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Outline

Starting with the Quartic Higgs Gauge Couplings, | will discuss why we need a
different framework.

Then | will introduce the framework of the HEFT.

Discuss the constraints of HHVV interactions using the one-loop effects on
single Higgs data.

Using Higgs boson off-shell measurements, probing the sensitivity of HEFT interactions.

Effects of HEFT radiative corrections to multi-Higgs processes.



Quartic Gauge-Higgs couplings
&
Motivation for HEFT framework

A, Oliver Atkinson, Akanksha Bhardwaj, Christoph Englert, Panogiotis Stylianou 2208.09334



https://arxiv.org/abs/2208.09334

Status of the Quartic Higgs couplings with Gauge Bosons

o Experimentally HH V'V couplings are probed in HH production via Weak Boson fusion.
« WBF is statistically limited at LHC as ggF' has the largest cross-section.

» These couplings are very weakly constrained due to the small rate of HH production.

» To enhance HH, following k framework, the couplings are modified away from SM

. - HVV HHVV
coupling modifiers  xy = gSM Koy = QSM
JHVV 9HHVV

Ky : Constrained from single Higgs decays H — WW * /ZZ 8

K>y - Unique sensitivity from WBF

Studying the deviations in HH V'V couplings away from SM predictions are important
— these can induce changes in the cross-sections and lead to enhanced HH rates.
— indicator of physics beyond SM



Baseline of ,,, in SM

Considering only HH V'V couplings modifications and H V'V modifiers to be SM like.

e Electroweak precision constraints
AU =0

AS =
AT~

2

Roz —

Gfitter 1407.3792.

Iigw , by imposing K,y = Ky, = Ky gives AT = 0 = EWPO constraints not violated.

¢ Unitarity constraints

Considering longitudinal HV; — HV, scattering and x,;,, = 1 + {,

As per unitarity criterion, for same initial and final states i, Re| agl < -—
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Loose unitarity constraints on ¢,


https://arxiv.org/pdf/1407.3792.pdf?fname=cm&font=TypeI

At one loop order

e Radiative corrections to H — ZZ * (neglecting fermions) in general Rg gauge

Z
]:[ Z - H Z
_____ {/ Py N H( P - Y NH considering
\ / Z I | L
" T H AN Ky =1+¢6
Z
(a) (b) (c)
MYP 4 Mop| = —Coms (M 4 2M2s3 {3+ &4
Ayuv 327T MWSWCW

X |e"(Z1)en(Z2)]"
e For{, # 0, the gauge invariance is broken due to non zero &,.

e This is mainly as the SM @ is a doublet and due to gauge symmetry,

Lsyy D D,®'D,®

e’ e?

WwwHZ,Z,+HHZ,Z,) +
2 cos2 Oy sin? QWg ( a =2 28in? Oy

g"(v HW W, + HHW,W,)

HHYV'V couplings are correlated with HV'V and modifying only one term spoils the gauge invariance.



A better theoretical framework is needed in

In SM, weak unitarity constraints on iy ——>  order to consider the model independent
and broken gauge invariance measurements of ATLAS and CMS.

Framework requirements
@ Avoiding correlations inconsistencies between HZZ and HHZZ

9 Considering H"V'V as independent.

for the indirect reach of k,y, in light of
constraining single Higgs measurements

Higgs Effective Field Theory  suchalia et 0113075017 grivio et al 160406801
Herrero, Morales 2107.07890

e SM Higgs H is not part of the @ doublet and is a singlet field.
> No limitations on its interaction with other SM fields.
» The interactions are given via generic polynomial in powers of (h/v)"

e Goldstones ¢ are written non-linearly using U matrix where

U(r®) = exp(ir®t/v)
7 2GTGT +G°GO G* = (n? xin")/\/2
= l1o+1—7% — 1o+ ...
v 202 G'= -3

e (Gauge Bosons are given
DU =8,U + igw (Wit /2) U —ig'UB,7° /2


https://arxiv.org/abs/2107.07890
https://arxiv.org/pdf/1604.06801.pdf?fname=cm&font=TypeI
https://arxiv.org/abs/1307.5017

