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Introduction

» Effective Field Theories (EFTs) can be used to parametrize BSM physics at energy scales above the
range of the LHC

// What is seen in a lot of
analyses:

| * BSM physics leads to
deviations in the tales of
the distributions




Introduction

» Effective Field Theories (EFTs) can be used to parametrize BSM physics at energy scales above the
range of the LHC

 Full Run 2 di-Higgs ATLAS analyses included EFT interpretations for di-Higgs searches for the
first time!



Introduction

Effective Field Theories (EFTs) can be used to parametrize BSM physics at energy scales above the
range of the LHC

Full Run 2 di-Higgs ATLAS analyses included EFT interpretations for di-Higgs searches for the
first time!

What can be seen for di-Higgs
» EFT effects are not only visible in the tails of the mi;;; distribution

» Can lead to enhancements at lower as well as higher m values
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Comparison HEFT and SMEFT

* Two different EFT parameterizations are considered in di-Higgs searches
 SM effective field theory (SMEFT)
 Higgs effective field theory (HEFT)



Comparison HEFT and SMEFT

 [wo different EFT parameterizations are considered in di-Higgs searches
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 [wo different EFT parameterizations are considered in di-Higgs searches

SMEFT

// « BSM physics is described by an effective
Lagrangian
~(6) (8)
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LsMmeEFT = Lsm + Z /;2 OZ@ + Z ﬁ

O + ...

| » Preserves the SM SU~(3) X SU2); X U(1)y

symmetry
 Higgs boson is in a doublet
' Operators can affect multiple vertices at the same
time
 Couplings of single Higgs bosons and Higgs
boson pairs to fermions and gluons are

\\ correlated

_} More useful for combinations with other
ATLAS analyses
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//- Organization of the HEFT Lagrangian is guided by
chiral perturbation theory
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* Nonlinear realization of the gauge symmetry groups |
SUR), x U(l)y

- * Higgs boson is in a singlet

|+« One-to-one relations between operators and

effective interactions

* Couplings of single Higgs bosons and Higgs
boson pairs to fermions and gluons are

\\ uncorrelated

== Simplified HH interpretations



EFT Analyses

« ATLAS analyses (SMEFT and HEFT ):
« HH — bbbb (Phys. Rev. D 108 (2023) 052003)
. (Phys. Rev. D 110 (2024) 032012) bb
. (JHEP 01 (2024) 066)

bb WW TT /7 YY

WW 25% 4.6%

1T

L7

YY

The three golden channels of di-Higgs:
bbbb: Large statistics but difficult multijet background
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Phys. Rev. D 108 (2023) 052003
JHEP 01 (2024) 066
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ATLAS analyses
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Large statistics, difficult background

In total 20 regions
e ggF vs. VBF
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ATLAS analyses

Large statistics, difficult background

In total 20 regions
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EFT Analyses

« ATLAS analyses (SMEFT and HEFT ): b WW
v TT L/ YY
« HH — bbbb (Phys. Rev. D 108 (2023) 052003)
. (Phys. Rev. D 110 (2024) 032012) bb
. (JHEP 01 (2024) 066)
WW 25% 4.6%
TT
e ATLAS combinations (HEFT) 77
« HH — (bbyy + bbtr) combination
(ATL-PHYS-PUB-2022-019) i
« HH combination (Phys. Rev. Lett. 133 (2024) 101801)
« Use the bbbb, and channel The three golden channels of di-Higgs:

bbbb: Large statistics but difficult multijet background
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Difference to the main analysis

* Only the ggF production mode is considered

* VVBF production mode is ignored
 Much smaller cross-section
 Not sensitive to most of the considered operators in HEFT
 (Cancellations between the VHH and VVHH vertices in SMEFT



https://link.aps.org/doi/10.1103/PhysRevD.108.052003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.032012
https://link.springer.com/article/10.1007/JHEP01(2024)066
http://cds.cern.ch/record/2806411
https://arxiv.org/abs/2406.09971

EFT predictions from Monte-Carlo

* Predictions for different EFT scenarios are obtained by using an event-level
reweighting technique based on the myy distribution with the SM ggF sample

» The inclusive and differential HH production cross section for a set of Wilson
coefficients can be parametrized with a polynomial

» The coefficients A can be determined by generating a set of truth-level MC
samples

