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Searches for long-lived particles

m LLPs have many possible exotic signatures (model independent analyses)
s more and more challenging ones are under consideration

Tracker Tracker
. TP Muon system emerging
| USIng the LH C data mmmm charged HSCP 7 fet : i?),:gn
. woee 2Ny charge B quark
collected at 13 TeV in B oryiing
Run " up to 138/ fb: Tracker disappearing ‘.’;‘ﬂfﬁéﬁ’ Tracker

Muon system

= 2016 - 36/fb, e
m 2017 — 42/fb,

- 2018 B 6O/fb Tracker
ECAL  displaced
HCAL  lets)

Muon system

displaced
‘ photon ECAL

displaced ; displaced

conversion
vertex

m In this talk, the focusis on recently Tracker TE?KEf J. Antoneli
published by CMS searches for LLP
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< Long-Lived Particles (LLPs)

m Particles witha macroscopic lifetime, ct = 1 mm

m Particles have: mass (M) and width () PEA

max

m [ is determined by how the particle decays
m Proper lifetime: t~1/T
= Halftime: T,,=In2t B

2

m The SM contains a large number of metastable particles

] Detector-Prompt

c c = Detector-Stable
= E = >
° A mooa l [JPPNP 3695 (2019)] M- M M
10 E (o) O 5 O
] Wiz ( 28 )
= e.g. m= = PJ*vy (CTo ~ /.om 2 2N (D
[ ~¢&* (m/A
E 10* OBi/Bo
£ " D*/DO Particles can gain alarge lifetime (small I")
S . p oF ® A I b whenever a particle decays via:
S ° o K2 i KP :
°©° 0 m small couplings (g),
m° L m high scale operators (A) (heavy mediator)
o
107 5 ° e m small phase space (®) (compressed spectra)

10727 10723 107 10715 107! 1077 1073 10! 10°
Proper Lifetime 1 [s]
M. Kazana LLPs @ CMS, IFJ PAN, 1.02.2022 3



Why LLPs in BSM?

» Small couplings (€) in Supersymmetry

m Example: R-parity Violating SUSY

me TeV

additional terms in superpotential:

1 B mx 100 GeV
Wrpv = u; L;i H,, + EAijkLiLjek

/ 7 1 " - 7 7
+ Xiji LiQjdk + 5)\ ijkUid;dy,

couplings need to be small to avoid
proton decay and flavor violation

LSP long-lived:
[(Xe—€0v)~A2m>5, [ m4;

CT~1m [JPPNP 3695 (2019)]
for A ~104, my ~ 100 GeV, m; ~1TeV
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Why LLPs in BSM?

m High scale operators (A) (heavy mediator) in Supersymmetry
m Example: Cauge Mediated SUSY Breaking

F PeV
scale of SUSY breaking iy TeV/
F~1PeV
LSP is typically gravitino me keV
m . ~ F2/Mp ~1keV
q G
NLSP long-lived: ,
I_(X—>G+SM) ~ m>, [F4 Xo g
Y, Z -
X0 v, Z

ct ~1m for m, ~100 GeV

q [JPPNP 3695 (2019)] G
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Why LLPs in BSM?

m Small phase space (®) (compressed spectra) in Supersymmetry

m Example: Anomaly Mediated SUSY Breaking

other TeV

LSP is wino-like

mx+
o 100 GeV

small chargino/neutralino mass difference
Am ~ M4,/ U3 s uee~ 100 MeV for u ~1TeV

chargino long-lived:
[(X*— X%+ SM) ~Am3/m 2

ct ~1m for m, ~100GeV

[JPPNP 3695 (2019)]
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Discrete symmetry
stabilizing Higgs mass

E.g. Freeze-in via decay requires

LLPs with SM couplings

Out-of-equilibrium decay of
WIMP-like LLP produces
baryon asymmetry

Tiny mixing between
v Land vg
makes v LLPs

M. Kazana

Bunch of LLPs in BSM

s The long lifetime is quite a common feature in new physics models

Motivation Theory LLP Scenario

RPY SUSY [1806.07396]
GMSB
mini-split SUSY _
Stealth SUSY BSM=/>LLP

. (direct production of BSM state at

Naturalness Axinos LHC that is or decays to LLP)

Sgoldstinos
Neutral Naturalnesssemm—m—= )
Composite Higgs —Hidden Valley ==}~
Relaxion | confiing
Asymmetric DM ALP===52227

Dark Matter

Baryogenesis

Neutrino
Masses

Freeze-In DM

S o ——
Co-Decay

Co-Annihilation

Dynamical DM
SM+V (+S)=4
WIMP Baryogenesis
Exotic Baryon Oscillations
Leptogenesis ﬁ
Minimal RH Neutrino: ————1

. |
with U(pr 2" s
with SUQ)x WRE

long-lived scalars 1

with Higgs portal -
from ERS ==ttt TR

Discrete Symmetries

exotic Z
decays

exotic Higgs
decays

exotic Hadron
decays
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Detector design vs LLPs

m CMS: reconstruction algorithms, cylindrical geometry, trigger
all designed assuming particles emerge from the collision point

m LLPs signature depend on the lifetime c7:

m Decay inside various regions of the detector: meta-stable LLP

m Cross the detector: quasi-stable LLP
1 1 | 1 | | | 1

Oom im 2m im 4m 5m 6m 7m

Muon

Electron

Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)
‘‘‘‘ Photon

Superconducting
Solenoid

Transverse slice
through CMS

Muon System
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Signatures of LLPs

m LLPs have unusual final states that require innovative techniques

Tracker Tracker
m Challenging from the m noona | Muon system emerging —
experimental point of view —ay charge| / B ek
B Gy
anything
m Dedicated physics object 71 displaces

Tracker  disappearing lepton(s) Tracker

Muon system

identification and reconstruction @ <-=
m Displacements

m Short tracks Tracker 7
ECAL displaced

m Jet structure HOAL  lets)

|

Timing Muon system

displaced
‘ photon ECAL

: displaced

| |On ization di‘slz:::fd conversion
Tracker ;
m and more . Tracker racke J. Antonell

m Triggering often weird/low energy signatures

m Atypical (non-collision) backgrounds
detector noise, cosmic rays, reco failures — has to be estimated from data
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Tracker Tracker

Muon system ;
W E I neytral Y omerging Y
mmmm charged HSCP H lepton
wowme 2Ny Charge B quark
71 photon
B anything
displaced

