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v’ Status of LHC
v'Recent physics results (what we have learned so far)
SM results: Higgs, W/Z/QCD, top, B-mesons
BSM searches: SUSY, LLPs, BHs, Sphalerons
v Future prospects (3000fb-' data, HL-LHC scenario)
v’ Summary
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LHC and CMS performance
eMsCE mmian > CMS  — morrevsee

m— 2012, 8 TeV, 23.3 fbo™
= 2015, 13 TeV, 4.3 fb™
2016,13 TeV, 41.6fb™
m—= 2017,13 TeV, 49.8 fb™
m— 2018, 13 TeV, 67.9 fb™

— 2022, 13.6 TeV, 41.5 ™"
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v The LHC has provided > 500 fb-! data

out of which CMS recorded ~92% of it. _ = o tse vy ety |
. [ 2023 (13.6 TeV): <pu> =52
>50% of our total data collected in last 2-yrs. 202 45 bl
. O 1 2017 (13 TeV): <u>=38
v The detectors have been performing very well. 2016 13 TeV): 4 - 27
> 98 - 99% active channels during run
v Currently, LHC center of mass energy is
13.6 TeV. Allows us more interesting events (156 TeV) - 800
(as no of events =c x Luminosity) 2012 efisTen -e0ome [
. . . i ofP(8 TeV) = 73.0 mb I
v" Final goal is to get ~4000 fb-' data. Requires y
upgrade in accelerator (detectors need - -

upgrade to survive high beam intensity)
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The current production cross-section for interesting
physics events goes up significantly [some cases by

several order of magnitude higher compared to
Tevatron or even LHC@7 or 8 TeV]

Production cross-section is important, but the decay
mode is equally crucial .

We carry out range of physics studies such as W/Z,
Higgs, top-quark, flavor physics, QCD etc. (SM);

SUSY, LLP, LQ, Dark Photons, T, W’/Z’, BH etc(BSM).

I will cover few selected results
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Triumphs in Higgs sector
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v' Higgs discovery has been one of the spectacular successes of SM

v CMS have been pursuing for the precision measurement of its properties such as mass, width,
coupling to fermions, spin, parity, etc. 3



'y using off-shell WW— 2¢ 2v mode
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Improvement w.r.t Run-1 WW result
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HH and HHH poduction

v Higgs self coupling: One of the most important properties not measured yet

o In SM: Higgs potential directly responsible for masses of particles
o Trilinear coupling: responsible for HH production (sensitive to A3)
o Quartic coupling: responsible for HHH production (sensitive to A3 and A,)
v Full determination of Higgs potential only possible through combined measurements
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Current upper limit on HH production ~3 x SM prediction
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Triple-Higgs (HHH) production

v' H->bb has largest rate of ~60% (resolved or boosted jets)
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v" Observation of HH, HHH will still be challenging with HL-LHC



Inclusive production cross section [pb]
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Triumph in SM W/Z/QCD sector

14| CMS Preliminary

—— Theory (N3LO QCD, MSHT20an3lo PDF set)
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In signal region (no of track =0)
and control region (1<ntrk<5)
excellent data-MC agreement

Measured inclusive cross-section:
659 £ 80 fb , SM: 631 fb
Fiducial cross-section: 4.1 £ 0.5 b

Stringent constraints on dim-8
operators in EFT approach

CMS-PAS-SMP-24-019

CMS Preliminary, July 2025

Provides a pure electroweak environment o(yy) « log3 (1/s )

In SM the process proceeds via trilinear and quartic interaction
« Signal: WW -> ev, nv,, (opposite sign leptons)
« Signal selection is based on detector activity around production vertex
of W bosons (no other tracks attached to epu vertex)
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Jet mass distributions and W mass

» Cross section measurement of W(qq) + jets
* At high momentum P> 650GeV

* Double-differential in jet Pt and jet mass ~
*  W(qq) object from wide AR=0.8 jet
» Substructure tagged for 2-prong with particleNeT algo . .
-> to suppress QCD background S - o.° - .:0
« Mass from jet groomed with softdrop algorithm \ S : y X o [
-> Suppresses soft and wide-angle emissions ¢|_ i
« Unfolding to both particle level jet P+ and mass n
CMS-PAS-SMP-24-012

 Sensitive to W mass -> turn into measurement

» First measurement at a hadron collider of W-mass in all-jet final state, m(W)= 80.77 £ 0. 57 GeV
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New Physics in triple boson production

v" Three massive VVV boson production is a rare process -> observed earlier by CMS & ATLAS
v Sensitive to TGC, QGC, Higgs gauge coupling -> focus on EFT interpretation of VVV
v' The analysis is BSM search driven

