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Introduction

€ controls Zp

K controls production |ifetime o
e Long-lived particles (LLPs) could manifest via decay to detectable SM particles — e.g. via B(H - ZpZp) \
displaced dimuons — at significant displacement from the interaction point )
e Presenting a new generic, inclusive CMS search for LLPs decaying into pairs of u
oppositely charged muons: arxXiv:2205.08582, submitted to JHEP K Zp <
H— — —o— — — Dark photon
® Results interpreted in the framework of two commonly used benchmark models Hp 7D .

SM Higgs boson

i ith the dark-
Hidden Abelian Higgs model (HAHM) Y AYA W AR ] g?;srﬁlitggz beos§;

e Introduces a dark Higgs field (Hp) that mixes with the SM Higgs field f
e Hp decays to two long-lived “dark photons” (Zp), which can decay into muons ~
I
e B(H - ZpZp) characterised by parameter k, whilst Zp lifetime by kinetic mixing
. . /
BSM Higgs boson decaying to LLPs LR ERTITIESE \4dil-d]| ] /< L
, _ _ _ BSM Higgs N
® Beyond SM Higgs boson decaying to two scalar LLPs (X), which may decay into muons | b - — —<
X
e A wide variety of possible kinematics: mg, My, and cty > \ f
Supplementary material for reinterpretation in HEPData record: 129518 ¢
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Displaced dimuons at CMS

CMS Experiment at the LHC, CERN . Standalone Fuors
Data recorded: 2018-Aug-06 20:55:09.982700 GMT
Run / Event / LS: 320917 / 2808532235 / 1776 Interaction point

@® Combined vertex
-= Hypothesised long-lived particle

A candidate collision for a long-lived particle that decays into a pair of muons away from the interaction
point, reconstructed in the 2018 data taking of the CMS detector.



Displaced dimuons at CMS

e Search, with 97.6 fb~! of data at 4/s = 13 TeV, for LLPs decaying into displaced dimuons within and beyond the CMS silicon tracker
e Two types of reconstructed muons:

e STA: stand-alone (muon system only)

e TMS: Tracker + muon system

e Therefore, search in three exclusive dimuon categories: FIASIEY, RIAREML, and RLERLYEY.

e Equivalent to three separate searches; unique selection requirements and background estimation procedures in each

L L B AL S B B B B
CMS Simulation

Standalone muon pair

Reconstructed also in the tracker

Muons re d onlyin
the muor

©
~

o

N
PILFLIII

Ny

”

>y,
, %
>

>
o
S
o 1= = Sk e et b e —
3 = : X
E |
[ J
2 0.8 -
(o) o L
:é o O—XX—pp+anything
S 06, $ TMS-TMS
= % } STA-TMS
o - 4 STA-STA
o
©
©
[ S
L

»$°

e L

' Ly 1
50 100 150 200 250 300 350t 00
Ly [om]

31 May 2022 Muhammad Ansar Igbal 4

o
o

Muon detectors




Triggers, and key variables utilised

Dedicated triggers requiring two muons only reconstructed in the muon system (|n| < 2.0 and pp > 28 (23) GeV for 2016 (2018))
For 2016: 3D angle between the two muons @ < 2.5 rad to suppress cosmics, m,, > 10 GeV

For 2018: @ and m,,, requirements removed in 2018 to be optimised in the analysis, and have more control regions; signal
efficiency improved by complementing with a different trigger with different “seeding”; triggers studied using cosmics

STA-to-TMS muon association: Drastically suppress prompt background in the BIASIEAY and BYEARIVY/N] categories
L,, significance (ny/any): Transverse decay length, normalised to its uncertainty; expected to be large in signal

d significance (do /0 4,): Transverse impact parameter, normalised to its uncertainty; n
0 1
expected to be large in signal

Collinearity angle (|A®|): The angle [0, ] in the transverse plane between the L,

