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Tell us about yourself

 What year are you in”?
* Any experience with data analysis? What will you/are you working on?

 What do you hope to get out of CMSDAS?

« Comments/questions?



Physics Beyond the
Standard Model

« Ample evidence of phenomena that the
standard model cannot fully explain:

e Dark matter
e Massive neutrinos
e Light Higgs

 LHC is a unique place to directly
search for new physics

 Highest energy accelerator

* High intensity collisions
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Selection of observed exclusion limits at 95% C.L. {theory uncertainties are nldg included).
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Hundreds of new physics searches at the LHC

New Physics Searches at the LHC

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits
Status: March 2023

ATLAS Preliminary

[£ dt = (3.6-139) fb?

\s=13TeV

Model (,y Jetst ET™ [rdt[fb™] Limit Reference
ADD Gkk +g/q Oe,u,7,y 1-4j  Yes 139 n=2 2102.10874
ADD non-resonant yy 2y - - 36.7 8.6 TeV n=3HLZNLO 1707.04147
ADD QBH - 2] - 139 n==6 1910.08447
ADD BH multijet - >3] - 3.6 9.55TeV n=6, Mp =3TeV,rot BH 1512.02586
RS1 Gyx — vy 2y - - 139 k/Mp = 0.1 2102.13405
Bulk RS Gy - WW/ZZ multi-channel 36.1 Ggk mass 2.3 TeV k/Mp; = 1.0 1808.02380
Bulk RS gxx — tt 1eu >1b,>1J/2] Yes 36.1 gkk Mass 3.8 TeV I/m=15% 1804.10823
2UED/ RPP 1epu 22b,>3j VYes 36.1 KK mass 1.8 Tev Tier (1,1), B(AMD — tt) =1 1803.09678
SSM Z" — ¢t 2ep B B 139 1903.06248
SSM Z’ - 11 27 - - 36.1 Z’ mass 2.42 TeV 1709.07242
Leptophobic Z” — bb - 2b - 36.1 Z’ mass 2.1 TeV 1805.09299
Leptophobic 2’ — tt Oe,u >1b,22J VYes 139 r/m=12% 2005.05138
SSM W’ — ¢v 1eu - Yes 139 1906.05609
SSM W’ = 1v 17 - Yes 139 ATLAS-CONF-2021-025
SSM W’ — tb - >1b,>1J - 139 ATLAS-CONF-2021-043
HVT W’ — WZ model B 0-2e,pu 2j/1Jd Yes 139 gv =3 2004.14636
HVT W — WZ — ¢v ¢’ modelC 3e,u 2j(VBF) Yes 139 gven=1,8=0 2207.03925
HVT ZZ - WW model B 1eu 2j/1J Yes 139 gv =3 2004.14636
LRSM Wk — uNg 2u 1J - 80 m(Ng) = 0.5TeV, g1 = gr 1904.12679
Cl qqqq - 2] - 37.0 21.8TeV 1, 1703.09127
Clttqq 2epu - - 139 U 2006.12946
Cl eebs 2e 1b - 139 g =1 2105.13847
Cl pubs 2u 1b - 139 g =1 2105.13847
Cl tttt >teu >1b>1j Yes 36.1 2.57 TeV |Cael = 41 1811.02305
Axial-vector med. (Dirac DM) - 2j - 139 84=0.25, g,=1, m(x)=10 TeV ATL-PHYS-PUB-2022-036
Pseudo-scalar med. (Dirac DM) O e,u, 7,y 1-4j Yes 139 8q=1, g=1, m(x)=1 GeV 2102.10874
Vector med. Z’-2HDM (DiracDM) O e,u 2b Yes 139 tanp=1, gz=0.8, m(y)=100 GeV 2108.13391
Pseudo-scalar med. 2HDM+a  multi-channel 139 tanpB=1, g,=1, m(x)=10 GeV ATLAS-CONF-2021-036
Scalar LQ 1%t gen 2e >2j Yes 139 p=1 2006.05872
Scalar LQ 2" gen 2u >2] Yes 139 =1 2006.05872
Scalar LQ 3" gen 17 2b Yes 139 B(LQ§ — br) =1 2303.01294
Scalar LQ 3™ gen Oe,u >2j,22b  Yes 139 B(LQ; »tv) =1 2004.14060
Scalar LQ 3" gen >2e,u,21721j,21b - 139 B(LQY - tr) =1 2101.11582
Scalar LQ 3" gen Oe, i, 217 0-2j,2b  Yes 139 B(LQY - bv) =1 2101.12527
Vector LQ mix gen multi-channel >1j,>1b  Yes 139 B(U, - tu) =1, Y-M coupl. ATLAS-CONF-2022-052
Vector LQ 3" gen 2eu,1 >1b Yes 139 B(LQY — br) =1, Y-M coupl. 2303.01294
VIQTT - Zt+ X 2e/2u/>3eu >1b,>1) - 139 SU(2) doublet 2210.15413
VLQ BB - Wt/Zb+ X multi-channel 36.1 SU(2) doublet 1808.02343
VLQ Ts5/3Ts3|Ts3 » Wt + X 2(SS)/>3eu>1b,>1]  Yes 36.1 B(Tsj3 = Wt)=1, c(Ts;3Wt)=1 1807.11883
VLQ T — Ht/Zt 1epu >1b,>3] Yes 139 SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
VLQ Y — Wh 1eu >1b,>1] VYes 36.1 B(Y — Wh)=1, cp(Wh)=1 1812.07343
VLQ B - Hb Oeu >2b,>1j,>1J - 139 SU(2) doublet, kg= 0.3 ATLAS-CONF-2021-018
VLL 7 — Zt/Ht multi-channel 21 Yes 139 SU(2) doublet 2303.05441
Excited quark g* — qg - 2j - 139 only u* and d*, A = m(q*) 1910.08447
Excited quark ¢* — qy 1y 1] - 36.7 only u* and d*, A = m(q*) 1709.10440
Excited quark b* — bg - 1b1] - 139 1910.08447
Excited lepton 7* 27 >2j - 139 A=14.6TeV 2303.09444
Type Il Seesaw 234e,pu >2j Yes 139 2202.02039
LRSM Majorana v 2u 2j - 36.1 m(Wg) =4.1TeV, gL = gr 1809.11105
Higgs triplet H** - W*W#* 23,4 e, u (SS) various  Yes 139 DY production 2101.11961
Higgs triplet H** — ¢¢ 2,3,4 e, u (SS) - - 139 DY production 2211.07505
Multi-charged particles - - - 139 DY production, |g| = 5e ATLAS-CONF-2022-034
Magnetic monopoles - - - 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130

