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Outline:

e Motivation to study dimuons
o Standard Model — from Z boson to Rare decays

e Exotica — search for new heavy resonances

e Conclusions

Public Results for ATLAS, CMS, LHCb:
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/WebHome

http://cms-results.web.cern.ch/cms-results/public-results/publications/

https://lhcb-outreach.web.cern.ch/category/physics-results/
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Many major discoveries were made before the LHC in dimuon channel
(J/y, Y, Z, ...) — rather clean channel for finding

new narrow resonances (often unexpected).

Why study dimuons at the LHC?

e Important Standard model benchmark channel.

Theoretical cross sections calculated up to NNLO
allowing tests of pQCD

e Many theoretical models predict contribution of P

New Physics in dimuon channel.
NNLO, a¢ = 0.118, Q* = 10* GeV?

. Global Fit

N
=222: No LHC data
ARRRN

\\\\\

e Used to constrain PDF's

o Calibration and alignment, TnP

e Physics Processes produced in association 1

with Z boson, H — ZZ, B — pyu discovery, Qs — 0 0 W&\

o NNPDF for LHC Run2,
i JHEP 1504 (2015) 040
0.850! Ll L Ll

\
1 1 1 \
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50 discovery of H — bb used also Z — upu.
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=Very clean experimental signatures!
“Nobel prizes: J/v (1974—1976), Z (1983—1984),
=Notable discoveries: Y (1977), B, — putp~ (2013)
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ird’s-eye LHC Picture
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Magnetic field 38T N

Shielding

~ LHC beauty experiment CMS | ATLAS | LHCb

HCAL

R e I\ Diameter, m 15 25 10-13
n‘\

Length, m 28.7 46 21

Weight, kt 14 7 5.6

I = Magnetic field, T 3.8 2,0.5 1

Pseudorapidity |n| | < 2.5 < 2.5 2<n<d
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Data included from 2010-03-30 11:22 t0 2023-07-16 23:02 UTC

2010, 7 TeV, 45.0 pb™
2011,7 TeV, 6.1 fb™ 30000

2010, 7 TeV, max. 203798.8 Hz/pb
2011, 7 TeV, max, 4017.2 Hzlb .
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2012,8TeV, 23.3fb™ CMS 1

2012, 8 TeV, max, 7665.7 Hz/ub
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2015, 13 TeV, 4.3 fb™

2016, 13 TeV, 41.6 fb™*
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2018,13 TeV, 67.9 fb™
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e Run 1 with /s = 7-8 TeV: ~30 fb~!

o Run 2 with /s = 13 TeV: Rapid rise of integrated luminosity ~140 fb~!

o Mean luminosity is 2 times higher than 10** cm™?s™! (original nominal value for

e Run 3 with /s = 13.6 TeV: started in 2022; Currently /[,dt 70 b~
Expected by the end of the run: /E dt ~ 300 fh™!
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Drell-Yan

process studies
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Physics with Dimuons at the LHC Conference on

James Stirling’s plot
with ATLASH+CMS region
+ added LHCDb 7 regions

M
12 = —= exp(:l:y) arXiv:0808.1847

N
ATLAS, CMS and LHCDb have
a complementary phase space.

11 Measurements at the LHC

will place extra constraints
on PDFs and QCD

— Feeds back into predictions.
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August 2023 CMS-PAS-SMP—22-01 7

£ o2 cms 1 Used data with 5fb~! at /s = 13.6 TeV
1 reliminary ) .
3 Single muon trigger: pr > 24 GeV, |n| < 2.4.
ET 03-'_ a(pp - Z+X) x B(Z - I'1") (60 <m, <120 GeV) _— \/E — 13 Tev: CMS_PAS_SMP_QO_OO4
07| .m0 ATLAS-CONF-2023-028

06 . CMSPASSHP2000s Grakmnary 17 cross sections agree between

1 e | the channels and with NNLO QCD

| s remnan) within the uncertainties.

03+t 2.006 + 0.038 nb (13 TeV) i

x CMS-PAS-SMP-22-017 (Preliminary)
. coopemeee | Differential measurements on y, pr, ¢y

2 3 4 5 6 7 8 9 10 11 12 13

caen OMS JHEP 12 (2019) 061, ATLAS-CONF-2023-013,
CMS preiiminay CMS-PAS-SMP-20-004201 pb (13 Tev) LHCb JHEP 07 (2022) 026
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Data / MC comparison for mass spectra (with FEWZ NNLO predictions)
Most important backgrounds for p*p~ channel:

e Low-mass region: QCD multi-jets
o Peak region: Drell-Yan — 7777, W — [v, dibosons
o High-mass region: tt, single top, dibosons
11
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o L=281fh!ats=13 TeV

e Mass range: 15—3000 GeV,

divided by 43 bins

o Trigger: Isolated single muon
trigger with pr > 20 GeV

o Kinematic cut: prd > 22 GeV,
p? > 10 GeV, |n| < 2.4

e Corrected to the full space

e Also measured fiducial cross
section within the detector

acceptance

e Systematic uncertainty:
Low-mass: Eff. SF ~ 3%

CMS 2.3 fb™ (ee) 2.8 b () (13 TeV)
D 10) Y*/Z > e'e’, whoc
Q =
o 10=
Q_ C
% 10'E
= -
-8 1072 £
10°E
10 E
10°F - FEWZ (NNLO QCD + NLO EW)
107k
EI IIIIIII| | IIIIIII|
E 1.5 | stat. unc. Tot unc. |V Theo. unc. (FEWZ)
(40 C v
0 NS SR S RS RV PO, 240
E\ ;, rar sy o o n B AR b Al Tabe SEEAT g 7 7
g 0.5F . P92
lf 20 30 100 200 1000 2000

m [GeV] Z peak: FSR (< 2%)

Generally good agreement between data and theory

FEWZ (NNLO QCD, NNPDF3.0)

High-mass: Det. Res. (up to 150%)

o Combined both u*pu~ and eTe™.
12
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@Ms. | Mass dependence of the transverse momentum
< A of DY lepton pairs (Eur. Phys. J. C83 (2023) 628) AT

Measured double differential cross CMS Preliminary 36.3 fo-' (13 TeV)
S :
. . . C < aMC@NLO
sections of DY lepton pair production, &oo7; %}v 4 ArTeMiDe
. .9.—0.006;— 7 4 - CASCADE
as a function of pp(¢¢), and ¢*, < 00051 2B ¢ G
. . . s —— Measurement
in bins of dilepton masses: S 00041 - o
© 0.003F -
m € |50, 76,106, 170, 350, 1000] GeV. NNz 2 ==
0.001F 350 < my < 1000 GeV
Measurements are compared A
c §1_25; Statistical M @ QCD scale 1@ PDF & o unc.
to state-of-the-art predictions 221,00
) x(80.75F
based on perturbative QCD .
including soft gluon resummation. o sz
l§0'75—N.9..QED‘ M M | L
o, . . € E I Statistical @ QCD scale 1@ TMD unc.
Additionally, similar measurements 5
were performed requiring “goms
., c|51.25¢
at least one jet in the final state. 5(21.00f
a180.75¢ e
100 10! 102 19 108
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Measurement of Arp can be a sensitive check of

the Standard Model.

d A
? oc§ (1—|—COS2@*)—|—70(1—3COS29*) + App cos 6

‘:dcos o* 8

0* is angle between 1~ and quark direction
in dilepton rest frame

e Good agreement to SM prediction of Apg ~ 0.6

e Used to set limits on the presence of additional
gauge boson Z’
in the sequentual standard model (SSM):
Lower mass limit = 4.4 TeV is set at 95% CL.

e Arp can be used to measure
Weinberg weak mixing angle sin® Oy

14
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General structure of the lepton angular distribution in Z boson rest frame:

d?c

1 1
dcos 0o X [(l—i—cos2 (9*)—|—A0§(1—3 cos® 0*)+A, sin(20*) cos ¢*—|—A2§ sin” 0* cos(2¢*)

+ A3 8in 0* cos ¢* 4+ A, cos 0 4 As sin® 0* sin(2¢*) + Ag sin(20*) sin ¢* + A; sin 0* sin ¢*]
where 6* and ¢* are azimuthal and polar angles.

The violation of Lam-Tung relation Ay — Ay = 0 is observed,
as predicted by QCD calculations beyond NLO:

CMS |y| <1 ATLAS LHCb
Phys. Lett. B 750 (2015) 154 JHEP 08 (2016) 159 Phys. Rev. Lett. 129 (2022) 091801
. CMS 19.7 fb' (8TeV) < 0.25E T ‘ T E e . B e S
<F: 0.3 I IE)/IaatgGraph A o2F 8A$é€$2°3fb’1 4 03F A, -A, .
L o025 ¢ Powheg s 0.15] —s—Daa o) ++H~H»+ R ®
0.2F + FEWZ,NNLO o rowsecwniozy ¢t ER .
0.15 s o %#Tﬁ*£+_; 0.1} Tox Se X te
otf Gt )| °°j;_._¢$ﬁ3*m ffffffffffffffffffffffffff EI NP .
0.05 - 4%* : g ko -
0F —o.os;H_ - 0.1k i
650700 750 200 250" 300 0 P 020 a0 60 80 100
q, [GeV] pZ [GeV] Py [GeV/(]

See details in the talk by Vlad Shalaev
15
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Rare Dimuon Decays
in Standard Model

16
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Physics with Dimuons at the LHC

~ISM predicts

Br(B) — pp) =
Br(B” — pu) =

IThe processes are sensitive
[to searches for BSM physics.