 With the polynomials weights are defined that allow to reweight the SM ggF
events to any wanted combination of the Wilson coefficients

 Amplitudes for SMEFT

« bbbb : Madgraph samples at LO using the SMEFT@NLO model
additional k-Factors are applied to account for NLO effects

e bbyy,bbtt :Powheg samples at NLO using the SMEFT@NLO model

« Amplitudes for HEFT
 Amplitudes are taken from literature (NLO) (bbbb, bbyy/bbtautau)

« bbrt additionally uses a linear combination method based on six (SMEFT) or ten
(HEFT) reco-level base samples produced with Powheg

20

NLO

Ohh (Chhh7 Cthh, CtthhyCggh s nghh)

= Poly(c, A)

= Aicipp + Aacing, + (Asciyy, + A4C§gh)cihh

+ A5 gnn + (AsCunn + Arcinnchnn)Cing,

+ (Ascenncnnn + AoCognhChnn)Ctthh + A10CthhCoghh
+ (A11cggnChnn + A12Cggnn ) Cony,

+ (A13ChhhCggh + A14Cgghh)CthhChih

+ A15C91CaghhChivh + A16CiH1Cagh

+ A17CihnCrthiCagh + A18CthhCogh Chhh

+ A19CthhCyghCaghh + A20CinKCogn

2 3
+ A21CttnnChgn + A22C, 41 Chinh

2

dO‘NLO

p— (Chhh, Cthhs Ctthhy Cgghs Cgghh) = Poly(c, dA|mpp)
POly(C7 dA’mhh)

WHEFT =

Poly(csm, dA|mpp)


https://arxiv.org/abs/1806.05162
https://cds.cern.ch/record/2843280/files/LHCHWG-2022-004_2.pdf
https://cds.cern.ch/record/2843280/files/LHCHWG-2022-004_2.pdf
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Comparison HEFT and SMEFT

 [wo different EFT parameterizations are considered in di-Higgs searches

o - SMEFT | | HEFT |

[+ BSM physics is described by an effective \ |+ Organization of the HEFT Lagrangian is guided by

Lagrangian | chiral perturbation theory

6(6) (6) 6(8) (8) \ : h h? h h?

»CSMEFT — »CSM + Z ;\2 Oz + Z ﬁ@z -+ ... & LuprT = _Chhh%hg — My <Ctth; + Ctthhﬁ) tt + g (ngh; + nghhﬁ) G, G
’  Preserves the SM SUA(3) X SU(2); X U(1)y ‘ * Nonlinear realization of the gauge symmetry groups
l symmetry * SU2), x U(1),
e Higgs boson is in a doublet » Higgs boson is in a singlet
 Operators can affect multiple vertices at the same i -~ One-to-one relations between operators and
' time | effective interactions
- * Couplings of single Higgs bosons and Higgs | « Couplings of single Higgs bosons and Higgs
boson pairs to fermions and gluons are J} boson pairs to fermions and gluons are
\ correlated - K\ uncorrelated

_’ More useful for combinations with other

Simplified HH interpretations
ATLAS analyses
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% SMEFT
// * BSM physics is described by an effective \ * Run-2 di-Higgs analyses looked at dim-6 operators
Lagrangian |
s \6) A &) | e« contributions from both the linear and the
r —r _I_Z i 0(6)_|_Z 7 0(8)_|_ | ) . . o .
SMEFL = &SM T 2, A2 i A4 w quadratic terms in the Wilson coefficient expansion
- : - are considered
| » Preserves the SM SU~(3) X SU2); X U(1)y
symmetry | - EFT effects on the single Higgs background are
j . CH)lggstbos.on IS |?fa f{:loul?tlletI X - w included
 Operators can affect multiple vertices at the same |
e P W . bbyy, bbrr :include EFT effects e.g with
» Couplings of single Higgs bosons and Higgs ' reweighting technique using p(H)
boson pairs to fermions and gluons are | « bbbb . EFT effects automatically included

\\ correlated
_} More useful for combinations with other
ATLAS analyses

in data driven background estimation
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SMEFT in di-Higgs

