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Resonant HH searches:
covered in the talk by

T. Kramer and
J. Steggemann




v V(H)

Standard Model (SM)

» The measurement of o(HH) is the best way to extract the Higgs self-coupling A5

arXiv:1312.5672
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Trilinear self-coupling 43:
direct access via HH production

(expect evidences at HL-LHC) (*)
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Quartic self-coupling 44 :
responsible for HHH
production (20??)

» This parameter determines the shape of the Higgs potential V(H) together with
my and the vacuum expectation value v — big consequences for the Universe

% N
Standard Model 1 A3 = A4 New physics 1 A3 # A4
m? Stable

A3 = 55~ 0.13 / g;;;??iem A \
o = AT
L Higgs Reld H )L iggs fie \ )

(*) A3, A4 can be also constrained indirectly from NLO contributions to the single Higgs production cross section
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https://arxiv.org/abs/1312.5672

Standard Model (SM)

* At LHC the HH pairs are mainly produced through gluon-gluon fusion (ggF) via

fermionic loop

SM HH production mechanisms
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Destructive interference: tiny cross section g9,
(HH) (31.05 b @ 13 TeV)

— ~1000x smaller than the single Higgs one 099y, (H)
(~48 pb @ 13 TeV) — Experimentally very challenging!
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Unique handle to probe VVHH ¢,y

~

» At CMS we also study other
production mechanisms:

— Vector Bosons Fusion
(VBF,1.72fb @ 13 TeV)

— Associated with Single
Vector boson

(VHH, 0.86 fo @ 13 TeV)
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Physics Letters B (2014) 142-149
JHEP03(2020)091

Beyond Standard Model (BSM)

*  BSM processes can modify HH production rates and kinematics

* In the Higgs Effective Field Theory (HEFT) approach, deviations from the SM are
modelled by couplings modifiers kappa (k3= A3/23", ¥y, K, Ky)

/ ) \ ,/H ; s " \ '?:‘10_3 e £y = 1.0 m= -
S B S0
€ w [ Kt H %10—4 jzif}_:—i;::f_jjz Z:\\ z 28 _—
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e ¢ czgy--ﬂ---q’x R LHC 14 TeV i
i PDF4LHC15 o
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L 10t == i@
8 100 fmee
10_1 1 _§l=_'__:_— 1 1 1 1
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Myy [GeV]
« Additional ggF couplings (cz, ¢, C2g) o s Susrs
» Explore sensitivity to BSM EFT couplings Noaris =36 Ny = 197 N 112 ;
with 20 shape benchmarks points: T
— Dbased on test statistic measuring §
kinematics’ similarity M s O o BT RSO B
— allow extrapolation between different M (G ) ™ ™ N
points My [GeV]
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https://link.springer.com/article/10.1007/JHEP06(2019)066
https://www.sciencedirect.com/science/article/pii/S0370269314001828?via%3Dihub
https://link.springer.com/article/10.1007/JHEP04(2016)126
https://link.springer.com/article/10.1007/JHEP03(2020)091
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Di-Higgs decay channels

See also Marco Valente talk

A rich phenomenology with many final states accessible at LHC
— All decay channels are a compromise between Branching Ratio (BR) and final
state signal purity (S/B) — There is no a single golden channel!

cc

BR(HH — XXYY) 10-1
YR4, arXiv:1610.07922
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Searches complementarity in
different decay channels &
complementary sensitivity to

coupling variations

CMS full Run 1l (2016+2017+2018) results

. nonres VBF

‘ nonres ggF

HH—4b, resolved

Phys. Rev. Lett. 129 (2022) 081802

HH—+4b, boosted

Phys. Rev. Lett. 131, 041803

VHH — 4b CMS PAS HIG-22-006
HH—bbWW* CMS PAS HIG-21-005
HH—bbzt Phys. Lett. B 842 (2023) 137531
HH->WWW*W*,
WWzt, t777T JHEP 07 (2023) 095
(multilepton)
HH—bbZZ(4l) JHEP 06 (2023) 130
HH—bbyy JHEP 03 (2021) 257
HH-WW*yy CMS PAS HIG-21-014
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https://cds.cern.ch/record/2853338?ln=en
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041803
https://www.sciencedirect.com/science/article/pii/S0370269322006657?via%3Dihub
https://link.springer.com/article/10.1007/JHEP03(2021)257
https://link.springer.com/article/10.1007/JHEP06(2023)130
https://link.springer.com/article/10.1007/JHEP07(2023)095
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.081802
https://cds.cern.ch/record/2853597?ln=en
https://cds.cern.ch/record/2840773

HH(4b)
p,

Largest BR (34%) provides
opportunity to explore several
production mechanisms and

kinematic regimes

q Analysis strategy

Results
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HH—4b resolved Q\ %
Phys. Rev. Lett. 129 (2022) 081802 1?*%;

b-jet

‘ nonres VBF . nonres ggF

CMS

102 fb (13 TeV)

Sensitive for VBF production and .y variations:
X Multi-jet background (QCD 85%, tt 15%)

100} HH — bbbb
VBF SM

b
Agp region

¢ 2017-2018 Data
I Bkg. model
kg. unc.
—— SM ggF-HH x 50

——— VBF-HH (x,,=2) x 20

. : 2
= Events with at least four jets 2
(anti-k;, AR=0.4, DeepJet b-
tagger), large jet pairing
combinatorial %
s
* QCD bkg estimated from & O el nl°°°[é2°{’/]”°° o0
data with CR 3b " _‘
See talk by M. Roguljic FMS : : 138 fb™' (13 TeV) 400G(:M:S : 138 16" (13 TeV)
| 95% Ot wpper mits Al categories [ 9% Ot upper i Al categories |
= Subcategories (2 ggF, 2 _ o} g tesmesenes Y 5 ] HH - o0 ]
VBF) tO |nCrease Slgnal purlty ;“ 103' —?’i:’:«;?f:s?ediclion E :E__.\ v—$f1;o?;?;?§?edmnm i :
I E E ]
based on myy (ggF) or BDT 1 f §2000\=23(5.0) <K, <94 (120
to remove ggF (VBF) IR g g | 1
°© £
10k ] © 1000
= Fit BDT (M) in ggF (VBF) - 0.1 (0.4) 20y /< 2.2 (25) _ |
1 15 E H H
categories e Ty e | e B T—
X K
Y[ ufH = glgtn, . < 3.9 (7.8)
u’BF = a/oVBF, o < 226 (412)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.081802
https://iopscience.iop.org/article/10.1088/1748-0221/13/05/P05011

HH—4b boosted

nonres ggF
‘ nonres VBF . 99 Phys. Rev. Lett. 131, 041803 =

Large radius jets  Large radius jets
138 fb' (13 TeV)
T T =

T T T T

T T
CMs

>
()
g 18 ggF cat. 1
= 16 { Data [l aco. ooF H. vBF H VH
i i % -HH (n=35) .lf+jels ttH
» HH pairs reconstructed in two g 12 s

N
N
SAAA AR RARE RARE RALE RARN RARE]

AK8 (large radius) jets

1 6
having pt(H) ~ 2m/R > 300 .
GeV = Ll
0
o Part LT
= Jets tagged with ParticleNet 5 s ] |
. & 05
for bt-tagging: 4x better bkg 0065 80 160 120 140 160 180 200 220
H 1 H j, Mg [GE
rejection  than  previous Mo (57
H e : : 13|be"(1‘3TeV) = 10 : : : : : 138fP"(13T?V)
algorithm E " oS s o Ml 2 g e ey

