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HIDDEN VALLEYS AND QCD-LIKE HIDDEN SECTORS

Energy barrier

HV SCENARIO

DARK QCD @ COLLIDERS

SM
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INTRO

BEYOND CONVENTIONAL SIGNATURES

disappearing or
DARK JETS CLASSIFICATION 9 dsappearing
multitrack vertices i \
: ” non-pointing
d ISpAIacement N /" ... (converted) photons
@ Trackless / \\ Missing transverse energy / PN
displaced jets \ (+visible QCD jet) displaced leptons, i emerging jets
\ lepton-jets, or
\ lepton pairs s
. \
@ ctmerging jets \ i
i i trackless,
- | low-EMF jets
quasi \table .
@ rromptdarkjets @) Semi-visible jets multitrack vertices in the -
> muon spectrometer
Invisible DM fraction //
HIDDEN VALLEYS: ACCORDING TO BOUND STATES

AND
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STATUS

QCD-LIKE DARK SECTORS @ THE LHC

WIMPs SEARCHES DOMAIN — P

> MET + X % High
LHC _ Runi ( Y Rwm2 eu':?ninosity
y : DARKJETS (ATLAS LHC

........................................... 13TeV

SNOWMASS (2021) |

2006 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 ...2038

SEMI-VISIBLE JETS (THEORY) EMERGING JETS (CMS) TODAY
EMERGING JETS (THEORY)

4 SEMI-VISIBLE JETS (SV)) ~N supeasTRIvG

ECHOES OF A HV

P, Grand s'ues)

ol s ~NoOoT
M—t"eov’ Uni€ication veT
Gaficlonom, EgxEg
Type-HA Type-I THoven]
t-channel s-channel
_ CMS 138 fb™! (13 TeV)
g e, Y L L R
G‘ — Observed 95% CL o 95% CL upper limits BDT-based
s .- Expected 95% CL m 10 E - Observed (of2) — Theoretical
10 _ o F - - Expected (o222 -=-Observed (ol
R,,=0.2 -Expeciegigﬂ 1' [68% expected (afey) - Expected (o) |
10t Xpected £ 2o [95% expected (of7%) -+ Observed (ol%,)
= Theory (LO, A=1) My, =20 GeV,r, =03 ---Expected (%) 1
0 107"
102 1020 NS
i THOVGHT DoF
107k
o B - N I Vast landscape of models being investigated,
. m, [TeV many others waiting in the drawer
arXiv:2305.18037  m[mev JHEP 06, 156 (2022)™[TeV] Y 8 rawer,
) and lots of others still not being thought of ...
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https://indico.cern.ch/event/1133166/
https://indico.mitp.uni-mainz.de/event/377/
https://arxiv.org/abs/hep-ph/0604261
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.171804
https://link.springer.com/article/10.1007/JHEP05(2015)059
https://link.springer.com/article/10.1007/JHEP02(2019)179
https://epjc.epj.org/articles/epjc/abs/2022/12/10052_2022_Article_11048/10052_2022_Article_11048.html
https://cds.cern.ch/record/2870115/files/ATLAS-CONF-2023-047.pdf

OUTLINE

e OUR FOCUS

Leptons-enriched

signatures

Eur. Phys. J. C 82, 793 (2022) (%)

(*) Publication with:
A. de Cosa
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EXPLORED THEORETICALLY
& EXPERIMENTALLY

Higgs boson

Wiz V.

i
boson LELT

muon

V neutrino
u
€ Ve

7 leptons-enriched
signatures
Eur. Phys. J. C 83, 599 (2023) (**)

(**) Publication with:
H. Beauchesne, A. de Cosa, C. Doglioni,
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BASELINE

THE IDEA BEHIND SEMI-VISIBLE JETS

SIMPLIFIED MODEL

— QCD
== Semi-visible Jet

4 s-channel /=

C T L i

WIMPs SEARCHES
o >
. DOMAIN -~ D

- - - -

1 2 3
A¢

Phys. Rev. Lett. 115, 171804

RESONANT PRODUCTION OF SVJs

SV jets lays in a searches and
largely : challenging signature !
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BASELINE

LIMITATIONS OF THE ORIGINAL $V] MODEL

HIGH MASS DI-LEPTON SEARCH

SIMPLIFIED MODEL

T T | T T T T
ATLAS
{s=13TeV, 139 fb™
X =i

G, X B [fb]

/
\
\ \
/ > .
Y, ¢ \
\ \
/ < |
Z
-~ N ~/

C " Cannot decay
N\au-._ leptonically !

107"

T 1 I\le

Hll ¥kl \I\HII‘ 1 I\I\I\I' 1 \IHIHl L1

10—2 —— Observed limit at I/m = 10%
wnee Expected limit at T'/m = 10%
===TI/m=3% ===I/m=0% — Z'sgy model

| 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 ‘ 1 N
1000 2000 3000 4000 5000 000
m, [GeV]

LEPTOPHOBIC (*) Z” AS MEDIATOR TO EVADE HIGH MASS DI-LEPTON SEARCHES
CONSTRAINTS: (OFF-SHELL Z’)
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BASELINE

SIGNATURE-DRIVEN MODEL BUILDING

EXTEND SVJ SIGNATURE: ALLOW AND EXPLOIT NEW EXPERIMENTAL HANDLES
/-enriched SV) resonant e/u (7) “non-resonant”
event example / . (Model 1/ SVJ?) (Model 2 / SV)7)

Tsm
, Tsm
| [ dsm
/%J/QSM
)( E ALIGNED TO JETS Eur. Phys. J. C 82, 793 (2022) Eur. Phys. J. C 83, 599 (2023)
T

+ PROMPT LEPTON PAIRS PRODUCED
INSIDE HADRONIC JETS SIMPLIFIED MODEL(S) ?
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MODELS Eur. Phys. J. C 82, 793 (2022)
PRD 103, 115013 (2021)

MODEL T: TWO MESSENGER FIELDS

Visible Sector Hidden Sector

DARK GLUONS

)
X
14
<
2
o
X
14
<
o

SUC(3) X SUL(Q) X Uy(l)
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MODELS

