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Many properties of the Higgs boson have been precisely measured with Run2 LHC data

PRL 131 (2023) 251802
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Many properties of the Higgs boson have been precisely measured with Run2 LHC data
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* The scalar sector is a cornerstone of the SM and is not yet fully established experimentally

e BEH mechanism: the Higgs field is a complex doublet invariant under SU(2) weak isospin symmetry

* The Higgs potential is given by ‘V@T(I’) = —( 0P + ’\((I’T(I))z‘

e Spontaneous breaking of the EW symmetry (EWSB) originates a VEV #0

e After EWSB — the ground state is degenerate under SU(2) transformations

* Expanding the potential around then VEV | V(H) = %méHz + JwH? + %/IH“ _ %\/1 \/Z

* Properties of the scalar sector is controlled by A = rules the shape of the Higgs potential

2
|
* The parameter A is a known value in the SM theory given by A= M ~

—~ 0.13
2v2 8
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* The scalar sector is a cornerstone of the SM and is not yet fully established experimentally

XS
et
 BEH mechanism: the Higgs field is a complex doublet invariant under SU(2) weak isosp’ \\)65' ’65\)(6

o) e
* The Higgs potential is given by ‘V((Iﬁ(b) = —120TP + /\(<I>T<I>)2‘ 6\‘(',“ N (\’C&\ «\
. A\C
e Spontaneous breaking of the EW symmetry (EWSB) originates a ’b(\ e(\((\ U

* Expanding the. r

e\ 1 1 i WA
SN\ , V(H) = EmﬁHz + WWH? + leH4 — ZV4 \/Z

e Propé . AX\
G
gl ;
mg 1

* The paravéter Ais a known value in the SM theory given by | A = P ~ 2
y

~ 0.13
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Mass term measured with O(100) MeV precision

H, My

1 1 A
V(H) =|{=miH*|+ AvH? + Z/IH“ — Zv4
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Mass term measured with O(100) MeV precision

H, My

/ Direct measurements

V(H) = lmﬁH2 +HAvH? & %,{H“ — %v“ * It can be directly probed via the non-resonant production of HH pairs

* Direct measurements are theoretically robust but experimentally very

challenging because HH production is an rare process
* HH production cross section is about 1000 x smaller than single-H
Trilinear coupling

o H
o*

H
=
‘IIII‘.
&
AHHH "H
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How can we measure the self-coupling?

Mass term measured with O(100) MeV precision

H, My

V(H) =

HAVH?

1 A
—H* — —*
4 4

Trilinear coupl/ng

H

'H

.
o

AHHH ." H
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Direct measurements

* It can be directly probed via the non-resonant production of HH pairs

* Direct measurements are theoretically robust but experimentally very
challenging because HH production is an rare process

* HH production cross section is about 1000 x smaller than single-H

Indirect measurements

* Extract Ayynfrom precise single-H cross section measurements

* Limited by theory assumptions needed to extract NLO dependence vs Auun

Higgs boson self-coupling via non-resonant HH
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How can we measure the self-coupling? INFN

Quartic coupling

QH
H’mH EEEE EEER
@@ 0

‘IIIIIIIII‘ 0. H

e
/ Direct measurements

Mass term measured with O(100) MeV precision

H
o * Extremely rare > out of reach for HL-LHC

» Serves as additional probe for BSM

V(H) = %m§H2 H IvH> | 411/1H4 — %v“ * |t can be directly probed via the non-resonant production of HH pairs

* Direct measurements are theoretically robust but experimentally very
challenging because HH production is an rare process
* HH production cross section is about 1000 x smaller than single-H
Trilinear coupling
] " H Indirect measurements
“ . ° o
®-:-- -‘. e | o Extract A, from precise single-H cross section measurements
&
AHHH " H * Limited by theory assumptions needed to extract NLO dependence vs AuuH
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* Total HH production cross section is about 1000 x smaller than single-H

* HH pairs produced via different mechanisms - ggHH, VBF-HH, VHH, and ttHH in analogy with single-H production

« Cross-section for each mode can be precisely parametrised as a function of kx = A/Asm

gluon-fusion production (ggHH)

* Main production is gluon-fusion who drive the Ayyy measurement

| | | | |
HH production at 14 TeV LHC at (N)LO in QCD
M,=125 GeV, MSTW2008 (N)LO pdf (68%cl)
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 Two diagrams @LO with similar magnitude showing with
large destructive interference

Ky
g r 00000 , H o Y R 0
iy Ny L
£ 20000/ ‘o, O LS .

Eph5 aMC@NLO

* Value of the self-coupling modifies both total and differential
cross sections = do/dmpyy strongly depends on ka

Mad

NNLO-QCD FT-approx + mep uncertainty

0ok, = 1) = 34.13 (30.77) fb at /s = 13.6 (13) TeV
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* Total HH production cross section is about 1000 x smaller than single-H

* HH pairs produced via different mechanisms - ggHH, VBF-HH, VHH, and ttHH in analogy with single-H production
« Cross-section for each mode can be precisely parametrised as a function of kx = A/Asm

gluon-fusion production (ggHH)