v; = 13 Tev 1 L1 I 1 1 L 1 1 L1 I 1 1 1 1 L1l I 1 1 L 1

partial data 1071 1

*Only a selection of the available mass limits on new states or phenomena is shown.
+Small-radius (large-radius) jets are denoted by the letter j (J).

10 Mass scale [TeV]



Heavy Gauge Bosons.
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ti+ ¢, pseudoscalar (scalarl, g2,  BRIg~eefuu)> =0.03(0.04)
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New Physics Searches at the LHC

ATLAS Heavy Particle Searches™ - 95% CL Upper

Status: March 2023

6& 139) fo!

ATLAS Preliminary

\Vs=13TeV

Model (,y Jetst ET™ [Ldt[fb™] Reference
. ADD Gkk +g/q Oeut,y 1-4]j Yes 139 2102.10874
§  ADD non-resonant yy 2y - - =3 HLZNLO 1707.04147
& ADDQBH - 2]j n=6 1910.08447
S ADD BH multijet - >3] §5TeV n=6, Mp=3TeV,rotBH 1512.02586
© RS1 Gkk — vy 2y k/Mp; = 0.1 2102.13405
X | BukRS Gy - WW/ZZ multi-chann k/Mp = 1.0 1808.02380
(10 Bulk RS gxx — tt 14 5.8 TeV r/m=15% 1804.10823
2UED/ RPP Tier (1,1), B(AWD - tt) =1 1803.09678
SSM 7" — ¢t 5.1 TeV 1903.06248
@ SSM Z" - 17 2.42 TeV 1709.07242
< Leptophobi 2.1 TeV 1805.09299
5 Leptoph 4.1 TeV r/m=12% 2005.05138
.8 > 6.0 TeV 1906.05609
0 5.0 TeV ATLAS-CONF-2021-025
4.4 TeV ATLAS-CONF-2021-043
4.3 TeV gv =3 2004.14636
340 GeV gveH=1,8=0 2207.03925
S 3.9 TeV gv =3 2004.14636
VR Mass 5.0 TeV m(Nr) = 0.5TeV, g, = gr 1904.12679
57.0 A 21.8TeV 1, 1703.09127
139 A 35.8 TeV um 2006.12946
- 139 A 1.8 TeV g =1 2105.13847
0 - 139 A 2.0 TeV g=1 2105.13847
>1b,>1j  Yes 36.1 A 2.57 TeV [Cat| = 4r 1811.02305
Z 2j _ 139 Mmed 3.8 TeV g,=0.25, g,=1, m(y)=10 TeV ATL-PHYS-PUB-2022-036
Oepu, 1,7y 1-4j Yes 139 (o] 376 GeV 8q=1, g=1, m(x)=1 GeV 2102.10874
acDM) Oe,pu 2b Yes 139 mz 3.0 TeV tanB=1, g7=0.8, m(y)=100 GeV 2108.13391
DM+a  multi-channel 139 m, 800 GeV tanp=1, g,=1, m(x)=10 GeV ATLAS-CONF-2021-036
gen 2e >2] Yes 139 LQ mass 1.8 TeV =1 2006.05872
#'LQ 2" gen 2p >2] Yes 139 | LQmass 1.7 TeV B=1 2006.05872
calar LQ 3 gen 17 2b Yes 139 | LQ; mass 1.49 TeV B(LQ§ — br) =1 2303.01294
P Scalar LQ 3" gen Oe,u  >2j,>2b Yes 139 | LQ; mass 1.24 TeV BLQY - tv) =1 2004.14060
~ Scalar LQ 3" gen >2epu,2172>1j,21b - 139 LQ; mass 1.43 TeV BLQY — t1) =1 2101.11582
Scalar LQ 3" gen Oe, i, >17 0-2j,2b  Yes 139 | LQS mass 1.26 TeV B(LQY - bv) =1 2101.12527
Vector LQ mix gen multi-channel >1j,>1b  Yes 139 LQ6 mass 2.0 TeV B(U, - tu) =1, Y-M coupl. ATLAS-CONF-2022-052
Vector LQ 3™ gen 2eu7 >1b Yes 139 | LQ; mass 1.96 TeV B(LQY — br) =1, Y-M coupl. 2303.01294
@ VLIQTT - Zt+ X 2e/2u/>3e,u >1b,>1) - 139 T mass 1.46 TeV SU(2) doublet 2210.15413
=<2 VLQ BB — Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
« S VLQ T53Ts3Tsz > Wt+ X 2(SS)/>3eu>1b,>1] Yes 361 | Tsszmass 1.64 TeV B(Ts3 > Wt)=1, c(T53Wt)=1 1807.11883
S E VLQ T — Ht/Zt 1epu >1b, >3] Yes 139 T mass 1.8 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
8 ® VLQY - Wh 1eu >1b,>1] VYes 36.1 Y mass 1.85 TeV B(Y — Wh)=1, cr(Wb)=1 1812.07343
=" VLQB - Hb Oeu =>2b,>1j,>1J - 139 B mass 2.0 TeV SU(2) doublet, kg= 0.3 ATLAS-CONF-2021-018
VLL 7 — Z7/Ht multi-channel  >1]j Yes 139 7’ mass 898 GeV SU(2) doublet 2303.05441
© . Excitedquark g — qg - 2j . 139 q* mass 6.7 TeV only u* and d*, A = m(q*) 1910.08447
3] E Excited quark ¢* — qy 1y 1] - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q*) 1709.10440
1 @ Excited quark b* — bg - 1b 1] - 139 | b* mass 3.2 Tev 1910.08447
Excited lepton 7* 27 >2j - 139 7* mass 4.6 TeV AN=46TeV 2303.09444
Type Il Seesaw 234epu >2] Yes 139 | N° mass 910 GeV 2202.02039
LRSM Majorana v 2u 2j - 36.1 Ngr mass 3.2 TeV m(Wgr) =4.1TeV, gL =gr 1809.11105
S Higgs triplet H** —» W*W+* 2,3,4 e, (SS) various  Yes 139 H** mass 350 GeV DY production 2101.11961
= Higgs triplet H** — ¢¢ 234eu(SS) - - 139 H** mass 1.08 TeV DY production 2211.07505
5 Multi-charged particles - - - 139 multi-charged particle mass 1.59 TeV DY production, |g| = 5e ATLAS-CONF-2022-034
Magnetic monopoles - - - 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
v_=13'|'ev V§=13Tev L1 11 I 1 1 L 1 L1 1.1 l L L L L L1 11 I 1 L 1 1
partial data full data 107! 1

