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| Higgs self-couplings basically unconstrained type of coupling never measured

[ATLAS "25]

-1.7 < ﬂhhh//lhhh < 6.6 implications for baryogengesis
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Small cross section

Difficult to measure
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Cowmplementarity Multi-H Production

[Haisch, Sankar, Zanderighi "25] . .
Indirect probes via electroweak

HL-LHC corrections

200 e .
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Precision L di-Higgs Production

| NNLO QCD FTapprox

oo(13.6 TeV) = 34.13%5% fb+2.3%

[Grazzini et al. "18]

known up to N3LO in infinite top mass [Chen, Li, Shan, Wang "19; Ajjath, Shao "22]

. [numeric: Borowka et al '16; Baglio et al. 18§;
at NLO QCD in full top mass expansions: Bagnaschi, Degrassi, RG "23; Davies,
Schonwald, Steinhauser, Strammer ’25]

[Miihlleitner et al. '22; Bi et al. ’23
various efforts for the EW corrections Heinrich et al '24; Davies et al. 25, Bonetti et. al.

’25, Baglio et al. 18]

largest uncertainty from choice of top mass scheme [Baglio et al. /18]

how to diminish theory uncertainties? by HL-LHC halving required
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Large Uncertainty due to choice of renormalisation scheme of top quark mass
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Ratio to OS

[Bagnaschi, Degrassi, RG "23]
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Large Uncertainty due to choice of renormalisation scheme of top quark mass

Uncertainty addressed in

[Jaskiewicz, Jones, Szafron, Ulrich '25]

in high-energy limit can be understood in SCET —

include tower of higher log’s in OS definition in HE range to reduce uncertainty
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Effective Field Theory

Effective field theory

Standard Model Effective Field Theory

Wilson coefficient

\\\
\
New Physics scale \\ ’
\
N

[Fig. by L. Alasfar]

for Higgs physics ~ respects the SM gauge
1> 2 symmetries, all fields
transform as in SM
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Effective field theory

Standard Model Effective Field Theory

Ny A
\\:x,”’
F 2" , L =L+ Z
e Heavy new particle
Wilson coefficient o /\
_,/’/// y - o //-\
New Physics scale CON L a for Higgs physics respects the SM gauge
VY. 1> 2 symmetries, all fields
[Fig. by L. Alasfar] - transform as in SM
Higgs Effective Field Theory / Goldstone matrix
5 |

1% 1% — '
L = Lrinsu+ V) = —Tr(V,VOF() = —(FLUY(WFg+ h..c)

V2 >
polynomial in the physical Higgs field,
h h*
ie. F(hy=a—+b— +.
% y2



SMEFT L HH

SMEFT:
Z = CH,D(HTH) (H'H) + CHDDﬂ(HTH)Dﬂ(HTH)* n CH|H|6 o

CHG|H|2GWGW + Cu0;Ht|H* +h.c. + C010,T°HRGS, +h.c.

Warsaw basis
coefficients of O(1/A%)
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Effective Theory for Ht
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Effective Theory for Ht
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EFT searches L HH

é 104 -A -'I-L AS l I I .I Obs;rved Iimlit (95% ICL)—: [ATLAS Collaboration "24]
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Benchmark point
Non-resonant di-Higgs EFT searches are
built on kinematic benchmark scenarios [Carvalho et al. "15;
to account for EFT modifications of m,, Capozzi, Heinrich "19; Alasfar et al. 23]

shapes
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HEFT L HH

Powercounting [Brivio, RG, Schmid "in preparation]
Loop expansion SMEFT power counting
4 keeps EFT expansion
NNNLO -+ independent of loop
SMEFT expansion
NNLO
NLO HEFT HEFT power counting
counts loops, so one is
LO | | L constrained on the
LO NLO NNLO NNNLO diagonal

EFT expansion
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HEFT L HH

Powercounting [Brivio, RG, Schmid "in preparation]
Loop expansion SMEFT power counting
4 keeps EFT expansion
NNNLO 4 independent of loop
SMEFT expansion
NNLO +
HEET HEFT power counting
NLO- counts loops, so one is
constrained on the
— | | — diagonal (QCD
LO  NLO NNLO NNNLO expansion can also be
EFT expansion kept separately)

g’an ---- h 9% » '.'J
G CTOIO0S o——r—— — — = = - h 2 T

(a) .= 1. N, =0 insertions (b) L=0, N, =2 insertion
G,T::;D-" B q'} ) ”:E ----- |
TS ——--=h 9 TN 3 CRSTI - - - - - h

