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Content of this talk based on results in:

R312.028FF, EP)C &4 (2024)5, 503, Da\/LLa, Pomenech, Hervero, Morales

LO (a,b) = (Ky, Kyy) corvelations
2011.13195, EPJC €1 (2021)3, 260, Gownzalez-Lopez, Herrero, Martinez-Sudrez
N LO RR0L.05452, Phys. Rev. D106 (2022)11, 11502 F, Domewnech, Herrero, Morales, Ramos H H (H H H)
I ithin HEFT
(a; NLO coeffs, (17, 0) the most relevant) within
N LO+|oops 2405.05385 Anisha, Domenech, Englert, Herrero, Morales (gg to HH and HHH)
Introducing
Renorm. 2208.05900, Phy.Rev.D 106 (Ro22)F#, 0F2008, Herrero, Morales (WW to HH) Ioops
in R; (Series of works in R, : 2005.03537, 2107.07290, 2208.05900, 2405.05385) via 1Pls

230715693, Phys.Rev.D 108 (2023)9, 095013, Arco, Domenech, Herrero, Morales ~ — Matching

HEFT-2HDM
R2208.05452, Phys. Rev. B 106 (RO22)11, 115027, Domenech, Herrero, Morales, Ramos —_— Matching

HEFT-SMEFT

Matching
Amplitudes

Tools used: FeynArts, FeynRules, FormCalc, Looptools, MGS5, VBFNLO, HEFT model file included
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Focus here: relevant HEFT issues for HH and HHH
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Correlations within SM :

Vaww = VVanww

Vauur = VVannn

What about BSM?

Do we learn anything comparing
HH and HHH production?

e - v,
Bosonic HEFT (=EChL): proper tool for BSM MultiHiggs at pp and ee. The issue of H being a singlet
has relevant consequences. The issue of non-linearity has relevant consequences.

These (Viwws Vagww) and Vg, Vi) are uncorrelated in the HEFT (in contrast to SMEFT, 2HDM, ..)
Easy connection of HEFT with kappa formalism. Fermionic sector assumed here to be as in the SM.
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HH and HHH (EW) production with LO-HEFT: a, b, k; ¢, k; ...
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______ H dywy= iangg,uI/
a®*P € [0.97,1.13]1"
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H
. 5 — 1Y
\’- ----- H irHHH —_ iK36A«V
g kP € [-0.4,6.3]
H kP € [—1.24,6.49]53)

SM:a=b=K5=x,=1,¢=0
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- +C<£> Ir DIMUTD’MU —@VH3 — @
V V i | 4
PO,
29" TT[B;WB |+ Lar + Lrp
Wi  H b =Ky
' ibgz Hi Pol ial
lFWWHH — 5 gm/ |s in Polynomials
b € [0.0,2.1]124 lHiggs is singlet
W, CH pew g (0.1,2.210 i . .
po® & [—0.03,2.11]3) Mg = 2075 My = gVI2 ; My = Myl Cy
H H
e Ky LO uncorrelated coeffs.
l iFHHH — — l.K‘46/1 a versus b
K3 Versus Ky
o o K, "’ unconstrained In contrast to

SM, SMEFT, 2HDM,..
(where H is in a doublet)

MIATLAS, Phys. Rev. D 101 (2020) [1909.02845]
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@b) CMS, PRL129, 081802(2022) [2202.09617]

) ATLAS, PRD108, 052003(2023) [2301.03212]

BalATLAS (PLB 843 (2023)137745

3bJCMS (Nature 607, 7917, 2022)



HH (EW) with NLO-HEFT (15 a’s coeffs. + LO a,b,k; )

2208.05900, PhYy.Rev.P 106 (RO22)#, 0F2008, Hervero, Morales (WW to HiH)

PNLO -~ _ OMH 0¥ H { OMH 8, H
. Te VY, | - Te VY,
HEFT Addyy1— 3 r| Vv Addyv2— 5 r| VoV V, = (D,U) 7t
2 2
H H
_H 2agyy— +aggyy——= | 1r [V’MVM}
4 v V2
, -~ e.o.m
H H - | v A
— (CZHWW? -+ aHHWWF) Tr {WMVWMV} + 7 <ad2 + a[ﬂgg;) . Ir {WMVVM} o —m,27H B %fi3m/2,H72
a | b L
H H ayH —EVTI'[V'LLVIUJ_ — EHTF[V V,u]
- (dmw - aHDW;) —Tr |V V!| + agg=——Tr |V, D, V"] T[] = < [rivi] 20,
H\ OHUOH OtH 0, HOH m¥ H
+ (aDD + apon ?> 2+ ddo :3 - GHdd UQH . O"H o, H

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

summarized by: agqyy1 <> €8, Gdgavyve <> €20, G11 <> Co, AHWW < aw, AHHWW > by, ag2 > cs,

v/ 1% ¥/ agde < G5, agyy > C7, AgOyy < a7, G43 > €10, GHA3 < G10, 400 <> COH, AHOO < GOH,
NLO + e.O.m — 8 H8 HT a Ha,LLHT 1Y a4d) <> CAH, apyy < ac and a
HEFT v v

Tz
o
T

2 H H2 2 H
_ My <2an— +aHHW_2> [V, + ana 8 Lot o, The most relevant
4 v v V¢ U
H H?2 H\ 0"H are
_ - - 1/ TV : . T I _ _
(aHWW v T OHHWW V2 ) 1 [WWW } T (ad2 T+ OHd v ) v 1 [WWV } gavvi = H > Aggyyr = 0
Reduction to 9 al-’s NLO coefficients entering into WW — HH These operators contain 4 derivatives !!
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Comparing the relevance of the various NLO a:s at WW — HH

a — _ 5 2208.05452,Phys. Rev. D 106 (2022) 115027, Domenech, Herrero, Morales, Ramos
davvi =1 aAjivvr =