*Only a selection of the available mass limits on new states or phenomena is shown.
+Small-radius (large-radius) jets are denoted by the letter j (J).

Hundreds of new physics searches at the LHC
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Heavy Gauge Bosons.

New Physics Searches at the LHC

ATLAS Heavy Particle Searches™ - 95% CL Upper Exclusion Limits ATLAS Preliminary

erview of CMS EXO results . B
CMs Preliminary ov August 2023 Status: March 2023 f‘L dt = (3.6 — 139) fb 1 Vs =13TeV
String resonance » 0579 191103947 {2j) 137 ! miss -1 - -
resonance 03540 171203143 (29 + 1y 2e + 1y 2j + Iy} 36 fb~! E dt[fb

\Zvyyiznni':«e : 1580 2‘106‘105:9 l{j+:v) 137 fol" MOdeI t)’ y JetST T fL [ ] lelt Reference

Higgs y resonance , » 072325 1301139()111205; 91:; +21.v) ig ;%-1 LA L | T T T T T rrj T T T T LI L | T T T T

S . — AR — 137 R . ADD Gkk +g/q Oeputy 1-4j Yes 139 | Mp 11.2TeV n=2 2102.10874

PP+ Ziy+X " 0616 2303.04506 (pp+ 1L, pp+Y) gg%ll g ADD non-resonant yy 2y - - 36.7 Mg 8.6 TeV n =3 HLZNLO 1707.04147

t+ ¢, pseudoscalar (scalar, g3, x BRI¢-eefiu) > =0.01(0 003) M OOIS0075 CMS-PAS-EXO-21-018 (3L, =41) - - . _ _

::: 9. pseuaoscalar(scaiar).z;,xm:weew)> =0.03(0.04) " 01080135 CMS-PAS-EXO-21-018 (31, 241) 138 fb~! .§ ADD QBH . 2 J_ 139 M 9.4 TeV n==~6 1910.08447

th+ §, peudoscalar, g2, x BRIg-TT)> = 02 M OD45035 CMS-PAS-EXO-21-018 (31, 241) 138! S ADD BH multijet - >3] - 3.6 Mqp 9.55TeV n=6, Mp =3TeV,rot BH 1512.02586

th4 9. calar g, xBR(gr) > =02 " B CesPASEXO21018 @1, 24t} Ba ®  RS1Gkk — yy 2y - - 139 | Gkk mass 45TeV k/Mp = 0.1 2102.13405