Combination of the
Br(B] — pu~) =

1.9 x 10719 at 95% CL

Recent CMS measurement:

(3.74£0.2) x 1079
(1.1+0.1) x 10710

2 ATLAS+CMS+LHCDb results:
(2. 69*8 2
Upper limit Br(B° — utp™) <

) x 1079

[Phys. Lett. B 842 (2023) 137955]

Br(B] — p ™) =

(3.9370-3%

) x 1077

Br(B® — utp~) < 1.9 x 10719

' ] Most precise single measurements
— and consistent with the SM.

B(BS - p*r) (107)

Conference on High Energy Physics
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Rare decay: Br(H — pup )gm = 2.2 x 1074

Using full CMS Run2 data (137fb™

First evidence for H — p*pu~ with significance 3o

Four categories: VBF, ggH, ttH, VH

Signal strength ™ = 1.197F

Even more rare: Br(H — ete )gyy = 5 x 1077
CMS limit: Br < 3 x 107* [arXiv:2208.00265] -

0.40
0.39

137 o' (13 TeV) -
T T I T I I T T T I T T T I T T T I E |;
CMS Combined i = 1.19°0% s
L —— Combined best fit p = “ 4
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VBF-cat. | Mn=1367 £l
I 68% CL -
06 [ Jo5%cCL = 10-2k
ggH-cat. | =063 m,, = 125.38 GeV '
- +2.27 -3
fiH-cat. | w=23272 1074
VH-cat. | p=5487" = 1074k
a 1 2 14
o 1.2¢
Re) E
| Il | | R S AT SO T U SRR MY E 08 F
-4 -2 0 2 4 6 8 T 0.6~
Best-fit u
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Exotica

(Search of new
heavy resonances)
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Many theories beyond Standard Model developed to address SM omissions.

New heavy resonances appear naturally in various extensions of Standard Model:

e s models 7,,, 7', Z, arise in different ways of breaking Fs symmetry group

FEg — SO(10) x U( Ju; SO(10) — SU(5) x U(1)y; Qz = Qysin(fs) + @, cos(bg)

e SSM (Sequential Standard Model) or “reference” model —
The same coupling constants for Z’ as for the SM

o Heavy graviton resonances are predicted by RS1 (Randall-Sundrum) model
of TeV-scale gravity with one additional warped extra dimension:
coupling constant ¢ = k/Mp;

Non-resonant models such as ADD and Contact interactions:

e ADD (Arkani-Hamed-Dimopoulos-Dvali) — large flat extra dimensions,
low-energy effective string scale Ar

e Contact interactions model comes from idea of quark and lepti)n compositeness.
T —
Conventional benchmark — 4-fermion interaction model £ ~ F(q‘yy“qL)(l LYulr).

AN — the energy scale parameter for the contact interaction.

There exist also other models in which heavy dileptons appear.

20
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Event with Heaviest Dimuon at CMS in Run2

M = 3.3 TeV
Muons: pr = 610, 540 GeV, n = —1.52, +1.96

C CMS Experiment at LHC, CERN
f| Data recorded: Thu Jun 28 23:28:47 2018 CEST Muon 1
Run/Event: 318877 / 151594226 pt = 535,68
Lumi section: 102 eta = 1.9;57
: phi =1.267

o I

pt = 608.56
eta = -1.521
phi=-1.790

Heaviest Dielectron at CMS: M = 3.5 TeV
Heaviest Dimuon at ATLAS: M = 2.8 TeV

Heaviest Dielectron at ATLAS: M = 4.1 TeV
21
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CMS: JHEP 07 (2021) 208

140 fb' (13 TeV)
+ Data I

. CMS
COVY/Z -
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1 Jdets

] Total Background (NR)
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—o0.5F | ++‘} T.. =
—1 70 100 200 300 1000 2000

m(u+p’) [GeV]

137 fb' (13 TeV)
— : -

+ Data
Covy/Z —-e'e
mm tt, tW, WW, WZ, ZZ, TtT
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- T T ]
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O-SE: TR X 1IN E
- T T +T+T .
—0.5
C L L s | s .
—1 70 1 OO 200 300 1000 2000

m(ee) [GeV]

ATLAS Phys. Lett B796 (2019) 68

10*

10°

Events /10 GeV

102

e Data
Background-only fit
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.

A TLAS

ﬁ
I
®
_|
[©)
<
@
©
[ S
HHH‘ HHLLLL‘ HHHH‘ HHHH‘ L1

e Good Data / MC agreement, No obvious bumps seen.

e Existence (or lack) of a signal is established by performing
unbinned maximum likelihood fits to the observed spectrum.
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Physics with Dimuons at the LHC

-- Generic signal at 1.34 TeV, I'/m = 0% e
-------- Generic signal at 2 TeV,I'/m = 0%
1 0—1 -+ Generic signal at 3 TeV,I'/m = 0% }
° I, bt -
= 2L bttt aeh ¢
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5 10°E
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w E 5
10 ? e Data e e E
- Background-only fit -
1 E -- Generic signal at 1.34 TeV, I'/m = 0% =
E e Generic signal at 2 TeV,I'/m = 0% 3
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= 20ty it ba At bty
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mg, [GeV]
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(lolB] £/ |olB] £) X 1920 |PD]
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Dileptons channels
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1000 2000 3000 4000

75000
m [GeV]

Combined e + ee

140 fb' (13 TeV, uu)
T T T T I

5‘ L L L =
& y —— Obs. 95% CL limit s
§ L e R — Exp. 95% CL limit, median 3
- I Exp. (68%) -
S 1072 N N\ [ Exp. (95%) E
g A " N 7]
2107 WA N\ E
N E ,,,,,,,,,,,,, E
g 10—4 . N E
1 0_5 N N N N R .‘E
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Limits at 95% C.L. on the ratio of Z’ cross section

to Z cross section, assuming a narrow resonance

The limit exclude a Zig,; with a mass less than
5.15 TeV and Z;, with a mass less than 4.56 TeV.
For p*p~ — 4.89 (Zsg),) and 4.29 TeV (Z,).
For ee — 4.72 (Zggy,) and 4.11 TeV (Z;,).
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Plot shows iso-contours of cross section with constant ¢, + (wq/wy,)cy.

Cy

7' cross section can be expressed in terms of
quantity [c,w, + cqwy]  (arXiv:1010.6058):

z’ ™

- = 15 [cuwa (s, M7,) + cqwa(s, M3.,)]

Cu, Cq contain information from the model-dependent

couplings to fermions in the annihilation of
charge 2/3 and -1/3 quarks, respectively.

w,,, wy contain information about the PDF's.

Z{q\ 18 a special case of generalized
sequential standard models (GSM),
Z,, is one of the Fg models,

generalized L-R models can also be included.

Changing this combination (or [ L dt) by 1 order of magnitude
moves the mass limits by ~ 1 TeV.

JHEP 07 (2021) 208; arXiv:2103.02708 with 140 fb~'at /s = 13 1eVyy,
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Oqy * B [1D]

Lepton coupling g

Limits at 95% C.L. on the ratio of Z’ cross section

- ' atlas 1 to Z cross section, assuming a narrow resonance
10§ Is=13TeV, 139 fs' 3
' - 1 Limits exclude Z{g,; with a mass less than 5.1 TeV.
1 =< For ptu~ — 4.5 (Z5g,,), for ee — 4.9 TeV.
- | Limits for HVT model (heavy vector triplet):
R B 1 a new SU(2) gauge group, leading to a triplet of
10—2 - — Observed I.im.it atf/m = 10:/0 . / /:t
AT e new bosons: Zyyp and Wyyr.
000 2000 s000 4000 sooo eooo | he results are exclusion contours in HV'T cou-
m 18Vl pling parameter space (g;, g4, gn)-
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oF RN Zyr—> 1l S o 13TeV 130" Zyro 3
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Quark coupling 9, Higgs and vector boson coupling g, 25
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Simplified model of dark matter production via a mediator particle in s channel,

Used 2 sets of benchmark coupling values from “Recommendations of the LHC
Dark Matter Working Group” (arXiv:1703.05703, CERN-LPCC-2017-01):
e Vector mediator with small couplings to leptons: gpy = 1.0, g4 = 0.1, g, = 0.01;
o Axial-vector mediator with equal couplings to ¢ and ¢: gpy = 1.0, g4 = g¢ = 0.1.

Limits at 95% confidence level are obtained for masses of DM particle and mediator.

