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INTRO

UNCONVENTIONAL SIGNATURES: SEMI-VISIBLE JETS

® Detectable particles
Undetectable particles

— QCD
-= Semi-visible Jet
- WIMP

_WIMPs SEARCHES
DOMAIN - }
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- =<Nstabledarkhadmns>
N dark hadrons 1 -1 A¢( p T,miss’ J 1,2)
,,m'v Phys. Rev. Lett. 115, 171804
SVJ lays in searches: broader resonances (if present)
and : challenging signature !
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STATUS

QCD-LIKE DARK SECTORS @ THE LHC
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many others waiting in the drawer,

and lots of others still not being thought of ...
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https://indico.cern.ch/event/1133166/
https://arxiv.org/abs/hep-ph/0604261
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Eur. Phys. J. C 82, 793 (2022): C. Cazzaniga,
A. de Cosa

Eur. Phys. J. C 83, 599 (2023): H. Beauchesne,

. C. Cazzaniga, A. de Cosa, C. Doglioni, T.
BIG PICTURE OF HIDDEN VALLEYS Fitschen, G. Grilli di Cortona, Z. Zhou
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SIGNATURE Leptons-enriched signatures

LEPTONS-ENRICHED SIGNATURES FOR SV]JS

EXTEND SV] SIGNATURE: ALLOW AND EXPLOIT NEW EXPERIMENTAL HANDLES
Z-enriched SV) . .
event example ;. SVJZ signature SVJz signature
di-lepton resonant Neutrinos from 7 decays
9 s-channel =~ 7, e s

% 9 s-channel /7,
// / 7( ° ’//// .

% Er ALIGNEDTO JETS

+ PROMPT NON-ISOLATED LEPTON
PAIRS WITHIN HADRONIC JETS Eur. Phys. J. C 82, 793 (2022) Eur. Phys. J. C 83, 599 (2023)

NOT ALLOWED IN ORIGINAL SV]
MODELS (leptophobic Z’ portal)
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TECHNIQUES Leptons-enriched signatures

EXPERIMENTAL HANDLES: INTER-ISOLATION AND DI-LEPTON MASS
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Eur. Phys. J. C 82, 793 (2022)
“1
1 AR <erl§1§i)x :.' el 4‘_'_‘_‘__ ."
Iint(f) —_— Z pT(l) i 10 : T | 1T | T |3|-I|- I\ll T | TTT |8|G|| IV| T TT I |s|\/‘ljlf|( TT | (I)I3)|:
2 = m,=3TeV,m_ =8GeV —— r =0.33
pT,f l#f S E z dark inv E
2 e svJ£(r =05 e SVJZ(r =0.7)7
Exploit expected large number § 1 T QoD . =
.« . . ' E . ]
of nearby leptons in signal jets ! - p,, resonance i
. —
" TT T[T [T T[T T[T T[T T[T T T[T [TTTT 171711 N E T T T T T [T T T [T T T T T 10 ;
E10%E ... SW/M,=3TeV 1, =03 - - SVI/M,=3TeV r, =057 T [ .. SwWM-3Tevr,-03 SVIZM, =3TeV 1, =05 .
E ; —— = SWJFM,=3TeV r,, =07 —— QCD ] g 10:_ — - SVJFM,=3TeV 1, =07 —— QCD 7
g 10? o ti+jets - WIZ + jets E 2 f “ ti+jets — W/Z + jets 10_2 3 _§
g SVJZ signature | i  SVJZ signature | 128 leptons s
== | ] HEL 107 3
1041;_ e e o e e | _; 10—15_ '|__I E . E
S e nn e B I oL SVJZ signature ]
102 4 o gl M : =
; ] i | C ]
100 4 0% ST 10° E
8 E E I B ]
-l ] 4L I I ]
10 ? E 10 E | 10—6 L 11 | 111 l 111 | 111 | | I 111 | 111 ‘ 111 | 111 | 111
B ] i | 0 2 4 6 8 10 12 14 16 18 20
10—5|||1| |||||||| Lol Ll Lol i 10_5 b e o b b M [Gev]
0 0.05 01 0.15 02 0.25 03 035 0.4 0.45 05 1 2 3 4 5 6 7 8 9 10 e
int (@) number of non inter-isolated muons