HEKF'T Lagrangian Buchalla et al.1307.5017

Brivio et al.1604.06801

[eading order Lagrangian Herrero, Morales 2107.07890
1 a apuv 1 1% ?J2 T 1
L=— ZWMVW MY ZB,UJVBM -+ ZFH TI'[DILLU D’MU] -+ 58“1{(9“]{

— V(H) + £ferm + /CYuk

Interactions of Higgs with SM fields is given by the Flare function Salas-Bernhardez et al 2211.09605
H H\?

Fo = (1+2(1+C1)—+(1+C2)(—) +)

v v Incase of SM, {; =, =0

dgHVV JHHVV

(1=ry — 1= SN — 1 G2 =hrov — 1 = SM — 1
gHVV daavv
: 1,0 o M 3 M 4 - :
Potential V(H)=-MpH*+krk3—H° +ry—>H In this analysis, k3 , = 1
2 20 8v? ’
Yukawa Lagrangian L, = _ Y (b, di)U y%u% +h.c
g .C.
V2 yz’jd%%
H
f_ . f
Vij = Yij (1 + (1 +ay) m + ) assuming a;, = 0

Neglected the light quark flavour and lepton masses throughout this work

8


https://arxiv.org/abs/2107.07890
https://arxiv.org/pdf/1604.06801.pdf?fname=cm&font=TypeI
https://arxiv.org/abs/1307.5017
https://arxiv.org/pdf/2211.09605

Looking into the loop order effects

To achieve a consistent correlation of different Higgs legs, we study the radiative corrections to
Higgs decay channels.

Lugrr = L+ Z a;

O ___”m_& _ HEFT operators contrlbute

to the total counter-term

Appelquist-Longhitano-Feruglio (ALF) basis extended with a singlet Higgs.

O ao(M% — M) Te (U UV, T U7 Uy, 0 a g'gwTr|UB 5 UWE, 5 |
12 H 73 pv 3 H a 1% apv ¢
Oups —auBB g 7TI‘[(BW7)(B 7)] Onww | —aaww giv 7T1’[(WW7)(W 5 )}
Ormo aro(Mz —M‘%V)%TI“[UTSUTVM}TI'[UTgUTVM} On1 a1 g/gW%TI'[UBuuéUTWﬁyTQ }
Ons | —288 g3 2Ty UTBUTWﬁV = }Tr [UT?’UTWﬁV T;] Onn ar1 =T [DMV“DVVV}
Oms | —“42 AT [Ur*U'D, Y, | Tr|UT*U D V"] Our iaar g 2T U B, 5 UV
Oz iaa2 gw & Tr [Wﬁy = V“} Ous aqs 22 Tr [V“DHV“]
ODaa ada gw UHTr [UT3UTW§V 5 }Tr [UTBUTV“] Oovy aryy DTHTr [VHV“]
Oo aro (M%;M%V) Dfl Tr [U’TS UTVM} Tr [UT3UTV4 Oono ann DPEH
; p L . - p Alonso et al 1304.5937
V,=D0)U" DYV =0,V +ilgwWi5, V| Brivio et al 1604.06801

Herrero, Morales 2107.07890



https://arxiv.org/abs/2107.07890
https://arxiv.org/pdf/1604.06801.pdf?fname=cm&font=TypeI
https://arxiv.org/pdf/1304.5937.pdf

Example explaining the HEFT Loop order effects

For details about loop computations, refer Herrero, Morales 2107.07890

e Taking example of H > WW

One loop diagrams with leading order Lagrangian Amplitude with Higher dimensional operators
H W H,G »NI{V’\N H,G - g »/\EW
it e - e 2 H
o H,G “e H,G -~ .\;\\“—L«WW O OH ¢ p
(@) ) © @ i vy T r{v“ v W
. oY H a 74N
(@FP iaa2 gw ——TIr ’VWHVTV w

g,/‘\”ﬂw G~ / , 2 2 2 2 2\ v
NG ISR Y T f [(_2aHWW(k71 + k3 —q°) + 2a0vv ¢° + aazq )9
H e H
"\’\I/I?’\" w f — 2(ad2 + QCLHW{/V)kng