This search includes:
WWW, WWZ, WZZ, ZZ7Z
(boosted region: Pt>200 GeV)

zero in SM
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fism =1.002753

ﬁSM =1 O:g%
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—0.13 < ¢y /A2 < 0.12 TeV 2
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Triumphs in top-quark sector

CMS Preliminary May 2021
CMS Run 1 legacy ‘@ 1724440134047 GeV
PRD 93 (2016) 072004
2015, muon+jets 1 + +0.7
TOP-16-022 (2017), 2.2 fb! @ 1726220385070 GeV
Lepton+jets o~ 172.25 + 0.08 + 0.62 GeV
EPJC 78 (2018) 891, 35.9 fo" 20082 062Ge
Dilepton o~ 17233+ 0.24 *086  _ Gev
EPJC 79 (2019) 368, 35.9 fb” 9920 0725¢
All-jets —@— 172344020070 GeV
EPJC 79 (2019) 313, 35.9 fb” 9820202 0.70Ge
Lepton+jets, all-jets . 172.26 + 0.07 + 0.61 GeV
EPJC 79 (2019) 313,35.9 fb™' 200072061 Ge
Single Jet, p_ > 400 GeV
PAL 124, 202081 (2020) 17256 + 0.41+ 2.44 GeV
Single top 172.13 + 0.32 +0.71 GeV
TOP-19-009 (2020), 35.9 fo” o 190 0.69 %€
Tevatron combination
arXiv:1608.01881 (2016) 17430 + 0.35 4 0.54 GeV
World combination -
ohe combnation @~ 173.34£0.27+0.71GeV
arXiv:1403.4427 (2014)

1 1 1 L | Il 1 1 L | 1 ] 1 L | 1 1 L1 | 1 1

165 170 175 180
GeV
top-quark mass m [GeV]

CMS Preliminary

NNLO+NNLL PRL 110 (2013) 252004
"""" FALH =172.5 GeV, (M) = 0.118=0.001

scale uncsrlalnty
scale @ PDF & «, uncertainty

o summary, s =13 TeV  June 2023

total stat

6, (stat) = (syst) = (lumi)

Dilepton eyt

EPJC 79 (2019) 368, LI"I =3531b' H- 803+ 2+£25+20 pb

Dilepton T+e/pt ——

JHEP 02 (2020) 191, LmI =3531b' 1 781+ 726220 pb

L+jets * —tot—o

CMS-PAS-TOP-15-005, me =42pb 1 50ns 836£27 84100 pb

L+jets A

JHEP 09 (2017) 051, L.«|=2'2 ! 888 2+26+20 pb

Alljets * —to—

CMS-PAS-TOP-16-013, L‘m =2531b" S34£25£118+23 pb
N

L+jets \ﬁ* 791+ 1£21£14pb

PRD 104 (2021} 092013, L =137 Ib

Prehmmary @0
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CMS Preliminary August 2023
F 1 T T T T T T T T T !
102 I Single top quark production 7
10 E|
1 E E
107 e =
= i t channel W W-associated ]
102 v Coral DO, PRL115(2015) 152003 CMS, PRL 110 (2013) 022003 E
E 4 CMS, JHEP 12 520 935 m  CMS, PRL 112 (2014) 231802 3
F = CMS; JHEP 06 (2014) 090 g 3
C e CMS, PLEI 800 (2019) 135042 o CMS, JHEP 11 (2021) 111 J
3 e S chann e CMS, JHEP 07 (2023) 046

102 = v CDF& D0 PRL 112(2014) 231803 g Z-associated -
E u CF;ISSS OJCFI;ES d09 (201 S) 027 ®m  CMS, JHEP 07 (2017) 003 3
F MS PRL 9 oot zma)z 1802 e CMS, JHEP 02 (2022) 107 E
B WZ-associate 7
1074 & CMS-PAS-TOP-22-008 b
E_1 1 1 I 1 I I | I 1 I I L3

2 3 4 5 6 7 8 9 10 11 12 13 14
Vs (Tev)

single top production cross section

top-antitop forward backward asymmetry

PRL 120 (2018) 042001, {s=1.96 TeV

NNLO QCD (+ NLO EW)

Czakon et. al. PRL 115

pp lepton+jets

CM S top quark forwar: d asy y (par level)
Preliminary I . Agg + (stat.) + (syst.)
PP
DO (9.7 fb™") [ E——
PRD 92 (2015) 052007, {s=1.96 TeV 0.118 +0.025+0.013
-1
. —_——
CDF (9.1 fb) 0.160 + 0.045
PRD 93 (2016) 112005, (s=1.96 TeV
CDF+DO H——H

0.128 +0.021+0.014

0.095 + 0.007

CMS (359 fb") H

JHEP 06 (2020) 146 {s=13 TeV

POWHEGv2 NLO

qd. event counting, 5=13 TeV

0.048°)55¢ + 0.028

0.0512 +0.0004

Inclusive tf cross section [pb]

10°

10?

