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ATLAS Online Luminosity
2011 pp Vs=7TeV
—— 2012pp {s=8TeV
—— 2015pp {s=13TeV
— 2016 pp {S=13TeV
— 2017 pp {s=13TeV
— 2018 pp {s=13TeV
—— 2022pp {s=13.6TeV
2023 pp (S = 13.6 TeV

CMS I LHC delivered: 266.42 fb™
CMS recorded: 245.54 fb™"
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Date Month in Year

2023 (13.6 TeV): <p> =52
2022 (13.6 TeV): <y> =46
2018 (13 TeV): <y> =37

E ATLAS Online 2011-12: (u) = 18.5
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Recorded luminosity (fb™'/1.0)
N N

o (8 TeV) =73.0mb
o(7 TeV) =71.5mb
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73 fb-1 delivered in Run 3(2022+2023)
Many measurements and searches done by all the experiments at LHC

With the discovery of Higgs boson 11 years back, SM seems complete
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Standard Model Total Production Cross Section Measurements

Status: October 2023

ATLAS Preliminary

\s=5,7,8,13,13.6 TeV
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LHC pp Vs =13 TeV
Data 3.2 - 140fb™!

LHC pp Vs =8 TeV
Data 20.2 —20.3fb™!

LHC pp Vs =7 TeV
Data 4.5-4.6fb™
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Similar plot
exists for CMS
as well

Excellent
agreement
with the SM
across various
energies

However, SM
is not the
complete
model
because ...




Unexpected observation/open standing questions not explained in the SM4

~ Galactic rotation curves

e, » Questions not answered by the SM
. from starhghe o
oty » Unification of the gauge
e couplings: Why are gauge
A couplings different at the

energies that we probe? Do
they unify at higher scale?

. ': . Distance (light years)

» No treatment for gravity

» Hierarchy problem, origins of
generations etc

Resolution [m]
29
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» Observations from non- " ereror oo
collider experiments on
new physics

Standard
Model

-
pras]
Qo
c
(4]
Pl
frus]
wv
Qo
£
a
>
o
Q
Q
(%]
—
[«0]
=
£

LEP
(/.i'i(,N) (electroweak symmetry breaking)
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» Many questions to be answered * Sl

» SM cannot be the ultimate fundamental theory



Contact
teractions.

Dark Matter

Extra Dimensions

Heavy
Fermions.

Heavy Gauge Bozons

We do not know which direction to take and hence plethora of searches

Overview of CMS EXO results

August 2023
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Similar plot
exists for

ATLAS as
well


https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV

Which direction to go? 6

» In the absence of strong presence of new physics signature in any sector, we do
not know which direction to take

» In the recent years, an increasing number of hints, anomalies or excesses for
BSM physics have been reported

» They span over a huge energy range
» precision measurements of muon properties (g-2)
» Semi-leptonic B meson decays
» Measurement of W boson mass
» Direct LHC searches

» We can filter out searches which have shown some anomalies or excesses above
30 and check what CMS and ATLAS see

» Helps us set some direction

» Main theme of today'’s talk



Dijet Resonances

» Model independent search for a narrow or broad resonance

» Produced in s-channel by gluon-gluon fusion or quark-
antiquark annihilation, or quark-gluon scattering, further
decaying to two jets

» Benchmark models: New gauge bosons (W', Z’), dark matter
mediators, RS graviton etc

» Have been done in CMS and ATLAS since Run |



Di-jet searches

» Main background: QCD multijet production

» Estimated by fitting the the m;; distribution with an
empirical functional form

» Strategy:

» Combine R = 0.4 jets into wide jets if they have dR <
1.1

» collect final state radiation to improve the mass
resolution

» 2 events were seen with m;j ~8 TeV in 2017 in CMS

» Checked for detector and reconstruction pathologies



PF Jet 1,

Wide Jet 1: Bk ) ptt = 261297Tev
eta=0.
pt=3.5TeV phi =147

Mass = 1.8 TeV

PF Jet 3,
pt=1.71 TeV
eta = 0.21

phi =245

Properties:

¢ ij ~ 8 TeV W\ .

* Unusual because it is =2 1 '\ Pt
composed of 4 jets cINEEY 4 P eta = -0.74

e Also, the wide jet | Lk phi=-1.17
mass of both the
wide jets ~ 1.8 TeV

Back-to-back in ¢ ot=2.01 TeV pt = 3.4 TeV

and nearby in eta = 0.29
yinn phi =-1.27 Mass = 1.8 TeV

PF Jet 2, Wide Jet 2:

Probability of getting such an event from QCD ~ 10-4.

This led to the start of dedicated paired jet search in CMS




Average dijet mass [TeV]

Resonant

138 b (13 TeV)

= ™ Diquark
S — xx — (ug) (ug)
68% and 95%
contours

7 8 9 10
Four-jet mass [TeV]

New physics models:

(Suu) decaying to vector-like
quarks (which further decay to a
quark (u) and a gluon)

AR = |(AR; — 0.8)| + | (AR, — 0.8)].

£
10° ©
2
c
10* £
T To reduce background and wrong combinations:
10° After pairing, each pair of jets should satisfy dR < 2.0 to
reject QCD background
2
10 |An| < 1.1 (between the two dijet pairs)
10 Asymmetry in dijet mass (property of pairs of identical
i —
resonances) = < 0.1
my + m-

Bin in a=mj;/my; (avoid correlations), fit msj for resonant
search


https://arxiv.org/pdf/0709.1486.pdf
https://link.springer.com/article/10.1007/JHEP07(2023)161
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Two candidate events found with my ~ 8 TeV and 8.6 TeV and m, ~ 1.8 TeV and
2 TeV

Local significance ~3.90 with global significance of 1.6c considering resonant




138 fb™ (13 TeV)

3 Data Top squark: T t* — (ds) (ds)
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New physics models: R-parity violating SUSY.
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Same strategy as in the resonant search but fit m;

for the search
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One candidate events found with m, ~ 0.95 TeV
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Prompted by the slight excess seen by
CMS in paired dijet searches, ATLAS
has very recently investigated the
paired dijet final state as well

Similar search strategy as in CMS

Highest observed 4 jet mass = 6.6 TeV
corresponding to dijet mass = 2.2 TeV

Residuals (o)

ATLAS
s=13 TeV, 140 fb™’
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https://arxiv.org/pdf/2307.14944.pdf

Leptoquarks are hypothetical particles that couple to both a quark and a lepton of a given generation