W TTTTTTS . W :  Renormalisation of
2 ' : \ ; :

H< _ eMw (1+ () (526 n oMy, Ssw 4 0C1 L 02 ‘|‘5ZW) gw+5i _______ : HEFT operators and
W 1 :

Sw fixed looking into the
divergent structures

Saaz| , = 20amww| A
H H V V 612 dependent part fixes 5a[|vv, daHW W

Usina H 7 WW*. Z7% g independent part fixes 6,
* UsSing i1 = YV, Y4, ) ,

M? = |ML0|2 + 2 Re {MLOMT—IOOp} ~—— 4 decay widths

Dawson, Giardino 1801.01136 Dawson, Giardino 1807.11504
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Single Higgs data constraints for §, — £, correlations

Using single Higgs x data fit , . < 5000
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7195% C.L. - * ]
0_05; ert T e B x Best Fit ]
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e The bounds on k,,, = 1 + ¢, from single Higgs data are loose.

 With HL-LHC projected data, single Higgs data greatly constraints {; and the constraints on
¢, reduced by a factor of 4.

e These plots indicate that «,,, and ky, are independent parameters at the LHC.

e There is a further need to increase the sensitivity coverage to ¢, through direct searches.

N


https://arxiv.org/pdf/2207.00092

Comparison with the direct search limits

For the direct search: process considered: pp — HH — bbbb + 2j

To obtain direct search limits, employed Graph neural network analysis to discriminate QCD multijet

" ~e¥  background from signal

95% Exclusion contours using GNN HL-LHC projection
15—7““7, 1.015 ! 1.017_‘ ‘ "
ATLAS Ky € [—005, 2W | i ,/ N :
f < ] 1.010 s :
1.0- / ] o b 1.0 "
* | 1005
05" - : R 10.99
-~ ,L-C_) ~ B “ ‘\‘
z * - g 1000 % :
0.0~ 8 - = “ |‘
I Olfl) | - h 'l _

0.995

L

| : , Single Higgs constraints

-0.5 \ \ ] 0.990 R 4 ,
I s | e —15
10 ] 0.985 1 HLLHC3000f

10 -05 00 05 10 15 20 5 0 5 10 15

Rav Koy

Direct sensitivity on k,,, are better than the limits obtained from single Higgs data.
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Study of Higgs off-shell effectsin HEFT

A, Christoph Englert, Roman Kogler, Michael Spannowsky 2402.06746
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Higgs off-shell vs on shell effects

» Off-shell measurements in the pp — V'V have a long history in determining the model-independent
bound on the nggs width. Caola, Melnikov 1307.4935
Kauer, Passarino 1206.4803

» with the dominant production channel i.e. gg — H - VV

2,on-shell 2 ,on-shell
og BR(H = VV)] KggF vy

on shell _ x
oy BR(H — VV)]SM Ty /T5M
ff-shell 2, off-shell
:LL(\)/HVSheH ’%ggOF she h‘gvs e for MVV > S MH

> Higgs width is obtained assuming that these couplings remain the same over a large range
of energies.

e These off-shell Higgs measurements have the potential to probe new physics/BSM effects.
Englert, Spannowsky 1405.0285

e |In the context of SMEFT framework, a lot of literature is available discussing the off-shell effects.

> to constrain top-Yukawa couplings and effective Higgs gluon interactions.

» to break the degeneracies from on-shell data.
For details refer, Englert, Spannowsky 1410.5440, Azatov et al 1406.6338,

Azatov et al 1608.00977, Azatov et al 2203.02418, Rossia et al 2306.09963

« Revisiting off-shell gg — H~ — VVin the HEFT framework.
> via operator inducing high momentum effects in the off-shell propagating Higgs.

14
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HEFKT operator off-shell effects

Brivio et al. 1405.5412.