10

t—Hc
t—Hu
t—yc
t—>yu
t—>gc
t-gu
t—Zc

t—Zu

I

Tevalron combined 1.96 TeV (L < 8.8 Ib ')v

CMS I+jets dilepton 5.02 TeV (L = 27.4 pb )
1S combined ey, |+,ex§ 5 02 TeV (L =27.4-302pb'Y

CMS eu7TeV(L=51")

CMS h,a:s 7TeV (L=231")

CMS all-jets 7 TeV (L = 3. 51 Ib )

CMS ey 8 TeV (L= 19.7 fb )

CMS I+jets 8 TeV (L

CMS all-jets 8 TeV (L = 18.: 1 ib

CMSeu 13 TeV (L =43pb ), 50 ns)

CMS e 13 TeV (L =221 )

CMSep 13TeViL= 359": )

CMS dileplon 13 Te‘l {L=358 ;

CMS I+jets” 13 TeV (L = 42 pb,, 50 ns)

CMS l+jets 13 19 (L=22fb")

CMS I+jets 13 TeV (L =137 b )

CMS all- |els 13 TeV (L= 253 (l; )

1+e/u 13 Te!

CMS 3TeV(L=359f")
S dieplon, lqelsnﬂav L=121"
Preliminary

111
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CROBDCAK R SDOFO AN+ 8 —]

L L1

1000; ]
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Ll

600F

B POFaLHC21
Wcna

13

B ANHT1a )
AsMI2

= NNLO+NNLL, PDF4LHC21 (pp)
=—— NNLO+NNLL, NNPDF3.0 (pp)
Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
Mg, = 172.5 GeV, o (M, 1_0118+0001[u (M,)= 0113]

136

1

6 8 10 1z
{s [TeV]
ttbar Xs as function of COM energy

top FCNC decays

Most stringent 95%CL upper limits
[1] PRL 129 (2022) 032001

<9
[2] CMS-PAS-TOP-21-013*

CMS Preliminary

August 2023 [3] JHEP 02 (2017) 028 )
(5] JHEP 07 (2017) 003 [4] CMS-PAS-TOP-17-017"
* Preliminary
Each limit assumes that Theory predictions —SsM 2HDM(FV) D 2HDM(FC)

all other processes are zero from arXiv:1311.2028
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(5]
I . Ll

i

107 107
Branching ratio

107" 107" 107" 1077
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Events

Data/MC

Rare top production via tWZ process

Provides access of EW coupling to top quark. Allows
stringent test of gauge structure of SM.

Events with 3 and 4 lepton final states with jets and
missing Pt (final state: bWWZ, Z->opposite sign
same flavor leptons, one of the W-> lepton/jets)

Very small production cross section, 136 =+ 10 fb
@13TeV and 147.8 £ 10 fb @13.6TeV

Challenging background ttZ and WZ+jets
Simultaneous fit to multiple analysis regions

b/b AN Y E b/b Wi
AAAAAN 7, Z
b
_/ _
g 000000 t/t\w g t/t

Semi-leptonic tWZ  Fully-leptonic tWZ

o At least 2 jets o At least 1 jet
o At least 1 b-jet o At least 1 b-jet
e Exactly 3 leptons e Exactly 4 leptons

em(l)-m@)| < 15 GeV  e|m(l)-m(@)| < 15 GeV.
CMS-PAS-TOP-24-009

First observation of tWZ (Run2 and Run3 data) CMS preliminary
: 1 I i 1 I i 1 I I I i 1 I | 1 1 I i 1 I I I :
.......... 200 fb” (13 TeV and 13.6 TeV 200 fo' (13 and 13.6 Tev) RUN3[- —— W =1.65:325
.ltWZ .‘ﬁz T {NZ.H' E E 4 L L I Y I N B Y L B B B N 7
Preliminary B WZ+b @ Nonprompt ltZq =+ r CMS —i5CL | 2023 __ ° p=1.61 tggg_—
()X VV(V XG B C imi B B . -
500 SFa W2 $ E();ta ////Poétfi)t Unc. B 3.5 ;Prel/m/nary —20CL - .
- —sccL | 2022F . H=1.457080
St ¢sm - ]
- + Bestfit | Run 2 —e— p=1 .821’8:33—:
2.5 - - .
25 2018} —e—  =2707338
- 2017[—e b =0.6138t3
— 1.5 - - 7
e : 2016 . b=1.544 8
1'2: R i o ] 1? ] = | I R B L1
O; LS VA : - 0 1 177 3 4 5
: E ) ) ) ) ) ) E 057 1 [ 1 1 1 | 1 1 1 | 1 1 1 | 1 1 I J 1 1 1 ] -~
0604 05 06 07 08 09 1 06 0.8 1 12 14 16 G/ Osm
tWZ output node iz 13



o(xt) [pb]