Cross section WW - HH, polarization LL Cross section WW - HH, polarization LL Cross section WW - HH, polarization LL
107 adavn1 = -0.1 —— aggyy1 = 0.001 — Aggyy2 = -0.1 — aggyy2 = 0.001 10
1061 gyl = -0.01 adgvyr = 0.01 1071 —— aggy2 = -0.01 adavy2 = 0.01
—— agayy1 = -0.001 —— aggyy1 = 0.1 — Aggyy2 = -0.001 — aggyy2 = 0.1 F ° ° I ° f h /
2103 — Qe =-0.0001 == SM 2 | = @iz =-0.0001 —— S 2 or simiiar size O t e d.s
£ | — agm = 0.0001 £ 45| — a2 = 0.0001 s l
: N find the | i f
I
o : i we TIna the largest Xxsections tor
§ 10°4 g 1034 > m— AHyy = -0.1 — ayyy = 0.001
= = 5 anwy = -0.01 anw = 0.01
102/ 5
— gy = -0.001 — gy = 0.1
m— AHyy = -0.0001 -_— SM
101 10! amyy = 0.0001
10t ‘ ‘ ‘ ‘
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73 (Gev) ddVV1 s ddVV?2
Cross section WW ~ HH, polarization LL Cross section WW - HH, polarization LL Cross section WW - HH, polarization LL
[ ]
by several orders of magnitud !!
T £ T %
; 4 % 10! 1 ; 4 x 10! | 5 5
: by = 0.1 sy = 0.001 JI o1 — 0001 : a2 = 0.1 ez = 0.001 | (1/v}) 0" Ho HTr [(D,U*) (D,U)] + 1/v?) 0" Ha, HTr [(D*U*) (D, U)]
S} apryy = -0.01 apryy = 0.01 % —— ag =-0.01 ag = 0.01 S) —— ayq2 = -0.01 and2 = 0.01
aupHyy = -0.001 apHyy = 0.1 — ag = -0.001 — ag =0.1 1 and2 = -0.001 apg2 = 0.1
310 auy = -0.0001  —— SM e 4, =-00001 —— SM 3x10 aug = 0.0001  —— SM
apryy = 0.0001 —— ag = 0.0001 ang2 = 0.0001 2
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000 ) 500 1000 1500 - 2000 2500 3000 NLO: (77 o ) faster g rowth A ~ @ (S )
VE (GeV) V5 (GeV) VS (GeV) ’
Cross section WW - HH, polarization LL : . Cross section WW - HH, polarization LL
p Cross section WW - HH, polarization LL P than LO: (a, b) A ~ @(S)
6 x 10! 5x 10! 5x 10
5 3 2 Compare sensitivities to LO/NLO coefficients
& = =
£ S 4x10! T 4x10!
T T ?
; : Aa, Ab, Ak, ~ O(107!
§ apgg = -0.1 apag = 0.001 = anww = -0.1 apww = 0.001 2 — annuw =-0.1 @rrww = 0.001 LO a’ 9 3 ~ ( ) 2312.03 277 CLI C
s = _ _ S} — appww = -0.01 apnww = 0.01
S aHdg = -0.01 anga = 0.01 © . anww = -0.01 anww = 0.01 ., = -0.001 R =01
3 % 10! ahaq = -0.001 ahgg = 0.1 3x10 anww = -0.001 anww = 0.1 3% 10! o =
_ =-0.0001 =—— SM T GHHww =
anda = -0.0001 SM BHww = —— A = 0.0001 AK‘ ~ @ 1 () WW — HHH ;2011.131:95 CLIC
andd = 0.0001 anww = 0.0001 ‘ ‘ ‘ ‘ ‘ 4
, , , , , , , ’ , : ) 500 1000 1500 2000 2500 3000
3 500 1000 1500 2000 2500 3000 500 1000 1500~ 2000 2500 3000 VS (GeV)

73 Gev 5 GV NLO 1,0 ~ @(10_3) 2208.05452 CLIC

These results can be translated from HEFT to SMEFT using our results from matching , .
Relevance of (7, 0) easily understood in ET

In particular using the relations of chdim 4 in HEFT with dim 8 in SMEFT (see later) These operators contain 4 derivatives !!
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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 Wilson coeffs. is not enough. Complete Loop computation needed)

* Master equation to compute renormalized 1Pl function within NLO HEFT

fNLO __ FLO 1 Fa,,; 4 FLOOp 4 FCT

From Z° FRs From MO FRs From loop diagrams From Z™° counterterms
N a,b, i, Ky, . .. a. — a: + oa: computed with L0 ERs 62y 7 1. 08,08, ba, ob, 0Kk, 0Ky . . .
Finite for all external (off-shell) momenta i '
T 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 7y and yZ), 2107.07890 (WZ to W2),

Maria Herrero, HEFT 2024, Bolonia , 13 June 2024 2208.09334 (WW to HH) 2405.05385 (gg to HH, gg to HHH)



One-loop corrections in 1PlIs: the case of 1, and I 1y
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(details in 2208.05900 and 2405.05385)

1P1 HHHH
= - :
z In general, departures respect to the SM grow with offshellness ¢
R R ] B
H // ]—/[// H :,,——H
o o .
-, - \ )
g q N ” ” :
N RN ‘Q o - Ffermion

0.5

Loops

Loops of bosons and tops included (Feynman gauge)

Loops of bosons clearly dominate if fermions assumed SM like

NLO-HEFT (all)

300 200 500 600 700 800 900 1000 200 600 800 1000 1200
q(GeV) q(GeV) o 300 | ——  NLO-SM (all)
The size of the corrections can be large at large virtuality ¢ O 250} G=b=k =k = NLO-HEFT (bosons)
T
|F%If[CI){|/ |F%?{H |F%%%H|/ |F%%HH Now—LLwearitg % 200 3 — LO (SM=HEFT)
k3 | g =251 GeV | ¢ = 1000 GeV | kg4 | ¢q =376 GeV | ¢ = 1000 GeV H‘SLWQLCt = T —
-1 1.1 4.4 -2 0.49 6.2 growing with energy .
-0.5 1.2 7.9 -1 1.5 13 of interactions within HE 1501
0.5 0.77 6.3 -0.5 3.7 27 are the resons for this
1 084 28 05 54 29 -_||||I||||I|||||||||I||||I|||||||||| .
1.5 0.82 1.7 1 3.2 15 400 500 600 700 800 900 1000
2 0.76 1.3 1.5 2.9 10
2 2.1 7.9 AlL cTs fixed Larger corrections in HEFT than in SM q(GeV)
0 1.7 4.0 Ok, 0Ky, Oas ..(see paper
SM 0.97 1.0 SM 0.91 0.99 3 0Ky, O4;S . (see paper) SM corrections almost flat with virtuality g

