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Non-conventional signatures

< Non-conventional signatures (exotic long-lived particles, anomalous
lonizations, semi-visible jets, soft unclustered energy patterns, etc. ) can
naturally arise from many BSM scenarios.

~¥

" Exotic LLPs

[ Anomalous ionizations |
Dark shower

Many more...
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= Experimental challenges

Rich experimental signatures _
»Standard techniques are usually

e neual Hscp cgpie mesh tuned for prompt/conventional
~—— any charge uar . . . = =
— :Sh%;‘n physics objects — inefficient for
anything . .
N I non-conventional signatures;
e lepton
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our experimental tools:
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Dark Shower- |z| decay position [cm] technologies
Emerging jets, semivisible jets, SUEPs, Shower in the muon
system
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Displaced jets search

 Search for hadronic decays of LLPs inside the inner tracking system
(full Run-2 data)
> The flagship LLP search at CMS;
> Highly model independent — world-leading sensitivities to a large
variety of LLP models

[arXiv: 2012.01§81]  (J.L. CERN EP-LHC seminar: link)

e Dedicated displaced-jets triggers to lower

Hy threshold at HLT (from ~1000GeV to jet jet
~400GeV); ~
SV
 Search for 1 displaced vertex
PV

accompanied with 2 non-prompt jets;
¢ Dedicated displaced vertex

e Multivariate discriminant (gradient BDT) reconstruction using displaced tracks

based on customized variables to associated to two jets;

separate LLP signatures from background; e Relations between the displaced

vertex, displaced/prompt tracks, and
e Sensitive to a large variety of LLP models. the jets are exploited to identify LLP

)decays.
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Displaced jets search

< Expected 0.75 event in the final signal region, observed 1 event
> Set currently the best I|m|ts ona large number of LLP models

| @Slgnal interpretations

'\

!

> Exotic Higgs decays:

Example high-mass LLP signature: Split SUSY

- 125 GeV H — SS, S — bb/dd|

~ Split SUSY: g = qq¥,

» Gauge mediation: g — ga

| > RPV SUSYs:

Covers different final-state topologies,

’/1?23 . g —> tbS
»Aiag 1 I — b

t—>df

for LLP masses from ~10GeV to

~3TeV!

I ~TeVv

Scalars

Fermions

[Arkani-Hamed, Dimopoulos, 2004]
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e Signal efficiencies up to
~70% while the search
Is nearly background
free.

e Gluino masses up to
2.6TeV can be excluded.
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\ Displaced jets search

< Expected 0.75 event in the final signal region, observed 1 event
> Set currently the best limits on a large number of LLP models

|

L

- Example low-mass LLP signature: exotic Higgs decays

Higgs portal

H

Hidden sector

p s

H

/ W<

Neutral naturalness, relaxions, ...

05/09/23

] 132 b7 (13 TeV)
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» The first LHC search that fills the gap for cty < ~ 1 m;
- Orders-of-magnitude better limits compared to other existing

results;

 Currently pursuing an early Run-3 analysis, further orders-of-

magnitude improvements expected — stay tuned!
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Delayed trackless jets search

“ Search for hadronic decays of LLPs using delayed and trackless

jets

[arXiv: 2212.06603]

»  Complementary to the tracker-based displaced-jets
search for higher mass and longer lifetime; /

@ ECAL timing is used to tag the
delayed time produced by LLP
decays:

+ Delayed time produced by the
path difference induced by the
decay process;

- Delayed time produced by slowly-

@ Additional discrimination power
brought by requiring the lack of
charged (tracking) activities

05/09/23

ECAL

Jet

moving heavy LLPs.

* Tracking efficiencies decrease
with larger displacements
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\ Delayed trackless jets search

< Search for hadronic decays of LLPs using delayed and trackless
jets
> Benchmark model: gauge mediation with )7(1) as the NLSP

« Gravitino coupling is suppressed by the SUSY-breaking scale — the
NLSP is usually long lived in gauge-mediated SUSY.