MODEL 1: PARAMETERS & CONSTRAINTS

Parameter Description Benchmark
My Z' pole mass 1.5-5 TeV
€effy Effective mixing 0.03
Finv Invisible fraction 0.3,0.5,0.7
Ay Dark confinement scale 5 GeV
Ma, [Ny (%) Pseudo-scalar mass ratio 1.6
4+ ~ 15% democratic decay of unstable p to all lepton flavours
£
+ 7' COUPLINGS SETTINGS: g, =0.4,g] =0.25 :
[ Phys. Dark Univ. 27, 100365 (2020) £
JHEP 06, 156 (2022) ]

* effective mixing fixed saturating A" = £*¢~ bounds
** dark hadron masses set using Lattice QCD fits (Nf = 2, Nc = 3):
m, =8 GeV m, ~15GeV p — znz closed

BSM-2023 Conference
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—— EWPT
CMS Scouting (u) High
CMS Scouting (u) Low
ATLAS (e/u) High mass

—— LHCb

il

107 1 10 102 10°
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constraints A’ = £7¢
1
107
2 — EWPT
10 CMS Scouting () High
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107° ~ \
e ~
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-10
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10712
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MODELS Eur. Phys. J. C 83, 599 (2023)

MODEL 2: SINGLE MESSENGER FIELD

Visible Sector Hidden Sector

(7)) 7]
¢ 2
; :
< 2
G o

X
= o
< <
(o) (]

SUC(3) X SUL(Q) X Uy(l)
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MODELS Eur. Phys. J. C 83, 599 (2023)

MODEL 2: SINGLE MESSENGER FIELD

2y (g P+ g Pr)u;
~Z,,div* (957 Pr + 95 PL)d;

MODEL BASED ON:
Phys. Rev. D 84, 115006 (2011)

, v v . -
—7Z W QuiY (gz R Pp+ gq LPL)qu Phys. Rev. D 89, 095033 (2014)
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MODELS

MODEL 2: PARAMETERS & CONSTRAINTS

Parameter Description Benchmark
Mz Z' pole mass 0.5-5 TeV
Tinv (%) invisible fraction 0.3
A, dark confinement scale 10 GeV

My, / Ay (**) pseudo-scalar mass ratio 0.8

0.15, 0.3

BR, (***) branching to 7 leptons 0.55, 0.7

* Neutrinos can be included adding a term o BR; X (1 —r;,,)

** dark hadron masses set using Lattice QCD fits (Nf = 2, Nc = 3):

m, =8 GeV m, ~25GeV p — 7z open
see Eur. Phys. J. C (2022) , and backup

***effective parameter controlled by the ratio: g, /g,
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1.0 H
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0.9+ it di{ i I / !
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0.8 : : I : 1 N 4 7
1 U (LN 1 II i
0.7' :: :: : :::I,\ 1 7 I
RlEE. A
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0.47 TR /’ / —-- ATLASTT
031 % JtA o 4’ ATLAS jj
\_’ g -—— CMSjj
0.2 T --- CMS SVJ
0_1_\/“—/ —-=-= ATLAS TLA
—-=- CMS scouting
05 1.0 15 2.0 25 3.0 35 4.0 45 5.0
Mz [TeV]
Constrained by
high mass di-lepton
COUPLINGS SETTINGS g searches
dr _ — UR — o §..
gz] _g'/, — J1iJ Y gz] —gu 179
€ER __ . X Qv __ ..
gij =\gr - gql;57a7'
/q respect NWA H
Allow coupling to [ Phys. Dark Univ. 27, 100365 (2020)
third generation leptons JHEP 06, 156 (2022) |
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SIMULATIONS

SIGNAL AND BACKGROUND PROCESSES

Background Process

Signal Process

QCD - DIJET tf + jets

SM jet

RS
" ~
I A
\ h \
\ . 0 .
K .
t: . v
N J .~ '
N . S
N .-
N pots
\ o -

4+ Signals and backgrounds generated via (MadGraph5_aMC@NLO +)
Pythia8 + Delphes3 (*)

= Signal model dark shower and hadronization simulated with
dedicated Pythia8 module (Hidden Valley Module)
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STRATEGY

RESONANT HADRONIC SV] INCLUSIVE ANALYSIS

! 7 7 ’ N )
. GOOD OBJECTS VARIABLES LEGEND
| *  22AKB8Jets with pp > 200 GeV & [n] <24 M : di-jet transverse mass
o prle,p) > 10 GeV & |n(e,p)| < 2.4
Ry - ErIM;
SELECTIONS L |

e R;>0.15: Eplike cut, no My sculpting IS IT EEFICIENT

e An(j;,Jjr) < 1.5 : removes t-channel QCD . FOR OUR SIGNATURES ?
e M; > 1500 GeV : trigger requirement
o Ad,,(j12.E7) <0.8:W/Z + jets suppression

e Veto mini-isolated leptons ) Sl N
i N— —— FOR MODEL 1 (SVJ?©)!

Our standard candle to
evaluate LHC constraints !

A

Cesare Cazzaniga (ETH Zurich) | 09.11.2023 | 15
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STRATEGY

LIMITATIONS: CLASSICAL LEPTONS ISOLATIONS

Rye:
RELATIVE STANDARD ISOLATION (FIXED R) %
| AR<RY { g
1&y=— 2, pld
pT,l l#f :: "‘___,—‘

[SOLATION VETO: LIMITATION FOR ELECTRONS AND MUONS PRODUCED INSIDE JETS

RELATIVE MINI-ISOLATION (VARIABLE R) JHEP 1103:059,2011

AR<Rmini iso.