Observation of pseudoscalar (toponium) to top pair

ttbar pair don’t form bound state due to short lifetime,
but NRQCD predicts bound state enhancement at tt threshold
(toponium color singlet bound state)

Final states: two leptons and at least two jets

Signal extracted with 3D likelihood fit to Mypar, Chel, Chan

(Chel» Chan @re angular variables of leptons w.r.t parent ttbar)

20

15 |

10

_10 —

-15

CMS

138 fb~! (13 TeV)

FO pQCD + BG
8 Observed

—— #15SD
 ---- +3SD
\ —— 585D

| To determine the spin and

CP structure, both pseudo-

1 scalar (n;) and scalar (y;)
;1 components are included.

'/(more than 5o signa

Excess compatible with

3
o(ny) [pb]

1 1
15 20

0

The result is compatible with formation of
Pseudo-scalar state (n;) with cross section:

o(n,) = 8.8+ 0.5(stat) *13 (syst) pb = 8.8 12 pb

Events / GeV

Ratio to FO pQCD + BG

9

9

1.0p ¢

0.9

g 7
+ SM tt
g t

Rep. Prog. Phys 88 (2025) 087801

CMS

138 fb~! (13 TeV)

tt

t Data mmm tX

Unc.
Other

3 <Chan<1

b

XK }

.1} Postfit (FO pQCD + BG + n)

L5

4

o+
;

B

L N o(ny) =8.8*12 pb

ll+|
T i

400 700

1300
my [GeV]
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Triumphs in B-meson-sector

0.6X10_9 140 fb' (13 TeV)
- B->utu P,e,,-,f,f,',‘g,? N CMS Preliminary 140 fo™' (13 TeV)
i LR CMS Preliminary Uptodtfb’ (13Tev) Q° [T T TTT T 7 immimd T
0.5 56 . 25F L [ flavio prediction ]
N C 1 [ [ EOS prediction a
L o — — Statistical only [ % Data ]
0.4 B 4o 2 —— Statistical + Systematic / C B -> K* u+l’l_ ]
‘;: D : r —— SM prediction / 0.5 ~ % ]
7 r C / B ]
= B 3o 1.5~ - i
T 0 37 SR o ,"‘ -_:“ C 0 - i
cé\n, L 20 h , 1:_ - E .
) - —_—~ K - L ]
02 SN : osf EEE i
L / 16 \ - L a
B : \ 0.5 C ]
0.1 I AV r 4F N
i i \ ot . : i
[~ : H ‘ + C \ ':. ::2_: -E:E . . . 1 _\ 11 | L1l ‘ 11| ‘ 11| | 1 L1l I Il I_
O_I Il Il 1 £ I=:I \..l\‘ 1 1 1 1 1 1 1 \I 1 i 1 I:: Il E 1 1 X10_9 R(K)_ 0 2 4 6 8 10 12 14 162
1 2 SBBO 4 8 6 7 a2 (GeV?)
(By = nu)
o2 19.7 fb~! + 96.5 fb~! (8+13 TeV) 5 60— : , : : o1l (13 Tev) 15X 108 Upto 131 fo™ (13 TeV)
n CMS E E cmMs .. Signal n — 4p E /:’T. | |
Son) B->Jy o Preliminary | g 5 Preiminary 4 X [ CMS 1
2 = D ]
L b E ' xﬂidf:ss/so ui e = T _>3 M B
<010 SM no penguins 5 401 N,, =49.6 +8.1 4 0 = -
° r wmmm 1S - — Observed i
0.05 = n > 4 } = 8 i -=- Median expected
b M ‘ 3 = N I 68% expected
0.08 B \ ~ 3 g | ] 95% expected
0.07 10 b * * \ E g - T
= »'I';'» | | { I 1 I | . Q 5 B T
0.06) 1, 2, 3 standard s 5 { . j i )
deviations contours . e ! | 1 0 - .
0.05 § Ele” o1 n{ {III}T.TI{lIl{Y IH MIIL TN } i1l Ilﬁ NS B 7
9 & IR RTRLSTE S R PE R f{! t 1111{“ |ttty g) B _
00450 150 100 50 Z0 50 100 150 : { 19 9
- - - - KK 05 055 06 065 07 075 08 08 09 HF analysis W analysis HF + W HF + W
o2 [mrad] my, [GeV] 201742018 201742018 201742018  2016+2017+2018
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Exclusive B* reconstruction