, H 138 fb™' (13 TeV)
7 /\104 T II| T T T T 1T II| T T T T 1T II| T TTT
~0 // --n'c—2 -
p X1 & G — CMS By — H &) = 50%:; B(y — Z &) = 50% 2
. S 95% CL limits, m_ = 400 GeV
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e G is the LSP and stable— triggered using p%ﬁss; i

e DNN-based jet tagger constructed using delayed ;
time, number of tracks, charged energy fraction, 10, T e E—T 00

and track-to-PV association information c T, (m)
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Inelastic dark matter search

“ Search for inelastic dark matter using displaced muons and

missing transverse momentum
[CMS-PAS-EXO-20-010]

p

X2

| Inelastic dark matter (iDM)

" | Dark matter couples to SM only through
interacting with a nearly degenerate excited
state, evading stringent constraints on DM-
nucleon/electron scattering from direct-

P J

A" dark photon;

X1

X1+ dark matter candidate;

JX»: nearly-degenerate excited state,

m)(z o m)(l < m)(l

> Final-state y,s produce pt

» The decay of y, is suppressed by the small mass

splitting between y, and y;,

* Y, islong lived, producing displaced muons.
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Inelastic dark matter search

“ Search for inelastic dark matter using displaced muons and
missing transverse momentum

/m, )}

X2

Main selection variables

e Muon displacement d,

e Muon isolatiqn;
o Adp(pr", p1™>)
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my = 3m,

CMS Preliminary

A=0.1m,

- Exclusion boundary (o, = o
- Exclusion boundary (o, = 0.1)

w
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= Fractional charged particle search

“ Search for fractional charged particles (FCPs) using anomalously
small ionization

[CMS-PAS-EXO-19-006]

| " Benchmark: DY production of FCPs

|

Bethe-Bloch equation
FCP tracks identified as the tracks with a

_JdEN\ _ Z 1|1y 2 T g2 large number of low-dE/dx hits NS dB/dx
dx [ Ap2|2 2 2

dE/dx thresholds tuned for each layer to
FCPs characterized by hits with small dE/d x ensure a uniform “mistagging” probability
for background tracks
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— Fractional charged particle search
< Search for fractional charged particles (FCPs) using anomalously
small ionization
 jlow dE/x . - o
| his — as the main search variable Limits placed in the mass-charge plane
-1
2 108 e e 138 fb™' (13 TeV)
S , CMS Preliminary ¢ Search region = T ——— ]
£19 — Binomial fit [ Control region - —  CMS Preliminary Unper limits at 95% CL -
s 10 Signal (M = 100 GeV) » 09 — Observed
5 10 et S I " Bgeced
2 10°; —Q=05e —Q=13e = 0815 %f;‘; E
3 ~—" — T _
= 10 © 07 —
102 % S L . \ ]
10 5 o6l ' =
O = , .
1 - : ]
5 15F ' 0.5 ' —
2 92E | 04 Ll CMS 23.8 bt (748 TeV)
5 [ e eere - S CMS 5.0 b (7 TeV) .
T Y% 2 4 6 8 10 12 14 16 18 03 OPAL 74 pb™ (91 GeV)
N|OWdE/dX — 1 1 | 1 1 1 | ! ] ] | ! ! ! | ] ! ! | T
hits 50 200 400 600 800 1000
Control region: 80 < m < 100 GeV Mass (GeV)
Fit performed using low N/ 9% pins in the control

region to estimate the background yields in the search

region
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Summary and outlook

BROWN

< CMS searches cover a large variety of non-conventional signatures,
providing world-leading sensitivities in many cases;

“* We are also actively pursing developments of new techniques in Run

Further orders-of-magnitude improvements can be expected in Run 3

3:

Machine learning

* New detector technologies with HL-LHC upgrade will also bring
many great opportunities

05/09/23

Outer tracker upgrade

MIP timing detector

Exciting times ahead!
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Machine learning @ L1 trigger
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Extra slides
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Compact Muon Solenoid

Summary of CMS LLP program

UDD, g~tbs, m; = 2500 GeV
UDD, g-tbs, mg = 2500 GeV
uDD, t-dd, m;= 1600 GeV
UDD, f-dd, m;=1600 GeV
LQD, f-bl, m; =600 GeV
LQD, f=bl, m; =460 GeV
LQD, f-bl, m;= 1600 GeV

