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e 3rd leading HH production mode @ LHC

e Gives direct access to 17//[{H quartic interaction ttHH
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ttHH production

arXiv:1401.7340

MadGraph5 aMCE@NLO
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e Cross-section scales faster with \/E

* Unique interference pattern dependance on k,
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[ .1mitations

Uncertainty Source Observed Expected
Signal modelling (+0.9, —1.8) (+1.3,-1.0)
__Background modelling (+6.8,-8.2)  (+5.7, —0.
- tt +jets ©(+#5.3,-6.5)  (+4.7,-5.00
ot (+4.6,-64)  (+2.9,-4.0) |
ttH (+2 1,-1. 6) (+2.0, 1. 9)
others (+0.9,-0.7) (+0.9, —0.8)
MC statistical (+2.8,-3.7) (+2.5,-2.7)
Detector systematic (+2.2,-3.4) (+1.9,-1.5)
Total systematic (+8.3,-9.4) (+7.3,-7.4)
Data statistical (+7.2,—6.8) (+7.2,—-6.7)

Total

(+11.0, —11.6)

(+10.3,-10.0)
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Dominant systematic unc. :
heavy flavour modelling and 4 tops

Overall - Balance between stat. and

modelling



Golng beyond the SM using an effective approach 7

No evidence of new physics (NP)

Events
at current energy reach!

SM

Energy in CoM 14 TeV
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Golng beyond the SM using an effective approach 7

No evidence of new physics (NP)

Events
at current energy reach!

: What if NP lives at much higher mass?

SM ©  — Parametrization of already existing
deviations via EFTs
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Recipe of an .

1 11 |
— l
—

EFT recipe
Step 1 : We fix the field content
Step 2 : We fix the symmetries

Step 3 : We write an exhaustive list of allowed interactions
at a fixed order
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EFT recipe
Step 1 : We fix the field content — swm

Step 2 : We fix the symmetries

Step 3 : We write an exhaustive list of allowed interactions
at a fixed order
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EFT recipe

Step 1 : We fix the field content — swm

Step 2 : We fix the symmetries —¥ SUQ), x SUB)x U(l)y

Step 3 : We write an exhaustive list of allowed interactions

at a fixed order
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Recipe of an

1 11 |
— l
A 1.1

EFT recipe

Step 1 : We fix the field content — swm

Step 2 : We fix the symmetries —¥ SUQ), x SUB)x U(l)y

Step 3 : We write an exhaustive list of allowed interactions

at a fixed order

—p gSMEFT OCZSM + Z 2 Ad 4 (d) "usual" in LHC analyses
d=5 i
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Recipe of an

1 11 |
— l
A 1.1

EFT recipe
Step 1 : We fix the field content — swm

Step 2 : We fix the symmetries —¥ SUQ), x SUB)x U(l)y

Step 3 : We write an exhaustive list of allowed interactions

at a fixed order

—p gSMEFT OCZSM + Z 2 Ad 4 (d) "usual" in LHC analyses
d=5 i

There are other assumptions that we can make! (e.g. for Step 2)
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Higgs Eftective |

“leld Theory
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~{fective Fleld Theory

HI1ggs .

H _ t H _ t
e o
H/ \\f . :
Ly pe << E~ Ayp
CF1 recipe

Step 1 : We ftix the field content

Step 2 : We fix the symmetries
Step 3 : We write an exhaustive

list of allowed interactions at
given order
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HI1ggs .

~{fective Fleld Theory

H\\\\ CiiHH ‘ He ... ‘
\\\\ \\\:\\ Y :
< r< HEFT relaxes the assumption that the
H- ; H™ t  physical Higgs boson & is part of a
SU(2); doublet
E < < E~A
LHC NP — Higgs properties
EFT recipe unconstrained by EWSB pattern

Step 1 : We ftix the field content

Step 2 : We fix the symmetries
Step 3 : We write an exhaustive

list of allowed interactions at
given order
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Higgs Eftective Field Theory
i .. GiHH ‘ H saooc ;
~ o \\'\\ X :
< «< HEFT relaxes the assumption that the
H- t H™ t  physical Higgs boson A is part of a
SU(2); doublet
E < < E~A
LHC NP — Higgs properties
EFT recipe unconstrained by EWSB pattern
Step 1 : We ftix the field content — single and multi-Higgs
Step 2 : We fix the symmetries couplings are decoupled

