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Introduction

Some of the basic limitations of the SM

* The hierarchy problem M,/ My ~ 10" ‘ Extending space dimensions

* Absence of Gravity WED (RS model): g
- One Extra Compactified Dimension E

- Planck brane (Mp;) 5

* Naturalness of the Higgs mass & EW scale - TeV brane (SM) £
oAb o ik Tl Enhancing the HH rate via new bosons decaying to HH:- g
e CPviolation (matter — antimatter Spin-2 Graviton / Spin-0 Radion #

asymmetry) X—>HH

Extending the Higgs sector E

2HDM+S (NMSSM) £

Extending the Higgs sector with 2 doublets + 1 singlet scalar =

The new BSM models predict new scalars (X) TRSM %
that decay to HH/HY Extending the Higgs sector with two real singlet scalars E’é

Enhancing the HH rate via:- =,

X —>HY N
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Introduction

g _H
e BR HH—-XXYY (M =125 GeV)
X " H 10
\\\ 10
g H/Y
2
SMH XS @ 13 TeV56 pb (NLO) 1 %
SMHH XS@13 TeV33 fb (NNLO) D
Challenges: &
* 1000x smaller than a single Higgs detection 10—2§
* Low BRsto the final states 1 T
* No golden channel: N 10
H to ZZ to 4l (clean) =
HH to 4l + 41 (very low BR) 0:0005 1 -
HH to bbbb(33%BR but QCD enormotmckground) n W % - ~ » —10*
BR(H—XX)
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X —> HH/HY analysis

Final state Topology BSM Link
bbbb merged bb Heavy scalar—> HY PLB&842(2023)
Spin-2 —> HH
bbWW merged bb/qq Spin-0 —> HH HEP05(2022)005
Spin-2 —> HH
bbWW resolved+merged bb/qq Spin-0 —> HH JHEPQ7(2024)293
Spin-2 —> HH
4W/41/2W 21t resolved+merged qq Spin-0 —> HH HEP07(2023)095
Spin-2 —> HH
bbd 2 resolved bb Spin-0 —> HH JHEP05(2024)316
Heavy scalar—> HY
Spin-2 —> HH
oT resolved Spin-0 —> HH CMS-PAS-HIG-22-012
Heavy scalar — HY
Spin-2 —> HH
bbtt boosted Spin-0 —> HH CMS PAS B2G-24-014
Spin-2 —> HH
Run-II combination Spin-0 —> HH PhysicsReports1115(2025)
Heavy scalar—> HY

Resonant HH production @ CMS
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X —> HY —> bbbb (boosted)

P
Topology Main selection \
bbbb (merged Triggers: single /double-AK8 & HT-based RN y - H 7
g g8 g D o &
my 0.9 —4 TeV Two AKS jets to tag H/Y—> bb " "
my 60 — 600 bb tagging (ParticleNet) \\
D
(13 TeV)
2
(@] 5 .
g | CMSsimuiation CMS 138fb-! (18TeV) CMS 1381071 (18TeV)
4 Multiiet Mx=1600 GeV s | L C A R S (R B R LA o = —T—T— T[T T T o _
Z 10 e " My=90 GeV 3 - -10 for NMSSM 102 R & 2 ~—- Observed for NMSSM 102 R £
g "~ BBae -VSB’ O VS1O | ICEIE SR1"' o~ — Median expected for TRSM 8 2 5 —— Observed for TRSM 8 o
= P oS | " > -10 for TRSM T8 = w2
& 098 feb® iy, o & o a2 22
I 8.0 o |“VS4,| o VS2, SR2 . 1o €T o E T
S gos B o oo - con o =T = T
-c—) = 0w 00 & o owo L aie © N >| = . C >‘ c >
S % o Mmoo op atog 2o fs tea S S
T 2 AR A e g e ]
9 U'g % %g e 7” ;om g‘ dhwpc:{;%o - 1" : : o™ i I3) X © >
> 0.8 [ B Tsheods B © 8°) L1 o - 100 X T 1005 T
2l VB2 4 VB1 Of SB2: 1 SB1 o8 L
0.6 o Ly 0 SN S L £% 2%
3 é@cogf’ﬁ%ﬁ 8 o8 od° 3‘2’8:41&}‘ o 88 8 c
: A( *ﬁyoo? o oAl 2FoB o%laoa i Q O 8 g
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H-candidate ParticleNet score
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X —> HH —> bbWW (boosted bb)