Carry both baryon and lepton quantum numbers and have fractional electric charge

Predicted by many theories: grand unification, technicolor frameworks, compositeness etc
LQs can be produced

In pairs via gluon-gluon fusion, quark-antiquark annihilation

Singly via quark-gluon fusion
Production and decay determined by:

LQ mass miq

Yukawa couplings A to lepton and quark

Branching fractions 3 to a given lepton and quark flavors

coupling parameter k in case of vector LQs (coupling with the SM gauge fields)



Ay* = 1.0 contours

BaBarl2

Bellel5

+ Average of SM predictions
R([D)=0299 £0.003
R(D*) =0258 £0.005

R(D*) combined is 3.10 deviation (B—>D*T1b)

LQ models can explain the Lepton Flavour Universality Violation: a LQ
that couples most strongly to third-generation fermions could explain

second and third generation LQs are especially important in the
above context


https://arxiv.org/pdf/1903.11517.pdf
https://arxiv.org/pdf/1706.07808.pdf

2308.07826

CMS: Leptoquark coupling to a T lepton and a b quark 16

Single and pair production of scalar and vector LQs decaying
to two T leptons and at least a b quark

et +HiT,, Ob 138 b~ (13 TeV)

CMS LQ, 2000 GeV, A=25, B=1, k=1 ¢ Observed
— Vector, op = 48'% fb 15 —
[t + single t
[ DY + jets
[ Diboson
@ Other
Bkg. unc.

Non-resonant production of T lepton pair

Events / GeV

Several decay channels of T lepton pair: (Th T4), (eTh, uTH) and
(ep, pp)

» (ep, pp) is primarily to constrain the SM background

Sort search variables by sensitivity

Resonant channels (single and pair): Two high-pT T leptons
+ one or two high-pT b quarks. Sensitive variable:

» STMET=P+ (11) + Pt (T2) + Pt (jicading) + Pt Miss 500 7000 1500 2000 2500
SVET [GeV]

» Further categorized: Objet and >=1bjet
Non-resonant channels: Two high-pT T leptons in the final » Main baCkg rounds: 115
state. No jets above pT > 50 GeV required in this category. single t DY+jets, W+jets,

Sensitive variable:
diboson and QCD

» X = exp(|n(T1) - n(T2)] ) => angular separation between the
two T lepton candidates

» New physics process lies at low x values (background
has flat distribution)

Driven by non-resonant signal


https://arxiv.org/pdf/2308.07826.pdf
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Binned maximum likelihood of StMET and x
UL on th e O.tot — O,Single 4+ Upair oL ghonres.
Excess seen in the non-resonant channel

Further studies showed that it is coming from Ob jet category

Local significance ~ 2.8. This excess is consistent with LQ model
of mass 2 TeV and A=2.5

Similar with the global significance

Limits on mass (for vector-like): For A=1.0 masses below 1.50
TeV and A = 2.5 masses below 1.73 TeV are excluded

Signal

Scalar

Pair

Single, A =1
Single, A = 2.5
Nonres.

Total, A =1
Jotal. A — 25

Vector, k = 0
Pair

Single, A =1
Single, A = 2.5
Nonres.

Total, A =1
Total, A = 2.5

Vector, k = 1
Pair

Single, A =1
Single, A = 2.5
Nonres.

Total, A =1
Total, A = 2.5

ot [fb]
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Z
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25

Best-fit signal xsec to all the categories
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0.397043
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0084_0.70

081 ¢
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82757

+31

0.44
0.41 J—ro.42

0.71
0.81% 55
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Z

~
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https://arxiv.org/pdf/2308.07826.pdf

Search for ¢p—>TT using (additional spin O state) miot = \/”Igr(ﬁ;1, BI2) 4+ m2 (Pl pmiss) 4 m2 (L2, pmiss)

Also provides a vector LQ interpretation

0 bjet category with SMET > 800 GeV

me = 1200 GeV: 2.80 local, 2.4 global
Driven by “no b tag region” (no jet requirement)

Seemingly quite compatible - something to keep
eyes on!

CMS Supplementary 138 fb' (13 TeV)
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https://arxiv.org/pdf/2208.02717.pdf

ATLAS L] WX Uncertainty

Vs=13TeV, 139 fb™ & -5, 0™
'‘A=10

Post-Fit, TiepThad

High b-jet P, SR
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A

0.5
300 400 500 600 700 800 900 1000
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Variable used: St=Pt (T1) + P1 (T2) + PT (jicading)

Upper limit on the cross-section of vector like leptoquarks produced via either single
plus non-resonant production, or considering all production

For A=1.0 masses below 1.58 TeV and A = 2.5 masses below 2.05 TeV are excluded



Many models predict high pT di-lepton tails
and may violate lepton flavour universality

New neutral gauge bosons predicted by
several models. E.g.:

Spin-1 mediators between SM and dark
matter particles, spin-2 gravitons in RS
model etc. LFUs can also be tested

Can result in resonance in RS
model or overall nonresonant
excess of events at high mass in
ADD model

Non-resonant: Four-fermion contact
interaction, graviton

nonresonant

\\)\;e//

q 14

LQ |

_, /‘//\c:e'\\z’

q



Resonant ee, uu searches - CMS

» Models considered: Z’, spin-2 gravitons and spin 1 DM mediators (which mediates between SM and the DM particles)

» Models like ADD can give excess of events in the tails (series of mass degenerate excitations) whereas RS can give

rise to mass resonance
» Select high-pT ee, pp
» Dominant sources of backgrounds: DY, ¢, QCD, W+jets, diboson etc

» jet —> lepton estimated from data driven method (overall contribution is 1-3%)

» Good data-MC agreement over whole range, except small excess for Mge > 1.8 GeV

normalization region
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[ ] Total Background (NR)

— Gy KM, =0.05, M = 3.5 TeV
- Z'squy M =5 TeV
m,, > 1.8 TeV:
42 ~443+3 4
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m,, range Observed Other prompt
lepton backgrounds
153000 =+ 8000
179000 + 11000
4910 + 340
757 £ 52
89.8 £ 6.8
1104+10

1.60 £ 0.22
Other prompt

background
28194452 28200000 =+ 710000
942000 + 37000
16400 £ 770
3660 + 190
696 + 47
131 + 12