(e) L=1, N, =2 insertion (d) L =0, N, =4 msertion (e) L. =0, two N, = 2 insertions
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[Brivio, RG, Schmid “in prep]

-1
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Kinematic distributions beyond the ones
1N [Carvalho et al. "15; Capozzi, Heinrich “19]
possible



Coverage [%]

Re-do a cluster analysis, use chi2-test X
2(P,.P,) = Z (Dy;=Dyy)
AELIYT L N2+ DY)

i€ bins

Two points in parameter space follow the same kinematic benchmark if

2 2
P P, <
[Brivio, RG, Schmid “in prep] X 1 2) Xthres
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Ampti’cudes

. : , [RG, Rossia, Ryczkowski "25]
We can even be more general using amplitude techniques

Idea: Check with amplitudes where HEFT and SMEFT depart, in a processes that can test
differences

Multi-Higgs production
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Ampti’cudes

. : , [RG, Rossia, Ryczkowski "25]
We can even be more general using amplitude techniques

Idea: Check with amplitudes where HEFT and SMEFT depart, in a processes that can test
differences

Multi-Higgs production

Is SMEFT falsifiable
(in multi-Higgs

[Gomez-Ambrosio, Llanes-Estrada, Salas-

q , )? Berndrdez, Sanz-Cillero '22]
production):

Concentrate for the time being on gluon - Higgs interactions

Ramona Grober Multl Higgs Production and Models



Lorentz invariance
Simple scattering amplitudes

Global symmetries

bootstrap

EEreEnee of e Svimeies |
Locality 5 SEEEE =)

bottom-up approach to EFTs
without field redefinition
ambiguities
{ [Shadmi, Weiss "18; Durieux et al. '19, |
t Huber, De Angelis 21, ... ] :

Helicity and little group scaling

Physical degrees of freedom




Lorentz invariance
Simple scattering amplitudes

‘.j Global symmetries

bootstrap

Emergence of gauge symmetries §

Locality

bottom-up approach to EFTs
without field redefinition
ambiguities
 [Shadmi, Weiss "18; Durieux et al. 19,
| fuber DeAngelis2l, .1 |

Helicity and little group scaling ‘:

Physical degrees of freedom

Building blocks (based on spinor-helicity formalism) are
|[Elvang, Huang "13, Arkani-Hamed et al "17]

Momenta:  p.. = puohy, = P)alply . P = pud” = |p)*(p|*, N
ei(p) == Ly
Spinors: +(p) =lpl, u-(p)=1p), Polarisation vectors: 1 g(,;@]@
uy(p) = [p|, u-(p) = (pl, e (p) 2 Dl



Strategy:
Build non-factorisable and factorisable on shell amplitudes multiplied by kinematic invariants,
check if and how they arise in SMEFT and HEFT

Double Higgs

Non-Factorisable

M (9= (p1) 19" (B2) s (03) s (D)) o =0 0% oot [112]° <Y z s,
M (g% (p1);9" (D2) ;b (P3) 5 1 (pa)) g =00°° o, [113 — 4\2 T e
Factorisable
p1) h(pl)\
;if?_ h(ps) = ( R h) =10% [1]2]" g—e(s12, A) , ::+— h(ps) = M (h;h;h) =ics, .
p2) h(pz)
g"(p1)  h(ps) b
g9:2(p1) h(ps) 7 M <g1 iy b h4)t+uch.
//4 _ a+, b+.p . ab_C3h Cggh _ a |ngh| o (1 1
?:'-;;,»( —M<91+793+7h3,h4)sch.— 5bﬁ[1|2] _——5bT[1\3—4\2> (S—BJrS—%),
9pn (D2) h(pa) = — 5“’)—'691’1' 13 — 4f2)22Mh 512

9" (p2)  h(ps) 513523



Minimal order

Amplitude | Helicity | Spinor structure | Coeff. | Dimension
SMEFT | HEFT
Three-point
g9 — h ++ [1)2]° ceh | —1(1/A) | 6(v/A%) | NLO*
hh — h - - Chhh 1(A) 4 LO
Four-point
hh — hh - - Can 0 4 LO
T [1]2]° 2 c;;_,;h —2(1 /521) 6(1/A?) | NLO*
+— 1|3 — 4]2) c;ghh —4(1/A7) | 8(1/A*) | NNLO*