, )
Topology
bbWW (at least a W decay leptonically)
SL channel: bb qqlv (merged bb/qq)

\DL channel:bblvlv (merged bb) D

\

/Main selection
Triggers: single e /u & Hy & multiobject(l,j)
Leptons: Ppn, IP, ID
W—>qq:subjetiness variables (closest AK8 to Is)

H —>bb: DeepAKS8 tagger
K p g8 /

Signal vs. Background discrimination

Cut based on kinematics including the bb tagger score
138 fb' (13 TeV)

o
5 CcCMS I Data t
o SL categories == MC stat. unc. W+jets
105 1TeV X_,., 0 QCD multijet
g —3TeVX_, , IllOther SM
oB(X — HH) =1.0 pb
10*
103
10?
10
Q B ]
= qsp .
_.g 1 ;”’ LI} S '-/2—,-;;—4")‘:4—4—3
o & E
0.5F =
0O 01 02 03 04 05 06 0.7 0.8 09 1
DZ/H—>bb

Bkg challenge g P o
MET limit H mass reco. \
) .
=

. 138 fo' (13 TeV) . 138 fb™' (13 TeV)
31O§|||||1||||||||||||||||||||||||||l||||§ E10§||||||||||||||||||||||||||||||||||l||§
= F CMS 95% CL upper limits 1 = [CMS 95% CL upper limits ]
T - Spin-2 X —e— Observed 1 I - Spin-0 X —e— Observed 7
I 103 E_ """ Median expecied _E I 103 E_ _____ Median expected E
T E I 68% expected T I 68% expected ]
X [ [ 95% expected 1 X L [ ] 95% expected ]
1 10° . ~ -+ X 10° & =
O g‘ :ulk graV!lon (5 = 0.3) § © ; Radion (AR =3 Tev:
ch e ulk graviton (k = 0.5) C ]
10 E 10 E
Te E T E
107 = 10" =
C11 | L1 11 I L1 11 I I |‘|‘| L1 1| | L1 | | I | I | |_ C1 1 | L1 1| | 11| | 11 1 | | - | ) - | L1 1 | L1 11 .

1000 1500 2000 2500 3000 3500 4000 4500
my [GeV]

1000 1500 2000 2500 3000 3500 4000 4500
m, [GeV]
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X —> HH —> bbWW (resolved+boosted bb)

Topology BR~25% : ny ™ ” "
bbWW (at least a W decay leptonically) Bkg challenge > \\ £ 4 H\\ R i
SL channel: bb qqlv  (merged/resolved bb/qq) || MET limit H mass reco. 8 58 P @ ‘ﬁi:/ﬁ """"""" U
DL channel: bblvlv (merged/resolved bb) \, . f‘ \p o
/Main selection \
Triggers: single-lepton / MuonEgamma
Leptons: Pt,n, IP, ID
Jets: SL: 21 AK8 & >21AK4 OR =3 AK4 5 msg"{‘sl 138 (13 TeY) _ i CMS e 13810"(13TeY)
DL:>1 AK8 & > 2 AK4 g E :‘;b‘ie"’:d e ;TT‘"a" e"ptezte'j ;i E —Obmened oo Median expected
b-tagging TN oo ot 5 szoomems | Ty S mtos W s ]
AK4: DeepJet (MWP) ?% e e Bulk gravton 1.0 E
\AK8: with subjet DeepCSV (MWP) / g j __________ ;
g 1035— N g 1035— ‘ E
Heavy Mass Estimator (HME) to estimate the H->WW u“é L Qe E E: ....................... i
mass, recovers mass by sampling allowed neutrino configs. g e v, d% - ; .............................. 4
[Signal vs. Background discrimination } ’ - 7 E
e L R R R R - T - R R T R R
M, (GeV) M, (GeV)
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X—>HH —>4W/4t/2W2t