Step 3 : We write an exhaustive
list of allowed interactions at

given order
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Higgs Eftective Field Theory

H\\\\ CﬁHH t H\\\\ oooooo ‘
\\\\ \\\:\ X :
< -r< HEFT relaxes the assumption that the
H™ ; H™ t  physical Higgs boson & is part of a
SU(2); doublet
E < < E~A
LHC NP — Higgs properties
EFT recipe unconstrained by EWSB pattern
Step 1 : We ftix the field content — single and multi-Higgs
Step 2 : We fix the symmetries couplings are decoupled
Step 3 : We write an exhaustive
list of allowed interactions at h h? mz; '
given order ZHEFT 2 — mt(ctfH; + CiiHH ?)” — K/lz_vh
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Strategy and results

/ Exploit cross-section

dependance

\in 1L and ML channels/

' Reinterpretation

‘ ZLd|p) — ZL(d]o

Ciitirt ) ;
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Strategy and results

/ Exploit cross-section Y
| dependance ‘
\in 1L and ML channels/

Acceptance effects Shape variations
covered by 30% unc. on

signal yield

neglected (evaluated to
have a small impact)

Reinterpretation

ZL(d|p) —» L(d|o( o))
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Strategy and results

— o = . e - e N~ TS A N

ATLAS —— Combined | |

xploit cross-section \ 1 g VS5 =13/13.6TeV,140/56 0% " |
' d d “ | tHH AL + sSML SSML T
e pe naance % Observed

\in 1L and ML channels/

Combined:
95%: C¢tHH € [-3.9, 3.3]
68%: CttHH € [-2.5, 20]

Acceptance effects Shape variations
covered by 30% unc. on

signal yield

neglected (evaluated to
have a small impact)

CttHH

Almost flat likelihood 2260313113

(small degeneracy in ML channel)
— Not sensible to sign

Reinterpretation

L dIp) —> L o)

EXp. : c;yy € [—4.1,3.5] @ 95 % CL
Obs. : ¢,y € [-3.9, 3.3] @ 95% CL
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What effects do we need to take into account?

Events

Acceptance effects
covered by 30% unc. on
signal yield

30% is very conservative
Flat uncertainty for all values of ¢z I

Control region = Signal region

Adrien Gutierrez-Auriol - Top LHC France 2026

Fit Variable
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What effects do we need to take into account?

EV Nt Alt. reweighting Varie_lble 1 Varial_)le 2

Does the Shapes SIS rwalt® - nominal ~ mi‘H mi!

h : rwaltl mltr’;fH m{
ave dn Impa ct on rualt? mltrt“{-IH P,

the sensitivity? rwalt3 mePf

| rwalt4 m!HH ptH

$ rwalt5s m!tHH pal

. rwalt6 mff;\fl " py’

We tested 7 alternative N it

reweightings against no
shape variation

-

Shape variations
neglected (evaluated to
have a small impact)

At most 10% impact on 5% CL interval

Signal region
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Fit Variable
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Outlook of ATLAS analys1s

Obs

* First search for rtHH done by ATLAS

— Most stringent direct limits on ¢,

Adrien Gutierrez-Auriol - Top LHC France 2026

| Exp ﬂ S [ 4 1 3 5] @ 95 %CL ]
: Capy € [=3.9,3.3] @ 95%CL |
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Outlook of ATLAS analys1s

Obs

* First search for rtHH done by ATLAS

— Most stringent direct limits on ¢,

CMS rtHH

[CMS-PAS-HIG-23-004]

Obs. 95% CL limits on ¢z -8.0, 7.5]

Adrien Gutierrez-Auriol - Top LHC France 2026

| \ 3] 2 95 %CL _
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CMS ttHH analysis (1)

CMS-PAS-HIG-23-004

Events
o
~

O
=
~ 1
o
]
0

 Targets yy -
e Similar mode

- X with X € [b, W*, t*] with Run 2 data

ing strategy as ATLAS (MVA discriminant)

 Both ¢, and ¢,y probed (called resp. ¢, and k)

CMS Preliminary 138 fb~! (13 TeV)
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B Single H tt+X
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CMS ttHH analysis (2)