All structures arise at same order, in SMEFT more coefficients but same physics



9?’+ hs
’l // a, b, . a : 1
(b by =M (91 +;g2+;h;»,;m;hs))w =i ¢l 1]2)?
g5 " hs
- cab t++,(2
+146% ¢ ([1]34)2][1]43|2) + [1/35(2][1]53|2] + [1]45(2][1]54/2])
giLﬂL hs
- by = M (9008 s hai hashs)
95~ hs
= 00% ¢l (([11312)7 + ([11412))” + ([115]2))7) ,
Amplitude | Helicity | Spinor structure | Coeff. | Dimension | Minimal SMEFT order | Minimal HEFT order
Five-point
hh — hhh _ _ Csn 0 6 (v/A?) LO
- 1|2]2 O —3(1/R) 8 (v/A%) NLO*
g9 — hhh |+t 1)34/2)? O | —7(1/K") 12 (v/A®) N3LO”
+— 1)3]2)? o | =5 (1/K) 10 (v/A°) NNLO*

contributions arise at different orders

we cannot falsify just probe convergence




Multi-Higgs Models and
resonant proolu.ctiow



Multi-Higgs Models: 2HPM

M =M? =M, = M [Degrassi, RG, Slavich "25]
10 : . ; l , : 2HDM: even in the
alignment limit
8 o : in presence of large
fesescncersvesesencns ALASEmIL . of. 1), . scalar couplings huge
> 6 " lloop - — - M (M?) ——— ' corrections to trilinear
% . - MA(MQ) (M?)dee —— Higgs self-coupling
dashed: 2 loop only in Ay possible
2 L [Braathen, Kanemura "19]
0 1 1 1 . . 1 1 Also in other models
with extended Higgs
e 1.3 T T T T T T T
3 120 - sector
8 L1+ -—:':.'.—:‘.'.Z::::—-‘
o l F===== -mm===zZ=Z=7Z227 - [Bahl et al. ’23; Bahl,
=2 09 : Braathen, Gabelmann,
£ 03 l l | l l l l Pafiehr "25]
600 650 700 750 800 850 900 950 1000

Mg [GeV] And what if we find
deviations in k;?
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Resonant di-Higgs searches

[Arco, Heinemeyer, Miihlleitner, Radechenko "22]

0 Bin size: 40 GeV
10 g ! ' ’ : ' . ] 1 00 : :
: —all diagrams : —all diagrams
= =the continuum - =the continuum
—smeared 10% —smeared 10%
_— 107"} ~ ~smeared continuum_i 1071+ - =smeared continuum |
Zt ' = |
O 3
S )
§ Sk
5 ©
S .
10-3 s = 10-3
10.4 . . . . . 1 0.4 . . .
200 400 600 800 1000 1200 200 400 600 800 1000 1200
mnn [GG‘V] L [GeV ]
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Resonant di-Higgs searches

Interference effects can be important

reweighing techniques important to increase computationally efficiencies for exp analysis

[Feuerstake, Fuchs, Robens, Winterbottom ’25]

how to treat interference effects as model-independent as possible? benchmarks or anything
better?

how to treat best final states with different Higgs bosons?

Ramona Grober Multt Higgs Production and Models



® Multi-Higgs Production promises to measure existing physics

® is challenging experimentally, in particular triple Higgs production

® Theory uncertainties in SM need shrinking

® EFT, in particular HEFT can bring changes in kinematic distributions
so far not considered

e Multi-Higgs Models have rich di-Higgs phenomenology



ouv

[Asidin, RG, Tiberi ‘in prep]

OSMEFT

|

0+t A RSN

|

|
0.01 0.05
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f B >\3 + )\ex

red points: v, € [0,0.1vy]

blue points: v, € [0,5vy]

= Az A3
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0.1 0.5

is a measure how much of the singlet mass comes from EWSB

sty HEFT is the better EFT to be used in Higgs pair production for singlet model



With Naive Dimensional Analysis, reinstating powers of ¢ = # and with A~Y? ~ 47

> () (5) Goe) (&) () (52
4r)? \ A A A32 4 (4r)? A

[Manohar, Georgi "84;
Gavela, Jenkins,
Manohar, Merlo "16]

SMEFT:
Assuming that A > v allows us to power count N,

&L = 3SM+Z—%

for Higgs physics ~ respects the SM gauge

1> 2 symmetries, all fields
transform as in SM



With Naive Dimensional Analysis, reinstating powers of ¢ = # and with A~Y? ~ 47

7o (%) (50) () () () (%)
4r)? \ A A A32 4 (4r)? A

[Manohar, Georgi "84;
Gavela, Jenkins,
Manohar, Merlo "16]