Tracker disappearing

splaced Vertices ™ <«

lepton(s) Tracker
Muon systen

=

Tracker
ECAL dis_placed \ displaced
HCAL jet(s) I\ photon ECAL
; s *
Muon system v
. : displaced
d"slz::::d conversion
Tracker i
. Tracker ECAL J. Antonelli
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e npeE - | EXO-19- Phys. Rev. D
\CMS,‘ 0-19-013, Phys. Rev. D 104, 052011 (2021)

<< Displaced vertices in multijet events

m Signature: displaced jets in the region of a beam pipe

m Analysis strategy:

reconstruct displaced vertices from tracks in events with jets
focus on intermediate lifetimes ¢t (100 um to 10 cm)

m first tracking (pixel) layer: 4.4 cm radius
distinguish signal in two-vertex events using the distance d,, W
between vertices "
SM background: prompt vertices in events with lots of jets

misreconstructed tracks with non-negligible transverse impact parameters

m Benchmark:

Multijet

Pair-produced long-lived neutralinos/gluinos or stops in RPV SUSY
p t

s
<

P t
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2017+2018: 101/fb

EX0-19-013, Phys. Rev. D 104, 052011 (2021)

Displaced vertices - variable

m Search variable: d,, — xy distance between vertices

[ ] o
m Search regions: 3 bins

m 0.0-0.4mm

[ |

m 0.7-40mm

020 - q1p ‘ 0.05 0 005 010 0.5 / 0.20
— 020 . “ tt 0.20 —
; 015 0454
> s E
(1°) = E
'6'_ =o0 040
g — |
() ;*o 5 0.05
4+
sq:) =9 0
> E
Ll = o005 .05
U ]
2 = 0.10 0105
W :
v - 020 \ -0.20
020 015 -010 /-0.05 0 0.05 014!\ '0.15 0.20

b b boodveod o bocneoddbeceeoo ke s ool

Events/0.1 mm

101 fb' (13 TeV)

T TT | l T | TT I T T 1T | T TT1T I T T 17T | T T 1T I T T 17T | T T TT
10 CMS [__] Background template =
- Multijet signals, m = 1600 GeV : E
B ......... ct=0.3mm ::
- - ct=1.0 mm -
n N ct=10 mm '
? ";.'.i_-_— EE
i,
* 1

|
1075 P i =
107 E
:l L1 | l | -I | | | | | | .| | L1 1 T i | dad | | | .| | 111 I:
O o5 1 15 2 25 3 35 4
dyy (mm)

M. Kazana LLPs @ CMS, IFJ PAN, 1.02.2022

12



2017+2018: 101/fb EXO-19-013, Phys. Rev. D 104, 052011 (2021)

Displaced vertices - results

R 101 b (13 TeV)
u . : ; Nt = 70:"'§|'g"|""|'"'\""|""|""|"":
Trigger: on events V\{Ith large jet activity E T e L o
standard HT = ZNletSET > 1050 GeV s | sacksvack —E;:;:I;g;und_:
m Selection: > 4 jets 12k -
“F 0B 10113 TeY
30; E ; gCMS $ Data :
m Control samples: ok S025- | abiack s 25rack — Background -
F g - : template
m events with 3-track & 4-track vertices | 1o |2 02" :
m Background: 0 os ] O ]
= estimated from >5-track one-vertex v i
. . 0.05F .
m Signal region: :
%o 152 25 5 85 4
m >5-track two-vertex events dyy (mm)

m Results: o event observed (25-track two-vertex)

Predicted multijet signal yields
dyy range Predicted background yield 0.3mm 1.0mm 10mm  Observed

0-04mm  0.243 £ 0.003 (stat) £ 0.061 (syst) 44+05 15+0.1 0.26+0.02 0
0.4-0.7mm  0.097 4 0.003 (stat) = 0.032 (syst) 4.14+05 21402 0.14+0.01 0
0.7-40mm  0.012 4 0.001 (stat) = 0.006 (syst) 3.0+03 7.6+07 12+1 0
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MSj 2016+2017/18: 140/fb EXO-19-013, Phys. Rev. D 104, 052011 (2021)

Displaced vertices - mtepretatlon

p

Dijet per leg -

p d
Full Run 2
CMS 140fb" (13 TeV) CMS 140fb" (13 TeV)
%0/ g — tbs —— Observed + 15, § 0 § 1. dd — Observed + 10, § 0 ;9\
‘‘‘‘‘‘ CMS disp. jets (5) ===-- Expected =1 Oexp n C:/ -.--. CMS disp. jets SIZ:  Expected +1 Goro . c\T/
< 3000 1 % < 3000 1 %
S |1 ° &S - b
_ c < ] c
=2500 110 S Zas00 210 o
I 1 E 1 E
£ = =
2000 o 2000 o
1 a 1 &
> >
1500 o 1500 S
& 2
500 500
| —2 2
0.1 1 10 100 ' 0.1 1 10 100 10
ct (mm) ct (mm)
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Displaced Vertices - low mass di-w’s

b0 2

- p,+
[2008.006918] ¢ ’<:
t- ’/, N ,LL_
_ %b Vvts
b S
K*O
d > d

Long-lived scalar resonance
arises from
the decay of a B hadron

Very low mass search
for a muon pair with displaces vertex (DV)

= masses down to ~2m and displacements L up to 11 cm

Benchmark models
" Z,:0.5GeV<m(Zy) <50 GeVo.1mm < cty(Z,) S 1000 mm

" @ :0.3GeV<m(D)< 5GeV 0.1 mm =< ct ()= 100 mm
M. Kazana LLPs @ CMS, IFJ PAN, 1.02.2022




2017-18: 101/fb

High rate triggers (scouting):

m  Bypass the high-level trigger (HLT) thresholds by directly
sending HLT objects to disk instead of saving raw data

m  Reduced event info compared to offline reconstructed objects [ FEEEEE

s DoubleMu trigger path allow sensitivities to ATENETELS
otherwise inaccessible low-mass events

Signature :
m At least 2 opposite sign muons (p; >3 GeV, |n| < 2.4)
and 1 displaced vertex
signal LLP
Backgrounds:
m Controlled with a set of kinematical cuts
m  DV/dimuon kinematics & displacement requirements,
material veto to reduce background yields: , DV
m Sophisticated cuts:
= logio (An/A¢) < 1.25
m # excess pixel hits<o0

PV

M. Kazana LLPs @ CMS, IFJ PAN, 1.02.2022

EXO-20-014, May 2021

HLT
decision

HLT farm

HLT
objects

Scouting
streams

PU tracks

Dimuon resonances w/scounting

7]

iV
ZaS

PV1

PV2
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CMS /‘ 2017-18: 101/fb EX0O-20-014, May 2021

