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Non-resonant HH production

* Two kind of HH production modes sensitive to BSM physics:

and perspectives

Non-resonant HH searches: status
Higgs2023 [Nov 27- Dec 2]
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Non-resonant HH production

* Two kind of HH production modes sensitive to BSM physics:

Resonant HH production

and perspectives
Higgs2023 [Nov 27- Dec 2]

o Higgs pair produced from heavy
h resonance X:
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e BSM physics effects parametrized by heavy
resonance mass 71y.

TRIUMF, Canada’s particle accelerator

Centre

Marco Valente

Physics department

Signal = peak in myy




Non-resonant HH production
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il e Two kind of HH production modes sensitive to BSM physics:
T O,
‘g.§'§ Resonant HH production Non-resonant HH production (SM)
c S 5 ) — S -
0 T O | I .  S——
§ = ~ ® Higgs pair produced from heavy | Box diagram Triangle diagram
g ' resonance X: |9 U —— H 9 1000000000000
pd g“ 9 9999999900099 H ‘ KA
| A Y A ——}{———o’
A >------ —<
X 9 9999999999999 «— H 9 999999999999 -
9 9999999009990 - n * Involves diagrams with intermediate “light” SM

e BSM physics effects parametrized by heavy particles:

resonance mass 7iy.

e Very tiny SM cross-section: ¢ 31.05 fb

ggF =
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A
2 * BSM physics effects parametrized by coupling
° Signal = peak in myy modifier ;.
| T~ Xiv1903.08137 | Frs 10
P = = ArAlV: - kx= —1.0 m=m ]
l SR R S =30 |BSM effects have
R T e = Ka= 5.0 .
R, S I | complex signal
S T hTE i =S klnem_atlc
1‘ c o0 PDF4LHCL5 R due to diagram
1076 L NLO, p = mpp/2 = :
102 g — interference!
> 2 10t =
2 100 p=——— —
mHH 1071 — . e
e —— - - 300 400 500 600 700 800 900 1000
: My, [GeV]
Covered in next talk by — S ———

Jan Steggemann! The m 2


https://arxiv.org/abs/1903.08137

# | Why is non-resonant HH interesting?

T %% * K, g|v?s access to .the.shape of | V(Cb@?) — ’ ‘

*é_g-% the Higgs potential via \’ >

5% 3 measurement of A: _ K= 5w

$ § A I

é e Many different potential = e Unknown! /
shapes could have caused the experimentally know \ /
same physics we see today! Qe e ldos /

/

e Differences in the potential

shape are well motivated by y ~
cosmology and BSM theories
(more details in other talks).

A N\

Landau-Ginzburg Higgs Nambu-Goldstone Higgs Coleman-Weinberg Higgs Tadpole-Induced Higgs

Unknown!
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.075023

Other non-resonant production modes

Vector Boson Fusion, VHH

Non-resonant HH searches: status

N
0 v
24
TN
ag-(: P — ~ — - = ——————
(@) :
S Vector-boson fusion (VBF)
23
e 9 « Signature: 2 Higgs + 2 quarks close to - i
S
2 the beamline. . -
 Very tiny cross-section: o\ygr = 1.72 fb S o
(20x lower than ggF HH!).
g * Interesting because:
: 1. Provide additional sensitivity to x;
KL | (+6% HH signal).
C .3
;g g é 2. Access also to VVHH process (never _ Cry
. i;lb% measured before!) through &, coupling
O sk \\ modifier.
© 92 ¢t - _
=£ES A —

/“/j/

@l Association with Vector-boson (VHH) ELuaie IR RNV Qle IRy Y12
I




So... how do we measure
these non-resonant HH
Drocesses’”



HH decays and final states

3 o o
= - For C4gF+VBF 32.78 fb, ATLAS and CMS provided with

approximately 9k HH events (fZ’iAr‘;[LAS+CMS =280 fb ).

e Maximal sensitivity to these 9k HH events requires multiple
analyses targeting different HH final states!
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ATLAS results covered in this talk:

1 Final states covered

S
v 9 e o ATL-CONF-2023-078 (bbt7)
o E L. .-! inthistalk - - o
Sl First Higgs decay e PRD 108 (2023) 052003 (bbbb)
3 %g : h e arXiv:2310.12301 (bbyy)
Q ®© —
940 Higher BR ob W o - W | e anv2310.11286 MBIt
23 ¢ o PLB 843 (2023) 137745 (H+HH combinations)
= A e ATLAS-PHYS-PUB-2022-053 (HL-LHC projections)
bb
CMS results covered in this talk:
WW 4.6% e PRL 129, 081802 (bbbb resolved)
e PRL 131, 041803 (bbbb boosted)
- 7 4% 25% | 0.39% e PLB 842 (2023) 137531 (HH — bbt7)
o JHEP 03 (2021) 257 (HH — bbyy)

o CMIS-PAS-HIG-21-005 (HH — bbW W)

e Nature 607 (2022) 60 (Combinations)

o CVS-PAS-HIG-23-006 (H+HH)

YY 0.26% Additional results (not covered here):

- CMS-PAS-HIG-22-006 CMS VHH(4b) 6

7 3.1% 1.2% 0.34%

Second Higgs decay



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-071/
https://link.aps.org/doi/10.1103/PhysRevD.108.052003
https://arxiv.org/abs/2310.12301
https://arxiv.org/abs/2310.11286
https://www.sciencedirect.com/science/article/pii/S0370269323000795?via=ihub
https://cds.cern.ch/record/2841244
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.081802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041803
https://doi.org/10.1016/j.physletb.2022.137531
https://link.springer.com/article/10.1007/JHEP03(2021)257
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-005/index.html
https://www.nature.com/articles/s41586-022-04892-x
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-006/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-006/index.html

Run: 351223
Event: 1338580001
2018-05-26 17:36:20 CEST




HH — bbtt

ATL-CONF-2023-071

20% with respect to expected limit

e Good portion HH BR (7.3%) with relatively of previous Run 2 analysis!
clean environment and low background.

T T | T T T T T LI | N
e Observed +1o

and perspectives
Higgs2023 [Nov 27- Dec 2]
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ATLAS Prelimi
fo=13 Tov. 140 > o BBy e
e Selection: 2 b-jets (77% DL1r) + 2 7 leptons - 5 Obs. (Exp)
TiogThaa LTT die 22 (20)
("hadhad @9 ZlepThad)- '
. - : TiogThag SLT
e 9 categories: 3 split by 7 decay mode+trigger,
5 . . . .
s each split in 3 by HH production+kinematic. .
© had “had
Qg Category Triggers Combined
oo . a a
;U g 5 bbhadThad Single-tau + di-tau triggers \ X 3 categories: ] 10 10
:i_b% """ S T e 1 VBF and 2 ggF 95% CL upper limitonu
%z%g bbTIepThadSLTgSlngleleptontrlgger(SLT);" (high and low 1) [ L B A A A I N R AR
2.2 € P o o)== i o =
=>cES 7 : : ‘A ke - ATLAS Prelminary Exp. 95% CL ]
= C bbtigpThag LTT Lepton-+tau trigger (LTT) g 8C Vs =13 TeV, 140 fb" [-2.5,9.2] =
' - HH — bbrr ~ Obs. 95% CL .
e [-3.2, 9.1] E
e Final observation: simultaneous binned fit of 6 E
. : 5E =
BDT scores in all categories. i / -
4E F . 95%CL3
e Latest CMS observed (expected) results [PLB 3E " E
: o =
842 (2023) 137531]: )i 6% L 1
95%CL _ 33(5.2 - .
[ J = . . C 1"1°%= Ly -
Hsm (5.2) 4720 2 4 6 8 10 12 14

.k, €[~1.7,8.7] ((—2.9,9.8]) Kk



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-071/
https://doi.org/10.1016/j.physletb.2022.137531
https://doi.org/10.1016/j.physletb.2022.137531