137 fb ' (13 TeV, ee) + 140 fb ' (13 TeV, pp) 137 fo 1 (13 TeV, ee) + 140 fb ' (13 TeV, pu)
=’ N e S LR B AR RSN F ] ;-2.5_nuu|u...|....|....|,,ﬁ5,
L 1.8 | CMS 1 2

= - | Vector E = -
ED 1'65 . Dirac DM - ED 2
1.4F ggDM_=O11-0 P -
1.25 | g'-0.01 = 1.5

1;_ - 95% CL exclusion _; E

0.8F | E i
0.4F _; 0.5_—

O Z_A»_—:’/W:‘L.”.;: ] O P
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137 fb'(

CMS 95% CL lower limits

ee + uu channels Observed
----- Median expected
I 68% expected
[ ] 95% expected

13 TeV, ee) + 140 fo'' (13 TeV, uu)
I I I I

14

Search for the effects of ADD model —

large extra dimensions in pu invariant mass spectrum

A [TeV]

10

—_
N
TTT | TTT | TTT | TTT

CMS set limits on the model parameter A up to 9 TeV e

§ S
at 95% C.L. sE I ____
The observed 95% C.L limits on ADD models aF =
significantly improve the previous limits of -

and provide the best limits based on dimuon events to date. | | | | |

|
A Mg A=+1 Mgn=3 M;n=4 M;n=5 M;n=6 M, n=7

L =n-5(@y*q)(eyple), n==+1
95% C.L. lower limits are set on A,

the energy scale parameter for the contact interaction: 20

(GRW) (Hewett) (HLZ) ADD models
20 137 b (13 TeV, ee) + 140 fb' (13 TeV, up)
;‘ L I I I I I I I _
o r CMS 95% CL lower limits 1
= 60 —ee + uu channels Observed .
- . Median expected -
- I 68% expected
S0F ] 95 ted 7
. . L % expecte _
CI model comes from idea of quark and lepton compositenessf g g
47.‘- 40 ]

30

)

24-36 TeV, for destructive and constructive interference.
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Test of Lepton Flavor Universality (JHEP 07 (2021) 208)

Lepton flavor universality was tested for the first time at the TeV scale

by comparing " p~ and eTe” mass spectra: R+, jete- =

_ do(ptp=)/dmy

No significant deviations from SM observed.

At very high masses, the statistical uncertainties are large.
Here, some deviations from unity are observed, caused
by the slight excess in the dielectron channel.

A x? test for the mass range above 400 GeV is performed:
x*/dof = 11.2/7 and 9.4/7 for m > 400 GeV.

o 2 T 13716713 TeV. ee) + 140 fo™ (13 TeV. ) 'y 137 (13TeV, ee) + 140 b7 (13 TeV, )

(0] +® I
9= [ | = | cms ] =
3 E l
EE 1.5 two barrel leptons — Ecc:L 151 at least one endcap lepton B %:i
:w \ICD ' ~
. 1 Lo o
g4 { = a2
o + Dm:_ %ta

0.5 + |
%0 300400 1000 2000 3000 e ___
Sev %00 300 200 1000 2000 3000
m [GeV] m [GeV]
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imits for many other searches of Exotica at CMS performed.

http://cms-results.web.cern.ch/cms-results/public-results/publications/EX0/

Overview of CMS EXO results

CMS prelimi v March 2023
String resonance M 0.5=7.9 TeV 1911.03947 (2j) 137 fb~1
2y resonance " 0.35-4TeV 1712.03143 (2u+ 1y; 2e + 1y; 2] + 1y) 36 fb?
Wy resonance M 1,58 TeV 2106.10509 (1j + 1y) 137 fb*
Higgs y resonance M 0.72-325 TeV 1808.01257 (1j + 1y) 36fb1
§ Color Octect Scalar, k2 =172 M 0.5-37 TeV 1911.03947 (2)) 137 fb-1
Scalar Diquark M 0.5-7.5 TeV 1911.03947 (2j) 137 fb~1
tE+ ¢, pseudoscalar (scalar), g, x BR(¢—2¢) > = 0.03(0.004) M 0.015-0.075 TeV 1911.04968 (3£, = 4f) 137 fb1
ti+ ¢, pseudoscalar (scalar), g&, X BR($-+21) > = 0.03(0.04) “ 0.108-0.34 TeV 1911.04968 (3¢, = 42) 137 bt
PP +ZIy+X “ 0.6—1.6 TeV CMS-PAS-EXO-19-009 (pp + ££, PP + Y) 37 fb1
quark compositeness (£2), mum =1 Cinn <247TeV2103.02708 (20) 140 fb—*
quark compositeness (£2), num= —1 Gmn <36TeV2103.02708 (22) | 140 fb~?
Excited Lepton Contact Interaction I 0.2-5.6 TeV 2001.04521 (2e + 2j) 7 fb—t
Excited Lepton Contact Interaction M 0:2=5.7 TeV.2001.04521 (2 + 2J) 77 o1
vector mediator (gg), gq = 025, gom = 1, My =1 GeV M 0.35-07 TeV 1911.03761 ( =3j) 18 fb—*
vector mediator (£), gg = 0.1, gow = 1,g: =0.01,my> 1 TeV M 0.2-1.92 TeV 2103.02708 (2e, 2p) 140 fb—
(axial-)vector mediator (qd), ga = 0.25, gom = 1, my =1 GeV m 0.5-2.8TeV 1911.03947 (2)) 137 fb-1
(axial-)vector mediator (xx), gq = 0.25, gom =1, my =1 GeV M <1.95 TeV2107.13021 ( = 1] + py'ss) 101 fb~2
(axial)-vector mediator (£7), gg = 0.1, gom = 1, g = 0.1, My > Mmeal2 M 0.2-4.64 TeV 2103.02708 (2e, 21) 140 fb~1
scalar mediator (+t/tf), gq =1, gom =1, my =1 GeV ] <0.29 TeV1901.01553 (0, 1£ + = 2] + pyiss) 36fb~1
scalar mediator (tf), go =1, gom = ] 0.05-0.4 TeV 2107.10892 (0, 1£ + = 2j + py'ss) 137 fb~1
scalar mediator (fermion portal), A ] <1.5TeV2107.13021 (= 1j + py'=) 101 fb—1
pseudoscalar mediator (+j/V), gq “ <0.47 TeV2107.13021 (= 1) + pF**) 101 fbt
i pseudoscalar mediator (+t/tf), gq=1,gom =1, my=1 GeV M <0.3 TeV1901.01553 (0, 1£ + =2j + py™s) 36 fb1
pseudoscalar mediator (tf), gq = 1,gom = 1, my =1 GeV M 0.05-0.42 TeV 2107.10892 (0, 1£ + = 2j+ py™*) 137 fb~2
E complex sc. med. (dark QCD), My, =5 GeV, CTx, =25 mm M <1.54 TeV1810.10069 (4)) 16 fb—?
Baryonic Z/, gq = 025, gom =1, my =1 GeV M <1.6 TeV1908.01713 (h + py'=) 36 fb~*
2’ mediator (dark QCD), Mgark = 20 GeV, finy = 0.3, Gaark = aBen ] 1.5-5.1 TeV 2112.11125 (2] + pf**) 138 fb~1
2/~ 2HDM, gz = 0.8, gom = 1, tan, 100 Gev M 0.5-3.1TeV 1908.01713 (h + pF*<) 36 b2
Leptoquark mediator, =1, .1, 800 <My <1500 GeV “ 0.3-0.6 TeV 1811.10151 (1p + L + py') 77 fb—1
axion-like particle, f-1 =12 Tev-! “ 0.5-2TeV CMS-PAS-EX0-21-007 (PP + YV) 103 fb~1
inelastic dark matter model, y =10-%, ap = 0.1 M 0.003-0.08 TeV' CMS-PAS-EX0-20-010 (2 displaced u+ py=*) 137 fb?
inelastic dark matter model, y =107, ap = 0.1 ] 0.02-0.08 TeV' CMS-PAS-EXO-20-010 (2 displaced u + py*) 137 fb—?
dark Higgs model, gq = 0.25, gom = 1, 8 = 0.01, m, = 200 GeV, mz =700 GeV M 0.16-0.352 TeV CMS-PAS-EXO-21-012 (1£ + 2j + py™s, 2£ + pf'=) 137 fb~1
RPV stop to 4 quarks " 0:08=0:52 TeV|1808.03124 (2; 4)) 36 fb—?
RPV squark to 4 quarks M 0.1-0.72 TeV 1806.01058 (2j) 38fb1
E RPV gluino to 4 quarks ” 0:1=1.41 TeV 1806.01058 (2j) 38fb-1
RPV gluinos to 3 quarks M <1.5TeV1810.10092 (6]) 36 fb~t
ADD (jj) HLZ, nep =3 M <12/TeV1803.08030 (2)) 36 fb!
ADD (yy, ) HLZ, nep =3 “ <9.1TeV1812.10443 (2v, 2¢) 36 fb~1
ADD Gyx emission, ngp =2 M <10.87TéV2107.13021 ( = 1j + p§'=) 101 fb—2
ADD QBH (jj), nep =6 M <8.2 TeV1803.08030 (2j) 36 fb1
ADD QBH (ep), nep =4 M <5.6 TeV2205.06709 (ep) 137 fb—?
ADD QBH (eT), neo =4 “ <5.2 TeV2205.06709 (ev) 137 fb—?
ADD QBH (1), nep =4 “ <5 TeV2205.06709 (ut) 137 fb—1
ADD QBH (vi), nep =6 " 27.5TeV CMS-PAS-EXO-20-012 (v +J) 137 fb—1
RS Gx(22), k/Mp =0.1 M <4.78 TeV2103.02708 (2¢) 140 fb~1
§ RS Grlyy), kiMpi = 0.1 M <4.1TeV1809.00327 (2y) 36 fb~!
RS Gu(d, 99), kiMp = 0.1 " 0.5-2.6 TeV 1911.03947 (2)) 137 fb1
RS QBH (j), neo “ <5/9/TeV1803.08030 (2j) 36 fb1
RS QBH (vi), neo =1 ” 2-52 TeV CMS-PAS-EX0-20-012 (y +J) 137 fb~2
non-rotating BH, Mp = 4 TeV, nep = 6 M <9.7TeV/1805.06013 (= 7j(£, v)) 36 fb~!
3-brane WED gxx(¢ + 9 999), ggrav =6, g =3, €= 0.5, m(@Vm(grd =0.1  migu 2=4:3TeV12201.02140 (2)) 137 fb~?
split-UED, =2 TeV 1R 0:4=2.8TeV 2202.06075 (£ + py™) 137 fb*
d light quark (gg), A=mg M 0:5=6:3TeV/1911.03947 (2)) 137 fb~?
excited light quark (qv), fs " 1-6TeV CMS-PAS-EXO-20-012 (v +J) 137 fb-!
ii excited b quark, fs JA=mg ™ 1=2.2 TeV CMS-PAS-EX0-20-012 (v +J) 137 bt
excited electron, fs=f=f=1,A=m; M 25=3:9TeV/1811.03052 (y + 2e) 36fb1
excited muon, fs=f=f =1, A=m; " 025-3.8TeV/1811.03052 (v + 24} 36 fb—!
VMSM, [Vex|? =1.0, Vul?=1.0 " 0.001-124 TeV 1802.02965; 1806.10905 (3p; = 1j + 2j) 36 fb—?
VMSM, [Ven|2 =1.0, |Viwl?=1.0 M 0.001-1.43 TeV 1802.02965; 1806.10905 (3e; = 1) + 2e) 36 fb—*
! | VMSM, [VenViw [2/(Venl? + [Viar[?) = 1.0 “ 0.02-1.6 TeV 1806.10905 (= 1) + i+ €) 36 fb—1
i 5 Type-lil seesaw heavy fermions, Flavor-democratic " 0.1-0.98 TeV 2202.08676 (32, = 42, 1T + 3¢, 27 + 21, 37+ 11, 1T+ 24, 2T+ 10) 137 fb—?
Vector like taus, Doublet M 0.1-1.045 TeV 2202.08676 (3¢, = 42, 17+ 3¢, 27+ 2¢, 37+ 14, 1T+ 20, 2T+ 10) 137 fb—1
Vector like taus, Singlet " 0.125-0.15 TeV 2202.08676 (3£, = 4L, 1T+ 3£, 27+ 22, 37+ 12, 1t + 22, 27+ 10) 137 fb—?
2o, narrow resonance, £2 =8 x 106 (90% C.L.) ] 0.0115-0.075 TeV 1912.04776 (2u) 137 fb—?
25, narrow resonance, &2 =4 x 10-5 (90% C.L.) " 0.11-02 TeV 1912.04776 (2p) 137 fb—?
25, narrow resonance, £2 =7 x 10~7 (90% C.L.) “ 0.0011-0.0026 TeV' CMS-PAS-EX0-21-005 (24) 97 fb-1
2o, narrow resonance, £2 =3 x 10-% (90% C.L.) " 0.0042-0.0079TeV.  CMS-PAS-EXO-21-005 (2p) 97 fb-1
SSM Z/(2¢) M 25,15 TeV 2103.02708 (2e, 2) 140 fb—*
SSM Z(qq) M 0.5-2.9 TeV 1911.03947 (2j) 137 fb—1
Z/(qq) “ 0.01=0.125 TeV| 1905.10331 (1), 1y) 36 fb1
l Superstring Z, “ 0.2-4.6 TeV 2103.02708 (2e, 2p) 140 fb~1
LFV Z/, BR(ep) = 10% “ 0.2-5 TeV 2205.06709 (ep) 137 fb—*
s LFV Z/, BR(eT) = 10% ] 0.2-4.3 TeV 2205.06709 (et) 137 fb—1
LFV Z/, BR(u1) = 10% “ 0.2-4.1TeV 2205.06709 (ur) 137 fb—1
i SSM W'(£v) “ 0.4=5.7 TeV 2202.06075 (£ + py=*) 137 fb~2
Leptophobic 2/ ] 0.05-0.45 TeV 1909.04114 (2j) 78 fb~1
SSM W/(qd) " 0.5-3.6 TeV 1911.03947 (2)) 137 fb~?
LRSM Wa(uNR), M, = 0.5Mw, M <5TeV2112.03949 (2u + 2j) 36 fb~!
SSM W'(Tv) “ 0.6-4.8 TeV 2212.12604 (T + py**) 137 fb?
LRSM Wa(eNg), My, = 0.5Mw, M <4.7 TeV2112.03949 (2e + 2j) 36 fb~1
LRSM WR(TNR), M, = 0.5Mw, M <3.5 TeV1811.00806 (27 + 2j) 36 fb—?
Axigluon, Coloron, cote =1 M 0.5-6.6 TeV 1911.03947 (2)) 137 fb~?