Lim=— 2, p)
Pr, il

02, p4<50Gev
Rini iso. 10;56", 50GeV < p% < 200GeV

max T
0.05, p%>200GeV

USED IN CMS SVJ AS AVETO

MINI-ISOLATION VETO: LIMITATION FOR e/ FROM DIRECT DARK BOUND STATES DECAYS ( RESONANT SIGNATURE)

BSM-2023 Conference Cesare Cazzaniga (ETH Zurich) | 09.11.2023 | 16



STRATEGY

BEYOND CLASSICAL ISOLATION: INTER-ISOLATION

RELATIVE INTER-ISOLATION (FIXED R) Ry

Eur. Phys. J. C 82, 793 (2022)

Arbitrary units

102 E

107

107

107

+

CAPTURES

LEPTONS INSIDE JETS (LEPTONIC ACTIVITY)

ARE EXPECTED TO BE

= Remove mini-isolated leptons
veto and select opposite sign non

inter-isolated leptons pairs (*)

iso.
1 AR<R,G; ."l
L, (€) = 2 , pAl)
Prre 1£¢
MODEL 1 - RESONANT

EroroT | TTTT ‘ LB | LELELIL ‘ TTTT i | TTT ‘ TTT || TTT || TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TT119

E p—o P'” U
o SVUEM,=3TeV =03 -~ SVUEM,=3Tev r =051 ( SI0°F i SVIEM, =3TeV 1, =03 - - SVEM,=3TeV r, =055
| — - Svi/M,=3Tev r, =07 —— QcD e g F o — - SWEM,=3TeV 1, =07 —— qcD :
“ ti+jets — W/Z + jets E g 10 o ti+jets = WIZ + jets -
= F == A
T g | E
- [— | + h
l__. E 107 e TR PR 4
[ F b ]
3 I 3| 102 =
L — ] E 3
l---- - ]
3 2] e |
C | B ]
3 ' ) 10tE E
: | 3 g E
L ‘ TARRETTT I R P Y Y T I FYTTY FTTY ITTE FOUTE POVRR OO

10°°
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Arbitrary units

—_

_A
<

102

1073

10

T T T ‘
E o SVIEM,=3TeV r, =03 SVJEM,=3TeV r, =05 S
L — - SVW¢M,=3TeV r, =07 —— QCD —
; ti+jets ~— W/Z + jets E
] ]
s DR T X T %
3 l E
L l__l ]
- L— - ‘
=g
L = L ]
3 b3
g ol
L v b e b b b
2 3 4 5 6 7 8 9 10
number of non inter-isolated muons)

\
1 2 3 4 5 6 -_10 ! 0 0.05 0.1 0.15 0.2 025 0.3 0.35 0.4 045 05
number ofnini-isolated muons K line (1)
(*

) detailed selections in backup
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SV] £ / RESONANT

EXPLOITING DI-LEPTON RESONANCE

-'g 10 = m,=3TeV,m  =8GeV —— SVJ/(r_ = 0.3);

= e SV =05 oo SVJZ(r_=0.7)]

5 [ —aco POSSIBLE STRATEGIES

= = P, resonance

2 o
10 ' 4 Can select a mass window in

N .
. 1 .
. il -y
o 10 .
- | A
.
'y *
ausp
1
i
L]
I -

_j’ - Tk Mj; and fit M,
10_2_’ ! T =TT __' 1

: WO 4+ Can perform 2D fit My, — M
107 E

E : 4+ Can look independently for
1074 E :

My does not depend on low mass resonance(s) in the
o5 iy (@nd M) ’ non-isolated di-lepton spectrum
10—6_| 1 | | 1 11 | 1 11 | 1 11 | 1 11 | 1 11 | 1 11 | 111 | 111 | 1 | I_

o 2 4 6 8 10 12 14 16 18 20

M, . [GeV]
DI-LEPTON MASS SPECTRUM AND

(DARK QUARKS FLAVOURS & POSSIBLE MASS SPLITTING ...)
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SV) £ / RESONANT

138 b (13 TeV)
'_6' 10 :E Theoretical (SVJ leptonic)
138 fb-1 (1 3 TeV) .9,- E === Expected(MH-indep)
S - Theoretical (SVJ leptonic) % < A :?ZCZ(:AT::T;:/? =
IE.- 10 B~ - = = Expected (Hadronic SVJ search) X - [ - 1 std. deviation
E < . pl10'E < =2 std. deviation
m = So - Expected (Leptonic SVJ) E T
m L So e 30 T ~;‘.".".“."_"_"_"_v-_- vvvvvvvvv
X ) I - 1 std. deviation 10 E e
B 1 5 + 2 std. deviation 10- :ﬁ
: ............... inv -_ 0-3 10 ;7
10 e Tl :
. e~ TTTmmees 10°e M,;-DEPENDENT (select mass window)
o2l WS 107566006 2500 4000 500 4000 400 . 5000
= T m,, [GeV]
S . 138 fb” (13 TeV)
- T a 10 3 Theoretical (SVJ leptonic)
10—3 = & E ----- Expected (MT-only).
= M fit only (M;-independent) T S ety
— X - I - 1 std. deviation
— -1 ﬁ + 2 std. deviation
10—4 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 010 r — 0 3
1500 2000 2500 3000 3500 4000 4500 5000 o LTI ZO
m,, [GeV] F ... T
10° sl
4 CMS INCLUSIVE HADRONIC STRATEGY: NO SENSITIVITY ?
1074 =
+ : EXCLUSION REACH (EVIDENCE) UP TO ~ 4.5 TeV (~ 3.5 TeV) =
10'5? M, -DEPENDENT (2D fit)
4 IMPROVEMENT EXPLOITING DI-LEPTON RESONANCE - METHOD-DEPENDENT N
( ) 101500 2000 2500 3000 3500 4000 4500 [G ?/0]00
my, [Ge
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STRATEGY

RESONANT HADRONIC SV] INCLUSIVE ANALYSIS

y

| / 7 ‘ h
. GOOD OBJECTS
| . > 2 AK8 Jets with pr > 200 GeV & || < 2.4
e prle,u) > 10 GeV & |n(e,p)| <2.4
SELECTIONS
e R;>0.15: Eplike cut, no My sculpting
e An(j;,Jj) < 1.5: removes t-channel QCD
o - . : . : LIMITATION
My > 1500 GeV : t t
e M eV : trigger requirement ) “OR MODEL,j
o Ad,,(j12.E7) <0.8:W/Z + jets suppression
e Veto mini-isolated leptons ) LIMITATION MAINLY
L - T FOR MODEL V]f)!