A~ —
quark compositeness (8, nupn= 1 Kinn i ; i i B 210302705 20 Lom! b~ Bulk RS Gy - WW/ZZ multi-channel 36.1 Gk mass 2.3 TeV k/Mp; =1.0 1808.02380
rk compositeness (), nusr= - 1 Can i i i i 0 210302708 () (140 b~ H mass — 0, 1804.1082

:caitl;d Lethontac(t”l)m:r:ctinn : ~ H 0256 200104521 (2e + 2j) 77 fb? w Bulk RS 8Kk — Tt 1 & H 21 b’ 21"’/.2] Yes 36.1 EEs Ll r./m 152/; ALL) -1 1:83 08272

Excited Lepton Contact Interaction ~ 02557 200104521 (2 + 2j) 77 fb! 2UED / RPP 1 e u 22 b, 23 ] Yes 36.1 KK mass 1.8 Tev Tier (1 A ), ( - tt) = .

vector mediator (qg), go= 025, gon=1,my=1 GeV m 03507 191103761 (= 3j) 18 fb'1 SSM Z; N €€ 2 e,/1 — — 139 Z’ mass 5-1 Tev 1903.06248

rmediator (), g, =0.1,go =1,g,=0.0L,m; >1 TeV " 02192 210302708 (2e,2p) 140 ! -

::::v)vg:ongtir(W)viﬁolsionl.r':.=1G:V n 0528 191103947 (2j) 137 fo‘i @ SSM 7’ - 1T 2T - - 36.1 Z’ mass 2.42 TeV 1709.07242

(o hector msitor (1.90=025 g = L= LG " BIEIES 210715021 1= i 497 1017 € Leptophobic Z’ — bb - 2b - 361 |z mass 2.1 TeV 1805.09299

axiall-vector mediator (1), g;=0.1,gpw = 1.9, =0.1,m; > mp, » 02-464 210302708 (2e,2p) - . _

:&a:r"me;mor?iﬂ:i).(gl:)=g1q.gn(:,l=§.m,=1lgGe\(I)l = " 00020 190101553 (0, 1 + = 2j+ pJ'=) " 36 fb! 8 Leptophobic Z" — tt Oe,u >1b,>2J Yes 139 Z’ mass 4.1 TeV F/m=12% 2005.05138

scalar mediator (+tH}, gy =1.gou=1,m, =1 GeV ~ 005-04 2107.10892(0, Lt + =2j+ py=} 137 ! o SSM Wl — {y 1 e, u — YeS 139 W’ mass 6-0 Tev 1906.05609

scalar mediator (fermion portal, A, =1,my =1 GeV " 0015 210713021 (= 4 +pJ=) 101 fo~? Q \n Ass ' = - —— —— N ONF-2021-025
ONF-2021-043
)4.14636
)7.03925