+ First exclusive reconstruction of excited vector B meson states: B™*, B0, B4 ©
-> Main challenge is low-energy photon (40-50 MeV) from B* — By

* Low energy photons are reconstructed through conversions into e*e” pairs
-> Small angular separation
-> conversion vertex at least 1.5cm away from beam axis
-> Two tracks to originate from same vertex with zero invariant mass

« To improve resolution, the By invariant mass is evaluated using

M(B)/) = Th(B]/) —m(B) + MEDG

> 140 fb" (13 TeV) -~ 90 1401657 (13TeV) > 20 140 fo ' (13 TeV)
r [ [} E
§1OO—CMS %’ 8ok CMS s 18;CMS
: F [Te) F
S [+ pata, nmI<06 S 200 + Data ) <09 2 160 + Data, )| <08
~ 80_—Fit — F e ~ F — Fit
» - F — Fit o 14r
o [ —B"—B'y,B'>yK" g 60 F— B BY 2 1 P —B > By
_-8 60 - — - Background g 50 | — - Background g 10 b —- Background
g P BYoBY By g 40 ; - B> BYy -c% o F B*'— B%
O 401 O a9t o
20 ar } } }
: by b 2 L |
01 Py —= Pt Oi f— 0 _ T
531 532 533 531 532 533 54 541 542 543
M(B"y) [GeV] M(B%y) [GeV] M(BZY) [GeV]

Am(B*+) = m(B*+) —m(B+) 45.277 +0.039 + 0.027 MeV

0 0 0 arXiv: 2508.05820
Am(B*0) = m(B) —m(B?) 45471 + 0,056+ 0.028 MeV
Am(B2) = m(B) — m(BY) 49.407 + 0.132 + 0.041 MeV

~order of magnitude improvement in precision than the previous measurements

16



Rare charm decay D? — ptu-

v' Compared to "b — s” (B meson decays, ~10-9), rare charm decays

DO
mediated by “c — u” transition, are not explored much.

« SM Prediction: BF(D® — uu) > ~3 x 10-13 (Long distance)

PRD 66 (2002) 014009

« Most stringent experimental BF < 3.5 x 1079 at 95% CL from LHCDb, / ' \

3D DO vertex

PRL 131, 041804, which is 4 orders of magnitude larger than SM prediction |

v Look for D% u*u-through cascade decay of D"+ — DOx*
v The extra soft pion reduces the background by orders of magnitude
v' Signal yield extracted with 2D fit to: Do%(u*u~) mass and Am (mps« - Mpg)

64.5 b7 (13.6 TeV) 64.5 0™ (13.6 TeV)

a_ CMS Signal + total bkg. fit s; CMS Signal + total bkg. fit \ ND0—> o f—f]D()_>‘_[+ et
Total bkg. component ;_ Preliminary . 'IE')gt;I bkg. component B(DO _} H +}l Al ) - B(DO _} 7_[+ 7_[_ ) N ] !

E Preliminary s Data
E Stat. + syst. uncertainty Stat. + syst. uncertainty e
Combinatorial bkg. DO+ D0—>11+;l—

Combinatorial bkg. 0
D —utu

E [Ny
E BD —uu)=10x10° DY TV, 1T,

Events / 5 MeV

£ b oL
3 9 D —wu E
E B(D°—uu)=10x10° DY TV, U,
v D=z utv, E e Doz,

E 0.140 < Am <0.150 GeV F 1.81<m,, <1.94GeV

v S e+ No significant excess over background
expectation is found

Events / 0.4 MeV

B(D® > u*p—) <2.6x10~° at 95% CL

30% improvement over the previous limit

0.142 0.144 0.146 0.148 0.15 PRL 135 2025 151803

Am (GeV)

Data - total bkg.
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.66.014009
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041804

Spin and Parity of all-charm tatraquark

v Although several Baryons and Mesons are seen, the observation of tetra-quark and
penta-quark are recent development (starting 2003). Needs detail study of their internal structure.
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SM

SM as a successful model

Lagrangian:
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Production cross section, o (fb) Data/Theory

NNLO

N3LO

NNLO

NNLO

NNLO

T T | T T T | T T T | T T T | T T
H1 multijets at low Q? : EPJC 67:1 (2010)

ZEUS incl. jets in y p : NPB 864:1 (2012)

H1 multijets at high Q : arXiv 1406.4709 (2014)
H14ZEUS (NC, CC, jets) : EPJC 75:580 (2015)