0.001 0.010
Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).
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ATLAS Exotics Limits (95% CL)

Limits for many other searches of Exotica at ATLAS performed.

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
ATLAS Exotics Searches™* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: May 2020 J£dt=(3.2-139) fb! Vs =8,13 TeV
Model ¢,y Jetst ET™ frdim™] Limit Reference
T T T — T T T T T T T T T T T T T —T
ADD Gkk + g/9q Oe,u 1-4j Yes 36.1 Mp 7.7 TeV n=2 1711.03301
2 ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n=3HLZNLO 1707.04147
g ADD QBH = j - 37.0 M 8.9 TeV n==6 1703.09127
S ADD BH high ¥ p1 >leu >2j - 3.2 M 8.2 TeV n=6, Mp = 3 TeV, rot BH 1606.02265
= ADD BH multijet - >3] - 3.6 M 9.55 TeV n=6, Mp=23TeV,rotBH 1512.02586
S RS1 Gkx — vy 2y - 36.7 Gyk mass 4.1 TeV k/Mp; = 0.1 1707.04147
© Bulk RS Gk —» WW/zZZ multi-channel 36.1 Gkk mass 2.3 TeVv k/Mp; =1.0 1808.02380
= Bulk RS Gk — WV — fvqq Tenu 2j/1J  Yes 139 Gkk mass 2.0 Tev k/Mp =1.0 2004.14636
w Bulk RS gk — tt 1e,u >1b,>1J/2 Yes 36.1 gkk mass 3.8 Tev r/m=15% 1804.10823
2UED / RPP leu =22b,23) Yes 36.1 KK mass 1.8 TeV Tier (1,1), BAGY — ¢t) =1 1803.09678
SSM Z" — ¢t 2epu - - 139 Z’ mass 5.1 Tev 1903.06248
SSM Z" — 17 27 - - 36.1 Z’ mass 2.42 TeV 1709.07242
» Leptophobic Z" — bb - 2b - 36.1 Z’ mass 2.1 TeV 1805.09299
S Leptophobic Z’ — tt Oe,u >1b,>2J Yes 139 Z’ mass 4.1 TeV r/m=12% 2005.05138
8 SSM W’ — ¢v Teu - Yes 139 [W’mass 6.0 TeV 1906.05609
Q SSM W’ — v 17 - Yes 36.1 W’ mass 3.7 TeV 1801.06992
S HVT W’ — WZ — fvqgmodel B 1 e, u 2j/1J Yes 139 W’ mass 4.3 TeV gv =3 2004.14636
g HVT V! - WV — gqqqg model B O e, u 2J - 139 V’ mass 3.8 TeV gv =3 1906.08589
A HVT V' - WH/ZH model B multi-channel 36.1 V’ mass 293 TeV gv =3 1712.06518
HVT W’ — WH model B Oe,u >1b,>2J 139 W’ mass 3.2 TeV gy =3 CERN-EP-2020-073
LRSM Wgr — tb multi-channel 36.1 Wpg mass 3.25 TeV 1807.10473
LRSM Wg — uNg 2u 14J - 80 Wg mass 5.0 TeV m(Ng) = 0.5TeV, g1 = gr 1904.12679
— Clqqqq - 2] - 37.0 A 21.8TeV 7, 1703.09127
(&} Cl ttqq 2epu - - 139 A 35.8 TeV L CERN-EP-2020-066
Cl tttt =1 eu >1b,21j Yes 36.1 A 2.57 TeV 1Catl = 4n 1811.02305
Axial-vector mediator (Dirac DM) Oe,u 1-4j Yes 36.1 Mmed 1.55 TeV 84=0.25, g,=1.0, m(x) = 1 GeV 1711.03301
= Colored scalar mediator (Dirac DM) 0 e, u 1-4j Yes 36.1 Mped 1.67 TeV g=1.0, m(xy) = 1 GeV 1711.03301
Q VVxy EFT (Dirac DM) Oe,u 14,<1j] Yes 3.2 M, 700 GeV m(y) < 150 GeV 1608.02372
Scalar reson. ¢ — ty (DiracDM) 0-1e,u 1b,0-1J Yes 36.1 my 3.4 TeV y =04,1=0.2, m(xy) = 10 GeV 1812.09743
Scalar LQ 15t gen 12e >2]j Yes 36.1 LQ mass 1.4 TeV B=1 1902.00377
(@] Scalar LQ 2" gen 1.2u >2]j Yes 36.1 LQ mass 1.56 TeV B=1 1902.00377
=] Scalar LQ 3" gen 27 2b - 36.1 LQ; mass 1.03 TeV B(LQ§ — br) =1 1902.08103
Scalar LQ 3" gen 0-1e,pu 2b Yes 36.1 LQg mass 970 GeV B(LQJ - tr) =0 1902.08103
VLQ TT — Ht/Zt/Wb + X multi-channel 36.1 T mass 1.37 TeV SU(2) doublet 1808.02343
§.§ VLQ BB —» Wt/Zb + X multi-channel ) 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
T & VLQ Ts5/3Ts/3|Ts;3 > Wt + X 2(SS)/=3 eu >1b,>1] Yes 36.1 Ts/3 mass 1.64 TeV B(Tsz > Wt)=1, c(TszWt)=1 1807.11883
:‘l‘:’ g_ VLQY —» Wb+ X Tenu >21b, 21 Yes 36.1 Y mass 1.85 TeV B(Y — Wb)=1, cg(Wb)=1 1812.07343
VLQ B —» Hb+ X Oem,2y >1b,>1j VYes 79.8 B mass 1.21 TeV xkg=0.5 ATLAS-CONF-2018-024
VLQ QQ —» WgWaq Tepu >4 Yes 20.3 1509.04261
- g Excited quark ¢* — qg — 2] - 139 q* mass 6.7 TeV only u* and d*, A = m(q") 1910.08447
© S Excited quark g* — qy 1y 1] - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q") 1709.10440
Q € Excited quark b* — bg - 1b,1] - 36.1 b* mass 2.6 TeV 1805.09299
] @ Excited lepton ¢* 3eu - - 20.3 A=3.0TeV 1411.2921
Excited lepton v* epurt - - 20.3 A=1.6TeV 1411.2921
Type Ill Seesaw Teu >2j Yes 79.8 N° mass 560 GeV ATLAS-CONF-2018-020
LRSM Majorana v 2u 2] - 36.1 Ngr mass 3.2 Tev m(Wg) =4.1TeV, g = gr 1809.11105
& Higgs triplet H** — ¢¢ 234eu(SS) - - 36.1 H** mass 870 GeV DY production 1710.09748
= Higgs triplet H** — (7 et - - 20.3 DY production, B(H}* — (r) =1 1411.2921
(@) Multi-charged particles - - - 36.1 multi-charged particle mass 1.22 TeV DY production, |q] = 5e 1812.03673
Magnetic monopoles — — — 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
‘/§=13TeV V§=13TeV M | 1 PR | 1 1 PR S S A | 1 1 PR
partial data full data 10! 1 10