AD
and dilepton pt vectors; expected to be small (< 1t/4) in signal
pp
Muon pt > 10 GeV, track quality, and dimuon vertex quality CcV Py
Dimuon invariant mass (m,,): Expected to be close to the hypothesised LLP mass N
’
. . PV ’
STA muon timing and direction o ': n,
14
TMS muon isolation dy(n) ’
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Rqcp

Background

A displaced dimuon signature for m,,, > 10 GeV practically absent from the SM;
the background in the search comes from misreconstruction of muons/dimuons

Prompt high-mass dimuons misreconstructed as displaced due to instrumental

or reconstruction failures; referred to as EEILGH LI IIIi:k: no preferred ny
direction w.r.t. pr" = ~symmetric in |A®| (top right figure)

Dimuon decays of non-prompt low mass resonances, cascade decays of b
hadrons, unrelated non-prompt muons in the same or different jets; referred to
as ; ~asymmetric in |A®| (bottom right figure)

Background evaluation using large |Ad®| and same-sign dimuons as proxies for
YA and backgrounds, respectively, and transfer factors Rpy and Rqcp

Rpy and Rqcp derived from measurement region dedicatedly designed for each
category (discussed in the coming slides)

Ry~

OS

SR DYCR
acocR | QeDCRI s

|[A®| < /4 /4 < |AD| < 1/2 /2 < |A®| < 31m/4 |A®| > 31t/4
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STA-STA dimuon category

36.3fb" (13 TeV)
———
& Observed

® Provides sensitivity to LLP decays beyond the tracker volume

s o ——— E
it = CMS STA-STA [ Drell-Yan (predicted) 3
E 25— " o QCD (predicted) =
e Dedicated displaced standalone muon ID and reco., developed using cosmics 5 LE S B Stat. uncertainty
w = 3 e
Require L > 6 ° 1K
e Require o ]
q xy/ Lyy 0 3 B
3 &
: : . . 5 1 I
e Cosmic muons an important background; suppressed by requiring muons with , st codod B
good timing, and inside-out direction, cos & > —0.8 (—0.9) in 2016 (2018), and 3 ¢ . . ' O D555 =
conditions on number of dimuon segments, rejecting dimuons wherein a muon is < g R
. . . g 1 : s
back-to-back with a third muon with pt > 10 GeV and |At| > 20 ns S S S
ny/(sny
e IN4and transfer factor
measurement regions defined by 363 fb” (13 TeV) 613107 (13TeV) [
i i h 3 35_l|.lllllllllCl)bIlldEt;Il2lllt)lllll- g I ' & Observed (iofal: 16 events) 7 28
- - o) - é serve otal: 2 events ] o) - é serve otal: events ] = =
inverting the STA-to-TMS muon - 30:_CMS —— H-Z,Z(20 GeV,8=1><10’2)><4 e ~ 30:—CMS —— H-Z,Z(20 GeV,8=1><10’2)><4 e 2s
iati [2] C . — H>Z Z (50 GeV,e=4x10%x8 4 [2] C . —— H>Z,Z,(50 GeV,e=4x 10%) x8 [
association CICJ . STA-STA [ ] DreIIR(aDn (predicted) E CICJ C STA-STA [ ] DreIIR(aDn (predicted) 1 EE
> 251 QCD (predicted) ] > 251 QCD (predicted) = E>‘ &
. . LLI C B Stat. uncertainty . LLI C B Stat. uncertainty . o g
e Background evaluation validated soF- Total bkg. (unbinned): 2.7 %% events 3 ooF- Total bkg. (unbinned): 6.3 events [l
; - . - 1 B
. - . = 2 4
GeV, and small [An,,, | regions . . Broanchon 1 B
10:_ —: 10K 820HXHRK xl: _: § é
e No significant excess observed s E 5 % 1 EE
above the background-only S S S A B S £z
hypothesis 0=%0 40 60 80 100 120 140 0720 40~ 60 80 100 120 140 53
L =
m,,, [GeV] m,, [GeV] Rs
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Events / bin