SELECTIONS BASED ON:@FIEP 06, 156 (2022)

| A
VARIABLES LEGEND
M : di-jet transverse mass
RT . ET/MT
\__ 7 J
IS IT EFFICIENT
FOR OUR SIGNATURES ?
AINLY
(SV)o)!
Our standard candle to
evaluate LHC constraints !

A

ON A FALLING BACKGROUND IN M5 SPECTRUM : 1.5 - 5 TeV (HIGH MASS SEARCH)

BSM-2023 Conference
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SV] 7/ NON-RESONANT

LIMITATIONS: JET PT AND HT TRIGGERS

CMS SVJ SEARCH SELECTIONS

2 l e \f/z:ﬁjt;giiet |
Selection BR: : SOi.g'?nal %f.l:é(genc}z).(l?) \%’0.15_ : _ tzn—::’:: Tev, BR{=0415—
£ o m,=1.5 TeV, BR =0.55
N(AKS8jets) > 2 718 765  85.7 8 oq | L RTiTev.BR0ss
7 An(j1,j42) < 1.5 51.5 53.5  56.6 normalised to unity B | ,
My > 1500 GeV 162 255 427 ) %_ gy *= -
Rt > 0.15 10 143 202 td ] TR L g
Admin(Er,7) < 0.8 93 136 195 ’ - j
Nye=0 57 92 173 =

Benchmark mass point: M, = 3 TeV

acceptance [%)]

4+ Jet HT || pT triggers used by CMS: inherited from

T 4 7
high mass di-jet search JHEP 06, 156 (2022) =
gl 2 -
4+ CMS fully efficient trigger requirement My > 1.5 TeV N e
limits sensitivity for SVJ7 (effect of neutrinos from 7 normalised to x-sec: g, = 0.25 My [GeV]
. single jet P, trigger [GeV] @ 95% efficiency
decays shifts M to lower values) e
4+ Hadronic triggers below current thresholds p(500) /H;(1050) . tigger GOVT S Seme oy
are prescaled (limited statistics) ARE THERE OTHER ' S 5 s (/s 8\8 '

BSM-2023 Conference POSSI B I I-ITI ES ?
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SV) 7/ NON-RESONANT

CLASSICAL MET AND TAU TRIGGERS

5 —T T T T T T T T T T [ T T T T
. L QcD dijet
< S e Wijets
E 01— e Z+jets — -
e P e tt X,
& —— m,=1.5TeV, BR =0.15 o
] —— m,=1.5 TeV, BR =0.55
g —— my,=1TeV, BR=0.15 m
® m,=1 TeV, BR =0.55
0051 | il
7 100~
[0
o
=
S 50
Q
]
[
©
zU
&
=
ﬁl_'U) 10
5o
ol h
s L)
0 50 100 150 200 250
i ET™[GeV]

BSM-2023 Conference

lowest unprescaled
threshold O(200 GeV)

SINGLE TAU TRIGGER DI-TAU TRIGGER
m,, [TeV] - | m,, [TeV]

4+ MET triggers: too high threshold for lowest unprescaled

4+ Single tau triggers: limited by isolation criteria

4+ Di-tau triggers: isolation applied to 7 candidates p; < 25 GeV

no significant improvement (relatively )

Cesare Cazzaniga (ETH Zurich) | 09.11.2023 | 22
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SV] 7/ NON-RESONANT

TOPOLOGICAL TRIGGERS AND BEYOND

TOPOLOGICAL TRIGGERS

4+ Exploit the s-channel topology
> 2 AK4 pr > 100 GeV & An(ji,jr) <2
prior to HLT

4+ Promising for

4+ Hypothetical target: HT > 600 GeV
(MT > 800 GeV) [ need full sim |

... AND BEYOND ?

4+ Alternative data-taking: Data Parking and
Scouting

4+ Partial Event Building (PEB): can retain full jet
substructure for tagging (but fully reconstructing

only part of the event)
BSM-2023 Conference

Fails:
low p; , high Ay

Passes:
high p, ,low Ay

TOPOLOGICAL TRIGGERS

Mz = 3.0 TeV, BR=0.55
Mz = 1.5 TeV, BR=0.55
Mz = 1.0 TeV, BR=0.55
Mz = 0.7 TeV, BR=0.55
ttbar

Wijets

Z+jets

QCD dijet

95 90 81 77 65 62 72 70

84 81 62 59

80 74 61 56

99 85 97 83 92 78

80 66 65

92 73 77 62

c o £ £ £ < £ < £ o
a9 <a<da<d<a<ada
O£ 0c£ 0 0L oc

1 1 T T T T T T T 1
99 84 98 83 94 81 93 81 81 73 64 61

acceptance [%]

cE CcE2E CcE=2c ¥ CcrE =

= B3 = 2 =
P P

(0] (0] (0] (0] (0]
FEFEEfr R Rr g
©©®EOQM®n T LYY
OO 0o 0O o~ + O O O o

AN AN A AN AN AN A
Tt Tt add

Cesare Cazzaniga (ETH Zurich)

>0
>0

=
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SV) 7/ NON-RESONANT

LEPTON FLAVOUR-BASED JET TAGGER FEATURES

JET-TAGGER INPUT FEATURES

4+ Set of variables to exploit e/u enriched jet

content from leptonic 7 decays (~ 35 %)

4+ 3 main classes of features (per e/u):
1. Energy/momentum flow,
2. Spatial distributions,
3. Specific isolations (capture leptonic

and hadronic boosted di-z decays)

+ Adaptive BDT (TMVA) trained
on a mixture of signal jets hypo

(scan over Z’ mass and BR)

BSM-2023 Conference

AU

_.
e

2

-
2

3

-~
e

4

-
Q

Rank Variable Separation
1 linter (1) 2.703 x 1071
2 Rorm(12) 2.601 x 1071
3 Ly (12) 2.164 x 1071
4 Rnorm(€) 1.786 x 101
5 linter(€) 1.632 x 101
6 Energyfraction(e) | 7.500 x 102
7 Lyx(e€) 7.175 x 102
8 PT Norm(14) 6.272 x 1072
9 | Energyfraction(us) | 6.220 x 1072
i D signal (training)
B background (training)
E R i == P L P
0 0.5 1 1.5 25 3
Rrorm(1)

(*) all distributions shown are for training datasets

2
<1

107

107

T T ToI

T

T

D signal (training)
background (training)

/

] e S S ] S S

°r

9 10
lin((u')

AU

T TITATFTTITTY T L.