*Only a selection of the available mass limits on new states or phenomena is shown.
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Conclusions

e Dimuon is a unique channel providing clean signal with small background
even for large pileup at the LHC. Has become basics for many physics analyses.

e New ranges have been studied with the increased energy and luminosity.
Run3 has accumulated ~70fb~! at /s = 13.6 TeV.

e This enables us to better study the Standard Model physics,
and to obtain limits for the New Physics.

E.g. for the benchmark SSM model the mass limits reached 5.1 TeV
and for the HL. LHC it is expected to reach 7 TeV.

e We are looking forward for new discoveries.

Stay tuned for the news!

Publications by experiments:

http://cms-results.web.cern.ch/cms-results/public-results/publications/

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/

https://lhcb-outreach.web.cern.ch/category/physics-results/
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RDMS (Russia and Dubna Member States) has a full responsibility for internal
endcap detectors: ME1/1 (Muon Endcap) and HE (Hadron calorimeter endcap)
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U'(1) model Mixing angle B(/{T(7) Cu cd cufeca Tz /My
Eg
U(1), 0 0.061 6.46 x10~* 3.23x10~2 0.20 0.0117
U(1)y 0.5m 0.044 T7.90x107% 7.90x10~* 1.00  0.0053
U(1), —0.297 0.037 1.05x10~% 659x10~% 1.59  0.0064
U(1)g 0.1297 0.066 1.18x10~% 3.79x10~% 0.31 0.0117
U(1l)n 0.42m 0.056 594 x107% 148 x10=% 0.40  0.0064
LR
U(l)p 0 0.048 421 x10~% 4.21x10~3 1.00 0.0247
U(1)p1L 0.5 0.154 3.02x10~% 3.02x10~% 1.00 0.0150
U(1)rr —0.1287 0.025 1.39x107% 244 x1073 0.57 0.0207
U(l)y 0.25m 0.125 1.04x1072 3.07x10~3 3.39 0.0235
GSM
U()gm —0.0727 0.031 243x10~% 3.13x10~% 0.78 0.0297
U(1)TaL 0 0.042 6.02x 1073 6.02x 1073 1.00 0.0450
U(1)q 0.5m 0.125 6.42x1072 160x 1072 4.01 0.1225

Alexander Lanyov

Physics with Dimuons at the LHC

Conference on High Energy Physics

11.09.2023

Table 1. Various benchmark models with their corresponding mixing angles, their branching
fraction (B) to dileptons, the ¢, and ¢q parameter values and their ratio, and the width to mass
ratio of the associated Z’ boson.
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History and CMS Publications

on Searches for Heavy Dilepton Resonances

Publications and Results on Searches for Heavy Dilepton Resonances:

pe ),

Date Paper \/8, L, Z' Models RS1 Model
Reference arXiv TeV fb—1! SSM Z;p c=0.1]| c=0.05| c=0.01
03.2011 | JHEP 05 (2011) 093 | 1103.0981 | 7 0.040 || 1.14 | 0.89 | 1.08 0.86
06.2012 | PL B714 (2012) 158 1206.1849 | 7 5 2.33 | 2.00 | 2.14 1.81
12.2012 | PL B720 (2013) 63 1212.6175 | 7+8 | 5.3+4.1 || 2.59 | 2.26 | 2.39 2.03
12.2014 | JHEP 04 (2015) 025 | 1412.6302 | 8 20.6 || 2.90 | 2.57 | 2.73 2.35 1.27
12.2015 | CMS PAS EXO0-15-005 13 2.8 3.15 | 2.60
09.2016 | EXO-15-005 paper 1609.05391 | 8+13 | 20.6+2.9 | 3.37 | 2.82 | 3.11 1.46
08.2016 | CMS PAS EX0-16-031 13 13.0 | 4.00 | 3.50
03.2018 | JHEP 1806 (2018) 120 | 1803.06292 | 13 36 4.50 | 3.90 | 4.25 3.65 2.10
03.2021 | JHEP 07 (2021) 208 | 2103.02708 | 13 140 5.15 | 4.56 || 4.78 4.16 2.47
100 ———— : — . : Juseors
ratios of LHC parton luminosities: 13 TeV /8 TeV
e
Need to rescale integrated luminosities £ 1o} T i .
of measurements at /s =7 and 8 TeV & -

to v/s = 13 TeV using Stirling plot
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults

Standard Model Total Production Cross Section Measurements Status: February 2022
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The differential cross sections for produc-

tion of Z boson + jets are measured
as a function of pt of the Z boson
and pr and rapidities of five jets
with largest pr.

Measured jet multiplicity distribution.
Also studied the scalar sum of the jet pr

Measurement of multi-differential cross sections
for production of Z boson + jets (arXiv:2205.02872)

which quantifies the hadronic activity

in the event.

The measurements are compared

with predictions from several MC genera-

tors.

Physics with Dimuons at the LHC
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Runl (20fb~! at 8 TeV): excluded Z’ dilepton resonances for M < 2.9 TeV

100 Ll Ll Ll Ll 1

WJS2013

luminosity ratio
o

ratios of LHC pa

. . — , .
rton luminosities: 13 TeVV /8 TeV I

; James Stirling, private communication MSTW20¢8NLO
100 1000 -
M, (GeV)

For new bosons of M =~ 3 TeV:
Each 1 fb~! at /s = 13 TeV gives the same sensitivity as the whole Runl.

A unique chance to test new mass ranges!

Alexander Lanyov Physics with Dimuons at the LHC Conference on High Energy Physics 11.09.2023

43



do/dly| [pb]

Data/theory
IS

o o
©

“Low mass”

_\ T ‘ TT ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘ 1T ‘ 1T ‘ 1T ‘ 1T ‘ 1T ‘ TT \_
I CMS Prellmlnary T
[ 19.71fb" ee, 19.7 fb™ up (8 TeV)

| 20<m<30GeV ]
—e— Data ]

S5 FEWZ, NNLO CT10
~~ FEWZ, NNLO NNPDF2.1 -

o
Frrrrrrrrjr

1 1 T

TR S Iea

0 02 04 06 08 1 12 14 1.6 18 2 22 24
Absolute dilepton rapidity, |y|

6 bins on M, at 20, 30, 45, 60, 120, 200, 1500 GeV,

500

OI<5/0||y| [pb]

400 |~
300~
200{~

100

Data/theory
IS
T

154
©

08 F
0 02 04 06 038

VA region

“High mass”

L 60 <m<120 GeV

- CMS Prellmlnary
L 19.71b" ee, 19.7 tb™ up (8 TeV)

600 I CMS Prellmlnary
[ 19.71fb" ee, 19.7 fb™ up (8 TeV)

| 200 < m < 1500 GeV

do/dly| [pb]

S5 FEWZ, NNLO CT10
#~~ FEWZ, NNLO NNPDF2.1—]|

—e— Data

N
gg% FEWZ, NNLO CT10
“2~ FEWZ, NNLO NNPDF2.1 |

>
L
==4
0 I

o
T T T

RS S S

Data/theory

L 7]
e
KK B
I T N A I AT AN WA O s, v
FuFuDe PepeRRRERa T
'IT:*::é:%':

@ © o LN
LA T

o o

0 02 04 06 08 1 1.2 14 16 18 2 22 24

1 12 14 16 18 2 2.
Absolute dilepton rapidity, |y|

Absolute dilepton rapidity, |y|

24 bins for |yl =0—2.4

For M > 200 GeV — 12 bins for |y| =0 — 2.4

Within the detector acceptance to reduce the model dependence.