Basis
- top EW
* Probe operators of the Warsaw basis 4 b )
» Basis provides a complete set of dim-6 operators - Xy
 Used in a broad set of different ATLAS analyses (Cus | | (T Cown Con  Ch C()\ gm
. . — CHW 3 1 H}Q tW
* single-Higgs, 17, . etc. C . Cue Cui Cul | o || o
. C$) O Cuu Cu) || o
o | S EWPO |
e « Cyi 0% Ch. Ci,
Cor G 6 €
C tt |
k HO ‘ —
H
CH 1IJaS
Adapted from JHEP04(2021)279
Wilson Coeflicient Operator
CH (H'H)’
Crro (H'HYo(H"H)
C (H'H)(QH!1)
A
CHG H'HG,,G!”
i (QO"WTAt)HGﬁv
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SMEFT in di-Higgs

Basis
* Probe operators of the Warsaw basis

* Basis provides a complete set of dim-6 operators
 Used in a broad set of different ATLAS analyses

 single-Higgs, 17, , etc.
SMEFT in di-Higgs

* Five operators relevant for di-Higgs:

Chy —  Unique sensitivity from di-Higgs
affects the Higgs-self coupling
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Wilson Coeflicient Operator
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SMEFT in di-Higgs

Basis

* Probe operators of the Warsaw basis
* Basis provides a complete set of dim-6 operators
 Used in a broad set of different ATLAS analyses

 single-Higgs, 17, , etc.

SMEFT in di-Higgs
* Five operators relevant for di-Higgs:

Chy —>  Unique sensitivity from di-Higgs
affects the Higgs-self coupling

CH ) Also affect single Higgs production
C.1y affect e.g the interaction of the Higgs boson to top

! > quarks or lead to new effective Higgs-gluon interactions
CHG
C 9 \2000000990999% H g 0099999999990 H g

ZG j CH CHG

A ———H———O: A
9 2000000009000 H 9 9920999909909 Ty
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l: Ctd _Ctu th

tt J
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Wilson Coeflicient Operator
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SMEFT in di-Higgs

Basis
] top EW
* Probe operators of the Warsaw basis g O R
* Basis provides a complete set of dim-6 operators - ~
* Used in a broad set of different ATLAS analyses (Cun [ | (T Co Co C. R e
| | _ O . 5 | Cua || Cw
e single-Higgs, 17, etc. c . Cue Cui Cui | o || o
o O Cfhy Cuu Cha J o
s AR
SMEFT in di-Higgs Cor | - . %
* Five operators relevant for di-Higgs: Crne Co Cgy O3 Cau Cou
Con Co'C, C:. C°
CH \ \ GHD tt JJ
S Probed by c. Higgs
ch bbyy and bbtt Adapted from
/ > Probed by
CiH bbbb Wilson Coefficient Operator
CHG CH (H'H)
- Chn (H'H)o(H'H)
(G ) Cp (H'H)(QH?1)
CHG H'HG,,G!”
i (QO"WTAt)HGﬁv
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SMEFT results

e 1D constraints are set on the individual Wilson

C : : . : Wil fficient lysis  95% CL Ob d 95% CL E ted
coefficients while all other Wilson coefficients are fixed [P0 cocTlelt anaveR PR serve 0 CL Expecte

to zero (SM value) oo -2, 1 20, 11
CH bby -14.4, 6.2] -16.8, 9.7]
* Cy bbTT -19.4, 10.0] 119.1, 8.6
 First limits on ¢y from ATLAS analyses bbbb 8.9, 14.5] 9.3, 13.9)
T -9. : -12.4. 13.
» Best sensitivity from bbyy e ZZW [[19246’ 110122] [[85’11317]]
TT -14.0, . I .

° CH
» Best expected limits from bbtt

» Best observed limits from bbyy

Wilson coefficient analysis 95% CL Observed 95% CL Expected

- : : -0.067, 0.060 -0.056, 0.049

« bbbb additionally sets constraints on the Wilson HG -0-067, 0.060] | |
o Com bbbb -10.7, 6.2] -10.0, 6.4]
coefticients CtHr C1Gr CHG Coc -1.12, 1.15] -0.97, 0.94]
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SMEFT results

« Additionally 2D limits in the (¢, c—) parameter space were set by the analyses

 All other Wilson coefficients are fixed to zero (SM value)
 No deviation from the SM found

bbbb bbyy bbrr

E | | | | | | | E _| | I | | | | | | | | | | | | I | | | | I | | | | | OE 50 :I_ . _:

S 50— ATLAS —— Observed Limit (95% CL) — o 60 - ATLAS —— Observed 68% CL ] = ATLAS EXp 68% CL 3

ol VS =13 TeV, 126 fb”o I A xpected Limtt (35% GL) L VS =13 TeV, 140 fo-" ——- Observed 95%CL - 40 s =13 TeV, 140 b’ g’ép %580/; %IL E

I Cy=U.0, Cig=0.0, Cxyg=U. Expected Limit 10 ] : HH - bBYY Expected 68% CL : — N — S. % .