In HEFT chiral dimension-4 lagrangian,

LHOH
Oon = aqn > Induces two fold effects
v
 Modifies the Higgs self energy which also affects the Higgs propagator. In SMEET
2000 such momentum-
______________ — g 2Y o2 a2 ; 4 dependent effects
;e iX(q”) = i(q¢" —my) +1i 2 4 .
e Higgs field get redefined for the residue to 1 SMEFT vs HEFT via
400
ey = 0Zu(q? — M) + M,
After solving the on shell renormalisation conditions
dZ(qQ) dann 9 - 2a00 2
5ZH — dq2 qum%[ —- — /02 mH » H — H 1 - /02 mH
These combined give the modified propagator Uniform coupling rescaling
Higgs propagator A (g?) — 1 (1 20y o ) non-trivial momentum
() g2 —m2, 2 ¢ M) dependency
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HEFT effects on Higgs off-shell amplitudes

g t v To implement EFT corrections to off-shell H(g) — V(pl)V(pz),
« Include Yukawa coupling modification a,, by considering tf — H(q)
_@-
t H « Propagator corrections from a—
! Vv
9

e Tree level corrections to vertex HV'V

No contact ggH interactions are considered.
i ! _ ezmt 1
VYT 262 82 21 M2+ ity My

"y $ 0/

2
Fs M [ (p1)d’ (p2)]+ %[! (P0) @2 (P2) 1]

V2q2! M|?|+i!|_||\/||_|

Fo Fs3
L+ Fo)+ (! pi! g+ '+
2
For, H > ZZ F1=an+2a v—; 1 Linear order of HEFT

Fo= aq13+2anse Sk +2anww Coy corrections « a,

e?
Fs=aps ! 2a0 + agx+2ags+ %a!o! (ag1! ago! 2a44)Sd

Fs=2ay

F4

—- = (@ +4auww Sy | 28w ! (2 +28a0)Gy | 2(@use + anww ISl

EWPO constraints are not violated
S! aq1, T! ayo, U! apys

16



Higgs off-shell effects

e These modifications to the H — ZZ/WW
amplitudes are implemented in Vbfnlo.

Baglio et al 1404.3940

e Cross-checks are done.
Campbell et al 1311.3589

o Differential cross-sections are obtained.

do /dq [fb/(20 GeV)]

e Off-shell Higgs momentum distributions
for H — ZZ with effects of the different
HEFT insertions for g > 350 GeV.

e To obtain quantitative estimate of the sensitivity of the off-shell measurements, we included
these binned differential data as

! SM Y2
! N: 1 N.
Binned y2 test statistic ! © = ..(2 I " )
i |, syst |, stat

N, denotes the ith bin entry and NiSM denotes the SM expectation.
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HEFT effects on Higgs on-shell amplitudes

For on-shell effects, include the corrections on the Higgs branching fractions for H — VvV, Yy, 2y, 88

consider only a;, — no correction in bb

* v Tree-level corrections to the HVV vertex

H Dawson, Giardino 1801.01136, Dawson, Giardino 1807.11504

M = M 1100p |2 +2Re M !HEFT M 1-100p

¢
t
H — gg similar to ggF t 0 Corrections to t7H + Higgs field redefinition factor
t
° HEFT
Using these, we obtain the partial decay widths and the corrections to the total H width I ',
Modified Higgs BREFT (H1 X) IHEFT (1 X) ISM X = vy VV* 7
Branching Ratios BRSM(H I X) I SM(H 1 X) | HEFT =Y > LY

[! oo BR(H ! X)]FEFT
[' gof BR(H ! X)I®™  assuming narrow width approximation

Signal Strengths pgg,: =

ATLAS Run 2 data
Observables HL-LHC uncertainties

Measurements| Correlations data H | "
Hogr 102%1 |1 005 009 +0.36 | gn—shell - Miexp ! Hith (Vi) ' M, exp ! My th)
Mgar 0.95% 11 1ol +0.039 S Linear order of HEFT
pw 1137913 1 +0.043 corrections < a;
Hgép +0.33

18
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Correlating off-shell and on-shell effects

e To get the allowed bounds, we profile over the SMEFT directions using HEFT-SMEFT translations

o Ay, dyp3s Ayys dqg Yield the strongest single parameter bounds.

o T T T T T

_ ! ATLAS 139 fb! f. %
| -— E 95% CL o

A3

.
¢

e apm 9ets strongly bounded with off-shell measurements.

e The most stringent impact from the off-shell measurements, predominantly

H— Z7Z

e Improvements expected at HL-LHC.

