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The HH production at the LHC

Motivation:

SM:  H production @ 13 TeV @LHC 56 pb (NLO) & HH production @13 TeV @LHC 33 fb (NNLO)

BSM: Anomalous couplings of the Higgs

Non-Resonant HH

& New heavy resonances decaying to HH

Resonant HH

Enhance the HH production rate Via:-

* Modify Higgs boson self-coupling (SM free parameter to be constrained )
* Modify the Higgs-top Yukawa coupling

* Newvertices
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The HH non-resonance production provides the best channel to study
the HH self-coupling / trilinear coupling modifier

)1 (SM prediction)
o #1 (BSM scenario)

Enhance the HH rate via New BSM bosons decaying to HH:-

RS model of the WED theories

Spin-2 Graviton / Spin-0 Radion —>HH

- Introduce one extra compactified dimension

- Explain the gravity (not included in the SM)

- Explain the hierarchy between Gravity and atomic forces

SUSY / NMSSM

Additional heavy Higgs H® —> HH
- Introduce two Higgs doublets

- Gauge Coupling Unification (GUT) <
- Dark Matter Candidate (WIMP) 0 SR oy
- Solve the hierarchy problem L
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Non-Resonant HH

Run-ll, 137 fb1, 13 TeV Run-Il, 138 fb1, 13 TeV Run-Il, 138 fb1, 13 TeV
’ ’ ’ ’ ’ ’
HH—> bb4l HH—> bbup HH—> different final state
-1 i -1
108 137 fb (1 3 TeV) 106 CMS Work in Progress 138 fb™" (13 Tev) CMS Preliminary 138 fb' (13 TeV)
ﬂ' £ CMS Wl gg—2Z2Z-4l —— SM prediction 7|<; =K =Ky = "zv; 1 ! A
o ~10° [09qg—ZZ-4l == Median Expected —— Observed . 68% expected —
o .5 10 Preliminary =§Gﬂ$‘r:gf’:v 7w B +1 std. deviation wwe Median expected s 95% expected o
O| E \ B VVV whers v 7w 105 4 +2 std. deviation om_tE;g) a5 (54) * o'
Q 10 -E;):; N bEZZ, 41 r } N
1 2 s — . e Obs. (Exp.): 33 (41) 1
10 - - HH—bb4l signal ] T r 7
T ! e ] T
o _
2 2 10° g;v‘{Eg’) 16 (18) 2
o L —
DI- é Obs. (Exp.): 8.4 (5.6) QI
CD -4 : 2 g’:ém) 34(53) w
S -1 -0.8 -06 -04-02 0 02 04 06 08 1 3 10 e | S
BDT score @A
[=)] Obs. (Exp.): 7.5 (4.3)
O o 3 Combined [ O
é > e Tl 10! 0hs.tE=p135(25JA_L ‘ .
Pl he 1A L, oo Vi 1 10 100
:Eij. 0 1 1 1 | L ,_H I ¥ L Z 1 e l &1L Ll % 11 T E 11 | 95‘}; CL I‘mlt on G(pp - HH} " gThaury
T -1 -08-06-04-02 0 02 04 06 08 1 . .
e 100 , , ‘ . ot CMS Preliminary 138 fb™' (13 TeV)
5 S S— ; T b I T p E-| R B A T
10 — K £ | = Observed - Median expected
CMs —— Ohservell v i T - Excluded [ 68% expected
Preliminary Expected 95% CL Limit % Lo ° exp
mm epected +isd. | | = | == Theory prediction - 95% expected
= e [ Expected +2 s.d. T
210 210°
T Projection at future LHC runs 1
T
8 HH—> bbup 5
5 10° =
S E N
E Signal Strength (1) | Run 2 combined (137 fb-!) | Run 3 (500 fb~!) | HL-LHC (3000 1) | 102F §
O - (@] C N
2 2.5% quantile (1 — 20) 84 44 18 8 NN
P-4 .
o 1074 16.0% quantile (1 — 1) 116 61 25 LSDQ - Excluded & Excluded
50% quantile (jc) 177 93 38 o e =1 N
84% quantile (2 + 1) 275 144 59 - K_'t = Koo =1
97.5% quantile (j + 20) 329 171 70 v 2\: I