Expected Limit +20 40+ Expected 95% CL — 30 :_ HH bbr*e === 0Obs. 95% CL _:

30— % SM Prediction - - & Bestfit T - J= Obs. best fit ]

i ¥ SM prediction | 20 - B

o a 20 . 10E 3

10— —] i i g g

)= — O —

= — i : - -

B n —1 0 __ -

10— _ -20 — o - ]

[ _ -20 -

20 — i ] - ]

—40 - _230E -

| | | | | | | | N T T T T 30 oo b v b v b v b b by 1

030 20 -0 0 10 20 30 -30 —20 —10 0 10 20 40 -30 -20 -10 0 10 20
CH CH

CH

Additional 2D limits in the (cy, ¢,5),
(cy, cgy) and (cy, ¢,;) parameters

space from bbbb in backup
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Comparison HEFT and SMEFT

Two different EFT parameterizations are considered in di-Higgs searches

SMEFT

w—

BSM physics is described by an effective
Lagrangian

i (6) o (8)
O, +Z 0.7 + ...

LsmerT = Lsm + Z A2 A

Preserves the SM SU(3) X SU(2); X U(1)y
symmetry
Higgs boson is in a doublet
Operators can affect multiple vertices at the same
time

 Couplings of single Higgs bosons and Higgs

boson pairs to fermions and gluons are
correlated

More useful for combinations with other
ATLAS analyses

A
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HEFT

Organization of the HEFT Lagrangian is guided by
chiral perturbation theory I

|
2 2 9 \
My 3 h h*\ . as h h o
LHEFT = _Chhhgh — My (Ctth; + Ctthhﬁ) it + 8—7T (ngh; + nghhﬁ GMMG e .
|
\

1 * Nonlinear realization of the gauge symmetry groups
SU2), x U()y
 Higgs boson is in a singlet |

; * One-to-one relations between operators and ;
| effective interactions |
« Couplings of single Higgs bosons and Higgs ‘
boson pairs to fermions and gluons are J

—} Simplified HH interpretations



HEFT

* Besides the individual analyses also the di-Higgs
combination performed HEFT interpretations

e Focus will be on the combination results

 EFT effects on the single Higgs background are
not included

 Most interesting operators for di-Higgs not
affected by single Higgs at tree level
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HEFT

- B —

=

* Organization of the HEFT Lagrangian is guided by )
chiral perturbation theory

4

- i

2 h h? h h?

m — as
LHEFT = —Chih—2h® —my | coun— + counn— | tt + == [ cogn— + coonn— | G,,,,G*H t
QU U 12 8t \ 99"y JINL 2 il f

|« Nonlinear realization of the gauge symmetry groups
SU2), x U(l)y w,
~ * Higgs boson is in a singlet

;  One-to-one relations between operators and |

|  effective interactions ‘
‘\

| « Couplings of single Higgs bosons and Higgs |
boson pairs to fermions and gluons are

\__ uncorrelated

—p

Simplified HH interpretations



HEFT in di-Higgs

 ggF production mode described by five relevant operators and their associated Wilson coefficients:

m h h _ Qs h h y
LHEFT = —Chth—thg — My <Ctth; + Ctthh;) tt S (ngh; T ngﬂzhﬁ) GG

Kx ~_
g 9999999999990 ~ (Chhh> ) q

H 9 9999999999999 «—O0--—-—-—-"———-

‘\ \\ /////
SM A o A \

g H g 0999099909990 ~ ) .
Cggh Chhh -~ \l\ ’//// Cgghh .-~
BSM o A : :
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HEFT in di-Higgs

 ggF production mode described by five relevant operators and their associated Wilson coefficients:

2 2 5
m h h _ og h h
LHEFT = _Chth—thS — My (Ctth; + Ctthh ﬁ) tt o (ngh; + Cgghh ﬁ) GWGO"W

Trilinear Higgs coupling
equivalent to k;

9 9099999999999 S H \

SM A Y
g 9099299999999 4“—0---------- H
H g H
Cgghh //////
BSM
H g H
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HEFT in di-Higgs

 ggF production mode described by five relevant operators and their associated Wilson coefficients:

2 2 2
_ My 53 h T s h h Q, UV
LHEFT = —Chhh 5 h® —my ( — + Ctthh_> b+ o (ngh; + nghhﬁ) G,.G

Trilinear Higgs coupling
equivalent to k;

/ e ——————————
;" g 2999999992999
| \\
SM | A

-
-
-~
-

-
o’
~

H >

~
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HEFT in di-Higgs

 ggF production mode described by five relevant operators and their associated Wilson coefficients:

2 2 2
m h h _ Qs h h _—
LHEFT = —Chhhz—yhhg — My (Ctth; + ﬁ) tt S (ngh; + nghhﬁ) GMMG -

Trilinear Higgs coupling
equivalent to k;

SM

Cgghh PN -

BSM
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HEFT in di-Higgs

 ggF production mode described by five relevant operators and their associated Wilson coefficients:

2 2 2
m h h _ Qs h h I
LHEFT = —Chhh o h® —my <Ctth— + Ctthh_> tt A 3 (ngh_ T nghh_) GMMG *

2U V V2 T v V2
Trilinear Higgs coupling Effective coupling
equivalent to k; single Higgs to gluons
g 9999999999999 > @---------- H \
SM A Y

g 9999999999999 +«—Q---------- H

H Y H
nghh///////
BSM /

H 9 H
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HEFT in di-Higgs

 ggF production mode described by five relevant operators and their associated Wilson coefficients:

2 2 2
m h h _ Qg h h _—
LHEFT = —Chhh o h® — my <Ctth_ + Ctthh_> tt - (ngh— T ) GG

2v v V2 8 v V2
Trilinear Higgs coupling Effective coupling Effective coupling
equivalent to single Higgs to gluons  two Higgs to gluons

H 9 9999999999999 «—O0---—-—--—--

g L H 9 0009090909999 .
Cggh Chhh,////// \\\\\\\\\\\\ ///////
BSM ° A -
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HEF I results

» For HEFT seven benchmark points in the five Wilson coefficients ¢, Cyyp» Coopy Coonns Cinp @re defined

« Benchmark points are chosen to describe representative 1, shapes features
 Selected by theorists using cluster analysis

 Point1, 2, 3, 6: softer myy spectrum
« Point4,5,7 : harder my spectrum
« bbbb, bbyy, bbtt and the di-Higgs combination set 95% CL upper limits on these benchmarks

%0_25_""I""I""I""I""I""I""I""I'_ %0_25_""I""I'"'I""I""I""I""I""I'_
© " ATLAS Simulation Preliminary [ sm © " ATLAS Simulation Preliminary [ sm
Benchmark  cppn € Cggh Coghh Crthh } o.2f— s =13Tev B Em; } o.2f— Is=13Tev B Em:
SM 1.00 1.00 0 0 0 > BM3 > BM6 |
1 511 110 0 0 0 2 .15 : 2 o.15- oM
2 6.84 1.03 -1/3 0 1/6 -
3 221 1.05 1/2 1/2 -1/3 o1 N o1
4 279 090 -1/3 -1/2 -1/6 L L ] I
5 395 1.17 1/6 -1/2 -1/3 0_05—_|_ Jﬁ_LLLLh B Tosl
6 —-0.68 0.90 1/2 1/4 -1/6 [ 1 ] I
7 —-0.10 0.94 1/6 —-1/6 1 o:' jlkﬁtjbﬁ_@m:ﬁ LB -
200 300 400 500 600 700 800 900 1000 200 300 400 500 600 700 800 900 1000
m,,, [GeV] m,,, [GeV]
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HEF I results

e 95% CL upper limits from the combination

 EXxpected sensitivity from the different analyses
s bbbb : more sensitive to harder my;;; spectra

v bbyy : more sensitive to softer m,,,, spectra

0 bbtt : best expected sensitivity for most benchmark points
observed sensitive worse due to excess in data