95% CL limit on o(pp — HH)B(bbbb)

062 (0.66) <, < 1.41(1.37 9.9 (-5.1) <x;<16.9 (1

= ParticleNet-based ggF and
VBF categories; BDT for ggF;
Mpy as discriminating variable

95% CL limit on o(pp — HH)B(bbbb) [fb]

Kov

| uf" <99(51) |

B. D’Anzi (INFN Bari) Non-resonant HH searches | Higgs 2023 10


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041803
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.056019

VHH—4b 2

CMS PAS HIG-22-006

w

Diagrams @ LO

X Low ¢ -BR @ SM
X Large background

= VHH for the first time at  oMSPemnay  imbsTey st ﬁ<
C M S % Ky =%, = 1 ‘ Obseved T Median expected Observed - :;:I::::::md
% 10 Theorypradicﬂon-ss%expeaed 1 METchannet | 'EDB 95% expected |
* 4 channels (W—lv, L = sshoowes 1 Snarags
Z—vv, Z—ll, WiZ—qq) 8 |
and 59 categories g i;t‘;”T;’:;’n:;. iy
(resolved , boosted, M, E et i
number of b-jets, signal- 3 ety ]
and tt- enhancement) 2 ey i
= BDT and DNN classifiers o e R
to improve S/B ratio + L VS ——|
H Y 1 Upper limit on o/ og,
BDT. | defining  regions 12.2 (-7.2) < kpy < 13.5 (8.9)
sensitive to anomalous -14.0 (10.2) < kyw < 15.4 (11.6) -37.7 (=30.1) <k, < 37.2 (28.9)
values for k; or k,y -17.4 (-10.5) < k,, < 18.5 (11.6) | | #/"" = Oyun /o< 294 (124)
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https://cds.cern.ch/record/2853338?ln=en

HH(bbyy)

A

Limited BR (0.26%)

Q' Pre
Analysis strategy N
X

Results
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HH—bbyy — =& #~

nonres ggF =—\v :
@ ronres veF @ 99 JHEP 03 (2021) 257 o

Sensitive to big variations of «;, :
Vv’ Very clean final state

v Excellent mass resolution m,y (1-2%)

= Events with at least two 5 ofe e T M TR0 Tey
H = [ —— observe HH bb ] S F - 125 Gev /(S+B gweighled E
b'JetS and 2y Ig i ...... 32&3” n:xpected i ] E— 25;— zsaat)iH+Bm =
: = 1.5 T s ol oo 1 =t — B
= Background: continuous 1 “f ZIa., T \ o
yy+ietand single Higgs & [\  -06(-04)<c,<1.1(09) /| £
- o e /] 2 o
= Dedicated DNN to & 'R
remove ttH bkg s
u Op’[lmlzed Ca’[egorieS ) s o e 7:;00 et "jD+Bii;npon?£:sub:;e;dedT§D
based on (BDT, My): 12 T 0 s e (6o
F 2 VBF 2 CMS 137 o' (13 TeV)
) g 95% CL upper limits HH - =
~gg 3.3 ('§H5) S ;617< 22 (8.2) S 1 : 6382;?%‘5:“’“‘?‘2 Yybb
= - - = (ol = e oL et
MX mbbw mbb m)/)/ + zmH If;l}BF < 225 ((ZOA) ; 10 —-?‘f\::)%ica\ppredi?:tion
= Signal extracted from 5 L
unbinned 2D parametric Factor 4 of improvement wrt. =
i -1 © =
fit (My,y, Myp) in all 2016 analysis results 399107) . "~ | 1.3 (0.9)< k<35 (3.1)
categories v
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https://link.springer.com/article/10.1007/JHEP03(2021)257
https://arxiv.org/abs/1806.00408

HH(bbz7)

p,

Still large BR (7.3%)
provides opportunity to
explore several production

mechanisms =

¢ Pre
Analysis strategy N
X

Results
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‘ nonres VBF . nonres ggF HH_DbbTT " % //

Phys. Lett. B 842 (2023) 137531 P, N
bejet \%\

More sensitive for k, and k,y close to SM
v/ Good compromise BR/final state reconstruction
X Electroweak bkg and top quark mimic signal

CMS 59.7 b (13 TeV) cMS

— bbrr, 138 fb™ (13 TeV)
E bb T, Expected VBF HH x 150—— Expected ggF HH x 5 Trrrr T

= Fvents with at least two

T
K=Ky =Ky =1 —— Observed ~ ==--- Median expected
== Theory prediction JE8¥ 68% expected

----- 95% expected

- [ Drell-Yan it
[ res2b s

b-tagged (Deepdet- @} == e

Stat+Syst post-fit unc.

® Data

tagged) jets and 2
(DeepTau tagged) taus
(eThad » UThad, ThadThad)

= 8 categories:
resolved, boosted

1.7 (2.9) < k, < 8.7 (9.8)

102

95% CL limit on o(pp — HH) x B(bb1r) (fb)

VBF- and ggF-like o o
= Fit DNN multi- o f \
classificator score K
(ggF, VBF, ttH, DY, TT)
Factor 4.5 better on ufH wrt -0.4 (-0.6) < K,y < 2.6 (2.8)
previous result @ 35.9 fb-! uftH < 3.3 (5.2)
arXiv:1808.00336 #VBF< 124 (154)
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https://www.sciencedirect.com/science/article/pii/S0370269322006657?via%3Dihub
https://arxiv.org/abs/1808.00336

HH(bbWW)
M

Large BR (25%) provides
opportunity to explore several
production mechanisms and

kinematic regimes

q Analysis strategy

Results
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HH—bbWW'

nonres ggF
@ nonres vBF @ 99 CMS PAS HIG-21-005

[ X Large background ]

_CMS Plre/fminalry : : : : 1|38 bt (‘13 TeV)
. . . Fox=x=1 —— Observed ~ =-e- edian expected ]
= Events with at least one W decaying into == Trooy predion B 654 s
. . ¥ SMprediction =~ s==-- 95% expected
leptons and an AK4 (AK8) b-tagged jet if 0F  somes " e

resolved (boosted) S

95% CL upper limit on o(pp — HH) (fb)

= Tau veto: orthogonality wrt bbtt o § §

= 2 channel n H->WW’ : Di- \
Lecpt?)n fViV\k/)?iijc)), Single-Le(:)?gr?y E '7'2§§8'7) 138 (%.2) 3
(WW*Slvgq) § §

» Backgrounds: W+jets, t, tt from MC and R R 25
normalized by ML fit, data-driven DY °MS"’"7§ T Mf’f"pﬂszw
estimation with dedicated CRs i 5 oy prescion B o e

= DNN multi-classifier to separate signal vs
bkgs (main W+jets, ttbar) : 9(x2) categorie

= Signal extraction for ggF and VBF from
1D fit of DNN score distributions

pHH < 14 (18)
WVBF < 277 (301)
-0.8 (-1.0) < ¢, < 1.3 (1.4)

95% CL upper limit on o(pp — qgqHH) (fb)
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https://cds.cern.ch/record/2853597?ln=en

HH(Multilepton)

.