CMS-PAS-HIG-23-004

Limits on resonant production of CP-even heavy neutral scalar (H,) in

the context of type-ll 2HDM and heavy VLQ 7’ pair production in the
natural candidate to test HEFT vs. SMEFT

T' — tH final state
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| w
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S
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T mass (GeV)
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Outlook of ATLAS analys1s

Obs

* First search for rtHH done by ATLAS

— Most stringent direct limits on ¢,

CMS rtHH

[CMS-PAS-HIG-23-004]

Obs. 95% CL limits on ¢z -8.0, 7.5]
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Outlook of ATLAS analysis

EXp.

* First search for rtHH done by ATLAS

— Most stringent direct limits on ¢,

Obs. 95% CL limits on ¢z

CMS 1tHH ATLAS HH comb.

[CMS-PAS-HIG-23-004] [arXiv:2406.09971]

[-8.0, 7.5] -0.19, 0.7]

Adrien Gutierrez-Auriol - Top LHC France 2026

o € [—4.1,3.5] @ 95% CL |
’ Obs. : ¢y € [—3.9,3.3] @ 95%CL |

CMS HH comb.

[arXiv:2510.0/527]

-0.29, 0.59]

30
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Comparison with ggF - HH

g 0999909909909 H g 9000090009090, > ®-----————-
’ Kt (Ctth)
A O o A \/
H N
K K
Ctth, Chhh) Rt\Ctth
J 8888~ S ) H 9 9999999999999 < --(—-—-)----
(a) (b)
q q
R2v
V _ _ -
|%4 N
q q
(d)
g H g H
Cggh Chhh //,’// Cgghh /,/’/ Ctth,h//,’//
_______ .:/ - A -
H
g H g H g 0000000000000 ~
() (2) % (h)

Parametrised with more couplings
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Outlook of ATLAS analys1s

 Exp.ic,c[-41.35 @95%CL |
| Obs * Cap € [=3.9,3.3] @ 95%CL | ';

* First search for rtHH done by ATLAS

— Most stringent direct limits on ¢,

 ggF more sensitive, but parametrised with two additional Higgs-gluon couplings : CooH and CooHH

— In ttHH, these enter at higher loop order

— More challenging in ggF unless further assumptions imposed

CMS itHH ATLAS HH comb. CMS HH comb.
[CMS-PAS-HIG-23-004] [arXiv:2406.09971] [arXiv:2510.07527]
Obs. 95% CL limits on ¢,y [-8.0, 7.5] -0.19, 0.7] -0.29, 0.59]

Adrien Gutierrez-Auriol - Top LHC France 2026
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Conclusion and prospects

ttHH is promising but still limited
— Importance of multi-top processes such as ttt, (tH

— Factor ~2 of size of 95%CL interval by the end of Run 4
ATLAS internal studies ongoing

Adrien Gutierrez-Auriol - Top LHC France 2026
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Conclusion and prospects

ttHH is promising but still limited
— Importance of multi-top processes such as ttt, (tH

— Factor ~2 of size of 95%CL interval by the end of Run 4
ATLAS internal studies ongoing

Still a lot of room for improvement
— Combinations, between analysis, and between experiments
— Higher order effets to be taken into account (running of the coefts)

— Designing analysis specifically for EFT

Adrien Gutierrez-Auriol - Top LHC France 2026
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Conclusion and prospects

ttHH is promising but still limited
— Importance of multi-top processes such as tftf, ttH

— Factor ~2 of size of 95%CL interval by the end of Run 4
ATLAS internal studies ongoing

Still a lot of room for improvement
— Combinations, between analysis, and between experiments
— Higher order effets to be taken into account (running of the coefts)

— Designing analysis specifically for EFT

=173.1 GeV/c?

HEFT vs. "traditional” SMEFT interpretion when relevant 2 y

What UV model have different predictions in both frameworks? g

top

=124.97 GeVi/c?
0

o H
higgs
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Conclusion and prospects

ttHH is promising but still limited

— Importance of multi-top processes such as tftf, ttH

— Factor ~2 of size of 95%CL interval by the end of Run 4
ATLAS internal studies ongoing

Still a lot of room for improvement
— Combinations, between analysis, and between experiments
— Higher order effets to be taken into account (running of the coefts)

— Designing analysis specifically for EFT

HEFT vs. "traditional” SMEFT interpretion when relevant

What UV model have different predictions in both frameworks?