* A specific benchmark point is excluded if the observed limits (e)
on the cross-section is smaller than the theory prediction (=)

e Benchmarks 3, 4, 5 and 7 are excluded
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OggrF(HH) [f0O]
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“ATLAS

A

e Observed limit (95% CL) —
N Expected limit (95% CL) -
| HH - bbT™* T~ + bbyy + bbbb mmm Expected limit +10 -
- 1 Expected limit +20 n

+ Theory prediction

; A A Exp. bbbb E
_ ° a ]
B v vV Exp. bbyy i
A © s O Exp.bbtrt™
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SM 1 2 3 4 S 6 /
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-18/

* A specific benchmark point is excluded if the observed limits (e)
on the cross-section is smaller than the theory prediction (=)

HEF I results

95% CL upper limits from the combination

Expected sensitivity from the different analyses
s bbbb : more sensitive to harder my;;; spectra

v bbyy : more sensitive to softer m,,,, spectra

0 bbtt : best expected sensitivity for most benchmark points
observed sensitive worse due to excess in data

e Benchmarks 3, 4, 5 and 7 are excluded

* However: this does not mean that the full shape that is

represented by the benchmark point is excluded!
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HEF I results

95% CL upper limits from the combination

o) | T
sy n . ‘4;104_— ® Ob dl t (95% C —
 Expected sensitivity from the different analyses = V{T’-AS | et it (55, OL). -
Vs =13 TeV, 126—140 fb~ o : N
. T - R ) o (UHH =0 hypothesis)
s bbbb : more sensitive to harder my;;; spectra T [HH-bbT* T~ +bbyy+bbbb = Expected limit +10
"y D% - 1 Expected limit +20
v bbyy : more sensitive to softer m,,,, spectra ool . +  Theorypredicon
0 bbrt : best expected sensitivity for most benchmark points f . o Exp.bbbb -
observed sensitive worse due to excess in data : N e
-8, , =
e N . . TN S A I
* A specific benchmark point is excluded if the observed limits (o) : o B B B e
on the cross-section is smaller than the theory prediction (=) . . ° o
e Benchmarks 3, 4, 5 and 7 are excluded
* However: this does not mean that the full shape thatis g O —y————2 3 4 5 & 7
represented by the benchmark point is excluded! o Benchmark point

Especially the two benchmark points with the softest mi; * *
spectrum (BM 1 and 2) lead to weaker constraints
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» Analyses set 1D limits on the Wilson coefficients ¢,;,, and C,,p,

 di-Higgs has a unique sensitivity to these operators at LO
 Other Wilson coefficients are fixed to their SM value

e One for Chihs Ctth

o Zerofor Cyop, Copppy @ANA Cpyyyy

 Best limits from the di-Higgs combination
« Expected limits driven by bbtt and bbbb

« Best observed limits from individual analyses by bbyy

Wilson coefficient analysis 95% CL Observed 95% CL Expected

bbb £0.36, 0.78) £0.42, 0.75]

bbyy £0.42, 0.52] -0.59, 0.69

Cgghh _ _ _ :
bbrT -0.51, 0.58] £0.42, 0.44]

combination -0.38, 0.49] -0.36, 0.36)

bbbb -0.55, 0.51 £0.46, 0.40

bbyy £0.28, 0.73 £0.48, 0.94

Ctthh _ _ _ :
bbrT -0.40, 0.84] -0.32, 0.72]

combination -0.19, 0.70] -0.27, 0.66]

HEF I results

Observed
<10||||||||||||||||||||||||||||||1||
£ [ ATLAS — Gombined |
Ql Vs 1 —— bbttt”

| L Vs =13 TeV, 126—140 b o
8" HH —» bbt*t~ + bbyy + bbbb bE 7
" All other c fixed to SM a4
| Observed
6F | -
Combined:
68%: Cgghh € [0.17,0.39]
4\ \ A\ 007! Coom € FOSS.088 /) 95% G-
g R\

AN A N T T T O A
-0.50 -0.25 0
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" ATLAS
L Vs =13 TeV, 126—140 fb

~ HH - bbt*Tt~ + bbyy + bbbb
| All other ¢ fixed to SM

| Expected (SM)

Combined:
68%: Cggnn € [-0.24,0.24]
95%: Cgghn € [-0.36,0.36]