SMEFT:
Assuming that A > v allows us to power count N,

HEFT:
The prize of splitting the SU(2) doublet of GBs and Higgs is that the theory becomes
non-unitary at A > 4zv

We cannot expand in N, ¥  Power count in chiral dimension N, = N, + N,

[Buchalla, Cata, Krause "13]



7o (%) (50 () (5) () (%)
4r)? \ A A A32 4 (4r)? A

From the NDA scaling we see easily that the chiral dimension counts up by

0 units for each boson field ¢ = ga,Aﬂ SR ————
f h VEV chiral dimension v¢
or eac V
1/2 unit for each fermionic field y
1 unit for each gauge/Yukawa coupling

for each derivative

2 units for coupling of scalar interaction ¢*



HEFT Lagrangian

LO Lagrangian
2
L1o = iGﬁ,,G"'“" m{,,w’ﬂ” — —B L B" 4 %a#,haf‘h - UZ'H (V. V) Fo(h) — W'V(h)

+iQ PQr +iQrDPQr + zLLIDLL +iLgI)Lp
— 2 (@ UYVo(h)Qr+he) — —= (L UYL(h)Lp +h.c.)

/2 V2
Goldstone matrix Cwa
U=e= V, = D,U)U’
Flare functions n
Fo(h) = 1+Za("’ ( ) :
n=1

2 3 4 o0
V(h) = h— +a‘3’h 9’4';4 +3 a ( )
n=>5

Yo(h) = diag (Yu(h), Yp(h)) ,  Yi(h) = diag (0, Ve(h)) ,

Yu,p,e(h) =Yyde (1+Za,(,n;e (—) ) ;
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HEFT Lagrangian

LO Lagrangian
2
L1o = iGﬁ,,G""“’ m{,,w’ﬂ” — —B L B" 4 %Quha"'h - ”Z'n (V. V) Fo(h) — W'V(h)

+iQ PQr +iQrDPQr + ?,LLmLL +iLgI)Lp
— 2 (@ UYVo(h)Qr+he) — —= (L UYL(h)Lp +h.c.)

/2 V2
Goldstone matrix Cwa
U = &= vV, =®UU"
Flare functions n
Fo(h) = 1+za("’ ( ) :
n=1

2 h3 h4 o0
V(h) = h— tay) g tay) o+ D ay ( )
n=>5

Yo(h) = diag (Yu(h), Yp(h)) ,  Yi(h) = diag (0, Ve(h)) ,
Yu,p,e(h) =Yyde (1+Za,(,n3;e (—) ) ,

The choice of the LO Lagrangian (N, = 2) is convention (i.e. could also contain 4 fermion

operators, custodial violating operators, ...)
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[Brivio, RG, Schmid “in prep]

Count all occurrences of p ~ m

N/Ii,ﬂ 4 Nv,./% Ng,/% Ny,/% i le,ﬂ
M~ p*(4r)? P i & Y
A A 47 47 (4r)?

where n is the number of legs

At the level of the cross section

kK da
[dPSF [H T gdQ,n)'s* (Gue= 2, a0:) ~ pPEm
=l (271')32E] / J n

dependence on number of legs necessary for cancellation of IR divergencies at same
order in counting



HEFT power aouwtlwg

[Brivio, RG, Schmid ‘in prep]

In the end we should count loops, external legs and chiral dimension of couplings

M —
Nl =n-2+42L+ ) N,

IEvert

Loop expansion

A
NNNLO L SMEFT power counting
SMEFT keeps EFT expansion
NNLO 4+ independent of loop
HEFT expansion
e HEFT power counting
LO : : : > counts loops, so one is
LO NLO NNLO NNNLO constrained on the
diagonal

EFT expansion
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[Brivio, RG, Schmid “in prep]

In the end we should count loops, external legs and chiral dimension of couplings

NS =p—

HEFT

2+2L+ ) N,

IEvert

counting g, ~ p ~ m not necessary instead we can count alternatively

M
Nygrr
electroweak loop
expansion
P A
NNNLO -
SMEFT
NNLO
HEFT

NLO -

LO | | —

LO NLO NNLO NNNLO

EFT expansion

— Ns,ﬂ

_ N
Ngs

NNNLO -

NNLO -

NLO -

QCD loop expansion
A

HEFT

|

LO

| | —

LO NLO NNLO NNNLO

EFT expansion