)4.14636
)4.12679

wever, all of them assume the new &

-PUB-2022-036

)2.10874
)8.13391
ONF-2021-036
. )6.05872
)6.05872
)3.01294
)4.14060
)1.11582
)1.12527
ONF-2022-052
)3.01294
0.15413
excited bquark, f; =f=f =1,A=m; " I 1022 230507998 fy +j) L8 ! _ (é) VLQ BB —» Wt/Zb + X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
e . - B X TS VLQTs;3TsslTsz > We+ X 2(SS)>8eu>1b>1j Yes 361 |Tssmass 1.64 TeV B(Te/3 —» W)= 1, c(TssWe)= 1 1807.11883
. S E VLQ T — Ht/Zt 1epu >1b, >3] Yes 139 T mass 1.8 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
Venl?= 10, [VulP = " 0001-124 180202965; 1806 10905 (3p; = 1j +24) 36 b p i _
xzn :L;:’Jg. :;ﬂ:zig " 0001143 180202965; 1806 1090:(3.; zlj‘: 2e) 36 fb~! § Q0 VLQ'Y — Wb Teu >1b, .21 ] Yes 36.1 Y mass 1.85 TeV gL(JY2_(; Mﬁ:) 1, (—:RO( ng) 1 1812.07343
VMM, VeV BA1 Vel + V) = 1.0 " 002-16 180610005 (= 1j +p+e) igsﬂ;t_)ll VLQ B — Hb Oeun >2b,>1j,>1J - 139 B mass 2.0 TeV (2) dou Iet, kp=0. ATLAS-CONF-2021-018
eIl seesaw heavy fermions, Flavor-democratic " 01098 220208676 (3¢, = AL, 1T+ 3¢, 21 + 21, 3 + 11, It 424,27 +11) - ’ . i ’ )
\:/ezmlllnketaus.hnwyb:e« e ’ " 011045 220208676 (3L, = AL, 1T+ 3¢, 21+ 21, 3v + 14, It 420,27 +11) 138 fb:: VLL 7" — Z7/Ht multi-channel 1] Yes 139 &S 898 GeV SU(2) doublet 2303.05441
Veector like taus, Singlet » 0125015 220208676 (3¢, = &L, 1T+ 34,27+ 2, 3t 4 14, It 4+ 24,27+ 11} 138 b o Excited quark q* —qg _ 2] _ 139 q. mass 6.7 TeV only v and d*, A = m(q*) 1910.08447
2. narrow resonance, £ = 8x 10-¢ (90% CL ) " OOIIS0075 191204776 (2p) B; g'i § E Excited quark g* — qy 1y 1] - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q*) 1709.10440
2Z,, narrow resonance, £2 = 4x 1073 (90% CL) ~ 011-0.2 191204776 (2p) __ . ™ _ . _ o 2 T v 1910.08447
Zy. narrow resonance, 2= 7x 10-7 (90% CL) " 00011-0.0026 CMS-PAS-EX0-21-005 {241} 97 fb~! L & Excited quark b* — bg 1b,1] 139 b* mass 3.2Te
2, narrow resonance, €2 = 3x 10-¢ {90% CL) ™ 00042-0.0079 "CMS-PAS-EXO-ZI-OOS 2p) 97 fb~! S Excited lepton T or >2j - 139 7* mass 4.6 TeV AN=46TeV 2303.09444
SSMZ'() 02515 210302708 (2e,2p) 140 fb~? P
) ~ 7 ! -1 .
;?:;'m' . 0010125 190510331 (1j, 1y} B §g7fr?-)1 Type Ill Seesaw 234e,u >2]j Yes 139 N°® mass 910 GeV 2202.02039
Superstring Z, ,., 024§ 210302708 (2e,2p) 10} LRSM Majorana v 2u 2j - 36.1 Nr mass 3.2 TeV m(Wgr) =4.1TeV, gL = gr 1809.11105
— 10% " 02510 220506709 (ep) 138 b~ P ++ RV VES i i
7, shen - 10% " 023 220506708 (o) 136 7o) @ Higgstriplet H** - W*W*  234eu(SS) various  Yes 139 | H* mass 350 GeV DY production 2101.11961
LFVZ, BRIyt = 10% " 0241 220506709 () 138! < Higgs triplet 44 2,3,4 e,u (SS) - - 139 H** mass 1.08 TeV DY production 2211.07505
SSMW{tv) ~ - @57 2202.06075 {£+ ppe) ;g%?;l 6 Multi-charged particles _ _ _ 139 multi-charged particle mass 1.59 TeV DY production, |g| = 5e ATLAS-CONF-2022-034
223‘157322‘2 . ' i 0536 191103947 (2j) oonia §g7f ;b;l Magnetic monopoles - - - 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
lpahi), Mhe, = 0.5M, ,, 0050 211203949 (21 +2j) -
;:in\:::’n ). Mry; = 0.5Mvg . :::f ;:f:;;;‘z(;**ps;g’ %gi;?l'l v‘ =13 TeV vg =13 TeV a1l - 1 1 1 o3l 1 1 1 I T | |1 :) 1 1 1 1
RSM WaleNs ), Mr = 0.5M, " G j - -
;;—L;z(. |gl’|,l; Tev,m;']':ooaﬁn:o » 03522 230708708 {Z'~pp + = 1b) 138 ! partlal data fu“ data 1 O 1 MaSS Sca|e [TeV]
LRSM WilThia). Mre, =05 My “ OOSS 181100806 (2v +2j) 36 fb_ll . , . — .
Arighon, Cooron, cof= 1 " , . , B 101103047 ) 137" Only a selection of the available mass limits on new states or phenomena is shown.
- = - 0 1 , . . , .
Selection of observed exclusion limits at 95% C.L. ({theory uncertainties are nlégin}cluded), 10 107! 10 10 Tsma”-radlus (/arge-radlUS) jetS are denoted by the Ietterj (J)

Mass Scale [TeV]
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New Physics at LHC: Long-lived particles

Searches for new states up to now:
. majority of experimental work

—

O(10m)

CTX Detector

acceptance




Particle Mass m [MeV]

Long-Lived Particles in the SM
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Proper Lifetime 1 [s]

* Small coupling
* Massive mediator
 Small phase space

Same mechanisms apply to
LLPs in BSM theories



LLP Decay Region

distance travelled = fy X cr

forct =AS cm, <By>~ 30 T =“50 cm, <By> ~ 30 H. Russell
> >
® 3
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3 2
° 5 > 5
Q= 2 3
o o 3
2 8 =i
distance travelled distance travelled

» Search strategy strongly depends on proper lifetime and boost of LLP
* Every sub-detector is important



LLP Landscape in CMS

LLP

[ I I

(—near ~ m far—
CT
 CMS has excellent discovery reach for ct < 1m and My.p > 50 GeV

* Enabled by precision tracker: displaced vertices



Close gaps in search coverage

Om 2m 3m
Magnetic Field
Directed O
@ T )))
Silicon
Tracker
ECAL
Electromagnetic
Calorimeter |
HCAL - Hadron Superconducting
Calorimeter Solenoid Iron return yoke interspersed
with Muon Chambers
<~—near ~ 11l f‘dl‘—)

CT

Searches for light LLP with large ct using LLP decays in the muon detector
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Search for LLPs in Decay

| | 1 ] T T

ing in CMS Muon System

\ LI R At i D LLP decay results in
‘i//// // 5 LLP “l particle shower with large
. / / / hit multiplicity
CalonmétcngAlL Hadron Supégclgggtijdctmg RS

with Muon Chambers

e (Covers decays far away from IP ( sensitive to large cT1 )
e EXxcellent background suppression from shielding material
o Steel interleaved with active chambers = sampling calorimeter