EXPERIMENT

Run: 329964
Event: 796155578
2017-07-17 23:58:15 CEST




HH — bbyy
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S 948 arXiv:2310.12301
E o.; h| _ i, _ o
O .
a9 > e Very small BR (0.26%), but very clean signature . N —
L vz . o u
T o o (excellent acceptance and reconstruction s 1 ATLAS —— SMHH goF
£ QA : o 107E vs-13Tev, 140 o DT R R0
ST S resolution). § f HHobby S
5 3 - m* > 350 GeV [N HH VBF, Kev=3
= : © 0L b ingle —
oI e Selection: o 10 B orge ;3
E % ¢ Data sidebands
9 e 2 photons (tight and isolated) + 2 b-jets (77% £ 10~
] DL1r).
% 10-2
3 e MVA outputs to separate backgrounds and : o
2 : IO P S .
Q@ SI nals- 1 -3 .".I | [ IR S T RN :| L. il |E | —
S £ 9 0 0.2 0.4 0.6 0.8 1
GC) 2 8 . L. " BDT score
L9 o 7 Categories: splitin m* at 350 GeV, and BDT
S (%l?é bbyy CMS 137 b (13 TeV)
9 $9 output score. R 7 CL upper s FHEGEE
= 0s o —~ 35— serve E
© 8> £ * _ _ _ _ 2 99 ...... Median expected .
S£ES My byy = Mbbyy — Mpb — Myy +250 GeV € | mmm 68% CL expected =0 =
S ———————— 1 O 1 95% CL expected %
. . . . . i ;. = = Theoretical prediction K, € [-3.3,8.5]([-2.5,8.2])
* Final observation: simultaneous likelihood fit of £ 250\ ‘ e
: : @ 2 =
m,,, in all 7 categories. N . /3
1.5

* Latest ATLAS observed (expected) results:
-12% from previous Run 2

95%CL _
o pgy =4.0(50) ATLAS result .
o k, € [~1.469] (x, € [-2.8,7.8])

5 —*-|||||||
N

Very similar sensitivity to CMS

i e N N /) (JHEP 03 (2021) 257) [


https://arxiv.org/abs/2310.12301
https://link.springer.com/article/10.1007/JHEP03(2021)257

CMS Experiment at the LHC, CERN
Data recorded: 2016-Aug-13 16:51:13.749568 GMT
Run / Event/ LS: 278803 / 46541 7690 / 259
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Marco Valente

Physics department

and perspectives
Higgs2023 [Nov 27- Dec 2]

TRIUMF, Canada’s particle accelerator

Centre

HH — bbbb kinematic Peglmes

Resolved vs boosted

e Largest signal BR (33%), but large QCD multi-jet backgrounds.

e Higher statistics allow to target different kinematic regimes!

Boosted regime

Two lad‘ge,-ro\ciius H->bb \‘\e:ts
| R= 1.0 (0.%) 4TLAS (CMS)

Resolved regime

| Four SMall-radsus la- e:ts “ 4
| (R=0.4) |

B hadrons S
2 b-hadrons -

Explored by both ATLAS Explored by CMS

and CMS

12
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Marco Valente

Physics department

and perspectives
Higgs2023 [Nov 27- Dec 2]

TRIUMF, Canada’s particle accelerator

Centre

rsvar (PP—HH) [1b]

(&)

Resolved HH — bbbb

ATLAS (PRD 108 (2023) 052003) and CMS (PRL 129, 081802)

e A similar approach between ATLAS and CMS:

® 4 b-jets with QCD background estimated through data-driven techniques (more details in next
talk by N. Hartmann and M. Roguljic).

e But with some differences:

4000

3000

2000

-
o
o
o

1. B-jet pairing: based on AR(b, b) at ATLAS and (my, my,) mass-plane information at CMS.
2.

Background estimation: data-driven methods based on low-tag to high-tag corrections. ATLAS
estimates with 2b events, while CMS with 3b (triggers).

3. Einal discriminant: m; (ATLAS) and DNN output (CMS)
Similar sensitivities to k;
CMS /138" (13 TeV) \
95:/CL |: . j10||IIII|IIII|IIII|IIII 1T 171 ||l|||||||

- 95% CL upper limits All categories - = | — Observed |

- —— Observed / 9 __1 Q [ ATLAS ]

" eeenes Median expected HH - bbbb1 ¢ g\ VS=13TeV, 126 fo-! ~~~~ Expected ]

N 68% expected P P . Combined ggF and VBF Regions — 492G

- 05% oxpected . oeeeeseeesens : + i

| —— Theoretical prediction ) Expected 20 constraints: i

: : : i 6 Ky €[-5.4,11.4] (.

