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The CMS LLP program ca. 2016 . 1
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The CMS LLP program today

=== neutral
— Charged
3Ny charge

Displaced dileptons (+ MET)
Displaced dimuons in

Muon detector the muon system
showers g/

HSCP X Displaced/delayed
photons (+ MET)
Disappearing

traCkS ‘_':_.‘ ------------ >

Displaced/delayed o
dijets /’?

Displaced vertices

" (+ MET)
Emerging jets

W BSM
M lepton

W quark
photon

B anything

7/1/24

Recent CMS LLP Results | A. Frankenthal | LLP2024




The CMS LLP program >

Fraction of CMS EXO searches involving

* Rich LLP program LLPs (very roughly)

encompassing many areas
* BSM LLP searches have been

carried out since dawn of -
LHC ik
29%829% 6%
* But dramatic growth in the =
past several years I
: M EZ 10% 9% [10%
* Very active area of research l I l I
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Developments across all fronts %

Compact Muon Solenoid
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Many new CMS results since last year!

8 new LLP results over the past year in this workshop
Will briefly highlight major aspects of each at a “high level”

Make sure to attend the talks to learn more!
Heavy Stable Charged Particles
Emerging jets
Displaced vertices + MET
HNLs in the muon system
HNLs in the B-parking dataset
HNLs in semi-leptonic decays
Early Run 3 displaced dimuons
Early Run 3 displaced dijets




- Heavy Stable Charged Particles (HSCPs)

CMS-EXO-18-002

HSCPs are hypothetical LL heavy particles that
travel much slower than ¢

Can be detected via unusual tracker ionization
energy deposition (dE/dx)

CMS developed two data-driven background
estimation methods to cross-check any
potential excesses

First full CMS Run 2 HSCP result is now public!
Check out Larry Lee’s talk for the full scoop
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https://indico.cern.ch/event/1381368/timetable/
https://cds.cern.ch/record/2893595/files/EXO-18-002-pas.pdf

Heavy Stable Charged Particles (HSCPs) = \

Y
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ATLAS found a 3.30 global excess in their Run 2 analysis CMS-EXO-18-002

But CMS does not see any excesses in the same region
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EmergingJEtS 2403.0155 | = \

CMS-EX0-22-015

* |If dark sector features QCD-like

symmetry, LHC could produce dark
quarks and mesons

* CMS studies this possibility by
searching for “emerging jets”

Displaced Di-Jet Emerging Jet

10° 138 fb~' (13 TeV) 138 fb~" (13 TeV)
My, = 10 GeV

10’

10'

* New powerful GNN-based tagging £
method to increase sensitivity

100 100

* Latest search does not find evidence
for this model

i
1 10—1 10F : _E 10—1

Ll

* See Claire Savard’s talk for more
details!

95y, CL upper limit on cross section [fb]
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https://arxiv.org/pdf/2403.01556

- - Mas, ;
Displaced vertices plus MET » 1

Z=
o\ \\

PRD 109 (2024) 112005
CMS-EXO-22-020

—

* New search for mildly displaced vertices
(inside the beampipe), accompanied by
MET

* Vertices from LLP decays are required to
have at least 5 tracks cms ST (13TeY)

g —qay
() A neW ML algorithm improves the AM(@@ %) =100 GeV =Zz: Expected +1,2s.d.(exp)| -
background rejection by 10x

* Can require only one displaced vertex
now, also reaching sensitivity to much
more compressed scenarios

* See more details in talk by Ang Li

95% CL upper limit on 6 B? (fb)

0.1 1 10 100 1000
ct (mm)
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HNL searches
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Heavy Neutral Leptons (HNLs) are a
popular way to explain nonzero
neutrino masses via “seesaw”
mechanism

HNLs could be long-lived since their

lifetimes are inversely proportional to
5 14 |2

my |V

CMS recently introduced an entirely
new experimental signature: muon
detector showers (MDS)

Clever use of muon system as a
sampling calorimeter, extending LLP
sensitivity at very large displacements

HNLs and muon detector showers %

CMS Experiment at the LHC, CERN

:% Data recorded: 2018-Aug-25 19:24:18.639048 GMT
f/g Run / Event / LS: 321780 / 611644854 / 359

Check out‘Christina
Wang's talk! -
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: chs, !
HNLs in the muon system > 1

Yy -
<

* Now we have published the first search for HNLs using MDS! 2402.156-8
CMS-EXO-22-017