Small BR (7.7% in total)

q Analysis strategy

Results
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X

<>

¢IM



Multilepton (4V, 2V2t, 41)

‘ nonres ggF
JHEP 07 (2023) 095

[\/ Small background ]

54
3]

oM s bihbiepiom
- 68% expected

188 1" (13 TeV)

== Observed

3 .
7 channels distinguished by the i‘:/"ex:’ej‘ed L Melan opected
) . Ry . 2.5 = Theoretical prediction
leptons’ multiplicity : -6.9 (- 6.9) <, <11:1:(11.7)
- 4] +O'l'h, 3l +OTh, 2lss +OTh, 2
- 3l +17,, 11 437, 21427, Ol + 41, 15

= Resolved category (all channels)
and boosted (3I, 2Iss)

Lt

95% CL upper limit on o(pp — HH) [pb]

=
4]

40 5 0 5 10 ;15

. . A
» Dedicated BDT trained to separate e e G oo
prompt |ept0nS from nonprompt or HH — Multilepton | ===+ Median expected | 95% expected

misidentified leptons

= Signal extraction from
simultaneous fit of output BDTs per
channel + 2 CRs (WZ(3I), ZZ(4l))

2¢ss
n<125(628exp) |

3¢
n<593 (41.2exp) |

a¢

1< 56.7 (76.8 exp) |

3¢ + 11

1< 45.7 (63.2 exp)

26421,

1< 50.3 (62.0 exp) R

17431,

<509 (485exp) |

41,
1t < 50.0 (78.8 exp)

Combined
< 21.3(19.4 exp)

t

i
0 50

A
100

L
150

gl Az
200
95% CL upper limit on p = o(pp— HH) / O

Pt < 21.3(19.4)
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https://link.springer.com/article/10.1007/JHEP07(2023)095

bbWW

Multilepton

95% CL upper limit on 6(pp — HH) (fb)

95% CL upper limit o(ggHH) [pb]

EFT interpretation examples

CMS Preliminary 138 fo™ (13 TeV)

FT- T T 17 T T T T T T T T T T T T T TT IE

E —&— Observed - 68% expected E

: JHEPO4 === Median expected ~  ====' 95% expected  JHEPO3 :
10* L benchmarks 5 benchmarks

T T T TTI

- .-I ...H- g

Lol

1006 0 1
1234567891011128a1234567SM
Benchmark scenario
10 CMS HH — Multilepton 138 b (13 TeV)
- =®= Observed = = Median expected 3
- JHEPO4 I 55% expected 95% expected JHEPO3 ]
- benchmarks 1 benchmarks 1 7]

10—1 —

II =

IR T TR TR (R I (RN N T
2 3 4 5 6 7 8 9 10 1112 8a 7 SM
cenario

Wrot
()
>
(o]
=
Q
=
=
w0 o
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Statistically independent

Combinations

-

Statistical combinations

(xsec, constraints for self-

couplings) to enhance
evidence chance

Analysis 1
Analysis 2
Analysis 3

Combination

|
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X
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N
ﬁ'\g\(\\e%/ 0 ot
W'

(VHH) bb bb
Kp = 9.977 U105, -6.5]
CMS-PAS-HIG-22-006

bb ww

s1072
*y = 1057
CMS-PAS-HIG-21-005

Multilepton &
Ky, =35%7

Acc. by JHEP (2206.10268)

bb yy %
Ky =255
JHEP 03 (2021) 257

bb 1t &
= L1
Acc. by PLB (2206.09401)

K,

bb bb &
X2 1572

Nature 607 (2022) 60

Comb. of &
102

Koy =10,

Nature 607 (2022) 60

K
a " ded‘ 7

Non resonant Run 2 Combination

Nature 607 (2022) 60-68

Improved result wrt previous analysis (35.9 fb-1,

3 analyses + bbVV ) of a factor > 2 on k;,

Previou

s result:

~11.8(-7.1) < k, < 18.8(13.6)

CMS Preliminary
e B B B e e e

K, =1 Excluded at 95% CL

k=1 7/, Observed

Ky =1 N\ Expected

\

—e— Best fit value
—— SM prediction

138 fb™ (13 TeV)

<5
%85

XX
NN
X
X
Q
R
R
XX

5
<
55

R AR

R,
I
e e R R R R R R S R R o R s
R o R R R R S S R o N s
O R R S R O R 0

I
R
KR R

—1.24 (-2.28) < k, < 6.49 (7.94)
0.67 (0.61) < Ky < 1.38 (1.42)

CMS Preliminary
R T

138 fb! (13 TeV)
R

K=1 Excluded at 95% CL
Ky =1 7/, Observed
Ky =1 QX Expected
S
(VHH) bb bb N

=

—e— Best fit value
——— SM prediction

bb bb &
K, =027
Natwre 607 (2022) 60
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https://www.nature.com/articles/s41586-022-04892-x

Non-resonant Run 2 Combination (1)

Nature 607 (2022) 60-68

Improved result wrt previous analysis (35.9 fb-1,

3 analyses+ bbVV) of a factor > 5 on p'f

Previous result on HH
| utH <34 (2.5)
uHH - 22 2 (12.8)
o . -
CMS Preliminary 138 fb” (13 TeV) °Mls : . . . . i 138 'Ib a3 TQV)
= =Ky = —— Observed ~  ----- Median expected
K =K=1 —e— Observed  ----- i Ky =Koy =Ky =1
KA = K« s Observed Median expected &= Theory prediction B8l 68% CL expected
v = Koy = B es%expected | = 95% CL expected
2 < <
£ who1.24 (=2.28) < k; < 6.49 (7.94).
— — ==
L1 \ N
WW yy g
Expected: 52 CMS-PAS-HIG-21-014 B
Observed: 97 <
B B E
bb WW S 102
Expected: 18 CMS-PAS-HIG-21-005 3
Observed: 14 5
&8
bb ZZ Excluded
>
Expected: 40 Acc. by JHEP (2206.10657)
., Observed: 32 10, L T
% — — —6 —4 10
H Multilepton & LY
= Expected: 19 Acc. by JHEP (2206.10268) .
2 Observed: 21 G fMS i . : . 138 f::: 118 Te\/l
B ] k=K =ky=1 —— Observed - Median expected ]
bb yy & [ [ Theory prediction 88 68% CL expected ]
(E];pemet: %i @oya2s7 - == 95% CL expected
served: 8.
o J
- . g 38(1.4
bb tt & I 402
Expected: 5.2 Acc. by PLB (2206.09401) T
Observed: 3.3 g
- _| s
& Excluded Excluded
bb bb & =
Expected: 4.2 Nature 607 (2022) 60 §
Observed: 7.2 3 10
X
8
Comb. of &
Expected: 2.5 Nature 607 (2022) 60
Observed: 3.4 | ‘
1 10 100 1000 1
95% CL limit on o(pp — HH)/o. = =% a : 2 g 4
Theory Koy
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https://www.nature.com/articles/s41586-022-04892-x

Conclusions and perspectives

= HH searches are fundamental to know scalar
sector in SM and BSM scenarios

= Promising results from Run 2, expected to
improve in the future:
— new HH decay channels
— consider H+HH combinations
— stats are still a limiting factor but ggF theory
uncertainty may become important in the future

= Close to SM HH sensitivity and koy = 0 was
excluded

» Run 3 : an opportunity to improve before the
HL-LHC — improved trigger strategy will
boost HH searches

95% CL limit on o(pp — HHY/07ye0ry

CMs

Nature 607 (2022)

r T
102 % bb bb

10 |-

bb 1t

o
i
T

bb yy

o
T

—e— Observed

---- Median expected
[ 68% expected
\:l 95% expected
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Summary