TMS-TMS dimuon category

61.3fb" (13 TeV)

e Much better muon pt resolution, and dimuon mass resolution compared to the g g T T T T g
. . 5 . CMS TMS-TM é DreSIﬁY:n (predicted)
other categories; much better d resolution (O(10 pm) compared to O(cm) for ~ 10 2 <min(d/o,) <6 QCD (prodicted)
. . [2] i
STA muons), which allows us to probe displacements smaller than a few cm £ 0 VR B3 Stat. uncertainty
>
L
e Muon isolation great handle to suppress background; dedicated tracker isolation 10
= N - 10
° ny/any> 6 and min(dy/04,) > 6; splitinto three subcategories based on |
min(dy/04,) to enhance sensitivity
107"
o [ transfer factor measured in inverted 2, and transfer factor in inverted 8 1of | | | | |
e 1.
IS Olatl On re glon \ afWto00oo90ofo,o000090ooooo‘%@‘o.uv.o.f.o.o.0.9.0.0.’.0.0.0.0.@0.
é 05F ¥
e Background validated in 2 < min(d,/o,;.) <6 and /4 < |A®| < 1t/2 regions % 5 10 15 20 25 30
0 d L./
0 xy' OL
e No significant excess observed above the background-only hypothesis
e 36.31b (13 TeV) 25 36.3fb' (13 TeV)
LI L L LA B LU LR B DL RN DL L L T T T T T TTT T T T T T T T T TTT T T T T T T T T T TTT T T
CMS & Observed , _% [ CMS ®  Observed (total 6 events) I Drell-Yan (predicted) H—Z,Z,(20 GeV, € = 5x107, ¢t = 2.2 mm) X 12 ]
. _E*?%D%S gg&%%]g};%z - | Total bkg. (unbinned): 7.5 *°% events QCD (predicted) H—Z,Z,(50 GeV, & = 7x107, ct = 0.4 mm) x 8 ]
10 TMS-TMS ;Dr—e)“_DY "ol (predicfe% ) %20'_ TMS-TMS BRZR) Stat. uncertainty ]
QCD dicted [ ; ; ; ]
. ! S sprtoion) z o1 6 <min(d /o) < 10 10 < min(d /o) < 20 min(d,/c,) > 20
! i
, : Signal regions 19
10 E —_— E [
E | E
= I I ] 10k
10g Mo ' E ;
1 _g I 3 IX:‘KKK!X)‘:ii X lx% !! 5 |
§_‘—'_i K g;. g; B
1071 __I_I_I_I_IJ_I_I_I_EIE:)(' AXK 555 ;:E ':XS R I o= 2 st St e R e s s i e Bt S il Sl 8 e e R Y o & 2t 2
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STA-TMS dimuon category

61.3fb" (13 TeV)

e Provides additional sensitivity at intermediate Ly, g CMS  statms & Obseved
> , 8 Drell-Yan (predicted)
Qo0 /4 < |AD| < /2 QCD (predicted)
. . . . (2] i
e Dimuon mass resolution in between that of the other two categories, muon py £ VR BB Stat. uncertainty o
. . . S 102 >
and d resolution drastically different between the two muons W ~
10 \";'
° ny/any> 3 and dgy/a4,> 6; inherits requirements from both the other 1 3 Y g
. . . . XXX esesasesetetets: IR 225805008 XXX o | —
categories, optimised independently o s s sy I
3 2-2 ' SIS SO IR I
. . . . = [ e S s s X S
e Additional selection requirements, e.g. tracker hits upstream of the CV, L, < e S R s SERRREE
- & osf e
dependent number of tracker layers, and the angle between L,,, and ﬁ%MS O ol e "-"-'d-‘/fm
o Oq,
e |04 and transfer factor
; ; 36.3fb" (13 TeV) 613" (13 Tev) [
measurement regions defined by c 30IIIIIIIIIIIICI)bIIId(IttIIISIIIt)IIIII- c 30IIIIIIIIIIIICI)bIIId(IttIIISIIIt)IIIII- 5
H 1 o) é serve otal: o evenis - o) é serve otal: o evenis - = =
inverting the STA-to-TMS muon = CMS — Ho2Z;Z,(30 GeV, £ = 6x 109 x 40 = CMS — Ho2Z,Z5(30 GeV, e = 6x 109 x40 ] [N
Pt w 25 R —— H—>Z_ Z,(60 GeV, £ =3 x 10%) x 40 — v 25 R —— H—>Z_ Z,(60 GeV, £ =3 x 10%) x 40 — o
association o STA-TMS [ ] DreIIR(aDn (predicted) ] o STA-TMS [ ] DreIIR(aDn (predicted) ] o€
o QCD (predicted) . o QCD (predicted) 1 EEE
. . w 20 X Stat. uncertainty — w 20 X Stat. uncertainty — 5 g
o Background evaluation validated Total bkg. (unbinned):3.5f;:2 events N Total bkg. (unbinned): 8.9f2; events 1 R
in2<dy/oq,<6and /4 < 15 3 15 1 B
: ] 1 BE
|A®| < 1/2 regions - 1 B
105, - 10 ks 4
x’gx - xx - ; ©
i ] & 1 EE
® No significant excess observed 585 . ] B N I _ 1
000 8K - K K SEEALELLLS KL El £ 5
above the background-only Rl s s SERES IR © 2
hypothesis 0=%0" 40 60 8 100 120 140 0=%0° 40 60 8 100 120 140 53
m,, [GeV] m,, [GeV] Ea
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Results