KI‘opology \

X ->HWW)H(WW) /X - HWW)H(tt) /
X = H(tt) H(TT)

T and W decay leptonically or hadronically
W to qq reconstructed as 2 jetsor 1 large jet

47 225+ 0/17y, | 22+ 27y, || 12437, |[02+47,
7 C ha nn el S 4 Leptons 3 Leptons, 2 Same-Sign 2 3 Leptons 2 Leptons 1 Lepton 4 Hadronic
K / (e/p e/n e/) No Tj, Oor 1Ty +17Ty +27Ty, +37T, s

Main selection h

Triggers: multi-lepton, Lepton+,, double T, CMS  HH— Multiepton 138 f' (13 TeV) CMS  HH — Multiepton 138 fo' (13 TeV)

H—-tt: leptons/ t,(DeepTau) L B o o e e e  SEEEa O B B B B L
\H_)WW: leptons/ Ak4 & AKS jets ) i = === Median expected ] = === Median expected |
p § - I 68% expected I 68% expected

Signal vs. Background discrimination 95% expected 95% expected

—

o) o)
2 =
T T
I I
T T
> »
. . . T T
classification using BDT o — Observed o —— Observed
S J 2 g
L, CMs 3/ 1smwlo3Tev) -
S 100° | |wz L Misid. # Other bkg. = E £
L|>-| 10° -Conversions -ZZ Single H ?; : :
10* + Data “2% Uncertainty == X— HH (1 pb) E; g_ g_
10° = my = 750 GeV, spin 2 é S10” - g107 =
10° Gl < o [ spin2 O [ spin0
10 *%P‘—rr $0 :l,|1|L||1||1||1|LJ|1||\||1|{J|1I|Llll: Eo :|\I|||||||1|‘||||{I|ll|\ll||\lll|l\ll
_11 o 300 400 500 600 700 800 900 1000 © 300 400 500 600 700 800 900 1000
10 m, [GeV] m, [GeV]
%é 1
‘-'% § 1 2 3 4 5 6 7 8 9 10 11—

BDT output bin number
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X —> HH/HY —> bbyy (resolved bb)

/Topology A

X - H(bb) H(yy) / X - Y(bb) H(yy)
my 0.26-1 TeV (HH)

Clean signature

kmx 0.3-1 & my 0.09-0.8 TeV (HY)

Main selection
Triggers: Di-photon
H - yy: Ny =2 ; myy: 100-180 GeV

/
\

KH/Y — bb: Nj >=2; b-tagging: Deep]et/

Signal vs. Background discrimination
DNN-based event-level classification

(=]

Y

M. Louka

BR=~0.26%

. CMS 138 fb"1 (13 TeV 1
=S [ =
800F ;. . . oL
&700 i Limits below theoretical cross section ‘6‘9~|3
Z600( NMSSM e
500} f ‘;‘

400} =
Ex
300} 16 T
10 2 <
ER)
200} > a
e RS0
o
O C
_8 (@]

100 — . —20

400 500 600 700 1000 190
m, [GeV]

_ CMSs_ 138 b7 (13 TeV),
% 800 Limits below theoretical cross section &) é
. 700¢ NMSSM glﬁ
2 600F 88
500 ‘g *T*
400| Ex
300} 15 T
10 3 =
ER
200+ da
oL
Lo
D C
% [e]

