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Content of this talk based on results in:

LO 2011.13195, EPJC €1 (R021)3, 260, Gownzalez-Lopez, Herrero, Martinez-Sudrez HH and HHH
, within HEFT
(K‘V, K2V) R3IR.03LFF, EPJC 84 (R024)5, 503, Davila, Domenech, Herrero, Morales 2t
N LO(;/]’ 5) 2208.05452, Phys. Rev. D 106 (2022)11, 115027, Pomenech, Herrero, Morales, RAMOS ete”
NLO 2405.05385 Antsha, Domenech, Englert, Herrero, Morales (gg to HH and HitH) HH and HHH
-y . : within HEFT
(KV’ sz) Preliminar. Cepeda, Domenech, Garcia-Mir, Herrero. Work Ln progress (2024) at
(}/], 5) Preliminar. Domenech, Herrero, Morales. Work in progress (2024) PP
Renorm. : '
: R208.05900, Phy.Rev.D 106 (2022)F, 073008, Herrero, Morales — Rad <.:orrect|ons
in R, via 1Pls
Matching

2307.15693, Phgs.Rev.D 102 (20232)9, 095013, Arco, Domenech, Herrero, Morales — m——p Matching

Amplitudes HEFT.2HDM

Tools used: FeynArts, FeynRules, FormCalc, Looptools, MGS5, VBFNLO, HEFT model file included
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Main motivation: HH and HHH production at colliders
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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.
Easy connection of HEFT with kappa formalism. Fermionic sector assumed here to be as in the SM.

H being a singlet in HEFT gives uncorrelated interactions. In contrast to others (SM, SMEFT, 2HDM,...)

Our main focus: 1) sensitivity to LO (xy, k), (K3, ky) 2) correlations 3) NLO ( a’s and rad.corrections).
4) Tests of BSM in specific observables and with specific operators in contrast to global fits
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HH and HHH (EW) production with LO-HEFT:a, b, k; ¢, k...
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MIATLAS, Phys. Rev. D 101 (2020) [1909.02845]

(where H is in a doublet)

2alCMS, PLB 842,137531 (2023) [2206.09401] Ba]ATLAS (PLB 843 (2023)137745
@b) CMS, PRL129, 081802(2022) [2202.09617] 3BICMS (Nature 607, 7917, 2022)

Maria Herrero, EFT Multiboson, Padova 10 June 2024 ) ATLAS, PRD108, 052003(2023) [2301.03212] 4



WW—>HH gives access to a, b, k; (LO-HEFT)
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>sldentical results (GAUGE INVARIANT)

¢ dependence cancels in t and u channels separately
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kappa-parametrization gives gauge invariant scattering
amplitudes within HEFT: ks, =a, x,,y, = b, k3 =k,

WW-—>HH gives relevant access to a, b and «;
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WW-—>HHH gives access to k; ® and k, ® (LO-HEFT)
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Less available phase space ——-> smaller cross sections than for WW —>HH: But yet possible access to large BSM K's

Very small SM (x; = x, = 1) rates: ¢°M(pp —» HHHjj) (14TeV) = 10""pb  6°™(ete™ -» HHHvv) (3 TeV) =3 x 107/ pb
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Behavior with energy: subprocess (LO-HEFT)

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

Subprocess level

Largest deviations
respect to SM
in LL modes

WW —- HHH

ldem ZZ—>HH(H)
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The largest sensitivity to k3 and k4 occurs in ggF, gg —>HH(HHH), see later
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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_l_e_ e+€_ —> HHUD LHC qlgz —> HHQ3Q4 (+ 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, Arn;> 4, M; > 500 GeV

BSM signals means deviations in 6 and in do's respect the SM rates. We also explore correlations.
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(a,b) in (EW) HH / HHH production : eTe™ and pp . simaions wien mas

_I_ —_
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J

P;;>20GeV ,AR; > 0.4 Work in progress: Herrero with Morales, Domenech, ...Bnglert, Anisha...
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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
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Exploring correlations (ky, k,y) at e"e™ — HHvv in do/dM,,,,

€+€_(3 TeV) Davila, Domenech, Herrero, Morales [2312.03877] EPJC 84 (2024)5,503
In general going BSM with k,,, # 1 ; k; # 1 distorts the dist. in M;;; producing bumps,