12



Search for LLPs with Muon Detector Showers

e Large cluster of hits (>100 hits) in the muon system with no jets or tracks
 Unique signature due to the presence of steel in the CMS muon system
e First search in CMS that uses this novel signature: EXO-20-015

13


https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=EXO-20-015

Reconstruction for MDS

e The standard reconstruction sequence in the muon system is optimized for muons
rather than high-multiplicity showers

e More optimal to use Rechits that only exist in RAW-RECO data format
e Cluster rechits to efficiently reconstruct muon detector shower (MDS)
& 33 segments in ME-2/1

"\

A

—
_-'____ (bl
- —
=
——
Y
~”
- -
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Reconstruction for MDS Iin Endcap

 Reconstruction efficiency depends on the LLP decay position

ME11 ME1/2-3 ME2

Cluster Efficiency

400 500 600 700 800 900 1000 1100
Z decay position [cm]
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Benchmark Signal Model

 While this signature is model-independent, to develop an analysis strategy we
use Higgs-portal to scalar LLP production as the benchmark model

e This LLP benchmark is difficult to detect because:
* No stable WIMPs to produce large MET
* No high-mass resonances decaying to high pr final state objects
e | ow production cross section

16



Trigger Strategy

* Trigger on MET due to lack of dedicated trigger in Run2 (signal efficiency is ~1% )

* New dedicated trigger implemented for Run3

Undetected

MET/Higg
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Analysis Strategy

e Event selection: select high MET (MET > 200 GeV) and boosted Higgs phase space

* Focus on endcap muon detector in this exercise and apply cluster-level selections
to achieve 106 background rejection

e Nhits serves as the main discriminator

138 b’ (13 TeV)
-(£ i | | | | | | | | | | | | | | | | | | | |
C . ---me =3 GeV
g) - CMS Preliminary mz  GaV -
() i mg = 15 GeV i
o — | e mg = 40 GeV
© 4L mg = 55 GeV -
C - _ == O0T data (time <-12.5ns) =
2 - | | Signal Region _ -
O | > S — dd _
9 i ct=1m i
LL - _
1071 [ R E
1 0—2 | T T R TR SR T N TR T A AR e s
200 400 600 800 1000
I\Ihits
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Cluster ID

Reject background from the main collision

 Reject clusters from punch-through jets and muon

bremsstrahlung shower:

e \eto clusters matched to jets and muons (AR < 0.4)

e Active vetos in first station (ME11/12)

e \eto clusters with [n| > 2.0

e ~50% signal efficiency when LLP decays between

1st and 4th station

19
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Cluster ID

Reject background from the main collision

n 0.1 0.2 0.3 0.4 0.5
6° 843> 78.6° 73.1° 67.7° 62.5°

0.6
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0.7
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8 I PR 7]

R (m)

 Reject clusters from punch-through jets and muon
bremsstrahlung shower:

e \eto clusters matched to jets and muons (AR < 0.4)
e Active vetos in first station (ME11/12)

e \eto clusters with [n| > 2.0

| Solenoid magnet |

e ~50% signal efficiency when LLP decays between
1st and 4th station

R R Y YN AT YRR S
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Cluster Time

o _CMS Supplementary
| = 0.7F -
Z].vrechlts l- qC) E -
. =3 l > N _
cluster time = 1 0.6]- —Data
N rechits © - — Signal
S 0°¢ -
O -
S 0.4F E
e Background distribution shows out-of-time pileup Y
contribution, while signal is in-time 0.3 -
* 5x background rejection by requiring clusters to be 0.2 -
in-time ) 15
e Define an early OOT region for background o 0] :
s, i e e e L )

estimation 80 —60 —40 20 0 20 40 60 80
Cluster Time [ns]
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Cluster Time

Nrec its
Zl’:lht ti

N rechits

cluster time =

e Background distribution shows out-of-time pileup
contribution, while signal is in-time

e 5x background rejection by requiring clusters to be
INn-time

e Define an early OOT region for background
estimation
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Fraction of Events

CMS Supplementary
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Early OOT Validation Region
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A¢(cluster, p

Undetected 1

: (D | | L | L | L | I1I3I8Ift|)-l(-II:3l-lre|\/l)
MET/Higgs e . o =3 GeV ]
g - CMS Preliminary =~ m2=7GeV _
) i Sianal --.mg =15 GeV n

S Region| S e oy
1= 7 gion — mg =55 GeV _
MDS S CC) i ; == OOT data (time <-12.5ns) J
S S — dd -
© i ct=1m _

LL

—h
<

MDS and MET are aligned

_2 |||||||||§||L||IE|LL=|||J|1|
10°%""05 1 15 2 25 3

| Aqb(ETmiéS, cluster) [radians]
« A¢(cluster, p7'"**) peak at 0 for signal

 Flat A¢(cluster, ]_5’%”“) distributions for background:

 Background clusters are produced from underlying events, while MET is calculated from primary event
23



Fully Data-Driven Background Estimation using ABCD

ABCD Plane

075 ------------- > A — B X —

130 Nhite

o A¢(cluster, ]_5’%”“) and Nhis are independent for background

e Background estimation method validated in validation region
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Observed and Expected Limits