Expected

—— Combined
—— bbttT™ ]

—— bbbb
—— bbyy
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https://link.aps.org/doi/10.1103/PhysRevLett.133.101801
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C gghh

HEF I results

Two-dimensional test-statistic contours are also performed in the coefficient spaces of (¢}, nghh),

(Chns Cann) @ND (Coopis Coonn)

 Non-probed Wilson coefficients are fixed to their SM prediction

 Two minima are expected because of the quadratic dependence of the cross-section on the coefficients
Deviations mainly due to bbbb analyses

 Data-driven background modeling cannot perfectly describe the background distribution in data
 Favours non-SM values in the fit

(Chnps nghh) (Chnhs Couni) (nghha Cishi)
1 5_| T 1 | 1 1 1 | 1 T 1 | 1 T 1 | 1 1 1 | 1 T 1 | 1 T 1 |_ E 4_ L | 1 T 1 | 1 1 1 | 1 1 1 | 1 1 1 | T |o T 1 | T 1 E 2_ LI | LI | LI | LI | I Cl)bl | ld |68;/ |CL| |
e — e
- _ . 1 - serve Yo i _ . ¥ - serve % ’ i _ . 1 -——- o
Vs = 137 e+V’_1 2614017 & Bestfit (6.6, -0.45) : 3—‘/3‘ 13 TeV, 126—14010™ 4 Best it (-3.5,0.74) i Vs 137 e+v,_1 26—140107 4 Best it (-0.42,0.49) |
J[LHH = bbT*T™ + bbyy + bbbb s Expected (SM) 68% CL_] - HH > bbT*T™ + bbyY + bbbb g Expected (SM) 68% CL | 1.5(-HH ~>bbT"T™ + bbyy + bbb sy Expected (SM) 68% CL—
L All other ¢ fixed to SM Expected (SM) 95% CL - i All other c fixed to SM Expected (SM) 95% CL i All other c fixed to SM Expected (SM) 95% CL ]
i v SM prediction | 2 % SM prediction — i v SM prediction y
05F e : 3 : ' - i
= T TS 1 = \ — = Jem T T T T T TN, _
| \\\ \\\ . : I’ \\\\\ :
; : o5 A (L /e -
Of Y=~ J — SN ~e -
= P ~o m = A L L A -
| 7 Ssq i | S 7’ S h ]
N ( \\‘~\ . L Tt~ell ‘ \ \\\ 7
—05 — \\\\ \\ - : \\\\\\\ e
e s T g i i
i oo v v b b s b v b b _05 _— A | | | | | | —]

o-value: 0.044 o-value: 0.21 o-value: 0.031
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Summary

* First EFT interpretations from ATLAS di-Higgs analyses were performed

o bbbb, bbrt and bbyy

* di-Higgs combination

1D and 2D limits were set on interesting operators of the SMEFT and HEFT framework
o First ATLAS limits on ¢y, €y, @Nd Cyop

 Additional limits were set on shape benchmarks of the HEFT framework
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Summary

First EFT interpretations from ATLAS di-Higgs analyses were performed

o bbbb, bbrt and bbyy

» di-Higgs combination

S— — e ———

* 1D and 2D limits f/ What else could be added for EFT
o First ATLAS in di-Higgs??
@ Addlthnal ||m|tS We YL UIT DCTIGITTTTAarns urm — ™ ———— -
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EFT for VBF di-Higgs

So far di-Higgs SMEFT analyses focused on the ggF production mode using dim-6 operators

 The VBF production mode is ignhored

g 090990909909

LSMEFT —

Lsn +

gluon-gluon Fusion (ggF)

g 90990909999
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EFT for VBF di-Higgs

 So far di-Higgs SMEFT analyses focused on the ggF production mode using dim-6 operators
 The VBF production mode is ignhored

 But: VBF is sensitive to the quartic Higgs-Gauge coupling at LO
 (Can be probed by the dim-8 Eboli model

(6) |
L — L oIS
SMEFT = LsM + IV +
7; ,
9 202090000004 - H g 9999999999909 - H o
A Y A\\ ST ?
g 2000990000900 «— O H gw/ . ; § |
B
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EFT for VBF di-Higgs

 So far di-Higgs SMEFT analyses focused on the ggF production mode using dim-6 operators
 The VBF production mode is ignored
 But: VBF is sensitive to the quartic Higgs-Gauge coupling at LO