29.2 + 3.6
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13001800

28000000 =4 710000
744000 + 31000
10900 + 477
2800 + 150
590 &+ 42
118 + 11

26.8 + 3.5

912504

Observed

background
166000 = 9360
1050000 =+ 60400
26100 £ 1580
5610 £ 337
1050 =+ 65
195 £+ 13
44.3 + 3.4

lepton backgrounds
994 + 89
210000 == 19000

9120 £ 820

1370 += 120
169 £ 15

199 + 1.8
33+£0.3

60-120
120-400
400-600
600-900
900-1300
1300-1800
>1800

164075
977714

165000 + 9300
836000 4 47000
16700 £ 970
4170 £ 250
863 1+ 52
169 £+ 10
38.7 £ 2.5

Jet mis-
identification
11300 + 5700
18900 =+ 9500

534 1 267
103 +51.4

16.0 = 8.0
282 + 141

0.82 4+ 0.41
Jet mis-
identification
3070 £ 1540
212 + 106
74.0 + 37.0
19.9 + 10.0
6.7 + 3.4
22411
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137 b (13 TeV, ee) + 140 fb (13 TeV, prp

CMS — I',/M,, = 0.6% “ Tp/M,, = 3%

v

Unbinned maximum likelihood fit to perform the statistic
alanalysis (simultaneously for the electron and muon
channel)

Local p-value
lllll [

Signal shape: Convolution of Breit-Wigner function and
double-sided crystal ball

Illlllll | IIIII [ EER]

Background model: Functions fitted to the background
estimates to determine the initial fit parameters
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Background only local p-values are shown
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Signal model: Four-
fermion contact
interaction, and spin-2
graviton in ADD model

Separate mj into bins of
cosB* < 0 and cos6* > 0
(Colin-Soper frame)

Angle between
negatively charged
lepton and the z axis

Highest sensitivity from
high mass bins.

LR with cos(06*) < O has
better S/B ratio

Fit cos(0*) < 0 and cos(6%*)

> 0 simultaneously

(Data - Bkg) / Bkg

137 b (13 TeV)

t Data
@y/Z —e'e
B it, tW, WW, WZ, ZZ, 1t

[ ]Jets
CILR Const A =16 TeV

cos0" <0

2000 3000
m(ee) [GeV]

140 fb' (13 TeV)

t Data
C1Y/Z —-pw
it twW, WW, WZ, ZZ, 1t

[ ]Jets
CILR Const A=16TeV

cos0" <0

2000 3000 )
m(u*w) [GeV]

(Data - Bkg) / Bkg

137 fb' (13 TeV)

t Data
y/Z —e'e
I it, tW, WW, WZ, ZZ, 1t
[ ]Jets
- C| LR Const A =16 TeV

2000 3000
m(ee) [GeV]

140 fb' (13 TeV)

t Data
y/Z —»u'w
tt, tW, WW, WZ, ZZ, 1t
[ ]Jets
- C| LR Const A = 16 TeV

2000 3000
m(u) [GeV]




CMS

ee channel

137 b7 (13 TeV, ee)

95% CL lower limits
— Observed
Median expected
[ 68% expected
[ ] 95% expected

95% CL lower limits
Observed
Median expected

[ 68% expected
[ ] 95% expected

st

140 fb' (13 TeV, pu)

95% CL lower limits
— Observed

Median expected
[ 68% expected

[ ] 95% expected

¢ Dest g Dest ‘ Dest i Deg;

Cl model

Set limit on Cl energy scale A

Due to binning in cos6* (and better S/B in
cosB* < 0), weakness in limits in LR/RL

(constructive) due to reduced signal compared
to LL/RR is recovered

Limits in electron channel are weaker than
those in the muon channel

Excess of events seen



140 fb' (13 TeV)

¢ Data CMS
CY/Z »p'w :
mit, tW, WW, Wz, ZZ, 1t 137 fb™ (13 TeV)

[ ]Jets
[ Total Background (NR) ) t Data
_S.KK' k/hT,iZg.os, M =35 TeV3 [v/Z »e'e
s Lssw M=05 1€ ot tW, WW, WZ, ZZ, 1t
[ ]Jets

— Gy, kN, = 0.05, M = 3.5 TeV
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(Data - Bkg) / Bkg

R P do(qq — /L—r:u_)/dm,u‘ﬂi—
HITIETET T do(gg — etem) /dmes -

First-time test of LFV at TeV scale
Differential ratio in two bins of n. Data is unfolded
Departures due to new physics between 200-400 GeV negligible (

To correct for any differences in efficiencies between the two, normalize the above

variable in this region to 1


http://www.arxiv.org/abs/1704.09015
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EFT fit by phenomenologists
sl arXiv:2103.12003
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Good agreement up to 1.5
TeV
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1111
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Slight deviation in the
electron channel caused by

500 1000

™My [GGV]

2000 3000

Fitted with four fermion contact interaction (that

explains Cabibo Angle Anomaly) that generates effects Sllg ht excess in the
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https://arxiv.org/pdf/2103.12003.pdf

Local significance [c]
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- Background-only fit
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Highest observed mass in
mee = 4.06 TeV
mup = 2.75 GeV
Largest deviation in the
ee channel: 774 GeV, local p-value = 2.90
up channel: 267 GeV, local p-value = 2.40

ee+ Uu channel: 264 GeV, local p-value = 2.30
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LL LR RL RR LL LR RL RR LL LR RL RR LL LR RL RR
Constructive Destructive Constructive Destructive

SR Data Background Significance .
T 7T o Observed bounds in the electron

ete Dest 2 SIELd ~U.72 | channel slightly weaker than that in the
muon channel (as in CMS) due to slight
excess of events in the electron channel

utu~ Const. 6  9.6x2.1

Results recasted to bounds on the
[Cig]1111 operator ( )

CsPi111 S 1.4/(10 TeV)?,

In case of CMS, the authors provided
the best fit value of ~1 /(10 TeV)?2


https://arxiv.org/pdf/2006.12946.pdf
https://arxiv.org/pdf/2103.12003.pdf

° _ I -
pair-produced gluinos pair-produced charginos pair-produced sleptons

which form R-hadrons p

P
R-parity conserving, Charginos can be LLPs -
gluinos can be LLPs when mass degenerate with 7
neutralinos (b)

staus can be LLPs
when the coupling with
Gravitino is weakc)

Massive, long-lived charged particles. These move slower than the
speed of light

/gl

Loose energy in the tracker via ionization loss and hence high

0;3100
dE/dx following Bethe Bloch relation N Radiative

=
Trajectories are solely reconstructed by inner tracking system s E. /

E.Q‘; o Radiative Radiative
dE/dX measurement provided by pixel detector layers and hence & Minimum effcts, (a losses
agnostic to the decay activity 5 | ’

