AW, AHHWW < bw, aq2 < cs, /
AHd2 <» a5, agyy <» Cr, agoyy <2 ar, aq43 <7 Ci0, AH43 <7 Q10, a0Q <7 COH, OO <7 QOH,
aqdt) <> CAH, agyy <> ac and agpyy < be.

Reduction from 15 to 9 a's NLO coefficients after the use of e.o.m

The most relevant
Out of these 9 a's are

These operators contain 4 derivatives !!

Also checked numerically (see next)

Qv =1 > Aggyyn = O

14



Comparing the relevance of the various NLO a:s at WW — HH

2208.05452,Phys. Rev. D 106 (2022) 115027, Domenech, Herrero, Morales, Ramos

Agavv1 =1

Cross section WW — HH, polarization LL

— aggy1 = -0.1 — aggyy1 = 0.001
—— Qggyy1 = -0.01 adgvyn = 0.01
— aggvy1 = -0.001 m— Qggyyl = 0.1
m— Addyyl = -0.0001 -_— SM

Addyyl = 0.0001

I 4
L 10
N
< 103
S
S] 102,
101,
100 : : ‘ ‘ ‘
500 1000 1500 2000 2500 3000
V5 (GeV)
Cross section WW - HH, polarization LL
6 x 10!
o)
2
T
iy
; 4 %101
> — AHHYY = -0.1 AHHYY = 0.001
[ — AHHYY = -0.01 AHHYY = 0.01
L — AHHYY = -0.001 AHHYY = 0.1
3x10 —— apuwy = -0.0001 —— SM
— apnyy = 0.0001
500 1000 1500 2000 2500 3000
Vs (GeV)
Cross section WW - HH, polarization LL
6 x 10!
o)
&
T
T
T 4x10!
S
> — Andd = -0.1 andd = 0.001
5] ——— angg = -0.01 angg = 0.01
3x 10! — andg = -0.001 andad = 0.1
— andg = -0.0001 — SM
= AHdd = 0.0001
) 500 1000 1500 2000 2500
Vs (GeV)

3000

Ayqyyy = O

Cross section WW - HH, polarization LL

— aggmn = -0.1 — aggyy2 = 0.001
1071 adavyz = -0.01 adayye = 0.01
— aggmn = -0.001 — aggyy2 = 0.1
i) — aggyy2 = -0.0001
%105 = dddyy2 = _
T
T
§ 1034
I
101 ]
500 1000 1500 2000 2500 3000
Vs (GeV)
Cross section WW — HH, polarization LL
—~6x 10!
Q
&
T
T
T
2
= 4 x 10! — agy = -0.1 — a4 = 0.001
(] — gy = -0.01 aq2 = 0.01
— ag = -0.001 — ag = 0.1
3x 10! —_— ag = -0.0001 -_— SM
— a4 = 0.0001
500 1000 1500 2000 2500 3000
Vs (GeV)
Cross section WW — HH, polarization LL
5% 10!
o)
2
—4x10!
T
T
T
S
< —_— apww = -0.1 apww = 0.001
5] — apww = -0.01 apww = 0.01
3x 10! —_— apww = -0.001 anww = 0.1
—_— apww = -0.0001 —_— SM
— apww = 0.0001
500 1000 1500 2000 2500 3000
Vs (GeV)

Cross section WW - HH, polarization LL

102
] ° ° /
For similar size of the a/s
T . :
we find the largest xsections for
% — aZZE - 0,01 aZT,f, ~ 0.01
— amw=-0.001  —— ayy=0.1
—— ay =-0.0001 —— SM
—— ayyy = 0.0001
10" 550 1000 13‘%0(Gev) 2000 2500 3000 addVVI E }/] ’ addvvz E 5
Cross section WW - HH, polarization LL
by several orders of magnitud !!
S
T
T 4x10!
: — aup =01 a2 = 0,001 (1/v?) 0" Ho HTr (D, U") (D,U)] + 1/v¥) 0" Ho, HTr [(D*U*) (D,U)]
) Sy =01
3x10! —— ayp = -0.0001 —— SM
—— ang2 = 0.0001
) 500 1000 13‘90 2000 2500 3000 4
2o These are the NLO operators containing 0
Cross section WW - HH, polarization LL
5x 101
%4 x 101
Th t relevant
; — apgww = -0.1 ausww = 0.001 e m OS re eva n
S —— apnww = -0.01 anHww = 0.01
2 x 10! —— aupww = -0.001 anrww = 0.1
e, are
) 500 1000 1500 2000 2500 3000
VS (GeV)

Ayl =1 > Aggyyn = O
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Introduccing Loops: Bosonic HEFT Renormalization in R,

16



Including loop corrections within bosonic-HEFT

(Herrero and Movales Series of works tn R £ 1 2005.0353F, 210F.07890, 2208.05900)

* Developed a practical program to include one-loop HEFT corrections by means of Green functions 1PIs

* Easy to implement in physical scattering procceses

* Based on computation of one-loop FDs (graphical/intuitive) easy to
implement with usual tools FeynRules, FormCalc, Looptools etc..

Renormalization of the involved 1Pl Green functions in generic R; gauges, with generic off-shell legs
(Running coeffs. is not enough. Complete Loop computation needed including finite contribs.)

* Master equation to compute renormalized 1Pl function within NLO HEFT (follow ChPT)

/ From £, FRs From £, FRs From loop diagrams CTs generated from 2,

a,b, ks, Ky, - .. computed with &, FRs 6Zy 7.11. 08,68, 8a, 8b, 5ks, 6k, . .
Finite for all external (off-shell) momenta ¢ v \ needed as new CTs to cancel

Better not to use e.o.m, all operators needed new divergences from loops

We use renorm. conditions: OS for W, Z,H..., MSbar for HEFT coefficients Series of works in R.:  2005.03537 (H decays to yy and 72), 2107.07890 (WZ to W2),

2208.09334 (WW to HH) 2405.05385 (gg to HH, gg to HHH) 17



Example: 1-loop corrections in WW —- HH

M.). Herrero and R.A Morales , PRDLO6,0F3008 (2022) 2208.05900

Renormalized one-loop 1PIs FEEST in the R, gauges = black balls contain all the bosonic loops
l—‘HH
Wi H Wit H Wit H Wi H Wi H
/ D AV AV AV AV e OV AN AN AN ANANANNY - - = - - - ANANNNY - - = - - -
/«/ [mfi: R I%fi: ~ ﬂ;t: ﬂ;t: .
@ - < S
;;} —<\\\ Lvnt ‘(//> Iﬂ‘a/vbz ﬂ;t: Iﬂ‘qu /\Jﬁ\/\ff:igg ﬂ:!T"‘(// :[ﬂﬂVT
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W; fWWH H le_ FHHH\ H WJ_ F]/,ZHH o le fWWHH H (n these 'PLDtS
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W, H W, H W, H W, H
We have Computed all the In particular, all the
loops and all the needed CTs - /
involved da;s — ( — )
: 61—loop — (OFull — OTree / OTree

¢ independence checked in the full amplitude
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One - loop EChL versus SM : 7 effect

SMTree = ECthfzr)ee
SMEgun = EChLgyy (7=0)
— — = EChL{{(7=107%)

EChLgyy (7=1073)
— — = BChL{(n=-107%)
EChLgy; (7=—107%)
— — = BChL{td(7=10"?)