Dimuon resonances - results

Strategy

m Search for a narrow peak in dimuon invariant mass spectrum

m  SM bkg estimated directly from data can be parameterized by analytical functions
m  SMresonances are masked (+50,.. window) for the result

m Events are categorized in bins of muon isolation (2,1,0 iso-mu), di-mu momentum p(up)
and displacement L,,

ly € [2.4, 3.1] cm S T=1 mm), o= ] . .
108 | pr(uu) = 25 Gev ? 575353 ey oo ot oo m Simultaneous fit in all search bins
. ata . 4
2la g either bkg-only or bkg+signal hypotheses
103 7 w,....-‘-m\_;o
*4.:“ ‘..';.. . _C.MS. Prle/in:inally IIIIIIIIIIIIIIIIII 10I1 fbl-w (1I3Tnlew
++* "' R g ) Data [0.2 <, (om) <1.0,0<p, (GeV) <25, 2is0. u]
10" - + \ § S Background pred. (fit)
—Ff' ﬁ ’I g 30 ' ' . Signal (mZD= 5GeV, cr§“=1 mm) [x 5]
CMS Preliminary 101 fb~' (13 TeV) “E! } {‘
Ixy € [0.2,1]cm 1 B-¢ (2GeV,ct=1 mm), o=1pb 10%— % ; ! " " E Iilll { } ;
25 GeV - ,CT= , 0= = L
107 g-:;gul)l< e :. E} gata¢(4GeVCT 10 mm), o=1 pb zg_ B ; > .HTIT%T]?{ .ll ‘. ; 3;
o g AT LTI
YA YRR, T
S| 4F
: o} o=
s [P ORI IR T R R RIS
= 4.8 4.9 5 5.1 5.2
Hite oty o Dimuon mass [GeV]
10° 10
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2017-18: 101/fb EXO-20-014, May 2021
Dimuon resonances - limits

= No significant excess is observed

. CMS Proliminary 101 fb™' (13 TeV)
u Bkg+Slgnal ﬁtS are Used = 102 gg—>heZ Z, —>2u 2X (cr —1 mm)l N —Obser\lledlimit(QIS%CL)l
to set limits signalmodels = "€~ .. Median expecte i
% , P 68% expected
/N\Z 10 95% expected
o

107

SM-like Higgs boson decay to leptons & | # \

IIIIIIII| IIIIIIII| III||||_I_| ]

via one or two intermediate Z,
through the hypercharge or Higgs portal

10°°

III| \

. CMS Preliminary 101 fo (13 TeV) . B
= 10°E b o L L = 810 20 30 40 50
Eo = gg—>h—->Z Z —2u 2X(X # ) Observed limit (95% CL) === m, =12 GeV m,_[GeV]
10
i §§+gg—>h—>ZDZD—>4u — m, =2 GeV —— m, =20GeV
E 1 = —mZD=5GeV mg_ =40 GeV 5
= B(Z, — wy) from JHEP 02 (2015) 157
107 = .
= | The most stringent
1072 - i i
= constraints to datein a
107 wide range of signal mass
104 5 (2-40 GeV)
10° - and lifetime hypotheses
10_6 : 1 1 1 11 IIII 1 1 1 11 IIII 1 1 1 11 IIII 1 1 1 11 IIII 1 1 1 11 1 11
107 1 10 107 10° 2 10*
Ty’ [mm]
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EXO-20-014, May 2021

'T’(\ZMS‘! 2017-18: 101/fb
P €N Dimuon resonances - limits

= NoO significant excess is observed
m Bkg+signal fits are used to set limits signal models

CMS Frsiiminary 101 fo" (13 TeV) CMS Preliminar, 101 16 (13 TeV)
= T D T g - - — . Y —— r T T .
:TL 10° = pp 5B — ¢ X —2u X (c*c‘;=100 mm) ——— Observed limit (95% CL) é: ey 105 PP =B = 0 X = 21X (ct°=100 mm) = Observed limit (95% CL)
o B . Median expected limit 37 E Soﬁ ¢¢XK0
o -7 < -
; 10 3 I 68% expected E: Iy 108 = . e B' 5 oK'
= 3 . 0 ‘0
= = . 95% expected 1 < A LHCb: PRL 115 (2015) 161802 (B ¢ K)
T o0t l - = - 8, v LHCb: PRD 95 (2017) 071101 (B*— ¢ K)
% E 3 T AVVAAAA e \ N\ 'y
- o v vy Nt Rud o prodiuens
TE ER T g NI
1071 L N -9
E E| 10
0 e | = 107 CTO =100 mm
04 05 06 07 0809 1 2 3 4 5
m, [GeV] 107" . i 1 . . A -
02 0.3 04 05 06 0.7 08091 2 3 5
m, [GeV]
CMS Preliminar 101 fb'! (13 TeV)
_ eliminary - 10116713 Te
3. —4
? 10 pp >B—o>0X—-2uX Observed limit (95% CL) ..
|
L —m-04GY  —m-24cev Upper limits on
o —m, = 1.2 GeV = m, = 4.8 GeV BR(B 5 ¢ X) . BR((I) > “u)
<
<
T
Q
@

especially at higher mass
and higher lifetime

op 107
ctg [mm]

M. Kazana LLPs @ CMS, IFJ PAN, 1.02.2022 19



Tracker Tracker

Muon system ;
m B neytral Y emerging Y
mmmm charged HSCP H lepton
wowme 2Ny Charge B quark
71 photon
B anything
displaced

Tracker disappearing

Displaced Leptons

lepton(s) Tracker
Muon systen

Tracker
ECAL displaced N\ displaced
HCAL ]et(S) p - N . + 7: ’/’ ; phOtOn ECAL

Muon system

displaced ‘ ; displaced

conversion
vertex

| Tracker J. Antonelli
Tracker ECAL
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Majorana or right-handed Dirac neutrinos (HNLS)
interact only with SM neutrinos
HNL (M,[V,]?)