H1 incl. & dijet : EPJC 77:791 (2017)

CDF Incl. Jets : PRL 88:042001 (2002)

DO incl. jets : PRD 80:111107 (2009)

DO ang. correl. : PLB 718:56 (2012)

CDF Z p_: arXiv:2203.05394 (2022)

Malaescu & Starovoitov (ATLAS Incl. Jets 7TeV)
EPJC 72:2041 (2012)

ATLAS N,, 7TeV : ATLAS-CONF-2013-041 (2013)
ATLAS TEEC 7TeV : PLB 750:427 (2015)

ATLAS TEEC 8TeV : EPJC 77:872 (2017)

ATLAS azimuth. decor. 8TeV : PRD 98:092004 (2018)
CMS R,, 7TeV : EPJC 73:2604 (2013)

CMS tt cross section 7TeV : PLB 728:496 (2014)
CMS 3-Jet mass 7TeV : EPJC 75:186 (2015)

CMS Incl. Jets 7TeV : EPJC 75:288 (2015)

CMS Incl. Jets 8TeV : JHEP 03:156 (2017)

CMS R,, 8TeV : CMS-PAS-SMP-16-008 (2017)
CMS tt cross section 13TeV : EPJC 79:368 (2019)
CMS multi-diff tt 13TeV : EPJC 80:658 (2020)
CMS Incl. Jets 13TeV : JHEP 22:142 (2022)

World Average : Prog. Theor. Exp. Phys. 083C01(2020)
e b e b e gy

0.12

Standard Model (SM) is tested over last several decades at per-mil level
However, the searches for BSM physics is one of the primary aims of LHC as well (SUSY, LLPs, etc) 19
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Going beyond SM (SUSY searches)

July 2023

CMS Preliminary

fal (13 TeV)
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Overview of SUSY results: GMSB / GGM
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CMS Preliminary June 2023

Overview of SUSY results: electroweak production
137 fb~! (13 TeV)
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v’ Several search modes (involving gluinos,
squarks, stop, chargino, neutralino, sleptons)
have been explored using LHC data over last
decade.

v" No hints for SUSY

v The exclusion limit, for some cases, is as big
as 2TeV or even more

0

500 1000 1500
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Motivation

Top-down Theory

BSM search through LLPs

IR LLP Scenario

Naturalness

Dark Matter

Baryogenesis

Neutrino
Masses

RPV SUSY

GMSB

mini-split SUSY

Stealth SUSY
Axinos
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Neutral Natural
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duction of BSM state at

(direct produ
LHC that is or decays to LLP)

Composite Higgs
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SIMP/ELDER E——

Co-Decay

Co-Annihilation

Dynamical DM

WIMP Baryogenesis
Exotic Baryon Oscillation

Leptogenesis

Minimal RH Neutrino
with U(1)s1 Z’
with SU2)r Wr!
long-lived scalars
with Higgs portal
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Discrete Symmetries
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1 exotic Z
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displaced
lepton

displaced
photon

Not pictured:
out of time decays

v Several BSM theories try to explain hierarchy
problem, dark matter, baryogenesis, non-zero
neutrino masses, etc.
=> No BSM found till date

v' Most BSM searches focus on heavy states that
promptly decay to high energy visible particles
such as jets, leptons, photons etc.

v A generic and much less explored alternative is
that BSM shows up as new Long Lived Particles
(LLPs) decaying to SM particle at some
macroscopic distance away from production
points.

v Several such displaced signatures (shown on the
left figure) are being searched at LHC

v' The lifetime of the LLPs are in general free

parameters of the model (can live up to 10’m).
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LLPs decaying to two muons

» Dark photons Zp decaying to pairs of muons ‘
* Assume Zj is long lived -> Displaced vertex Zp ¢
Either produced via kinetic Z-Zp mixing 't S ool
or via decays of a mixed dark Higgs boson ) - p
* Dedicated dimuon trigger with low momentum threshold 4

Fit around each signal hypothesis to test for signal

Most stringent limits at low
masses and large displacement

W
(=]
T
———
———
|

CMS Preliminary 62.4 b, (13.6 TeV) 105 CMS preliminary 62.4 b, (13.6 TeV)
%) E Dimuon h = ZpZp: mz, =2 GeV, c1z,= 0.1 cm E % E uon h - ZpZp: mz, =2 GeV, c1z,= 0.1 cm E ,Lt
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Scalar for lepto-quark (LQ) via muon-quark scattermg