Sensitivity to lifetimes O(1ns) (since pixel is upto 13cm) and N gy 10

mass range from 100 GeV to 3 TeV

1 10 100 1 10 100

[MeV/c] [GeV/el [TeVic]
Muon momentum

This identification method does not depend on the way LLP
interacts in the ATLAS calorimeters

results valid for any other LLP model

Interpretation for pair-production of R-hadrons, charginos and staus


https://link.springer.com/article/10.1007/JHEP06(2023)158
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-42/

Trigger on prmiss (from neutralinos or gravitinos)
Require at least on high-prt track with various quality and background rejection requirements
Measure dE/dx (in MeV g-' cm2) using inner detector:
Reconstruct track mass: myg/dx = Preco/ PY (<dE/dx>corr)
Signal regions: low (1.8 <= dE/dx <=2.4), high (dE/dx > 2.4)
Done for particles with 0.3 <= By <= 0.9;
Low threshold is the noise threshold that is used in the tracker reconstruction for readout (355 eh pairs)

Higher threshold is just below the regime of MIP (where dE/dX becomes quasi independent of By)

10°
10° ATLAS {s =13 TeV, 139 fb™'
SR-Inclusive_High Py >120GeV, In| < 1.8

10 - : -
m(g) = 2.2 TeV, m(i‘) =100 GeV, 7(g) = 10 ns
103 -'r-m(i;)=1.3TeV.r(i‘)=10ns
=== m(T) = 400 GeV, 1(7) = 10 ns

102 — Expected
10} :
1

107

ATLAS s=13TeV, 139 fb™

SR-Inclusive_High pr*>120 GeV, Il < 1.8

m(@) = 2.2 TeV, m(¥)) = 100 GeV, 1() = 10 ns
-r-m@) =13 TeV, 1(%,) = 10 ns
----m(T) = 400 GeV, 1(T) =10 ns

+ Observed + Observed

— Expected
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Entries / 50 GeV

Overflow
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ATLAS . o a0 / excess events with 1100 <m <
SR-inclusive_High 2800 GeV (expected 0.7 +/- 0.4).
RV, p-value ~3.60 for signal mass =

1.4 TeV(global is ~3.30)

2.4 <= dE/dx <= 3.7 MeV
® Short lifetime 9—1 sz

e Long lifetime

Predicted = 0.5-0.6, but
measured p ~ 1 (from ToF,
MS, Calo)

-5
10 0

500 1000 1500 2000 2500 3000
Target Mass [GeV]

Not consistent with the heavy
(and hence slow) LLP
hypothesis


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-42/

Doubly-charged LLPs have 3 values compatible with measured dE/dx!

Resonant production of relatively light daughter particles d from
massive particle P —> boosted

Good match for kinematic properties of excess events

m, = 800 GeV
Mp = 5000 GeV

ionisation

Entries/100 GeV

=
Q
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>
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S 9
W (\
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https://arxiv.org/pdf/2205.04473.pdf

Outlook 34

» Many intriguing anomalies have been seen in the last few years with local p-value >~ 30
» Although history is full of examples where ‘bumps’ came and went away.
» In this case, we see a few correlated excesses

» Do all these excesses or anomalies point to the same solution or multiple solutions
» Assess to which extensions of the SM these anomalies point to

» Important to keep an eye on Run 3 data to see how these evolve

. We just need to keep
flttmg pieces of a big

C‘ puzzle together and light

r;‘?;g will show up!

(

Lol Thank you
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CMS: Search for Wy resonance using hadronic decays of Lorentz-boosted W bosong

137 o' (13 TeV)

¢ DataSR —— Signal 1.0 TeV, narrow
Data SR fit ===~ Signal 1.0 TeV, 'y / my =5%
Fit uncert. 68% CL - Signal 2.6 TeV, narrow
Fit uncert. 95% CL  ---- Signal 2.6 TeV, 'y / my =5%
Signal 4.0 TeV, narrow
Signal 4.0 TeV, 'y / my =5%

Events / 40 GeV

.."
n”!’ .

Wﬁ + L"

From: arXiv:2008.06282

» Interpretation: 2HDM, technicolor,

» Itis a bump search for a Wy resonance
over a smooth background

» W boson to its hadronic decays, with
the final state products forming a single
large-radius jet (high Lorentz boost of

W)

» Using jet substructure techniques, » Narrow resonance signal: CB + gaussian
background from y+jet is reduced

, » Broad resonance signal: CB + 2
» Jet mass and the sub-structure variable

(N-subjettiness - tells how likely a wide
jetis composed of N jets) reduce the . . .
backgrounds from QCD » Bias studies performed for the choice of

functional form of the background

gaussian

PLB 826 (2022) 136888



https://pdf.sciencedirectassets.com/271623/1-s2.0-S0370269322X00026/1-s2.0-S0370269322000223/main.pdf?X-Amz-Security-Token=&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Date=20231112T181020Z&X-Amz-SignedHeaders=host&X-Amz-Expires=300&X-Amz-Credential=ASIAQ3PHCVTYQBCNDN5T/20231112/us-east-1/s3/aws4_request&X-Amz-Signature=9ecb920c3ecaa1d1689d532c267a5cf0fa052d37ea593f3f66394d873a89feae&hash=6b834ad3257066bc660d7e8dcafd49fd34ced12272f841e5abb63e1a8b517d92&host=68042c943591013ac2b2430a89b270f6af2c76d8dfd086a07176afe7c76c2c61&pii=S0370269322000223&tid=spdf-ea538b25-ff67-49eb-9596-e6ec8172c996&sid=b930be644031f147086a2743213bfda08fefgxrqb&type=client&tsoh=d3d3LnNjaWVuY2VkaXJlY3QuY29t&ua=1308595c5a5f0c01505654&rr=8250bb272e558a26&cc=in

137 fo'' (13 TeV)

Model specific upper limits on the
oxBR for both narrow and broad
resonance (both spin-0 and spin-1)

CMS
Spin-0

rx/mx =5%

95% CL upper limits

Model independent limits are also — osenes

- Median expected
I  68% expected

provided

6 B (X — Wy) at 95% CL [fb]

Largest excess is seen around 1.58 TeV - LAy
with a local significance of 2.8 (3.1)o i i e
for narrow (broad) signals for both spin

hypotheses

------- Median expected
N 68% expected
95% expected

6 B (X - Wy) at 95% CL [fb]

Global significance is 1.1 (1.7) L e

m=0.15A=5 my

137 fb' (13 TeV)

137 b (13 TeV)