EChLpyy (n=1072)

— — — EChL{(7=-10"%)
EChLgy; (7=—1072)

Vs [GeV]
One - loop EChL versus SM : ¢ effect

SMTree = ECthfzr)ee
SMgyn = EChLgpun (6=0)
| — — = EChLE:2(6=10"%)
EChLEyg (5210_3)

— — = EChLELD(6=—1073)
EChLEyq (6=—10_3)

[ | = — = EChL{E(6=107)
EChLpy (6=1072)

| — — — EChLEY(5=-102)
EChLpun (5=—10_2)
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Renormalization of HEFT coeffs and derived RGEs

Ex: WW — HH All CTs derived ccmputing |oop$ M.). Herrero and R.A Morales , PRDLOG, 072008 (2022) 2208.05900

Combinations appearing in scattering amplitude :

e = 2 (@ = b)(a— ks ok + al(1 = 3% + 2b)y + (1 = a*)). (=use of e.0.m)
A, 1 el = Seligavt = Se(@qavy1 — 4a*ayy +2aa,3) = — A (a” —b)
0cb = ——=—((a® — b)(8a* — 2b — 12ak3 + 3k, )mi; 1622 3
toz~2v 5.5 = S, dypnn = 8 (a +9addm) _ A (@ -b)(7a~b-6)
+ 6a2b(2m\27v —|— m%) . 6b(m%v _|_ m%) _ 6b2m%v), € e“ddVy?2 € ddyvy? 2 lzﬂz 12 s
5. (a —2a 2aa =—_a(1 —a?),
Geris =~ =g (ms(a® — b+ 983 — 6ra)mi — 3(1 — a)mgm (mdy +m3) R
T 2 v Oc(agmy — 6K3amyy — 4ayoyy + 4bamn + 6kzaaqn + 4aayqn) = o (3x3a(1 — a®) + 2b — 2a*(2 + 3b) + 8a*),
—|—6(—26Lb T 2&2/{,3 + bK'S) (Zm%\; + m%)) ) Sc(@paa — Agar) = — 12;2 361(“;_ b)‘ (4.15)
8.y — — A, a*+ a’b + b? 5.0, _ A, (a*>=Db)(2a* + b +6)
¢ 1672 3 ’ TAVYE T 6n2 12 ’ . . .
5 A, @ A a(a®> = b) s, _ A 4a* = 5a%b + b2 RGE easily derived for all these HEFT coefficients
¢ 1672 4 CHL T H6m2 2 T 4 )
s _ A a(@-b) 5 _ A, 4d*=5a’b+ 1 - N 1 1 //t_ A€
YW T 62 120 CHEWW T 1602 24 ’ a; (,M) — d; (,M ) | 16722 Va, 108 =5 | , o0.a; = X
L N W VLY Y ™ . 167
¢ 1672 6 T = 6 ’
5 A a2+ a?) A, 4a* +a*(4-3b)-2b Interesting RGE invariants emerge for a? = b
AoV = TTe 3T 4 Oagryy = o 1 ,
5.a = A, a(a®>+b) P A, —4a* + a’b + b?
¢ 1622 2 €THA T 62 2 ’
5. — — A, 3a® 5.0 _ A 3a(2a* - b)
¢ 1672 4 T e 2
2
Ocllyqry = 12;2 3a(a2 b) , Ocpaq = 0, Ocllyaw/2 = 0447 = — 12;2 3a(a® - b),
Oapgyy =O0agpyy =0, A, = % — v + log(4x). Agreement of J.a’s with other computations in specific imits :

pure scalar (1311.5993,14091571)
isospin limit my, = m, (2109.02673)
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On the size of Chiral Loops

Chiral Loops in the Bosonic EChL means Scalar loops (Scalar= GBs and H)

Main issue is comparing size of pure scalar loops with other loops i.e pure gauge loops and mixed gauge-scalar loops

Vi, /a [GeV]

The size of the loop corrections can be large at large virtuality g !!!

Example 1: one-loop vertex functions V,;,, and V,; ; for off-shell H(g* # mé)

Relevant for off-shell Higgs decays H(g) — yy

g
:f Re[B loops]
050+ i - = = Re[B loops approx]
! I Im[B loops]
] Im[B loops approx]
,I — == {=0: GB loops

— == ¢{=1: Re[GB loops]

&=1: Im[GB loops approx|

= = = &=1:Re[GB loops approx]
’ &=1: Im[GB loops]
0.10 i

and H(g) — vZ

ey

M.). Herrero and R.A Morales , PRDLO2,0F5040 (2020) 210F.07890

Chiral
| Re(VH}/}/) Re(Vy,,) grow with virtuality q* (Idem Re(Vy,,) )
| Eull Chiral loops dominate at large g* if fermions assumed SM like
Im(Vy,) The full 1-loop corrections for
Full off-shell H

are ¢ dependent

But the most relevant contributions
from chiral loops, i.e. O(g?), are & independent

Example 2: 1 ;,;,and 1 01

20



One-loop corrections in 1PlIs: the case of 1, and I 1y

| Iy (GeV)

1P HHH 1Pl HHHH (details in 2208.05900 and 2405.05385)
z In general, departures respect to the SM grow with offshellness ¢
g A A
500 FHHH H /, FHHHH H////
o~ Q_ﬁ_’ L
q N qg H ~H
\\ .
200+ N
; Loops of bosons dominate if fermions assumed SM like
\\\\\\\\“\\\‘ "o,,':,,,,.""“yso
100} S i AlL C',T'S ﬁxed
- .f' | OK3, OKy, 04 .. (see paper)
|ty ™ | 0.5 |
""'lllllll|ll““‘ | L - AG ]. 2 2 4 2 2 2 2
, , , , , , , , | | | | | Oekiz = ——5 35— (k3(a® — b+ 9kr3 — 6k4)my — 3(1 — a”)kamy (miy + myz)
300 400 500 600 700 800 900 1000 400 600 800 1000 1200 167 2mH (Y
q(GeV) q(GeV) +6(—2ab + 2a%k3 + br3)(2may + m%)) :
' . . ' Ockg = — A ! (k4(2a® — 2b+ 9k3 — 6k ymi — 6(1 — a®)kam# (ma; + m2)
The size of the corrections can be large at large virtuality ¢ T 16n2 2mZe? MV 3 T W T
TR/ ITE TN /TS +6(—207 + 2a’k4 + bria) (2miy +m3)) |

k3 | ¢q =251 GeV | ¢ =1000 GeV || k4 | ¢q =376 GeV | ¢ = 1000 GeV

-1 1.1 4.4 -2 0.49 6.2 Non-linearity . o

0.5 1.2 79 1 1.5 13 H—s'w»gLet = RGEs derlved for K3 and K4 Wlthln HEFT

0.5 0.77 6.3 0.5 3.7 27 growlng with energy 5

1 0.84 2.8 0.5 5.4 29 of interactions within HEFT , 1 U A,
1.5 0.82 1.7 1 3.2 15 k(1) = k(p') + 16 2%9.10% — ) 0. K; = >V,
2 0.76 1.3 1.5 2.5 10 n H 167
2 2.1 7.9
5 1.7 4.0 \‘ . .
SN 0.97 10 SN 0.91 0.99 Larger corrections in HEFT than in SM
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Introducing Loops Improves Perturbative Unitarity

WLZL — WLZL NLO-HEFT including loops

Perturbative Unitarity : NLO versus LO

WE ZL — WI-E ZL

0.100

e SM o o

e EChL (a=0.9) .