Except close to «,,, = K‘z/ *
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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
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Exploring correlations (ky, k,y) at pp = HHj,j, in do/dny
PP bbyyjj(is=14TeV) LHC (1 4TeV)

pp — bb vy jj (Vs = 14 TeV)
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it Looks promising : now we are including pythia and delphes for a wmore realistic simulation Cepeda, Domenech, Gareia-Mir, o (Work in progress)
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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

Maria Herrero, EFT Multiboson, Padova 10 June 2024
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NLO-HEFT Higgs operators involved in (EW) HH production

pNLO OMH 0¥ H OH O, H ., ,
HEFT —Addyyi 712 Tr [VMVV} — AddyV?2 ?JQ Tr [V VV} + CL11T1“ {DMV“DVV } V,u _ (DMU)UT
2 2
H H
_ 2agyvy— +aggyy—= | 1r [V’MVM}
4 v V2 e.0.m
2 H\ 0"H e
H H A A , Y A
_ (CZHWW; -+ aHHWWF) Ir [W,uuW'u } + 7 (adg -+ a[ﬂgg;) . Ir {WMVVM} CH —m,27H B %fi3m/27H72
H H o H —gvTr [V“V,u_ — gHTr [V“V,u]
-+ (aDVV -+ CLHDVV?) TTY {VMV'UJ} + 43 . Ir {VVDILLVM} Tr [TJ.DMV'U“] = —Tr _ij,u] 2—‘/‘98MH
H\ OHOH OMH 0, H OH 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,

NLO+e.om @ OTHO7H o, V| - O"H O H . VY, R
gHEFT — e ‘ 12 r\ VW @ 2 r| V'V,

7
aQx
T

5 5t 2 2 H
_% (2@Hw— + aHHW_2> B [VHVM} + AHdd m;{ 0"H 0, H
v K v? v The most relevant
H H . | H\ O"H .
— (CLHWW? —+ aHHWWF) Tr [WMVW'UJV} + 1 (adQ =+ CLHdZ?) N Ir |:W/U/V’uj| are
: . : : a =71, d =0
Reduction to 9 a/s NLO coefficients entering into WW — HH davvi =l > %davv2

Maria Herrero, EFT Multiboson, Padova 10 June 2024
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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

agayyr = -0.1 — aggyy1 = 0.001
agayyy = -0.01 adgvyn = 0.01
agayy1 = -0.001 m— Qggyyl = 0.1

Adddyyl = -0.0001 -_— SM
Addyyl = 0.0001

6 x 10!

4x 10!

O(WW - HH) (pb)

3x 10!

500 1000 1500 2000 2500 3000
VS (GeV)

Cross section WW - HH, polarization LL

= AaHHyy = -0.1 AHHYY = 0.001
— AHHYY = -0.01 AHHYY = 0.01
— AHHYY = -0.001 AHHYY = 0.1
— AHHYY = -0.0001 -— SM
— apnyy = 0.0001
500 1000 1500 2000 2500 3000
Vs (GeV)

Cross section WW - HH, polarization LL

6 x 10!
o)
S
T
T
T 4x10?!
§ — Andd = -0.1 andd = 0.001
(] = apgg = -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 3000
Vs (GeV)

(1/v?) 0" Ho* HTr [(D,U*) (D,U)] +

Ayqyyy = O

Cross section WW - HH, polarization LL

— Addyy2 = -0.1 — Addyy2 = 0.001
107 | —— aggy2 = -0.01 adayye = 0.01
— aggmn = -0.001 — aggyy2 = 0.1
3 — aggyy2 = -0.0001 - S
&105‘ — agagy2 = 0.0001
< -
T
1
§ 1034
I
101 ]
500 1000 1500 2000 2500 3000
Vs (GeV)
Cross section WW — HH, polarization LL
—~6x 10!
Q
&
T
T
0
2
= 4 x 10! — agy = -0.1 — a4 = 0.001
5 —— agp =-0.01 ag = 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
i)
&
T
T
)
S _ _
= apyy = -0.1 anyy = 0.001
v apyy = -0.01 apyy = 0.01
— gy = -0.001 — gy = 0.1
m— AHyy = -0.0001 -_— SM
apyy = 0.0001
10! : : : : :
500 1000 1500 2000 2500 3000
Vs (GeV)
Cross section WW - HH, polarization LL
6 x 10!
Q
&
T
T
T 4x10!
§ AHd?2 = -0.1 dHd?2 = 0.001
5] —— apg2 = -0.01 apg2 = 0.01
1 AHd2 = -0.001 AHd2 = 0.1
3x10 ang2 = -0.0001 —— SM
AHd2 = 0.0001
) 500 1000 1500 2000 2500 3000
Vs (GeV)
Cross section WW - HH, polarization LL
5% 10!
Q
&
T 4x10!
Iny
)
2
N apHww = -0.1 answw = 0.001
g appww = -0.01 apnww = 0.01
AHHWW = -0.001 AHHWW = 0.1
1
3x10 awsww = -0.0001  —— SM
m— AHHWW = 0.0001
) 500 1000 1500 2000 2500 3000
Vs (GeV)

1/v*) 0" Ho, HTr [(D*U*) (D,U)]

For similar size of the a;s
we find the largest xsections for

Ay =1 > Aggyyn = O

by several orders of magnitud !!

