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Searches for heavy resonances decaying
into a Higgs boson pair or one Higgs
boson and a new scalar (X - HH/HY) at
CMS

Higgs Hunting 2024
Elise Jourd’huy, on behalf of CMS



— Higgs to probe new physics

Higgs sector as a tool to probe physics
beyond the SM

\ 4

Some BSM theories predict additional particles
Like a resonance X decaying into :

A Higgs(125) pair
A Higgs(125) and a new scalar Y
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— Extended Higgs Sectors

The Higgs sector does not need to be minimal (SM) — Can be extended with additional singlet, doublet, ...

» Additional real singlet : /
* [ntroduce a new real singlet S, leading to a new scalarX: X - HH
= Adding one more real singlet (TRSM) : X— HY/HH

> Additional doublet : 2ZHDM g \
» 3 neutral and 2 charged Higgs bosons
= X-> HHand A— ZH

= Possible couplings of second doublet with fermions :
* Typel: '
<_Type Il : Only uP'typi%% — Minimal supersymmetric standard model (MSSM)
* Type X or lepton-specific : Only quarks
« TypeY or flipped : Only up-type quarks+lepton

= Additional singlet (N2HDM, NMSSM) : X— HY possible
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— Warped Extra Dimension (WED)

Phys.Rev.Lett.83.3370-3373,1999

Warped Extra Dimension by Randall and Sundrum (RS) — Existence of an extra spatial dimension

» Existence of a spin 0 Radion and a spin 2 Kaluza-Klein (KK) Graviton
?

= HH is among the highest Branching Ratios for the Bulk scenario

Bulk Graviton

Radion RS1 Graviton (more dof to the SM field)
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https://arxiv.org/abs/1404.0102v4
https://doi.org/10.1103/PhysRevLett.83.3370

— Analyses involved

=

)

HH HH
spin 2 spin 0

HY

----------------

bbWW (resolved)

JHEP 07 (2024) 293

bbWW (boosted)

JHEP 05 (2022) 005

)

- multilepton

JHEP 07 (2023) 095

bbbb (boosted) PLB 842 (2023) 137392
bbyy [HEP 05 (2024) 316
bbtt JHEP 11 (2021) 057
F1Db
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https://link.springer.com/article/10.1007/JHEP07(2024)293
https://link.springer.com/article/10.1007/JHEP05(2022)005
https://link.springer.com/article/10.1007/JHEP07(2023)095
https://doi.org/10.1016/j.physletb.2022.137392
https://doi.org/10.1007/JHEP05(2024)316
https://doi.org/10.1007/JHEP11(2021)057
https://doi.org/10.1007/JHEP11(2021)057

— Involved analyses

[ Combination of these analyses was performed as part of a broader review |

----------------

-----------------

= W HH HH HY
b v T spin 2 spin 0

+
Y. Wi T i h W | T bbWW (resolved)  IHEP 07 (2024) 293

heavy resonances

The CMS Collaboration*®

arXiv:2403.16926 , CMS-B2G-23-002

Searches for Higgs boson production through decays of

11 (2021) 057
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https://link.springer.com/article/10.1007/JHEP07(2024)293
https://link.springer.com/article/10.1007/JHEP05(2022)005
https://link.springer.com/article/10.1007/JHEP07(2023)095
https://doi.org/10.1016/j.physletb.2022.137392
https://doi.org/10.1007/JHEP05(2024)316
https://doi.org/10.1007/JHEP11(2021)057
https://doi.org/10.1007/JHEP11(2021)057
https://arxiv.org/abs/2403.16926

— Combination procedure

v One event should not appear in two different analyses

v’ Systematics alignment

The systematics that are supposed to behave the same way across analyses are considered 100% correlated

v Same normalization for all analysis

HH : Each analysis is normalized to its SM BR _
HY : Each analysis is normalized to the Higgs SM BR. No normalization for Y — bb to stay model independent

v’ Stastical tests




— Results for HH

Spin 0 138 b (13 TeV)
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— Results for HH

Spin 0 138 b (13 TeV)
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_ Results for HH ey & &

Spin 0 138 b (13 TeV)
o) L LN ' SN Wide mass range — Wide range of sensitivity
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— Results for HH

Spin 0 Spin 2
P 138 b (13 TeV) P 138 fb™" (13 TeV)
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— Results for HH

Spin 0

95% CL upper limit on ¢ (pp — X — HH) [pb]
)
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Results for HY
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LY LA TN O L NS LN NS I LY L |

4 M=1400 GeV (x 10%)

v M,=1800 GeV (x 10°)

» M=2000 GeV (x 10%)

i ]

 My=1600 GeV (x 10) -

» M=3000 GeV (x 10°)
|

Combination for the My in which
we have several analyses.