LHC DM WG Workshop 2024 (*) Simulated events with MG+PY8+Delphes (backup) Cesare Cazzaniga (ETH zurich) | 17.05.2024 | 6



TECHNIQUES

Leptons-enriched signatures

LEPTON FLAVOUR-BASED JET TAGGER FOR SVJr

LEPTON-BASED SUBSTRUCTURE

(most discriminative)
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RESULTS

- Leptons-enriched signatures -

SIGNALS HIDING IN LHC RUN2 AND RUN3 DATA

EXPECTED SENSITIVITY SV)Z SIGNATURE

138 b (13 TeV)
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THESE SIGNALS MIGHT STILL BE

LURKING IN THE LHC RUN2 DATA !
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(*) Limits produced on FastSim MC events

EXPECTED SENSITIVITY SVJr SIGNATURE
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SIGNATURE Photons-enriched signatures

PHOTONS-ENRICHED SIGNATURES FOR SVJS (§V]y)

EXTEND SV]) SIGNATURE: ALLOW AND EXPLOIT NEW EXPERIMENTAL HANDLES

y-enriched SV) SVJy signature (resonant production)
event example ~

°

g s-channel = 7,
/

7,
)/

" E7ALIGNED TO JETS asm

‘X + PROMPT NON-ISOLATED PHOTON
PAIRS PRODUCED INSIDE
HADRONIC [ETS
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Photons-enriched signatures

MODEL

SV]y MODEL IN A NUTSHELL: Z" + VLL + ALP

7/ uz’)’“(ngP + gz LPL)
—Z,,diy"(giF Pr + gi¥ Pp)d; ~ ayeNg

4 Mg

aFF — 1Yy G5 Qo

MODEL BASED ON: /

Phys. Rev. D 84, 115006 (2011) q
Phys. Rev. D 89, 095033 (2014)
Phys. Rev. D 103, 115013 (2021)

= uQui”Y (gzvRPR + QEJ?LPL)QUJ'
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MODEL Photons-enriched signatures ‘

MODEL PARAMETRIZATION AND BRANCHING RATIOS

ISOCURVES FOR BR, = BR,,; = 0.5
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3 9 amiy, o " R
I'g= 397 mgm, 1- 2 =q e Able to define a parametric model that
my can be mapped to the simplified one
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STRATEGIES Photons-enriched signatures

EXPERIMENTAL CONSTRAINTS AND CHALLENGES

SVJ & diiet Searches D. E\ TTT I\\I‘I\I\l\l\l‘l\l\‘l\l\ TTTT TTTT TTTT I\I\E
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L, H/E

L, = photons isolation, H/E = hadronic vs electromagnetic Calo tower energy
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Qc JE Hadronic heavy flavour signatures
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SVJ workshop - WG3

Contributors:
C. Cazzaniga, A. de Cosa, A. Ellaboudy,
F. Eble, S. Knapen, B. Liu, D. Stolarski

BICGr PICTURE OF HIDDEN VALLEYS

Look also: SV workshop WG3
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https://indico.cern.ch/event/1133166/contributions/4859653/attachments/2476487/4250185/SVJWorkshop_WG3_SVJ_heavy%20flavor.pdf

SIGNATURE

Hadronic heavy-flavoured signatures

HEAVY-FLAVOURED SIGNATURES FOR SVJS (SV]b)

SV])b signature

q s-channel

Experimental features

* High displaced vertex multiplicity
e High displaced tracks multiplicities
e High lepton multiplicities

e Expected soft-drop mass peak

LHC DM WG Workshop 2024
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TECHNIQUES

B-TAGGING CHALLENGES

loose WP, high mistag rates

—_

09 Why expected inefficiencies ?
Zj_ higher jet pT Boosted/merged objects

b-jet efficiency

©
(2

* Reduced track reco efficiencies : higher
hits density (ambiguous hit-track
association or merging)