JHEP06(2019)066 * Main production is gluon-fusion who drive the Ayuy measurement
~"10-3 _ i . : - : : :
% 10 = ) "’/\___}'8 o » Two diagrams @LO with similar magnitude showing with
P S PRy — large destructive interference
21077 L = = T Es kv = 5.0 E
5 = == = S : g (BOOO0 H K
—g 10-5 | e = = ‘ ) - @ §
S - LHC 14 TeV = —— == - vz ‘ K2 A
© : PDF4LHC15 = .
106 | NLO, p = mnn/2 == & 000 B -~ H
]_Oi — I T T i i I I
) — . . [ . .
= 180 ??;——— | * Value of the self-coupling modifies both total and differential
10! E e | 1 l cross sections = do/dmpyy strongly depends on ka
300 400 500 600 700 800 900 1000
My [GGV] NNLO-QCD FT-approx + myep uncertainty
0ok, = 1) = 34.13 (30.77) fb at /s = 13.6 (13) TeV
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* Total HH production cross section is about 1000 x smaller than single-H

* HH pairs produced via different mechanisms - ggHH, VBF-HH, VHH, and ttHH in analogy with single-H production

« Cross-section for each mode can be precisely parametrised as a function of kx = A/Asm
vector boson fusion (VBF-HH)

Eur.Phys.J. C77 (2017) no.7, 481

* Three diagrams contribute at LO: sensitive to k) and kv
100 ! , . /q, > o KV//
2 % boogY- % ————
S : V' T H i IR I -
T = \q \ > ——__
% 10} Ky K) Kav 144
§ Ot * VBF-HH sensitive to the self-coupling but it represents a unique
ﬁ probe for HHVV interactions (kzv)
Q,
% 11l » VBF-HH production cross section is 10 x smaller than ggHH
0.5/ kiydependence - N3LO QCD + NLO EW
-10  -05 'o'ég' 05 1.0 ook, = 1) = 1.87 (1.69) fb at \/s = 13.6 (13) TeV

* VBF-HH with k,y=1 beyond the LHC reach due to its small x-sec

07/11/24 Higgs boson self-coupling via non-resonant HH


https://link.springer.com/article/10.1140/epjc/s10052-017-5037-9

<t DEGLI STUDI

e~ E . . )
M HH final state signhatures (NN
E)I c “ c l:i AN di Fisica Nucleare

. . . . 0.2% 0.3% 3.1% . 24.9% 33.9%
* Large set of final states due to rich Higgs boson decay signatures
* Branching ratios favour hadronic signatures: H—>bb, H->thth, etc 1.1%
« S/B favours instead leptonic final states 0.4%
=
0.3% T
L
l
0.2% >
=<
x
<
S
24
Zy-
utu

utu- Zy  yy 228 ¢ Tttt gg WW'  bb
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* Large set of final states due to rich Higgs boson decay signatures

* Branching ratios favour hadronic signatures: H—>bb, H->thth, etc ww’

« S/B favours instead leptonic final states - 04% 05% 10% 0.7%

0.4%

Broad experimental programme

(%) AXAX < HH Y8

« Many final states already covered by ATLAS and CMS experiments cc: LR 0.01
» Note: a parallel rich program of searches for new resonances 77"
decaying to HH exists and won’t be covered by this talk
24
Zy
utu

u*;u- iy };y zZ' cé Trro g'g ww'  bb

(\/’ Published results based on “full” Run2 data
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* Large set of final states due to rich Higgs boson decay signatures

* Branching ratios favour hadronic signatures: H—>bb, H->thth, etc ww’

« S/B favours instead leptonic final states - 04% 05% 10% 0.7%

0.4%

Broad experimental programme

(%) AXAX < HH Y8

« Many final states already covered by ATLAS and CMS experiments cc: LR 0.01
» Note: a parallel rich program of searches for new resonances 77"
decaying to HH exists and won’t be covered by this talk
12
Sensitivity ranking Zy-
 Sensitivity driven by three leading channels - 4b, bbtt, and bbyy uty
« Multi-lepton searches follow in sensitivity covering several possible wtu- Zy yy 2Z° ¢ Tttt gg WW'  bb
decay configurations: bbVV, TtVV, 4V, and 4zt
« Very rare decay modes are also explored like HS>yyVV and H>yytr @ Published results based on “full” Run2 data
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Resolved HH->4b

* Signal region: four b-jets in central region from b-jet triggers

» Key features: hadronic backgrounds (QCD, top) needs to be
highly rejected and controlled, with novel ML-techniques, from

data at O(%) level
PhysRevLett.129.081802
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Resolved HH->4b Boosted HH->4b
- Signal region: four b-jets in central region from b-jet triggers * Signal region: high pr region where H->bb decay products are
. contained in a single large-R jet
» Key features: hadronic backgrounds (QCD, top) needs to be 5 5 J_
highly rejected and controlled, with novel ML-techniques, from * Key features: 5/B enhanced via powerful ML H=bb taggers,
data at O(%) level bkg estimate is data-driven, statistically limited analysis
PhysRevLett.129.081802
IS P TAITeV PLB.2024.139007 PhysRevLett.13 1_.041803
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< [ 99F Signal Region 4+  4pData 3 - 101 77 Uncertainty o 12F Total unc.
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§300 ;_ [ ] 400xSMHH _; n 8l / B 85
TE R 300 a VBEF-HH of ggHH
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Q BDT OUtPUt BDT Score J
ATLAS: 95% CL on UnH IS CMS: 95% CL on uunis VBF-HH->4b provides CMS: 95% CL on UnHis
5.3(8.1) x SM 3.9(7.8) x SM best constraints on kzy 9.9 (5.1) x SM
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* Signal regions explore hadronic and semi-leptonic final states (ith, eth, and thth) = 90% of HH—>bbtt expected events

» Event categories based on tt decay modes, production mode (ggHH, VBF-HH), boost of H=>bb (CIVIS), and mpy (ATLAS)