_____________________________________

Spin-1, narrow —— Spin-0, narrow

....... Spin-0, T'x / my=5%

Spin-1, Tx / my=5%



https://pdf.sciencedirectassets.com/271623/1-s2.0-S0370269322X00026/1-s2.0-S0370269322000223/main.pdf?X-Amz-Security-Token=&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Date=20231112T181020Z&X-Amz-SignedHeaders=host&X-Amz-Expires=300&X-Amz-Credential=ASIAQ3PHCVTYQBCNDN5T/20231112/us-east-1/s3/aws4_request&X-Amz-Signature=9ecb920c3ecaa1d1689d532c267a5cf0fa052d37ea593f3f66394d873a89feae&hash=6b834ad3257066bc660d7e8dcafd49fd34ced12272f841e5abb63e1a8b517d92&host=68042c943591013ac2b2430a89b270f6af2c76d8dfd086a07176afe7c76c2c61&pii=S0370269322000223&tid=spdf-ea538b25-ff67-49eb-9596-e6ec8172c996&sid=b930be644031f147086a2743213bfda08fefgxrqb&type=client&tsoh=d3d3LnNjaWVuY2VkaXJlY3QuY29t&ua=1308595c5a5f0c01505654&rr=8250bb272e558a26&cc=in
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Significance

Data

Background Fit+ 1o

my=1 TeV (c B=175 fb)

my=2 TeV (c B=13 fb)

my=4 TeV (c B=1.5fb)
===« My=6 TeV (c B=0.2 fb)

ATLAS

(s =13TeV, 36.1 fb™

qg — X - Wy, Spin(X)=1
D2 category

Similar search in
ATLAS.

Results available
with 2015+2016

data

Smallest local p-
value corresponds to
a significance of 2.70
is found ~2.5 TeV.
This has a global
significance of < 1o


https://journals.aps.org/prd/pdf/10.1103/PhysRevD.98.032015

High mass resonance decaying to a jet and Lorentz boosted resonanca

» Search for a high mas hadronic resonance —> parton and Lorentz-
boosted resonance (decays to a pair of partons)

» Interpretation: Warper extra dimensions model.

» High mass resonance is a Kaluza-Klien gluon (decays to radion
and gluon) and boosted resonance is radion (further decays to
two gluons)

» Done for the first time in the final state of two jets. Previous
searches considered tagged with additional jet, photon, or a lepton

PhyslLetB.2022.137263 ' Res2-jet
» Experimental signature: 2 jets .

» Two large-radius (wide) resolved jets, one coming from R2 (R2-jet) and one coming the third parton
(P3-jet) with P1, P2 and P3 as gluons

» Focus on py,, = M(R2)/M(R1) < ~ 0.2
» P1, P2 boosted and hence reconstructed as one wide jet
» Sensitive to M(R1) > 2 TeV
» Jets reconstructed with AR = 1.5 using soft drop technique (pT > 100 GeV)

» Main backgrounds: Multijet QCD production estimated from data driven methods, several parameteric
functional forms.


http://dx.doi.org/10.1016/j.physletb.2022.137263

High mass resonance decaying to a jet and Lorentz boosted resonancs

138 b (13 TeV)

» Selection:

’ =" . Simulation

T .- . . uk
.l I mR)=4.0TeVp =0.1

-. .1 .

S » |An| < 1.3 to reject QCD
: e background (t-channel)

SR
- - - - -

10°
10?

10 » mjj > 1.6 TeV

1

AR 40
200 400 600 800 1000 1200 1400 e G . . e .
M [GEV] Mgy [GV] » Strategy: Discrimination
between signal and QCD
background by exploiting jet

substructure information and

» Several categories defined in each m(R2)/m(P3) kinematics of the decay
plane for each m(R2)

» Events within this cross are used

» Utilize the 2D plan of mgjet VS
» Signal modeling: double sided crystal ball Mpjet

» Parametric function for background: » Vertical axis of the cross

represents wrong tagging of
P3 as R2




138 fb' (13 TeV)
C M S Data

Supplementary Background and signal fit
Signal, m(R1) =4.2TeV, P, = 0.14

CMS Data
Supplementary Background and signal fit
Signal, m(R) =29 TeV, p_=0.14
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Maximum likelihood fit in the dijet mass performed in the SRs
Simultaneous fit to mj; spectrum in all the categories

Largest excess: 1.80 global (3.20 local) for m(R1) = 2.9 TeV
and p, = 0.14


https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-007/
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VBF and VBS

inelastic 7 Tev
inelastic 13 Tev
Jet 7TeV

12 7 Tev

w 2.76 TeV
w 5.02 TeV
w 7 Tev

w 8 TeV

w 13 Tev
z 2.76 Tev
z 5.02 Tev
z 7 Tev

z 8TeV

z 13 Tev
z 13.6 Tev
wy 7 Tev
Wy 13 TeV
zy 7 Tev
zy 8 Tev
ww 5.02 TeV
ww 7Tev
ww 8Tev
ww 13 Tev
wz 5.02 TeV
wz 7 Tev
wz 8TeV
wz 13 Tev
zz 5.02 Tev
zz 7 Tev
zz 8TeV
7z 13 Tev
‘%% 13 Tev
www 13 Tev
wwz 13 Tev
wzz 13 Tev
77z 13 Tev
wvy 8TeV
wwy 13 Tev
Wyy 8 Tev
Wyy 13 Tev
Zyy 8TeV
Zyy 13 Tev
VBF W 8 TeV
VBF W 13 Tev
VBF Z 7Tev
VBF Z 8TeV
VBF Z 13 Tev
EW WV 13 Tev
ex. yy»WW 8 Tev
EWqqWy  8Tev
EWqqWy 13 Tev
EWosWW 13 TeV
EWssWW  8TeV
EWssWW 13 TeV
EWqqZy  8TeV
EWqqZy 13 Tev
EWqqWzZ 13 TeV
EWqqzz 13 TeV
tt 5.02 TeV
tt 7 Tev

tt 8TeV

tt 13 Tev
tt 13.6 TeV
te—ch 7 Tev
te—ch 8 Tev
te—ch 13 Tev
tw 7 Tev
tw 8 Tev
tw 13 Tev
ts—cn 8 Tev
tty 8 Tev
tty 13 Tev
tzq 8TeV
tzq 13 Tev
tz 7 Tev
ttz 8 TeV
tz 13 Tev
ty 13 Tev
tw 8Tev
tw 13 Tev
twz 13 Tev
tett 13 Tev
ggH 7 Tev
ggH 8 TeV
ggH 13 Tev
VBF qqH 7 Tev
VBF qqH 8 Tev
VBF qqH 13 Tev
VH 8TeV
WH 13 Tev
ZH 13 Tev
ttH 8TeV
ttH 13 Tev
tH 13 Tev
HH 13 Tev

Measured cross sections and exclusion limits at 95% C.L.
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Similar plot
exists for
ATLAS as we

Excellent
agreement
with the SM
across various
energies

However, SM
is not the

complete

model
because ...