‘Top and Higgs sectors are promissing probes |
'for exploring EWSB + connexion to heavy NP |

Adrien Gutierrez-Auriol - Top LHC France 2026
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Backup




Single-lepton channel

Single lepton from W and > 4 b-tagged jets

ATLAS

EXPERIMENT

Run: 438481

Dominant background : tf + jets Bvent: 55008163

2022-11-01 20:37:11 CEST

Signal / Background split by jet-multiplicity

Variable Description
. (pr.n, ¢, E) Kinematic variables of the object, 1.e. transverse momentum,
Flt fI’O Mm a G N N Score pseudorapidity, azimuthal angle, and energy.
WGN2 GN201 b-tagging pseudo-continuous score for identifying jets.
Non-jet objects are assigned a value of zero.
qLep. Charge of the object. Non-lepton objects are assigned a value of
ZEero.

(isJet, isLep, s MET) Boolean flags indicating the object type: jet, lepton, or missing
transverse energy.

Adrien Gutierrez-Auriol - Top LHC France 2026 38



1L

Events

data - bkg.

3500}
3000}
2500
2000;
1500;

1000

500

| ¢ Data tt+ =c/l

- ATLAS o tt+1b tEX(+X)
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Same-sign multi-lepton channel

' N\

\\
g‘ s
»

e

3
@

ATLAS

EXPERIMENT

Dominant irreducible backgrounds : ans 100 s
titW and tttt normalization

5

> 2 b-tagged jets -

> 2 same-sign leptons from top and Higgs /

Variable Description

Event-level

Channel which suffers a lot from e mbere e
Np—jets Number of b-tagged jets
5 Niepton Number of leptons
1N St I U M e N ta b a C |< rO U N d S . Hry The scalar sum of the transverse momenta of the leptons and jets
in an event.
. . o : MET Transverse energy of the missing momentum vector.
— C h a rg e mi S | d e nt | fl Catl O n MET_PHI Azimuthal angle of the missing momentum vector.
1 1 Object-level
— Fa ke | E pto NS fro m H F d = Cays or (pr>m, @) Kinematic variables of the object, i.e. transverse momentum,
. pseudorapidity, and azimuthal angle.
p h OtO N conversions WGN2 GN201 b-tagging pseudo-continuous score for identifying jets.
i . . Non-jet objects are assigned a value of zero.
I.€. P h otons Wh I Ch / 00 /< / I ke / e p ton qLep. Charge of the object. Non-lepton objects are assigned a value of
Zero.

(isJet, isElectron, isMuon) Boolean flags indicating the object type: jet, electron, or muon.
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Run 2 C.

R distributions
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Run 3 C.

R distributions
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Expected likelihood for -

T

FT it
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10
<
fa ATLAS Combined
oY
| VS=13/13.6TeV,140/56 671 1L _'
tEHH 1L + SSML SSML
Expected (SM)
6 \ . / |
I \ Combined: /
\\ 95%: CttHH € [-4.0, 35]
! \\ 68%: CttHH € [-2.7, 2.2] II |
4l 95% CL _
_____________ S Y A A ettt
2 L _
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= &
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HEFT vs. SM.

[arXiv:2511.23410]

-1 power counting

L1

Loop expansion
SMEFT  HEFT

NNLO

NLO

EFT expansion
LO NLO NNLO

SMEFT power counting keeps EFT independent of loop expansion

HEFT power counting counts loops, so one is constrained on the diagonal
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https://arxiv.org/abs/2511.23410

HEFT vs. 5OM.

L1

-1 power counting

c©® c®
Lagrangian: ZEpT = ZgMm ZF@’@ ZFQ@
Eventrates: OEFT ~ |Mlgy + Mo + Moo + Mg + --- |
One d=6 Two d=6 One d=8
SM One d=6 Two d=6 One d=8

A +| M| Re(Mys - Ms\) — +Re( My - Mgy
A0 +Re(M g6 M) +Re( My - M)
2
A-S Moo | Mg P +Re( My - M)
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HEFT vs. 5OM.