X=y
o
o

0.010 e

Im[ag ]

0.001 ./

10—4 o

L L L L L . L L L L L L |
10~ 0.001 0.010 0.100 1
ag”|”

FIG. 8. Check of perturbative unitarity in the one-loop pre-
dictions for the lowest partial wave ay 1n both the EChL with
a = 0.9 and the SM. The 10 blue (red) points are the EChL (SM)
predictions for the ten chosen energies, /s|GeV| = 300, 600,
900, 1200, 1500, 1800, 2100, 2400, 2700, 3000, from left to right
along the diagonal line in this plot.

M. Herrero, R. Morales, PRD104.0750132(2021)

W+ Wt wt wt wt Wt Wt w+
Wi W= WLy 7t WE 7t T
VA Z Z Z Z A A A
W+ wt wt wt wt
|
W= W= )
w 7ri: w
Z Z Z ' Z Z
WH NNANANGP NN W+ W W+ W+ W~
|
H
I
, v, Z
H
|
Z AAANGAINANAN L Z 4 Z Z

FIG. 1. Full 1PI functions (black balls) contributing to the full one-loop amplitude A(WZ — WZ).

Black Balls include all bosonic loops: Scalar, Gauge and mixed Scalar-Gauge

Loops generate an imaginary part such that fulfill the Perturbative Unitarity condition
(as in ChPT)
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Introducing EW loops in g¢ — HH andin g¢ —- HHH

Awnisha, D.Domenech, C. Bnglert, M.). Herrero, R.A.Morales , 2405.05385  (nwuwmerical estimates with VBFNLO)

Renormalized one-loop 1PIs fgﬁ% computed in Feynman ‘tHooft gauge = shaded balls contain the EW-NLO loops within HEFT

H e~ H // i
t A \ S mmm = — i (q7) ----Q) = tI'yra(p1,p2,p3)
B N A
g AN "
L 7 H =~
e —~— o S ~ B ' -~ B} HEFT /[{/// /[—/[// . O////
SM HEFT sm N e @ = G+ g
H 17 H H -
ol
// g H // + permutations.
t
H Ty . $TOQ
e H @
O@---- t A Yt \ \ -
\\ H H///
\ <& HEFT “H :
v Jj‘g‘}’ " ~. g ¢ ®~~__ v e @----- = U'mamn(p1,p2, p3; P4)
\ H =~ H SO H
YV HEFT SM \

The loops in HHH and HHHH vertices and the non-trivial off-shell momenta dependencies produce relevant changes respect to LO

Most important message:
(EW) loop corrections using NLO-HEFT change

the sensitivity to k3 and k, in HH and HHH production at LHC (see paper)

Renormalization of k3, K, and of new a’s involved (see paper)
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Matching HEFTs to UV theories. Matching HEFT to SMEFT
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Matching amplitudes (HEFT versus UV)

We do matching at amplitude level (more usetful to compare with data).
In contrast to other approaches: matching Lagrangians, matching Effective Actions ...etc

Setting the HEFT order (LO, NLO,..)
Setting the n-loop order O(A"), same in both sides

—

Matching amplitudes requires:

HEFT _ /UV , . . - .
A7 = AT (Mpegyy 3> Myjgh) Setting the input parameters, in both sides

Setting the proper large mass expansion in the UV theory

R307.15693, Phys.Rev.D 108 (2023)9, 095013, Arco, Domenech, Herrero, Morales

—

Matching several amplitudes: LO h = WW* = Wi e

Matching Choose input parameters: LO h =227 = Zf]  wee
(H EFT) mh’ mW’ mZ’ al,S LO W"" W_ s hh tree
HEFT and 2HDM S GRS 7R
A light) ) Lo hh— hh oo

- HDM){ mi,,, m,, My
Amplitudes Ho A>T (heavy) [ NLO — h =9y R oop
tan 3, cos(f — a) (free) NLO h—7Z R: 1o0p

Mhight

n
Proper large mass expansion is in ( ) . Other parameters are derived (/Ihihjhk,....)

mheavy
25



Solution to the matching equations: HEFT versus 2HDM

220715693, Ph Ys.Rev.D 108 (2022)9, 095013, Arco, Pomenech, Herrero, Morales

Solving the matching equations implies identifying all Lorentz invariant structures
involved and extracting the corresponding HEFT coeffs

a=1-Aa,b=1-Ab,ki5=1—-AKxs,k, =1 — Axy)

Aaloppm = 1 — s34,

2

These contributions are
Ablaapm = —c5_(1 — 2c%_a + 2¢cg_S5—q COt 23) ,

2 2 MYioh 0 : .
AlistDM —1_ Sﬁ—a(l 4 20%—04) o C%—a (—285_04 2”12 | 2%_& cot 23 (1 B 727112 )) | @< 1ght > Leading terms in the
mi Sgca mi SgCa Mheavy large my,,,y €Xxpansion
C2 m2
Ak = — 2 (_7464ck , — 76k, +12(1—6c%_, + 6c 12 . .
¢lorDM 3 ( %% G+ 12 o+ 0% o) ms Szca Summarize the Non-Decoupling effects
2 of the heavy Higgs bosons at low energies
+4cg_qS8—q cOt 203 (—13 + 386%_a — 3(—5+ 12¢c5_¢) 72”12 > d 9.9 . J
m,s5Cs They are valid for arbitrary
2
+4cj_,, cot? 23 (3(;%_& —16s5_, +3(—1+ 6s5_,) 72”12 >> , L, Cp_q
my SpCpa ) )
854 when ¢;_, < 1 is required
Qhryy|2DM = = 4872 , , o , o
Postertor computations within HEFT are Ln agreement with ours: N I
B (203V —1)sg_q 2211.1689F (PC-3), 2312.13885 (quaSI allgnement)
ale|2HDM = = 062 2
These non-decoupling effects from the heavy bosons (AD +2Aa)ppy = 0
are not obtained in the SMEFT Interesting correlations found

where all effects are decoupling

( Miight

n
) ,n>72
mheavy
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Relating HEFT and SMEFT

Different approaches in the literature:

Comparing Lagrangian Functions (with field redefinitions),
Comparing Effective Actions (with the path integral),
Comparing Green Functions (with diagrammatic methods)..

We choose comparing scattering amplitudes

for several MultiHiggs processes (with external physical bosons)

wWwwW->H /212/-H WW->HH /Z/- HH WW->HHH 7/—-> HHH HH - HH

And solve jointly y A The correspondence
(for the 7 channels) (a ) — (C ) between both theories
‘The Matching Equation’ HEFT ! SMEFT J is across different orders!