I o

HL-LHC 3ab™t 7%
95% CL CCS
. S 24 ]

Dataset:
S #$%8&&
S H$%&& () M #3%&&
S HB%&E Fr ) 1M #$%8Q e
S HE%8S
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HEKFT Bosonic corrections to multi-Higgs

A, Daniel Domenech, Christoph Englert, M. J. Herrero, Roberto Morales 2405.05385
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HEFT modifications to Higgs self couplings

Higgs self couplings are important to determine the shape of potential.

V(H)—}M2H2+l %H%I %H“ in SM, k3 = k4 = 1
o2 H Y Y BT

Direct probes of the k5 and k, are multi-Higgs production.

modifications to coupling modifiers k3 and p Enhancements in multi-Higgs production
K, away from SM values via HEFT cross-sections

Considering only gluon gluon fusion

g ’ g H -
H // t ///
g8 = HH t
— t t
ggF -~ t \
opn, ~ 311b " H M
Borowka et al 1608.04798 Grazzini et al 1803.02463 g \\\ g t \H\ ~ o
Baglio et al 1811.05692 CMS 2023 ATLAS 2023
g d g H, - g H /
4 7/ s t H o
t 7 [ H s H - \
gg > HHH ’H SN \H
t —- -~ t -- . t t \
88k ~ H “CH H “CH
Oy 50 ab t N t N -
9 AN 9 AN 9 t H \\\

Papaefstathiou et al 1508.06524 Chen et al 1510.04013 Fuks et al 1510.07697 Fuks et al 1704.04298
Papaefstathiou et al 1909.09166 Florian et al 1912.02760 Abdughani et al 2005.11086 Stylianou et al 2312.04646

Included one-loop radiative HEFT corrections and assumed SM-like top-Higgs and top-gauge couplings.
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Relevant HEFT higher dimensional operators

Brivio et al 1604.06801
Alonso et al 1304.5937

[ Herrero, Morales 2208.05900
Ou ai %—H Onu aH 1 H7 '—F:,Izi
o I , 1 .
Ondd | @ad - 5 IHHILH || Onngg | @nvaa i By IHHILH « Operators contribute O(p*)
na L ne a2 corrections at tree level.
n n - non S an ar Coup Ing
2 | 2 | ey
Oddz asz v# & 'MHILH || Omaa aniz oF Py IFHILH modifications and
K momentum dependencies.
Oda! agnr = !M"HIUH!H || Oungar | @ugar o5 = !MHIWH!H
Onn n anH 1 ,\4/22 !HV!zH Odddd Adddd V%!“H!HH!!H!!H
H -
g 2 i
H RO A I 4 4 4 2.2 2.2 2.2
————— ) = 13l v + y3 Sadl (p1+ P2+ p3)+2(aqn ! agy )(PIP: + P2P3 + P3P1)
N +( @Hqd ml%l + Agdw m\z/v + Adgz m%)(pi + pg + pg)
g 2 P
7y e Mh | - 4 4 4L 4 22 L 22 4 (22 4 22 4 P22 4 2n2
H -~ =13l 4z t 7 Bdd! (P1+ P2+ P3+ Pyl 2(pipz + PiPs + PIPs + P2P3 + PaPz + P3P3))
-"H
______________ 22 1+ 22 4 P22 4 22 4 P22 4 2n2
¥ S t4ayy v (PIP: + PIPs + PIP; + P2Ps + PaPs + P3P)
AN 2 2 2YV(2 4 m2 4 P2 4 2
N +2(aHqu M{ + @udaw My + @Haaz MZ)(PT + P2 + P53 + Pi)
' 2 2 2 2 2 2
t4aggaa (Pr+ P2)7(PL+ Pa)” + (Po+ P2)(P2 + P3)” + (P + Pa)“(P2 + P3)
202 1+ 22 4 P22 4+ 22 4 P22 4 2Rl
L (PLP2 + PIPs + PIPz + PoPs + PoPz + P3Pz)