°
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JINST 15 (2020) P12012
| —— —_—
Observed also for TT) —

and boosted Z’ to bb
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SVJb: energy fractions
powerful features

against gluon and heavy
flavour QCD

SVJb: JSS similar to
gluon-QCD

Hadronic heavy-flavoured signatures

HANDLES FOR SV]b TAGGING

A dedicated tagger ¢

CMS simulation
T
macD

(13 TeV)
T

T T
Signal (m,,, =20 GeV,

CMS tagger

2
g Wi i 7 ek
el 1y, = 03, Gy = 222
> 1 & MZ(vv)+jets ---m, = 2.1 TeV -
© 1t --m, =3.1TeV . . .
£ i T Trained with signal models
5
<

1 with ~65% branching to
b-quarks

1075 02 04 06
JHEP 06 (2022) 156 BDT discriminator (J, ,)

1
0.8 1

Must assess impact of CMS tagger when
enhancing branching to b-quarks to
extreme case
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CONCLUSION

MAPPING STRONGLY COUPLED DARK SECTORS

(O LIKE eG4
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GROWING FIELD & UNCHARTED
TERRITORIES STILL TO BRE
EXPLORED !

BIG PICTURE OF HIDDEN VALLEYS
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BACKUP

A HIDDEN VALLEY OF UNCONVENTIONAL SIGNATURES

QCD-LIKE SIGNATURES

Energy barrier displacement
7 3\ , 4 ~
/ . Trackless / \\ Missing transverse energy SM SM
/ \ ‘ / displaced jets \ (+visible QCD jet) -~
HV SCENARIO /LHC \ * \ PRy

/. \ \ // \\ ;\
o \ / g ot
@ cmerging jets 1 /] A 7y,

. Prompt dark jets ‘ Semi-visible jets

Invisible DM fracti'on (rinv)

QUASI-SPHERICAL SIGNATURES
Jetty-spherical SUEPS

Phys.Lett.B651:374-379,2007
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BACKUP

BEYOND CONVENTIONAL SIGNATURES

JETTY SIGNATURES : ,
p .
(QCD-LIKE HIDDEN SECTORS) dispiadbd il
multitrack vertices i AN
. ” non-pointing
d ISpAIacement N \ | ...~ (converted) photons
S -
. Trackless / \\ Missing transverse energy >- Y 5
displaced jets \ (+visible QCD jet) displaced leptons, / iy emerging jets
\ lepton-jets, or
\ lepton pairs s
@ ctmerging jets \
| trackless,
- | low-EMF jets
7 quasi \table .
@ rrompt dark jeﬁl; ‘ Semi-visible jéts | a multig@ggrertices in te T
: : > muon spectrometer
Invisible DM fraction (rjny) ///
HIDDEN VALLEYS PROVIDE DEPENDING ON BOUND

STATES AND
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BACKUP

CONFINING HIDDEN SECTORS REGIMES

“Safe” regine

| QCD-LIKE REGIME

SM
e Dark partons evolution /¢
v

(soft and collinear): ,'0‘\
parton showers //. ’;Z,.+
/ Vi
e Dark jets signatures // o’

SM

LHC DM WG Workshop 2024

ces Highij
speaum&ve

INTERMEDIATE REGIME
arXiv:2011.06599  arXiv:2009.08981
* Pheno interpolation between showers regimes 't Hooft COUpling
¢ Intermediate signals between jetty and spherical dark 2
S — (N¢ gdark)

L

QUASI-SPHERICAL REGIME

e AdS-CFT insights

e Soft unclustered
energy patterns
(SUEPS)

arXiv:1612.00850
arXiv:0801.0629
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BACKUP

6, X B [fb]

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
LHC DM WG Workshop 2024
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BACKUP

SVJZ MODEL: LEPTONIC DECAYS IN SVJ VIA A

OF DARK BOUND STATES ALLOWED BY

SM f

NEW PORTAL PARAMETER: €,

HADRONS + LEPTONS SVJ

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

LHC DM WG Workshop 2024 Cesare Cazzaniga (ETH Zurich) | 17.05.2024 | 27




BACKUP Eur. Phys. J. C 82, 793 (2022)
PRD 103, 115013 (2021)

SVJZ MODEL: 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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BACKUP Eur. Phys. J. C 83, 599 (2023)

SVJz MODEL : SINGLE MESSENGER FIELD

Visible Sector Hidden Sector

e Z

(7)) 7]
e 2
z 2
< -
(e} o

X
= o
< <
(o) (]

electron
neutrino

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

SVJr MODEL: 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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BACKUP
SVJZ MODEL : PARAMETE

RS & CONSTRAINTS

T

.