GMSB, §-9G, my = 2450 GeV

GMSB, §~gG, my=2100 GeV

Split SUSY, g-qdx?, mg = 2500 GeV

Split SUSY, g-qgx?, mg=1300 GeV

Split SUSY (HSCP), 3y = 0.1, mg = 1600 GeV

mGMSB (HSCP) tan =10, u>0, m; =247 GeV

Stopped £, t5tx?, mi =700 Gev

Stopped §, G-qgx?, f55="0.1, mg=1300 GeV

Stopped g, §-qdx3(uux?), 5o =0.1, mz = 940 GeV

AMSB, x *-xdn*, my- =700 GeV

G-qax? or q,,G,, X5 X =xIn*, mg=1600GeV,mys = 1575GeV
G-aqx3 or g'xit, xi ~xin*, my= 2000 GeV, mye = 1000 GeV
ttx? or by, xi -x{n*, mg=1100 GeV, myo = 1000 GeV
GMSB, x{-HG(50%)/ZG(50%), mys = 600 GeV

GMSB, x{-HG(50%)/ZG(50%), my» = 300 GeV

GMSB SPS8, x2-vG, myg = 400 GeV

GMSB, co-NLSP, I-IG, mj=270 GeV

SUSY RPC

H-ZpZp(0.1%), Zp=uu, my =125 GeV, mx =20 GeV
H-ZpZp(0.1%), Zp-uu(15.7%), my =125 GeV, my =5 GeV
H-XX(10%), X—=ee, my =125 GeV, my =20 GeV
H-XX(0.03%), X-Il, my =125 GeV, mx =30 GeV
H-XX(10%), X-bb, my =125 GeV, mx = 40 GeV
H-XX(10%), X-bb, my =125 GeV, my = 40 GeV
H-XX(10%), X-bb, my = 125 GeV, my = 40 GeV
H-XX(10%), X=TT, my =125 GeV, my=7 GeV

dark QCD, My, =5 GeV, my,, = 1200 GeV

Higgs+Other

Overview of CMS long-lived particle searches

CMS Preliminary March 2023
G 2104.13474 (Jets with displaced vertices) [IN0I0006=0109
g 2012.01581 (Displaced jets) [ o003 =]
i 2104.13474 (Jets with displaced vertices) _
i 2012.01581 (Displaced jets) [ o002=152im
£ | 180805082 (2u+2jets)  <003lm
; 2110.04809 (Displaced leptons)  0.0001-10m
i 2012.01581 (Displaced jets) _
g 2012.01581 (Displaced jets) 0.006—0.55 m
g 1906.06441 (Delayed jet + MET) 0.32-34m
g 2012.01581 (Displaced jets) 0.007-0.36 m
g 1802.02110 (Jets + MET) <lm
§ CMS-PAS-EX0-16-036 (dE/dx) >0.7m
¥ CMS-PAS-EX0-16-036 (dE/dx + TOF) >7.5m
i 1801.00359 (Delayed jet) 60-1.5e+13 m
G 1801.00359 (Delayed jet) 50—-3e+13 m
§ 1801.00359 (Delayed pp) 600-3.3e+12 m
x* 2004.05153 (Disappearing track) 0.7-30 m
X 1909.03460 (Disappearing tracks + jets with M) 0.11-10 m
X 1909.03460 (Disappearing tracks + jets with M) 0.26-2m
X 1909.03460 (Disappearing tracks + jets with M) 0.25-9m
x° 2212.06695 (Trackless jets + MET) 0.04-12 m
X? 2212.06695 (Trackless jets + MET) 0.05-24 m
Xg 1909.06166 (Delayed y(y)) 02-6m
7 2110.04809 (Displaced leptons) 5e-05-2.65 m
X 2205.08582 (Displaced dimuon) 5e-05-5m
X [2112.13769 (Displaced dimuon using scouting) 0.0001-0.25m
X 1411.6977 (Displaced dielectron) 0.00012-25m
X 2110.04809 (Displaced leptons) 0.001-0.12 m
X 2012.01581 (Displaced jets) 0.001-0.53 m
X 2110.13218 (Displaced jets + Z) 0.004-0.248 m
X 2107.04838 (Hadronic decays in CSCs) 0.12-450 m
X 2107.04838 (LLP decays in CSCs) 0.02-23 m
Xpk 1810.10069 (Emerging jet + jet) 0.0022-0.3 m
1 1 1 1 1
1077 107 1073 107! 10! 103
ct [m]

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included). The y-axis tick labels indicate the studied long-lived particle.
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140 fb~!
132 bt
140 fb~!
132 bt
36 fb?