Maria
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HEFT corrections highly sensitive to virtuality ¢



One-loop NLO-HEFT corrections in WW — HH

M.). Herrero and R.A Morales , PRDPLOG, 073008 (2022) 2208.05900

NLO

(] - (] — (] E
Renormalized one-loop 1PIs g computed in the R: gauges = black balls contain all the loops 2
% 1000:-
_ =
W H W H W H W H W H 5
L AN e AN - ANANANNY - - = = - - ANANANNY - - == - - T
t W W ! ot
_@®-< 'Wg Py 100}
H AN W+ e ,MVVig uas ;
Wy 0w R A R TTTTw WY Ty a=b=x3=1
/ //// \ //// //// l//// P\_é—gg
- ----® . 2 Jis
\H \\\ H \\ ’77Z \\\ / \\\ <,€—20
W, H W, / H W H W, H .
(! and loops K3 and loops b, ", 0 and loops Size of §y_j00p €5, = 15)%
Wi H Wi H Wi H Wi H comparable to SM (—20 %)
———————————— AVaVAVAV. B ANANANANY - = - = = -
we we i ™ But different behaviour ol
———————————— AAANAA - - W—————— Withenergy
W, H W, H W, H W, H
RGEs for all the to00}

In particular, all the
involved oa;s
¢ independence checked

We have extracted all

the needed CTs involved HEFT

coefficients derived

o(W}W;-HH) [pb]

We checked some da’s with previous results in

nteresting RGE invariants for (a* = b)
specific limits (pure scalar, isospin limit my;, = m,)

I 1 2
Others were unknown n(u) = nw') =323 (a* = b)*log (F) ,
before our work (see paper) 2
S(u') + ! i(612—19)(7612—19—6)10g il
T 62 12 2
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One - loop EChL versus SM : 7 effect

SMryee = EChLEfzr)ee
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— — = EChL{(7=-10"2)
EChLgun (T]=—1072)

SMEgun = EChLFull (7720)

i
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One - loop EChL versus SM : ¢ effect
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EW-NLO loop corrections in g¢¢ — HH andin g¢ —- HHH

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

NLO

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

@In (EW) LO and NLO, rest coeffs. in (EW) NLO

g H -
g, ) - \
> ¢ /
H 7
H e 9 H // e
A \ Vi -——- _ﬁ__ — —@ZHH((] ) ——‘—‘O\ — @FHHH(p1,p2,p3)
L 7 H =~
S ~— B) 8 ~— K HEFT /If// /}/[// ; et
SM HEFT e YO
A NS oW’
// g + permutations.
t
e g, L .
e In (EW) LO and NLO, rest coeffs. in (EW) NLO
O @---- t A \ 1
<5 H .*
N - 7 .
N }9‘5}’ ¢ —---}-[---G ----- = U'mamn(p1,p2, p3; P4)
\ \\ H
— oM HEFT SM \

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

A, 1 ( 2
1672 2m%v2

Ockig = k3(a® — b+ 9k3 — 6k4)miy — 3(1 — a®)kgm¥ (m3y + m3)

Renormalization of k3, K, and of new a’s also set, RGEs etc (see paper)

1311.5993,14091571 (pure scalar)

Maria Herrero, HEFT 2024, Bolonia, 13 June 2024 2109.02673 (my, = my)

OK with others tn
stmplified Limits

+6(—2ab + 2a%k3 + brs)(2miy + m%)) ,
A, 1
1672 2m#v?

+6(—2b7 + 20Ky + brg)(2my + mz)) ,

Ockiy = — (ka(2a® — 2b 4 9K3 — 6ra)miy — 6(1 — a®)kamp (mdy +m3)
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gg —> HH

gg - HHH

O.HEFT (HH)
o1 (HH)

O'HEFT(HHH)

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

1.20}
| Most important message:

(EW) loop corrections within NLO-HEFT change
the sensitivity to k3 and k, in HH and HHH production at LHC

1.15}
1.10f

1.05}

O.HEFT (HH)

1.00F
0.95f

The most relevant change is in k;

For 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)
oiS(HHH)

Also large changes in k,

h h For k,>0, we find relevant
reductions in the NLO/LO prediction
PN (HH) =0t (HH) =17.40fb; oY (HHH) = ot (HHH) = 0.041 b S(HHH) of ~ 50 (ly:

ALl stmulations done with BVFNLO
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Matching amplitudes

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

230715693, 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’ CZ/S LO W"" W_ s hh tree
HEFT and 2HDM O 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 (/lhihjhk,....)

mheavy
Maria Herrero, HEFT 2024, Bolonia, 13 June 2024 12



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 momenta and Lorentz

structures involved and extracting the corresponding HEFT c¢/s 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
2 2
cs_ m
Ak — e _7464c%_, —76¢h_, +12(1— 664, + 6¢ 12 . .
¢lorDM 3 ( f-e f-e ( 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 > Y I3 J
ms Sgc ‘ j
nS8Cs They are valid for arbitrary
2
m
+4cj_,, cot? 23 (3(;%_& —16s5_, +3(—1+ 65%_a)mi 51;%» , L, Cp_q
854 when ¢;_, < 1 is required
Qhryy|2DM = = 4872 , , o , o
Postertor computations within HEFT are Ln agreement with ours: N I
(203V —1)sg_q 2211.1689F (PC-3), 2312.13885 (quaSI allgnement)
ale|2HDM = = 0602 72
. Aa|qal _ _lAb‘qal
These non-decoupling effects from the heavy bosons 2HDM 9 —"l2HDM
are not obtained in the SMEFT Interesting correlations found DAy @ 4 A o2
where all effects are decoupling 312D T SRR
Miight \"
( ) ,n=72 Maria Herrero, HEFT 2024, Bolonia, 13 June 2024
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Matching amplitudes: HEFT versus SMEFT

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

Requiring matching of the amplitudes for WW—>HH (similar for ZZ —>HH)
and identifying all momenta and Lorentz structures involved