107"

D signal (training)
background (training)

J
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SV) 7/ NON-RESONANT

LEPTON FLAVOUR-BASED JET TAGGER PERFORMANCE

=) =
< —
: signal (training)
107 =
- background (training)
1072 =
10°= _ Background jet
1074 =
B | L1 | L1 1 | 11 | | 1 L1

emi-visible jet

f

[

e

i

|
—_

m

-0.8 -06 -04 -02

[
0.4 0.6 0.8

BDT response

4+ BDT working point: maximise s/4/s + b

+ Rejects ~97% of background jets, tags:

80%, 84%, 90%, 93% signal jets (BR, = 0.15,0.3,0.55,0.7)
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S =
= N —_—
: u,x\ %
0.8 T
: DBr,=0.15(04834216) x"\\ \\
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0.4 S
0.2
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0 0.2 0.4 0.6 08 . 1
bkg rejection
1
Ll 0.91894 0.928238 0.98
0.96
L1211 0.906732 0.916936 0.936222 0.94
0.92
M, AUC

£ 0.884216 0.898068 0.920931 0.931011( (K

ki 0.852922 0.874434 0.89887 0.903755

i 0.832419 0.847902 0.873724 0.894327

0.15 03 05 0.7 0.8
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SVJT-TARGETED ANALYSIS SENSITIVITY

Run 3: 250 fb™ (13.6 TeV)

Run 2: 138 fb™ (13 TeV)

— 5 1.0

— : : : : (o)}

B — Theoretical (SVJ() : 094

E - Expected (CMS '|'rié:iﬁéi{:6'§t'réié§§i)' - ’

= - Expected (SVJt BDT), = 0.25 :

= 5.0 (SVJrBDT) : 0.8 1

| I = 1 std. deviation.......... AAAAA

= = 2 std. deviation g 0.7 1

:g ~"~ ..... 0_6 E

- ' E o 0.5 1

S s T S SRR L R, VT S e

3 e 0.3

- ' 0.2
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I i e . 0.0
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T TH o ]
|: I ::i : 1 ] —== ATLAS 1T
I (] | 1 1 / ..
LD 1 B 1 R ] ~== ATLAS jj
n gl 1 ) .
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H---p - e -
IRHE D IRV b
: : :
g d L . -+ ——= ATLASTLA
it T v/ J === CMS scouting
[ Wiy o8 / ‘) === svjT(BDT)
= p iR rlf Ve, o
i :1:_ i \ /- 4 W £1std. deviation
i N T + 2 std. deviation
1" ) “ 1y |\~ !
:_'\ IEL \ 1’ ‘\ s /
Rl N7 \vi At
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””” ""T’n-“”’”””” <
\
\N7
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103  2.0x10° 3.0x10° 4.0 x 103 5.0 x 103 6.0 x 103
My [GeV]

4+ NO SENSITIVITY FOR CMS INCLUSIVE HADRONIC STRATEGY : NEED A
ICATION : EXCLUSION REACH (DISCOVERY) UP TO ~ 5.5 TeV (~ 4.5 TeV)

4+ EXPLOITING BDT JET-CLASSIF

4+ RESULT ANY EXISTING SEARCH: PROBE UNEXPLORED g, COUPLING VALUES

(*) more on limits varying BR_ in backup Cesare Cazzaniga (ETH Zurich) | 09.11.2023 | 26



CONCLUSIONS AND OUTLOOKS

LEPTONS-ENRICHED SIGNATURES: FOR CONFINING DARK SECTORS

Investigated models for resonant and non-resonant leptonic decays

Provided possible search strategies based on: new lepton-based variables (possible inputs for jet taggers)
Examined triggers limitations and explored new possibilities

These signatures are currently mildly constrained and offer Hidden Valleys discovery opportunities

... WHAT IS NEXT ¢

Ongoing analysis of both signatures with full Run 2, and Run 3 data (CMS experiment)

Not excluded further pheno studies on uncharted territories
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B

6, X B [fb]

ACKUP

CONSTRAINTS ON Z" COUPLING TO LEPTONS

Constraints: 9o = 05,9

gt = 0.25 (leptons - universal) (*)

1

10} (s =13TeV, 139 b = §§§§§§§
‘ X > = 08 §§§§§§9’
! - ==
; E = |
10_1;_ _; 0:4§§§§
T A . § =4
0 i 02 §§§§ """
E rm-o e — 2, model N i§§$\ Drlelon TN, =6% (ATLAS combined)
— 1000 2000 3000 4000 5000 6000 = L I(Thlys,' L,et,t'lBT%,(z,mlg),G,a), L

m, [GeV] 1%00 2000 2500 3000

3500 4000 4500 5000 5500 6000
M, [GeV]

ALLOWING IN THE CURRENT SVJ MODEL FOR Z” COUPLING TO LEPTONS WOULD
INTRODUCE IMPORTANT CONSTRAINTS FROM HIGH MASS DI-LEPTON SEARCHES

(*) parameters are set consistently with CMS Z" model
BSM-2023 Conference
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MODELS

MODEL 1: LEPTONIC DECAYS IN SVJ VIA A

OF DARK BOUND STATES ALLOWED BY

SM f

NEW PORTAL PARAMETER: €,

Phys. Rev. D 103, 115013 (2021)