The 4b boosted channel dominates
the combination for My > 1 TeV and
small/medium values of My

No excess above 2 s.d. for the
combined mass points

Considering a more complete
combination

10°

108 10*
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— Interpretation - MSSM  x- un

Particularly interesting when m, < 700 GeV Unique exclusion limits for m, > 400 GeV !
w 10CMS_ , 1387 (13 TeV) 10 CMS 35.9-138 b (13 TeV)
125 i1
§ 9 M, err = Observed exclusion 95% CL 9 eo)?c?ﬁggr? 95% CL
8l . 8 °
. | _ / 7 \ Expected
----- Expected exclusion 95% CL 6 N exclusion 95% CL
6 . .
Ratio of vev 5 Sk 4
o HH Combination JHEP 07 (2023) 73
¢ — it
- e AW JHEP 04 (2020) 171
H—- WW
JHEP 03 (2020) 34
I HH — bb,WW — = 1] (resolved)
A — ZH (lkt)
JHEP 03 (2020) 65
. HH = bb Tt
] X— HH *®
HH — bb,yy
260 %00 10 0o mnE%‘.eV] - 100 200 300 400 500 * 138 b
A Pseudo-scalar m, [GeV]
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Interpretatlon WED X > HH

ol
T Cmbact Muoe Soenoid
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— Summary

iP2i. ‘ , ~
LESINFINIS 5., 2 <
i L

T Cmbact Muoe Soenoid

O
O
O

= A Combination of X - HH/HY searches was performed with LHC Run 2 data

Combination offered a great gain of sensitivity for masses between 0.5 and 1 TeV for HH spin 0
No excess was observed

For HH spin0, below masses of 320 GeV and above 800 GeV, this combination gives the strongest
observed limits to date

New exclusion limits in MSSM and WED
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— NMSSM

’ .1 (13 TeV)
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2HDM type 1 m, =500 GeV

2HDM type 1 cos(p - o) =0.02

N A OO ©

e | S O Py | S V) S S | [T O PSIY yes | o g e Sy W | ey [ P | Ty | M
-0.04 -0.02 0 0.02 0.04 300 400 500 600 700 800 9001000
cos(f - a) my [GeV]

2HDM type 2 m =500 GeV 2HDM type 2 cos(p - a) = 0.02

@ 20 X~ = gal00)
S 18 025 § 18
- [T Y
14}
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e e e ey Ty |y
-0.04 -0.02 0 0.02 0.04

Figure 5: Branching fractions of X — HH decays in 2HDMs of Type I (upper) and Type II
(lower) in the cos(B — a)-tan B plane for my = 500 GeV (left) and in the my—tan B plane for
cos(B — ) = 0.02 (right). The masses of all non-SM-like Higgs bosons are set to be the same,
my = my, and m3, = m4 tanB/(1 + tan? B). The branching fractions have been calculated
with 2HDMC v1.8.0 [55, 56].

23/09/2024 HH 2024 20



— Extended Higgs Sectors

Minimal supersymmetric standard model (MSSM)
4

» Additional doublet : ZhDM
» 3 neutral and 2 charged Higgs bosons
= X-> HH and A- Z|

= Possible couplings|of second doublet with fermions :
e Typel:AllLch i

Type X0t : Only quarks
« TypeY or flipped : Only up-type quarks+lepton

= Additional singlet : X— HY possible
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Interpretation - hMSSM

Mmoo~ -

-1
w 8CMS_ 1381b7 (13 TeV) .o CMS 35.9-138 fb™ (13 TeV)
bR
(Cu 7 hMSSM _ | Observed exclusion 95% CL : 9F hMSSM Obse“_’ed
= ! g ‘ s exclusion 95% CL
6 gl N\ g
' 7 . \ \ Expected
| = Expected exclusion 95% CL 6k \ N exclusion 95% CL
5K h(125)
] HH Combination EPJC 79 (201 9) 421
4 ¢—TT
= JHEP 07 (2023) 73 ¥
s HH — 4W/41/2W2<
3 o tt
JHEP 04 (2020) 171
| HH — bb,WW — = 1| (resolved) H— WW
2 JHEP 03 (2020) 34
e HH — b A — ZH (lkr)
N JHEP 03 (2020) 65
HH — bb,yy X— HH o
260 300 400 500 600 130 200 300 400 500 600 * 138 b
m, [GeV] m, [GeV]
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Multilepton Q_) =