100 -

400 500 600 700
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— QlMISI T | T T 17T l L | LI I1 |3ISI Iflb|-1l I(1 I3| ITIeIVI'l)
210 (Spin-2) X — HH — yybb 3
L§ F —— Bulk KK graviton (k/Mp = 0.5) 7
S0 00 T Bulk KK graviton (/Mg = 1.0) —
1 E —— Observed 95% upper limit 3
T . el - - -- Expected 95% upper limit ]
T 10 = I Expected limit +1 ¢ 3
T C Expected limit +2 ¢ ]
X 105 E
@ F ;
<o T~ el =
T D e 3
a . DTN ]
21075
° = a
10—2_I 1 | 1111 I | | 1111 | 1111 | 1111 | 1111 | 1111 |_
300 400 500 600 700 800 900 1000
m, [GeV]
—_ Cl I T 7T | LI l L I 1T I1 |3l$ lflbl-l1 I(I1 l3| I-II-QIV
210°F (Spin-0) X — HH — yybb E
’g e Bulk radion (Ag = 3 TeV) :
1 0%k —— Bulk radion (A = 6 TeV) -
1 g —— Observed 95% upper limit 3
T 1nel ---- Expected 95% upper limit b
T 10°F B Expected limit +1 6 E
T N Expected limit +2 ¢ ]
x 10E... E
L ]
o1 e E
T P e, e .
8107
® ]
10—2 11 I 111 | | | I 111 | 1111 I 1111 | 1111 I 1111 |

300 400 500 600 700 800 900 1000
my [GeV]



X —>HH/HY —> yyTt

€

opology Clean signature
X > H(tt) H(yy) BR~0.03% S | 1 SR 3
= 95% CL upper limits
X = Y(tt) H(yy ) or Y(yy) H(t1) 0o CMS 138 fb-! (13 TeV) T 10} cMS — 23‘;3_'“ ?fa"“"” —— Observed .
. . - T T T T T T = K = i
T decays leptonically /hadronically = | . ) T =t --- Median expected
S, | Observed upper limit = =< mE 68% expected
(mx026-1TeV & my005-08TeV ] ¢ s = os% xpectos
2. T
28] Q.
/ \ = g
- = > o
Main selection 7 103]- |
- - >< -
Triggers: Di-photon T
o
H-yy: m,: 100-180 GeV B
o
Y-yy: m,,: 65-150 (low-mass X) E
100-1000 (high-mass X) 1003 w0l | N
L J R 3 400 0 600 0 800 9 101
Tt e, |, and 1, (DeepTau) — 2 % . 70 iy [GeV]
K j 700 800 900 1000
~ my [GeV]
Signal vs. Background discrimination . - 1381 (13Tev)
Classification using pNN _s00CMS__ ___ 1381 (13TeV) _ =, CcMS _ 95% CL upper limits
) % [ 5 £ % 104 __ Bulk Radion —— QObserved -
(_2.700i Observed upper limit 10 = T (B/\Fl{k:: E?V) --- Median expected
. - < < — sulkadion B 68% expected
E ?— i Ar=3TeV) 95% expected
2 - <
= T
U g
= o
2 108} .
< i
g
o]
&
E
_
’y Lg 102? 1 1 l | | | | B
% 300 400 500 600 _ 700 _ 800 _ 900 _ 1000

700 800 900 1000

GeV
mx [GeV] my [GeV]
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X —> HH —> bbtt (boosted)

Topology
X = H(bb) H(tT)
fully hadronic (1,1}, ) and semi-leptonic (I ) . 7 : 2
== =<, N < “emalfts
/Main selection \
Triggers: MET-based
H-tt: | ) 138 fb" (13 TeV) 10t 138 fb' (13 TeV)
Leptons/hadronlc_tau(DeepTautagger) g‘loillllllllll‘\\\\lllll \\\Illllllllll‘\% £ E_‘Illll\\\\‘llllll\\l ||||||||\‘H||||§
: = £ CMS Preliminar . = CMS Preliminar ]
H—-bb: T T y — Observed ] T Y - Observed |
AKS8 jet: ParticleNet tagger T . 5| All channels combined T , 3| All channels combined B
\ ) 58 J 5010 = spin- 0 ---- Expected E 5010 - spn-2 Expected E
. . N ¢ o 1 ¢ o i
Signal vs. Background discrimination ,
. . . i 10%E 2 ¢ = 10°E 26 =
- Likelihood estimation based on the s E = E
reconstructed bbtt invariant mass y - i i i
10= E 10 E
15— E 12_ E
10—1||||||||||‘\\H||||||\H|||||||||||‘H 10—1|""|“"""'ll‘"lllllllll““lllll
1000 1500 2000 2500 3000 3500 4000 4500 1000 1500 2000 2500 3000 3500 4000 4500
M, (GeV) M, (GeV)
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HH run-II combination