HH—4b resolved HH—bbzt HH-WWyy

Phys. Rev. Lett. 129 (2022) 081802 Phys. Lett. B 842 (2023) 137531 CMS PAS HIG-21-014
2.3 (5.0) < 1< 9.4 (12.0) 17 (2.9) < ;< 8.7 (9.8)
/ afFyg < 97 (53
0.1 (-0.4) < 1,y < 2.2 (2.5) -0.4 (-0.6) < 1y < 2.6 (2.8) 58 :’ e e 2(4 1) o
O'/O'HHMS <39 (78) a/aHHMS <33 (52) _.2 4 (_1-7) < CA <2 9 (2 2)
alaVBr, . < 226 (412) 0laVPys < 124 (154) Sl = a2

HH—4b boosted  HH—bbyy VHH — 4b

Phys. Rev. Lett. 131, 041803 JHEP 03 (2021) 257 CMS PAS HIG-22-006
9.9 (-5.1) <k;< 16.9 (12.2) -3.3(-25) < k;<8.5(8.2) -37.7 (-30.1) < x,; < 37.2 (28.9)
0.62 (0.66) < ,y < 1.41 (1.37) -1.3 (0.9) < K,y < 3.5(3.1) -12.2 (-7.2) < Koy < 13.5 (8.9)
ol oty < 9.9 (5.1) o/ otys < 7.7 (5.2) -14.0 (-10.2) < kow < 15.4 (11.6)
o/ oVBFys < 225 (208) -17.4 (-10.5) < K2z < 18.5 (11.6)
-0.6 (-0.4) < c,< 1.1 (0.9) o/ Vit < 294 (124)

HH—bbWW’

CMS PAS HIG-21-005 MUI ilepton HH_pbeZ(4|)

o/ oy < 14 (18) HEP 07 (2028) 095 JHEP 06 (2023) 130

a/ oVBFg,, < 277 (301) -6.9(-6.9) <k, <11.1 (11.7) olattys < 32.4 (39.6)
-7.2(-8.7) < k; <13.8 (15.2) o/ atitlg,, < 21.3 (19.4) -8.8 (-9.8;/'2 kA <13.4 (15.0)

-1.1 ('1 .4) < Koy <3.2 (35)
0.8 (-1.0) < ¢, < 1.3 (1.4)
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Run 3 and beyond

HH searches

16 {5-13.136TeV
> |
[3) [ CMS
= [ Simulation Preliminary i 3 2023 11 iageri st A m Aty
o 14f
© [ HH—>4bwithk =1 ———— Run 32022 HH trigger c(HH-» 4b) = 68%
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= 12 F
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o If
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D 08 —_— —— e ——
= 8 —t
= B a—— s,
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N —_—
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[ e
02 — Event selection: > 4 jels with p_ > 30 GeV and fnf < 2.5
C v
I ! I I I I ! I I
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Trigger Efficiency

Run 3 is an opportunity for
improvement before the HL-LHC
— improved trigger strategy will boost

95% CL limit on o(pp — HH)/n",m,y

cusNature 607 (2022)
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—_—
Event selection: 2 2 jets, P> 20 GeV, | < 2.5, loose b-tagging,

- 22t with p, >20 GeV and i < 25, loose <-dentifcation
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200 400 600 800 1000

mfie (GeV)

CERN-CMS-DP-2023-050

B. D’Anzi (INFN Bari)

Non-resonant HH searches | Higgs 2023

27



HH(WWyy)

A

Tiny BR (< 0.1%)

q Analysis strategy

Results
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. nonres ggF

v Excellent mass resolution m,,
(1-2%)

= 3 channels based on number
of leptons: (WW*—4q,
WW*slvlv, WW*—lvgq)

— 0: multiclass DNN to remove

H and jets/y bkgs
— 1: binary DNNs
— 2: cut-based

= Signal, background from single
Higgs are modelled fitting m,,,

distribution (simulation).

= Continuous bkg: modelled from

data

= Parametric fitonm,, in all
categories to extract signal
(100 - 180 GeV)

HH-WWyy

95% CL limit on o(pp — HH) (fb)

CMS Preliminary 138 fb (13 TeV)
T T T T T T
HH - WWyy —— Observed ~ -eee- Median expected
&= Theory prediction  JEB 68% expected
0w e 95% expected

24(-17)<C2<2.9(2.2)
ocrr < 1.7-6.2(1.0-3.9) pb

CMS preliminary
HH - WWyy
X =K=1
Ky =Ky =1

Fully-Leptonic
Expected: 189
Observed: 278

Fully-Hadronic
Expected: 143
Observed: 313

Semi-Leptonic
Expected: 64
Observed: 71

138 fb (13 TeV)
—e— Observed ~ ----- Median expected

8 68% expected
----- 95% expected

Combined
Expected: 52
Observed: 97

i 10 100

95% CL limit on o(pp — HH) / o

Theory

| ufH < 97 (53)

95% CL limit on o(pp — HH) (fb)

CMS PAS HIG-21-014

CMS Simulation Preliminary 13 TeV
R R RN

T T
[ HH>WWyy—2qgivyy

HHWWggTag_SLDNN_0

001= I{J Simulation
Weighted events :
r Parametric Run2:0.0419
0.008 — model 2016:0.0113
2017:0.0125

L - 2016:0,,-160Gev 2018:0.0181

[ 2017:6,, = 1.84 GeV
0.006|— 017 0= T84

[ - 2018:0,,-1.60 Gev

0004— o, =1.67 GeV

0.002

PRI ANERUT T NN BRI EEN N R

CMS Preliminary 138 fb™* (13 TeV)
T — —
10°F HH - WWyy — Observed ~ -e- Median expected
S Theory prediction JEBB 68% expected
----- 95% expected

10*

10°

102

10E | | | | | 3
-30 -20 -10 0 10 20 30
&

| -25.8(-14.4) <k, <24.1(18.3) |
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Low BR (83%)
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H H _DbeZ(4I ) JHEP 06 (2023) 130

[ v/ Clean signature of final state ]

‘ nonres ggF

138 tb! (13 TeV)

)

o

=)
)

T T
—— Theoretical prediction ]

F T
N CMS [ Theoretical uncentarties

i

- Expected 95% CL limit |

10tk B Expected +1 s.d. B
E [ Expected +25.d.

» FEvents with four identified leptons (4mu, 4e,
2e2mu) + selection of 2 extra jets with highest

DeepCSV score

= Reconstruction strategy for H(ZZ) candidate taken
from single Higgs analysis

95% CL upper limit on o(pp—HH) (fb

= Fake non-prompt leptons (e » y conversion, T2 0 0 10 2
misreconstructed jets, HF decays) estimated from
data in Z+1L+2 jets and applied to Z+2L+2 jets
region

138 fb" (13 TeV)

gy > 2Z > 4
CMSs Caq—>2Z -4
[ sMH
Il ttV, where V=2, W
[ WV, VVV, where V = Z, W
I Z+X
—+— Data
- - = HH — bb4/ signal

» Backgrounds: single Higgs and ZZ production
(MC), Z+X (from data)

= Signal vs bkg discrimination with BDT being fed
full b-tagger distribution jets — year and channel-
dependent training to get results from BDT score

fitti
e uHH o < 32.4 (39.6) :
-8.8 (-9.8) < , < 13.4 (15.0) S |

.8 -0.6 -0.4 0 02 04 06 08 1
BDT score

[ Bkg. unc.