Difficult region of parameter space:

= HNL production: in decays of W bosons
* HNL decays: N—WI, N—Zv

= HNL lifetime: smaller is the mass (< 20 GeV) or neutrino-mixing (V~ 107-1072)

— long-lived HNL Signature: 3 lepton final state with:

= 2 displaced soft leptons that form a common vertex
= 1 prompt lepton
» Final states: eeX or puX where X= {e, u}
M. Kazana LLPs @ CMS, IFJ PAN, 1.02.2022 21



Y %

. Trigger:

= Single (or double) lepton trigger
on prompt lepton to enable
sensitivity to low-pT displaced leptons

m Discriminating variables:
design to reflect HNL decay kinematics:
m Distance between primary and
secondary vertices (A, < 20 cm)
m Displaced di-¢ invariant mass

m Backgrounds:

EXO-20-009, Jul 2021

138 b’ (13 TeV)
LA DL DL D

s Unidentified photon conversions

= Misidentified hadrons (K°)

m Data-driven estimation of background:
m  “tight-to-loose” method in data control regions
m Validate with closure tests in sideband regions

M. Kazana

LLPs @ CMS, IFJ PAN, 1.02.2022

) T
5250 CMS + T ¢+ Data —
(O] I o+ —
> £C ]
& °©  mz -
Z(v") g=
Other -
Stat. unc. -
converted photons E
0] el 11 A R -
:. 1 ' - 1 1
5 F T T T L T T T T T T
8 1 E; - i rznenertt & 5 -
a @ g 8 Jeasses e
%O'STAI. P BT S 1 PURITI (SRS R T | ‘.l..?l..A—
o 2 4 6 8 10 12 14 16 18 2(
A, (cm)
x108 138 ™' (13 TeV)
8 i T T T | T T T T ‘ T T T | T T T
g | CMS ¢ Data
g 0.8 4.0 < Ay (cm) <20.0 — Simulation —
8 - $KO e Background fit
3 | F 457,553 +0.003 Mev - Total
D 0.6 .
IS} i
3
m -
0.4
[ K candidates
0.2l |
Ofsesessssaspeasenate™....... <o PAeesasaseesesesess
0.44 0.46 048 0.5 0.52 0.54 0.56

m(x*x) (GeV)
22



-1 Run2:138/fb

EXO-20-009, Jul 2021

m Events are categorized in SRs by lepton flavor, invariant mass and vertex displacement

Majorana HNL interpretation

1 1 1 1 1

138 fb' (12 TeV)
L 1

2 4 T T T T T T
<z 10 ¢ Data DB leplons B SB leptons
') Other oo Total unc — HNL2
> -=+HNLE HNL12
w —
10° ; ete*u . eteu
m{££) + mi£s) RLLUGE
<4GeVi>4GeV | W NN <4 Gev;
10 e RN :
1
10
o T T T T
@ 2.% l ! | Totalune * l !
e 15 ' :
S U IV L IR
8 D 1 L 1 L4 1 ! ] 1 ! l 1 1 1 [
w oW S L T @ W own oW T @ W
e - & N g & g - & A g & g - & P g o
=TT S o N o B - = N e B - = A
o o o
A, (em)

= No significant deviations from the SM expectations are observed
for eeX and ppX final states

M. Kazana LLPs @ CMS, IFJ PAN, 1.02.2022
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W

y Heavy neutral leptons - eeX results



N '7‘\ Run2: 138/fb EXO-20-009, Jul 2021
«%sj Heavy neutral leptons — puX results

m Events are categorized in SRs by lepton flavor, invariant mass and vertex displacement

Majorana HNL interpretation
138 fb' (12 TeV)

T T T T
DB leplons B SB leptons
SN Total unc. — HNL2

--------

Events

\\\\\\\\\

(TUINH) 401 X 0'T = ¢|"NaA| pue Ao 21 = Nut (9INH) 4 01 X €T

= ,|"NA| pue A9H9 = Nu (ZINH) ;0T X 80 = ¢|’N| pue Aoz = Nu r]NH euesolepy

- T T T T T T T T T T T T
@ 2"3 ! Ssat.unc * ! Total unc !
. . .
a 15 . b ‘ . ¢ . + x
.‘9 1 . . ' . . I
8 O% 1 1 1 l ] 1 1 ] ] 1 L4 1 1 L4 1 ol
W w3 YT owm @w o9 w3 T oW O ® o ow w3 T ow W
v / o . I . I
S 5 = S * 8 & 2 T R 8 3 @ g <
o [~ [~

A, (em)

= No significant deviations from the SM expectations are observed
for eeX and ppX final states

M. Kazana LLPs @ CMS, IFJ PAN, 1.02.2022
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Run2: 138/fb EX0-20-009, Jul 2021

Heavy neutral leptons - limits

Constraints are obtained for HNL Majorana and right-handed Dirac neutrinos

m on the mass and coupling strength parameters (for electrons and muon)
m extending the exclusion limits from previous searches (back to )
m and (extending) mixing parameter values in the range of 1077 - 1075

for electron mixing from eeX channels

138 b (13 TeV) 138 fb™' (13 TeV)
© L I LI I LR I L I LI ] UL ] LI ] LI Q‘_w 1 I LI I L ] LI I LI I UL I LI I LI
= 0—2 — Observed = = 0—2 — Observed -
> - = =« Median expected i = - = =« Median expected 3
I 68% expected ] I 68% expected .
95% expected _ 95% expected _
3 -~ DELPHI prompt 3 -~ DELPHI prompt (@
0K\ N e DELPHI displaced 3 LIV W U - DELPHI displaced = =
—— . CMS 3l prompt (2016) 1 a — . CMS 3l prompt (2016) 7 Q
104k 3 1074 E M
: : : 1 =
10°F BN W T 1 0% W BB 3z
- & - R |
C N i ] N
-6 ] -6 - —
10 3 : 10 : : 2|
- N - ] ot
107 Majorana -+ 107 Dirac =
o 1 I Ll 1 | Ll I L1l 1 | L1l | L1l | L1l | L1l I L1l I L1 1 ] : 1 I L1 1 | L1l I L1l 1 | L1l | L1l I Ll 1 I L1l I Ll I Ll 1 ]
2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
m,, (GeV) m,, (GeV)

Results represent the world best limits to date on this type of processes "

in the explored parameter space of the HNL production at the LHC
M. Kazana LLPs @ CMS, IFJ PAN, 1.02.2022 25



Run2: 138/fb EX0-20-009, Jul 2021

Heavy neutral leptons - limits

Constraints are obtained for HNL Majorana and right-handed Dirac neutrinos

m on the mass and coupling strength parameters (for electrons and muon)

m extending the exclusion limits from previous searches (back to

m and (extending) mixing parameter values in the range of 1077 - 1075

for muon mixing from ppX channels

138 b’ (13 TeV) 138 b’ (13 TeV)

Q‘_E » L ] LI l LI ] L l lolblselrvle‘: I LI I LB Q‘_E = 1 I L I T T I L l T l L l lolblselrvledl I LRSI ] LI
> 10 - = =« Median expected i > 107 CM - = =« Median expected E
I 68% expected ] \ I 68% expected ]
95% expected i - 95% expected _