118 fbt
132 fb!

132 bt
137 fb~!
132 bt
36 fb?
13fb7!
13 fb~?
39fb!
39 fb?
39 fb!
140 fb1
137 fb~!
137 fb?
137 fb~!
138 fbt
138 fb~t
77 fo!
118 fb~!

98 fb!

101 fb~?

20 b1 (8 TeV)
118 fb~!

132 bt

117 fb~!

137 fbt

137 fb!

16 fb~t
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Compact Muon Solenoid
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Displaced jets search

-1
CMS 132 b (13 TeV)
3500 — —_
pp — §9, § ~ 9gG GMSB | L
95% CL NNLO,,,ox+NNLL exclusion (-
= = Expected = 1 0,y -~ CMS delayedjets | =1 2
3000 (arXiv:1906.06441) | 4 O
= Observed =1 Olheory ] ()]
— ] 7
7))
)
2500 O
&
107
2000
1500 10—2
1000
0
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1400

1200

1000

800

600

CMS

t > d7

132 b (13 TeV)
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pp T T—=d A
95% CL NNLO

RPV

x31

+NNLL exclusion

approx

Expected =1 o

experiment
Observed = 1 oy,

16

cross section [fb]
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Displaced jets search

2500

2000

1500

g — tbs

CMS

132 b (13 TeV)

95% CL NNLO

approx

= Expected

Observed

05/09/23

pp —~ §§, § — tbs

1.5

A" s RPV
+NNLL exclusion

=1 0experiment

= 1 cjtheory

2 25

Iogm (ct,/mm)

3 35 4

1 — —
0
=, % 2400
s O
= 1—~2200
m E
0 2000
(7))
(7))
g 1800
1
10 1600
1400
1200
1000
1072 800

-1
CMS 132 b (13 TeV)
pp - T,T—-dd " dRPV
311
95% CL NNLO,,,0,+NNLL exclusion

0.5
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= = Expected =1 6,0 iment

Observed =+ 1 Otheory

1.5

25 3 35

Iog10 (ct,/mm)

cross section [fb]

107"
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pp = XX — 4
8 132 b (13 TeV)
E 10% I I IIIIII| I I IIIIII| I I IIIIII| I I Illlllg
".g. 107;_C|V|S 95% CL upper limits _;
= —e— Observed 3
100 e Median expected
- 68% expected .
10° Jet-jet model © m,=50GeV 3
1043_ = m,=100GeV -
S v m, =300 GeV
100k m, = 1000 GeV -
102 _
10k z
1 T =
107 e .
10—2_| | | IIIIII| | | IIIIII| | | IIIIII| | | IIIIII|_
1 10 10? 10° 10*
CT, [Mmm)]
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Displaced jets search

125GeVH - SS S — dd

o/og,(9g—H)

05/09/23

107
10°
10°
10*
10°
10°

10

1

132 b (13 TeV) 10
% T T TTTTI T T IIIIII| T T IIIIII| T g I
- o, imi ] 6
:gCMS 95% CL upper limits 3 ;l‘» 10
- — Observed ] D 4p
= e Median expected = c%
B 7 4
£ 9g — H, m =125 GeV 68% expected 3 o 10
;gHeSS,Seda = mg=15GeV p © 10°
- v mg =40 GeV E ,
E = 10
3 E 10
\// _é' 1
= 107
= / 10_2
3 . E 107
:[ | | IIIIII| | | IIIIII| | | IIIIII| | I: 4
1 10 10 10° 100
Ct, [mm]
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125GeV H—-SS S — bb

132 b (13 TeV)