L = Observed 20 constraints: | -
Ky €[-3.5,11.3] -
Best fit k) = 6.2 A

L L T T T T T T PP T PP

‘\ 4
\ Expected 20: —5.4 < k; < 11.4

25 5.0 7.5 10.0 12.5

K (sz=1 .0, Kv=1 0)

13


https://link.aps.org/doi/10.1103/PhysRevD.108.052003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.081802

CMS Boosted HH — bbbb (1)

g8F production and «, sensitivity Phys. Rev. Lett.131.041803

e Impressive sensitivity achieved thanks to state-of-the-art GNN H — bb taggers
(ParticleNet).

and perspectives
Higgs2023 [Nov 27- Dec 2]

e 2 large-radius jets R=0.8 with p; > 300 GeV and multiple categories based on
signal kinematics and ParticleNet scores.
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e Challenges: control of trigger turn-on effects, accurate calibration of H — bb
taggers and large-radius jet masses.

o
©
Q@
(0]
é 1
q) % T I T T T T LI B A ' L l1|38 fb-1l(13 TeY) 104 I I I I I 138 flb- (13 TIeV)
-|_, 'E :6! = T T T T T T T T T T T T T T T T T T T T T T T T T T T T :
© . —e— Observed .=, B —— Observed Expected = 10 ]
GC) 2 Q CMS preliminary — - CMS Supplementary et B Expe =
— 2% Ky = Ky = Ky = Ky = 1 88 Expected + 1o I.'8 B e = Theory prediction ==--- Expected = 20
§ t _tgs =--- Expected = 2¢ @) G i v i
o 88 - 4 7 :
T . Q
O o> = Expected: 114 C
> = C . I =
cx O Observed: 88 N
>sES - a 1
ggF cat. 3 o
Expected: 35 o o
Observed: 34 \6
— - 10?
- = -
ggF cat. 2 o = 3
Expected: 13 - N 7
Observed: 32 E 2
ggF cat. 1 1 ]
Expected: 5.5 O
Observed: 8.1 °\° 1 0 - -
Tp) E ]
Combined ’ (&) - -
Expected: 5.1 .
Obsewed 99 I =1 1 1 I ()l 1 1 1 I5 1 1 1 1 (I) 1 1 1 1 EI) 1 1 L L IO 1 1 L L I5 1 1 1 L 2|0 | _—
1 10 100 e . 1 1 .
A

95% CL limit on o(pp — HH) / cTheow

Expected k; range similar to
resolved topology! 14



http://Phys.%20Rev.%20Lett.%20131.041803

CMS Boosted HH — bbbb (2)

VBF production and k,, Phys. Rev. Left.131.041803

e Boosted regime well suited to target variations of «,, in VBF production.

* Multiple categories split in kinematic selections and ParticleNet scores (LP,MP,HP)

and perspectives
Higgs2023 [Nov 27- Dec 2]

e Observed (Expected) K, ranges: [0.6,1.4] ([0.65,1.4])! Most sensitive measurement to &,/

Non-resonant HH searches: status

e iy = 0 excluded with more than 60 significance!

138 fb™ (13 TeV)

-1
§ 1045 ! tr ! I ! ! ' ! I ] ! l r ! ! l ! ! ! ' E | e | 103 —1 T 1 T I 1 T I 1 | 1 I 1 1 | 1 T 1 T I 1 T 1 T I T I 1 1I3|8I fIbl I(1|3I -Il-evll
S - D D . O C ]
© r CMS ¢ Data Mo ] = = CMS —— Observed B Expected + 1o ]
S - VBF cat. o HH (= 0) -tf . . — C Supplementary o i
S 10°F av = +ets - 2 - K, =K =Ky = = Theory prediction === Expected + 20 1
o 2 F Bkgd. unc. Ig t i
+~ £ =
c .2 I |
o & o _% 102 LP : MP - HP - %
GES s = P
> 52 ™ i T
0 §6 S 1o | T
O 8 % o > o
© 5> ¢ w >
>£ES o
1 c
o
107 E
. . Cl)
3 20 o
5 15 | l >
S~
« 1.0 1 1 o
8 0.5
D .
0.0 800' ,200'
.7200 .