-3 ~ = DELPHI prompt -3 « = DELPHI prompt
10°F N & N DELPHI displaced = 10°F N ' Qe DELPHI displaced 3
— . CMS 3l prompt (2016) — . CMS 3l prompt (2016)
107 E 107 By, E
10°F 4 107 2
10°° 3 3 10°E E
107 Majorana = 107 Dirac =
:IlllllllIIIIIIIIIIIIIIIIIIIII||Il|lll: —IIIlllllIIIlIIIllIlllllIIlIIlllllllIl:i
4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
m, (GeV) o ) m,, (GeV)
Results represent the world best limits to date on this type of processes
in the explored parameter space of the HNL production at the LHC
M. Kazana LLPs @ CMS, IFJ PAN, 1.02.2022
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Displaced leptons

o Slgnature° displaced lepton pair CMS Simulation _

4

where both leptons have a large S [em)]

transverse impact parameter (d,)

m d,is an effective discriminating variable: [

m Leptons are expected to come from P e '
different secondary vertices, but no such | = ﬁ/
explicit requirement is introduced N .
|d,| > ~100 um eliminates significantly p
the SM background y Jr .

m Analysis strategy:
m Look for ey, ee, uu final states with both large d,
m  No explicit constraints on non-lepton physics objects
m Sensitivity to large range of lifetimes ¢t (10 mm to 1 m)
= Kinematical cuts to reject SM bkg that produce displaced leptons

m Triggering:
s Muon and photon (sensitive to displaced electrons) double triggers (no cuts on vrt)

M. Kazana LLPs @ CMS, IFJ PAN, 1.02.2022 27



e —1 Run2:113-118/fb

EXO-18-003, Jul 2021

m > 2 jisolated, high-momentum, well-measured leptons

m  p;set by trigger turn on (35-75 GeV depending on channel/year)
= |n]<1.5(ford, resolution)

m  No constraints on other event parameters such as missing energy, jets, etc

o CMS Simulation Pre
CHEE N

liminary (13TeV)

m Leptond,is used to define E A 10°
the signal regions (SRs T
g g ( ) = 1045_ SRl SR IV 10°
m SR:100pum<|d | < 10cm B :
for both leptons 10° - E 10*
. 1103
= Main backgrounds: srRil  SRII 10
m Poorly measured leptons 12102
m Semileptonic decays of tau leptons pairs C i
(correction to account for irreducible tau background) : B 10
m Heavy-flavor hadron decays 1 | | 1 _31
(negligible due to isolation requirements at preselection) 4 10 102 10° 10* 10°
Al fum]
m Data-driven estimate of background
m Ng iz( o N I)/ N, ; forie{l, [, 11, IV}
M. Kazana - B B LLPs é CMS, IFJ PAN, 1.02.2022 28

<3 Displaced leptons - inclusive search

|

m Inclusive event selection:

Events



[ 4% Y

m Events are categorized in SRs by lepton flavor and d, and momentum p-

s

Run2: 113 - 118/fb EXO-18-003, Jul 2021

Displaced leptons - results

CMS Preliminary 113-118 fb™' (13 TeV
| | [ I [ | | [

—"

@
GC) ¢ Data é
Lﬁ Background =
Background uncertainty 3
10° t = be, m; = 1500 GeV, cro = 1 cm 5
10 £ =
= —
10" =
-
107° =
o) 6
Do 4
s 2
(1] 0 e
al o

b low " hign 1 blow ok hignlt 1y Llow o) higy I
r T I T A T SR

m Observation consistent with bg-only hypothesis

M. Kazana

LLPs @ CMS, IFJ PAN, 1.02.2022
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MS —~1 Run2:113 - 118/fb EX0-18-003, Jul 2021

2N Displaced leptons - limits

GMSB sleptons = Higgs b°.5°“ decaying
/ to long-lived scalars
........ . o
p S ‘Vl
e — . (SMSPreliminary 113110t (13 Ter f s — CMS Prefiminary 113118fb (137
e o) IS 6L N o 3 %) &
£ g8 5w g IS B R
& 102] 1 gl &5 10 3 - Median expected - 103 ; S i -
i- br g 10°F — Observed 3 102 & 10% ... Median expected 3
1oL 95% CL upper limits | PP 110 § 4L T Obeerved ]
--+Median expected 1 qé) ﬁ 1 g F— m,, = 125 GeV, m_ = 30 GeV
I 68% expected 102 8 1 5 107 — my = 125 GeV, m_ = 50 GeV
o 510 a C
— Observed O 3102 210
107" 4 <107 . Qs
A =10 % 10
(iodl g - 10—4 S oo
102 Ll 10 T R e P P FEUTE PYRTE PRUTE PRI PO 104 TEs
200 400 600 800 10001200 140016001800 100 200 300 400 500 600 700 800 900 10- 1 10 102 10°
m; [GeV] m; [GeV] ct, [em]
~600 GeV improvement Similar reach as Most stringent
wrt. previous displaced ATLAS-2011.07812 limits to date
lepton limits exclusive sensitivity = 10" cm forct =50 cm

M. Kazana LLPs @ CMS, IFJ PAN, 1.02.2022 30



Tracker Tracker
Muon system

emerging

B B I neytral ot = Bov
mmmm charged HSCP B lepton
wowme 2Ny Charge B quark
1 photon
B anything
Tracker disappearing displaced

lepton(s)  Tracker
Muon system

track
(l n

=4
w
=
8J
N
M
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.
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~+
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HCAL jet(s) displaced

photon  ECAL

A g

; displaced
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vertex conversion
Tracker .
: Tracker ECAL J. Antonelli
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A
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ms

«%p  Displaced jets with Z boson

m Search for: SM-like (125GeV) higgs boson decaying to 14 i

light scalar LLPs which decay to b-jets or d-jets
, I p

and produced with Z boson association

m Trigger and selections based on

Z boson decays to electron or muon pairs

provide sensitivity to light (15 GeV or less) LLPs, p
which have been up to now difficult to access

m Cut-based displaced-jet tagging g

using the properties of the tracks
associated with each jet O .- \
m Selections: P, \ first h't
= events with at least 2 displaced jets A apy
o % PV PV

m no displaced vertex required
Displaced jets in the CMS silicon tracker

M. Kazana LLPs @ CMS, IFJ PAN, 1.02.2022
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M. Kazana

2016-18: 117/fb

EXO-20-003, May 2021

Events categorized to validate bkg estimate and define a SR region
Results: 3 events observed wrt 3.5 + 1.8 events expected

117 b (13 TeV

ZH; H— SS; S— bb; ct, =20 mm —- Data

B(H — SS) = 20% .y

........ M, = 55 GeV -

— — M, =15GeV th+t
Other

— Backgroufd pred.