HADRONS + LEPTONS SVJ

LOWER MASS MEDIATOR: IN DARK BOUND STATES DECAYS ~ I/Mé,

BSM-2023 Conference Cesare Cazzaniga (ETH Zurich) | 09.11.2023 | 30



BACKUP

SIMPLIFIED HIDDEN VALLEY SPECTRUM

SIMPLE Nf =2 HV SPECTRUM
(mass degenerate dark quarks)

vector multiplet pt pg P
A, : ——p  HOW TO FIX THE MASSES ?
v
pseudo-scalar xt 70 7

multiplet

FULL HADRONIC SEARCH ASSUMES

—-—-} DEVELOPMENTS IN SNOWMASS 2021-2022 Eur. Phys. J. C (2022)
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BACKUP

DARK SECTOR HADRON MASSES

LATTICE CALC —
)

| - DM SPECTRUM PREDICTION
1 1200 T T T T T T o1 \
i[ = / W
| 1000 /’/," i ‘ T T T T T
o 2 i |
— 8001 = 1 A 1 0
>
2]
= 6001 1
S5 hed '
%< ~--equenc
4001 7 —N73 '
o 1
200, 1 Py = LI, PRI,
= 1
020 20 60 80 _ 100 120 140 ""‘——“"} § y
m, [MeV] Q n
€ 101} '
N3, DSE' ' ' T 1
N0, DSE 1
1600 — N=3, phenomenological model ) g/'_ 7 1
~ - -+ N=0, phenomenological model '
— 1400 v N=2,JLQCD(2003) 1
% «  Ng=0,JLQCD (2003) 1
S 1200F ¢ N2 CP-Pacs (2002/4) gy 2 1
“a [ 1
= 1000} ! 2 H—
1 1 1 i 1
800} . 0.0 0.5 1.0 135 2.0
hep-ph/0605173 m //\ n
1 I TT. D
6000 2(|)0 4(|)0 600[M %/%0 10|00 12J00 Eur. Phys J C (2022) J
e

\_ " W,
: INPUT DARK CURRENT QUARK MASS AND GET DARK HADRON MASSES
(BOTH DIVIDED BY OVERALL SCALE Ad)

BSM-2023 Conference (*) Predictions DM spectrum independent from Nc and Nf Cesare Cazzaniga (ETH Zurich) | 09.11.2023 | 32




BACKUP

INVISIBLE FRACTION

NUMBER OF IMPLEMENTED AS A BRANCHING RATIO

_ - = EFFECTIVE INVISIBLE FRACTION —-—\

INVISIBLE I # of stable hadrons
e # of hadrons
X
XV
BRiny :
X

\ Y

CAPTURES VARIATION IN NUMBER OF DARK FLAVOURS (Nf), NUMBER OF DARK COLORS
(Nc) & DARK QUARKS MASS SPLITTING (LUND STRING)
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BACKUP

SIGNAL MODELS GENERATION CHAIN

q
dp
7
| q dp
Madgraph5

4 Generation of matrix element

4 Cross-section computation

4+ Inputs: couplings, M, mass

BSM-2023 Conference

PYTHIAS8

4+ HV MODULE : dark sector parton
shower, hadronization, dark
hadrons decays to SM

4 Inputs: dark sector parameters
and dark hadrons decay modes

FASTJET/DELPHES3

4+ Clustering AK8 jets with p; > 200 GeV

4 Filter out from AKS8 invisible final states
(DM, neutrinos )

4 Fast detector simulation: parametric
response

Cesare Cazzaniga (ETH Zurich) | 09.11.2023 | 34



SIMULATIONS

BACKGROUNDS SAMPLES

QCD - DIJET

SM jet

: .": X 40 (+5) M events

W + JETS

* MAXIMUM 3 ADDITIONAL
PARTONS IN ME

e GEN HT CUT: 100 GEV

' e/p

X 25 M events
BSM-2023 Conference

e 2 HARD PARTONS IN ME

e GEN PT CUT: 500 GeV
(200 GeV - trigger study)

tt + jets

* MAXIMUM 2 ADDITIONAL
PARTONS IN ME

‘X 50 M events

Z + JETS

SMijet oo

* MAXIMUM 3 ADDITIONAL
PARTONS IN ME

e GEN HT CUT: 100 GEV

X 25 M events

Cesare Cazzaniga (ETH Zurich) | 09.11.2023 | 35



BACKUP

MINI-ISOLATION VETO

TT T T[T T T I T T T T[T T T[T T[T T[T T T [TITTI[TITT1g

o E 3 PO R A A R DR DAL RN R
g fF o SWEM=3TeVr, =03 SWIEM, =3 TeV r,, =053 S F . SVUAM,=3TeVr, =03 - - SVJM,=3TeVr, =05
g 10 g_ _ - ;S;Ijl’:f“ev e =07 — :(;ZD”_Q(S _g g 10 é __ - ‘s;u,,f M,=3TeV r, =07 — ::/:zo . -
£ F . +jets +jets E

1E E |

e E e E
10’1;— l_j__. _; S ]

: e I 1
e Sl ST - | ]

C I 10'2? '__I E
bl - | 3 o i ]
10 N et

i | ] W ]
10‘5§— | _§ 10 §— I —?
10—6:A_A_A_AJ_|_A_A_AJ_|_|_|_A_llll\w||||uu|||u\|uw!||||_ 10_5:1__‘_|_|J_|_u_‘_||||||||\wullnu\uuuuluuuu!uu_

1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10

number of mini-isolated electrons number of mini-isolated muons
SIGNAL BENCHMARK : MZ" = 3 TeV
n(good AK8) >2 67.53 46.69 22.42
Anjo1 (AKS) <15 45.25 32.80 16.53
My (AKS) > 1500 31.01 18.11 7.45
Ry (AKS) >0.15 19.22 13.41 6.00
A®in (BT, Jets) <0.8 17.61 11.58 4.51
n Good Mini Iso leptons N, = N, =0 2.84 2.42 1.37

MINI-ISOLATION LEPTONS VETO USED IN CMS SVJ ANALYSIS IS EXPECTED TO

( STATEMENT VALID FOR DIFFERENT INVISIBLE FRACTIONS AND MEDIATOR MASSES)
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BACKUP