At energies in the relevant interval

/s € (500,3000) (GeV)

Due to dominance of LL polarizations

NLO: faster growth A ~ O(s?)
than LO: A~ O(s)

Largest deviations respect to SM in LL modes
Relevance of (7, 0) easily understood in ET

Maria Herrero, EFT Multiboson, Padova 10 June 2024 16



Accessibility to NLO-HEFT (1, 0) at e "¢~ (4b+ETmiss)

Minimal detection cuts 2208.05452,Phys. Rev.D 106 (2022) 115027, Domenech, Herrero, Morales, Ramos Accessibility parameter
. . . 4+ — — 777 -
pb > 20 GeV 17t <2 Signal with greater statistics: ee™ -HHuvv — bbbbuuy Now — N
T BSM SM
R =
o \/N
AR, > 0.4 V> 20 GeV Greater accessibility in CLIC (3TeV) SM
. . — A ible region: R >
b-tagging efficiency of 80% Expected reach 1,0 ~ O(10 3) ccesible regio 3
x10 ___0(e* e~ - HHvD - bbbbv) at CLIC . ILC CLIC
. ) 1.00 "x10—1| R (e+e‘\—> !‘IHV\_)—)bbbeD) at ILC 1.00 x10~2 . R (e +ta— —)‘HHVD—)bBbB\)D) at CLIC
- 1.392 " u> |
075 0751 * Lo 0.75 1 :
1078 MECIESIBLE SEE O ' ACCESIBLE REGION
0.50 Vs=3TeV 0.50 1 ‘ 0.50 .
0.834 L VESITeV | . Vs=3TeV
L=8ab~ _ -1
0.25 0.646 Q 0251 z ° 0.25- L=>ab
z .
< 0.001 Osm =0.124 10 O°500'4§ = 00 = 0.00-
0.387 @
7 —0.251 —0.25-
—0.257 0.3008
—0.504 —0.50-
050, 0.232
| —0.751 ] ~0.75 -
0.180 \\
~0.75 1 100 | Y | | Lo o | | 5 0 |
0.139 -1.00  -0.75 -050 =025 000 025 050 075 1.00 "-1.00 -0.75 -0.50 —-0.25  0.00 . . 0.75 1.00
6 x10 5 X102
~1.00 . 0.108
~1.00 -0.75 -0.50 -025 0.00 025 050  0.75  1.00

Similar work in progress for HL-LHC via pp — HHjj — yybbjj

5 x1072

Preliminar: BSM expected reach in this channel 7,5 < 0(107%)

Maria Herrero, EFT Multiboson, Padova 10 June 2024
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Including radiative corrections within bosonic-HEFT

* Developed a practical program to include one-loop HEFT radiative corrections via insertions of 1PI’s

* 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
(renormalization of the Lagrangian is not enough, running Wilson coffs. is not enough)

* Master equation for renormalized 1Pl function within NLO HEFT

fNLO __ FLO 1 Fa,,; 4 PLOOp 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 ¢ v
T, needed as new CTs to cancel
Better not to use e.o.m, all operators needed new divergences from loops

- . . o Several examples: 2005.03537 and 2208.09334 (H decays), 2107.07890 (WZ to WZ2),
We use renorm. conditions: OS for W, Z,H..., MSbar for HEFT coefficients 2208.09334 (WW to HH) 2405.05385 (gq to HH, gg to HHH)

Maria Herrero, EFT Multiboson, Padova 10 June 2024 18



Radiative corrections in 1PIs: the case of I ', and '