AWW — HH)|ygrr = A® + AY <> A(WW — HH)gygrr = Asm + A% + AB

@0 (bt f i ¢ depw
’ 2 Loe=—5(¢'9)1(@'P)+—5(¢'D,p)(D*P)'¢) + 22 ()W, W
A~ P P @O0 DG DD D) LS (i gywa, W +
2, . , , aV <2> <1> e Je)
Q) _ 2 2 MMyEs €- ey kie_ - ks g
A = g%a T—ml, Ly —A—(¢T¢) (D,p"D*¢) + (¢ '$)(@'6'P) (D, ' D)+ ( D,¢"D,p)(D*¢'Drep) + L( D,¢$'D,$)(D"$*D* ) + i( D,$'D,¢)(D*¢'D*¢) T
A(2)|U _ gzaz m%V€+ -+ €+2' kye_ -k
U —my
2 g, my sy e-+ey kel ky
APl =L e, e Dsm =73 R F—)
2 2 2
9 1 my€, -e_+e, ke ki g
AW = Y (3k3agpmiy(Se, -e_ —2e, - p_e_-p,) + P 7 n;rz + 5€+ ce_ (2.17)
H w
2 2 S+8 2 22 - (S —2m3 .
+ 6k3agwwmig (S —2miy)ey - e- =2, - p_e_ - py) — (3kzappymiy + aapqgmiy (S + 2mi))e - e_) Al = gz%&zwﬁ@ e_+ 6A a¢W 2 Pt ‘g_ fnz my)es e dayp = 4ayn — app
2 H H
g a 2,2 2 .. o —e :
AW = 202 T — mly (ap(4mymie, - e_ +2(T 4+ 3myy, — mfy)e, - kje_ - ky Al = %%&l(w Mmy€, - €_ + (67: _P’;%v e_ - kie, - ki
—dmiy(ey - kye_ - py+ey - pe_-ky)) +22v_2a €, e (—-my+my+T)—c_-kie, -p_+e -p.(e,-p_+e. ki)
2 9 A2 oW T — m%\] 5

- 8aHWWm%V<(T + m%\/ - mH)€+ -€_ + €+ . k1€_ . p+ + €+ cp_€_ - k2)
A, = AO|, with T—>U and k < k

—dagyymy(mye, e+ ey ke ky)) »

g v? v
W, =AW|,. with T>U and k < k All|e =Z778agpe. - e+ S5 agw— (=2(S = 2miy e, e +de_- pie, - p);
2
=
+ (=2a4a2 (S = 2mH) + dapgww(S — Zm%v) + appnS — aHHVVm%I>€+ €

—2(ayp +4aygww)es - p_€_ - p.)

A(4)|C Al = ———((aé) + afﬁ))(e_ cpa€l ki +e_ki(ey - p_—2e, ki) + ag(;)ar ce_(S—2m%))

(=2agqvyi (€4 - koe_ - ky + e - kje_ - k)

AD |gpppr = 484 | gyppr

2
Solutions to the matching a—1= %%5%1) c. T agww sverr = 20aaWW | sMEFT
Tree level g k3= 1 =350y
b—1 P&ld)l) AHHWW 5 Agqyya
Maria Herrero, HEFT 2024, Bolonia, 13 June 2024
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Access to (ky, k,y,) and correlations in e”e™ — HHvv — 4bjets + EI"™
ILC 500 GeV ILC 1 TeV CLIC 3 TeV

R (e te~ - HHvv - bbbbvp) at ILC

R(e*e~ >HHv - bbbbvv) at IL.C

R (e e~ -» HHvv - bbbbvv) at CLIC

K \, % g
\% .
2V 1.4 Y Q’? 7 Kyv 14
g SN
% \% % v N 2
\\0\ \ v.q //V
A \ I >
\45\ % 3 Mo
12] TS, P 1.2
46 <
% bb; ba
Abt - lda xb ;%ba
1.0{ | 1.0
0.8 1 0.8
0.6 1 0.6
0.6 0.8 1.0 1.2 1.4 0.6 0.8 1.0 1.2 1.4
K .
4 Ky 0.6 0.8 1.0 1.2 1.4
: : : - Npsm — Nsm
Accessible Regions (in purple) defined as = >3 Ky

N=EVENTS with 4b+ETmiss
4-btagged jets €, = 0.3
pl.>20GeV . AR;> 0.4

|17/ <2 EF® > 20 GeV

Interesting cases: Ab |, 00 = — 2Aa |00 (magenta Lines)
Ab |SMEFT 4Aa |SMEFT (red Lines)
2312.023877 Davila, D h, , Morales, EP)C €4 (2024)5, 502 ; 2011.132195 . . " , ,
FF L omewnech, Herrero, Morales, EP)C 84 (2024) 3 3219 RIBOF15693 208.05452 -\ Move difficult if Ky > 1 15

Largest regions in (a,b) = (ky, k,y) in CLIC, up to Ak ~ 610~

Correlations b # a” defined by lines Ab=CAa;b=1—-Ab;a=1-Aa
Some correlations better tested, for instance C = 1/4,1/3,1/2,1 if x5y, < 1

> (

In contrast to moving in line b = a“ (equivto Ab = 2 Aa, yellow lines)




Exploring correlations (ky, k) at e"e™ — HHuvU in do/dny,

In general going BSM with k,,, # 1; Kk, # 1 distorts the dist. in 1, producing peaks at 7, = 0
B _ 2
eTe (3TeV) Except close to x,, = ki, *