In terms of relations among coefficients

We set input parameters PR
a . €—> C . Dowmenech et al 2506.2171 In the on-shell scheme, i.e, This is .a Consequenc.e
l ] My, iy, iy, G (o1 V) of the different counting

For truncated HEFT (up to chidim4) and
truncated SMEFT (up to dime). Both tree Level.
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Matching HEFT/SMEFT amplitudes in (EW) HH and HHH
with full bosonic EFT (scalar and gauge)

D. Domenech, M.Herrero, R.Morales, A. Salas-Bernardez, 2506.21F1

A proper matching HEFT/SMEFT of full bosonic sector must include both scalar and gauge (L and T) particle content

Relevant HEFT operators and coefficients Zyppr = £, + £, Relevant SMEFT operators and coefficients ggiﬁl L2
v? H H? H3 1
" (1 +2a— +b5 +e s > Tr[D,UTD U] + 5 Out 0" H (D, ®)" (D"®) + m?dte - %)\ (d1d) —iWF{VWIW - %BWB“” + LN+ L3
1 A A 1 Ao
—@Tr[WWW 2 2q72 Tr[B,,B" |+ Lar + Lrp, %(@@)3 + %(@@)D(@T@) + %@TD“@)*(@*%@)
1 \ +CXZV (@To)yW,, W' + %(@@)BNVBW + C‘I’A”;B (@ir o)Wl B
_(im%{}ﬂ + kg M H? + /<;4ZH4 )
\ ’ ¢+
H H?2 ) ) O = (L o+ F 50 ) D, :@L—I—ig’BMY—I—igWL{TI
— (CLHWW;_I_G'HHWW?) TI'|:WHVW'U’V:| \/5( + H +i¢")
H 0 5 B 14 HEFT coeffs (6 SMEFT coeffs) are involved in the matchi
— (euBs= + enunE— Tr[BWB“ } coeffs ( coeffs) are involved in the matching
U (V)
H H? A . ) = .
4 <aH1— + aHH1—2> Te[U B, U Aperr(a)) ASMEFT(C])
U (V)

We identify all Lorentz invariant structures in these amplitudes

H H? H’ : -
+( apy— + ayro— + ae— (m2—m2) TI'[UT3UT%M] TI'[UT3UT%”] and solve the system of equations considering
v v v the previous set of multiHiggs processes

DU = 0,U —iW,U +iUB, U = exp (iwﬂi) Vi = (DMU)UT
v

The solution is getting ¢, in terms of ¢ 28



Solutions to matching HEFT/SMEFT in HH and HHH

with full bosonic EFT (scalar and gauge)

Relations HEFT/SMEFT coeffs

occur through different orders
2 1

We match amplitudes in
the unitary gauge

H s
P - H - . .
W H." g g y He H
ﬁw\: ’-l,/ wwwi I:I/” w\/vi/i// ":I\\ \W\ -;-;-‘:---- \l;V\\ -;'I--’\\ ) A,ﬁ‘/4 -
HeH o A o 2w e
1 ) H - s H © L4 A 5
H -

wt A W o Aa =
e e
AT Ab =

C = —
W+’\/\/\/\N\/ 7777777 H W+/\/\/WW X H
Wﬂ:g Wﬂ:§ \:>(//
W= ~ o - - - - - H W= ~r~rsana - H
t u Alﬁlg =

m%{A2 A2 4

(%

A

— (= C<I>D‘|‘4C<I>D)

42 1

CoO + —CaD)

22 1

8v2 1
W(—Cqﬂ + ZCCIJD)

204 3v? 1
Cp + —( Co[] + —Cch)

1204 5002 1

(—cen + —cap)

mZ A2 T 3p 1

2
SWaH() - —

W, w
H H w H
w :—’F// w -7 w - L\ A A a’HWW
P P L e R N
Wb A NTH Ly e
o T MW B W H ACHHWW = —
w o H H . H w H w H
~H H @ H H ® D W ‘
\\\\ LN - W’ 2
w ~ W > L w H . J 2 _
WT " >>‘ E‘;. H Wi.-.“ Wy H SWAHBB = —
Stvidht oSN A w H o~ s
w 12 13 W, H» W s
H/ ” ’l"l’_ w H/, w y H/ 2
.,, _ - 5% S N g / 8 a p—
Ml/\ HiNH EW u wy . W§ .. WWHHBB
e -« wy @ H
//WH \\ w H PP A~ H \\
H\ H w H ™ w
17 19
w H w H w H H. H .
e SN \//,’ e SO _. w _l‘.'l_./
wy H Wi h W§ 4 é S
_______ N .- w H
A U S ooy H wo e 82 AgHO —
Wy w 21 7 W \ 23 H w
H . w H,
-7 Mmoo ‘H H/,’
\W H H‘\ H SWCwagl =
——————— W? wWel--o-
AW e X H
w 24 \;-I\\‘ w > T W .
QQ[ _ QQf SWCWOHH1 —
U—gauge R:—gauge
2 —
SwAHHHO =

checked in all cases
both in HEFT and SMEFT

?J4

2mwA2

’U4

4m%v./\2

U4

2m2ZA2

’04

4mZA2

U4

8m?2, A2
Hu*
 16m ZA2

’04

COW B
2m22A2

Cow

CoB

CeD

714

COW B
47712ZA2

V4

c
7 A2 COD
dmz A\

Domewnech et al
2506.2171

Uncorrelated coeffs
in HEFT (H is a singlet)

a,b,c, k3, Ky, a;s independent

Relations found in SMEFT
(H is in a doublet)

® b = ()
e+ ga(a B ))SMEFT B
Ab = 4Aa OK with
c = _gAa — ——Ab pure scalar
2311 .04280
Akrky = 6AK3 — —Aa
20HHWW = QHWW
20HHBB = GQHBB NEW

2agH1 = GH1

Matching other HEFT coeffs requires dim 8 SMEFT

o o @) Simmilarly to a4 5 in WZ - WZ
7] Addyyl = 4A4 { + C¢4} v e
“ T Tend

5 Addvv2 = 731 f;i) as = v -0 29
4A 16 A4 ¢4



Pheno implications for MultiHiggs production at colliders
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Most relevant phenomenology of the bosonic HEFT :
Golden Channels for BSM signals with EChL (HEFT): MultiBoson production

H H
g 4 g S H

S O R )
. .

Do we learn anything comparing
HH and HHH production?

Main goal Ls

Looking for Enhacements in multiple boson prod.
(gauge and Higgs): reminiscences of possible
underlying strong ints

(as in ChPT with multi z's)

Differewt goaL than cows’cmiwiwg

BSM from global fits
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Main pheno implications of solutions found to the
HEFT/SMEFT Matching

1) The relations found imply suppressed rates in the SMEFT compared to HEFT in multiple Higgs production from VBF

(Domenech et al 2506.2171) (see also Delgado et al 2311.04280 and talk by Cillero)

At O(TeV) energies (where the masses can be neglected):

AMEEN (WL W, — HH) ~ —,U—Q(az —b)s APMEET (W W, — HH) ~ USQ ( 2%(—&1& + Z&DD))
3, 4
AHEFT(WLWL — HHH) ~ U—B(C -+ gCL(@Q — b))S ASMEFT(WLWL — HHH) ~ U%(O) -+ O(SO)
LO-HEFT amplitudes grow with s Dim 6 -SMEFT amplitude suppressed by (1/A%)
HH  If (a2—b) %0 HEFT HH ~ (s/A2) SMEFT

No stantficant enhanced rates
enhawnced rates 9 -F

with respect to SM

with respect to SM HHH ~ 0 X (S/Az)
HHH If c+ia(a2—b) £ 0 (to get £ 0 need to go to dim g)
3 (thew, amplitude even more suppressed)
~ (1/A%
2) Constraints to HEFT coeffs can be derived from constraints to SMEFT coeffs (for instance, using global fits)
Aa, Ab, c from constraints to Ce, Cop Aerww» A from constraints to gy 05 Aprpro from constraints to cg)y
Ak, Ak, from constraints to ¢gm, Copps Co Aygpp, Ayypp from constraints to cgp ag1, Ay from constraints to ¢y
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Predictions with HEFT at colliders: All diagrams must be includea !!