=TT

- _ EWF"T‘ I
CMS Scouting (u) High i i
CMS Scouting () Low  -cieeniid
oo ATLAS (e/u) Highmass @ : : :

{ © i —— LHCb ;

R
1 0 10° BS M, [GeV]
constraints A’ = £%¢
qsm £ ! ; ; ; 1 T 1]

i’ O [ A

= Portal mixing parameter € between Hidden LN SO R S T o s e
Valley photon A’ and SM photon B SS 5 00 8 O
. L o 107 o TS o Ln Rrometdecays |
= Dark p mesons inherit A decay modes ~ 15% I N
democratic decay of unstable p, to all lepton 107 Excluded | TR

. L o e o A
flavours (from Chiral EFT) N v-

. 1070 I S S S S w215 GeV
= Prompt signatures allowed above few GeV 10 D -
for dark bound states 0 0 o

LHC DM WG Workshop 2024
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BACKUP

SVJT MODEL: PARAMETERS & CONSTRAINTS

1.0 L (] [ T T T
4 [ | g )
0.9 11 11 T i 1 '
1 :I | l::: : i I, II
0.8 i iy i ¥ / i
' 1 1 1 1 / q
1 :I | ::|: :, l/ f
0.7“ :: |: : ||:{r\ ! II II
HEREETI A
0.6 T U Ip’l \ (H /| 7
(N | |
3 i / A S / gq, = 0.60
00-5' -1 RPN \ ~\ = qv
¥ I)" AT 24 / BR,=0.55
0.4 [l I ENERY /, y
Pt 9 N ’ / ——— ATLAS TT
(RYAVIN S/ y
0.3+ % 244 b S .’ ATLAS jj
o ol CMS jj
0.2 T CMS SV
0.14+-T=="" ATLAS TLA
—--- CMS scouting

= |ntroduce an effective branching fraction BR; of 05 10 15 20 25 30 35 20 45 S0

dark pions to 7 leptons (controlled by ratio g,/g,) Mz [TeV]

Eur. Phys. J. C 83, 599 (2023)
= |nvisible fraction not only from stable dark bound

states, enhancement from 7 leptons decays to
neutrinos
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BACKUP

MODEL 1: 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,

2023 LHC DM WG Winter Meeting

1.0
T (R l
0.9+ 11 ti| it b / !
11 I 1hra 1, / II
| R | S
0.8 : : I : 1 N 4 7
1 U (LN 1 II i
0.7 { bt HEAE
RlEE. A
0.6 1 : I : ] Iy': \ H 7 /
IR i
/
S 0.5 A TN A i
IRV .4
0.4 T A I AR \\ // ,I ——— ATLAS 1T
LA Ny \ / v’
034 v i < . ATLAS jj
' \ 7 I ..
7 et -== CMSjj
0.2 T --- CMS SVJ
0147 --- 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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BACKUP

MODEL 2: 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

2023 LHC DM WG Winter Meeting

.

i

Ll

—— EWPT
CMS Scouting (u) High
CMS Scouting (u) Low
ATLAS (e/u) High mass

—— LHCb

il

107 1 10 102 10°
) + M, [GeV]
constraints A’ = £7¢
1
107
2 — EWPT
10 CMS Scouting () High
10° —— LHCb
107
10 N our:mass point
107° ~ \
e ~
Excluded N
10°® —
107 A 4
-10
10 n, 15 GeV
10711 1%
10712
1 10 m, [GeV]
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BACKUP

SIGNAL AND BACKGROUND PROCESSES

Signal Process Background Process

gt L
.+ invisible — i,

/ - QCD - DIJET tf + jets

SM jet

4+ Signal mainly characterised by hadronic jets with
?T miss aligned and non-isolated leptons

= Large QCD background (fake ?T miss and B hadrons),

PEL AR
P .

Boosted Top Jets with semi-leptonic W decays ‘

= Z/W + Jets: minor since bulk at large Aqﬁ(FTmiss,Jl,z)

LHC DM WG Workshop 2024 Cesare Cazzaniga (ETH Zurich) | 17.05.2024 | 35
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LIMITATIONS: CLASSICAL LEPTONS ISOLATIONS

Rye:
RELATIVE STANDARD ISOLATION (FIXED R) S
| AR<RE PNy
(@)=— 2 prld)

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

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

AR<Rmini iso.