ole"e->HHvv)at \s=3TeV ole"e->HHvv)at \s=3TeV oe"e->HHvV)at \s=3TeV
-/.g : ] I ] ] ] I ] ] ] I ] ] ] I ] ] ] I ] ] ] I ] ] ] I ] : -/.g 1 0—3 E_I I ] ] ] I ] ] ] I ] ] ] I ] ] ] I ] ] ] I ] ] ] I I_: -/.g | ] I ] ] ] I ] ] ] I ] ] ] I ] ] ] ISMI: a=l1‘ l:I)=1‘|0 I= 0IOOOI78 ::)b ] ]
~_ ~_ ~_ 10_3 | = a=0.8,b=1.1,0=0.0022pb | |
T I I = a=1.2, b=0.9, o = 0.008 pb
Q: Q: 'Q: — 3=0.6, b=1.2,0 = 0.0083ppb E
'8 1074 — -8 _8 ———— a=1.4,b=0.8, o = 0.029 pb .
107°F E Ab = - 1Aal-
107 E
10°F E
C Ab = '4Aa E 10—5 — —
SM:a=1, b=1, o = 0.00078 pb ] - SM: a=1, b=1, o = 0.00078 pb 1075 .
a=1.05, b=0.8, 6 =0.0031 pb _ B [ a=1.1, b=0.8, 6 =0.0049 pb - 3
a=0.95, b=1.2, 5 = 0.00091 pb i a=0.9, b=1.2, o = 0.00146 pb - .
1076 = a=1.1, b=0.6, 0 =0.0081 pb = B a=1.2, b=0.6, o = 0.0146 pb B n’l ]
- a=0.9, b=1.4, o = 0.0034 pb 3 _ =0.8, b=1.4, o = 0.00614 pb i ]
1 1 I 1 1 1 I 1 1 1 I 1 I" 1 IIJ ] ] 1 0 6 :_ ] I I Iu 1 1 T 1 1 1 I [ [ [ I [ IF)" L " L IJ L [ [ L "i‘_
-2 0 2 4 6 -6 -4 -2 0 2 -6 -4 -2 0 2 4 6
T]H1 nH1 nH1
ole"e->HHvwv)at \s=3TeV oe"e->HHvwv)at \s=3TeV ole"e->HHvVv)at {s=3TeV
’_g 10—3 — | | | | ! ISMI: a;1"b=1l’0'=(').0(;07I8 p;_: ’_cg- E | | | U L L L E g g | | | U DAL AL DL | |
~_ - ——— a=1.2,b=1.1,0=0.0049 pb |7 ~_ - - ~_ C
=" 2=0.8, b=0.9, 0 = 0.0007 pb |- = | i =" -
D a=1.4,b=1.2,6=0.016pb | o i i RS |
-8 a=0.6, b=0.8,  =0.0022pb | ] -8 -8
10 i\h 1 10°F = 107°F E
Ab = 5 Aa|3 = ; :
= -6 ]
10 10° :_ Ab =2Aa . 10 - -
C - .J SM: a=1, b=1, 6 =0.00078 pb = = SM: a=1, b=1, 6 = 0.00078 pb
B a=1.1,b=1.2, 6 =0.0013 pb — a=1.05, b=1.2, 6 =0.00075 pb
- a=0.9, b=0.8, o = 0.0005 pb —— a=0.95, b=0.8,  =0.001 pb |
= a=1.2, b=1.4, o = 0.002 pb i ———— a=1.1, b=1.4, 6 = 0.0009 pb
a=0.8, b=0.6, o = 0.00036 pb _ a=0.9, b=0.6, c = 0.0015 pb
10_6 __I I" 1 1 1 1 1 1 1 1 1 1 1 1 = I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 10 7 | N 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 .I :
-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6
nH1 1/]H1 1/]H1
Ve ry characteristic BSM events with (K‘Z/ — sz) = () Davila, Domenech, Herrero, Morales [2312.03877] EPJC (2024)
2 L4 ® ’, ’ ’ (3K
larger (x;, — k,;7)) — higher peaks — more transverse Higgs !!! Similar study ongoing at LHc for pp — HHjj

with good prospects (Cepeda, Domenech, Garcia-Mir, Herrero)
Maria Herrero, HEFT 2024, Bolonia, 13 June 2024



Maria

Summary /Conclusions

Including one-loop corrections within HEFT predictions is important
Sensitivity to the HEFT parameters may change in a relevant way

Particularly relevant the change in sensitivity to x; and k;,

a versus b, Kk; versus Kk, uncorrelated in HEFT because H is a singlet

but correlated in other specific scenarios.
Ex.: 2HDM, SMEFT, ...H is part of a doublet, they are correlated

Both HL-LHC (14 TeV) and CLIC (3TeV) will give the best access to
HEFT coeffs. Studying specific difxsections clue in exploring HEFT/

SMEFT diffs. Ex: In HH (EW) prod. do/dny, for ki, < Ky, (a” < b)

Herrero, HEFT 2024, Bolonia, 13 June 2024
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HH and HHH production from gluon-gluon with NLO-HEFT

Awnisha, D.Domenech, C. Bnglert, M.). Herrero, R.A.Morales , 2405.05385

The relevant NLO operators are:

H H? HUH
NLO __ - -
ZLHEpT = - - (aDD +apoo—- + enHoo; ) 2
o'H 0, HUH m? m2 m2\ H
+add0] — | (CLHdd >+ agaw —- A addZ_2Z> —O0"H 0, H
U U U
HO*H 0, HUH m# ms m2\ H?
+a g ddn n | (aHHdd L+ apdaw —- A aHddZ_QZ> — O0"H 0, H
U U U U U
O H 9, H 0" H 8, H
+Adddd A

These modify the HHH and HHHH interactions (with non-trivial momenta dependencies) entering in gg — HH, HHH via the NLO 1PlIs:

2 H,”
NLO _ 17LO0 a;s LO Mgy o -
Ugan(Pip2sp3) = Vg + AL g (PP P3) 5 Ty = - K== -9
2 \\\ H////
! m /
FNLO — FLO A4S LO _ _ H “H
aEHE P12 P35 Pa) = Vg + AL D1 P2 P3s Pa) s T Ky G S

These NLO deviations Al are relevant for phenomenology (see next)