* The very large displacement acceptance translates to exquisite
sensitivity to small Vyy; values in the mass range 1--3 GeV

* See talk by Martin Kwok for more details!
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https://arxiv.org/pdf/2402.18658
https://arxiv.org/pdf/2402.18658

CMS /'

HNLs in the B-parking dataset »
‘\\_\\ \\ \\
416" (13 TeV) 2403.04584
* We present a search for LL a'roms CMS-EXO-22-019
HNLs in our Run 2 B-parking &« /bl e, —ooomsmn 3
dataset D =10 e
* Look for HNLs produced in B " ;
meson decays: B — [z NX, ] e et s rev)
N — lﬂ: 2_ ﬂ M M_ '¥1.0 Dirac-like 10.0
. e e eg s o 194 ey m g 0.9 Mn=1.0GeV
* Provides excellent sensitivity in  *5 5™ 0 e s

intermediate my ranges, ~3-6
GeV

* First EXO search using parking
dataset! Anne-Mazarine Lyon’s
talk will cover this result

0.00.10.20.30.40.50.60.70.80.91.0 '
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HNLs in semi-leptonic decays >

CMS-EXO-21-011 [F——

* We also search for HNLs decaying _ st (1300
semi-leptonically = \ems 9i/§{j""d;mtd
* Specialized ML algorithm to -t o o5 oxpered

reconstruct the displaced vertex _
consisting of a nonprompt lepton 1073
and merged jet :

1076:—

* Provides the best sensitivity in the
11-16 GeV my range

107; Dirac t
* See talk bV I\/Iohamed Darwish fOF B (R R VST R 1o
more i [GeV]

7/1/24 Recent CMS LLP Results | A. Frankenthal | LLP2024 15


https://indico.cern.ch/event/1381368/timetable/
https://cds.cern.ch/record/2892670/files/EXO-21-011-pas.pdf

Compact Muon Solenoid

Early Run 3 results
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Displaced dimuons in early Run 3 >

<O

JHEP 05 (2024) 047
CMS-EXO-23-014

/

General search for displaced dimuons

3 L i B B B B B B IR IR

Significant trigger improvements in > ECMS :
:E 10_1_5 H—Z,Z, =

Run 3 & [ m@E)=50Gev 7
.y . . 810_2_5 B(Z_ — pp) =0.122 =
Additional benchmark signal models : ;
tested g0 E E
Sensitivity comparable to Run 2 with g10°F 3
only 1/3 of the data 2 105 | Combined: ~ Observed: o

E T Dxpecied o5 quantle  — 19,6 TeV (386 o)

First EXO result with Run 3 data! 107 K uad vl o il vl v+l v+

10° 102 10" 1 10 10*> 10° 10* 1(;05[cn11?6
T

See talk by Mangesh Sonawane for
details
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Displaced dijets in early Run 3 >

z .\
o |

CMS-EXO-23-013

General search for displaced dijets

34.7 fb" (13.6 TeV)
LR LR T4

|I|l|

Huge improvements on trigger and 1 ety - E
object reconstruction using GNNs 10°E H s 85 -
C S%da ....... Phys. Rev. D 104 (2021) 012015 ]

132 b7 (13 TeV) -
10° mg=15GeV =

CMS, Z + disp. jets

New sensitivity to light LLPs with mass
< 60 GeV

Factor of 10 improvement over
previous results with only % of the
data

See talk by Jingyu Luo for details - ——e

CT, [mm]

- JHEP 03 (2022) 160 .
10 117 b7 (13 TeV) —

95% CL upper limits on B(H — SS)

7/1/24 Recent CMS LLP Results | A. Frankenthal | LLP2024 18


https://indico.cern.ch/event/1381368/timetable/
https://arxiv.org/pdf/2402.14491

Compact Muon Solenoid

EXO review papers
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Review papers =

Intense effort over the past year to produce comprehensive CMS
review papers

7 papers in total, 3 of which relevant to BSM (and LLP) searches:

Physics of Dark Sectors in CMS

Review of searches for vector-like quarks, vector-like leptons, and heavy neutral
leptons in proton-proton collisions at /s = 13 TeV at the CMS experiment

Enriching the physics program of CMS through data scouting and data parking
Recently submitted to Physics Reports

Very useful documents summarizing the many experimental results
published by CMS and the techniques employed