Good agreement with FEWZ, but deviations exist at low and high mass regions.
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and could yield precise constraints on the PDFs.
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Limits for many other searches of Exotica at CMS performed.

http://cms-results.web.cern.ch/cms-results/public-results/publications/EX0/
Overview of CMS long-lived particle searches

CMS Preliminary March 2023
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UDD, g-+tbs, mg = 2500 GeV § 2012.01581 (Displaced jets) [ 0X003 =1 132!
UDD, f-dd, mz = 1600 GeV f 2104.13474 (Jets with displaced vertices) _ 140 fb!
UDD, £-dd, m; = 1600 GeV f 2012.01581 (Displaced jets) _ 132!
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W Goqaxd or g, G, X xdnt, mg=1600GeV,my = 1575GeV xE 1909.03460 (Disappearing tracks + jets with Mrz) 0.11-10m 137/
Gaxd or q'xt, XiE4xim, my=2000 GeV, myp = 1000 GeV  yit 1909.03460 (Disappearing tracks + jets with Mrz) | 0.26-2m 137!
Eotyd or by, x xdnt, mp=1100 GeV, my» =1000 GeV  yit 1909.03460 (Disappearing tracks + jets with Mrz) 0.25-9m 137107t
GMSB, x{-HG(50%)/2G(50%), mys = 600 GeV L 221206695 (Trackless jets + MET) 0.04-12m 138!
GMSB, x{’-»HG(SO%)/ZG(SO%), mye =300 GeV P 2212.06695 (Trackless jets + MET) 0.05-24 m 138!
GMSB SPS8, X‘l’-»yf;, mye =400 GeV Xf 1909.06166 (Delayed y(y)) 02-6m 770!
GMSB, co-NLSP, /-/G, mj=270 GeV i 2110.04809 (Displaced leptons) 5e-05-2.65 m 118071
H=2ZpZp(0.1%), Zp-uy, my =125 GeV, my =20 GeV X 2205.08582 (Displaced dimuon) 5e-05-5 m 98 fpt
- H-2ZpZp(0.1%), Zp-uu(15.7%), my =125 GeV, my=5GeV  x (2112.13769 (Displaced dimuon using scouting) 0.0001-0.25 m 10172
.g H-XX(10%), X=ee, my =125 GeV, my =20 GeV X 1411.6977 (Displaced dielectron) 0.00012-25 m 20 b (8 TeV)
s H-XX(0.03%), X~Il, my =125 GeV, my =30 GeV X 2110.04809 (Displaced leptons) 0.001-0.12 m 118!
+ H-XX(10%), X-sbb, my =125 GeV, my =40 GeV X 2012.01581 (Displaced jets) 0.001-0.53 m 132!
3 H-XX(10%), X-bb, my = 125 GeV, my =40 GeV X 2110.13218 (Displaced jets + Z) 0.004-0.248 m 117/
2 H-XX(10%), X-+bb, my = 125 GeV, my =40 GeV X 2107.04838 (Hadronic decays in CSCs) 0.12-450 m 137/
T H-XX(10%), X-1T, my =125 GeV, my=7 GeV X 2107.04838 (LLP decays in CSCs) 0.02-23m 137!
dark QCD, my, =5 GeV, my,, = 1200 GeV Xok 1810.10069 (Emerging jet + jet) 0.0022-0.3m 16!
1 1 1 1 1
1077 105 1073 101 10t 103

ct[m] 4 5

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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CIMS Search for u™pu~ resonances produced in association .t'
with b-jets (JHEP 1811 (2018) 161)

An excess of events near a M (uu) = 28 GeV was observed by CMS in the 8 TeV data.
Association with b quarks was required and two categories of events were considered.

A similar analysis conducted with 13 TeV data results in a mild excess in one category
and a deficit in another one. = More data and additional theoretical input are
required to fully understand these results.

o5 SMS L e7mIETev —aoLMS 197G Tew
8 : SR1 Signal+background fit : 8 35 :_ SR2 Signal+background fit
d - ==: Background-only fit - ad = ==: Background-only fit
~ 20 —] —_ -
[22) C 7 v 30
EM: : EP:
C N 25
T 15F ] Ik
C u 20F
10 __ 15 =ty o B AR A R A o 3 L
S OO O R UE A \/g 8 Te) 10F
5
o P T H R E et B EE ob v e e e
20 30 40 50 60 70 20 30 40 50 60 70
m,,, [GeV] my,, [GeV]
120 CcmMSs 35.9 fb' (13 TeV) — 160 cmMs 35.9 fb' (13 TeV)
— L S L L AL B B B e
$ : SR1 — Signal-;—backﬁgrounf:l fit 8 1 40 E_ SR2 — Signal+backf;rounfi fit _E
o] 1 Oo - Background-only fit d o Background-only fit =
= - . ‘»120F u
S 8O — S s s
L C . L1100 =
Ll r ] L = ]
60— -] 80— —
C . 60H —
40— —] R I I 1 ‘ 7 M ]
20 — c m
N ] 20 =
o s L O: R R R T SR B
20 30 40 50 60 70 20 30 40 50 60 O
my,, [GeV] my,, [G
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GV Precision measurement of
Z invisible width (arXiv:2206.07110)

The result is extracted

' ] : lsm :
from a simultaneous fit to data regions ..t o 3 150245 e
Containing mainly 7, boson decay L3f— H——H —f498¢17MeV
to invisible particles (Vﬂ> OPAL —H—-—H— 539 + 31 MeV

and those dominated by Z boson decay S S :
CMS | | e 3523 + 16 MeV
to ete™ and /ﬂ',u_. - 1(13 TeV 36.3 fb~1)
C 11 1 | 11 1 I 11 1 1 | 11 1 I_
450 500 550 600

Dlvisible = 523 & 3(stat) & 16(syst) MeV, Fiy (MeV)

Precision is similar to

LEP direct combination

First measurement of the 7 invisible width at a hadron collider.

The single most precise direct measurement in the world,

competitive with the combined direct measurement from LEP. 47
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RS1 Model (JHEP 07 (2021) 208)

137 fo" (13 TeV, ee)+140 fb (13 TeV ML)

The measured dilepton

a 1 - CMS —— Obs. 95% CL limit ]
- N Exp. 95% CL limit, mediany 11ASS Spectra are consistent
— o Exp. (68% n . < g
X oL — i 1 with predictions
T [ ] Exp. (95%) E
B P G LOX1-8) 3 from Standard Model.
.9. 10—3 - — k/M =0.1 —
~_ = k/M _005 E
5= o . T NG k/M —0.01 E
=) = =
= - :
10—5 = _§

60650003000~ 40005000
m [GeV]

An RS1 graviton with coupling ¢ = 0.10 is excluded below 4.78 TeV.

An RS1 graviton with coupling ¢ = 0.05 is excluded below 4.16 TeV.

An RS1 graviton with coupling ¢ = 0.01 is excluded below 2.47 TeV.
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Dilentons channels Combined 1w

0 140 o7 (18 TeV, wi) 137 " (13 TeV, ee) + 140 fo! (13 TeV, )
) E ' ' T T EN ] E ' : T T E
(—3 -CMS — /M, =0.6% /M, = 3% E(—E "CMS — /M, =0.6% MM, =3% -
T r /M, =5%  -=- r/M,=10% & L - My /M, =5%  --- F/Mz_10% il
£ s DR S P = e S 0o
8 u : - r".:. ‘ - i 8 H _
— 107" | AW i - TRV AR - A y _E—l 107" : ST W TR ; _E lo
SRR L0 A [ 1 L OO ] 3 | — < I P
107 v 5 107%¢ NS
1073 g—l'l'l’l’ """"""""""""""""" = 10°%g = 30
-4 i 1 1 I I MR | L I j -4 i 1 1 I I L | L L -
10 300 400 1000 2000 3000  © 300 400 1000 2000 3000
_— ™A\ n m [Gev]
137 b (13 TeV ee)
% 10 E T T T T T T E
< -CMS — /M, =0.6% = r,/M,. = 3% E . .
; A M5 - =10 The largest excess in the combined result
3 TV A A IR go‘Is observed around M = 710 GeV
4 1L e . ..
107 havmg a local significance of around 3.0 0.

1072 “This corresponds to a global significance of —1.4 ¢

________________________________________ CE el ter taking into consideration
the look elsewhere effect (LEE)

300 400 1000 2000 3({)80\/] in the mass range 500-5500 GeV.
m e

107

107
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— T . — ] e Measurements of ratios of the

- CMS 19.7 b ee and uu (8 TeV)

normalized differential cross sec-

tions:

481" ee, 4.5 up (7 TeV
ee i (7 TeV) 1/oz do/dM (8 TeV)

R e eV —
STNV/TTN =1 Vo do JdM (7 TeV)

e Luminosity uncertainty is can-

celed out.

e Most of the theoretical uncer-

lll|111|111|11111111111

!

tainties are reduced in such dou-
ble ratio measurements due to

correlations. (arXiv:1206.3557,
M. Mangano, J. Rojo)

-
m
=
N
=
=
—
@)
(@)
-
o
N AN

» Published in
20 50 100 200 500 1000
m [GeV Fur. Phys. J. C75 (2015) 147
Also for 6 bins on M,+,- vs |y|. To be continued at higher energies...
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Prediction Prediction

Prediction

do/dpr(28) [pb/GeV]
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Mass dependence of the transverse momentum
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ehs | Mass dependence of the transverse momentum .t'

Additionally, a measurement is performed re-
quiring at least one jet in the final state.
Shown differential unfolded cross sections in
p% for one or more jets in different invariant
mass ranges.