JHEP07(2023)095
= WWWW, WWrt,t, and Tt,ThT,TH decay modes
CMS 2SS 138 fb (13 TeV)
. . [7) v e B L AL B T
= For each event category, a set of event level BDTs is trained g % F Nimisia ¢ Otmerbkg. | |WZ
versions rge Misid. in
to separate resonant spin-0, resonant spin-2 and non- (m 105 Ml Corversions {74 charge Misc. Ml single 1
. i 10 Mz ¢ Data % Uncertainty
resonant HH signal from the corresponding backgrounds. (g o X2 HH(1p0)

my = 750 GeV, spin 2

—_
o
w

» To avoid overlap with other analyses, a b-veto is applied
(Deep]et)

e e @
o

—_
(=]
N

—y
- O

CMS HH — MuItllepton 138 fb (13 TeV)

3

i Medlan expected

B c
- 68% expected o § 15¢E
1 95% expected 8§ 1 MMM il il il s Lo c S s
I-'>jo'5123456789101112131415

= QObserved

BDT output bin number

—
<

= Events are selected using a set of single-, double- and triple lepton

00 triggers as well as di-tau and lepton-tau cross triggers.
my, [GeV]

95% CL upper limit o(pp—X— HH) [pb]
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https://link.springer.com/article/10.1007/JHEP07(2023)095

bbyy

» Very low BR but small background contamination

> 2D fit on the mass distributions of H — yy , H/Y — bb

A14QM§ IIIIIII I.‘.‘,,,..13.8.f‘b‘,(.1‘3.T‘e.\./ _ CMS - 138fb (13TeV
% I (spin- 0)X—>HH—>yybb CATO . % 30 (spin-0) X — HH — yybb CATO 5
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w +2 0 B I} 15F 20 3

10f

.J%‘

— 7
B component subtracted —

i T |
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T [NEOTENC

Excess of 3.8 (2.8)o found at
my = 650 GeV and my = 90 GeV

Selection :

v

= Two photons trigger
= b-jets: Jet pair with the highest Deep]Jet
score sum

138 fb'1 (13 TeV)

— I I | I I I I I I I I
u‘gj o4 S ——> M, = 300 GeV (x10') pp—>X—>HY—>yy bb (Spln 0)
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I 10
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(
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https://link.springer.com/article/10.1007/JHEP05(2024)316

— 4b boosted

= 4b analysis at high My. Very high BR . Low background search.

= Jet substructure tagging

Physics Letters B 842 (2023) 137392

= ParticleNet is employed to discriminate the decays of a boosted H boson to a pair of b quarks against a background

of other jets

;CMS wip 138 fb~1(13TeV)
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https://www.sciencedirect.com/science/article/pii/S0370269322005263?via%3Dihub

X - HH JLyon 1 j_n\\
— bbVV resolved ( e

= bbWW :2"¢largest BR

» Final states: bblq (SL) bbll (DL)
* b-jets selection : DeepJet (AK4 jets) DeepCSV (AKS8 subjets)

= Use of a DNN to classify the events and a Heavy Mass Estimator (HME) to reconstruct the resonnance for DL

CMS 138 fb~! (13 TeV) CMS 138 fb~! (13 TeV)
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http://www.arxiv.org/abs/2403.09430
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[HEP05(2022)005

bb + [ final states in the bbWW and bbtt HH
decay modes

Selection : one AK8 jet (H — bb) and 1 (SL: 1 more
AK8 jet is required) or 2 (DL) leptons

Aditional b-tagged AK4 jets (Deep]et) are vetoed

ML fit to the 2D my/m,,;, distribution with 4
background and 1 signal template
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https://link.springer.com/article/10.1007/JHEP05(2022)005

— bbtt

Y >bb+H- 11

JHEP11(2021)057

Selection : Atleast 1(b jet + jet) + 1 7t pair

T identification using DeepTau
b-Jet identification using DeepJet

Selected events are passed to a NNs
to distinguish signal from 4 background

| |
» bb(t,t, + ety + uty) final states (largest sensitivity to searched signature)
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g " - T T - T - ® ? C T T -l ]
ol > [ CMS  +Observed [_]Z/t/diboson - 3| ©8000FCMS -+ Observed [ Zti/diboson (v
g5 “F Wz [tk = . %m > [ mz-l it ()
) 4 © B I Diboson (k) [C1Jet—r,
30k Il Diboson (k) []Jet—>r, ] 6000 [ Single h Bkg.unc.
L [CISingle h Bkg.unc. L
20 3 4000 :—
C == . L
10F . 2000 |-
= . OE
> 1.0 e 2
5 osf - é% 1
0.0 & 0
o2 1sF e o2 15F e classes
ng g’ 1.0 TP P 2 ages Oy SEEE’ 1.0 m"“’l'”’"""’l'"l'”‘"““:&“ﬂ“"tw
45 o5k - 8|8 o5k -
@ 02 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
y-rr ySignal

23/09/2024 HH 2024

29


https://link.springer.com/article/10.1007/JHEP11(2021)057