High mass di-jet resonance b

Why scalar diquark: Large cross-section due to high probability of finding up quark at high
fractional momentum within the proton

New background estimate: From a control region where the |An;| is large

Yields smaller systematic uncertainties when performed in the same dijet mass range as the “fit
method"”.

Improves the sensitivity for broad resonance by a factor of two depending on resonance mass and

width
HLT with pT jet > 550 GeV with dR > 0.8 || Hr > 1050 GeV

Wide jet algorithm: Two leading jets are used seeds and other jets as the ‘can be clustered jets'. If
dR < 1.1 between leading jet and the nearby jet, then they are added to the nearest leading jet to
obtain two wide jets

» Reduces the sensitivity of the analysis to gluon radiation

Background from t-channel dijet (dominant mode) events has the same angular distribution as
Rutherford scattering (proportional to 1/ [1- tanh(|An|/2)]2 —> peaks at large value of |An| (distance
in N between the two jets)

» Signal region is |An| < 1.1

s-channel: decreases with increasing |An)|



Dijet-3p:

PowExp-3p:

:“//— o
‘|
|

| ModDijet-3p:

\__________

Signal from simulation and background parameterized as shown
above.

Parameters are left floating in the likelihood fit

Acceptance x efficiency is ~ 10-15%



Dijet — ratio method to estimate the background 46

» Two control regions are defined in the region 1.1 < |An| < 2.6

» 1.5 <|An| < 2.6 : to predict the main QCD background in the SR

» 1.1 <|An| < 1.5 : constrain theoretical and experimental
systematic uncertainties

» Why new method or ratio method for mjj > 2.4 TeV

» mjj ~ 2pT cosh(|An|/2). So lower |An| means low mjj for low pT.
Trigger is thus efficient for mjj lower dijet mass than in CRs which
has higher |An| that corresponds to roughly around 2.4 TeV of
mjj

» Hence fit method for mjj < 2.4 TeV and afterwards CRs when
trigger makes them more efficient
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Extensive bias and signal injection tests: no
significant bias found for any signal mass
hypothesis

Tests were performed by generating toys
from each background function, with or
without signal injected, and measuring the
signal strength returned by the full (envelope)
fitting procedure

Systematic uncertainty:

Signal: JER (~10% on the final four-jet and
dijet resolution - gaussian) and JES (~2%),
luminosity (~1.6% - lognormal)

Background: Uncertainty from the fit
All other sources (e.g. PDFs) are negligible

Test statistic: Likelihood ratio (CLs method)

138 fb' (13 TeV)
Y — XX = (i)

95% CL limits

—e— Observed

B8 Expected *+ 1 s.d.
Expected + 2 s.d.

T M(X)/M(Y) = 0.25

Diquark: S — xx — (ug)(ug)
yuu=0.4, yX=O.6
—6
W% 3 4 5 6 7 8 o
Four-jet resonance mass [TeV]
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Most significant signal hypothesis in non-resonant search: Dijet resonance mass
of 0.95 TeV, 3.6c deviation

Second highest in resonant is ~ 3 TeV in m4j (in alpha = 0.17)




More on the excess of events in dijet search 50

do/dm = po(1—x'/3)P1/ (xPrtPslosx+pslog x) do/dm = py(1 — x)P1/ (xP2HPalogx+Ps logzl’)

ModDijet-5p Dijet-5p

do/dm = poe_pl-"'_l’z-"'z—F’3-"'3 / xPs

PowEXxp-5p

» These appear in the bin of 0.22 <a < 0.24 and 0.26 < a < 0.28

» Background only fits are performed using the same function
forms but with 5 parameters



Dijet Pair 1:
pt = 3.49 TeV
Mass = 1.88 TeV

PF Jet 3,
pt=1733 TeV
eta = 0.21

phi = 245

PF Jet 2,
CMS Experiment at LHC, CERN pt=2.042 TeV
Data recorded: Sat Oct 28 12:41:12 2017 EEST eta=0.29

phi = -1 .27
Lumi section: 610

|Ap| = 3.1 and |[An| = 0.4

Small mass asymmetry = 0.005

PF Jet 1,
pt=2.218 TeV
ela =027

phi = 1.47

PF Jet 4,

pt = 1,408 TeV
gta=-074
phi= <117

Dijet Pair 2:
pt = 3.45 TeV
Mass = 1.86 TeV




PF Jet 4,

pt = 0,659 TeV
eta =-1.23
phi=-1.23

Diet Pair 1:
pt = 3.07 TeV
Mass = 2.00 TeV

|Ap| = 3.1 and |An| = 1.06

Small mass asymmetry = 0.02

PF Jet 3,

pt= 1451 TeV
eta =007

phi = 2 97

PF Jet 1,

pt = 2.654 TeV
eta=-0.11

phi =-0.25

Dijet Pair 2:
pt = 2.82 TeV
Mass = 2.10 TeV

PF Jet 2,

pt= 1520 TeV
eta=1.10

phi = 2.33

CMS Experiment at LHC, CERN

Data recorded: Sat May 5 08:54:14 2018 EEST
Run/Event: 315721 / 200841184

Lumi section: 151




137 fb™' (13 Te\

lllll'lllllllllll

I | T I I I I T I I I T I I | T T I I | T I I I

ATLAS . Data

/s=13 TeV, 139 fb™ Background fit
Inclusive —— BumpHunter interval

——O-- q*, qu -_ 4 TeV
q’, mq, =6 TeV

—— Fit method
x*NDF = 36.63 / 38
Ratio method
x*NDF = 42.04/ 32
- g9 (2.0 TeV)
qg (4.0 TeV)
---0qq (6.0 TeV)

o O
w

N
Events

—r
—h
- O

dcs/dmjj [pb/TeV]