Measurements are compared to state-of-the-
art predictions based on perturbative quantum
chromodynamics including soft gluon resum-

mation.

do/dpr

Prediction Prediction

Prediction

20) [pb/GeV]

... At least one jet in the final state ... (arXiv:2205.04897)
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(s | Future Circular Collider (~100 TeV) L\
- and HE-LHC (~27 TeV) ‘“

FCC-ee collider parameters

i . z w H (ZH) ttbar
CERN’s Future Circular Colliders (FCC) study b T T
eam energy [GeV] 45.6 8o 120 182.5 o .
- = 1 FCC simulation = Median expected.
arc cell optics 60/60 90/90 g0/g0 90/g90 % [E] 95% expected
R . emittance horfvert [nm]/[pm] 0.27/1.0 0.28/1.0 0.63/1.3 1.45/2.7 = 1 \/E =100TeV [ 68% expected
International FCC collaboration N 10° [ Ldt = 30ab™" —
Y " -
(CERN as host lab) to study: B* horiz/vertical [m]/[mm] 0.15/.8 0.2/1 0.3/1 1/2 g_ . Z)} ]
« pp-collider (FCC-hh) SR energy loss /turn (GeV) 0.036 0.34 1.72 9.21 % 102 Z‘u
- main emphasis, defining total RF voltage [GV] 0.10 0.44 2.0 10.9 2z
infrastructure requwemer_ﬁs energy acceptance [%] 13 13 1.5 2.5 10 Z,'r T
~16 T = 100 TeV pp in 100 km energy spread (SR [ BS) [%] 0.038/0.132 0.066 [ 0.153 0.099 /0.151 0.15/0.20
: 7100 km tunnel I!Ifras"u_‘:ture bunch length (SR / BS) [mm] 3.5/12.1 3.3/7.65 3.15/4.9 2.5/3.3 1074
in Geneva area, site specific - -
Bsocrjiwgt‘i::“of an . ee collider (FCC-ee), bunch intensity [10%] 1.7 1.5 1.5 5.8
as potential first step no. of bunches / beam 16640 2000 393 39 1078
* HE-LHC with FCC-hh technology beam current [mA] 1330 147 29 5.4 =
« p-e (FCC-he) option, SR total power [MW] 100 100 100 100 100 e
integration of one IP, e from ERL luminosity [1034 cm2s2] 230 32 7.8 s | B, 0 e S
: CDR for end 2018 IumiHGSity Iifetlme [min] 70 50 42 44 1077 1111 ‘ I | 1111 ‘ 111 | ‘ 1111 ‘ 1111 ‘ 111l ‘ 1111
9 . " o o 5 10 15 20 25 30 35 40 45 50
allowable asymmetry [%] +5 +3 +3 +3 Mass [TeV]
~ T TT T [ T T T [ T T T [ T T [ T T [ T T T1]
= y 2 : PO Median expecied
S T A 1 HELHC simulation =
( ) FCC-pp collider parameters o B ocvt oxoend 2
5 Vs=27Tev []68%expecied ]
: FCC-hh HE-LHC HL-LHC Y 107 [Ldt = 15ab" — Z, .
4 16 T dipoles preseries collision energy cms [TeV] 100 27 14 14 = — Zx E
2 16 T series production dipole field [T] 16 16 8.33 8.33 ® 152 Z 4
= [ g Il Engineering FCC-hh ring_| circumference [km] 97.75 26.7 26.7 26.7 3
3 LHC Modification 3
‘ I I beamicurmant[A) 0.5 112 112 0.58 102 -
3 bunch intensity [10""] 1 1(0:2) 2.2 (0.44) 22 115 3
g Trjector bunch spacing [ns] 25 25 (5) 25 (5) 25 25 . 7
- . = synchr. rad. power / ring [kW] 2400 101 73 3.6 o ;
3 ME:MH@ | - - SR power / length [W/m/ap.] 28.4 4.6 0.33 0.17 . ]
= = long. emit. damping time [h] 0.54 1.8 129 12.9 107
technical schedule defined by magnets program and by CE beta® [m] 141 I 0.3 0.25 0.20 0.55 9
— earliest possible physics starting dates: normalized emittance [um] 2.2(0.4) 2.5 (0.5) 2.5 3.75 10" = e,u) =
« FCC-hh: 2043 peak luminosity [10% cm?s™] 5 30 25 5 1 L T I I I e
+ FCC-ee: 2039 events/bunch crossing 170 1k (200) ~800 (160) 135 27 2 h}1 . ‘}4
* HE-LHC: 2040 (with HL-LHC stop at LS5/ 2034) stored energy/beam [GJ] 8.4 1.3 0.7 0.36 ass [TeV]
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Clis | Measurement of P; and Py angular parameters
" \of the decay B® — K*°utp~ (Phys.Lett. B781 (2018) 517)

The LHCD collaboration [arXiv:1512.04442] reported differences with predictions
based on the Standard Model at the level of 3.4 standard deviations,
in angular analysis of the B — K*%(— KTn 7 )u*pu~ decay.

CMS measured the same angular parameters with 20 fb~! in Phys. Lett. B781 (2018) 517.
Angular distribution of B® — K*%u™ = can be written as

4
dF/ldq2 dg?2d cos (Gjl(;{cos O do :8% % [(FS + AS cos QK) (1 o COS2 9[) + Ag\/l — cos? QK \/1 — cos? Gl COS Qb}

+ (1 — Fs) [2FL cos® Ok (1 — cos? 0;) +5(1— FL) (1 — cos” HK) (1 + cos? 91) + s Pi(1—FL)

(1 — cos® Ok ) (1 — cos? ;) cos 2¢ + 2PL cos Ok \/FL (1 — FL) V1 — cos?0kv/1 — cos? 0 cos gb} } )

Variables P; and P! of the decay BY — K*u* ™~ are function of ¢.

0; is the angle between the positive muon momen-

tum and the direction opposite to the BY in the

dimuon rest frame.

Ok is the angle between the kaon momentum and
the direction opposite to the B? in the K*° rest

frame. FCNC decays are highly suppressed in the SM

¢ is the angle between the plane containing the == particularly sensitive to the effects of New physics.
two muons and the plane containing the kaon and Al angular analysis as a function of q* allows

the decay to be thoroughly investigated.

New physics may modify the angular variables 54
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U*U~ rest frame

pion in the B rest frame.



€l | Measurement of P; and P, angular parameters
A of the decay B® — K*°utp~ (Phys.Lett. B781 (2018) 517)

Measured values of P; and P. vs ¢?, compared with LHCb and Belle results.

Q- C ae 1.50
3c ~+-CMs = -+ CMs
2.5 —~ LHCb 1= —#+ LHCDb
2F SM-DHMV A -k Belle
1.5F 0.5¢ ] SM-DHMV
i3 o-T' L >’<
0.5F -
0%}\ ANNNN AN \\ \\ —0-5:_ x jﬁ.
—0.5f— ' i 1 # M B N \\
- NN\ 1
SRR :
_15:|||||||| 1 _15_||||||| | [ I R RN SRR
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20

q° (GeV?) q° (GeV?)
For each bin of the dimuon invariant mass squared (¢?), unbinned maximum-likelihood fits were

performed to the distributions of the K*n~ u* ™ invariant mass and the three decay angles,
to obtain values of the P; and P parameters.

The results for the P; and P parameters are among the most precise to date

and are consistent with standard model predictions and previous measurements.

Potentially interested analysis since the B flavor anomalies can be arose, in particular, from extra

gauge boson 7' [see e.g. J. Ellis et al., arXiv:1705.03447; W. Altmannshofer at al., arXiv:1703.09189].
55
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CIVIS Perspectives for Measurement of P, and P, angular par.
< )| of the decay B° — K*°utpu— (CMS PAS FTR-18-033)

0.5.CMS__ Phase-2 Simulation Preliminary 3000 fb~" (14 TeV)
Ao [ ] B> K Octoc —— CMS PLB 781 (2018) 517
: .| with Stat. uncert. only
0 == |:| with YR18 syst. uncert.
i }
L , |
-0.5— _
f— ] '_I.
| | —— I 1 I 1
B | T
B T
—1—
S o1 Finer binning
5 O —=—=HHH == ——
-0
S o.1f
S o— = HHHHHHHH
_0-1 _I 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
0 2 4 6 8 10 12 14 16 18 20

92 [GeV?]

Projected uncertainties on the P parameter versus ¢° at 3000 fb~!.
Blue vertical bars show CMS Run I measurement of F;.