1Pl HHH 1Pl HHHH
< NoO Lo T E[wew T T T T Ingeneral, departures respect to the SM grow with offshellness g
3= = 4~ T L
O — Kg=-05 WE = ezzls
\\\\ m K4 ' n“““‘ )
% T ?_(1)5 \\\\\\‘ R ij:(l)s " et W{{{ﬁ‘ﬁﬁ‘ p
% sook e Kz ; 1.5 \\\\\\\\ “\\“::\\ 10— ; ’%;_:125 “|||“‘|l“““ Q‘gﬂﬁﬁ“ ” = 7 ~ 7 g HO ::\\“,:,
L~ | e — Ky=2 \\\\\\ “‘« ““‘\\‘;\— ot T SI<1\4=“5‘“““““ | ‘q{\“\‘\“&‘ H // H//
LT SM \\\‘\\ ‘s“ o \\\ .u!“"“ :533:“‘ H /7 //H - < H
/ T
e O <,
“\H “OH
. q AN q N ,
- ull.,, o \\\\\ s“ "g“‘ “\:“ . \\\\\\\ \ . N N HQ\\H T )
200+ 1, 'I'IWIIII'I'I'I'(‘}})lllllllllllll o c": 7 * \““ \\\\::\\\\
\ S \\‘\:\‘\\ H H
oy, . \\\\\‘ "y ..,..':.x::“.s ?&;& o H P H
“‘\\\‘ "'l,,' ":‘c &\— .
! g | _ Loops of bosons and tops included (Feynman gauge)
ol ta,, “‘ce 0.5-
""':uunl" * — HEFT (a”)
T 300 400 500 600 700 800 900 1000 200 600 800 1000 1200 [
q(GeV) ¢(GeV) — 300 ——  SM (all)
> Z
° ° Q) L
The size of the corrections can be large at large ¢ O 250] HEFT (bosons)
T
|F]I;T]1LLI?{|/|F%%H |Fgﬁ%H|/|F%%HH NOW—LLWGQYL’C& L‘E 200 [ ——  SM (bosons)
k3 | g =251 GeV | ¢ = 1000 GeV | kg4 | ¢q =376 GeV | ¢ = 1000 GeV H-stnglet -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 2.5 10
9 921 7 9 Larger corrections in HEFT than in SM q(GeV)
5 1.7 4.0
SM 0.97 1.0 SM 0.91 0.99 SM corrections almost flat with virtuality g

HEFT corrections highly sensitive to virtuality ¢

Maria Herrero, EFT Multiboson, Padova 10 June 2024 19



One - loop EChL versus SM : 7 effect

10%¢

Radiative corrections in WW — HH =

SMEgun = EChLFull (7720)

EChL{ e (7=107%)

— — = EChLE:2(n=—107%)
EChLgun (T]=—1073)
— — — EChL§:d (=102
EChLgyy (7=1072)
— — = EChL{(7=-10"2)
EChLgyy (7=—107%)

M.). Herrero and R.A Morales , PRDLOG,0F3008 (2022) 2208.05900 o EChL (7=107)

Renormalized one-loop 1PIs f‘ﬁlé% computed in the R; gauges = black balls inserted in the FDs

1000}

I I 1 s
A A A A A A VAV AV A A VAV AV AN A VAV A AN A e
/// W:l: 'W‘/ij:g 7.(.:1:: 7T:t:
-@-<_ o 100¢

o(W; Wi —~HH) [pb]

W, H W, H W, H W, H W, H C—b=1
k3 =ks =1

I 4 10F

W, H W, H W, H Wj H I

7 d 7 - - Q\Q 0-

7 < 7 - — E

/s e / - a, -5

oo @ g [ -15
H \\ H \\ ’77Z \\ \\\ c€—20
W, H W, H W, H W, H Vs [GeV]

Size Of 51—100P & (5, — 15) % One — loop EChL versus SM : § effect

105

wy Bk S VAV T A NS comparable to SM (=20 %) | __neio 5
| | i EChL: (6=107%)
W W - 4! - 4! . . I EChLgun (5:10—3)7 '
| | But different behaviour ool | = = - ECn =107
I I . r EChLgyy (6=—107%)
____________ AN - NV VY S with energy | - — - Eonge-107
W, Hoow, How, Hooow, H I B
T EChLgn (6=—1072)
. % 1000
We have extracted all In particular, all the RGEs for all the g
the needed CTs involved da;s involved HEFT T |
£ independence checked coefficients derived o]
, ° °
We checked some oa;s with previous Interesting RGE invariants for (a* = b) o=b=1
results in specific limits (pure scalar, 1 2 L
. .« fe . ol PR AY "
isospin limit My, = My) ) =n) = 1em3 (" = D) log(ﬂ/2>,
11 2
Others were unknown 50) = 54) + — L (@ = )74 — b —6) 1og(”—,2) . . . . .
1 677: 1 2 lu 500 1000 1500 2000 2500 3000

before our work (see paper) .o
Maria Herrero, EFT Multiboson, Padova 10 June 2024 s [GeV]