Data/E Bkg.
N
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/BTV13TeVDPDeepCSV
https://link.springer.com/article/10.1007/JHEP06(2023)130

The CMS detector

JINST 3 (2008) S08004

CMS consists of a series of detectors arranged in an
onion shape around the collision point:

= Solenoid magnet: B=38T

= The Tracker, a silicon device (15148 strip+1856
pixel), is the most internal sub-system of CMS,
used to detect the passage of charged particles (n
< 3.0) providing position measurements (o(d,,)~20
— 75 pym) and momentum (o(py) ~ 1.5%) up to 100
GeV

= The Electromagnetic Calorimeter, a . T
homogeneous calorimeter with PbWO, crystals T ton

= Electron
——— Charged Hadron (eg.Pi

(o(pr) ~1.6 — 5%), measures the energy of B A
electrons, positrons and photons

» The Hadron Calorimeter is located inside the
magnet (most powerful solenoid ever made — 3.8
T) and measures the energy of the hadrons

= The muon system consists of 1400 muon
chambers ey
— CMS is designed to detect muons very accurately
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JHEP(2019)066

Experimental challenge Symmety 3022, 1407, 1467

1]
— Box

—— Triangle
— Interference
— SM

0.8
0.6

T

0.4

0.2

0.2

~04F] gg—HH, 13 Tev
B

da/dmyy[fb/2GeV]

My [GeV

P T SN S ISRl S U B OO B
250 300 350 400 450 500 550 600 650 700

Physics Letters B (2014) 142-149

= =10E=m7 =
CHN e D m=20==] 3
310 ——— = Ky = 2.4 o= >
= =0 = k) =0.0 =
107 F = EES e
£ ,F LHCU4TV e T, LHC 14 TeV =
S10°°f  PDF4LHCI5 = S10°°L  PDF4LHC15 =
T F NLO, p = mun/2 = 2 NLO, p = mun/2 == TWE
10z = 10-7 =
E T T T T T T T T T T T T T
5 10! == ]
S 0 e ) e
4‘5 10 _-— = § 10° ;%%
10-1 = . . . \ . . 10-1 Pl ey . . \ .
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
b [GeV] P} [GeV]

Experimental sensitivity depends on HH kinematics

— Low my,: higher background contamination from QCD / ttbar
— Resultsin lower sensitivity

— In addition, finite rate available at the trigger — challenging to record

produced events!

— Sensitivity driven by high my, with lower background and better object

reconstruction
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https://www.mdpi.com/2073-8994/14/7/1467
https://link.springer.com/article/10.1007/JHEP06(2019)066
https://www.sciencedirect.com/science/article/pii/S0370269314001828?via%3Dihub

Access to self-couplings: single Higgs production
Eur. Phys. J_ C 77, 887 (2017)

A can be constrained indirectly thorugh single Higgs production at

NLO.
> q
%4 P — == &
q/
- t b > | t
I %% I
| |
A .———H ____‘_____H
|
|
o f q « q

Diagrams NLO contributing to Higgs self-couplings
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https://link.springer.com/article/10.1140/epjc/s10052-017-5410-8

Benchmarks

= Group different coupling values in 5D space (k;, k;, C,, C,, C,,): benchmark point.

1 & 3 4 5 6 7 8 9 10 n 12 8a
" M. Grouplng IS kl 75 1.0 1.0 -3.5 1.0 24 5.0 15.0 1.0 10.0 2.4 15.0 1.0
done based on log-

kt 1.0 1.0 1.0 1.5 1.0 1.0 1.0 1.0 1.0 1.5 1.0 1.0 1.0
| I ke | I hood ratlo for c2 1.0 0.5 -1.5 -3.0 0.0 0.0 0.0 0.0 1.0 -1.0 0.0 1.0 0.5
observables m HH and cg 00 -08 00 0.0 08 02 0.2 410 -06 00 10 00 083
cos@ at LO . c2g 00 06 08 00 -0 -02 02 10 06 00 -0 00 00
- 12 points in 5D space. Cluster 2 Cluster 3 - ——
1000 | Nsampies = i Neampies = 197 Nsampies = 112

cos0’: Angle between one of the
Higgses and beam direction in HH frame.

5608007000 T2oc °© 400 600 800 1000 120c O 400 600 800 1000 1200
m,, (GeV/c?) my, (GeVic’) m,, (GeV/c?)

1 > 3 4 5 6 7
Benchmarks
u J H E P03 N kl 3.94 6.84 b | 2.79 3.95 568 -0.10
—_— Kj K¢ C3 Cq Cag
Grouplng IS done SM ;9 18 01% gg 38 kt 0.94 0.61 1.05 0.61 117 0.83 0.94
2 1.0 1.0 05 -08 0.6
H H 3 10 10 -15 00 -0.8 c2 -1./3. 1./3. -1./3. 1./3. -1./3. 1./3. 1
using unsupervised 3|lo 10 3 00 o8
5 1.0 1.0 0.0 08 -1 cg 0.5*%1.5 0.0*1.5 o5™.5 -0.5%1.5 1./6.%1.5 -0.5%1.5 1./6.%1.5

|eam|ng algon’[hm JHEPO4 ¢ | 24 10 00 02 02
TIah 10 60 % % 20 1/Bx-3) | 1/3X(-3) | 05%(-3)  1/6x(-3)  -05%-3)  1/3*-3)  -1/6%(-3)

to identify different S50 10 % o6 os
shapes inmy,, BIE 5 0N D o - S—

S o020 = 2
. . 8a| 10 10 05 % 00 K] 1 QoA & o.060{
- 7 points in 5D space. b oo oom o 2o Zoars S oo
2b| 684 061 1 00 10 Zo10 2 2
JHEPO33p | 221 105 5t 075 -15 £ ‘ “£0.050 E§ 00301
ap| 279 061 1 075 05 3§ °‘°5“ £ B s
5p| 395 117 3 025 15 Zoool e = =] §°% 3 :
6b| 568 083 1 075 -10 ““"mnh [Gﬁe"\‘}] s0 2 55 400 600 800
7p | 010 094 10 025 05 mpy [GeV] man[GeV]
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B-Tag algorithms CMS

DeepJet (small R, AK4) &

+ Low-level information directly in a DNN to tag jets

- Jet as a list of particles lista di particelle (CNN-1D)

+ Tagging heavy quarks and separate quark-gluons in one go | Jp——
SRETE :
§ S:M?D Preliminary

[Charged (16 x25{i[1x1 conv. 643273278 RNN 150} R [ penen
[ ® 5[i—{1x1 conv. 32/16/4-H{ RNN_50H1  Dense bb "E e
200 nodes x1, c I L ogcsvwan sping e
1x1 conv. 64/32/32/8H{ RNN_ 50111 100 nodes x6 || |uds I PR o
Numer of particles Feature extractor Summary of Correlation and classification : : 9t . better
and secondary vertices convom”‘cnler?sa\?j;" [i,;ﬁg;,‘;:z,;er & / /,' § ¢
every partic [1x1] exseto[[eaturesy 1035_ I.’» ,,/ ///\ .
. 0.2 0.’3 (0{4 05 0‘.6 0.‘7 Ok;ajet e(f)ifi?:ienc;
DeepAKS8 (grande R - boosted)
- Jet as a sequence of particles
- Very versatile = different decays having different
content in flavour e
Particles Top Eq
EI parucles,on;n;red by pr m Fully e W*;gggg_
connected 2 t::’
MM il (0 o
Qcop b
othcers
B. D’Anzi (INFN Bari) Non-resonant HH searches | Higgs 2023 36