Rapidly evolving H — bb taggers are progressively allowing us to
overcome the challenge of QCD backgrounds in HH — bbbb! 15



http://Phys.%20Rev.%20Lett.%20131.041803

HH — bbWW

arXiv:2310.11286 (ATLAS)
CMS-PAS-HIG-21-005 (CMS)



https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-005/index.html
https://arxiv.org/abs/2310.11286

cMS HH — bbWtW~™

CMS-PAS-HIG-21-005
e HH — bbW*W™ has the second largest HH BR (25%).

* Two channels to target leptonic W decays: single lepton and di-lepton.

and perspectives
Higgs2023 [Nov 27- Dec 2]

e 18 categories (resolved and boosted) to enhance sensitivity to both
ggF and VBF HH productions.
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 Final discriminants: DNN scores (1 for ggF, 1 for VBF)

S
©
Qo
8
f CMS Prellmlnary 138 fo (1 3TeV) CMS Prel/m/nary 138 fo! (1 3 TeV)
N g L L L L D D | LI | I LI I | I LI ) | ||||||||||||||||||||||||| | LI I LI | LI I LI | |||||||||||||
O - .

.|qc_a) g : K = Kv =1 —— Observed ~ ----- Medlan expected - K=K = Kv =1 —— Observed ~ ----- Medlan expected -

ot o = Theory prediction ¥ 68% expected ~— Theory prediction ¥ 68% expected

;c g —§ ¥ SM prediction =~ ====- 95% expected ¥ SM prediction ~ ====- 95% expected

4

- i;lb% 10°E  Excluded . Excluded 3 Excluded . Excluded

S 85 ‘

— 0= 29 AN

© 2> % N

=>aEd

N\

LIl Obs (exp) &, € [-7.2,13.8]([-8.7.15.2]) [I§
- N\ .

95% CL upper limit on o(pp — HH) (fb)

NN\ VAN
Obs (exp) Ky € [—1.1,3.2]([—0.9,3.0])

95% CL upper limit on o(pp — qqHH) (fb)

-20 -15 -10 -5 0 5 10 15 20 25



https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-005/index.html

ATLAS HH — bb 1Tl v

arXiv:2310.11286

e Targeted signals:
HH — bb+ WW/ZZ/tt — bb + I*]~ + neutrinos

Events

10°

I
ATLAS

Post-fit

Vs=13TeV, 140 b
HH — 2b+21+E"

! T ! T T !

T | |
¢ Data

T T T
Bkg. Unc.

[ Z+jets (HF) @@t

B Wt
[ Fakes

[ Single Higgs

[ Other

and perspectives
Higgs2023 [Nov 27- Dec 2]

10°

e Selection:

* 2 b-jets (77% DL1r) + 2 leptons
(e/ )

102

| IIII|_|]| ] IIIIlI,I] | IIIIIII| | III|,|1[| LI

_
o
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1
g B T T T T T S
%g . g:? :)21 ;%'/7‘ - ,«y,o////l///ﬁ/%/;f// W~ @~ B~ L /Q 9 )Z/%;///%
8 * DNNs to separate HH signals from I
=] backgrounds R R,
O 9 %)
© £ < b | | | | R
> 5 2 . = - ! :
g &8 e 2 categories: 1 for ggF and 1 for VBF 3 £ ATLAS .
= 050 < I Vs =13 TeV, 140 fb’ ! .
e % . . ° (\Il B ‘| , miss : 7
=8 e Final observation: simultaneous Lo MR = 20v2leey fo, o
. . . . N \ b d ' N
likelihood fit of DNN score in 2 - %\ ez 1331 @95% oL j ]
. 3 \ expected i ~
CategoneS. - \‘ . [-8.1, 15.5] @95% CL ',' 5
2 -
e Observed (expected) results: 15 \ .
95%CL __ 07 (16.2 - -
o = Y. . L1 . > T I B
Hsm ( ) S0 50 "B 10 15 20
Ky

* Ky € [—0.17,2.4] ([-0.51,2.7]). _



https://arxiv.org/abs/2310.11286

Combinations




Combined results (1)