138 fb' (13 TeV) 138 b7 (13 TeV)
3 [ T T T T 1 1 | T T T T ] S [ T T T T T T ] T T T L
Z 4oL CMS ~e—- HH Combination 1l & 19LCMS ~e- HH Combination -
T : —— HH — 4W/4v2W2t — > 2| 1 T - —— HH — 4W/41/2W21 — > 2| 5
L [ HH — bb,WW — > 1l (resolved) i L i HH — bb, WW — > 11 (resolved) i
;L\ 1 IO — :E - EE,WW — = 1 (merged-jet) ] g 1. ~— HH — bb,WW — > 1| (merged-jet) —
e PR — — bb, 1t 3 S 3
T ; \A"\/ e ] T Er\% : iR bbary ]
a i ..,’ '~.... —— HH — bb,bb (merged-jet) 1 o » @ M —— HH — bb,bb (merged-jet) _
s> 1 0—1 - TN " LTI Narrow Width Approximation E > 1 0—1 = N Narrow Width Approximation —~
©O X ] © - .
c i ] cC - ]
o I ]l o i _
= ol ] =
E107 ] E10°%F E
o) : 1 @ i :
% T . = i % B tea, _
510°%F e U O 1 S{a3L . | TN _
] F Spin 0, ggF production 3 ] 10 = Spin 2, ggF production X, Niimee. E
@) [ —— Observed ] O - — Observed ’
o " ---- Expected 1 X2 | - Expected :
& 10k i &8
o)) ! ! Lo ! L ! N o)) 1 0_4 ! ! N R R ! ! ! !
3x107" 1 2 3 456 3x107" 1 2 3 4 .56
m, [TeV] Mg [TeV]

Observed and expected 95% CL upper limits on the product of the cross section o for the production of a
spin-0 resonance X (left) and spin-2 resonance G (right)
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HH run-II combination

M. Louka

95% CL lower limit on Ay [TeV]

CMS 138 fb™ (13 TeV) CMS 138 fb™ (13 TeV)
| 1 I I I | 1 1 I I I [ E | I I I | | I | I : I |
22 —e— HH Combination - = 3 -e- HH Combination 7
0 [ —— HH — 4W/41/2W21 — > 2| B % ——HH — 4W/4t/2W21 — > 2| ]

; HH — bb,WW — > 11 (resolved) 1 x o5 I HH — bb,WW — > 1l (resolved) ]
T8F —— HH - bb,WW — > 11 (mergediet 1 S TlI ~HHobbWW 2 1l memecn ) :
16 _ —e— HH — bb, 1t Bulk radion, kr_t = 35 _ é | " HH-—bDbbyy ] ; ]

- —— HH — bb,yy T cE))I(DS:;\‘[/:((jj ] T__ 2¢ =—HH — bb,bb (merged-jet) __
14:_ —o— HH — bb,bb (merged-jet) P _: 8 -
12} 1 g | _

’ 1 o 1.5] |
10§ 4 ] o | -

- (o) 1 4
8 1 &5 | ]
i (@) 1 1 __
6 . | :

[t ] i iﬁ.\ ]

4k - 05F \ Bulk KK-graviton_]

- ] i k —QObserved 7]

2F ] - NN -

; : 1 - ---Expected 1

O [ ] ! ] Lo I ! B 0 [ ] ] ] I L ] ] L
3x107" 1 2 3 4 3x107" 1 2 3 4
mg [TeV] mg [TeV]