B-Tag algorithms CMS

DeepTau cMs
+ Convolutional Deep Neural Network to discriminate ts from jets, electrons and muons

+ Information on 7 high-level and event properties are combined with those on low-level
ParticleFlow candidates, fully reconstructed electrons and muons and used as input

+ Each candidate is inserted into a grid (n, ¢), divided into three blocks (hadron, muon,

e-gamma)
° 1 . .1 H .
Signal cone: AR < 0.1 (11x11) ; insulation cone: AR < 0.5 (21x21) + Tre discriminatori finali
High-level - Dg (P) = PT
pr + Pa
sz, A Dove a = e, p, jet
Ouercells >
,CMS simulation __(13 Tev)
_— = E " T T 3
21 x 21 cells ( X ¢ = 0.05 x 0.05 188 gt e = F & MVAvs. jets (JINST 13 (2018) P10005)7
=117 T Inner cells :> § [ I MVA (updated decay modes)
g__ [ —e— DeepTau vs. jets
| I 1T Y 107 "
|11 X 11 cells | 2 E 20<p, <100Gev
(n X ¢ = 0.02 x 0.02) E jets from tt
PR -
@| f [ |EtiBEE ) T 102 E
S :
3
| Signal cone
Isolati . 3 4F R
\/ “{Isolation cone EE‘ ) S S W W B S ———
n 2 04 05 038

7, id. efficiency
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B-Tag algorithms CMS

ParticleNet

(13 TeV)
> T
Category| _Label S t CMS
beg _— 5 .
Jet: ooy s Top bag © | Simulation Preliminary
As particle cloud Identify nelghbormg particles lf: 302) 10k H—bb vs. QCD multijet B
bb - F 500 <p?™ <1000 GeV, ™" <24
p Higgs w*;; 5 [ 90 <mg, <140 Gev |
9999 - 1
e bb ] | — DeepAKs i
S 2 2 - 2 102}~ DeepAKE-MD ] _
® " cq 8 ParticleNet E
w aq m F - - ParticleNet-MD
g->bb | % DeepAK8-DDT (5%)
g>cc 3 g
I aco b 3 + DeepAK8-DDT (2%)
c 107°F E
others
104 e [ | S (e Pl g g o [y
0O 01 02 03 04 05 06 0.7 08

Graph Neural Network to classify jets G
Jets as non-ordered sets of particles in the space

Input: ParticleFlow candidates and secondary vertices
Multiclassifier with several output nodes: W/Z/H/top/QCD+decays

i L _ P[X-bb]
Example: discriminante bb Do = PIX=bb]+P[QCD]

Learn in a gerarchical way: first local structures then the global ones Z-YY]

SRR
Significant improvement in performance wrt previous algorithms (like AK8) = factor 1 -

2 per jet S/B

Signal efficiency
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HH—4b

Resolved vt PTCHL) > pr(H2) Boosted
Jet pairing for the Higgs reconstruction °
based on: G
i i q > 2 AK8 jets with
H|ggsates d= |Mp, — kM| Closer to the diagonal S Bl e SR
No N Yes V14 k2 (MHL, MHZ‘) 5 pT, A® & An requirements
/ \ k= 125/120 = 1.04 00 @ i [6eV] ™ e Du > 09 50 < mreg <200 GeV

No VBF-like?

Yes

VBF selection :

GGF vs VBF Two forward jets

BDT € J0,055] |classification 96% pairing correctness ggF HH GGF cat VBF cat i SO0 GV
DG > Dt ” )
BDT € [O 51 Background estimation: both SR and CR mfg‘; [ ParticleNet