e To obtain renormalised vertices, these operators also act as counter terms.
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HEFT radiative corrections for HH/HHH

g8 — HH renormalised 3-pt vertex tree level with k3, g, CT with LO and éaq;
; svmmmmmmsnseeien eeeesesesesesesesessssesesesesesesassssesesesesesasassesesesssesasssisesessetesassssssesesesesasssesssesesetasasssssesesetasasasssssessscs
H // H // H //
_ H .’ H g H /
B \\H + _____ ‘\H + _____ x\\H
S e N O o - A i
one-loop from LO parameters
r - =, = ';
I H ,
t . |
H
or@---- |
¢ Hi \H |
A |
t ~ g I \\
J Ho P,
Reducible 4-pt contribution

! ool v H - I
I // // H //

“'H “'H O o

____________ = - -+ - ) -+ permutation

=5 ‘\\ ) 5 Q\\ ) Q\ /|—|/ P tions |

I \\\ \\\ O\\H I

b — = — S e Sl - - - —

renormalised 4-pt vertex

these corrections are implemented in Vbfnlo
Arnold et al 0811.4559
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O'HEFT<HH)
o1 (HH)

O_HEFT (HHH)

Effects of radiative corrections

Cross-sections relative to LO expectation without HEFT operators

ot (HHH)

radiative corrections become more relevant away from

theK3 =K4: 1

size of the corrections change in HEFT

- due to non-linearity, highly sensitive to off-shell
Higgs momentum.

radiative corrections in k3 < () leads to enhancement.

K4 is mildly sensitive.

- no enhancements possible in HHH production via k.

O'HEFT(HHH)
ot (HHH)

Ho%f

Ky

.y | (HH)=17.40fb ![¥ (HHH )=0.0411t



Contours for k; vS k,

Cross-sections relative to NLO cross-sections without HEFT operators

| #&f : | #&

e Kk, is relatively insensitive for both HH and HHH production.
e k3 is a relevant parameter as its modifications affects both HH and HHH production.

e k3 2 — 0.5 is the motivated range to be explored at HL-LHC for which we obtain a

Y

significant departure of the HHH production.

11 (HH)=18.45fb ! (HHH )=0.029ft
25



Effects with HEFT operators

e Several combinations can lead to enhancement of cross-sections.

o With HEFT @(p4) operators due to non trivial momentum dependencies, the cross-sections are altered.

[ 100 TeV
r$mbE .
LI L1"$

Adddd
e a,,,, imparts momentum dependent departure from SM leading to enhanced HHH cross-section even for k3 ~ 1.
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Conclusions

 In Higgs Effective Field Theory framework, ky, — k,y, are uncorrelated.

> Considering HHVV couplings independent of the HVV interactions, k,,, effects are
studied as weak radiative corrections.
> The K,y limits obtained from single Higgs measurements are quite weak when
compared to the LHC sensitivity to ..
e Used the off-shell measurements to set the constraints on the HEFT interactions.

» Main focus is 4 which modifies Higgs propagator with q4 dependence.

e HEFT operators offer non-trivial momentum dependencies that can affect the
phenomenology of multiHiggs final states.

> Including one-loop radiative correction upto @(p4) lead to cross-section
enhancements for gg - HH(H).

» HHH still remains difficult due to very small rate.

» This HEFT analysis motivates HH physics at the HL-LHC phase if the TeV scale contains
aspects of non-linearity, they will show up in pronounced ways in di-Higgs production

e To enhance further sensitivity to HEFT parameters, these all measurements when combined
can offer promising prospects for a global fit.
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Looking into the Loop order effects

e To achieve a consistent correlation of different Higgs legs, we study the radiative corrections to
Higgs decay channels.