CMS Supplementary 137 b (13 TeV)
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Phys. Rev. Lett. 127, 261804
EXO-20-015

* No excess above SM background observed: 3 events observed (2 + 1 bkg predicted)
* Achieve sensitivity to BR(H —ss) = 10-3 level
* Analysis sensitivity is independent of LLP masses
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https://arxiv.org/pdf/2107.04838.pdf
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-015/index.html

Comparison to Other Searches

CMS 138 fb™' (13 TeV

1
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95% CL upper limit on B(H— SS)
o
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: _ — Qurresult
107 55 GeV bb | |
- - CMS displaced jet
10_5— | 1 lllllll | llllllll | lllllll| | lllllll| | Illllll| | llllllT
102 10 1 10 10° 10° 10
ct [m]

Significantly extended the reach to larger LLP lifetime compared to tracker-based searches
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CMS LLP Physics Program with MDS (Run 2)

 Four Run 2 analyses covering a wide range of models:
e Higgs portal and dark shower with MET dataset (EXO-21-008)
 HNL with single lepton dataset (EXO-22-017)

 \Vector-like lepton with tau and MET dataset (EXO-23-015)
 LLP from B decays with B-parking dataset

Long lived

27


https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=EXO-21-008&tp=an&id=2457&ancode=EXO-21-008
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=EXO-22-017&tp=an&id=2623&ancode=EXO-22-017
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=EXO-23-015&tp=an&id=2733&ancode=EXO-23-015

CMS LLP Physics Program with MDS (Run 3)

* However, Run 2 analyses were trigger limited — new triggers in Run 3 will open up new phase space:
* New dedicated L1 + HLT trigger implemented in since 2022
* New trigger with Cosmic and Heavy lon collisions in 2023

« Will add more triggers in 2024 (MDS + e, i, 7, )
* Ongoing efforts to analyze new data in Run 3

* Let us know if you are interested in joining the effort!
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Now Your Turn!

* | earn about general properties of particle lifetimes

* Reconstruct MDS from rechits

o Study and apply cluster-level selections to reject background

» Estimate background with fully data-driven ABCD method

o Statistical analysis to produce limit on BR(h—SS) for different LLP lifetimes
e By creating datacards, running higgs Combine and plotting the limits

* Present your result at the Mini-Symposium on Friday!



Schedule

Setup Download files required for the lesson

00:00 1. Introduction Why do we search for long-lived particles?
Why do we use muon detectors?
What signatures are we looking for?

00:30 2. Long-lived Particles (LLPs) What is a long-lived particle?
What is a particle proper decay lengths and lab frame decay lengths?
How often does an LLP decay in the muon detectors?

02:40 3. MDS Reconstruction What is Muon Detector Shower (MDS)?
How are MDS reconstructed?

06:10 4. Analysis Strategy What trigger do we use?
What selections do we make to select for signal clusters and reject background clusters?
What are the remaining background compositions for MDS?

08:25 5. Background Estimation What are the source of background for MDS?
How do we estimate the background contribution?

09:25 6. Results and Statistical Analysis What is the unblinded result?
How to constrain the ABCD relationship for background in datacards?

12:25 7. Event Display (optional) How to make event displays of interesting signal simulation?

13:25 Finish
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Search for Heavy Neutral Leptons with MDS

e Search for HNL decay in muon system in association with a prompt and triggering electron or muon

* Sensitive to all visible HNL energy: particle showers from the displaced lepton and inclusive W*

decays

* Extend sensitivity to smaller mass and mixing angle

 New dedicated trigger in Run 3 would enable sensitivity for tau-type HNLs

Long lived
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https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=EXO-22-017&tp=an&id=2623&ancode=EXO-22-017

Search for Vector-like Leptons with MDS

« EXO-23-015: Novel VLL signature at the LHC, targeting difficult photon decay mode:
Two prompt 7’s and two electromagnetic LLP decays in muon system

« MDS + 7, analysis strategy is complete and documented in AN

* Promising sensitivity to VLLs masses up to 700 GeV
* Analysis currently going through object review, targeting Moriond 2024
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https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=EXO-23-015&tp=an&id=2733&ancode=EXO-23-015

Search LLPs from B Decays with MDS

e B-parking dataset: ~10 billion BB events recorded end of 2018 triggering on a single, displaced muon

* The triggering muon originates from the "tag-side" B that undergoes a b—pX decay. The "signal-side”
B decay is inclusive — enable searches for LLPs produced from B decays

 Wrapping up background estimation and documentation in the AN, aim to send first draft of AN to
conveners by end of the year (More details in Aram’s talk)
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https://indico.cern.ch/event/1319442/timetable/#27-llp-search-for-hadronic-llp

Physics Impact

* Run 2 HNL acceptance limited by high lepton pT threshold - especially for tau-HNL

* New triggers accepts 17%(Muon) / 114% (Electron) / ~400% (tau) more signal events
w.r.t Run 2

* Lower lepton pT + cluster selections included in new trigger
- New hadronic channel alone gives 3-4x more signal than 7 — (e/u) combined