Our Bosonic-HEFT model file is implemented in MadGraphb5. It allows gauge choice.
For instance: HH requires including VBF and H(H) strahlung type diagrams

e +e o e+e_ —_ HHDI] LHC qlgz —> HHQ3Q4 (+ diags for gg and for gq )

‘In ete"explore HHF  events. We require F > 20 GeV

In pp explore HHjj events | Pr,; =20 GeV, m;; > 500 GeV,
We require VBF cuts 2 < |nj| <5, n;, x1n;, <0,

Two forward jets i different hemispheres at moderate transverse momentum
with large tnvariant mass

BSM signals means deviations in 6 and in do's respect the SM rates. We also explore correlations.
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1.2

Allowed

0.8

0.6

ole e~ - HHvv) at CLIC

HH in e e colliders: the role of (a® — b)

CLIC (3TeV)

VS=3 TeV

0.8 1.0 1.2 1.4

TAI.,LowedT a

White line is for b — a? = 0, close to contours with lowest ¢

2312.03877, EPJC 84 (2024)5, 503 ; 2011.13195, Davila, Domenech, Herrero, Morales

Reference SM: og\(eTe™ — HHui) = 7.7 x 10~ pb at CLIC (3 TeV)
>-0e-02 ILC (500 GeV) ILC (1TeV)

o(e *e~ —»HHvY) at ILC o(e*e~ - HHvv) at ILC

; 1.3e-04 ; 3.3e-03
3.2e-02 L4 9.2e-05 L4 2.0e-03
6.5e-05 1.2e-03
1 .96'02 y Vs=500 GeV 4.66:05 _ Ny Vvs=1TeV 7.06-04 _
1 1 02 3,3e-05§-) | 4.2e-04§'
) c
.16 ~ o0 *’aSM =1.2e-05 pb 2'36-05% Q1.0 *lOSM TR A 2.56-04%
.g' ,Q// 1.6e-05 § ' ) 1.5e-04 3
6.1e-03 =2 o /¥ 1.26-05 & w//"l 8.8e-05 g
g 0.8 o/ 8.36-06 0.8 \] /' 5.30.05
3.56'03 .-II:’I 5.9e-06 1 3.1e-05
8 0.6 4.2e-06 0.6 1.9e-05
2.0e-03 3 06 08 1.0 12 1.4 2.9e-00 06 08 1.0 1.2 1.4 1.1e-05
a a
1.2e-03 §
O CLIC has the greatest o as expected
0.0e-04
2 804 Large cross section enhancements when (b — az) = ()
' b=1—-—Ab,a=1- Aa
2.2e-04
o (Ab £ 2Aaq)
L E-
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HH: Sensitivity to (a, b) = (ky, k,,/) and correlations in e "¢~

|€+e_ — HHvy — 4b + ?”“‘ (Parton level simulations, no background, no detector sim.) CLIC 3 TeV (is the best option)
ILC 500 GeV ILC 1 TeV R (e * e~ - HHvb - bbbbvp) at CLIC

R(e*e” >HHvb - bbbbvv) at ILC

K \ % 3
\v4 ‘ m
2V, % il Koy
\P % <N *Q//
“ X \s
AN .

KZV 1.4

\

v,

g \ ¥ of 1.2
N, > v S GO
1.2+ §'\2\146’ b‘04
~ 1, == 1.0
1.01
0.8
0.8 1
0.6 0.6
0.6 0.8 1.0 1.2 1.4
Ky 1 KV
, , , L. . =5ab™
Accessible Regions (in purple) mt |
N=EVENTS with 4b+ETmiss
Correlations b # a* defined by linesAb=CAa;b=1—-Ab;a=1-Aa 4 b-tagged jets ¢, = 0.8
pl.>20GevV . AR;> 0.4
Moving for instance in yellow line b = a? (equiv. to Ab = 2 Aa) 17| <2 EMS > 20 GeV
poorly accessible scenario (i.e. inside white region) interesting cases: Ab |, = —2Aal,, o (magenta line)

Ab |y = 400 | gy (red Line)

2312.03877 Davila, Domenech, Herrero, Morales, EPJC 84 (2024)5, 503 ; 2011.13195 2307#.15693 };2:202.054—5:2 S 35



(Parton level simulations, no

background, no detector sim.) ACCGSSibility tO NLO'HEFT (7], 5)=(addvvl, addvz) at € €

2208.05452, Phys. Rev. D 106 (2022) 115027, Domenech, Herrero, Morales, Ramos , ,
4b Jets + missing BT

Minimal detection cuts

- - ST - 1T
pY>20 GeV 17| <2 Signal with greater statistics: e"e™ - HHvv — bbbbuv Ngoy — Noy
R =
e \/N
AR, > 0.4 ET > 20 GeV Greater accessibility in CLIC (3TeV) SM
b-tagging efficiency of 80% Expected reach 7, O ~ @(1()_3) Accesible region: R >3
0 X10° o(ete~ = HHvY - bbbbvp) at CLIC . CLIC 3 TeV (is the best Optlon)
ILC CLIC
-1.392
0.75 < 10-1 R (e *e~ = HHvD - bbbbvv) at ILC X102 R (e *e~ - HHvD - bbbbvp) at CLIC
L 1.078 1.00 ; N1 1.00 — §,
0.50 Vs=3TeV __“ N ‘\"
r0.834 0.7571 % 5 ACCESIBLE REGION 0.751 ACCESIBLE REGION
0.25 0.646 Q 0.50 - 0.50 - \‘\
; A Vs=1TeV Vs=3TeV
0.500 .9 L=8ab! L=5ab!
= 0.00- ,Osm =10.124 1b g 0.25 - Y 0.25 -
0.387 ¥
é < 0.00 < 0.00
—0.251 0.300 3
~0.251 ~0.25 -
_0.504 0.232
~0.501 ~0.501
0.180
—0.75
0.139 —0.751 \ —0.75
—1.00 ' 0.108 ~1.00 . — . . . \“‘- ~1.00 . . — = .
-1.00 -0.75 -0.50 -0.25  0.00 0.25 0.50 0.75 1.00 -1.00 -0.75 -0.50 -025  0.00 0.25 0.50 0.75 1.00 -1.00 -0.75 -0.50 -0.25  0.00 . . 0.75 1.00
5 x1072 5 x10-1 5 X102
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Access to b and ¢ in HHH production at lepton colliders
CLIC ¢T¢~ 3 TeV and i 1.3 TeV are the best options

ete~ - HHHv.V, cross section at 3 TeV

b 2.00

1.00 x 10~
1.75
1.00 x 102
‘—v 1.50
5 b2 1.00 x 103
P
S
3 a2 1.00
<
—4
| 0 s 1.00 x 10
0.50
1.00 x 10-5
0.25
0.00 1.00 x 10-6