Comments about Renormalisation in HEFT

The 1-loop amplitudes generate UV divergences with new structures that requires to add
higher dimensional HEFT operators to the LO Lagrangian.

In HEFT all relevant operators are included from the start as these are required for a consistent
final one-loop resuilt.

———— . HEF'T operators
=l Luerr =L+ a0 ¢
P i Contribute to the

total Counter-term
For the one- loop computations

« Validated the gauge independence in the loop results in the Rg gauge.

e On-shell (OS) renormalisation conditions for the Electroweak parameters and for

the field and mass renormalisation constants using the relevant 2-point functions. Both handled

e HEFT parameters ({;,a;) are renormalised in MS scheme using the UV divergences simultaneously
obtained in the 2-point and 3-point functions.

For details, refer Herrero, Morales 2107.07890
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Single Higgs data analysis for «, — «,,, correlations

« Using H — yy,yZ, WW*, ZZ*,

M? = ‘./\/lLQ‘2 + 2Re {MLOMT-loop}

Dawson, Giardino 1801.01136
Dawson, Giardino 1807.11504

the corresponding decay widths are obtained in terms of {;, {, & {, is loop induced.

y? fit using k-data from ATLAS 139 fb~!

(!iata " # " #
2 . . ' 2 1" 1" — # ' # 1" 1" V | l # | # 1" 1" ‘
y~ statistic ("1,"2) = i, exp - ith ("1,"2) ( ij ) j,exp + T, th ("1,"2)
ij =1
ATLAS Run 2 data | HL-LHC uncertainties _ _
Parameters Correlation Matrix
139 fo ! 3000 fb *
 , 0.99/% 58 +0.012 1 040 044 009
L w 1.05% o8 +0.013 1 047 008
l 1.017%:5%8 +0.013 1 012
l 2, 1.38%32 +0.073 1

Scaling factor for

HL-LHC uncertainties”

*Ignored the individual scaling factors of the
statistical and systematic uncertainties


https://arxiv.org/abs/1801.01136
https://arxiv.org/abs/1807.11504
https://arxiv.org/pdf/2207.00092.pdf?fname=cm&font=TypeI

Direct searches for «,,,

Process considered: pp — HH — bbbb + 2j
Representative Feynman diagrams

Pre-selections cuts for WBF topology

e two forwarded jets in opposite detector
hemispheres (with opposite signs of

pseudorapidity) and m,;; > 500 GeV

e For WBF jets, p; > 50

Considered only k,y, and ky, coupling modifiers
« Four central b-jets have |7;,_jets | < 2.5 with py > 20 GeV.

Events are simulated with k,;, = 2 & ky, = 1
Dominant Background process

e Dominant SM background is QCD multijet production.

e QCD multijet background cross-section is 4.41 pb and the signal cross-section is 0.086 fb

Thus, we need to work to reduce the background and increase signal sensitivity.
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Enhancing the signal sensitivity

To discriminate signal from background, Graph Neural network(GNN) is employed.

Overview of GNN implementation
Fully-connected bi-directional graph Nodes features are updated using single message passing layer.

j r -------------------- -

1 71
¢y _ 1 o Coane M v Oy v oa Dy
(pr,n, ¢, E,m, PID) \ I " """""""""""
b Edge Convolution Mean $

All the features are processed and probability
of signhal and background are obtained as output.

Training is done to get desired output: P(signal) —1, P(background)— O.

Final states are denoted as nodes

with input features Network performance via ROC curve

1.0

0.8 An optimal working point is

chosen on this ROC.

0.6 A

0.4

Signal acceptance

0.2 A
AUC=0.995

0.0t~

0.4 0.6 0.8 1.0

Background acceptance

0.2
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HEKT operator effects absent in SMEFT

Brivio et al. 1405.5412.