 GMSB EWK-SUSY model gains ~3x signal acceptance
* Run 2 acceptance is limited by high HT threshold
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htemp
CMS simulatior (13 TeV) P Entries 8892
2 = | l — 1 LT - Mean 84.21
S 0.401 T-HNL (2GeV,1m) - 10001 Std Dev  76.97
> : -
o —— prompt-t B
© 0.35 800 -
.5 ......... Run2 - u L >
g 030” Run 2 -€ ] 600 :
u_ - R s
0.25} N i HT > 380
| : — Run3-ule ] i (~1% acc.)
0'20: . ' — Run3-7, i
0.15] . #00f;
0'10: 1 ﬁ % 200 535' - lsoLoJ | latl)o' | '10100' —
i | HT [GeV)
005: [ ] { * m
_ : : aF Fermilab
6 0005~ 040 60 8 100

pt[GeV]



Cross trigger proposal summary

* Minimal cluster selection then varied pT threshold on X
Common “Cluster50” selection:

s ME11/12 veto
* |“In-time” cluster:
e |>= 50 hits

-Bbns<t <12.5ns

Total rate of all 4 paths ~10 Hz
Minimal overlap with single MDS path (nHit>200+)
Exploring further improvements:
* Mub5/Ele5/Tau10 with tighter cluster size cut
* Use PNet ID for tau instead of DeepTau

MDS + e

MDS + mu

MDS + tau

MDS + gamma

L1 seed

L1_SingleMuShower
_nominal

L1_SingleMuShower
_nhominal

L1_SingleMuShower
_nominal

L1_SingleMuShower
_nominal

Martin Kwok | High multiplicity trigger

Cluster selection

Cluster50

Cluster50

Cluster50

Cluster50

» Common Run 2 analysis cuts

Total ~10 Hz

Additional

pT >10 GeV,
Loose Calold

pT>10 GeV

pT>15 GeV,
Medium DeepTaulD

pl >50 GeV,
Loose Calold

Rate @PU70

2.4 Hz

6.1 Hz

2.9 Hz

0.03 Hz
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New L1 Seed for MDS in CSC

 For Run 2, triggering on prompt associated objects or MET (only 1%
efficiency for higgs portal)

* New L1 CSC shower seed (L1 rate ~ 2 kHz) commissioned as of 2022E

» Select for a large number of cathode and anode-wire hits in CSC chambers
 High L1 efficiency measured w.r.t. offline object
* New HLIT paths targeting single + pair-produced LLPs

CMS Preliminary (13.6 TeV)
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New double shower L1 trigger in 2023

Muon Shower Triggers in 2023

L1 seed + HLT path with lower thresholds
(L1_TwoMuShower_Loose)

Targets models with pair-produced LLPs and enable
searches with very low background

Expect adding 10-25% extra signal efficiency

on top of single MDS trigger

Active for ~ 1/3 of 2023 pp-data

14->7 56->23 28->12 55->21 26->12 62->25 27->12

- 33->14 -

31->12

34->14
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e HMT In cosmic:
stopped/trapped LLP searches / background studies / better IceCube?

HMT in Heavy-lon collision

HLT HICscCluster Loose

Exploring new dataset with MDS

« HMT in Heavy-lon collision:

» Extremely low background (L1 thres. set to very close to muon hits)
* Active for full Pb-Pb run (1.8/nb ~same as 2018 Pb-Pb run)
* Exploring HNL decays from b-meson in Hl-dataset
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https://indico.cern.ch/event/1311656/contributions/5531601/attachments/2698696/4683835/HMT_trigger_for_cosmic_TSG_Meeting_Aug_14th%20v2.pdf

MDS + X ( X = ¢, u, 7, ) HLT Paths for 2024

« MDS L1 seed is very effective in background suppression T:\iﬂgzr:r%e;:gsd?\te
o Exploit MDS with cross-triggers
e Sensitive to LLP produced with associated objects
 Long-lived HNL: e/mu/tau + LLP (Lower prompt lep pT)
« EWK-SUSY: photon + LLP (No large HT requirement)
e Signal gain of 17% to ~400% w.r.t Run 2 analysis

7-HNL EWK-SUSY : MDS +y
ule  Prompt Y

Displaced p i‘l’ e &
(MDS) \\
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https://indico.cern.ch/event/1342837/#36-muon-showers-high-multiplic

Phys. Rev. Lett. 127, 261804
PAS-EXO-21-008

Observed and Expected Limits

Hadronic & EM shower Fully EM shower

1 CMS Preliminary 138 fb™' (13 TeV) 1 CMS Preliminary 138 fb' (13 TeV)
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e First LHC sensitivity to 777~ and yy decay modes at BR(H —ss) = 10-3 level
e First LHC sensitivity to sub-GeV mass LLPs at BR(H —ss) = 10-2 level
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https://arxiv.org/pdf/2107.04838.pdf
https://cds.cern.ch/record/2864874?ln=en

Looking Forward: New Trigger in Run 3

* For Run 2, triggering on MET (only 1% efficiency for higgs portal)
* New L1 seed and HLT paths successfully commissioned in 2022

 Simple logic at L1 due to limited information and bandwidth
 Improve LLP efficiency by 10x with respect to Run 2 — potential to reach BR ~ 1e-4 !
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https://cds.cern.ch/record/2865844
https://cds.cern.ch/record/2842376