Imini - Z pT(l )
Pr. 4

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)

LHC DM WG Workshop 2024 Cesare Cazzaniga (ETH Zurich) | 17.05.2024 | 36



BACKUP

HADRONIC SV] INCLUSIVE ANALYSIS AS STANDARD CANDLE

Selections Look for a broad resonance
w CMS 138 fb' (13 TeV)
SR B ELELELELEY RS BLUELELELE R ELASS NUSLELELE
. c E High-R Signal (m,,, =20 GeV, ]
1. At least 2 good jets (R =0.8) g ! A e Ty ]
O 10%F —g,(x) ---my = 2.1 TeV -
.. ks E X2/ Ny, =246/35 --m, =3.1TeV E
2. Large missing momentum s L M Uncertainty [g,()] -~ m, = 4.1 TeV
i o 2| i
aligned to J; » E 0%
’ z [ i
3. Maximum An(J,,J,) 108 ¢ % | E
. T ! *
4. Trigger plateau (my > 1.5 TeV) i3 P
5. Mini-isolated leptons veto . 10‘;;jijjjj:,fff':,m:,m:”“_m_
i Q .E_ LE'. _:
-gbé ginp‘“-i}{ﬂ}mvnﬁwﬂu A [_nn ]
SELECTIONS BASED ON CMS ANALYSIS : JHEP 06, 156 (2022) al o M
2 3 4 5 6 7 8
Dijet transverse mass JHEP 06, 156 (2022) My [TeV]
. 5 2 . ot g
mt = [Exy + EF)" = [Bry + 7] IS IT EFFICIENT
- m]] + 2pmlss [\/ m]] + PT,]] _ PT,]] COS((P]],miSS)] F:sz 00‘2 SIGNATUQES ;?
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BACKUP

HADRONIC SV] INCLUSIVE ANALYSIS AS STANDARD CANDLE

Preselection requirements

pr(i2) > ZOOG?/’ ’7((])1125) <24 Look for a broad resonance
T > U " CI\I!SIII 138 b (13 TeV)
AU (]1’12) <15 = : High-R; Slgnal (my, k_20 GeV, ]

mT > 1.5T€V d>,) - ¢ Data _03 o, _apak)
O 10 —g,(x) --mz,=2‘1 TeV e
Ny =0 S 3 X2/ Ny =246/35 --m, =3.1TeV E
N _ 0 5 - M Uncertainty [9,(0)] - my=4.1TeV 1
e e! 2l L, |
i . 10°F 7
*) pr filters E TF 4 ]
\ z S ]
(*) AR(]LZI Cnonfunctional) > 0.1 105‘_""3 .
r ";‘: I_: ]

Final selection requirements T + *
) veto f,(j;) > 0.7 & pr(j) > 1.0TeV o I
(*) veto =3.05 <#; < -1.35& —1.62 < ¢ < —0.82* i i
10_1 N [ [ A ]

A¢mm < 0'8 E 4— ] LENLEEL AL DL AL LA B AL L LA R L '—:
SELECTIONS FROM CMS ANALYSIS : JHEP 06, 156 (2022) %é ggum' e .. alln l_nn E
(@] -ZF ll—rlu1....1Lr:f.1u.1.,..|....1....—:
2 3 4 5 6 7 8
My : di-jet transverse mass JHEP 06, 156 (2022) M [TeV]

Variables Legend
RT . ET/mT

LHC DM WG Workshop 2024 (*) negligible in phenomenological study Cesare Cazzaniga (ETH Zurich) | 17.05.2024 | 38
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SENSITIVITY ESTIMATION

138 b (13 TeV)
g LI I LI I LI [ R L B ] I BT I LI IE
z SVJEM, =3 TeV 1, =03 SVJEM, =3 TeV 1, =0.5 ]
< 6
10 — = SVJM,=3TeV 1, =07 Qco E
ti+jets WIZ + jets E
10° +
10* 3
10° =
10° |
e e N 3
10 ]
__
1 1
|
| 1 ) B | l 11 1 1 | 11 1 1 I Ll et | 1 ILIALiALIAL
1500 2000 2500 3000 3500 4000