Observed and expected 95% CL upper limits of the production of a spin-0 resonance X (left) and spin-2
resonance G (right) as a function of the mass versus the coupling/EFT cut-off.
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HY run-II combination

138 fb™ (13 TeV) 138 fb™ (13 TeV)

E 19 IIII| I l I IIIII| I I T TTT 1029_IIII| I I IIIIII| I IIIIIII| I I T]

=10 F — HY ination = ination

o) | CMS —Observed — H(Til;\?)(;t))mbmatlon | F CMS Observed —* HY(bb) Combination 4

Ke; - -- Expected —— H{yy)¥(bb) : 10% e Expected — :ggg)YY(ngg) E
17 L | - —— (merged-jet)

>1: 1 0 Narrow Width Approx. — H(bb)Y(bb) (merged-jet) - Narrow Width Approx. e ]

- Assumes SM H BF b

Assumes SM H BF .
v M=1200 GeV (x 10%) ]

m,=400 GeV (x 10" -

> 5 M=500 GeV (x 10') ¥ M=1400 GeV (x 10')

my=600 GeV (x 10%) -
v T B » M,=1600 GeV (x 10'?) -

—

o
—
N

v M=700 GeV (x 10°)

v Mx=1800 GeV (x 10%)

—

o
=
ry

107 i - e v Mx=B00 GeV (x 10%) ]

(@]
3

_ 4
. =800 GV (x 107} y My=2000 GeV (x 10%)

95% CL upper limiton o(pp - X - HY, Y — bb) [fb]

95% CL upper limit on o(p

i 10° é

? ¢ M=1000 GeV (x 10°) ] , M,=3000 GeV (x 10%)

1 10° | =

- 1 1 ]

1071 IIII| | | | IIIII| | | L1 111 10 _IIII| | | IIIIII| | IIIIIII| | | I_
10? 10° 10? 10° 10*

m, [GeV] m, [GeV]

S§Ht 31 2107 WecUT WI+*GUHUI We GG WiRGRqt cmM¢PEM9xﬂMYUMq6UU
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Conclusions

* Several CMS analyses, including searches for HH/HY decays
into various final states, have been completed, while others
are ongoing using run-II and run-III pp collision data.

* No significant excess over the expected SM background has
been observed.

* Constraints have been placed on several well-motivated
Beyond the Standard Model (BSM) scenarios.

* Machine learning methods are widely used in particle
identification, as well as for enhancing the sensitivity of
new-physics searches against SM backgrounds.
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The Anti-Kalgorithm

The anti-Kt algorithm is a type of sequential recombination jet algorithm
Purpose: Cluster particles into jets with cone shape

Step 1 - Distance measures:

« Compute distances between every pair of particlesi,j:

AR, Small jet radius Large jet radius

d;j; = min (pi%'ap;?j) Tz

« Compute distance to beam for each particle:

—2
dip = Pr;

Step 2 - Find minimum distance:
» If the smallest distance isdij , merge particlesi and j.
« | f digtdéckare particlei a final jet and remove it.

Step 3 - Repeat:
« Keep iterating until all particles are clustered into jets.

Practical CMS usage:
AK4 b R(stdhdardd jets)
A K8 b R(boOste8/large -radius jets)



DeepCSV for b-tagging

DeepCSVis a deep neural network (DNN) algorithm.
Purpose: identify jets originating from b-quarks vs. c-quarks or light -flavor/ gluon jets.

| |
| Jet Object |
| (pt, eta) |
1 J

the DeepCSValgorithm relies on thproperties heavy quarks: |

- relatively long lifetime of the b (1.5ps) and c quarks (1 ps) which leads to a .
displaced Secondary Vertex (SV).

- the b and c quarks jets have larger mass ancharder fragmentation compared to
the lighter.