SVJZ TARGETED INCLUSIVE APPROACH

- -
| GOOD OBJECTS
| e  >2 AK8 Jets with p; > 200 GeV & || <2.4
| . prie,p) > 10 GeV & |n(e,u)| < 2.4 )
( )
+  dy(u,e) < 100 um : prompt dark hadrons leptonic decays | VARIABLES LEGEND
MT : di-jet transverse mass
SELECTIONS
e R;>0.15: Eplike cut, no My sculpting Ry : EriMy
| :
e An(j;,j) < 1.5 : removes t-channel QCD d,) : transverse impact param.
8 J
e M;> 1500 GeV : trigger requirement
o A, (j12E7) < 0.8 :W/Z + jets suppression
4+ Veto events with at least 2 isolated leptons
4+ Opposite sign non inter-isolated (Z;,,, > 0.1) leptons pairs
— y

BSM-2023 Conference o — SVJ topology 4 = additional requirements Cesare Cazzaniga (ETH Zurich) | 09.11.2023 | 37



BACKUP

SVJZ CUT EFFICIENCIES

SIGNAL BENCHMARK : MZ" = 3 TeV

Variable Selection €540, Tinw : 0.3 €sigy Tinw : 0.5 €449, Tine : 0.7
n(good AK8) > 2 67.53 46.69 22.42
Anjos1 (AKS) <15 45.25 32.80 16.53
Mr (AKB) > 1500 31.01 18.11 7.45
Rr (AKS) >0.15 19.22 13.41 6.00
A®in (B, Jets) <0.8 17.61 11.58 4.51
n non-interIso Good OS lepton pairs >0 14.01 8.70 2.83
BACKGROUNDS
Variable Selection  egop% €% €z; % ew ;%
n(good AKS) =2 98.16813 7.18502 1.02670 1.58200
Anjo 1 (AKS) <15 66.54385 5.31659 0.66615 1.09866
Mr (AKS) > 1500 15.00132 0.15060 0.03025 0.0227
Rr (AKS) > 0.15 0.70012 0.03026 0.01346 0.00692
A®in (BT, Jets) <0.8 0.68872 0.02722 0.00753 0.00535

(*) n non-interIso Good OS lepton pairs >0 0.05426  0.00243 0.00030 0.00036

—» REMAINING MAJOR BACKGROUND: QCD (HADRONS PROMPT LEPTONIC DECAYS)

BSM-2023 Conference (*) all good lepton pairs are non-isolated Cesare Cazzaniga (ETH Zurich) | 09.11.2023 | 38



BACKUP

SENSITIVITY ESTIMATION

138 fb™' (13 TeV)
@ LI I LI I LI [ R L B ] I BT I LI =
25 SVJEM, =3TeV r, =03 - - - SVI/M,=3TeV r, =05 ] 138 tb™" (13 TeV)
106 — = SVJEM,=3TeV r,_ =07 Qco B | E - Theoretical (SVJ leptonic)
- & 10 | - = = Expected (Hadronic SVJ search)
ti+jets WIZ + jets ] o E RN o« e Expected (Leptonic SVJ)
10° < o oo 3
E X ‘ N I - 1 std. deviation
7] b 1 E s N + 2 std. deviation
4 E - _
10 E A T g Ty =03
. 107 TS .-l
10° = S . N
i 102 00002220 T
10° E = S
N 3 - TN ..
10 - . E |
|_ R — 10—4 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I
1 1 1500 2000 2500 3000 3500 4000 4500 5000
| m, [GeV]

lllIlIlIIllIlIIllIIlIILIALiALIAL

1500 2000 2500 3000 3500 4000
M, (GeV)

ON A FALLING BACKGROUND IN M SPECTRUM : 1.5 - 5 TeV (HIGH MASS SEARCH)
ASYMPTOTIC CLs ( )

MINIMAL SYSTEMATICS (LOG-NORMAL): LUMINOISITY (2.6 %) & TRIGGER (2 %)
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BACKUP

HADRONIC SVJ ANALYSIS SENSITIVITY ON SVJZ-RESONANT

138 fb™ (13 TeV)

g ——— Theoretical (SV. leptonic)
138 fb' (13 TeV) = 0F = Expotad Harorio 8V search
m E B -+ sto. coviation
o] Theoretical (SVJ leptonic) x )
o o 1E = 2 std. deviation
m ----- Expected (Hadronic SVJ search) C
107
CD - + 1 std. deviation E
X L
o) 1 + 2 std. deviation 107 =
N 10°F
10_15_ D T A RN AR AR RN B
= 1500 2000 2500 3000 3500 4000 4500 5000
— my [GeV]
_ 138 b (13 TeV)
1072 & _ e
= ——— Theoretical (SVJ leptonic)
= -8‘ 10
: E £ - ==~ Expected (Hadronic SVJ search)
- o F B - 1 st ceviation
10—3 | ; 1= =+ 2 std. deviation
= mny 107
10—4 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1072;
1500 2000 2500 3000 3500 4000 4500 [G 50]00 E
m eV -
Z' 3 . e
10°E Viny 0.7
10747”"m"‘\‘H‘\HH\HH\HH\HH
1500 2000 2500 3000 3500 4000 4500 5000
m, [GeV]

ON SVJZ (NOR DISCOVERY) IN THE FULL
MASS RANGE AND ALL TESTED VALUES OF INVISIBLE FRACTION
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BACKUP

SV]Z-TARGETED ANALYSIS SENSITIVITY (m,-INDEPENDENT)

138 b (13 TeV)