® 95% CL upper limits set on a(® — XX)B(X — up) for the BSM Higgs model, and 6(H - ZpZp)B(Zp — up) for the dark photon
model (example below left)

e Sensitivity dominated by RREV/ERLYM at small and FIESSIEY at large lifetimes, with RIERIYSY contributing at intermediate lifetimes

e Two-dimensional exclusion contours in the mz_-€ space also derived (example below right)

® The search able to cover:
e alarge range of LLP masses — from 10 GeV to several hundred GeV
® alarge range of boson masses mgy — up to 1 TeV — for the BSM Higgs model

e many orders of magnitude of displacements (evident from the plots below)

6 97.6 b (13 TeV) 97.6 fo' (13 TeV)
10 95/ CL I ) w 10_3 I T T T T I T T T T I T T T T I T I(HI ZI ZI)I 1I/I T I
5 %o upper limits: Bl BH-Z Z)=1%
10 CMS — Combined observed 4 CMS BN B(H—Z,Zp) =0.1%
10 m, = 125 GeV - - Combined expected (median) 10 95% CL exclusion contours B(H—>Z2pZp) = 0.05%
m, =30 GeV Combined expected (68% quantile) g(:_’ngD) B 8'885:3/
B(E —suy) = 0.140 Combined expected (95% quantile) 107° (H=2ZZp) = 0.005%
b - - STA-STA expected (median)
- - TMS-TMS expected (median) . \
' -- STA-TMS expected (median) 10
1077
10°®
107
1 0_1 O | TSR R T T N W W T T NN WA T T W N T T W WA N TR R NN N |
1 0—3 1 0—2 | 0—1 1 1 O 1 02 1 03 1 04 1 05 1 6 1 0 20 30 40 50 60
S emf m(z,) [GeV]
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Results

Best limits yet for most considered masses and lifetimes

e For the Hidden Abelian Higgs model with mz_ greater than 20 GeV up to half the mass of the Higgs boson: for ctz values
between 0.03 and ~0.5 mm (varying with my_), and above ~0.5 m

® Inthe complementary range, between 0.03 ~0.5 mm (varying with mz_), best limits by another CMS search — JHEP04(2022)062
(dimuon scouting, i.e. with a dedicated high-rate data stream)