Could be read as (very) long papers or as used as a reference



CMS and dark sectors >

* Summary and combination of CMS searches for dark sectors

Hidden
Pseudo- Abelian
scalar Higgs

SUEPs

Emerging
jets
Neutral
natural-
ness

Axial-
vector

Fermion Hidden
Vector portal valleys

2HDM+a

Inelastic
DEENET
Simplified Extended

dark sectors dark sectors

Neutrino
portal

Dark sector

models in
CMS searches
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MS,
CMS and dark sectors B
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Compact Muon Solenoid

—

2405.13778
CMS-EXO-23-005

* Summary and combination of CMS searches for dark sectors
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CMS and dark sectors >

2405.13778
New summary plots of parameter space coverage CMS-EXO-23-005
[] [} [} ’
With several minimal models (e.g. pseudoscalar a and dark photon A’)
10,CMS 36-137 fo~' (13 TeV) 1 0_QCMS 35.9-101 fb~! (13 TeV)
;‘ ' ! ! ! ! ! [ ! ! ! | ! ! ! | ! ! ! w T T T T T T T T T T T T T LI B
[ I 0 - 7 hoaa-p*p-t*t-, 36"
o, | 95% CL upper limits JHEP 08 (2020) 139
2 2HDM+a
£ 80 tanB=1,sin6=0.35 | h—aa—t Tttt 36 »
i yom =1 1 Phys. Lett. B 800 (2019) 135087 107 N
| Ma=Mmy=my:=1TeV
601 - h - aa—-bbu*u-,36f"
! | Phys. Lett. B 795 (2019) 398 | \
1078 : .
h - aa—-bbt*t-, 36fb" |
40f //«\JL ] Phys. Lett. B 785 (2018) 462 B(h —2K)=1%
i W\O\\“ | 95% CL exclusion limits
| /,,/” ] h - inv, 137fb~! 1 0—8 | HAHM, 2p, 97.6 fb™" ]
20+ _ Eur. Phys. J. C 83 (2023) 933 JHEP 05 (2023) 228 \
i 1 Dark SUSY, 4y, 35.9 fb~!
Phys. Lett. B 796 (2019) 131
i 1 HAHM, 2y (scouting), 101 fb"
- : JHEP 04 (2022) 062
0 R [ S IR IR | 10—10 ] L] L
0 20 40 60 80 100 10-1 100 107 102
ma [GeV] ma [GeV]
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MS

CMS and dark sectors B
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2405.13778
CMS-EXO-23-005

* New summary plots of parameter space coverage

* Several LLP searches included in the combinations

- -1
CMS 132-140 fb™' (13 TeV) o CMS 1881 (18Tev)
;! 3500:I_I'I'I'l111'|_I_I'I'l'I'I11'I_I_I'I'I'I'I'I'I'Iﬁ_l'l'l'.l:l’:"l'l~ T ||:||||l~ T IILIIrri_l_l-m_ E E 3
s C 95% CL pp - T, T > 15, § - 86,8 » gg ] E |
(D -  observed limits mg = 100 GeV, mé =1GeV, mg = 90 GeV -1 < | 10 GeV
[l - —] o Maark = e
.. 3000F Stealth (SYY) SUSY (Prompt) Displaced jets ] e 104 E Unflavored model
E ™ A Phys. Rev. D 104 (2021) 032006 7, Phys. Rev. D 104 (2021) 012015 - © - E 95% CL upper limits
. MS Clusters Trackless and OOT jets - 1
2500 - 7 arXiv:2402.01898 7777, JHEP 07 (2023) 210 ] - 1 — Observed
B Displaced vertices ] 10° - E Expected (+10)
2000 7777 Phys. Rev. D 104 (2021) 052011 -] -
- - ___ Emerging jets (agnostic)
N ] - arXiv:2403.01556
1500 — ] 102 - Emerging jets (GNN)
i / —— ] g ] arXiv:2403.01556
B ' S . Muon system showers (CSC-only)
1000 / /) ] T arXiv:2402.01898
500F 7 & ] 10F E
- 2N\ — B
: ||——--....;-.;ﬂ{{[ﬁ”/ .1”“\ L1 1||;
102 10" 1 10 10> 10° 10* 10° N Y el AT
CT-~ [m m] 1000 1250 1500 1750 2000 2250 2500
S me [GeV]
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Vector-like quarks & leptons and HNLs | \

VLQs, VLLs, and HNLs are proposed new fermions to complete the SM
Several motivations: neutrino masses, baryon asymmetry, SM families, etc.