M, (GeV)

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

ASYMPTOTIC CLs (

138 fb™ (13 TeV)
E - Theoretical (SVJ leptonic)
& 10 = - = = Expected (Hadronic SVJ search)
m E RN o e Expected (Leptonic SVJ)
m = RN o e 30
X N I - 1 std. deviation
b 1 E " N N + 2 std. deviation
C R - X r, inv — 0.3
107 TS .-l
o2 e
100
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
1500 2000 2500 3000 3500 4000 4500 5000
m, [GeV]

)

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

LHC DM WG Workshop 2024

Cesare Cazzaniga (ETH Zurich)
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Arbitrary units
=

102

1078

107

107

107

MINI-ISOLATION VETO

L L I
v SVUEM, =3TeV r, =03 SVJFM, =3TeV r, =05

| — - SVW¢M,=3TeV r, =07 —— QCD
E — ti+jets — WI/Z + jets
T Thewww :
L I — :

|

ol Lo b L I
5 6 7 8 9 10

number of mini-isolated electrons

-
n
w
o~

Arbitrary units

1072

1078

10

1078

10‘15

o SVUEM,=3TeV r, =03 - -

ETT T T[T I T[T I T T[T T[T T T T[T T[T T [TTTT[TTT7g

SVJ¢FM,=3TeV r, =05

| — - Sw¢M,=3Tev 1, =07 —— QqcD H
o ti+jets ~ WIZ + jets é

S E
| 7]

L —— =
keri

| 7]

é |
L — ]

1 i

number of mini-isolated muons

SIGNAL BENCHMARK : MZ" = 3 TeV

Variable Selection €sig, Tinv : 0.3 €sig, Tinv : 0.5 €sig, Tiny : 0.7
n(good AK8) >2 67.53 46.69 22.42
Anjoj1 (AKB) <15 45.25 32.80 16.53
My (AKS) > 1500 31.01 18.11 7.45
Ry (AKB) >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 SV] ANALYSIS IS EXPECTED TO
( STATEMENT VALID FOR DIFFERENT INVISIBLE FRACTIONS AND MEDIATOR MASSES)

LHC DM WG Workshop 2024
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BACKUP

SVJZ TARGETED INCLUSIVE APPROACH

GOOD OBJECTS
. > 2 AK8 Jets with pp > 200 GeV & || < 2.4

* prie,p) > 10 GeV & |n(e,u)| < 2.4

+  dy(u,e) < 100 pm : prompt dark hadrons leptonic decays VARIABLES LEGEND
MT : di-jet transverse mass
SELECTIONS
e R;>0.15: Eplike cut, no My sculpting Ry Er/M;
e A#n(j;,J,) < 1.5: removes t-channel QCD d, : transverse impact param.

e M;> 1500 GeV : trigger requirement
o A, (j12E7r) < 0.8 :W/Z + jets suppression
4+ Veto events with at least 2 isolated leptons

4+ Opposite sign non inter-isolated (;,, > 0.1) leptons pairs

int

LHC DM WG Workshop 2024 o =SV topology 4 = additional requirements Cesare Cazzaniga (ETH Zurich) | 17.05.2024 | 41



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)

LHC DM WG Workshop 2024 (*) all good lepton pairs are non-isolated Cesare Cazzaniga (ETH Zurich) | 17.05.2024 | 42



BACKUP

EXPLOITING DI-LEPTON RESONANCE

* :I T | TTT | T | T | ITT | TTT I 17T | T I ITT | T |: POSSIBLE STRATEGIES
"'é 105— m,=3TeV,m . =8GeV — SVJf(rinv=0.3)§
O S SVI(r =05 e SVJZ(r_=0.7)3
s | —acD | i i
I Py resonance 4+ Can select a mass window in
< N _." ﬁ .“'_ - mll and flt mT
10”" S éJ : =
= 2 A 3 3
s, Ik ] 4+ Can perform 2D fit m;; — my
102 T i 1 E
ool -1+ Can look independently for
low mass resonance(s) in the
ol SVIZ MODEL | non-isolated di-lepton spectrum
105k h = Model dependent feature: number of
resonances depends on dark sector details
10—6_| 1 | | 1 11 | 111 | 1 11 | 1 11 I 1| 11 I 1 11 | 1 1| I 1 11 | 1 | I_