* Irreducible backgrounds from simulation

g 100 T _ggFHHx200 = =
—~ ; ATLAS : ?lgBF HH))(( 200 ;
* Top-backgrounds: ttbar, single-top, etc g | [ =13Tev, 401" ¢ Data
’ ’ L% 10 % ThadThae 2 0-120S -'I;'I:Ip(-z:zrzk) ThTh Only
» Z(tt)+b-jets from simulation + corrections ~ ggF SR, m_ =350 GeV Jot 1, fakes -
10 Z+(bb,bc,cc) =
' - Jet — v, fakes (tf) 3
from Z - py in data - mmother PLB.2022.137531
L l..g- Single Higgs ] .
103§ e 7] Uncertainty = CMS all categories [; channels), 138 fb™ (13 TeV)
. . -==» Pre-fit background = % S _ S Ty
* Reducible backgrounds estimated from data ) 7| 8 g za=1 MOel-van [WlSingleH —e— Data
10 = L 1061 Ky =Koy = tt 1 Others Background (post-fit)
= ? . Qcb N\ Uncertainty (post-fit) _§
* Mostly from mis-identified tn in QCD 10 _ e B v 030,990
multi-jet and W(lv)+jets events £ w0f ' .
1 = 10° f— —f
S A5 T T T T T T T ] { T :
o . . DL_ - e & 4 o ] ???gggggg 10° E
* Signal extraction from a fit to a BDT/DNN - ‘ - ‘“’{“’“““f//f.//fézziééz o
. e e . . © 0.5 | | | | | | | | | | @ — E
discriminant trained in each event category - . 5 3 4 5 & 7 8 9 10 11 1
i o 1.4
BDT score bin 2 ol
o Sensitivity driven by tit, category PhysRevD.110.032012 : 08l R A\
e e
Pre-fit expected Iog1Q(S/ \/E)
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* Signal regions explore hadronic and semi-leptonic final states (ith, eth, and thth) = 90% of HH—>bbtt expected events

» Event categories based on tt decay modes, production mode (ggHH, VBF-HH), boost of H=>bb (CIVIS), and mpy (ATLAS)

* Irreducible backgrounds from simulation

ATLAS: 95% CL on pnwis 5.9 (3.3) x SM

» Top-backgrounds: ttbar, single-top, etc

' L oo
« Z(tt)+b-jets from simulation + corrections 213 Te, 140 Ef§§é¥§§ -0 s
. HH — bbt™t )
fromZ - uu in data B g Obs. (Exp) | CMS: 95% CL on pupnis 3.3 (5.2) x SM
rlepthad LTT O‘: L 23 (20)
= ; 5 _ cMs___ o bbm138(13TeY
* Reducible backgrounds estimated from data ot SLT . 7 2 DTNl oenes o venomn
Voo % expecte
. . .. . — - | e 95% expected
* Mostly from mis-identified tn in QCD . 4 69 . _
multi-jet and W(lv)+jets events - B — || oo
Combined o ° 59 (3.3) 2017
| S . Observed: 05
. . ] 1 10 10° —
 Signal extraction from a fit to a BDT/DNN 95% CL upper limiton i, | {2018
discriminant trained in each event categor e
50Ty PhysRevD.110.032012 Combined
Observed-: %i
cooc v v v b e b g
. o, o e . 25 30 35
Sensitivity driven by thth category o5 OL it om o(pp. = HH) o, _

PL.B.2022.137531
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« The HH->bbyy is a rare decay channel (BR = 0.3%) but provides the best purity (S/B) among HH signatures

» Exclusive event categories designed based on muyy (ATLAS) , production mode (CIVIS), and signal purity

tagging (ATLAS) or ttH BDT killer (CIMIS)

—_
o

* Signal purity enhanced by using BDT JHEP01(2024)066 JHEP03(2021)257
discriminants featuring event kinematics and [z F IA'II'LIASI T T T T T T T T ] cMS 137 fb' (13 TeV)
. - o - —— SMHH ggF T e R e
resolution of jets and photons (CIVIS) 5 105 v5_137ev, 14010 = HHGOF k=10 30 [ HH->y7bb All Categories
c E HH - bbyy — ﬁ“:\'jBHFVEF_m - m, = 125 GeV S/(S+B) weighted
. . . > T - P AT - ¢ Data ]
* Main backgrounds from yy / y+jets & single-H % ool High massregion ... :i:gvleBE, Kov=3 _ il: L PHaHeBR
p = Vysjets = o0 - —— H + B component
. . . . g ¢ Data sidebands - B component ]
* Rejection of ttH via hadronic W and top 3 sh — B -
LL in 2 O 7]

(62}
IR

 Signal extracted via a fit to myy (ATLAS)
and myy+mpp (CIMS) distributions

S/(S+B) Weighted Events / (1 GeV )

: BEYNpN ,
O B | | | | | | | | | | | | | | HzI‘;"I‘:!h.“‘n.ll'n[::l‘lnx

BDT score

o Statistically limited analysis!