« LQs are foreseen in many BSM models: GUT, SUSY, RPV, etc

« 18t (eq), 2" (uq), 3 (tq) generation of LQs

* In LHC LQs can be produced in different modes, however,

here we considered lepton induced production

* Final state: High Pt lepton and a jet from LQ, with a second

same flavor lepton from photon

* light-quark mass: 1.5-3.6TeV, A: 0.2-0.6 excluded

b-quark mass: >1.8 TeV, A: >1 excluded

0

MS Preliminary 138 fb' (13 TeV) CMS Preliminary

138 fb ' (13 TeV)
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Search for Microscopic BH and Sphalerons

v’ Extra dimensions theory provides solutions to Hierarchy problems
-> Predicts microscopic Blackholes M, ~Mp**R™ R is size of each extra dimensions
When n is large Mp ~ TeV (within reach of LHC) -> decay to high multiplicity jets and leptons

v Sphaleron gives solutions to baryon asymmetry by B and L violation
» Decay to 12 fermions, either all matter or all anti-matter
* One lepton from each generation, three quarks from each generation

1191g1qg1 12929292 139393093, e.g. € uud u ccs « ttb T ; \ T /

v The most important variable to look s; = (2 pT,> 4 pimiss CQ = @ —>
i=1 I
v" Also look for sphericity of the event: A/J / I \
- 4 - =
— 1ZCM$ Preliminary 1387 (13 TeV) — 1QCM.S Preliminary 13817 (13TeV) 0 CMS Pre/lmlnary 138 fb 1 ' (13 TeV) o CMS Pre/lmlnary 138 fb 1 (13 Tev)
% Observed 95% CL upper limits. % Observed 95% CL upper limits. 6 10°E IE B 10%E e [ E
I:11 I:11 g Sphaleron p(Ncs) = 0 5 95/ CL upper hmns E g Sphaleron E
e 11 - s 11f b B — Observed i N ]
%n gl (_“E 10-1 - --- Expected i (_.,‘_3 10-1 - Observed 95% CL upper limits _|
B 10k 1 B 10k 1 © - 68% expected J © F — p(Nes)=1 E
3 3 € 95% expected < p(Ncs) =0.5
e o o - 1 o I
i of ] i oF . - - — P(Nos)=0
w s . W S Charybdis2 M g 10 2? E g 10 2? o E
= Rotating (C1) Q - ] Qo 5 g
8+ - 8 Nonrotating (C2) - E; L | E<J L i
BlackMax ¢ Rotating, evaporation model (C3) qu 10-3 L = - ql) 1 0-3 - -
¢ Nonrotating, no graviton emission (B1) — n=6 v Rotating, YR model (C4) — n=6 — = E — F E
T . Rotating, no graviton emission (B2) - n=4 T Rotating, stable remnant (C5) - n=4 o s ] o F 1
4 Rotating, energy/momentum loss (B3) -= n=2 + Rotating, boiling remnant (C6) —-= n=2 10_4 i | | | | | 1 10 4 i | | | | |
‘ ‘ MR I I RS, - MR R R BN
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Mo [TeV] Mo [TeV] Esph [TeV] Esph [TeV]

v" No excess seen over the background expectation

MS-PAS-EXO-24-028
v' Excludes blackholes with masses below 9-11.4 TeV GRllate
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UDD, g-ths, mg =2500 GeV
UDD, §-tbs, ms =2500 GeV
UDD, t-dd, m = 1600 GeV
UDD, £-dd, m: = 1600 GeV
LQD, £=bl, m; = 600 GeV
LQD, -+b1, m; = 460 GeV
LQD, -+b1, mi = 1600 GeV

GMSB, §~gG, my = 2450 GeV

GMSB, §~gG, mj = 2100 GeV

Spit SUSY, §-qdx?, ms=2500 GeV

Spit SUSY, G-qd?, m;=1300 GeV

Spit SUSY (HSCP), £, = 0.1, my = 1600 GeV
mGMSB (HSCP) tanf =10, >0 , m: = 247 GeV
Stopped f, t-+tx?, mi = 700 GeV

Stopped §, §-qdx?, f,=0.1, m= 1300 GeV
Stopped §, G-adx3(uux?), fy, = 0.1, m; = 940 GeV
AMSB, x *=yin*, my: =700 GeV

§-qdx] or g, 4, x5 X" =xin*, m; = 1600GeV,m; = 1575GeV

G-qx] or gy, X =xim*, m; =2000 GeV, my = 1000 GeV
tatx? or by}, xf =xim*, mi = 1100 GeV, myg = 1000 GeV
GMSB, x2-HG (50%)/ZG(50%), my: = 600 GeV