Magdy Louka HH Searches Overview



Resonant HH

Under CMS review: Search for resonant production of Higgs boson pairs decaying to four leptons and two b jets in pp collisions at Vs=13 TeV CADI: B2G-25-002

. CMS Preliminary 137.61 (13 TeV . Run II)
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1- Event selection
- H —> 77 —> 4l selection (M,£10 GeV)
r (Higgs group legacy strategy HIG-19-001)
H —> bb from the highest B-tagged jets
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Irreducible background: MC estimation e
gg/VBF—>H, ZZ, VH, qqH, VVV )
Reducible backgrounds: data-driven estimation .
DY+jets, ttjets, WZ

w/z

. 3- Validations in CRs
Data/MC comparisonin 2 CR orthogonal to SR

4] SB & 41+jets SB (agreement within the stat. uncer.)

- 87% 7% 5% |

— Bulk Graviton (M =250 GeV)
AUC = 0.965

— Bulk Graviton (M <3 TeV)
AUC = 0.999

Background Rejection
T T T T T T T°71

Hypothesis & final state: _ S U St
RS model of the WED theories 4- signal Vs. Background discrimination
10 Bnv Bz VH

Spin-2 Graviton / Spin-0 Radion —>HH —> bb4l Multiva.riat.e analysis based on DNI_\I: B Bz e
- optimization of the DNN using gride search -t 03

- training the DNN: 80% training & 20% testing
Data sets: CMS run-1I UL dataset (~137 fb) - application .

CMS Preliminary 137.61 fb'(13 TeV, Run-1)
T T T T T T T T T T T

Events

5- Statistical interpretation
Maximum likelihood estimation T

DNN Response
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Resonant HH

Run-ll, 138 fb1, 13 TeV
HH—> bb4l

137.61 fo’! (Run-Il, 13 TeV)
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HL-LHC, 3k fb2, 14 TeV
HH—> bb4l

3000 fb' (HL-LHC, 14 TeV)
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Run-ll, 138 fb:, 13 TeV
HH—> different final states

CMS Preliminary March 2024 138 fb ™' (13 TeV)
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HH — bb,WW — > 1l (resolveq)
2403.09430, Sub. to JHEP'

HH - vy, 1t
HIG-22-012

1 ——HH — 4W/41/2W21 — > 2|

JHEP 07 (2023) 095

HH — bbyy

2310.01643, Acc. by JHEP

HH — bb,WW — > 1l (merged-jet)
JHEP 05 (2022) 005

__HH — bb,bb (merged-jet)

PLB 842 (2023) 137392

ZZ - qq,ll

JHEP 04 (2022) 087
ZZ - qqyvv

PRD 106 (2022) 012004
WW - Iv,qq

" PRD 105 (2022) 032008
__WW/ZZ - qq,99

PLB 844 (2023) 137813

HH — vy, 1t

HIG-22-012

HH — 4W/41/2W2t — 22
JHEP 07 (2023) 095

HH — bb,WW — > 1l (resolved)
2403.09430, Sub. to JHEP'

— HH — bb,WW — > 1l (merged-jet)

—_
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JHEP 05 (2022) 005

HH - bb, 1t
HIG-20-014

HH — bbyy
2310.01643, Acc. by JHEP
HH — bb,bb (merged-jet)
PLB 842 (2023) 137392
2Z - 21,2q/2v/2 *
JHEP 03 (2019) 128

WW - Iv,2g/v*
JHEP 03 (2020) 034

ZZ - qqyv

PRD 106 (2022) 012004
WW - Iv,qq

PRD 105 (2022) 032008
WW/ZZ - qq,q9
PLB 844 (2023) 137813

Physics Results B2G-2025(tiwiki)
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