Lagrangian: ZET = <M Zi_@(6) Zi_@(S)

L1

-1 power counting

(6 -®)

A2 X

l l

Eventrates: CEFT ~ |Mg\ + Mg + Moo + Mg + - \2

One d=6 Two d=6 One d=8

SM One d=6 Two d=6 One d=8

ESI\/IEF linear d=6

tRe(Meg- M) +Re( Mg - M)
+‘%6+6‘2

+|%8‘2+Re(%8 M)
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HEFT vs. bOM.

-1 power counting

L1

Ci(6) Ci(8)
Lagrangian; gEFT — gSM 1 ZFGEQ ZF@?)
Eventrates: OEFT ~ |l + Mo + Moo + Mg + - \2
One d=6 Two d=6 One d=8
SM One d=6 Two d=6 One d=8

A0 f o~ | Mg\ 17 |SMEFT linear d=6

A2 +Re(Me - M\y)

A ) +Re(Mo M\ +Re(My - M)

A_6 SMEF__ +Re(%6+6 y %6) +Re(%8 4 ﬂ6)
inear+quad d=6

+‘%8‘2+Re(%8 M)
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HEFT vs. bOM.

-1 power counting

L1

Ci(6) Ci(8)
Lagrangian; gEFT — gSM 1 ZFGEQ ZF@?)
Eventrates: OEFT ~ |l + Mo + Moo + Mg + - \2
One d=6 Two d=6 One d=8
SM One d=6 Two d=6 One d=8

A0 f o~ | Mg\ 17 |SMEFT linear d=6

A2 +Re(Mg - Mcp)

A_6 SMEF__ +Re(%6+6 y %6) +Re(ﬂ8 4 ﬂ6)
inear+quad d=6

+‘%8‘2+Re(%8 M)
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sl
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Lagrangian: ZET = Zspm + ZF@@ ZF@Z(S)

1
—
4 1

'l vs OM.

-1 power counting

(3)

L1

(6)

l l

Eventrates: CEFT ~ |Mg\ + Mg + Moo + Mg + - \2
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Results on signal stength

—e— Observed limit
ATLAS ---- Expected limit
V5 =13/136TeV, 140/56 fb~* Expected limit =20
) _ Expected limit 10
ttHH 1L + SSML + bbyy
Obs EXp. e No excess observed
' (MtinH = 0)

- | | o o I
bbyy i - o 95% CL Upper Limits :
SSMLF 1 40 38

5 e Most stringent limits to date
1Lr 7 26 29
Combined * i 20 o
10’ 10° -

95% CL upper limit on Usqn
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Signal strength results split by channels

—o— (bserved limit
ATLAS ---- Expected limit
VS =13/136TeV, 140/56 fb~? Expected limit =20
) _ Expected limit 10
ttHH 1L + SSML + bbyy EXp.
e Obs.  (uan=0) _
Run 2 SSML}| ¢ 55 45
Run 2 1L ¢ | 31 37
Run 2 1L + SSMLF 29 o8
} . e 1L and ML are the most
Run 3 SSML ¢ | 51 64 L b ‘
Run 3 1L~ + - 50 sensitive channels
Run 3 1L + SSML} ¢ 36 39
bbyyr + 75 79
SSML} 4 40 38
1L + i 26 29
1L + SSML + bbyy 9 | - 20 21
10’ 10°

95% CL upper limit on Uiy
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FT modelling

L L.

Aparte ;.

Sample simulation is expensive
in € intime, and in COZ2
— we need a way to save ressources while covering the most out of the phase space

1. Generate tfHH events at parton level (~ free)

' 2. Do it for multiple values of ¢,

' 3a. Save the ratio of kinematic information
' 3b. Save the evolution of cross-section

“ 4. Reapply it back to the fully simulated sample

Pros : Cons :

t's cheap! How can we be sure that we capture well the
dependances for the variable we fit?

We can't, but we can estimate that the effect is ~small

Adrien Gutierrez-Auriol - Top LHC France 2026
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F1rst

Cross Section Ratio

-Wwe need a model!