SM signal strength upper limits

e Maximal sensitivity obtained through statistical combinations:

e Very comparable sensitivities between 2 experiments (ATLAS dominated by bbzz, CMS by
bbbb).

and perspectives
Higgs2023 [Nov 27- Dec 2]

e A lot of improvement thanks to improved reconstruction/ID techniques (e.g. DL1r,
ParticleNet) and analysis techniques (more categories, extensive use of Machine Learning).
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% el Nature 607 (2022) 60 EEREL Y aRERRY Phys. Lett. B 843 (2023) 137745
o LI AL
%g K, =K =1 1 —e— Observed ~ ----- Median expected A TLAS —— QObserved limit
@ v =y = B8 68% expected Vs =13 TeV. 126—139 fb-' Expected limit
@ O | e 95% expected R =0 hypothesis
= N | oM. \er(HH) =32.7 fo (i =0 hypothesis)
O 5 o bb ZZ [ Expected limit £10
o573 Expeoted; 40 [ Expected limit +20
> T o Observed: 32
o &8 - _
Q _S, Ty Multilepton
E % % g Expected: 19
z 5 ln—_: é Observed: 21 B il | Obs. EXp
bb yy )
oot bbyy [ 42 57
bb 1t )
Expected: 5.2 bbttt * 4.7 3.9
Observed: 3.3
T bl * 54 b
Observed: 6.4
Ex(ffe’ETebénzeg Combinedf- ~
Observed: 3.4 g
| ' T T A T A A R T T T T YT T T A TN T TN A AN
10 100 0 5 10 15 20
95% CL limit on o(pp — HH)/op,o,,,, 95% CL upper limit on HH signal strength uyy

5x better than 36 fb~! combination 3.5x better than 36 fb~! combination 8



https://www.sciencedirect.com/science/article/pii/S0370269323000795?via=ihub
https://www.nature.com/articles/s41586-022-04892-x

Combined results ({)

Self—couplmg constra,mts (k)

e Constraint of k, also largely improved with respect to partial Run 2 results!

* Very similar expected 95% CL constraints between the 2 experiments.

and perspectives
Higgs2023 [Nov 27- Dec 2]

Indirect single-Higgs measurements now also included in the constraint.

Non-resonant HH searches: status

e Rapidly approaching the exclusion of x; = 0!
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The future




The immediate future: Run 3
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https://cds.cern.ch/record/2868787?ln=en
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TauTriggerPublicResults

The distant future: HL-LHC

e ATLAS expects a statistical evidence (3.40) for SM HH (x; = 1) with 3000 fo~!
assuming same Run 2 detector performance and reduction of systematics.

and perspectives
Higgs2023 [Nov 27- Dec 2]

e 50 should be well within reach of a combined ATLAS and CMS HL-LHC
result!
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e ATLAS expects to constraint k; to [0.5,1.6] at 68% CL with 3000 fo !,
Combination with CMS could bring us close to [0.65,1.3]?
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Marco Valente

Physics department

and perspectives
Higgs2023 [Nov 27- Dec 2]

TRIUMF, Canada’s particle accelerator

Centre

summary and outlook

e Summarised recent status non-resonant HH searches.

e No significant excess above the SM (for now), and exclusion limits have been set
to:

e Obs (exp) u/37Ct: 2.4 (2.9) at ATLAS and 3.4 (2.5) at CMS

e Obs(exp) k, ranges: [-0.4,6.3] ([-1.9,7.6]) at ATLAS and [-1.2,7.5]([-2.0,7.7]) at
CMS

e Obs(exp) K,y ranges: [0.1,2.0] ([0.0,2.1]) at ATLAS and [0.62,1.4] ([0.66,1.37])
at CMS (boosted HH — bbbb)

e Large improvements not only due to increased luminosity in Run 2, but also
constantly improved analysis and reconstruction techniques (e.g. DL1d,
ParticleNet, etc.).

e The future will be exciting:

* Important BSM deviations from the SM Higgs potential could start to be
detected with Run 2+3 datasets!

e At HL-LHC, 50 discovery well accessible combining ATLAS and CMS, and

combined k; precision could be in the ~30-35% range (50% expected for ATLAS-

only). o5
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My personal HL-LHC estimation