(EW) Radiative corrections in g¢ - HH and in 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 inserted in the FDs

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

Y _
%0 i 0/// \ v

H . 2 H ,// A
t A Vi - = 2au()  ----C ;= Canna(p,p,ps)
/// /// H////
G e ’ HEFT - p e
) gs H__(Q)
SM HEFT B . i O W
N N O w

~

+ permutations.

i In (EW) LO and NLO, rest coeffs. in (EW) NLO
O @---- t A \ -
\\ o H//’
\ ¢ e A
N }9‘5}’ ¢ ----}-[---C}— ----- = U'mamn(p1,p2, p3; P4)
\ S H

SM HEFT SM

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

Renormalization of k3, K, and of new a’s also set, RGEs etc A

~TorZ gz gz (Fa(a” = b+ 9r5 — Gra)miy — (1 — a®)rgmiz(miy +mz)
H

| +6(—2ab + 2a’k3 + brs) (2myy +my)) |

1311.5993,14091571 (pure scalar) , , Ao 1 ) 0 . o 9 o )
Ocky = ———=———— (Ka(2a° — 2b + 9k%Z — Oka)mp — 6(1 — a*)kami(m m

2109.02673 (my, = m.) OK with others tn / =15 szHvz( 4 + 93 — 6k4)my — 6(1 — a”)ramp (miy + my)

v Stmplified limits H6(=207 + 2a%w + brea) (2mly + m)) | 21
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gg —> HH

gg - HHH

Maria Herrero, EFT Multiboson, Padova 10 June 2024

O.HEFT (HH)
o1 (HH)

O'HEFT(HHH)

o1 (HHH)

Size of the correctionsin gg - HH andin g¢ - 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) radiative 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)
ULe(f)(HH)

1.00F

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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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—zgl(%) 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

The largest effects are from operators with higher
number of derivatives: a ., ay

’ 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
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Maria

Conclusions

Multiple Higgs production at colliders (HH, HHH,..) will test the
Higgs potential and BSM Higgs couplings to gauge bosons. Some
correlations could also be tested:

VHWW / VHHWW' /IHHH / AHHHH ,...UnCOrrelated in HEFT because

H is a singlet but correlated in other specific scenarios.
In particular: 2HDM, SMEFT, .... where H is part of a doublet

Both HL-LHC (14 TeV) and CLIC (3TeV) will give access to LO and

NLO HEFT coefficients. Studying specitic difxsections will help in

exploring potential correlations: Ex. do/dny, for ki, < Ky,

Including radiative corrections within HEFT predictions is important

Herrero, EFT Multiboson, Padova 10 June 2024
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Best prospects for k; are at future e™e™ colliders

. Proposed high-energy linear e e~ colliders: ILC and CLIC

. Projected sensitivity to K3 from hhZ and hhuv (better than HL-LHC)):

At ILC:
500 GeV (4 ab-1): | +27%
500 GeV (4 ab-1) :
+1TeV (5 abt): | 107

[Diirig, 16] [Fuji1 et al., 15]

Cortesy bg Franclsco Avrco

At CLIC:

1.4 TeV (2.5 ab-"):

-29%, +67%

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

[CLICdp Colla

Best expected sensitivities Aky ~ 0.1

-8%, +11%

., 13]

(at 68% CL)
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Sensitivity to k; and k, in e"e”™ > HHHLD

2011.13195, EPJC 81 (2021)3, 260, Gonzalez-Lopez, Herrero, Martinez-sSuarez ole—e* »HHHv.b.) (pb) at vs = 3000 GeV
K3 K4
s [T 77T T -5 lo4pbr——m—mmmm——m——mm—— 1
£ 102 =
0 0
> > 1075
- 2
I I
I 104 I
I I 10—6
1 T
+ + v Y -
Q T N S
I 107° |(D 107 )~ =T X 7
% B/ _______ USM=31)<10_ pb
108
10—8_
9 —Kg =10 ——K3 =5
10™ —Kpg =9 ——Ky=4
| e e _ Ky =8 Ky =3
10—10- | /\HHH=K3AfS"’:’H K3:8 K3:3 - /\HHH_AflﬂH _z:=7 _z:=2
/\ =/\SM —K3 — 7 K3 - 2 10—10 AHHHH= K4AlsiﬁHH
HHHH HHHH K3=6 ===K3=1 , , lK4=6 T--K4=]l_
S T T T [ T TR rem YT ~ 500 1000 1500 2000 2500 3000
—-10 -5 0 5 10
The best expectations are for s