3 ~ Theoretical (SVJ leptonic)
Qo 10 ke s - - - Expected (Hadronic SVJ search)
o S N Expected (Leptonic SVJ)
m Qi SO e 30
1 X \ A I - 1 std. deviation
138 fb (1 3 TeV) 5 1 = S~ + 2 std. deviation
Ne) - Theoretical (SVJ leptonic) B
o 10 B~ _ - = - Expected (Hadronic SVJ search) 10
m E S o e Expected (Leptonic SVJ) E
m - S o e 30 - -
x : .. I - 1 std. deviation 107
B 1 RS + 2 std. deviation -
- 10°
R 7' inV -_ 0.3 E
100 0 W Tl qodlle e Lo b b e e b |
E 0 Tl Tmmmeea 1500 2000 2500 3000 3500 4000 4500 5000
- T T m,, [GeV]
= 138 fb™ (13 TeV)
-2 L
10 = T a - Theoretical (SVA leptonic)
. TN & 10k=-"--- - - - - Expected (Hadronic SVJ search)
- TN o E RN - - -~ - Expected (Leptonic SVJ)
- T o r o 80
s TN X Sso I - 1 std. deviation
1 0_ = . . o) 1 = 2 std. deviation
= M fit only (M-independent) -
B 107"
._4 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | E
10
1500 2000 2500 3000 3500 4000 4500 5000 102 N
m.,. [GeV]
1073 =
10-47\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
1500 2000 2500 3000 3500 4000 4500 5000

m,, [GeV]
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BACKUP

SVJZ-TARGETED ANALYSIS SENSITIVITY (M,-CUT)

138 1b™' (13 TeV)

3 10 3 Theoretical (SVJ leptonic)
Qo M. e Expected (M -indep)
[ Expected (12<M <19 GeV)
A m E O SNSs e 50 (12<Mu<19 GeV)
138 fb (1 3 TeV) X C I - 1 std. deviation
107 =2 std. deviation
S‘ 10 E ——— Theoretical (SVJ leptonic) © § .......................
.9.' E ----- Expected (M, -indep) 102 B .."""':31!:2::;: ,,,,,,,,
0 e~ Expected (12<M <19 GeV) E =
M e e S e 50 (12<M"<19 GeV) 1073 =
X I - 1 std. deviation F 05
b1 o't + 2 std. deviation 107 & Fipy = Y-
E N T 10_5 ;7
10_2'5_ ......."'; ------ ,ez‘HmH\HH\‘H\HH\HH\‘Hl
S — el S 10 1500 2000 2500 3000 3500 4000 4500 5000
- TN my, [GeV]
0%« TS s
= 138 fb™ (13 TeV)
[ E 10 :5 Theoretical (SVJ leptonic)
B Qo E Expected (M,-indep)
10_4 E oc 1 Expected (12<M,<19 GeV)
= m SUGIRITN e 5.0 (12<M <19 GeV)
- % e I - 1 std. deviation
5 - . 010_1 T IO + 2 std. deviation
10° - M;-DEPENDENT (select mass window) =
= 102
1 0—6 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1073 E
1500 2000 2500 3000 3500 4000 4500 5000 =
m., [GeV] 0
z 0E e =07
E inv — V¢
107° e
qoebl vy L b L b L L
1500 2000 2500 3000 3500 4000 4500 5000

m, [GeV]
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BACKUP ETHzurich

SV]JZ-TARGETED ANALYSIS (M, vs M), 2D FIT)

138 fb™ (13 TeV)

a 10 Theoretical (SVJ leptonic)
o - - -+ Expected (MT-only)
oc 1 - === Expected (M, -M, Fit)
138 fbo” (13 TeV) & E ~_ A,
1 O X I - 1 std. deviation
0O I; Theoretical (SVJ leptonic) p10~’ *2std. deviation
o e —— Expected (MT-only) , e
= ) 10” e T
oCo1E~— Bpected M MF) | T E T
o E TN e 50 (M_-M, Fit) 107 e .
X : I - 1 std. deviation
010—1 e + 2 std. deviation 107
.= 10°°
_______ Vi = 0.3
102 S e Tl T el 1 L L L e
.~ 10
E N ., T T e Oy 1500 2000 2500 3000 3500 4000 4500 5000
E .. T m, [GeV]
3 . T 138 fb™ (13 TeV)
10_ E .."- a 10 E Theoretical (SVJ leptonic)
= & F - - Expected (MT-only)
- o 1k - - Expected (M_-M, Fit)
— m =, ST el e 5.0 (M,-M, Fit)
10—4 = X ) I - 1 std. deviation
= O10—1 PN S~ el + 2 std. deviation
— _2 B, S LN
-5 . 102 T
109 M,DEPENDENT (2Dfiy | "% e
= 107
10—6 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 10_4 i
1500 2000 2500 3000 3500 4000 4500 5000 3 =0.7
GeV - Ty = U
mzl [ e 10—5 —
10_67‘H‘m‘H\HH\HH\HH\HH\HH
1500 2000 2500 3000 3500 4000 4500 5000

m,. [GeV]
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—_
o

o x BR [pb]

—
<

1072

1073

10~

107°

SVJT-TARGETED ANALYSIS SENSITIVITY

Run 3: 250 fb™ (13.6 TeV)

Run 2: 138 fo™ (13 TeV)

- - - Expected (SVJt BDT)
- =50 (SVJt BDT) :
B = 1 std. deviation..........
+ 2 std. deviation
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_
o

o x BR [pb]

107!
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1074

075

e

_
o

o x BR [pb]

_k
<

1072

1073

Run 3: 250 fb™" (13.6 TeV)

Run 2: 138 fb™ (13 TeV)

N —— Theoretical (SVJr)
E N - - - Expected (CMS inclusive strategy)
- \ - - - Expected (SVJt BDT)
- \ —-=50(SVJt BDT)
\ .
B = 1 std. deviation

? \ = 2 std. deviation
E
E
L ; i

7x10° 10° 2x10° 3x10°  4x10°

m, [GeV]

Run 3: 250 fb' (13.6 TeV) Run 2: 138 b (13 TeV)
N — Theoretical (SVJr)
E N - - - - Expected (CMS inclusive strategy)
S S NG L - - - Expected (SVJt BDT)
C —.=50 (SVJr BDT)
L “~ [ = 1 std. deviation
E i \ = 2 std. deviation
E
E
L i i i

7x10? 10° 2x10° 3x10°  4x10°

m,, [GeV]
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