Dy,

classification

divided into regions 3b e 4b
» Bkg events in SR4b modelled

mun < a0'Gey BPT €[05,0. 97 by events in SRas
mun > 450 GeV/BDT € [0.97,1] » Eventsin SRap are scaled by GGF | GGF | GGF
the ratio of the number of Gl )| iz )| ez
events in CR4b and CRsb BDT + j2 Dbb based High, medium, low purity
categories categories
- ReWe|ght|ng with BDT trained in j2 reg variable in fit mHH variable in fi
Rab € CRab , applied to SRao to 138 1o (13 Tev 138 1" (13 Tev)
( ) 10
BOT discriminant M Countmgt model SRab 3 Oeas ¥ SRR e Wom | B
Bkgvssignal  distribution experimen -~ Minimize problems related to B L . E R il - Coll
oloay <3.7 (7.3 the statistical uncertainties P oor o 1 2 Bigd. unc
25<k ;"'5 50( m) 12.0 derived by the number of limited 5 14 Bwe-so Mewe . Low Pysity e i |
25<k <95 (5.0 <k <120) events in the two SR regions @ 12 W L
CMS 138 b (13 TeV) i 19
4 Bk L woner b Al » CMS 138 fb" (13 TeV) 8F o
—— Observed categories 95% CL upper limits Al categories 6|
~~~~~~ Median expected HH — bbbb — azzzf\fxpmm HH — bEGE 4
E aooo]- == 8o 2 " F i o ]
T [ —— Theoretical prediction ; _:::‘;;:’;"I‘:‘! dicton o
I 3
Y Tv B 20 3 i
e g . g‘ }gl | l | efed s fg 1 | = 1
w . 10 O 1t 1.0+ :
: & e 35 [ 11T (e
© 006580 100 120 140 160 180 200 220 0.0, & 3
N i, Myog [GeV] 901200 "20-1605 00 1265 %0-7 :‘:‘:[G:C]"
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= Cuts on the masses mpp € m for ggF

. Minimize bkg and signal eff. > 90%
Resolved (m,,— 129 GeV)? " (Mps — 169 Gev)* &

2 2
Boosted (53 Gev) (145 Gev) ,
(Mee— 128 GeV)?  (Mpy— 159 GeV)
(60 Gev)’ (94 GeVY?
Background estimate:
« tt, DY+jet from os &
simulations
i H signal SS
(+normalizatio o [[reaon o

n from CR) A -
- MultiietQCD . | os =

from data using ise [ noiso | noiso

ABCD method = ’

- Other processes
from simulation

bbrr, 138 b (13 Tev)
T T

HH—bbtt

Event selection

VBF selection

AK8 with btagged subjets

SD condition
2 )

2-btagged AK4 jets
(medium WP)

mmmmmmm— g Resolved 2b

1-btagged AK4 jet
(medium WP)

e d Resolved 1b

+ DNN bbtT vs background
All categories are exclusive, DNN score used in fit

CMS bbry, 138 fo! (13 TeV)
A B A e e S asans
GEk=x=1 —oOpserved - Median expected
5 Theory prediction 68% expected

95% CL limit on o(pp — qgHH) x B(bbr) (fb)

107E E

todian oxpoctod
8% expectad

Phys. Lett. B 842 (2023) 137531

Online pr trigger thresholds

Offline py thresholds

7 thresholds

Lepton ID and isolation

Th ID (TeTh, Ty Th channels)

Ty, ID (ThTh channel)

Distance to PV

Pair selections

single-e: pr > 25 (32) GeV

cross-e: electron pr > 24GeV, Ty, pr > 30GeV
single-p: pr > 22 (24) GeV

cross-p: muon pr > 19 (20) GeV, T pt > 20 (27) GeV
ditau: pr > 35GeV, ditau VBF: pr > 20GeV

online threshold +1GeV (electrons and muons)
online threshold +5GeV (ty, candidates)

electrons and muons: |n| < 2.1
tau: |n| < 2.1 (2.3) for ditau and cross (single) triggers

tight electron BDT ID + isolation
tight muon ID and isolation

medium DEEPTAUVSJET
tight DEEPTAUVSMU
very-loose DEEPTAUVSELE

medium DEEPTAUVSJET
very-loose DEEPTAUVSMU
very-very-loose DEEPTAUVSELE

|dyy| < 0.045cm (electrons and muons only)
|d;| <0.2cm

opposite-sign, AR > 0.5

malGo)
&

Sum of backgrounds

E
oo

cms 597’3 Tow)

i -1.7 (-2.9) < k; < 8.7 (9.8)
-0.4 (-0.6) < K,y < 2.6 (2.8)
o/ofHys < 3.3 (5.2)
o/oVBEs < 124 (154)

CcmMs
T T T

K=wm=1

Ky =Ky =1
2016 2016
Expecie: 1 Expacis:
Obeenved: 89 Obeerved: 289
2017 2017
Expecies 12 Expeces 352
Observed 05 Observed: 280
2018 2018
Expecis Expocis:
Obened: 35 Obeerved: 261
Combined Combined
Expeciod:52 Expocid: 154
Obsened: 33 Observed: 124 .

5 10

5 20 25 30 8
95% CLlimit on o(pp — HH) /o

600 800 10
95% CL limit on o(pp — qqHH) / o,

L
1200

"Theory

ossi|-

DNN
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Real photons

<-I

Kinematic Photon

cuts ID

v

ttH Rejection DNN 4--

Classification BDT
GGF ! VBF

\/

y+jets VSR

»  Fit 2D (mas3, mog) to extract the signal il segnale
(categ (BDT, Mx) 12 ggF, 2 VBF)

Backgrounds

roecee.

Normalized to Unity

Mx = M2333 — M2z — M33 + 2Ms

HH—-bbyy

CMS Slmulallon 13 TeV
T L

| —SM ggF HH—)Wbb
-BSM 4 - BSM 10

m
7]
E<
©

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

JHEP 03 (2021) 257

137 fb' (13 TeV)

HH—yYbb All Categories
my = 125 GeV S/(S+B) weighted
¢ Data
——HH + H + B fit

—— H + B component
----- B component
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https://link.springer.com/article/10.1007/JHEP03(2021)257

JHEP 03 (2021) 257

HH—-bbyy

= Combination with ttH(—yy) to improve
constrain ka and kt

= Additional orthogonal

categories for events _CMS 137 fo (13 TeV) cms 137 fo (13 TeV)
not passing HH 2 F Observed "} Observed :
selection to target ttH S YF || etk =0288 15
D HH-+ttH cat., ©, = 0.6™]5 [
F 1 1:_
0.53—
oF
= 2 minima likelihood due to 05|

- @ HH cat. Best fit
=1 — HH cat. 68% CL
I ... HH cat. 95% CL
_15E HH+ttH cat. Best fit
¢ HH-+ttH cat. 68% CL
F ' | | | | | i ‘HH+tt‘H cat. 95% ?L ‘ ‘ ‘
- L L Il el Ll el L e T SO T R A e PR ] Y R D L
= 2D scan (kakt) to better 7} 2 4 6 8 10 S0 5 -0 5 0 5 10 15 20
constrain kx and kt (valid K, K,

only when |kt|~1)

cross section dependence on
kx and different acceptance of
categories
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https://link.springer.com/article/10.1007/JHEP03(2021)257

HH—-WWyy

CMS PAS HIG-21-014

ki EFT

CMS proimiayy BT 03 TOY) CMS Preliminary 138 fo" (13 TeV)
EHH - Wwyy — Fully-Leptonic ~ ===-- expected 3 - HH I_, WWIYY ' ' ' ' ' ' d |
— Fully-Hadronic — observed R |- —e— Observed Limits I

- - Expected Limits
- [ + 1 std. deviation
[ =2 std. deviation

_
o
™
T

~— Semi-Leptonic = Theory prediction |

Combined

10*

—_
o
ry

95% CL limit on o(pp — HH) (fb)

_
o
w
TTTT

10°

95% CL limits on o(gg — HH) [fb]
T

IIlIllI

10%E

|

% B
M0 v vy ey by ey S L L L 1 L L L L 1

!
1
|
-30 —20 -10 0 10 20 30 1 1b 2 2 3 3 4 4 5 50 6 6b 7 70 8 8 9 10 11 12

EFT benchmark number

ol ot < 97 (53) | Oss.(Exp.): 1.7 a6.2 (1.0 a 3.9) pb

-25.8 (-14.4) <k; <24.1 (18.3)
24 (-1.7)<c,<29(2.2)
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https://cds.cern.ch/record/2840773

Object selection

VHH—4b

CMS PAS HIG-22-006

_ Category definition based on the decay of
Channel decay products reconstruction Jet selection
selection and selection
MET Py = s >4 small-radius jets W/ Z
small-radius Z with pr > 35GeV
p1 > 150GeV Pr
MET MET 1L 1L
MET P = 22 large-radius jets small-radius large-radius small-radius large-radius L FH
large-radius I’% > 250GeV with pr > 200GeV -
>3 small-radius jets Co.uplmg Ky, Kyy Kyy Ky, Kyy Kyy Ky, Kyy €y, Kyy
PS> 32(28) GeV with py > 25GeV and enrichment
2018/2017 (2016) #Y gty >4smallradivsjets N, =
OR wil Ge = —
1L B s ey th pTO>R 15GeV N, N, >3 — N, >3 — N, = Ny, =4
Ap(y, Fi) <20 >2 large-radius jet