Two lower pads represent statistical/total uncertainties with the finer ¢* binning.
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Search for a light pseudoscalar Higgs boson produced
in association with b quarks (JHEP 11 (2017) 010)

CMS 19.7 fb" (8 TeV CMS 19.7 o' (8 TeV
%SOO_I T T | T T T T T T T T | T T T T T T T T | I(I T I_ E‘?OO_' LI | T T 1771 | LI | T T 1771 | T T 1771 | L | I(I T T |_
O E '(Ij'atal bk CTonaVV E E 600 B 95% CL upper limits 7
NG _post-fit otal bkg: pujj+Top+ ] =3 — ]
[ >0 n Top: tt+single top ] T C Observed ]
GC) s bbA, A—puu, cxBR=350 fb ] g, 500~ = "ttt Median expected ]
Lﬁ 200 __" __ 9 - - £1 csexperiment N

- - 2 400 :_ *2 Ggyperiment _:

B > - -
150~ -%2 i —e— bbA, A1t [B(A-tt)/B(A->pu)=(m /m,)?]
B 300 —

- Q i

L o a
100— ° i
B 200 —

O:| I | 1 Il l——lr O: | 1 1 1 | 1 1 1 | 1 1 1 | L1 1 1 | L1 1 1 | | I | | L1 1 1 |:
20 25 30 35 40 45 50 55 60

my, (GeV) m, (GeV)

Search for a light pseudoscalar Higgs boson (A) produced in association with b quarks
(pr > 20 GeV) and decaying into pu (ply > 25 GeV, ph? > 5 GeV).
No signal is observed in the dimuon mass range from 25 to 60 GeV.
Upper limits are set on o(pp — bbA) x Br(A — ppu).
b7
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Events/ 0.5 GeV

19.7 fb' (8TeV)

18} —e— Data

Signal + background
best fit, m, = 35 GeV

16 _,

CMS

(JHEP 1710 (2017) 076)

19.7 fb (8TeV)

)

o
S
&

0.002—

B(h—aa—uubb

—— Observed
------ Expected ]
[ + 1o Expected —
[ ]+ 20 Expected

|
c
95% CL on GS*"V' x B(h— aa — purr)

Search for light bosons in decays of 125 (GeV Higgs boson

| | |
CMS
Combined pptt

19.7 fb' (8 TeV
]

— Oblserved
------ Expected
[ + 1o Expected
[ 1+ 20 Expected T

50 60
m, (GeV)

Search for decays of Higgs bosons of SM (M = 125 GeV) to a pair of light bosons,

based on models with extended scalar sectors.
Searched for light boson for M = 5 — 62.5 GeV in final states pubb, uurr, 7777.
Deviation for pu77 has local significance of 3.5 o at M = 20 GeV, still the global

significance is smaller than 2 o.
Upper limits are set on the product of the cross section and branching fraction.

Alexander Lanyov

Physics with Dimuons at the LHC

Conference on High Energy Physics

11.09.2023
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Drell-Yan differential cross section (arXiv:1812.10529)

Vs =13 TeV 2.7 fb*
N, Here

Goal: Measure o0; = i = mass bin (15-3000 GeV)
A; € Lin . :
N = signal yield
Procedure: A = acceptance

e Event and dimuon selection ¢ = efficiency

_ Lint = integrated luminosity
e Background subtraction

Dominant background estimation using data-driven methods

e Acceptance and efficiency calculation using MC,
Acceptance correction using NNLO calculation with FEWZ

o Efficiency correction using data-driven method

e Unfolding correction = Probe NNLO calculations at high precision

o Systematic error estimation = Larger data sample, up to M = 3000 GeV

= Provide absolute cross sections —
More suitable for constraining PDF's.

* Double-ratio calculation = Ratios of xsec for 7 and 8 TeV
o Comparison with theory predictions

e Absolute cross section measurement
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Measurement of angular parameters of
Bt — Ktutu~ (Phys. Rev. D 98 (2018) 112011 )

”+
u‘ u
Y, Z u-
o
RO W&ﬁ Aﬁ
W~ t, c,
CMS 20.5 fb™ (8 TeV) ,sCMS 20.5 fb' (8 TeV)
f 0.4 4 Data Sl + Data
B - — DHMYV
0.2_— 1__
of _|.+ 4 :
[ 0.5
0.2 B
_0.4:_ 0-— = S - Q—I | |
0 ;IOII‘S 2|0 0 QIOIISZIO
q* (GeV?) q? (GeV?)

Measured forward-backward asymmetry Apg of the dimuon system

and the contribution Fy from the pseudoscalar, scalar, and tensor amplitudes
to the decay width are measured as a function of the dimuon mass squared.
The measurements are consistent with the standard model expectations.
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For pp collider, quark direction is not known.

One can only study Arp by approximating the quark direction with the boost
direction of the dimuon system with respect to the beam axis.

3 o5k Mistag probability

B 0 = 0.5 +0.015 . .

. (Fraction of events with wrong quark
. [ 101  +0.0100 direction) vs dimuon rapidity:

- , 1
0.3:— Fit:  w(y) = 5 + poly| +p1y2
0.
0.1 il

0: ' e

Hu

The most unambiguous tagging occurs for large dimuon rapidity.
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Standard Model

Main principles in the foundation of the Standard Model:
o Three groups of gauged symmetries SU(3) x SU(2) x U(1)
o Three families of quarks and leptons in representations (3 x 2,3 x 1,1 x 2,1 x 1)

e Higgs mechanism of spontaneous EW symmetry breaking accompanied by the
Higgs boson

e Mixing of flavours with the help of the Cabibbo-Kobayashi-Maskawa (CKM)
and the Pontecorvo-Maki-Nakagava-Sakato (PMNS) matrices

e CP violation via the phase factors in the flavour mixing matrices
e Confinement of quarks and gluons inside hadrons
e Baryon and lepton number conservation

e CPT invariance which leads to the existence of antimatter
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CMS July 2018

Overview of SUSY results: gluino pair production
36 fb~! (13 TeV)

PP — 28

g — tt — ttx?

AM; = M, Mgy = 400 GeV

g — tt — tcX?
g — tbXT — tbff’X?9

g — (ttX?/bbxX%/tbXx7 — tbff’x?})
g — bbx?%

g — aqx¥

g — aa(xi /x2) — aa(W/Z)x?

g — 9qqX; — 9qaWx¥

g — qqx9 — qqHx?

g€ — aqx9 — aqH/ZX$

(6] 250 500 750 1000 1250 1500 1750 2000
mass scale [GeV]

Selection of observed limits at 95% C.L. (theory uncertainties are not included). Probe up to the quoted mass limit for light LSPs unless stated otherwise.
The gquantities AN and x represent the absolute mass difference between the primary sparticle and the LSP, and the difference between the intermediate
sparticle and the LSP relative to AM, respectively, unless indicated otherwise.

Many searches of Supersymmetry at CMS has been performed.

Limits have been set.
http://cms—results.web.cern.ch/cms—results/public—results/publicatiegs/SUS
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e Heavy gauge boson (Z’) decaying into a lepton pair

o Experimental signature:

= Single muon trigger HLT Mu50

= High-energy muon pair (pr > 53 GeV)

= Specific high-energy lepton ID

= Z' — pp
— Introduced 3 categories (allow to improve sensitivity)
— Axe (1 TeV)=89%
— Mass resolution (1 TeV) = 4%

= Background:

— Irreducible Drell-Yan

— Reducible tt, tW, dibosons (estimated from MC)

— Multijet background < 3% of the total background for dielectrons > 500
GeV (estimated from data)

— Photon induced background — negligible contribution to the limits

e Shape-based search for resonance in dimuon spectrum
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o Use the updated high-p;y muon ID nttps://twiki.cern.ch/twiki/bin/view/CMSPublic/SWGuideMuonId

e Muon selection criteria:

= Reconstructed as a “global” muon and a “tracker” muon

= pr > 45 GeV; o(pr)/pr < 0.3

— Tracker track has transverse impact parameter d;, < 2 mm w.r.t. the PV
— At least one pixel hit in the muon track fit

— At least six tracker layers with hits in the fit

= At least one muon chamber hit included in the final global-muon track fit
= Matched to segments in at least two muon stations

— Relative tracker isolation: sum of py of all other tracks in a cone of
AR = 0.3 around the muon must be less than 10% of the muon’s pr

e Additional dimuon selection:

— Require opposite charge and a common vertex (x*/ndof < 10)
= One muon matched to the HLT muon that fired the trigger

= 3D angle between the two muon momenta < 7w — 0.02 rad
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Backgrounds

e Drell-Yan is the dominant irreducible background
= Evaluated using POWHEG; cross section scaled up using higher-order
(NNLO) corrections (2.4 %) from FEWZ
e The next largest background is ¢¢, also single top and dibosons

= 18% of the total background rate at M,, > 200 GeV
= Simulation prediction is checked with the ey method

= Simulation prediction for charge-symmetric backgrounds is checked using

same-sign dimuons

o Background from one or more jets faking muons (W+jets, multi-jet events)

= < 1% of the total background rate at M, > 200 GeV

— Estimated from data using events that fail isolation cuts

e The last one is cosmic muons faking dimuons

= Detailed studies show that it can be used negligible using anti-cosmic cuts
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Within the detector acceptance to reduce the model dependence.
Good agreement with FEWZ but deviations exist at low and high mass regions.

For the first time the combined ee—pup double-differential xsec measurement done.

Potential constraints to PDF's are expected from these results.
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RS1 model

Heavy graviton resonances are predicted by RS1 (Randall-Sundrum) model of
TeV-scale gravity:
coupling constant ¢ = k/ Mp, — resonance width T' ~ ¢?

Tevatron

1 11 1

Our 4-D world can be the one of two branes 0.10
embedded into the 5-D anti-de Sitter bulk 0.07

Allowed Region
A.<10 TeV

space (RS scenario). | EE 0.05
) N
All particles of the usual matter ~
) 0.03
(quarks, leptons, gauge bosons, Higgses)
are considered to be localized on the brane. 0.02

Oblique Parameters

1 11 1 | 1111 | llll|llll|llll|llll|lIII|IIII|IIuI

Only gravitons can travel in the bulk space.
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1000 2000 3000 4000
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H. Davoudiasl et al., Phys. Rev. D63 (2001) 075004
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