—
<

qg*, o x10
p-value = 0.89

N N §
9
w DN

1

IIII| IIIIIIII] IIIIIIII| IIIIIIII] IIIIIIII| |IIIIII|| IIIIIIIII IIIIIIIII I IIII| IIIIIIII| IIIIIIII|_I_[

—A
<

]IIIIIIII]IIIIIIIIIIIII]IIIIIIIII
e ) G R s et N i o e e Y ) ) e e

o NN b
\
O N
AT I il

I
N
e IRNRRRFS RERRERRII

|
[\

IIIIIIIIIIIIIIIIIIIIIIIIIIIIII_

3 4 5 6 7 8
m, [TeV]

Uncertainty
Significance

I
N

(Data-Prediction)

JHEP 03 (2020) 145

Both CMS and ATLAS see some events near or above 8 TeV —

something to keep an eye on in Run 3!



https://arxiv.org/pdf/1910.08447.pdf
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-012/

ATLAS low mass dijet search 54

» HLT: jet with pT > 85 GeV and |n|
<2.8

» For 700 GeV < mj; <1800 GeV,
events are required to have y* =
(y1-y2)/2 < 0.6

—_
Q
~ [

ATLAS
Vs=13 TeV, 29.3 fb™
ly*| < 0.6

S
m
~
0
—
c
o
>
L

» For m; > 450 GeV, events are .
required to have y* = (y1-y2)/2 < pre;?ffmiooo[d‘o&f
0.3 and Er > 75 GeV

» Selects higher-pT jets at a
given mjj and thus provides a
mass distribution that is
unbiased by the leading jet
selection from m;; = 450 GeV



What about dijet search in ATLAS? JHEP 03 (2020) 145 55

95% CL upper limits
Vs =13 TeV —— TLA Observed

TLA Expected (£ 1-20)

-1 -1
3.6 fb 29.3 fb —— Dijet Observed

y*| <0.3 | |y*|<0.6

0.02750~ 600 800 1000 1200 1400 1600 1800 2000

m,. [GeV]

dq = coupling to the quarks in Z' model

» Most discrepant interval
is 889-1007 GeV

» Corresponds to a global
significance of 0.160
however

No similar paired dijet analysis
in ATLAS for resonant search.

However there is similar for non-
resonant search using scouting

data (2016)
» 450 GeV < m;j; < 1800 GeV

Parametric form to fit the falling
background


https://arxiv.org/pdf/1910.08447.pdf

Leptoquarks - CMS 56

» Model used to generate LQ:
> E model for scalar LQs

» U1 model for vector LQs in which LQs couple only to the left-handed fermions of
the third generation

» These can also couple to g-v in addition to g-
» All signal samples generated with =1, i.e. all decays to g-|

» Kinematic properties independent of A for A<1.5, samples with A=1 are generated.
For values higher than that, dedicated production

» k=1 (Yang-Mills) and 0 (minimal coupling) are considered
» In case of non-resonant production via t-channel, no interference with SM DY process
» Reduction in the signal yield < 5% for A>1 and hence negligible

» Th > 50 GeB selected in the analysis



Event selection of leptoquarks 57

» Resonant:
» Ob jet and 1 bjet
» Requirement on m;s > 100 GeV to remove DY events
» Non-resonant:
» IN1+n2l/2 < 1.1, |An| < 3 between two T decay candidates

» Orthogonal to the resonant category by requiring no jets with pT > 50 GeV and
hence is called Ojet category

» Binned in m;s since signal purity increases with my;s

» X = exp( |n(T1) - n(T2)| ) as the sensitive variable and measured from 1 < x <30
implying a maximum value of [An| = 3.4



Background estimation in LQs CMS 58

» It, and 7,7, ] — 7;, from data-driven - others from
simulation

» This method is validated in two validation regions: By
inverting the leading jet pT requirement, i.e., pT < 50

GeV and other by using those in which 7, does not pass
the tau ID criteria —> good Data MC agreement

» ey and pu: Similar approach



LQ - More understanding about the excess 59

» The fit of the total LQ signal is performed again, bit with one

independent signal normalization parameter in each of the three

jet categories (0, Ob, >=1b) while keeping common nuisance
parameters.

» For each fitted cross-section, a significance is computed while
leaving the other two signal normalization parameters freely
floating. For the mLQ = 2000 GeV, A=2.5, the local significances

are 0j and >=1b categories ranging from 2.5 to 3.2 and 1.8 to
2.0 0. However, for the Ob category, a local significance between
3.4 and 3.7 ois found for the scalar and vector LQ models.
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Post fit plots in LQs (resonance)
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» STMET distribution in all the

3 channels for Ob and
>=1b jet categories.

Signal is mq = 2000 GeV
with A=2.5 and k=1 —>
normalized to the best-fit
Xsec

Binning is such that the

total uncertainty in the SM
background < 20%



Post fit plots in LQs (non-resonance 62
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138 fb~' (13 TeV)

CMS LQ, 2000 GeV, A=25, B=1, k=1 ¢ Observed
— Vector nonres., op =482 fb [1i = T
[IDY + jets
[ Diboson
[t + single t
[ Other
Bkg. unc.

ThTh, 400 < my;e < 600 GeV

10 12 14 16 18 20
X

Events / unit

Obs. / Bkg.

Events / unit

Events / unit

138 fb~' (13 TeV)

CMS LQ, 2000 GeV, A=25, p=1, k=1 ¢ C_)bserved
— Vector nonres., oy = 48°3 fo [t + single t
[ Diboson
[C]QCD multijet
[]DY +jets
[ Other

el, m;. > 600 GeV

10 12 14 16 18 20

et HlT,, My > 600 GeV 138 o' (13 TeV)

CMS LQ, 2000 GeV, 2=2.5, B=1, k=1 ¢ Observed
— Vector nonres., om =482 fo i =
[]DY +jets
[ Diboson
[Ett+ single t
[ Other

12 14 16 18 20
X

138 b~ (13 TeV)

CMS LQ, 2000 GeV, A=25, B=1, k=1 ¢ Observed
— Vector nonres., op = 48?%2 fo [Ji—
[IDY + jets
[ Diboson
[ Other

10 12 14 16 18 20
X

» X distribution in all the 3
channels for O jet
category.