Maria Herrero, HEFT 2024, Bolonia, 13 June 2024



CTs in NLO WW — HH and derived RGEs

M.). Herrero and R.A Morales , PRPLO6,07F3008 (R022) 2208.05900

A, 3
S.a = 1662 5.2 ((a*> = b)(a — k3)m3; + a((1 = 3a* +2b)m%, + (1 — a®)m3)), Combinations appearing in scattering amplitude :
EA v i (=use of e.o.m)
6.b = ——= a’ — b)(8a? —2b — 12axs + 3k, )m?
€ 1672'2 22]2 (( )( 3 4) H
2 2 2 2 2 2.2 2 _ )2
+6a b(zmw + mZ) - 6b(mw + mZ) —6b mW)’ Sl = Beligppyt = Be(daqapyr — 4a’ay; +2aa3) = — 12;2 @ 3 2
AG 1 2 2 4 2 2 2 2 A 2 _p\T7a2=b -6
Ockz = — 1672 2m2Hv2 (/{3(0’ —b+ 9’%3 — 6/{’4)mH — 3(1 —a )/{’3mH (mW + mZ) 00 = Oclggqyys = O (Clddwz +gaddEl> = 16;2 = 16; )
6(—2ab + 2a%ks3 + brs)(2mdy, + m b (ampy — 2acyy + 2aa00) = = a1 — )
-+ (— ab + 2a° K3 + /{,3)( My —+ mz)) : e\dHyy Oyy 00 1672 ;
A - A
A, a* + a2b + b2 A, (a2 _ b) (2612 + b+ 6) Oc(apmy — 6K3a0py — 4apoyy + 4bamn + 6kzaaqn + 4aayon) = 167652 (3x3a(1 — a?) +2b — 2a*(2 + 3b) + 8a*),
T T T 12 | 5. A 3a(@=b)
4 ) ) (Apag — agan) = — 1672 > :
5 A, a A, a(a*-b) 5.0 A, 4a”—=5a"b+b
ed11 = 1622 4 ° edH11 — 16,22 > ; cHHI1 = T2 1 ;
5 A, a(a*-D) 5.a A, 4a* —5a°b + b?
ea — s € — s . . o o
T 162 12 TR 16n 24 RGE easily derived for all these ¢/s HEFT coefficients
5 A, a(a®> - b) 5.0 A, 4a* —5a*b + b?
a — - ’ € — ’
CET et 6 HE ™ 1622 6 | 12 A
A, a2+ a?) A, 4a* + a*(4 —3b) —2b , I AN AN R €
5 — - € 5 — € , C — C [ . 10 oA 5 C — .
5 A, a(a*+b) P A, —4a* + a’b + b?
B =62 2 a3 = 160 2 ’
A, 3d2 A, 3a(2a* - b) We checked some oc;s with previous
O = — 75— 040 = —— : . Cre re
167" 4 167 - results in specific limits :
A, 3a(a*>-b A
8ol = —5 ala ), Sapaa =0, S.agaw/2 = elaaz = ——3a(a® — b), pure scalar (1311.5993,14091571)
167 2 167 . T
N B 2 isospin limit my, = m, (2109.02673)
Ocapyy = 0aymyy = 0, A, =——yg + log(4n).
‘< Others were unknown
Comment: 561('4 and others 5€ais are ﬁxed tnw NLO g8 — HH awnd 28 — HHH (see next) before our work (see paper)

Maria Herrero, HEFT 2024, Bolonia, 13 June 2024 10



CTs inNLO ¢¢ — HH , HHH and derived RGEs

Awnisha, D.Domenech, C. Englert, M.). Herrero, R.A.Morales , 2405.05385

NLO Bosonic HEFT operators involved

LOHOH H\ UHUOH
Onoo ano =3 Oroo apoo (&) =25
2 2 2
H H
Ondaa | amda 82 (%) 0#HOLH || Oppdd | anmdd 3 (55 ) O“HO,H
2 2 2
H H
Odgaw | aaaw =¥ (2) 0*HOLH || Opaaw | amaaw =3 (25) O*HO,H
2 2 2
H H
Oaaz agaz ~% (L) O*HO,H || Ondaz ardiz % (25 ) O“HO,H
1 1 (H
Oddlj Addr] 3 o+H auH OH OHddl:] AHdd] ,U_3(7) o*H 8H,H H
H?\OHOH 1
On oo appoo (57) =53 Odddd | @dddd 5z0"H 0, H 0¥ H 0, H
dekg = — A ! (k (a® — b+ 9k3 — 6k4)mi — 3(1 — a?)kam¥ (M + m2)
ch3 = 1672 2m2 o2 3 3 4)mp 3my (Myy Z
+6(—2ab + 2a°k3 + br3)(2myy + m%)) :
A 1
Ockig = — 1672 22 072 (/<:4(2a2 — 2b + 9K3 — 6rg)my — 6(1 — a®)rym¥ (M +m2)
+6(—20% 4 20Ky + bry) (2miy + m%)) :
S — A. 3a? 5. ~ Ac 3a(2a* —b)
CT eOOo — 1672 4 ° e“HOO — 1672 9 )
> g, = 2 30l@” =) C 0. Sagaw /2 = dagay = ——=53a(a? — b)
eldd = 753 5 » OcHdd =0, Oclddw [2 = Oclddz = =7 55ala
5 A 3(a® —b)? 5 A 3(12a* — 1067 + %)
eAdddd = 167T2 4 ’ eCHHOO = 167T2 4 )
A, 3(6a* — Ta?b + b2
OcHddn = ~ 163 ( ) ,  Ocamrdd =0,
T 2 /7/13 =
OcQHddWw = 167T23(4a —5a“b+b ) . O0cQHddz = = 2
2
ci(n) = ci(p') + : 5 Ve 10g M/Q ;o 0eCi = AGQ Ve
167 L4 167

Notice the non-trivial
dependencies on the
external momenta
generically off-shell
typical from non-linearity

This has relevant pheno
implications at colliders,
particularly at LHC

Interesting RGEs for x; and k;

For instance, fora=b =1

1
~9 3.3 (k3(9K3 — 6K4)mi + 6(3k3 — 2)(2may + my))
H

1

o) (/4;4(9/13 — 654)mfi1 + 6(3Kk4 — 2)(2m%v + m%))
H

Renormalized 1PIs involved

A

__ _H__Q e —i¥nn(q®)

: : 2a
= —iXER (%) + i (5Zm(q" — miy) — omiy) +i=52¢"

/

H i T
SENG . = i U'yun(p1,p2,p3)

AN
N\

(5m%1 B 0Z. Ov

2 2
m —Loo . mi [ OK3 30y
= —3irg—* + il gy — 3
"y T nnn T (/«:3+m%{ 2 ’U+ 2

;
+ 5 (aaas (P1 + P3 + p3) + 2(amon — aan) (193 + P3P + 3pY)

+(apda M + agaw Miy + agaz my)(p + p3 + p%)) ;