® For exotic scalar boson masses larger than the Higgs boson mass, for all considered LLP masses and lifetimes
CMS Preliminary March 202 CMS Preliminary March 2022
< 1 ET T\ T T p s vy Displaced leptons < 1 BTy T g g n e gty Displaced leptons
P - - X—ee/uy, mx=50 GeV P - - X—ee/up, mx=30 GeV
T - 7 2110.04809 T - 1 2110.04809
< _ e _
o 10 1 S "3 =Dimuon scouting o 10 1 S "3 =Dimuon scouting
C o B(X—up)=0.13, m =40 GeV C o B(X—up)=0.24, m =2 GeV
S - 7 2112.13769 S C 7 2112.13769
E 1 0—2 = “3 - Displaced dimuon *E' 1 0—2 = \E Displaced dimuon
£ = N | 5013, m, =40 GeV £ = 2 |B(X-uw)=0.14, m =20 GeV
s u 1 |EX0-21-006 s u 1 |Ex0-21-006
% 1 O_3 L3 -5 —Z + displaced jets % 1 0_3 = -5 —Z + displaced jets
S = 3  X-bb, m =55 GeV S £ 3  X-bb, m=15GeV
— = 4 211013218 — - 4 211013218
@) B ] O - -
N 1074 = -z —Displaced jets NS 1074k --| —Displaced jets
s = 3 X-dd, m,=55 GeV A = 3 X—dd, m=15GeV
o C 1  2012.01581 o - 1  2012.01581
1 0—5 - __| =Hadronic MS 1 0—5 - __| =Hadronic MS
Bl i il i il il el il ] XOTE M=55 GeV Bl i il il vl il ced il e XTT M =7 GeV
10" 1 10 10% 10° 10* 10° 10° 107 “°"** 10" 1 10 10° 10° 10* 10° 10° 107 “°""*
CT, [Mmm] T, [Mmm]
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Conclusion and outlook

® Presented a new generic search for LLPs decaying into displaced dimuons over a wide range of displacements
e Search divided into , , and dimuon categories to enhance sensitivity

e Dedicated event selection and background estimation in each category

® Results compatible with the standard model predictions

e The derived 95% CL upper limits best constraints to date for most considered masses and lifetimes

Cosmic ray muon data

(=]

> AL A LA AL ENL L B I AL R R R B
% 14 CMS pS™ > 28 GeV, 2018 pt' thresholds E
;g 12 & Data (pi'>7Gev) ? O-XX (P> 7 GeV) 7
e Sensitivity of the search limited by the trigger L] L ¥ Data (p}'>15GeV) 7 0-XX (pt'> 15 GeV) :
. . . . . : ::: '— :
® Exploring trigger improvements for the upcoming data taking to 08k : —e— =
allow improve the sensitivity of the search beyond just gains : —e— :
from increased luminosity 0.6 | HH:H -]
- —v— ]
04 H -
02F —+ E
: ! PR S A L]
0
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Recap of results from the CMS dimuon scouting analysis

101 fo'! (13 TeV)

101 b (13 TeV)

= =
= CMS —-H->ZZ, —>2u2X — Observed limit (95% CL) = cMs —->H->Z7Z, - 2u2X — Observed limit (95% CL)
N 99 DD u N , p4D u
102 ) o 10~ ) -
........ M | o Median expected limit
ug CT€D=1 mm edian expected limit uo C‘C(Z)D=1 00 mm i XP! imi
Q I 68% expected q I 68% expected
N‘Z 1073 95% expected NZ 10° E | 95% expected
N N =
T T -
I 10" T 104
Q I - =
o E \
107 10°®
1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1 EI 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1
0.7 1 2 3 4 5 6 78910 20 30 40 50 0.7 1 2 3 4 5 6 7 82910 20 30 40 50
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D D
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— - - 1 =
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= BlZp = py) from JHEP 02 (2015) 157 o 2 B{Zp— pp) from JHEP 02 (2015) 157 g
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1 = 07 et
10’
-4 -8 -4
10 1 10
1ﬂD 0 \
107" - 1w0* 107 10"
07 1 2 3 4 5 678910 20 30 40 50 a7 1 2 3 4 5 B 78910 20 30 40 50
m, [GeV] m, [GeV]
I Zy

31 May 2022

Muhammad Ansar Igbal

JHEPQ4(2022)062



http://dx.doi.org/10.1007/JHEP04(2022)062