— SS)

95 % CL Upper Limit on BR(H

—
o
S

—
o
w

Y
(=]
N

—_
o

—_

—
<Q

—
<
n

Displaced jet + Z - results & limits

-1

CMS Preliminary 117 b (13 TeV)
§ op —> ZH — Z(IT) H(SS); S — bb (100%) |
3 —— Observed limit (95% CL) =
- — — Median expected limit .
= x mg=15GeV x mg=40GeV « mg=55GeV 3
- 168% 68% 68% B
= expected expected expected E

1| IIIIII|

IIII| | | IIIIII|

T IIIIII|

10

10°

S proper decayNength [mm]

Most stringent CMS limits for the branching fractions (H—SS)
for low mass scalars of around 15 GeV with mean proper decay lengths of 2-30 mm,
where the scalars decay to a pair of b quarks

LLPs @ CMS, IFJ PAN, 1.02.2022
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2016-18: 117/fb EX0-20-003, May 2021

<53 Displaced jet + Z vs other searches

m  Observed exclusion limit from different CMS hadronic long-lived particle analyses
on the branching fraction of the SM- higgs boson to two neutral long-lived scalars

CMS Preliminary August 2021 ] CMS Preliminary August 2021

1J_|II\ UL R R I R L R R 1L B R R R S T T T [OT T T TTI T T T 3y T 0T T T OO T T T T T T T TR
. ; \ 7 T T T

Z + displaced jets
EX0-20-003
117 b7, 13 TeV
— B(s—dd)=1
--- B(s—bb)=1

I T TTTTT
LIt

107" 107"

Displaced jets
2012.01581
132fb™, 13 TeV
— B(s—dd)=1
- -- B(s—bb)=1

Hadronic MS
2107.04838
137 fb", 13 TeV
— B(s—dd)
--- B(s—bb)
------- B(s—11)=1

III\IIIi

1072} 1072

mg=15 GeV mg=55 GeV

~. .

| LI
| L LIl

95% CL upper limit on B(h—ss)
95% CL upper limit on B(h—ss)

=1
=1

ol ol vl vl vl il il 1l ol v vl v vl v vl vl vl vl s ol
1 10 10° 10® 10* 10° 10° 107 1 10 10* 10° 10* 10> 10° 10’
CT, [mm] CTs [Mmm]

m  Complementary results for CMS
m Z+displaced jets: added a sensitivity to low mass LLP for 15 GeV, S—bb
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV

M. Kazana LLPs @ CMS, IFJ PAN, 1.02.2022 34



Tracker Tracker
Muon system

m W I neytral e W BSM
mmmm charged W lepton
wowme 2Ny Charge W quark
71 photon
B anything
) . displaced
Tracker disappearing lepton(s)  Tracker

Muon system

Delayed Jets B

ECAL  displaced

displaced
jet(s) ’

photon ECAL

N %
=Wy ‘
s

; displaced

ispl i
displaced conversion

vertex

Tracker J. Antonelli
Tracker ECAL
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Phys. Lett. B 797 (2019) 134876, EXO-19-001

Delayed Jets

NEW! Usage of ECAL timing for calo jets
= Signature: Calorimeter deposits of
displaced jets from massive LLPs are
delayed wrt. jets from prompt decays 4 5,

= Strategy:
use ECAL timing to find displaced jets

" Profit: increased acceptance for decays
beyond tracker (0.3 -1.5 m)

ecal

= ECAL: jet time is a median time of all ECAL cells in jet with
energy > 0.5 GeV and [time| < 20ns, AR(cell, jet) < 0.4

= time resolution per cell (crystal+APD) ~200 ps

M. Kazana LLPs @ CMS, IFJ PAN, 1.02.2022 36



2016-18: 137/fb Phys. Lett. B 797 (2019) 134876, EXO-19-M

Delayed Jets - stratedy

A 200

. Slgnal GMSB long-lived gluinos or : i0f
Split SUSY R-hadrons decaying to displaced jets + MET oo}

50

= Selection:

= >1delayed calo jet o
(t>3ns, pT>30GeV, E>70GeV, [n]| <1.48) 100
= MET > 300 GeV 150
" Trigger: MET > 120 GeV 20954 "f's'o'"151)"1-,6“'5""5'0'"aéa";;z;"é;o
X (Cm

LS e B e B e
Observation
[ Cosmic ray muon background
[ Core and satellite bunch background
[ Beam halo muon background
GMSB my = 2400 GeV,cty=1m
GMSB m, = 2400 GeV, ct,=10m
GMSB m, = 2400 GeV, c1, =30 m

= (Candidate event cleaning:

= beam halo rejected by muon CSC & HCAL

= satellite bunches & mismeasurements veto
= cosmics vetoed by muon DT and RPC

= pileup & APD hits rejected by ECAL timing

Events /0.5 ns

= Background:

Data-driven by invert cleaning cuts to form data CRs

= Searchregion: Ny 21,1t >3ns t

jet

M. Kazana LLPs @ CMS, IFJ PAN, 1.02.2022 37
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Phys. Lett. B 797 (2019) 134876, EXOM

Delayed Jets - results

= Observed: 0 events in agreement with bckg. prediction of 1 evt

= Resu |tS (GMS B): Background source Events predicted
Beam halo muons  0.029% (stat)*0%° (syst)
Exclude my< 2.50 TeV for ct,~1m .
g 0 Core and satellite £0.09 0.2
T V f o) bunch collisions 0112005 (stat)“o02 (syst)
or mg < 2.15 € or CT0~ 3 m Cosmic ray muons 1.0118 (stat) 18 (syst)
y 1.0 1.0 {8y
— Significantly extends reach for CMS 137 o' (13 TeV)
CTOZ 1 m (VS- traCker-based SearCheS) %\ 3500 IppI —>I ’g’l’g’l’g‘l—>lg-|l-('§l G!MSIBIAplprtI)x.lNl\llLCI)H\llNll.Lthlzlulsioln | 10
gl 95% CL observed +16, .,
-1 >
104 E T T T T T T T T T 1:|3|7| Ifb |(1 |:3 |-I:e||\|/l . 95% CL expeCted 1 Gexperiment
; CMS 95 % CL upper limits

—@— Observed

PP—>§§g—>g+G
m§ = 2400 GeV - Expected median 1, .