(72}
=)
e
(72}
W~
O »n v
526
SRR TN N
585
Loz
zag
O
2cy ATLAS-PHYS-PUB-2022-053
g g - IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII|:
Z S 20f ATLAS Preliminary =
5 o - VS =14 TeV, 3000 fo-' :
< 17.5 Non-resonant HH T
i - Baseline .
f'cﬁ £ 15— Asimov data (kx = 1) 41 =
G5y : —— bbTtT" -
© 53 2 5F - .~ =
> 55 12. - —»— bbyy .
ot oF —— bbbb -
© 2o ¢ — : '
><ES . —*— Combined .- ATLAS+CMS k;
7.5 { constraint [0.65,1.3]7?
5_ "'4" “"‘4' -
E_ T TmTmmTm T ::_______________ TETTETTTTTETTTN ________::: ::_‘ ________ E 950/0
2.5 e —
ERE—— e *. G o s o AV R 168%
O_||||||| > il .
5 1 |0 1 2] .- 4 5 6 7 8
Ka

28



https://cds.cern.ch/record/2841244

ATLAS legsacy HH — bbtr (1)

Detailed event selection

and perspectives
Higgs2023 [Nov 27- Dec 2]

e ~N (e
channel: Thad Thad bb vt channel: ££bb 4 SLT + DLT o] event »| Z+HF CR
‘ ) l selection
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ATLAS legacy HH — bbtt (2)
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ATLAS legacy HH — bbtt (3)

Data/background distributions

and perspectives
Higgs2023 [Nov 27- Dec 2]

Non-resonant HH searches: status
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ATLAS legacy HH — bbtt (4)
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ATLAS legacy HH — bbtt (5)

x, and «,, likelihood scans

and perspectives
Higgs2023 [Nov 27- Dec 2]
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ATLAS vs CMS HH — bbrr
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ATLAS H+HH combination (1)
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Non-resonant HH searches: status

< 1 0 I | | | I I 1 | | | I I 1 | | I | I | I < 1 O I I | | | I | | 1 | | | | | I I 1 | | |
c - ATLAS 1 - ATLAS i
—_ - = H Kj only 1 = - m— H K only .
5 Ql | Vs=13TeV, 126—139 fb 1 | Vs=13TeV, 126—139 b _
= I m— HH K) only = HH K, only
S 8 Observed —{ | 8 Expected SM —
B i w— HH + H K) only i w— HH + H K) only
g i HH + H K, only: HH + H K, generic 1 i HH + H &, only: HH + H K, generic 1
R - 6 95%: K € [-0.4,6.3] _ s 95%: K € [-1.9,7.6] _
qC) ‘g \% - HH + H k, generic: - HH + H K, generic: -
o Eo - 95%: K € [-1.4,6.1] . 95%: Ky € [-2.2,7.7] .
0 g6 a= N N\ ) SR NI N W | SU— A 95%
O ,uw
— o= 9 B ] ]
© 2> £ i i i
>£FS i i i
2 — 2 _
. N\ Yy S 8% 1 L NooooNooi Y S 68% __
| I | | | | 1 | | |
05 0 5 10 15 075 0 5 10 15
KA K

37




(72}
=)
)
(©
=
(72}
m
()
-
(S
| .=
(©
v
(72)
L
L
.
c
(O
c
@)
{7p)
()
s
c
®)
Z

Marco Valente

Physics department

and perspectives
Higgs2023 [Nov 27- Dec 2]

TRIUMF, Canada’s particle accelerator

-2 Alog(L)

H+HH combination (ATLAS vs

CMS Preliminary
Ll 1 T 1 I 1

138 fb™ (13 TeV)
1 T 1 1 I

6 T
| Expected SM — single-H comb., 1.0*:25 ]
C K =Ky =Koy =1 > 1
-V T — HH comb., 1.0*>* 7
5 -1.9 —_
~— single-H and HH comb., 1.0:4;5 i
4_ \\ /l / 95% CL (20) |
3 _
2r —
i 68% CL (o)
0 i 1 1 1 1 1 1 I 1 1 1 1 | i
- 0 10 15