- the presence of charged leptons (electrons and muons)

- these leptons carry around 20% of the momentum in the case ofa b hadron or .
10%in the case of ac hadron |

1
Track & Vertex |
Features |
- Impact params |
- Secondary verts |

- Track multiplicity
1

| \ |
| Deep Neural |
Inputs |  Network |
| |
1 J

- Secondary vertex info: mass, flight distance, number of tracks. (fully conn.)

- Track-based info: impact parameters, track multiplicity, pt fraction. _ difrzlgfsed charged .
- Jet kinematics: pt, eta. jet lepton |
p
Network Architecture M !

Output Probabilities |

[

- Fully connected deep neural network. |
| P(b), P(c), P(light)]|

L

eavy-flavour

- Outputs probabilities for: b-jet, cjet, and light -flavor jet. jet J
Working Points i
deepCSV L 0.1208 86.9% i M i
B-tag decision
W---_ IP i | Loose/Medium/Tight |
M 0.4168 72.9% T py e 4 | |
un ]et
T 0.7665 56.0%

CMS BTV tiwiki


https://btv-wiki.docs.cern.ch/ScaleFactors/Run2UL2018/

DeepJet for b-tagging

DeepJetis an extended version of the DeepCSV algorithm.

|
Jet Object |
(pt, eta) |
|

the DeepJealgorithm relies on thproperties heavy quarks:

- relatively long lifetime of the b (1.5ps) and c quarks (1 ps) which leads to a i
displaced Secondary Vertex (SV). —

- the b and c quarks jets have larger mass ancharder fragmentation compared to fracks & vertices
the lighter.

- the presence of charged leptons (electrons and muons)

- these leptons carry around 20% of the momentum in the case ofa b hadron or |
10%in the case of ac hadron |

W
v

(all in jet) |
- Impact params |
- pt, eta |

- secondary verts|
|

|
Jet Constituents |

Inputs

. . . (charged/neutral) |
- Alltracks in the jet (impact parameters, pt, eta, etc.)

- Secondary vertex properties _ displaced charged |

- Jet constituents (charged/neutral) jet tracks lepton ! v |
- Jet kinematics (pt, eta) : oeep Neursl :
Network Architecture |

heavy-flavour (DNN + conv.) |

jet i

- Fully connected deep neural network +

convolutional layers for sequences of tracks/vertices
- Outputs probabilities for: b-jet, ¢jet, and light -flavor jet.
Working Points

|

| Output Probabilities
| P(b), P(c), P(light)
L

deepJet L 0.0490 91.5% V- P
~—~ T

PV T |
un-\ 20\% M 0.2783 80.7% jet : v |
¢ | B-tag decision |

iiki T 0.7100 65.1% y | Loose/Medium/Tight |



https://btv-wiki.docs.cern.ch/ScaleFactors/Run2UL2018/

ParticleNet for b/bb-tagging

ParticleNet is a special kind of DNN; graph neural networks ( GNN) e e e e Y

e I I | I
. . . . . . . [&] B H i i i H i i =
Key pint: A jet is a cone of particles related with spatial distances S 12CMs o HH s g
S - Simulation Preliminary .

= i 1 1 i S
w1 | : | ; : i
used to: o F | — =
- tag b-jets (AK4) T 08 R e =
- tag bb originated from boosted H/X decaying to bb (AKS) T, 6:____; ____________________ L t—— T K
o E + e 2622,8:45.5 % : E
Inputs for training: 0.4f i R 2023,6:59.5% e
PF inputs (~1000 200 PF candidate per jet) including: n _.__“ —+— 2024,¢:63.5% : ]
. . . . . 0.2 i— i - Distribution before e
Pt, Eta, Phi, E, ID,IPS, vertex information, secondary vertex information —— : rigger requirements | .
0- i i i i i ]
S ME LT ety ek T
Tagger WP H—bbjeteff. WP cut ol N S S iy ¢ 3
[ ;| R SRR ISV Se— S e _z
0‘6:7". ........... 3 ................... O " .................. L : .................. (R _'