ATLAS: 95% CL on puwis 4.0 (5.0) x SM

m,, (

CMS: 95% CL on upis 8.4 (5.5) x SM
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HH combination: pp—>HH cross-section k)=1

« Observed and expected 95% CL upper limits on puun = o(pp->HH)/osm(ka=1) with full Run2 luminosity

PhysRevl ett.133.101801

—e— QObserved limit (95% CL)
ATLAS Expected limit (95% CL)
Vs =13 TeV, 126—140 fb! (UHH =0 hypothesis)
SM [ Expected limit +10
HH)=32.8 f
Ogar + var(HH) =328 o 1 Expected limit +20
Obs. Exp.
bbag + Emiss } 10 14
Multilepton — * 17 11
bbbb|— * 5.3 8.1
bbyy— * 4.0 5.0
phriT- - + 59 3.3
Combined|— } 2.9 2.4
| I |- I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I |
0 5 10 15 20 25 30 35 40

95% CL upper limit on HH signal strength gy

ATLAS: 95% CL on pnwis 2.9 (2.4) x SM
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W*W'yy
Obs. (Exp.): 95 (54)

bbZZ, 4l
Obs. (Exp.): 33 (41)

VYT
Obs. (Exp.): 31 (26)

Multilepton
Obs. (Exp.): 22 (20)

bbW*W

Obs. (Exp.): 16 (18)
bbyy

Obs. (Exp.): 8.4 (5.6)
bbt*t

Obs. (Exp.): 3.4 (5.3)
bbbb

Obs. (Exp.): 7.5 (4.3)

Combined
Obs. (Exp.): 3.5 (2.5)

CMS Preliminary 138 fb”! (13 TeV)

of

K —Kt—KV—KZV—'I
—e— Observed B 68% expected
------ Median expected ------ 95% expected

L1 L] -
1 10 100
95% CL limit on o(pp = HH) /o

CMS: 95% CL on upnis 3.4 (2.5) x SM

Higgs boson self-coupling via non-resonant HH

* New CMS result that supersedes
previous Run2 combinations and
provides more interpretations
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N HH combination: pp->HH cross-section k=1 INEN_
BICOCEA [

« Observed and expected 95% CL upper limits on puun = o(pp->HH)/osm(ka=1) with full Run2 luminosity

Observed limit (95% CL) .= o = l
— % —e— Observed Emm 68% expected .
ATLAS expected imit @s% oL || | | e Modian sxpected fet 95% oxmectod Newo CMS result that.sup.ersedes
Vs=13TeV,126—140 fo-! (UHH =0 hypothesis) WWyy B - previous Run2 combinations and
imi Obs. (Exp.): . . .
oM. e (HH) =32.8 fb == Expected limit £10 SR ED provides more interpretations
1 Expected limit £20 bbZZ, 4| u .
Obs. (Exp.): 33 (41) . . e .
i ol | ) IO _ || = Similar sensitivity between ATLAS
bbag + Emiss } 10 14 Obs. (Exp): 31 (26) and CMS but different hierarchy in
Multilepton |~ B the analyses performance
. Obs. (Exp.): 22 (20)
Multilepton — : * 17 11
- S .15 15 i 1l Results still statistically limited
bbbb |~ 5.3 8.1 R
5 bbyy B N
bByy * 40 50 Obs. (Exp): 8.4 (5.6)  However background modelling and
| OOTT 1 sess theoretical uncertainties on GggnH
bbT* T = + 59 33 LD _ - have a quite relevant impact
T T Obs. (Exp.): 7.5 (4.3)
Combinedf— 2.9 2.4
] |§| | I L1 1 1 I I | I I | I I | I I I I I I I ] Comblned
0 5 10 15 20 25 30 35 40 Obs. (Exp.): 3.5 (2.5)
95% CL upper limit on HH signal strength uyy ! '1 i '1'0 S '1'60
95% CL limit on o(pp — HH) / O eory

ATLAS: 95% CL on ppnis 2.9 (2.4) x SM

CMS: 95% CL on upnis 3.4 (2.5) x SM
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6 All other k fixed to SM

——- Exp. (SM): 95% CL [-1.6,7.2]

“a Excluded
= Theory prediction

I 68% expected
95% expected

8 I I I I I I I I I I I I I I I I I
< Of | | | T
c | ATLAS —— Combined . —— bbyy — . C e
" | HH combination T bbb ERE T b O T LN significantly the ky-constraint
 Obs:  95%CL[1.2.7.2 — Observed =~ weeen Median expected

power of individual analysis

* Progressively closing the

x SM prediction

allowed region for anomalies
in Higgs self-coupling

—h
o
6V

w
B

1

—h
o
\V)

—
IIIII

Excluded

Kt=1
= Ky =1
Ky = Koy =

95% CL limit on o(pp — HH) (fb)

ATLAS: -1.2 (-1.6) < ky< 7.2 (7.2) -10 -9 0 S 10

at 95% CL from Log(L)

CMS: -1.4 (1.0) < ky < 7.0 (7.2)
from 95% CL UL on o/osm
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8 I I I I I I I I I I

" ATLAS
'Fvs =13 TeV, 126—140 fb

- HH combination
6 All other k fixed to SM

-2 In A

—— Combined
— Multilepton
—— bbif + EMiss

I | _I
—— bbyy

—— bbbb
bbTtT™

— Obs.:

95% CL [-1.2,7.2]

——=- Exp.(SM): 95% CL[-1.6,7.2]

IIIIIII,’[IIIIIIIIIII

ATLAS: -1.2 (-1.6) < k< 7.2 (7.2)
at 95% CL from Log(L)

CMS Preliminary

138 10" (13 TeV)

o
~

—h
o
6V

—h
o
\V)

95% CL limit on o(pp — HH) (fb)

I
— Observed

“a Excluded
= Theory prediction

x SM prediction

Median expected -
B 68% expected
------- 95% expected

P HH combination: self-coupling INEN
BICOCEA —

Combination improves
significantly the ky-constraint
power of individual analysis