-20 -15 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
‘ C
sensitivity in the HEFT to b and c is large

Large enhacements in o(e¢ "¢~ - HHHUD)yppt
A
compared to SM if ¢ + ga(az —b)#0

3s
AW, W, - HHH) ~ —
N

4

explained by: c+5a (a* = D) | + O(s°)

Ka

Xs (pb)

2407.20706, Phys. Rev. D 111, 055004 (2025),
Anisha, Domenech, Englert, Herrero, Morales

Reference SM: 0sm(eTe™ — HHHuD) =3 x 107/ pb

sensitivity to kK3 and K, Iis poor

Sensitivity to BSM (k3, Kg)
(cases with at least 10 events after applying all cuts)

ole “e* - HHHv.V.) (pb) at vs = 3000 GeV
10

-10

—-10 ~10 _5

_ _ 0 5 10
A P Allowea T 5

0 5 10
T Allowed T K3

2011.13195, EPJC 81 (2021)3, 260,
Gonzalez-Lépez, Herrero, Martinez-Suarez

o(Ak, = —0.25) = 010 )pb  6(Aky = — 0.25) = 6(10 5)pb

Small Ab, ¢ produces larger enhancements

respect to SM rates, compared to AK‘3’4

6(Ab = £0.25) ~2x 10~*pb
= NP =51 (~0ifsm

o(c =+ 0.25) ~ 2 x 10~*pb
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ALl numerical computations are done with VBFNLO and MG5

nclude ALL diagrams: VBF, Z MultitHiggs-strahlung ..

Sensitivity to a, b, ¢ is maily via Vector Boson Fusion topology \

cross section [fb]

HHHjj

o(pp — HHHjj) [fb]

(EW) HHjj and HHHjj production at LHC /s =14Tev)

Sensitivity to a, b, ¢

a

- ——pp — HHjj

- pp— HHHjj

L up = pr =Q, 14 TeV
C b=k3=ks=1,c¢=0

cross section [fb]

-

VEBF cuts !

pT,j 220 GGV,

i, X Mj, < 0,

Awnisha, Domenech, Bnglert, Herrero, Morales, PRD111, 055004 (2025),

Reference SM

osm(pp — HHjj) = 8 X 10~ pb

osv(pp — HHHjj) = 2 x 107" pb

Two forward jets i different hemispheres at wmoderate transverse mowm with large invariant mass

12 —pp — HHjj
10} --=pp—> HHHjj]
gl pr=pr=0Q, 14 TeV ]

a=Ky=HKy4=1,c=0,]

We see HHHjj] < HH]j
correlations

mainly from b

Big BSM
enhancements
HHHjj/HHjj
with respect to SM
Larger if b>1 than in b<1

uuuuuuuuuuuuuuuuuuu

“ MR =HUF €

pp — HHHjj5, 14 TeV

0.5,2] Q

= 25F
= -, a=b=kKr3=r4=1
o [ -
2 20f
) L
% r
. 15¢
7] L
8 i
c 10F
5F
Ob . . . W SS——
—4 —2 0 2 4
C
0 -
10 ] —— c=0(SM) x10%. xs = 1.94x 107 fb
=== c=1, total. xs = 1.27 fb
=xxx =2, total. xs = 5.07 fb
_______ - —— c=1, unitary. xs = 0.58 fb (46 %)
A|_|_I_'_'—7 —— c=2, unitary. xs = 1.74 fb (35 %)
%
O]
Q 1071 4
S
Q
Q
<
T
§ -
s 1072 —
3
b ——
k]
10_3 T T T T 1 ;
0 1000 2000 3000 4000 5000
Muyun (GeV)

HHHjj
Big enhancements
INn invariant mass

M 1 distribution
fromc # 0

(Remuind that c=0 tn SM)

Large reduction factors
To get unitarity preserved

rates preserving unitarity

€y =

total rates
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HL-LHC (14 TeV, 3 ab™ 1)

FCC-hh (100 TeV, 30 ab™!)

SM —— 10

BSM
from

b ¢ o (fb) €y N?]b o (ib) €y N?fb
0.0 1.94 x 1074 1.00 0127 x 1072 1.00 19
1.0 0.1 128 %1072 996x 101 2 |[1.25%x10' 1.57x10"! 3005
1.0 0.5 3.17x 107! 6.84x 107! 33 [3.12x 10> 491 x 1072 23,511
1.0 1.0 1.27 460 x 1071 89 [1.25x 10> 3.02x 1072 57,887
1.0 2.0 5.07 3.50 x 107! 272 1499 x 10° 1.18 x 1072 90,194
1.0 5.0 3.17x10' 1.69x 107! 821 [3.12x 10* 5.68 x 10~3 271,802
1.5 0.0 556 x 107! 6.36 x 107! 54 |5.50 x 10> 4.11 x 1072 34,653
1.5 0.1 4.01 x 107! 6.35x 107! 39397 x 10?2 4.12x 1072 25,060
1.5 0.5 353x 1072 933 x 107! 5341 x10' 1.14x10°! 5959
1.5 1.0 148 x 107" 7.77x 107! 18 [1.42x10> 691 x 1072 15,074
1.5 2.0 2.27 475 x 1071 166 |2.23 x 10> 249 x 1072 85,013
1.5 50 239x10' 1.70x 107! 623 [2.35 x 10* 5.83 x 10~3 209,782
1.2 0.0 890x 1072 837x 10! 11879 x 10! 8.05x 1072 10,867
1.2 0.1 346x 1072 936x 107! 5342 x 10! 1.14x10"! 5982
1.2 0.5 706 x 1072 8.96 x 107! 10 [6.88 x 10! 1.01 x 10~} 10,684
1.2 1.0 6.86 x 107! 584 x 107! 61 [6.73 x 10> 3.69x 102 38,136
1.2 2.0 3.82 4.14 x 107! 242 13.75x10° 1.96 x 1072 112,846
1.2 5.0 2.84x10! 1.69x 10! 737 |2.80 x 104 5.91 x 1073 253,718
0.8 0.0 895x 102 838 x 107! 12880 x 10! 8.02x 1072 10,824
0.8 0.1 1.69 x 107! 7.69x 10! 20 |1.67 x 10> 637 x 1072 16,284
0.8 0.5 7.41 x 107! 585x 107! 67 |7.31 x 10> 3.65x 1072 40,929
0.8 1.0 2.03 471 x 1071 147 | 2.00 x 10> 2.48 x 102 76,125
0.8 2.0 6.50 2.88 x 107! 287 1640 x 10° 1.18 x 1072 116,163
0.8 5.0 351 x10' 1.16 x 107! 624 |3.46 x 10* 3.71 x 1073 196,885
0.5 0.0 558 x 107! 6.37x 107! 54 |550x 10> 4.16x 1072 35,126
0.5 0.1 7.38x 107! 585x 107! 66 |7.28 x 10> 3.80 x 102 43,399
0.5 0.5 1.71 471 x 1071 124 11.69 x 10> 2.47 x 1072 64,102
0.5 1.0 3.50 417 x 107" 224 |13.45x 10> 1.96 x 1072 103,723
0.5 2.0 8.98 2.25x 107" 310 | 8.85 x 10° 8.44 x 1073 114,532
0.5 5.0 4.06x 10" 1.15x 107" 720 | 4.00 x 10* 3.84 x 1073 235,680
0.0 0.0 2.23 470 x 1071 161 |2.20 x 10> 2.40 x 1072 81140
0.0 0.1 2.58 410 x 1071 162 |2.54 x 10> 1.86 x 1072 72,706
0.0 0.5 4.22 286 x 107! 185 |4.17 x10° 1.13x 1072 72,099
0.0 1.0 6.85 2.85x 107! 300 |6.76 x 10> 1.12 x 1072 116,597
0.0 2.0 1.40x10' 225x10"! 484 |1.38 x 104 8.29 x 1073 175,548
0.0 5.0 5.07x 10! 1.15x 107! 892 |4.99 x 10* 3.84 x 1073 293,866