—
o
©

-- Expected median + 2 Cexperi

—_
o
™

iment

CMS displaced jets (36 fb™)

------ Approx. NNLO+NNLL o(pp — § §)

-

107"

—

|

10

95% CL upper limit on cross section (fb)
S
IIII|T| | IIII|'|T| | IIIIIIII

1 IIII|T|
95% observed CL upper limit on cross section (fb)

10—2 1 1 IIIIIII 1 1 IlIIIII

10° 10° 10° 10° 2. 3 35 4 4.5 5
CT, (Mmm) log, (cty/mm)
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Emerging Jets

Tracker Tracker
B B neytral Muon SyStem emerging
mmmm charged HSCP
=ewm 2Ny Charge

Tracker disappearing

track
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photon
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Tracker
! Tracker ECAL
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J. Antonelli
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long-lived dark-pions,

< Emerging jets
= The Dark QCD model with

which can decay to SM particles

= Signal:

2 prompt jets and 2 emerging jets

Displaced Di-Jet

Emerging Jet

Signal model parameters

List of values

Dark mediator mass mx,, [GeV]
Dark pion mass 1, [GeV]
Dark pion decay length ct,, [mm]

400, 600, 800, 1000, 1250, 1500, 2000
1,2,5,10
1,2,5,25,45, 60, 100, 150, 225, 300, 500, 1000

M. Kazana

LLPs @ CMS, IFJ PAN, 1.02.2022

JHEP 02 (2019) 179, EXO-18-001
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Emerging jets are produced in the
hadronization of Q¢ to dark hadrons
(T, ) which form dark jets, and contain
multiple displaced vertices from the
decay of dark-pions

focus on lifetimes of
1MM<CT<1m

336 signal hypotheses
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JHEP 02 (2019) 179, EXO-18-001

Emerging jets - stratedy

due to saturation-induced dead time present in the readout of the silicon strip tracker

= HLT Trigger: HT > 900 GeV
= Strategy: extension of the displaced jet search
and tagger for emerging jets — emerging jets identification:

(13 TeV) (13 TeV)
c\’! 0_5 : T T T T | T | T T T T ‘ T T T T | T : 8 :| T 1T | TTTT | |||||||||||| ‘ LI | T T 1T | LI | TTTT | TT7T |:
2 045 CMS —— QCD light jets E S - CMS —— QCD light jets
% = Simulation - - - - Dark pion mass 1 GeV E 10 Simulation — 1, =1mm E
2 04 E_ SRLRL Dark pion mass 2 GeV 3 3 T T, =5mm ]
g 0.35F — — Dark pion mass 5 GeV 5 " O, = 22 mm
L o3 E e Dark pion mass 10 GeV ] g = 100mr:1nm =
(&) E = = -
© E ] - J
L 0.25} = .?i B =300 mm
C -1 |
0.2F E 10 o -3
0.15F = 3
0.1 — 107 E — = e (TS l_@
] ] - B o e I E
0.05F = P -l
: o p— . mmmat I ' —
0— L I | 10—3 11 1111 | 1111 I 1111 | 1111 | 1111 | 1111 I 1111 I 1 I.I--I-!T I-l L
—4 -3 -2 -1 0 01 02 0. 04 05 06 07 08 09 1

0 1
Iog((IPzD) /1cm) Oyp

= 7 Different selections sets are used with:
= optimized kinematic cuts on HT, p; of jets, MET
= optimized emerging jet tag cuts
M. Kazana LLPs @ CMS, IFJ PAN, 1.02.2022 41



Weaker constraints for ct 210 cm

2016: 16/fb

JHEP 02 (2019) 179, EXO-18-001

Emerging jets - limits

= Results: Observed events agree with bkg. expectation in all 7 selection sets

Model parameters

due more decays outside pixel tracker

Set number Expected Observed Signal My [GEV]  tiny [GeV]  cTry, [mm]
o1 168+ 15+ 5 131 36.7 + 4.0 600 5 1
o 2 318+ 50+ 14 47 (14.6 + 2.6)x10? 400 1 60
%0 3 194+ 70£ 55 20 156 £ 1.6 1250 1 150
< 4 2254+ 25+ 15 16 151+ 20 1000 1 2
© 5 139+ 19+ 06 14 353+ 4.0 1000 2 150
b 6 94+ 20+ 03 11 207 £ 25 1000 10 300
n 7 4.40 +0.84 = 0.28 2 5.61 + 0.64 1250 5 225

3 16.1 fb" (13 TeV)
E 10 ! ..'~. = Observed limit ° ° °
€ [ cms e R S First emerging jets search
— r [ |

Tpk

CT

===~ Expected limit £ 1c

—
o
w

95% CL upper limit on cross section [fb]

10°

| m
> [N
10 |

10

1 _ | e e
400 600 800 1000 1200 1400 1600 1800 2000
m,_ [GeV]

at colliders!

First Dark QCD results

Limits do not depend strongly on
mass of dark pion my,

Exclude dark-mass mediator Xy
mass between 400 and 1250 GeV
for ct (1, ) between 5 and 225 mm
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Future developments:
LLP triggering in Run3

L1 trigger
» Hardware based, information from calorimeters and muon
systems only (regional triggers combined to global)
First pattern recognition and raw measurements
Fixed latency: 4 us to accept/reject

Skims rate to 100 kHz (in total)

Tracker
Muon system

= B neutral
mmm charged
moem 2Ny Charge

HSCP

Tracker disappearing

High level trigger (HLT) o

Tracker

emerging
jet

W BSM

M lepton

W quark
photon

B anything

displaced
lepton(s)  Tracker

Muon system

= Fully software, includes info from tracker
Similar algorithms as those applied offline
Latency: 300 ms/events

Skims rate to 1 kHz max (in total)

.
u Tracker
ECAL  displaced
HCAL  let®

Muon system

|
displaced
vertex

Tracker

M. Kazana LLPs @ CMS, IFJ PAN, 1.02.2022
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. . 1 N\ \‘ '\' .v '! I 1 ‘,-’ __/ ,/ / 3
m Displacement — loss of efficiency e WS H R SECREEREL S R
= Displaced tracks and vertices are lost | - H ' 768 “ “
. g ‘:222 TR o
= Tracking @ HLT R SRR N e e
m Current baseline: i it i e

-200 -100

m single iteration seeded by pixel tracks

m Developments:

0 100 200 300

z(cm)

m use strip-seeded iteration to recover efficiency for larger displacement

m usedin Run2 for dedicated HLT triggers (not standard tracking)