Progressively closing the
allowed region for anomalies
in Higgs self-coupling

Resolved signatures are
powerful for ka< 0 and kx > 2

Boosted signatures enhance
the sensitivity for kx around
the SM

Hardest region corresponds
to kain [4,7]

CMS: -1.4 (1.0) < ky < 7.0 (7.2)
from 95% CL UL on o/0sy
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» Event categories targeting ggHH and VBF-HH modes are complementary —> allow to measure simultaneously kj and kay

PhysRevLett.133.101801
| | | | | | | | | | | | | | | | | | CMS Preli inar 1 38 fb-1 1 3 TeV
S 8_ATLI¢\S | — Gombined — bbyy — Zaok o II{'O'll"' RRRARRREN ICI_I(I()IIHII)' « Both ATLAS (CMS) largely
I —— Multi n —— bbbb | v 9.V serve — 68.3% Y 7 . _
i ﬁ =132bl'.eV:[.126—140 ot t'\)"bZ 'ip;n LT : Expocted  eeeeen 95.4% CL (20) ; exclude the hypothesis of kay=0
- combination _ i i A % .
or —— Obs. 95% CL + Bestfit (4.3,0.92) | 2.5 ¢ Bestit 99.99994% CL (30) 7 at about 4 (6'5) O
- —== Exp. (SM) 95% CL W SM predicti T i .
3 g T 2 of * kv mostly constrained by the
: : : boosted VBF HH->4b
_ 1 5— PLB.2024.139007
|  oF PhysRevLett.131.041803
: 05l 1|+ Complementary role played by
- : : different analyses to constrain
] 0.0F 1 =, =1 - at best the 2D parameter space
15 : !
K I I I I T B I I I I
A 8 6 -4 -2 0 2 4 6 8 10 12
Ky

ATLAS: 0.6 < koy< 1.5(7.2) at 95% CL

CMS: 0.7 < kyy<1.4(7.2) at 95% CL
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HH combination: HEFT interpretation

* Parametrising BSM physics in HH solely with coupling modifiers (ky, kav ki, ky) has limitations

* The “Higgs Effective Field Theory” (HEFT) provides a complete basis for anomalous interactions in single-H and HH

* Five HEFT operators modifies the dynamics of ggHH process @ LO: Ctth ©Kt, Coghh, Chnh < Ko, Cgghh, Cithh (C2)

PhysRevl ett.133.101801

5 CMS Preliminary 138 fb' (13 TeV)
j I I I I I I I I I I I I I I I I I I I I I I I I I
S [ K =xy=%x,,=1 — Observed Expected
_: | | | I | | | | I | | | | I | | | | I | | | | I | | | | I | | | | I O
< 1.5 R 0 — =
S - ATLAS Observed 68% CL | <
O - VS -13 TeV. 126—140 fb-" —== Observed 95% CL o
I T . T _ _ _ ¥ Bestfit (6.6, -0.45) ]
’ _HH - bbTt T~ + bbyy + bbbb Expected (SM) 68% CL _|
. All other c fixed to SM Expected (SM) 95% CL -
I Y¢  SM prediction |
] —
7’ ~~\
B [ SS
= \\\ \\\
N \\\ ]
O VI, . —
. ,, N~\\
| , \\\
N \\ \\\
= \ \\
- TS~ T/ !
| | L] | Lo 1] I ]
_2 5 O 2.5 5 7 5 10 12.5 O 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 1 I 1 1 1
C -0.4 -0.2 0.0 0.2 0.8 1.0
hhh C
2

No significant deviations from the SM hypothesis have been observed ... no indirect hints of new physics
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, v |
+ Single-H analyses used as an indirect precision tool for Apuythrough NLO effects =l | ... - L § >——/,/

: ,

* Both single-H inclusive x-sec (ggH, VBF, VH, ttH) and differential distributions sensitive to Aynn

« Simultaneous fit across STXS single-H measurements and direct searches for HH is performed o g, | HHER1612. 080 (2016)
o vvvos EPJ C (2017) 77 887
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I Single-H + HH combination INTN
— @) di Fisica Nucleare
BICOCCA =
) vV q/q W/z
» Single-H analyses used as an indirect precision tool for Auunthrough NLO effects —=————fp ;... - -1 4y
g y
* Both single-H inclusive x-sec (ggH, VBF, VH, ttH) and differential distributions sensitive to Ayun
« Simultaneous fit across STXS single-H measurements and direct searches for HH is performed g, | HHER1612. 080 (2016)
EPJ C (2017) 77 887

arXiv.2407.13554

CMS 138 fb™' (13 TeV)
M“—' 1 _7 B 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 . 1 1 I 1 1 1 1 i
- Observed — single-H comb.
1.6 Ky = Koy = 1 — HH comb. -
: single-H and HH comb. 7
15F ¢ Best fit value -
- — 68.3% CL (10) -
1.4 JIRCRI . -+95.4% CL (20) 3
120 =
L | A N B
: - — P
0.9F S W Lo 3
0.8F 7
07: 1 1 1 1 |"' 1 1 1 1 | \
-10 -5 10 15
Ka