H///
CF----- = iU (p1, P2, P3; a)
H “OH
i gpleop g i (ORs Omb o (07x OV sy
- 42 HHHH 42 K4 m¥ 2 v H

;
+ 7 (anain (p1 + P53 + P35 + pi — 2(pip3 + Pip3 + Pip] + P33 + Pap; + P3PI))
+dappao(pivs + pip3 + pip: + p3p3 + papi + pipi)
+2(agHdd m% + agddw m%v + agddz m%)(p? + p% + pg, + pi)
+ daqada ((p1 + p2)*(p1 +p3)° + (p1 + p2)* (p2 + p3)* + (p1 + p3)° (P2 + p3)*
—(pip3 + Pip3 + Pipi + P3p3 + Pap: +p3pl))) -

Maria Herrero, HEFT 2024, Bolonia, 13 June 2024
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Loop diagramas involved in WW -> HH

/ I
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/T !
, !
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/ FEERN |
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+ 2-point functions




Loop diagramas involved in gg

Q H.-

N -

e
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~_H
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~
~
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+ permutations.

-> HH(HHH)

1Pl HH one-loop diagrams

7 =~ T~

/ Y /

\ J i
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: JJ\/\L__’_-I o

\\_// H

Ho C O H

1Pl HHH one-loop diagrams
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Large effects from NLO coefficients

Awnisha, D.Domenech, C. Englert, M. Herrero, R.A.Morales , 2405.05385

Oog aqn =272 Onoo agno (2) 2222
Ondd | @Hdd ﬂs—;(%) OMHO,H || Oggdd | AHHAd ”;2% (1322) O'HO, H
Oaaw | Gdgaw ”Z;Z’V (£) 0"HOLH || Onaaw | amaaw ”ﬁv (f{f) OrHO,H
Oaaz addz ?—2%(%) OMHO,H || Ogdaz | aHddzZ ?Za% (522) OFHO,H
O a0 agan - O"H O, HOH || Opaan | apaan = (2) O4H 0,HOH
On oo a OO (522) HH Odddd | Gdddd ~xO*H 0, H 0" H 0, H

1.0k . .

-0.3 -0.2 -0.1 0.0 0.1 0.2

Maria Herrero, HEFT 2024, Bolonia, 13 June 2024

agOod

The largest effects are from operators with higher

number of derivatives: a

aaH

’ adddd. o

For instance, for AyrO = 0.1 andx; =1

BT HHY ~ 1.56°M(HH) (50%)

o "EYTHHH) ~ 1.8 6®M(HHH) (80%)

Other 2D correlation plots in 2405.05285




Behavior with energy: subprocess (LO-HEFT)

2011.13195, EPJC €1 (2021)3, 260, Gonzalez-Lopez, Herrero, Martinez-sSuarez

Subprocess level

b + a*

I

— a=0.9,b=0
— a=0.95b=0
— a=1,b=0
--2a=0.9b=1
--2=0.95b=1
a=1,b=1
a=0.9,b=2
™| —-a=0.95,b=2
a=1,b=2

o(W~-W* - HH) (pb)

Largest deviations
respect to SM
in LL modes

o(W~W™* = HHH) (pb)

Idem ZZ—>HH(H) 10

| |
9000 12000

100}

aul

1071}

=
———————————
——
————
-
-
’f
-

1072}

WW — HHH 10

1074¢

— 2ASM
AbH = ARHH

_ sM
AHHHH = KaABpnH

K4=10—K4=5 _51
—Kg =9 ——Ks=4 E
Kg=8 ——K4=3

—
3

——Kg =] ——Ky=2

Kg=6 ===Kz=1

PP T B PP PR SRR
500 1000 2000 2500 3000

Vs (Gev)

Ky

103

102}

101

109k

o(W~-W™* = HHH) (pb)

K3=9 ——K3=4
K3=8 ——K3=3
——K3 =] —K3=2

K3=6 ---K3=1

T P B B S S B
500 1000 1500 2000 2500 3000
Vs (Gev)

lao(W W, - HH)|

—————
-
-
-
-

_ SM
AuHH = K3AQaH

— ASM
AtirkH = ALHHH

-
—————-_—_--_
-
——

kK3 =10 ——K3 =5

—K3=9 ——K3=4
K3=8 ——K3=3
—K3 =] —K3=2
K3=6 ===k3=1

1
1

T

6l 4 )
500 1000 1500

3000 2500 3000
Vs (Gev)

K3

The largest sensitivity to k3 and k4 occurs in ggF, gg —>HH(HHH), see later

b a

PERTURBATIVE
UNITARITY VIOLATION

a=1,b=1(SM)
a=15b=15
a=15b=05
a=05b=15

.ﬂ
A

-
(=}
)

[
o
|

,i
15
b

1073

Vs (GeV)

b= a’

PERTURBATIVE
101 UNITARITY VIOLATION

a=1(SM)

[ 8]

Lo /
500 1000

Vs (GeV)

HH : Strong enhancement

at large \/E for b#a’

Pert. unitarity viol above few TeV
K,y = 0 viol unit. above 2.4 TeV'!
Max sensitivity to k; close to 2my;

HHH : Similar behavior at large
\/E as in the SM (shifted upwards)
No unitarity constraints on k3, K4
Max sensitivity to k3 close to 3my



HH production: testing a=ky, b=k, together at colliders (LO-HEFT)
Our Bosonic-HEFT model file is implemented in MG5

e e € € —> HHUD LHC qlg2—>HHq:3g4 (+ diags for gg and for gq )

both (a,b) = (ky, kyy) involved -

Explore in HHET events. We require 7 > 20 GeV

Explore in HHjj events. We require WBF /
cuts, An.> 4, M, > 500 GeV |

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



Sensitivity to a=k,, b=k, in eTe” - HHuD

ole e~ »HHvv) at ILC ole t e~ » HHvY) at ILC

Py o Largest sensitivity expected if
» sl » : 612 # b
R -
N producing the largest deviations
compared to SM predictions
5.6e-02
32002 The best expectations are for
V=3 TeV 1?:22 CLIC (3 TeV) where
| 6.18—03@
a
3.5e-03.3
ato o BSM/SM > O(10)
1.26-03§
08 6.68—O4U
o for yet allowed (a,b)
0.6 2.2e-04
1.2e-04