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

Higher sensitivity to k; than to k, !

|
—_—
N N’
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Sensitivity to a=ky, b=k, in pp - HHj,j, (LHC, 14TeV)

1.5 — /
r * Osy = 7.60e-04 pb

1.0 /

/\ 10~1

d

Largest sensitivity expected if
a* %= b (again)

10 producing the largest deviations

0.5
g compared to SM predictions
3 =
oo ° oBM(q = 1,p = — 0.5)/6M ~ 33 I!
44/ : :
Stringent exp. constraints on b
0 For 13TeV, in 4b channel:
Lo I be*P € [-0.1,2.2]1V,[-0.03,2.11]¥
-1.0 -0.5 0.0 0.5 1.0 1.5 bZ.O
(1 CMS, PRL129, 081802(2022) [2202.09617]
Applied cuts: P;E}i“ =20GeV,nn; < 0,2 < || <5 ,]\/Ij‘]?li“ = 500GeV, ARjgﬂn =04 @ ATLAS, PRD108, 052003(2023) [2301.03212]
Cepeda, Domenech, Garcia-Mir, Herrero (Work in progress) Models with 612 — b very dlffICUIt to test

Exploring correlations at LHC more difficult than at eTe™ but yet possible by studying differential

xsections with specific variables (angular, rapidity etc..see next)
Maria Herrero, EFT Multiboson, Padova 10 June 2024



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

—

Matching amplitudes requires:

HEFT _ /UV
A = A7 (Myepyy > Myjop)

—

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

. Matching several amplitudes: LO

Matching Choose input parameters: LO
(HEFT) my, My, M, cl.’s LO

HEFT and 2HDM O
and ny,, Ny, Ny, N7 (light) O

(ZHDM)§ My, my, My+ (heavy) | NLO
tan 3, cos(f — a) (free) NLO

Mhight

Amplitudes

Proper large mass expansion is in (
mheavy

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

Setting the input parameters, in both sides
Setting the proper large mass expansion in the UV theory

h— WW* — Wf_f’ tree
h%ZZ*%fo tree

W+W— — hh tree
Z7 — hh tree
hh — hh tree
h — vy R 1-oop
h —~v4 R:  1.100p
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) . Other parameters are derived (/lhihjhk,....)



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,
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These contributions are
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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
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CTs in NLO WW — HH and derived RGEs

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

A, 3
5.0 = 62 5 ((a*> = b)(a — k3)m3; + a((1 = 3a* +2b)m%, + (1 — a®)m3)),
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A, 3a(a*>-b A,
0cQ g = o ( 5 ) , Oclpgq = 0, Oclaaw /2 = 0407 = — T 3a(a* - b),

2
Ocagyy = 0cagmyy = 0, A, = T E + log(4n).

Comment: 0K, and others 8.a’s are fixed in NLo gg — HH and gg — HHH (see next)

Combinations appearing in scattering amplitude :
(=use of e.o.m)

. A, (a®> —=b)?
Ol = 6clgapy1 = Oc(Aaayyr — 46126111 + 2aa,3) = — 1672 ( 3 )
55— 6.0 5 L@ A, (a®>=Db)(Ta*> —b—6)
= a = a —d =
€ e“ddVV?2 € ddyy2 7 ddl] 167[2 12
A, 5
Se(aryy — 2anyy + 2aapg) = 1622 a(l—a®),
A,
Oc(apmy — 6K3a0py — 4apoyy + 4bamn + 6kzaaqn + 4aayon) = o (3x3a(1 — a?) +2b — 2a*(2 + 3b) + 8a*),
A, 3a(a®> —b)
Sc(AHda — Qqay) = — 1672 2 -

RGE easily derived for all these ¢/s HEFT coefficients

1 p A
167'('2 Ye; 1Og ? ’ 5€C’i — 167'('2 Ve,

We checked some oc;s with previous
results in specific limits :
pure scalar (1311.5993,14091571)
isospin limit my, = m, (2109.02673)
Others were unknown
before our work (see paper)



Comparing SMEFT and HEFT : LO and NLO
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Some PrcLLmiwar results (D. Domenech, M. Herrero, R. Morales, M. Ramos, 2022)
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