= Tracking offline

= New iteration using predefined Regions of Interest (ROI)

m pairwise tracks combined together into vertices

m vertices clustered in spherical ROls, radius 1 cm, tagged with an MVA

m tagged ROIs used in tracking algorithm

M. Kazana LLPs @ CMS, IFJ PAN, 1.02.2022
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Trigger for LLPs in Calorimeters

m Hadronic sampling calorimeter (HCAL): plastic scintillator and brass
m Some first level L1 trigger possibilities not fully exploited so far:

= Timing information (resolution 0.5 ns)
— delay due to kinks/heavy LLP mass

= Longitudinal depth (4 layers in barrel, 7 layers in endcaps)
— S/B discrimination (deeper showers)

m Energy ratio E, ., /[Er.n, — successful at killing multi-jet background, lower rate
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%3 Trigger for LLPs in Muon System

m Cathode Strip Chambers (CSC) in the endcaps: L1 triggering
m Trigger on displaced muons
= Improved FPGAs — better resolution (x4) and bending (x3) wrt Run2
m Trigger on showers (hit clusters from jets)
m  Count cathode/anode hits
— threshold optimised for S/B and for reasonable L1 trigger rates

m  Can be improved the missing energy approach of Run2 by a factor >10

P ! ~

ot
::::< f
f
el . cncteans - ’
<7; - /
B

P

1

LLP - [B
_—
Y
Long-lived particle Showering particles \
(blue dashed line) (Yellow spots)
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LLP at CMS summary

s Unconventional signatures of displaced leptons or jets are powerful tools in
searches for different LLPs in a model independent way

m New results for full Run 2 data pushed limits on LLPs

m Explore challenging the low mass LLPs
m Sensitive to wide range of decay lengths
m Searches complement each other

= Any detected signal of LLP would be a clear indication of a New Physics
m Therefore, the CMS experiment make an effort for LHC Run 3
to enhance his sensitivity to cached the LLPs
by new algorithms of reco and triggering especially at the L1

m EXO CMS public results:
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO/LLP.html

M. Kazana LLPs @ CMS, IFJ PAN, 1.02.2022



Thank you!

Selection of LLP searches at CMS

CMS Preliminary 3-140fb~! (8, 13 TeV)
RPV UDD, g-tbs, mz = 2500 GeV § 2104.13474 (Displaced vertices) [IN00006=01090| 140 fb~1 (13 TeV)
RPV UDD, §-tbs, mz = 2500 GeV § 2012.01581 (Displaced jets) o003 =1 132 fb~' (13 TeV)
RPV UDD, f-dd, m; = 1600 GeV f 2104.13474 (Displaced vertices) [N 0I00035=01081i 140 fb™! (13 TeV)
RPV UDD, -+dd, m; = 1600 GeV i 2012.01581 (Displaced jets) [ o002 1S2)H v 132 fb1 (13 TeV)
RPV LQD, £-bl, m; =600 GeV 3 er y recen t 36 fb~! (13 Tev)
RPV LQD, {-bl, m; =460 GeV i 118 fb~1 (13 TeV)
RPV LQD, f-bl, m; =1600 GeV H 2012.01581 (Displaced jets) [IIN0005=0:24)] 132 fbo™* (13 Tev)
GMSB, §~gG, m; = 2450 GeV § 2012.01581 (Displaced jets) 132 fb™! (13 TeV)
GMSB, §~gG, m; = 2100 GeV § 1906.06441 (Delayed jet + MET) 0.32-34m 137 fo~* (13 TeV)
Split SUSY, §-qqx$, mg = 2500 GeV § 2012.01581 (Displaced jets) [ 10.007=0:36 m 132 fb™! (13 TeV)
Split SUSY, g-qqx{, mz = 1300 GeV g <lnm 36 fb~! (13 TeV)
Split SUSY (HSCP), fzo = 0.1, m; = 1600 GeV g -[13 b7 (13 Tev)
mGMSB (HSCP) tan8 =10, >0 , m; = 247 GeV {- +[13 b7 (13 Tev)
Stopped £, £-tx?, mi="700 GeV 3 1801.00359 (Delayed jet) m‘» 39 fb~! (13 Tev)
Stopped g, G-qdx?. fz;=0.1, my=1300 GeV § 1801.00359 (Delayed jet) +|39 fb~1 (13 Tev)
Stopped g, G-qax2(uux?), fz5="0.1, m; = 940 GeV g 1801.00359 (Delayed pp) {39 b1 (13 Tev)
AMSB, x *-xfn*, my+ =700 GeV X* 2004.05153 (Disappearing track) 0.7-30 m 140 fb™! (13 TeV)
GMSB SPS8, x3-YG, mys = 400 GeV X 1909.06166 (Delayed y(y)) | 02-6m 77 fb~! (13 TeV)
GMSB, co-NLSP, i-IG, mj=270 GeV i aced dilepton) e-05-2.65 m D —— 118 b1 (13 TeV)
H-XX(10%), Xce, my =125 GeV. mx=20GeV X 14116977 (Displaced dielectron)  0.00012-25m 2071 (8Tev)
H-XX(10%), X=uu, my =125 GeV, my =20 GeV X 20 fb~1 (8 TeV)
H-XX(0.03%), X~/l, my = 125 GeV, mx = 30 GeV X CMS-PAS-EX0-18-003 (Displaced dilepton) [/ 10/001=0.12 | = 118 fb~1 (13 TeV)
H-XX(10%), X~bb, my =125 GeV, my =40 GeV X 2012.01581 (Displaced jets) [ 010010153 ) 132 fb™! (13 TeV)
H-XX(10%), X-bb, my = 125 GeV, my = 40 GeV X CMS-PAS-EX0-20-015 (Hadronic CSC decays) [ 012450 m| ‘_ 137 fb™ (13 TeV)
H-XX(10%), X-bb, my = 125 GeV, my =40 GeV X CMS-PAS-EX0-20-003 (Displaced jets +2) [/ 10.004=0.248 m| D ——— 117 fb™* (13 TeV)
dark QCD, my,, =5 GeV, my,, = 1200 GeV Xoy 1810.10069 (Emerging jet +jet) — 16 fb~! (13 TeV)
. . L
1077 1073 10'3 10 = 10! 10°

ct[ml

https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV

Supported by grant: DIR/WK/2016/2019/15-1
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EX0-19-013, Phys. Rev. D 104, 052011 (2021)

Displaced vertices - bkg

IIIIYYIIIIIIIIYII T T Ill

m Background vertices arise due to 210 ass' oo e 10
misreconstructed tracks with
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