 Modification of the SM Lagrangian with additional vertices ¢z, C71 K

e |Implemented by M. Ryczkowski & R. Groeber using FeynRules UFO model
format. Can be found on github.com/Ryczek/CttHH

e Model validated against SMEFT using SMEFIsim with internal studies

Cross Section Ratio as a Function of CttHH 3 V 3 | V 2 v 2

1.0050 - ==1 ¥=1 C.z a C C C
—— SMEFT / HEFT ttHH uH ! o) H 2 HD
1.0025 - 2\/§A2mt A 4A
1.0000 - Vz Vz 3
0.9975 A A mH 4
0.9950 - VZ VS
0.9925 - CIZTH = 1 A2 (CH 4 CHD) CMH
\/5 A?m,
| arXiv:2304.01968

— Agreement at ~1% level
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https://github.com/Ryczek/CttHH
https://arxiv.org/abs/2304.01968

A prope for HEFT vs. SMEFT
_‘ 33 | \/2:. ........ V2 e,
S an T AT AN
P2 pEe e Fpeesasens
Crpp = e (2m—52(:H + 3y 4'-CHD)
2 R
Cig = 1 A2 (cy 4 Crp) ~Cur

arXiv:2304.01968

Connects HEFT and SMEFT in ttHH
In SMEFT, ttHH and ttH processes are bound together

HEFT provides a way to decorellate them and study the Higgs mechanism
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Cross-section dependance

Cross Section as a Function of CttHH .
0.016 e Quadratic dependance — Expected

~ Quadratic fit: y = 1.38e-03x* + 7.35e-04x + 7.51e-04
0.014 - X* = 5.62e-08

0.012 -

O
o
—
o

0.008 -

Cross Section [pb]

0.006 A

0.004 A

0.002 -

0.000 1— . ' - . - : This also tells us that the cross-terms are small wrt.
CttHH quad. terms
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How to extract the most kin. information?

M, — optimal as long as phase-space is ~comparable
Ideally .o~ not trivial as we proble heavy-mass

M gsm — but require to define the Wilson coefficient space to be probed

i.e. you need to know your plan in advance
no modifications a posteriori

Not possible as no HEFT model existed at the time!
Instead we can take a sensitive distribution

/-.\0.045 — oo rrrreprrerp . ’-.\ 0.09 - T 1 L T 1 T 1 T 1 | T | L | T 1 T 1 T 1
% : . % - : HEFT (CttHH = 0)
£ 0.04 E_ E 0.08 E_ :HEFT(CttHH=1) E
50.035 - %) 0.07 - | HEFT (CttHH = 2) E
Q) - O) - o
o 0.03 o 0.06
o - Y :
NO0.025 N 0.05F
I 5 (%) -
g 002 ¢ 004
> C > C
H0.015 + L 0.03 F
0.01F 0.02 |
0.005 F J 0.01F
O - 1 1 1 1 | | | | 1 1 1 1 | |||||| | o 0 - 1 1 1 | 1 1 0l | | | | 1 1 1 | | | | 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000 0O 200 400 600 800 100012001400160018002000
mttHH [GeV] mttbar [GeV]

inv. inv.

Or even better...
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How to extract the most kin. information?

%SM — optimal as long as phase-space is ~comparable
Ideally ; not trivial as we proble heavy-mass

/%BSM — but require to define the Wilson coefficient space to be probed

i.e. you need to know your plan in advance
no modifications a posteriori

Not possible as no HEFT model existed at the time!

We can take a 2D distribution:
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answers this question in the context of ggF diHiggs
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https://arxiv.org/abs/2502.20976v2

P0ssiple Improvements

We set limits on Wilson coefticients at a given scale

Wilson coefficient [TeV 2]
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Effect of running? “levetnc

In effective theories : operators mixing depends on A

Running in SMEFT

Negligible operators could become
~important at higher scale

ggF educated: c_tth=1, c_tthh=0.7 @1 TeV

o
(o)
I A 1 1 1

] —®— Cetnn(p)
: —W— Ceenl(u)

 From SMEFT implementation of RGEs

renormalization group eqgs

e Educated guess ~ limits from ggF at typical LHC scale
~30% at 2 TeV

e Subdominant for now, what about in the future?

e Other operators that could become important at

lllllllllllllllllllllllllllllllll

1.0 1.2 1.4 1.6
Renormalization scale u [TeV]

higher scale

s this running valid? — proper implementation of HEFT running needed

probably not
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