HHHjj in pp colliders Sensitivity to b, ¢

Examples at
HL-LHC

Reference SM

osm(pp — HHHjj) =2 x 107" pb

Number of events with &b
(+2 light jets with VBF

topology)

6b _
Ny =

Even after applying important reduction
factors €;; to preserve unitarity

We still get notable enhaments respect to

to SM in events with 6b (+2 light jets)
due to BSM with b # 1 or/and ¢ # 0

In both studied cases

HL-LHC (14 TeV, 3 ab-1) a=1

|s set here

FCC-hh (100 TeV, 30 ab-1)

Sensitivity to b and c is large

-

54
33

Ab=+05 (allowed) Ngb
c==20.5

( ~ (O if SM)

(allowed) N gb
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Sensitivity to the combination (a¢” — b) in HHjj at HL-LHC (/5 = 14 Tev)

o [pb]

1.5 —
a - * Osy = 8.03e-04 pb
—_—
1.0 -
—>
0.5
0.0
-0.5
pp = HHqq'
VS =14 TeV
-1.0 +—~ T
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
} Allowed 1 D
2 L —

-~

pp - HHqq'
VS = 14 TeV

-1.0 -0.5 0.0 0.5

1.0 1.5

/\

- 10

Contour lines

_ (P.pomenech, G. Garcla-Mir, M. Herrero, 2507.2098R)

Cross-section GBSM(pp — HH]]) at LHC

Studied events are:
yybbjj

" Compared to osv(pp = HHJj) = 8 X 1()_4pb

1073

The most sensLtive parameter LS

generated by MG5
+PYTHIA+DELPHES

120 < M., < 130 GeV
50 < My < 150 GeV

(VBF cuts applied to jj)

11.2

/ S 10.4 -

9.6 -
8.8
8.0
7.2 -
6.4
5.6
48 -
4.0-
3. -
2.4 -
1.6
0.8

0.0 -

VBF N
VBF + M., I
t
VBF + P,w $
- '
VBF +M.,, 15 + PW /l:D\
=
_|_
S
o
U
=
1| =
2 oy
oy
_|_
=
N——

(a* — b)
rather than a and/or b separately
10~4
6.4 - VBF
S ) VBF+M.,,, ;5
5.6-: VBF + 1.,
VBF+MW7b5+?7W
487
-101 4.0 1
3.2
2.4 -
1072 :
1.6 1
0.8
10-3 0.0 1
20 —-15 —-1.0 -05 2o.o 05 1.
a“ — b

S~?2

-20 -15 -10 -05400 05 1.0 15 20

a‘ — b

107 T
Sensitivity S can be large with cuts requiring high transversally of (yy) Py > 200GeV

17,,| <2

f —0.6 < (a®*—b) < 0.6 40



Large effects in gg — HH , HHH from a; coefficients (ll)

Awnisha, D.Domenech, C. Englert, M.). Herrero, R.A.Movales , PRD110,095016 (2024), 2405.05385 LH C (\/E =13 TeV)

Reference SM (from gluon gluon fusion)

OHOH H\ OHOH
Ooo anO =" Onoo apon (%) =23 |
) ) oom(pp = HH) = 1.8x 1072pb oy (pp — HHH) = 4 x 107> pb
Ondd | apaa (%) 0"HOLH || Onpad | anmad -3 (25 ) O#HO,H : :
The largest BSM effects in HHH are from operators with
Ogaw | agaw 22 () 0"HOLH || Ongaw | amaaw ¥ (522) O'HO,H higher number of derivatives, likea ., =7, ...etc
O 44z aqdz ?—2%(%) O*HOLH || Onddz O Hdd7 "ZQ% (f}f;) OFHO,H For instance, for a,,,;, = — 0.040 and x; = 1

cEY T (HHH) ~ 2 6>M(HHH) (100%) 1!

Odd[l Aqd4] U—lg o*H c‘?MH LH OHddD QA H ddl] v%(%) o*H 5’MH LIH
(green point e in plot bellow)

X

O ro0 aH HO0 (522) =HH Odddd | Gdddd ~xO*H 0, H 0" H 0, H

Plots for other a;s in 2405.05385

“10B . v v v e T
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

5z imm

Maria Herrero, HEFT 2024, Bolonia, 13 June 2024
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Summary /Conclusions

Our main goal is looking for BSM signals at colliders

The EChL (HEFT) provides the proper tool to compute BSM rates
both at tree and one-loop level.

Specially devoted to describe low energy behavior of non-
decoupling (strongly interacting) UV scenarios. (i.e. below resonances)

Gauge invariant, Renormalizable in R;, Improved Perturbative Unitarity
HL-LHC (14 TeV) and CLIC (3TeV): best access to HEFT coefts.

We have studied the most relevant ones for Multiple Higgs production
with focus in HH and HHH

4
Studying specific combinations, like (a* — b) in HH, ¢+ Ea(a2 — b) in HHH
will help to find BSM signals (i.e. enhancements with respect to SM)
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HH with NLO-HEFT: 7 = a vy ; 0 = d - (Unitarity)

2208.05452, Phys. Rev. D 106 (2022) 115027, Domenech, Herrero, Morales, Ramos

o(WW - HH) (pb)

104

p—
)
W

p—
)
N

f—
-
—

WW subprocess
Cross section WW - HH
—— aggvv1 = 0.01 ,,«”
dqdqavv: = 0.001 ’&”

— ,«’
— dgdvv1 = — 0.001 PN A
—— dadovv1 = — 0.01 tuv gl
—— adavv2 = 0.01 tuv
- Agqavy2 = 0.001
— Agavv2 = — 0.001
—— agavv2 = — 0.01

4 P A
500 1000 1500 2000 2500 3000
Vs (GeV)

—
N
S

do/dMuy (pb/50 GeV)
S
I

100000000

[
3
©

tUV=to the right of this point prediction enters in the Unitarity Violating region

Example: VBF from e™e™
(CLIC 3 TeV)

Differential cross section ete~ - HHvV,

SM
dddvvl = 0.01
0.001
—0.001
—0.01
ddadvv2 = 0.01
dddvv2 = 0.001
adadvv2 = — 0.001
aadvv2 = — 0.01

ddavvi
dddvvi
ddavvi

500 1000 1500 2000 2500
Mun (GeV)

3000

enhancementin WW — HH at large \/E = enhancementin e’e”™ - HHUD v, at large invariant mass My

Coefficient values ( ~ 107%) for # and & run into (perturbative) unitarity violation =
consequences for colliders = Either restrict values or cut maximum n,,

Sowme authors study emergent resonances in. WW — HH that appear when imposing unitarity with the twverse Amplitude Method (LAM)
See, for tnstance, review bg Dobado and Espriu. Prog. Part. Nucl. Phgs. 115, 1023813 (20220).