CMS has a comprehensive program to search for these particles (which
may be LLPs)

Z/v* W*/7

2405.13778
CMS-EXO-23-006



https://arxiv.org/pdf/2405.17605
https://arxiv.org/pdf/2405.17605

. CMs, |
Vector-like quarks & leptons and HNLs |«
\\ \\ (&)
VA
|
, 3000 fb™' (14 TeV) 36*-138fb" (13 TeV) CMS 35.9-138 fb~"(13 TeV)
3 10 %Illllllllllllllllllll IIIIIII|III|III|III|I /Q 08_ T T T T T |_ c\l_ I ||||||l| I IlIIIIII T ||III|I| 1 I|||||l| T I:
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© 10’ . L - ] > E — Observed E
= Vector-like lepton doublet-ele 3 8 07E — — F - E .
- _ O A ] - xpected .
E 95% CL upper limits 3 %_ N 7 E =
1;— -- Median expected _; 3 BN . 102k =l
g I 68% expected : N o NN NS ] ; Muon Channel -
10 o | o -] -3 il Prompt 12 + 2 displaced ¢ h
= 95% expected E s . 10~°F JHEP 07 (2022) 081 E|
3 = o] - Prompt 12 + >=1 displaced jet
, 7 = N\ n L JHEP 03 (2024) 105 ]
107 € E| 5 N S i 104L ___ Prompt 1€+ MDS -
- - % E arXiv:2402.18658 E
B 7 i B-parking 20 + .
10° = j 10~ i — arxv:240 04584 1
o 3 O E ___ Prompt3t=(e,mu,1) E|
10_4 ~ 1 N SN\ ey B arXiv:2403.00100 3
E = ) I o i Same-sign 20+jet 1
3 E % ................ ] 107°F — JHEP o1 (2019) 122 -
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* Data scouting and data parking B

>~ 3
2 | \\
R . CMS HLT rates and instantaneous luminosity averaged over one fill of a given data-taking year
Goal: increase the CMS trigger rate T2 e | '
2 20F :
Scouting: Save limited information per ;=
event, at trigger level (no offline N3 1 .
reconstruction) E T
Parking: Park the raw data until 5
availability of computational resources : 4 BN Bl BN B . 1 B
(delayed offline reconstruction) 2 7 s Loy . =
i _ O S . = = 7
Remarkable success at tar.getlng.low noN = | 1 Z Z Z
mass and rare processes (including tE =2 7 T = T T
- 2012 2015 2016 2017 2018 2022 2023
LLPs)
2403.16134

CMS-EXO-23-007
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Data scouting and data parking B

Many more low-mass dimuon events collected

Significant displacement improvement in Run 3

CMS

2403.16134
CMS-EXO-23-007

-1
CMS 32.0 fb' (13 TeV) and 17.6 fb' (13.6 TeV) g 96.6fb” (13 TeV)
= I ]
s 10 _E‘ Do Position of pixel detector layers: 29-68-109-160 mm O
g Eio g 108 Run 2 dimuon events collected in the standard and scouting data sets
= I Run 2 ~
3 10 g E e Standard single-muon and dimuon triggers
= . Run 3 210 Scouting dimuon triggers
£ 10°k
S =
£ 0 10°
N f
o : /%
S 10 £ 10° -
e E :
E’ : 10* E-___- P ReESSS - ',_‘
(w iy u
10° E
1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 I 1 1 1 :
20 40 60 80 100 120 10° . . i .
L [cm] 20 30 40 50 60 70 100 200
Y m,, [GeV]
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Data scouting and data parking B

Much lower scouting jet trigger thresholds than standard triggers
And very little penalty in performance despite trigger-level objects

34 b1, 2022 (13.6 TeV) 2022 (13.6 TeV)

1.04 1

| CMS Simulation + |ﬂ|<1 3 |
: 4 13¢|n<25

—
o
T

o :
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— —
|

Trigger efficiency
5
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® o 3
° e, é |
° o o ..% :
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0.6 :
| | —A—+—A—_‘_ i
i —h—
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0.4} —] B _._—.—_.—.__.—._—.—
—o—
° | —o— i
i . ] 0.96- ~* ]
0.21- ® -+ Scouting trigger | i
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Conclusions ».

The CMS LLP program is very active and has grown considerably in the
past few years

Several new recent results will be discussed in this workshop,
including our first two BSM searches with Run 3 data

We also have put a lot of effort over the last year to compile our
results into a set of review papers to be published in Physics Reports
This will hopefully be a helpful resource for many years to come!

Check out all the other exciting talks in this workshop!