0O 2 4 6 8 10 12 14 16 18 20
M, , [GeV]
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BACKUP

138 b (13 TeV)
'_g'- 10 EE Theoretical (SVJ leptonic)
—_— - - == - Expected (M -indep)
CMS SVI SEARCH o vt
. 198 o (13 Tev) e, w =
a B Theoretical (SVJ leptonic) © = ,,,,,,,,,,
o 10 - - - Expected (Hadronic SVJ search) 102 - T S
o R - -- - Expected (Leptonic SVJ) e e
m - T S o e 30 10 =
X N 3 I - 1 std. deviation E
B 1 § s + 2 std. deviation 1074 =
E R ~~“‘~,\~~ rlnv=0'3 10-5;5 .
ol g Tl - m;;-DEPENDENT (select mass window)
E W ~_ Tmeeeeall_ 107566 006 2500 4000 800 4000 406 . 5000
N >~ 7T m,, [GeV]
ool e-—_— T 10F —
= 4 N Qo Eo e Expected (MT-only)
- } ..................... R T
_ D aun A s ot e e stmus e A mmar ot +r W E - sth de‘\‘/ialion
10° =SVIZ TARGETED STRATEGY S0
= r,.=0.3
- my fit only (my-independent) L "
—4 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I e
10 1500 2000 2500 3000 3500 4000 4500 5000 107 .
m., [GeV] -
1074 =
‘ ; 10°° B
THE SIGNAL MIGHT STILL BE LURKING £ m,-DEPENDENT (2D fit)
10-6I\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\I
IN LH C RUN 2 ..D AT A ! 1500 2000 2500 3000 3500 4000 4;,3; G a§/0]00

Can claim §0 with
LHC DM WG Workshop 2024 ‘FMU— RMV\Z MP ~ 5 TQ\! i Cesare Cazzaniga (ETH Zurich) | 17.05.2024 | 44




BACKUP

LIMITATIONS OF CLASSICAL TRIGGERS

HADRONIC TRIGGERS
4+ Jet HT || pT triggers used by CMS: inherited from high mass 5 O B
L e I QeD dijet
di-jet search JHEP 06, 156 (2022) ot [ 2o =
g’ —_— tn:z‘=1 5 $ex E&:o.w
g ] L miTev, BRa s
4+ CMS fully efficient trigger requirement my > 1.5 TeV limits BRI s 2N et TV ERS T MS TRIGGER
sensitivity for SVJz (effect of neutrinos from 7 decays shifts my e 1 PLATAU
to lower values) " =5 e )
4+ Hadronic triggers below current thresholds p(500)/H(1050) = 100
are prescaled (limited statistics) £
4+ MET triggers: for lowest unprescaled _Em )
glEg 2
4+ Tau triggers: limited by criteria and 5 B0 o0 To0 120 a0 160

M, [GeV]

single jet P, trigger [GeV] @ 95% efficiency

o o o o o o

ARE THERE OTHER POSSIBILITIES ? NI

H; trigger [GeV] @ 95% efficiency

o\ o
o o o /o

s o o (o 8 \&
& R o (s 2 )=z

LHC DM WG Workshop 2024 Cesare Cazzaniga (ETH Zurich) | 17.05.2024 | 45



BACKUP

TOPOLOGICAL TRIGGERS AND BEYOND

TOPOLOGICAL TRIGGERS

4+ Exploit the s-channel topology

> 2 AK4 pr > 100 GeV & An(j;,jr) <2
prior to HLT

4+ Promising for

4+ Hypothetical target: HT > 600 GeV
(mp > 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)
LHC DM WG Workshop 2024

Passes:

high py ,

low Ap

Fails:
low p; , high 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

84 81 62 59

80 74 61 56

99 85 97 83 92 78

70

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

acceptance [%]




BACKUP

CLASSICAL MET AND TAU TRIGGERS

,_g —1 7 T

& QCD dijet

S P W-ets

€ 0.1—: e, Z+jets — =
5 oo tt s,
< —— m,=1.5TeV, BR=0.15 e
2 —— m,=1.5TeV, BR=0.55