 (Can be probed by the dim-8 Eboli model
 Model that is widely used in VBS analyses
 VBF di-Higgs sensitive to the S and M operators of this model

WWWW WWZZ WW~Z W W v~ ZZZZ ZZZ~ Z Z~n ZNyy
©s,00 ©5,1) 93,2 v v v
Onro Onr1r Onr v v v v v v v
On 2> On3: Onrar On s v v v v v v
Or 0, O 1, O 2 v v v v v v v v
Or 5, Or6: OT 7 v v v v v v v
Or 8, OT.9 v v v v
= T~ - T~ —
VBS VBF

50

Adapted from


http://feynrules.irmp.ucl.ac.be/attachment/wiki/AnomalousGaugeCoupling/quartic.pdf

EFT for VBF di-Higgs

 So far di-Higgs SMEFT analyses focused on the ggF production mode using dim-6 operators
 The VBF production mode is ignhored
 But: VBF is sensitive to the quartic Higgs-Gauge coupling at LO
 (Can be probed by the dim-8 Eboli model
 Model that is widely used in VBS analyses
 VBF di-Higgs sensitive to the S and M operators of this model
« Pheno paper:
* Sensitivity study based on the cross-section
 VBF di-Higgs is expected to have a similar sensitivity to the operators as VBS processes!

VBS W*V semileptonic VBF HH— bbbb
Coeff. | no unitarity | w/ unitarity | no unitarity | w/ unitarity
favio/ A2 -1.0,1.0 -3.3,3.5 -0.95,0.95] -3.3,3.3]
fuva /A -3.1,3.1 -7.4,7.6 -3.8,3.8 -13,14]
fuvz/A -1.5,1.5 -9.1,9.0 -1.3.1.3 -7.6,7.3]
fus /A -9.9,9.9 -32,30] -9.2,5.3 -29,30
fara /A2 -3.1,3.1 -8.6,8.7] -4.0,4.0 -14,14
fas /A2 -4.5,4.5 -10,10] -7.1,7.1 -26,26
farr /A2 -0.1,5.1 -11,11] -7.6,7.6 -27,27
fso/A? -4.2,4.2 -8.5,9.5] -30,29
fs1/A? -9.2,5.2 -11,10
fsa/A? - -21,25] -17,16
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EFT for VBF di-Higgs

 So far di-Higgs SMEFT analyses focused on the ggF production mode using dim-6 operators
 The VBF production mode is ignhored
 But: VBF is sensitive to the quartic Higgs-Gauge coupling at LO
 (Can be probed by the dim-8 Eboli model
 Model that is widely used in VBS analyses
 VBF di-Higgs sensitive to the S and M operators of this model
 Pheno paper:
e Sensitivity study based on the cross-section
 VBF di-Higgs is expected to have a similar sensitivity to the operators as VBS processes!

* Truth-level simulation of di-Higgs distributions for the different EFT operators using Madgraph with the
amplitude decomposition approach indicated additional sensitivity when including shape information
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Summary

First EFT interpretations from ATLAS di-Higgs analyses were performed

o bbbb, bbrt and bbyy

* di-Higgs combination

1D and 2D limits were set on interesting operators of the SMEFT and HEFT framework
o First ATLAS limits on ¢y, €y, @Nd Cyop

Additional limits were set on benchmarks of the HEFT framework
What could be added in future analysis:

* Including dim-8 VBF di-Higgs EFT interpretations at reco level promising
* Potential for combination with VBS
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SMEFT results

. bbbb: additional 2D limits in the (cy, ¢,1y), (Cp, Copy) and (¢, C,)
parameters space
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HEF I results

Benchmark limits for the individual bbbb, bbyy and bbtt analyses
bbbb

« No direct comparison between bbbb and the other analyses possible for benchmark points 1, 2, 4 and 6 since bbbb uses an
older definition of the benchmarks

e excludes benchmarks 3, 5 and 7

bbyy:

 excludes benchmarks 3, 4, 5and 7

e Comparable limits to bbbb for benchmarks 3,5 and 7

bbtt

« Uses the same benchmarks as bbyy

bbbb bbyy bbtt
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HEF I results

2D limits from the individual bbyy and bbtt anayses
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