Loop diagramas involved in WW -> HH 4-point functions 1.,

All bosonic loops in R;: scalar (GB,H), gauge, and mixed scalar-gauge I leﬁ P R

3-point functions 1, T n

H> H H H w H w H w H W

// \\ ,7 TN
N/ AN w W
ST - A -
S ,// /,\/\
+ 2-point functions e U Q + ... W H oW
N




NLO-HEFT relevant operators for HH

2208.05900, Phys. Rev. D 106(2022), 073008, Herrero, Morales (WW to HH)

NLO _  cplO O H 0" H OHOH, T
Zhprr = L0 —asn NOREE {V V } AddyV2 02“ Ir {V VV} V, = (D,U)U’
m? H H?
—TH <2aﬂw— + CLHHVV—Q) Ir {V”Vu}
v v e.0.m

H H? O'H
- (aHWW_ + aHHWW—2> I {WWWW] + 1 (adQ + aHdz—) Ir [WWV“} OH = —m2H — $rgm?
v ? v —3vTe [ VEV, | = SHTr [ ViY, ]

H H O"H . -
=+ (CLDVV - aHDVV?) TTT {V,uv'u} + Q43 Ir [VUDMV'LL} Tr [TJDMV“’} = —Tr TJV'““] 2—;"8MH
H HUH o'H o0, HUH m H
+ (CLDD +apon ) 3 T (ddD) :3 - GHdd UQ - O"H 0, H

Full operators list given in the literature (see, for instance, Brivio et al 1311.1823) —___

summarized by: agqyy1 < €8, agayyve <> €20, a11 <> C9, AHWW > aw, AHEWW > by, aqe < ¢,

v/ 1% ¥/ apd2 < as, agyy <> C7, GgOyy < a7, Q43 <> C10, AHd3 <> Q10, 000 < COH, GHOO < GOH,
gNLO + e.O.m _gL 8 H 8 HTr |:V V i| a H a,uHTr |:V]/V i| adda < CAH, agyy < ac and agpyy <> be
HEFT 2 H V2

: H H? H The m
—mT <2aﬂw— + AHHVYY 5 ) Ir {V“VM} + aHdd TZQ O'H 0, H he most relevant
H H2 OVH are
(aH” Wy T OHEWW ) Tr[”“”” } (ad2 T v) v Tr[”“”v } Aaavvi =N > Qgayyy = O

Reduction from 15 to 9 a/s NLO coefficients entering into WW — HH  These operators contain 4 derivatives !



gg —> HH

gg - HHH

O.HEFT (HH)

O'HEFT(HHH)

o1 (HH)

Size of the EW loops ingg —» HHH andingg - HHH

Corrections at LHC (13 TeV) cross sections Awnisha, D.Domenech, C. Bnglert, M. Herrero, R.A.Morales , 2405.05385
Most important message:
= (EW) loop corrections within NLO-HEFT change
- the sensitivity to k; and k, in HH and HHH production at LHC
s
©
The most relevant change is in k;
o . For k;3<0, we find relevant

enhancements in the NLO/LO prediction
o(HH) of ~ 10%
and in

o(HHH) of ~ 30% ( ~ 80 % if NLO?)

O'HEFT(HHH)
UL(f)(HHH)

Also large changes in k,

i - For k,>0, we find relevant
reductions in the NLO/LO prediction
PN (HH) = ofS(HH) = 17.40fb; 0 (HHH) = 0¥\ (HHH) = 0.041 fb S(HHH) of ~ 50 (lyz

ALl stmulations done with BVFNLO



Example of Global Fits in the SMEFT (dimé)
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Example of Global Fits in the SMEFT (dimé) (cont)

Using our relations found from HEFT/SMEFT matching......

SMEFT
C:
The previous constraints on — e (TeV™2) (for A = 4 TeV) from Global Fits, imply constraints on the HEFT coeffs....

For instance, for LO-HEFT coeffs. we get:

< 0.1 <04 < 0.3

| Ad | gpgpr | Ab | gpvgpr | ¢ lsMmEFT

‘ AK3 ‘SMEFT <95 ‘ AK4 ‘SMEFT practically unconstrained

And , for NLO-HEFT coeffs. we get:

<0.1

| aro | amERT | agnolemerr < 024 | agwwlovprr < 0-038  |aggww | spvppr < 0-029

<0.058 | ayypg | < 0.029 < 0.053 < 0.026

| 4usB | spmEFT | a1 | smErT | apmn | spErT

‘ 292020200 ‘SMEFT < 0.2



Comparing the size of coefts HEFT/ SMEFT at WW — HH
In particular O(0%): Gavvi =1 4y, =6 HEFTchdim4 versus ¢;*” SMEFTdim8

2208.05452,Phys. Rev. D 106 (2022) 115027, Domenech, Herrero, Morales, Ramos

oL H ¥ H OLH O, H
HEFT = e Tr [D,Jff D,,U] + aggvo Ty [D’/UJr D,,U] +

2 2
chdim4 v v
(1) (2) (3)
SMEET Ly = (D ¢ D ) D D ) - (D ¢ D, P)D P "D P) + . . (in warsaw Basis)
dim8
o Matching : HEFT (SMEFT) | A =1 TeV A =2 TeV A =3 TeV
:Z0.0]. (2211) ZZ0.0]. (22175) ZZ0.0]. (22885)
aaaw (i + 57 £0.001 (£1.1) | £0.001 (£17.5) | 0.001 (£88.5)
Addyy?2 (Cgi)) 10.0001 (::O.ll) 10.0001 (::1.75) +0.0001 (::8.85)

In SMEFT (dim 8) the predictions for 6s(WW — HH) also grow with energy but produce smaller

enhacements respect to SM (compared to HEFT) due to 1/A* suppression

Several notations for the SMEFT coeffs tn the Warsaw Basis (1008.4884, qradkowskti et al)

1) — (1 _ 2y — (2 _ 3) _ .(3 —
4(54) — Cq(54i)4 f (4) — Cq(54i)4 f (4) — Cq(54i)4 fS 1



On the transversality of the final H’s (and their decays) for (a® — b) # 0

Leading Higgs state's pseudorapidity
BSM parton-level process - HEFT models with a = 1.00
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The constraints derived from data on the HEFT coefficients depend on the way chosen to solve the unitarity problem

C. qarcla-Garcia, M.Herrero, R.Morales, PRDLOO, 096003 (2019)
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