-21In A

(0 0]
T

o

I I | | | | | 1 | | |
- ATLAS
Vs =13 TeV, 126—139 fb-'
— Expected SM

HH + H K only:
95%: k) € [-1.9,7.6]
HH + H K, generic:
95%: Ky € [-2.2,7.7]

m— H K only
= HH K, only
= HH + H K, only

HH + H Kk, generic -

38



H+HH combination (ATLAS vs CMS)
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Additional material
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ATLAS resolved HH — bbbb

Likelihood vs cross-section
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ATLAS HH — bb [l vv (1)

arXiv:2310.11286

mbbA ee + MM mbbA e“. -+ IJ.e
| tt CR 1 tt CR
210 GeV e < 250 GeV 210 GeV s < 250 oV
. Wt CR 1 Wt CR
e b my > 250 GeV D oey mey > 250 GeV
15 GeV 75 GeV 110 GeV m, 15 GeV 110 GeV m;

(a) (b)

Figure 3: Definition of signal and control regions for same lepton flavour (a) and different lepton flavour (b) events.
The greyed-out region is excluded as it makes a negligible contribution to the final results. The m;, discriminant
variable [54] is used to further separate the top CR into separate ¢ and Wt control regions.

Table 2: Cutflow for event selection using SM gg/qq — HH signal samples in various decay channels. For both ggF
and VBF signal samples, the SM HH cross-section, o-, and branching ratio, 8, are assumed when computing event

yields for a luminosity of £ = 140 fb~!. Efficiencies are different for bbZZ (— 2{2v) compared to bbZZ(— 2(2q)
since the initial number of events considers Z — 77 while the former does not.

. bbWW bbtt bbZZ(— 2(2v) bbZZ(— 2(2q)
ggF and VBF event selection cut S F VER o0 vBE o VBE ocF VBE
Initial number of events (L X o X B) 70 3.9 39 2.2 3.8 0.21 18 1.0
Nieptons = 2, Opposite sign, pass trigger requirement 22 099 83 035 1.3 0.057 3.6 0.17
Npjets = 2 98 039 37 0.14 057 0.022 1.6 0.067
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ATLAS HH — bb Il vv (2)

arXiv:2310.11286
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ATLAS HH — bbbl vv (3)

DNN wvariables

Table 4: Input features used for the DNN in the ggF category. Indices O and 1 refer to pr-leading and pt-sub-leadin
objects respectively.
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Input feature Description
. same flavour unity if final state leptons are ee or uu, zero otherwise
5 D e transverse momenta of the leptons, b-tagged jets
E mee, ptt invariant mass and the transverse momentum of the di-lepton system
FC-») . 1_(::1 Mpp, pji'fb invariant mass and the transverse momentum of the b-tagged jet pair system
253 m’]’g stransverse mass of the two b-tagged jets [125, 126]
?3 Ei% ARyp, ARy AR between the two leptons and two b-tagged jets
= é% g Mpe min{max (mp,¢,, Mp, ¢, ), MAX(Mpye,, Mp, ) } [54]
>£ES min ARy minimum AR of all b-tagged jet and lepton combinations
Mpbee invariant mass of the bb{{ system

E‘Tniss, E%‘iss-sig missing transverse energy and its significance [127]
mt(fo, ET ) transverse mass of the pr-leading lepton with respect to E7"

minmr,¢ minimum value of mt({o, EF"*) and mt ({1, ')
H% measure for boostedness®of the two Higgs bosons
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Categories Sub-Categories

HH(GGEF) Resolved 1b | Resolved 2b | Boosted
HH(VBF) Resolved 1b | Resolved 2b | Boosted
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g Top + Higgs Resolved Boosted
E W]ets + Other Inclusive
o Table 1: The summary of the categories of events according to the DNN based multiclassifica-
5z & tion and H — bb topology for the single lepton channel.
© £
3
0 go
=
§ 23 § Categories Sub-Categories
HH(GGEF) Resolved 1b | Resolved 2b | Boosted
HH(VBF) Resolved 1b | Resolved 2b | Boosted
Top + Other Resolved Boosted
DY + Multi-boson Inclusive

Table 2: The summary of the categories of events according to the DNN based multiclassifica-
tion and H — bb topology for the dilepton channel.
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