particleNetMD_XbbvsQCD L 80% 0.9172 360 400 560 600 7(1)0 800 900 1000

Gen level M,, (GeV)

g\8 M 60% 0.9734 CMS DP-2025/009
2

AN
un T 40% 0.9880

CMS BTV tiwiki


https://btv-wiki.docs.cern.ch/ScaleFactors/Run2UL2018/

DeepTau for hadronically-decaying tau tagging

DeepTau is a DNN classifier that is used to identify the hadronic decay of tau

* Isolation region information
» Electron & muon rejection variables

Output: hadronic-decaying tau Probability -
P(T) -

P(7) + P(jet)

n=1or3
T —>VT—|—(TL7Ti—|—mﬂ'O) m> 0
Output
Inputs Features for training T) l l
« Tau candidate features K DeepTau | \ % muon
» PF candidates in the signal cone —
Input 11 electron

g\ q\

\_ gluon | quark

21118

D'vsJet —



DeepAKS for boosted H--> bb tagging

DeepAKS is a fully connected DNN classifier that is used to identify boosted
decays of H to bb and W/Z toqqg against QCD backgrounds

Main Idea: Identifies two -prongb-quar k jets from H B bb in
Architecture: Multiple hidden layers (usually 3 85), each with ReLU activation

Inputs Features for training

Global jet features

* Jet4-momentum: pT, n, ¢, mass

* Jetenergy fraction from charged/neutral components
* Jet multiplicity (number of constituents)
Substructure features

* N-subjettiness: 14, T, T3 (how consistent a jet is with 1, 2, 3 subjets)
* Mass drop, kT splitting scales

* Soft-drop mass and groomed features

Secondary vertex / b-tagging info

* Number of secondary vertices in jet

* Vertex mass, flight distance

* DeepCSV/Deep]et b-tag scores of subjets

Input Laver Caiput layer

Outputs:

Probabilities for each jet class:
P(H - bb) /P(W —qq) /P(Z- qq)



X —> HH —> bbWW (boosted bb)

Main selection

Triggers: single e/u & Hy & multiobject(l,j)

Leptons: P, IP, ID

qq: Ak8, Py n, closest to the lepton (AR<1.2)

bb: AK8, Pq, 1, DeepAKS8 tagger, isolated from Is, qq
SL: Ap(jl/jqq)>2.0/1.6 / DL: Ae(jll/j1)>2.0/0.8

DeepAK8eff Y P E LI
<1% mistag oflight-flavor/g jets.

Categorization type Selection Label
Elect

Lepton flavor ectron ¢
Muon 0

bb jet tagaing 0.8 < DZ/H_%B < 0.97 bL
DZ/H%bE > 0.97 bT

0.45(0.55) < 75/7y < 0.5 0r 2.5 < Dy = < 11.0 LP

T5/71 < 045(0.55) and D, = < 2.5 HP

H - WW~ purity

Categorization type Selection Label
Levton fl Two electrons or two muons SF
n flavor
epro One electron and one muon OF
— 0.8 < D — < 0.97 bL
bb jet tagging Z/H—bb L

Dy i > 097

SL

DL



X —> HY —> bbbb (boosted)

ﬁain selection

Triggers: single AK8/ two AK8 and HT-based
Two AKS jets:

In|<2.4(2.5), pr >350(450) in 2016 (2017, 2018)
mgp >60 GeV

Lepton veto (Ne =0 and N* =0)

Jet with 110 <mgp <140 GeV (H-candidate)

Jet with 60 <mgp (Y-candidate)

bb tagging (ParticleNet)

\

/

X —> HH —> bbtt (boosted)

Main selection

Triggers: MET-based

TT:

Leptons: Py, 1, ID, Isolation

Hadronic-tau: DeepTau-based tagger (>= 0.85)
[solation from leptons (A"Y<= 0.05) and bb (AY<=1.5)
bb:

AK8 jet

Py, 1, ID, Isolation, ParticleNet tagger (LWP)

Qto: b-tagged AK4 (MWP Deeplet)

~

/
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