el < with > 200G6V Dy5.1 % Dyz - HP, LP - HP, LP — —
pht > 20Gev SR, CR SR+CR SR+CR SR+CR SR+CR SR, CR SR
P > 20Gev pé=ph+pl >4 small-radius jets N, =
L 525Gy as0Gey  withpr>20GV SB K+ Kyy HP, LP K + Fyy HP, LP Nz 4 —
haest t CR - = — — One —
all-radius
. #v=ph+p" ﬁé\s:; sl Glz\s/lzsd Year split Per year Per year Per year Per year Combined Per year
H e 65 < my <105Gev 6 small-radius jets -
v with py > 20GeV Total regions 9 12 9 12 1 6
Variables used for the BDT training to separate enriched regions for k, , K.,
Input variable MET 1L 2L FH Tt’lH2 v v
M v v v Y p¥H v v N Ve e v
Pr’ v v
Py v v v v my, v v H, v
AR(H,, H,) S R
PRy g An(Hy, Hy) v oV v L. v
H v v v v Ap(H,, H,) T Vs pr*/pr! o vy
Pt 1 2 ’ P
A (€, 63) v Energy of H; v v v pr/pr v
AR(J1,1,, J2,1,) v 7, >
AR(Jiu,. Jom,) v Energy of H, v v v Pr
Py /my v Energy of HH v v v Simulation year v v
AP(V,H,) v ol
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https://cds.cern.ch/record/2853338?ln=en

CMs frelim(ngry : 138 fb“ (1(? TeV)

VHH—4b

Ky =Ky =1 Observed Median expected
CMS PAS HIG-22-006 ok e LG
------ 95% expected

95% CL limit on o(pp — VHH) (fb)

CMS Preliminary 138 fb™ (13 TeV)
N S0fFTT T T T 102 a
¥ C ®  Bestfit (k) = (1.0, 1.0) o
i ¢  SMHiggs <
20k 10 o
L 99% cL
: 1 I ! I I L L L
1 0 - -40 -30 -20 -10 0 10 20 30 40
L X,
K . CMS Preliminary 138 fb™' (13 TeV)
r 10" =) T T T T Y
= Ky =K, =1 Observed < Median expected
or T 10° | [ e8% expected |
: § Theory prediction 95% expected
[ 102 T
r g
-0 s
L 5
- 10°° =
[ 0 E
-20[ 3
2
r 107 §
_301.....|....|....|....|....|....
30 20  -10 0 10 20 30 ‘ . . ‘ .
wa -30 -20 -10 0 10 20 30
Kyv
CMS Preliminary . . . 1?8 fb’l1 13 TeV)
Kyy =%, =1 Observed  ttt Median expected
10% | = 68% expected

...... 95% expected

-37.7 (-30.1) < k, < 37.2 (28.9)
-12.2 (-7.2) < Kov < 13.5 (8.9)
-3.7 (-3.1) <kv < 3.8 (3.1)
-14.0 (-10.2) < kow < 15.4 (11.6)

-17.4 (10.5) < Koz < 18.5 (11.6)
ol 6VHH, < 294 (124)

95% CL limit on o{pp — VHH) (fb)
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https://cds.cern.ch/record/2853338?ln=en

HH—bbWW'

CMS PAS HIG-21-005

Objects selection

Single Lepton Categories

»= Small radius jets: | Categories || Sub-Categories |
. pr>25GeV, In| <24 HH(GGF) Resolved 1b | Resolved 2b | Boosted
. Medium working point on the HH(V]?F) Resolved 1b | Resolved 2b | Boosted
DeepJet score Top + Higgs Resolved Boosted
W]ets + Other Inclusive

= Large radius Jets:
s p;>200GeV, n| <24,

Di Lepton Categories

+ 1,/1t<0.75 [ Categories || Sub-Categories ]
. sub-jet pr> 20 GeV HH(GGF) Resolved 1b | Resolved 2b | Boosted
HH(VBE) Resolved 1b | Resolved 2b | Boosted
* 30<mgy<210 Top + Other Resolved Boosted
o mjj > 12 GeV DY + Multi-boson Inclusive
46
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https://cds.cern.ch/record/2853597?ln=en

HH—bbWW'

CMS PAS HIG-21-005

QCD multijet, Fake lepton estimation: DY estimation

» Calculate transfer weight from 0-bjet
—1/2-bjet region in Z-peak region

=  Weights are binned in HT (P sum of
AK4 jets) for resolved and softdrop
mass of leading AK8 jet for boosted

= SR — Signal region

= AR — Similar to signal region but lepton fails the
tight selection

= Prompt — lepton matched with generator level
lepton coming from W, Z, T or Higgs

= FF — fake factor which is the probability to pass the ~ category. o .
= Apply transfer weight in Z-veto region

= Non DY backgrounds are subtracted
from data in both Z-peak and Z-veto

n f region.
i

fake to tight cut

16/2b
1b/2 N (Zpear)

N (zle) = N (2V,) N

ZLyeto = | My - Mz | > 10 GeV
Zpeak = I M - Mz I < 10 GeV

0b/1b/2b = N(Ak4 bjets)
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https://cds.cern.ch/record/2853597?ln=en

HH—>bbWW'

CMS PAS HIG-21-005

CMS Preliminary 138fb" (18 TeV) . CMS prefiminan, : , 138" (13TeV)
——— T T i e T IARARE RS, ‘ B
K=K =1 —e— Observed ~ ----- Median expected T e B 5% expected
Ky = Koy =1 5 68% expected ¢ StandardModel - 95% expected
----- 95% expected
bbWW (SL)
Expected: 434
Observed: 468
bbWW (DL)
Expected: 424
Observed: 385
Combined
Expected: 301
Observed: 277 i I I
400 600 800 1000 L
. . HH
95% CL upper limit on 6(pp — qqHH) / S heory o/ oty < 14 (18)

a/ aVBFg,, < 277 (301)
-7.2 (-8.7) <k; <13.8 (15.2)
-1.1(-1.4) < k,, < 3.2 (3.5)
-0.8(-1.0)<c,<1.3(1.4)
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Multilepton

JHEP 07 (2025) 095

Category 20ss 3¢ 4

Targeted HH decays WWWW* WWWW* WW"WwW*

Trigger Single- and Single-, double- Single-, double-
double-lepton and triple-lepton and triple-lepton

Lepton py >25 / 15GeV >25 /15 / 10 GeV >25 /15 /15 / 10 GeV

Lepton charge sum

Dilepton invariant mass

+2, with charge quality
requirements applied
|mgg - mzl > 10GeV t

=i |

|mgg - mzl > 10 GeV i

0

Myy —mzl > IOGth

Jets >2 small-radius jets or >1 small-radius jet or s
>1 large-radius jet >1 large-radius jet

Missing pp pf?iss’LD > 30GeV § pRissID 5 30 Gev | —
Category 3+ 1T, 20427y,
Targeted HH decays WW*tt WW*tT, Tt1T
Trigger Single-, double-, Single- and

and triple-lepton double-lepton

Lepton pp >25 /15 / 10 GeV >25 / 15GeV
Ty PT >20 GeV >20 GeV

Lepton and T, charge

Dilepton invariant mass

£ and T, charges sum to 0
|mu = mzl > 10 GeV i

£ and T, charges sum to 0
[mu = mzl > 10 GeV ¥

Category 14 + 37y, 4Ty,
Targeted HH decays TTTT ETETET
Trigger Single-lepton, lepton-+T,, Double-t},
and double-t},
Lepton 7 Inl < 2.1 =
Lepton pr >20GeV (e) or >15GeV () —
Ty, PT >40 / 30 / 20 GeV >40 / 30 / 20 / 20 GeV

Lepton and T, charge

Z — ee veto

£ and T, charges sum to O

|Mer, — 86 GeV| >

T3, charges sum to O

15Gev I -
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https://link.springer.com/article/10.1007/JHEP07(2023)095

Results from projection study at HL-LHC

CERN Yellow Report

» HL-LHC projection is studied at 3000 fb-! and center of mass energy 14 TeV.
= Five channels are considered: bbbb, bbyy, bbtt, bbZZ(42), bbVV(2R).

CMS Phase-2

3000 fb™' (14 TeV)

10 E Simulation Preliminary

| - bbbb
L+ bbVV(ivv)
bbzz*(41)

+ bbtr
—-bbyy

o (9g—HH) [fb]

I 95% CL upper limits - Median expected

-e- Combination

|- % Theoretical prediction

Assumes no HH signal

-2AIn(L)

CMS Phase-2

3000 fb" (14 TeV)

E  Simulation Preliminary
| | | —_——
| - bbbb
\ «— bbrtt

¢ | +bb'YY

- t] - bbVV(iviv)
|1 b
|

L 4 bbzz*(4l)
‘ —e— Combination]|

Assumes SM HH signal

SR IR\ 95%
SR\
o
= °
| | Iy | | | L | ®
-4 -2 0 2 4 6 8 10 F % . A\ PF eeeeee, 44 [L ] 68%
K
Channel bbbb bb77 bbWW (fvly) bbyy bLZZ(L0E) P
B [%] 339 73 17 0.26 0.015 e W< & 8 10
Number of events 37000 8000 1830 290 17 K,
=  Constraint on Higgs self-coupling:
-0.8 <k, < 3.6 at 95% confidence level
=  New channels have been added as well as improvement in analysis have been made after this study!
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