For (ky,kzv) fixed - degeneracy with k: solved by single-H
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BICOCCA —
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» Single-H analyses used as an indirect precision tool for Auunthrough NLO effects —=————fp ;... - « o
A oA
% y
. . . o . o . . A q H
» Both single-H inclusive x-sec (ggH, VBF, VH, ttH) and differential distributions sensitive to Agyn
g 111111 .
« Simultaneous fit across STXS single-H measurements and direct searches for HH is performed o, [THER1612. 080 (2016)
EPJ C (2017) 77 887
arXiv.2407.13554 PLB2023.137745
- 1 O | | | | | | | | | | | | | | | |
CMS 1 | | | |
v 1-7: IObI ' d r~— T T II l_:3|8 f': '(13'Te'v)_ E - ATLAS — H K oonl :
o oserved It E | Vs=13TeV,126—139 fb"! Aoy ]
1.6 xy=Ky =1 ' €0 . Al = HH K) only
- single-H and HH comb. - | 8+ Observed —
1.5F ¢ Best fit value 3 u = HH + H K, only |
1.4;_ —————— —ggi:ﬁ: gt g;)) _ : HH + H K only: HH + H K, generic :
[ o ] 6 95%: K, € [-0.4,6.3] |
1.3F - - HH + H k) generic: -
X : - 95%: K e [-1.4,6.1] .
1.2 . . — - -
- ' ‘ - VY e W W | WS / | S A 95% —
LR e 7T N S — - .
100 — . - I ]
0.9F ISR WETA P - i _
- ! . ] R U . Y / A U 68% ___
0.8 - n i
- N 0 I L1
0.7 o ol -5 0 5 10 15
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For (kv,k2v) fixed = degeneracy with k: solved by single-H Degeneracy of ky with ky and krin single-H solved by direct HH searches
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Single-H + HH combination

» Single-H analyses used as an indirect precision tool for Ayynthrough NLO effects

* Both single-H inclusive x-sec (ggH, VBF, VH, ttH) and differential distributions sensitive to Ayny

arXiv.2407.13554

CMS

138 fb' (13 TeV)
1 I 1 1 1 1 ]

vy 1.7

IOblserlve;:I
1'6:_ Ky = Koy = 1
1.53—
1.43—
13
1.23—
1.13—
1.0F
0.93—

0.8F

— single-H comb.
— HH comb.

single-H and HH comb. :

4 Best fit value
— 68.3% CL (10)
----95.4% CL (20)

-
—————
-

For (ky,kzv) fixed - degeneracy with k: solved by single-H
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Search for HHH->6b at 13 TeV
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e First constraints on Higgs quartic (ks) gauge coupling exploring HHH—>6b

, , , . o(gg-HHH) at NNLO-QCD is 0.079 fb @ 13 TeV
* Leading mode for non-resonant production of HHH is gluon-fusion

’ H ,’H '¢ H
. . . . . . . .’ : // h; R
* Signal region has 6 b-jet, control regions with either 5 or 4 b-jet \ | >__hfo,_'_'___ . tell | (Nt el

. . : .. ka kn " g
* Higgs candidates are constructed via a mass-based pairing Ka .~ ' ; ;
algorithm A1t
_ - _ arXiv:2411.02040 HHH also sensitive to kj
* Signal purity improved via a DNN based on
. . . @ [T LA B I NS DL B AL R LN ]
selected jet kinematic features 2 [ ATLAS  Data - arXiv:2411.02040
Lﬁ \/_ 13 TeV, 126 fb-1 — (m_, m_) = (400, 200) GeV* N
o . . . . 4_N X S _
» Background estimate is data-driven predicting 0 s Sonal ogion bootfi | SM HHH® - o
yields in each DNN bln from (5b,4b) — *Signal normalized to background,Post fit background N J g ATLAS | | Exrl. c8v% L g
~ 7/ Uncertainty N 300 /s = g —CE))l(ap 9658‘{; %I[ -
B | | [ - (s=13TeV, 126" — Obs. 68% CL
) . . . . 10° E Low-Score : High-Score = = HHH — 6D eesiiIIe . Uni?érity o -
* Signal extraction via a simultaneous fit to - 200F- L., % Su E
DNN across 5b and 6b | 100 E
102 = of— —f
] —1002— —i
At 95% CL no phase-space within _o00F- = E
unitary bound is excluded _’..g 1112 S RS E _a00F- ' A E
c\s : I ]
- T 1.04 ] ~400F— -
95% CL UL on UpuH is < 750 x SM a 104 {////T/%/%TW// 227 ﬁ//ﬁ : E
0.96 : & _500/— —
-230 < k4 < 240 at 95% CL for kA - 1 088 E_ _E _600|: ] |‘-'I ] ] ] | ] ] ] ] | ] ] ] ] | | | | | | | | | |:
08,102 03 04 05 06 07 08 09 1 -20 -10 0 10 20 K
3
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e First constraints on Higgs quartic (ks) gauge coupling exploring HHH—>6b

: . . . o(gg-HHH) at N
* Leading mode for non-resonant production of HHH is gluon-fusion

* Signal region has 6 b-jet, control regions with either 5 or 4 b-jet \ h» 5‘0“ 1| (T - 202:\

\* S : ka
* Higgs candidates are constructed via a mass-based pairing g “\G‘\ \)(\6 )‘ ‘ "
Igorith e \nO al P #
algorithm S\\ O
| - | arXiv:2411.02040 eo WO HHH also sensitive to kj
* Signal purity improved via a DNN based on Y\(’(\ “’(,5
selected jet kinematic features *g \"\\Y\ “e((\e : arXiv-2411.02040
: : , o - (@) M) = (400, 200) Gev*
* Background estimate is data-driven predicting ‘\\G‘ o “\Q‘ SM HHH' o
yields in each DNN bin from (5b,4b) %G \\\ Aokground Mpostit baokgrond - < L ATLAS 0 mEeesol C
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C 4 -1002— —i
At 95% CL no ) In 00— g =
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Run3 prospects from ATLAS and CMS 'Nﬁa
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* Run3 will at least triple the size of pp-collision data set - already = 180 fb-1 collected at 13.6 TeV

* Both and CVIS introduced several improvements that will impact their HH program: hadronic triggers, b-jet and 1, tagging,
jet energy resolution, boosted H— bb tagging + mass reconstruction, etc.