In HEFT chiral dimension-4 lagrangian,
LHUH
Oog = ago 3

In SMEFT, similar quartic momentum dependence appear in a operator in SILH basis

Cr . _ 1 o
Q”zlzDuDu § =5 v+ H
Higgs field redefinition Higgs propagr—zlltor | -
: " C | 2y = | 1 2P (R 2
H! H 1 —!'z'ma ' 1 (pY) R e 1t == (g°! mjy
In addition, Z (0.1
ie’v * Cy °
— u.+ 2|,l!!!|-1!|-1!!|.1! I
Vertex effects H(p)< 22 52 g g9 9% ©%’ 9% >
Z(p2),!
Including these Higgs propagator, field redefinition and HZZ vertex effects
Z(pl)’p'
e _ 1 iev Momentum dependent
H (p) ¢?! m 2c2 s2  corrections cancel.
Z(pZ)’IJ'
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HEFT higher dimensional operators used in the work

Herrero, Morales 2107.07890
Brivio et al 1604.06801
Alonso et al 1212.3305

Included only bosonic operators

V= (DOUT DV =9,V +ilgw Wi, VP

1)
I 2 " | n
OHBB | aneB g'2H Tr (Buu - )(Blll - ) Onww I anww g\%\/ HVTI' (WS! %)(Wau! 7)
! 1 ! n I 1
Ono | ano(MZ! Mg)2Tr UI®U v, Tr UI°U V, O 1 an1ggw =Tr UBu - iy W2 =
I 1 I 1 ! 1
Ows | ! 22 gf BTr UIPU W2 5 Tr UPU WA 5 || Onu ay 110 Tr DVHD, V!
! n ! n I 1
OH 13 | 2113 BT yru DV, Tr UI°U DMV Ou1 *HTr UBy U VK
| " | n
Og> g2 gw 2 Tr W VK Ogs £ HT VED, VK
I n ! n I 1
Oga ags gw 2T UISU W2 S8 Tr U3y vH O v a vy STV, VE
I n I 1
20 2 ! '
Oro | &z fwllhy yidy v, T UPU Vv, off q LHiH
EWPO constraints are not violated
SI aq1, T! aqo, U! ays
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https://arxiv.org/pdf/1604.06801.pdf?fname=cm&font=TypeI
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SMEFT - HEFT correspondence

The correspondence between the HEFT operators considered in our analysis with
SMEFT dim-6 operators

HEFT SMEFT upto dim-6
— pH u! C,
Ouge = ! aumB g VTI’ IB“! B ) Q! s = I.ZB noon B|.1! Bu!
H H . H
Onww = ! apww g\szTr W2, W aH! Translation rules O = Cw, . Wa k!
Yo & @ | 2 [ULL
nV # $ Y:t33 tR Ct| | . n
Lvak = ! = g 8 U o + h.c. Qu = — " " (@t*)+h.c.
1 2 ) .
H ( _ oV Cis Lo _ 170
Y33 = ya3 1+(1+ ay) P des = g2 2 i = J_§ v+ H
2
anww = ! ZVT = ;N
Ow : Grzadkowski et al 1008.4884
- | V3 Ct!
1t = oM, 12

e To relate other HEFT operators, we need to go higher mass dimension in SMEFT.

e To further study the off-shell vs on-shell effects, we considered these HEFT-SMEFT
correspondence.
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Correlating off-shell and on-shell effects

dryy VS dgys

HL-LHC 3 ab™! :
95% CL

T ATLAS139f )
s 95% CL
&f s -
5 9 ] &
o i
& |
!%-I L E. P B T TR | P 1 1 :‘ 1]
¥ ! | # $ # !
agvy
I 12 values
Datasets 1 B
ATLAS 139 fb° HL-LHC 3 ab*
on-shell 3.84 5.99
o! -shell ZZ & on-shell 49.80 50.99
o! -shell WW & on-shell 54 57 55.76
o! -shell 90.53 90.53
all 93.95 95.08
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"1 #3%88
11 H#$%8& () 1 HS%RSE.
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