GMSB, x2-HG (50%)/ZG(50%), my: = 300 GeV

GMSB SPSB, x3-yG, my: = 400 GeV

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

H~Z0Z0(0.1%), Zopipt, My =125 GeV, my = 20 GeV
H=Z0Z5(0.1%), Zoi(15.7%), my = 125 GeV, my = 5 GeV
H=XX(10%), X~ee, my=125 GeV, my = 20 GeV
H-XX(0.03%), X=II, my = 125 GeV, my =30 GeV
H=XX(10%), Xbb, my = 125 GeV, my = 40 GeV
H=XX(10%), X-bb, my = 125 GeV, my = 40 GeV
H=XX(10%), X-+bb, my = 125 GeV, my = 40 GeV
HXX(10%), X=TT, my = 125 GeV, my =7 GeV

dark QCD, my,,, = 1500 GeV, ms,,, = 10 GeV, agonstic
dark QCD, my,,, = 1500 GeV, ms,, = 10 GeV, GNN
H=XX(10%), X-+bb, my = 125 GeV, my = 40 GeV
H=XX(10%), X~dd, my = 125 GeV, my = 40 GeV
H-=XX(10%), X=1T, my = 125 GeV, my = 40 GeV

LLP search summary from CMS

CMS Preliminary March 2024
q 2104.13474 (Jets with displaced vertices) [ 0/0006=0109m
i 2012.01581 Displaced jets) IO 05E1]
t 2104.13474 (Jets with displaced vertices) [0 00055=0/080m
g 201201561 Displaced jets) N GOZ= 525
t
i [ZIHGT Diaplaced loptoms) T 000010
t 2012.01581 (Displaced jets) [N0005=0241mI
q 2012.01581 (Displaced jets) [ 0.006-0.55 m|
i 1906.06441 Delayed jet + MET) (LG 3234
§ 2012.01581 (Displaced jets) [ 0/007=0.36'm|
g
g
T
i 1801.00359 (Delayed jet)
§ 1801.00359 (Delayed jet)
g 1801.00359 (Delayed py)
X 2004.05153 (Disappearing track) | 07-30m
X 1909.03460 (Disappearing tracks + jets with M) | 011-10m
X 1909.03460 (Disappearing tracks + jets with Mz) | 026-2 m
X 1909.03460 (Disappearing tracks + jets with M) | 025-9m
° 2212.06695 (Trackless jets + MET) [ 004w
X 2212.06695 (Trackless jets +MET) [ 005-24m
X 1909.06166 (Delayed y(y)) [ 02=6m
i 211004809 (Displaced leptons)  5e05-2.65m
X 220508562 (Displaced dimuon)  SedS-5m
X 2112.13769 (Displaced dimuon scouting) [/ 0 0001-0.25 m|
X 14116977 (Displaced dielectron)  000012-25m
X 2110.04809 (Displaced leptons) | 0001-012 m|
x 2012.01561 (Displaced jts) [N O 0T=0535
X 2110.13218 (Displaced jets +2Z) [ 0,004-0.248 m |
x 2107.04838 (Hadronic decays in CSCs) [ 024501
X 2107.04838 (LLP decays in €SCs) [ 009-23m
o 2403.01556 (Emerging jet + jet) [0 0/003=0.3m|
X
X CMS-PAS-EX0-23-013 (Displaced Jets Run3) [ 00005-2.5 m)
X CMS-PAS-EX0-23-013 (Displaced Jets Run3) |0 0005-25 m|
X CMS-PAS-EX0-23-013 (Displaced Jets Run3) [/ 0001-0.5 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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13217
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35fb7* (13.6 TeV)
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LQ — qe

LQ — qp

LQ — g1

LQ — qu

LQ search summary from CMS

Nonres. ee, B(LOQ—-ue)=1,A=1
Nonres. ee, B(LQ—-de)=1,A=1

CMS Preliminary March 2025
1-4.7 TeV
arxiv:2503.20023 5
1-3.7 TeV
arXiv:2503.20023 ©
arXiv:1811.01197 - 0.2-1.44 TeV

LQ(ge)LQ(ge), B(LQ—»qe)=1,qg=u,d

LO(ge)LQ(ge) + LQ(ge)LQ(qve), B(LO - ge, quve) = 0.5, g=u,d
eLQ(qge), B(LQ—»qe)=1,A=1,g9g=u,d

LQ(te)LO(te), B(LQ—te) =1

arXiv:1509.03744
arXiv:1811.01197
arXiv:1509.03744

arXiv:1509.03750

arxiv:2202.08676

0.2-1.27 TeV

0.3-1.76 TeV

0.2-1.34 TeV

Nonres. pu, B(LQ-uu)=1,A=1

Nonres. uu, B(LO—-du)=1,A=1

LO(qu)LQ(qu), BILOQ—»qu)=1,qg=u,d,s,c