Improved triggers for HH - 4b and HH-> bbtyth

5\ _I I | T T | T T | T T | T T | T T | T T | T T | .
S ¢ Alltriggers: e(HH—bbtt) = 78.4% ATLAS Simulation _
;&’j 12 - Run 3 t-triggers: e (HH—bbtt) = 58.4% Preliminary msen . aerV'2403 J 1 6 1 34
% - o Run2r-triggers: ¢(HH—bbrt) =54.1% Vs=13.6 TeV .
o S [.A 4lets(@btagged): e(HH ~bbrt) =527%  x;=1 bbryr, N S, 1.6 S Simuaton s =13, 136 TeV
S = — 2 - HH — 4b Run 3 2023 HH parking
—— ~ B
—0— —C— - _
N 0.8~ I may == - .S_J’ 1.4 - K, =1 —&— Run 3 2022 HH standard
g S —= = 1.2 —e— Run 2 2018 standard
Q 06— —0— =é==g="QF = . —— LLI i
1 Offline selection: i
O - =Q==é= 7, ;;,‘;’Sjjjeée”\)/,j/ nl<2.5, truth-matched _ QLJ 1 [ Ty
< 0.4 T, p‘;’5>20 GeV, Inl<2.5, truth-matched — (@)) B
‘_0_28: 2 brjets, p_>20 GeV, Ini<2.5, truth-matched 7 (@) 08 |- _._.__._,—.—._._+
A . ] IE —i—
: 0.2k ] —a— ro———0——o—o—
= 06 —e—
- 1 B ——0—
8 0 [ 1 | 1 1 1 | | I | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | | I | 0 4 __
| ol 1.8 I—o— T T T T T T E + .
g R oy 02 —e— >4 jets, p_>30 GeV, Inl <2.5
< 213 BEngsS ! !
%13 _o_ O III|IIII|IIII|IIII|IIII|IIII|III
o 11'_21 — 500 600 700 800 900 1000
L : : : : : : Reco 7
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mTruth [Ge mHH [G eV_
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* Run3 will at least triple the size of pp-collision data set - already = 180 fb-1 collected at 13.6 TeV

* Both ATLAS and CMS introduced several improvements that will impact their HH program: hadronic triggers, b-jet and 1, tagging,

jet energy resolution, boosted H— bb tagging + mass reconstruction, etc. Improvements in b-tagging
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* Run3 will at least triple the size of pp-collision data set - already = 180 fb-1 collected at 13.6 TeV

* Both ATLAS and CMS introduced several improvements that will impact their HH program: hadronic triggers, b-jet and 1, tagging,
jet energy resolution, boosted H— bb tagging + mass reconstruction, etc.

Boosted H—>bb tagging + mass regression

Jet energy resolution
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* Di-Higgs production is a key probe of the EWSB mechanism
* Allows to access the Higgs-boson self-coupling with LHC data - probe the shape of the Higgs field potential

* Allows to access another rare quartic gauge coupling > HHVYV interactions
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* Di-Higgs production is a key probe of the EWSB mechanism
* Allows to access the Higgs-boson self-coupling with LHC data - probe the shape of the Higgs field potential

* Allows to access another rare quartic gauge coupling > HHVYV interactions

« ATLAS and CMS performed a large set of analysis with Run2 data covering:

« Most relevant decay channels in terms of branching ratio and expected S/B

» The two main HH production modes: g/uon-fusion (leader in ky) and VBF (leader in kav)

* HH and single-H analyses are combined to maximise the sensitivity to self-coupling (Aunn) and EFT operators
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* Di-Higgs production is a key probe of the EWSB mechanism
* Allows to access the Higgs-boson self-coupling with LHC data - probe the shape of the Higgs field potential

* Allows to access another rare quartic gauge coupling > HHVYV interactions

« ATLAS and CMS performed a large set of analysis with Run2 data covering:

« Most relevant decay channels in terms of branching ratio and expected S/B

* The two main HH production modes: gluon-fusion (leader in ki) and VBF (leader in kav)

* HH and single-H analyses are combined to maximise the sensitivity to self-coupling (Aunn) and EFT operators

 Run3 prospects:

* The expected 95% CL UL on pyyis about 2.5 x SM per experiment with Run2

* Assuming that results will scale with luminosity = 1.5 x SIM per experiment (Run2+Run3)

* Combining ATLAS + CMIS results = 1 x SM (Run2+Run3) = 2o significance

* Analysis improvements in Run3 might be significant

07/11/24 Higgs boson self-coupling via non-resonant HH
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* Di-Higgs production is a key probe of the EWSB mechanism

* Allows to access the Higgs-boson self-coupling with LHC data - probe the shape g otential

* Allows to access another rare quartic gauge coupling -> HHVYV interactio

* The expected 9: gout 2.5 x SM per experiment with Run2

* Assuming that res Cale with luminosity = 1.5 x SIM per experiment (Run2+Run3)