2011.13195, EPJC 21 (2021)3, 260, Gowzhlez-Lopez, Herrero, Martinez-Sudrez , 2312.0387F7 Davila, Domenech, Herrero, Morales, EP)C 84 (2024)5, 503



Exploring correlations (ky, k,y) at e"e™ — HHvv in do/dM,,,,

e+e_(3 TeV) D4vila, Domenech, Herrero, Morales [2312.03877] EPJC 84 (2024)5,503
In general going BSM with «,,, # 1 ; k, # 1 distorts the dist. in M;;; producing bumps,
Except close to k), = ki, *

oe"e->HHvV)at \s=3TeV oe"e->HHvV)at \s=3TeV ole"e->HHvV)at \s=3TeV
> L e =N = R E 3 100k = e oem > L = o oo |4
O] N a=1.05,b=0.8, 6 =0.0031 pb | ] O] = a=1.1,b=0.8, 0 =0.0049 pb |3 O] a=0.8, b=1.1, o = 0.0022 pb
o - a=0.95, b=1.2, 5 = 0.00091 pb | o Z a=0.9, b=1.2, 0 =0.00146 pb | ] o 10—3 | a=1.2,b=0.9,0=0.008 pb |
Q = a=1.1, b=0.6, o =0.0081 pb | - Q B a=1.2,b=0.6, 6 =0.0146pb | ] Q - a=0.6,b=1.2,6=0.0083pb [
o) a=0.9, b=1.4, 6 = 0.0034 pb o) a=0.8, b=1.4, o = 0.00614 pb o) = a=1.4,b=0.8, ¢ = 0.029 pb -
Qo 4 a o = . o B F_ ]
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Sensitivity to k; and k, in e"e”™ > HHHLD

2011.13195, EPJC &1 (2021)3, 260, Gowzilez-Lipez, Herrero, Martinez-Sudrez o(e”e ™ »HHHv.V.) (pb) at v's = 3000 GeV
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The best expectations are for 13

CLIC (3 TeV) where
BSM/SM = 10 for k; 2 2 (k4
BSM/SM 2> 10 for k, 2 4 (k;

1) Higher sensitivity to k; than to k, !

1)



Access to (k3,k,) in ete™ - HHHvD — 6bjets + EM™

2011.13195, EPJC 81 (R021)3, 260, Gonzalez-Lipez, Herrero, Martinez-Suarez .
The best expectations are for

(cases with at least 10 events after applying all cuts) CLIC (3 TeV) where
BSM/SM > 10forx; 22 (x, = 1)
BSM/SM 2 10fork, 24 (k3= 1)

c°M(ete™ - HHHu) (3TeV) =3 x 107" pb

{ 10 events required for accessibility }

At least 5 btagged jets €, = 0.8
9954 b Other studies of 50’s at cLIC

v pr.> 20 GeV vN; =26 2312.04646 (Stylianow, Weiglein)

___________
=" ~
.

v <272 v EMS > 20 GeV

A recent study (wmore sophisticated and precise than ours) _
ls ln agreement with our previous sensitivities found, ok Ty

solid red contours: reach at cuic, k3 ~ 3.5,k ~ 10 b, 8T

M 10/ab, 10 TeV ]

Also compared with HL-LHC 3 ab~! (9iving poorer sensitivity)

Ky ~ 60 already in the non-perturbative regime

Future expected sensitivity to k, yet poor
Conclusions

much higher sensitivity to k; expected



Accessibility to NLO-HEFT (1, §) ate e~

Minimal detection cuts

1n?| <2

p% > 20 GeV

AR, > 0.4 ¥ > 20 GeV

b-tagging efficiency of 80%

olete~ - HHvD - bbbbvb) at CLIC

Greater accessibility in CLIC (3TeV)
Expected reach 77,6 ~ O(1072)

ILC

2208.05452,Phys. Rev.D 106 (2022) 115027, Domenech, Herrero, Morales, Ramos
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HH (WBF) with NLO-HEFT (focus on 2 most relevant coeft)

NLO
HEFT
WW subprocess
Cross section WW - HH
10%1 P
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example: eTe™ process

Differential cross section ete ™ -» HHv.V,
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enhancementin WW — HH at large \/E = enhancementin ete™ - HHUD v, at large invariant mass My

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

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




Comment:

EW production of HH and HHH at TeV colliders is dominated by VBS configurations
but full computation of all diagrams and no use of EWA are required. Both for SM

and BSM. We use MadGraph both for LHC and e¢™e

example in SM: o(eTe™ - HHUD )y = [dxl [dxz fwxDf(x)6(WTW™ - HH)

. . < : . 3 —_———
HH production cross section (pb) = - —— MadGraph, 0=(8.175 + 0.006) x 10~* pb 9 - —— MadGraph, 0=(3.133 + 0.002) x 107 pb
O [ EWA, 0=(9.12+0.02) x 10~% pb o ' EWA, 0=(7.4+0.2)x10 7 pb
(- 10—4 - - -7k -
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EWA is a good approximation for HH, not so good for HHH 201113195



Determination of k; at future e e~ colliders

* Proposed high-energy linear e

¢ colliders: ILC and CLIC

- Projected sensitivity to «;, from hhZ and hhvv (better than HL-LHC!):

At CLIC: (at 68% CL)

1.4 TeV (2.5 ab-"):

At ILC:

500 GeV (4 ab): | £27%
-1

500 GeV (4 ab-) +10%

+ 1 TeV (5™ ab1):

[Diirig, 16] [Fujii et al., 15]

Cortesy bg Franclsco Arco

-29%, +67%

1.4 TeV (2.5 ab-1)
+ 3 TeV (5 ab-"):

[CLICdp Colla

-8%, +11%

0., 15]



Comparing SMEFT and HEFT : LO and NLO

Lo D cy(0'0)” + con(0'9)

[1836

o(W"W —-HH) [pb]
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Again: the largest BSM deviations in Longitudinal modes W; W, — HH Transverse
modes are less affected. At TeV: dim8 compete with dimé !
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R20R.05452, Ph Ys. Rev. B 106 (Ro22)11, 115027, P. Domenech, M. Herrero, R. Morales, M. Ramos, 2022
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