3 —— my=1TeV, BR =0.15 o
3 m,=1TeV, BR =0.55

0.05(+ | il

< 100~

[0}

(5]

=

g 50

&

Q

o

©

zu

&

o
© g) 10
5|2

® | h

s 1
0 50 100 150 200 250

E Ezlr_ﬂss [GeV]

lowest unprescaled
threshold O(200 GeV)

LHC DM WG Workshop 2024

SINGLE TAU TRIGGER DI-TAU TRIGGER

8 o
§ m
Qo
8
s
my, [TeV] m, [TeV]
4+ MET triggers: for lowest unprescaled

4+ Single tau triggers: limited by

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

no significant improvement (relatively

Cesare Cazzaniga (ETH Zurich) | 17.05.2024
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BACKUP

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)

LHC DM WG Workshop 2024

Rank Variable Separation
1 linter (1) 2.703 x 107!
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 1071
6 Energyfraction(e) | 7.500 x 102
7 Lyx(e€) 7.175 x 1072
8 PT Norm(14) 6.272 x 1072
9 | Energyfraction(us) | 6.220 x 1072
) =
< E
E D signal (training)
107" = background (training)
ook -
10*3;—
10*4;7
o o5 1 15 25 3
Hnorm(u)

(*) all distributions shown are for training datasets

2 1=
E D signal (training)
10 ; background (training)
E = —
102 B
—3 e 1 | 1 | B! 1 S
10 0 1 2 3 4 5 6 7 8 9 10
ing(R)
2
<

107"

D signal (training)
background (training)

J

T TITATFTTITTY T L.
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LEPTON FLAVOUR-BASED JET TAGGER PERFORMANCE

€

S 1=
2 - r S —_—
< C - \
B signal (training) : o8- . \
107" =l : | [ Jern=0150884216) \\‘v\ \\
= back d (traini —— N 1 wvict H 0.6}— [_]Br.=03(0898068) e
- ackground (training) \E emi-visible ]et - Donossosmn \
I §= e == = ’ 0.4_ []sr=070831011) \\\ ]
102 = —L
g - L
C % 02
10°= _ Background jet % ’ T
= | N A— % 0 0.2 0.4 0.6 08 . 1
- —a—— bkg rejection
i 1
10

£ 0.91894 0.928238 0.98

0.96

| | | |
0.4 0.6 0.8 1 L1211 0.906732 0.916936 0.936222 0.94
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4+ BDT working point: maximise s/4/s + b
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BACKUP

SVJz-TARGETED ANALYSIS SENSITIVITY

CMS SVI SEARCH

Run 3: 250 fb™ (13.6 TeV) \ Run 2: 138 fb™ (13 TeV)
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4+ NO SENSITIVITY FOR CMS INCLUSIVE HADRONIC STRATEGY: NEED TO EXPLOIT TAU CONTENT FEATURES
4+ EXPLOITING BDT JET-CLASSIFICATION : EXCLUSION REACH (DISCOVERY) UP TO ~ 5.5 TeV (~ 4.5 TeV)

4+ EXPECTED TO ANY EXISTING SEARCH: PROBE UNEXPLORED g, COUPLING VALUES
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BACKUP

POSSIBLE B-TAGGING INEFFICIENCIES

loose WP, high mistag rates

—_

09 Why expected inefficiencies ?
Zj_ higher jet pT Boosted/merged objects

b-jet efficiency

o
(2

* Reduced track reco efficiencies : higher
hits density (ambiguous hit-track
association or merging)

o
&)

o
»

o
w

* Increasing fraction of missing hits in

— 0.1 mistag Decrease in

°
N

S — 0.01 mista_[

: ; | i rs, im ram r ion
P performancg® Deepet | inner layers, impact Param degradatio
0O 100 2?0 300 400 500 600 700 8?0 reconstruct them !
P, [GeV
JINST 15 (2020) P12012
Observed also for TT) — —

and boosted Z’ to bb

LHC DM WG Workshop 2024  QOther references: JINST 13 (2018) P05011 Cesare Cazzaniga (ETH Zurich) | 17.05.2024 | 51



BACKUP
THE HEAVY-FLAVOURED SVJS FEATURES
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BACKUP

MODEL PARAMETRIZATION AND BRANCHING RATIOS
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