CMS 95% CL upper limits

— Observed

------ Median expected
gg — H, m =125 GeV
68% expected

H—-SS,S —bb

Y mg =40 GeV
* mg=55GeV

IIIIIIlI] IIIIII.I.I] IIIIII.I.I] IIIIIII.I] IIIIIII.I] IIIIIIlI] L LIt

IIIIII|'|] IIIIIIﬂ] IIIII|T|] IIIII|T|] IIIIII|'|] IIIIII|'|] IIIIIIﬂ] T TTHH

\

—IIIIII.I.I] L1l

| | IIIIII| | | IIIIII| | | IIIIII|
10 10? 10° _
CT, [mm]

— _IIIII|T|] IIIII|T|] TTTI
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“T==CMS sensitivities to H — LLPs with hadronic decays

125 GeVH — SS — bbbb

’ CMS Preliminary May 2021
/(;)\ : I‘ IIIIIII| FIIIII‘Il I IIIIIII| IIIIIIIII T IIIIIII| T IIIIII'I|, T II} E ;} /»j .
& -\ . / © 1f J¢+displacedjetst  [qrXiv: 2110.13218]
1 o 1, S 1/ 7| _Exo-20-003 | 9
= B ’ ) ,/ / / < 1170713 TeV
m - \“ :I g \ / :' // T == mg=15 GeV
c 1 \ Y — -m, = 40 GeV
S 10k F W4 O | —m,=55GeV
é = \\ : /Y // E':ii’|s|OIaced ‘2
= - Sef Y 1| eoreorser | [arXiv: 2012.01581]
@ [\~ t Y | T
% NV // — - mj _ 40 GeV
-] 10—2__ :' / --| = mg,=55GeV
Cl) - \ 4 d ——
— ) 0' / = i < °
0 — \ S h—s>ss—4b 7 |__EX0-20-015 [aerv. 210_7.04838]
S - U Y W 1 T m 13 Tev
(o)) B \.\ PR/ 7 === my=15GeV
31 | —-mg=40GeV
10 = 4 —m,=55GeV
Tllll 1o IIIIII| 11 IIIIII| 11 IIIIII| 11 IIIIII| 111 III| 11 IIIIII| 11 IIIIII|—
10 1¢ 10° 10* flo° 10° 10
ct, [mm]
Inclusive displaced jets
Z+displaced jets
Hadronic CSC decays
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~ATLAS sensitivities to H — LLPs with hadronic decays
__ ATLAS Preliminary (March 2022) 13 TeV, 36-139fo"' Hidden Sector, m, = 125 GeV
v 1 o e e
7 =8 : Selected ATLAS results
I E “: 3 95% CL observed limits
il — Contributing searches:
Muon System (2 Vtx Only), 139 fb™

107" arXiv:2203.00587

Muon System (1 Vix + 2 Vix), 36 fb™
Phys. Rev. D 99 (2019) 052005
Calorimeter, 139 fb™’

arXiv:2203.01009

Tracker+Muon System, 36 fb ™’

T pr - [ T T WY AR [ S — Phys. Rev. D 101 (2020) 052013

Tracker (LRT), 139 fb™"

I IIIIIII|
| IIIIIIIr [ 1 111l

e~ © JHEP 11 (2021) 229

= : 5] e Tracker (b-tag), 36 fb™

- O: 2 © _ JHEP 10 (2018) 031

n: = D Monojet, 139 fb™

1073 B A NS LT ATL-PHYS-PUB-2021-020

= = : 3 =m H-inv,7-8-13 TeV combination

- z - ATLAS-CONF-2020-052

: : LLP masses:
10—4 5[ 1 I;llld 11 IIllld 3! 1 llllld 11 lIIIM 1 1 lllld 1 1 lllllll 1 1 IIIlIll 1 1 IllIIII :3:-| | |||||" .5_8 Gev . 15_20 Gev 25_35 Gev

10> 10* 10° 10% 10" 1 10 10° 10
40 GeV 45-60 GeV [l Any
ct [m] . .
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~u= CMS sensitivities to split SUSY

_Fall 2020 132-140 fo™ (13 TeV)
310 E I IIIlIIII I IIlIIIII 1 lIIlIIII I IIIIIIII I IIIIIIII I IIIIIIII I IIIII%
5 .. CMS Preliminary =
cC 10 = pp—959,§—qq >~(° Delayed jets (1906.06441) 5
(e - 1 -
:E 10° | m.. = 2400 GeV Displaced jets (EXO-19-021) ]
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