* Combining ATLAS + CMIS results = 1 x SM (Run2+Run3) = 2o significance

* Analysis improvements in Run3 might be significant
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* Both ATLAS and CMS recently updated HL-LHC projections for HH measurements on the latest Run2 results (140 fb-1)

* Current projections based on luminosity extrapolation of Run2 in different scenarios for systematic uncertainties

- Projection for ATLAS HH->bbtt analysis only * Projection for the combination of CVIS bbtt, bbyy, 4b,

+ Current analysis has expected significance of 2o at 3 ab-1 multi-lepton, and bbWW

« Scenario 2 of systematic uncertainties scaling them by \/E

» Baseline analysis with recommended theory and until reaching a floor CYRM-2019-007.221

experimental uncertainties - 3.50 significance at 3 ab-1
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More in Angela’s talk
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Figure 1: The shapes of Higgs potential for various scenarios studied in this work.
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ATLAS HHH->6b

Derive 6b SM background
extrapolating from 4b & 5b data

Istituto Nazionale
di Fisica Nucleare

Table 1: Summary of the input variables used in each DNN. Check marks denote which input is used for each DNN.

< DEGLI STUDI
- -
&2 =
| —
2 2
B A
Derive background systematics Included in fit
>
b
3
o 6b
=
>
=
-
S, sb
Q
4b
Low-Score High-Score
« Increasing background Increasing signal —
DNN Score
300 0.80
< )
200 —0.75
100 —0.70
0 i g
10.652.
-100 | 3
0.60]
~200 )
0.553
~300 R
. 0.50
-500 0.45
~600 0.40

Variable Definition nonres res heavyres

mpy-radius  Euclidean distance between the event and the pairing center v/ v
(120,115,110) GeV in the (mpyg, mya, my3) volume.

my1 Reconstructed mass of the highest pt Higgs boson candi- v V4
date.

RMS(m;;)  Root-mean-squared (RMS) of the invariant mass of all v v
possible jet pairs that can form a Higgs boson candidate.

RMS(AR;;j) RMS of the angular separation between all possible jet v/ v v
pairs that can form a Higgs boson candidate.

RMS(7n) RMS of the pseudo-rapidity of the Higgs boson candidates. v v

Skewness Skewness of cosh(An;x) — cos(Ag;x), where i, k are all v

AA;; possible jet pairs that can form a Higgs boson candidate.

ng Scalar sum of the pr of the 6 jets selected to reconstruct v
the 3 Higgs boson candidates.

cosf In the (mpy, my,, my3) coordinate system, 6 is the angle v
between the vector from the origin to the event’s recon-
structed mass of the Higgs boson candidates, and vector
from the origin to (120, 115, 110) GeV.

Aplanaritys; The fraction of pt from the 6 jets selected to reconstruct v/ v v
the 3 Higgs boson candidates lying outside the plane
formed by the 2 highest pr jets.

Sphericitys; Isotropy of the momenta of the 6 jets selected to reconstruct v
the 3 Higgs boson candidates.

Transverse  Isotropy of the pr of the 6 jets used for Higgs reconstruc- v/

Sphericitys; tion, with respect to the x — y plane.

Sphericity Isotropy of the momenta of all jets in the event. v

; i xpks [k))— . .

n — MyHH Lik 2Py me(chSh(A"(lk)) D where i, k are all possible jet v

fraction pairs that can form a Higgs boson candidate, and my gy g
is the reconstructed tri-Higgs invariant mass.

ARy Angular separation between the jets paired to form the v v
highest pt Higgs boson candidate.

ARpy» Angular separation between the jets paired to form the v v
second-highest pt Higgs boson candidate.

ARp3 Angular separation between the jets paired to form the v v

lowest pt Higgs boson candidate.
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6b, predicted (NSb /N4b)i _ (N6b /NSb)(V) : (NSb/N4b) (v)
N.™ =,LlNF'Bi' ) D(v)— 6b | NI5b ' 5b | NJ4b
g N 5b / N 4b N / N Low-Score N / N Low-Score

Differences between 6b and 5b w.r.t. 5b vs 4b vs each input variables of DNN

Non-closures are used to perturbate the input features and assess a variation
on the final DNN template - 10 possible variations

Finally a pruning procedure is allowed to only retain some principal components

.cé § A-rll_ AS | g Uncertainty source | Relative impact of systematic uncertainties [%]
S 1.15 E_ {s=13 TeV, 126 fb™ _E SM-like TRSM non-resonant TRSM resonant Heavy resonance
e 11k — All uncertainties 24 20-46 33-42 24-53
§ 1_055_--2 _I_,_I—:_f’,—l—zé Experimental 22 2045 3341 24-53
15__ _ - E Detector response 7.4 6.6—-14 1624 4.1-15
= T A T e A Luminosity and pileup <1 <1 <1 <1
095~ 7 — Flavor tagging 3.2 2.8-5 6.9-8.8 1.5-5.6
- 5 Jet reconstruction 2.7 2.3-6.5 3.6-7.1 1.0-6.3
09E Moo statisia — D(RMS(m.)) N Trigger efficiency 2.0 1.8-3.5 6-10 1.4-4.2
0.850 — D(RMS) D(A Ryp) | Background modeling 16 14-36 18-30 2045
| ----5b, no extrapolation ]
O.%:""l""l""l""l""l""l""l""l"': Theoretical 1.5 <1 <1 <1
1 02 03 04 05 06 07 08 09 1 MC statistical -1 -1 -1 -1
nonresDNN score
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