» Signal is m o = 2000 GeV
with A=2.5 and k=1 —>
normalized to the best-fit
Xsec

» Binning is such that the

total uncertainty in the SM
background < 20%



Tlep Thad Signal Regions

SR

High b-jet pT SR
Low b-jet pT SR

Thad Thad Signal Regions
SR

High b-jet pT SR
Low b-jet pT SR

Selection

¢ (trigger, isolated), Thad-vis (medium 7haq-1D), ¢(€) X g(Thad-vis) < O,
Ap(¢, E‘Tm“) < 1.5, myis (€, Thad-vis) > 100 GeV, ST > 300 GeV,

at least one b-jet

SR selection, leading b-jet pt > 200 GeV

SR selection, leading b-jet p1 < 200 GeV

Selection

71 (trigger, medium tp,4-1D), 7 (loose mhaq-ID), ¢(71) X g(m2) < 0, myis(71, ) > 100 GeV,
ST > 300 GeV, at least one b-jet

SR selection, leading b-jet pt > 200 GeV

SR selection, leading b-jet p1 < 200 GeV




138 fb™ (13 TeV)
—e— Obs. (combined) Obs. (1, +et)

Obs. (u+jet) Obs. (e+jet)

—— Median expected . 68% expected

95% expected ~ —— Theory (LQ )

Lepton-induced production, A, = 1.5

600 800 1000 1200 1400 1600 1800 2000
Leptoquark mass (GeV)

coll -+
T, + jet, no-btag, high BDT 138 fb™ (13 TeV)

—~+-Observed []Z- |l
[CIW +jets  []tt/single-t
[ Diboson [ ]Mis-ID
[1Bkg. unc.

= LQ (m=2.1 TeV, A,=1.5)

=
o]
S~
2]
—
c
()
>
L

3000 4000
m._,, (GeV)

Recent of lepton PDFs at NLO:
Xsecunc < 5% for M < 5 TeV

xsec scales with A2 —> higher than single
LQ gluon initiated process

Larger sensitivity at high mass and coupling


https://arxiv.org/abs/2005.06477
https://arxiv.org/pdf/2308.06143.pdf

High mass resonance - CMS 65

» Common models are Generalized Sequential Model (GSM) containing the sequential SM
boson Z'ssum

» It has SM-like couplings to SM fermions

» LRS extension of the SM based on SU(2). X SU(2)r X U(1)s.L. gauge group, B-L refers to the
difference the baryon and the lepton numbers

» Narrow width approximation, production cross-section of Z' = c,w, + cqwq, where c’s are
coupling to the quarks and w's are the pdfs

» With the change of couplings due to mixing of U(1) generators, each class of model has a
definite contour in (cy, cg4) plane

» Also, finite width resonance (12% in width) has similar results as that obtained using narrow
width approximation

» DM model: DM interacts with the SM via spin-1 mediator (vector or axial vector)

+ixZ(myg) + xS (myg),

dm,,  dmy,

Non-resonant



Selection on ee, pp 66

» Di-electron channel: No opposite charge requirement
since that would result in efficiency loss of 10% for masses

of several TeVs

» For muons, it is required since the charge mis-
identification probability is low: 10-2 for muon momentum

of 2 TeV



Source Uncertainty

Electron selection efficiency 6—8%

Muon selection efficiency 1-2% (two-sided), 0-6.5% (one-sided)
Mass scale uncertainty 0-3%

Dimuon mass resolution uncertainty 8.5-15%

Impact on background [%]
Uncertainty source mep > 1TeV my, > 3TeV

ee Huu ee uu

Lepton selection efficiency 6.8 0.8 6.4 1.3
Muon trigger efficiency — 0.9 — 0.9

Mass scale 7.0 2.7 15.4 2.4
Dimuon mass resolution — 0.1 —_ 0.6

Pileup reweighting 0.3 — 0.5 —
Trigger prefiring 0.5 — 0.2 —
PDF 3.7

Cross section for other simulated backgrounds 0.6 0.8 0.2

Z peak normalization 2.3 5.0 2.0
Simulated sample size 0.4 0.4




Muon

2
m* exp (Z ’Yi’”') / if m < Myreshold-
i=0

Electron

if m < Mygresholds

3
LV o e .
if M > Mgyresholds m- exp ( : 51'”1 )' if m > Mihreshold -
 —

Mthreshold IS left floating and ranges from 350 to 750 GeV in the muon channel

In the electron channel, it is set to 600 GeV

Limits are calculated in a mass window of +/- 4 times the signal width. This window
is symmetrically enlarged until there is a minimum of 100 data events in it (10%

stat unc)
Dominates at high mass

Background parameterization uncertainty for high mass resonance is a crucial one.
Therefore results only above 700 geV



High pT Di-lepton: LFUV 69

» After normalizing to unity in the region of 200-400 GeV, to
account for the remaining mass between the two channels,

R,u+,u—/e+e—

(following full chain from selection —> unfolding)

is measured in the simulation of DY events

» Inverse of this correction is used to correct the above
quantity in data.

» Size of these corrections: 5% for central leptons and
as large as 20% for forward leptons

» Uncertainties like PDF cancel in the flavour ratio



([0-B] Z' / [0:B] Z) x 1928 [pb]

Quote the upper limit on:

clpp = Z'+ X = Ul + X)

ocpp > Z+ X = 00+ X)

This cancels/reduces the common uncertainties

Exclude mass below 5.15 TeV for the Z'sg and

4.56 TeV for Z',

Valid for all widths at high mass (negligible

background)

140 fb (13 TeV,
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CMS — Obs 95% CL umn

Exp. 95% CL limit, median

IIIIIllTl Illlllﬂl TTT

El 1 1 I 1 1 1 Il l 1

width
—0.6% —3%

—5% 10%

‘f lIIlIlU_I IIIIIILIJ IIlIIILlJ IlIIIILLI IIIlIILI_I L 1]

1000 2000 3000

4000 5000

m [GeV]

([c-B] Z'/ [6:B] Z) x 1928 [pb]

([:B] Z' / [6:B] Z) x 1928 [pb]

137 fb'1 (13 TeV ee) +140 b7 (13 TeV uu)

IIIHHl I IIIHHl TTT

IHq I IIIHHl T IHIHl T

CMS — Obs 95% CL limit

=seemen EXp. 95% CL limit, median

width

TRNRLY

| | I | |
1000

1 I | | | I | 1 1 I |
2000 3000 4000

137 fb (13 TeV ee

75000
m [GeV]

)

IIIIIII IIIIIIIII ITT

'mr| Illll]ﬂ'l IIIIIIIII TTTTI

CMS S Obs 95% CL nmn

Exp. 95% CL limit, median
width
—0.6% —3%
10%
e Z'sem (Width 2.97%)
'y (Width 0.53%)

1 | | | 1 1 | | | 1 1 1 | l 1 1 | | | 1 1 | |

_Lﬂﬂ 11 IIlJ_I_I Illllllll Illllllll IIIllIllI IIIllIllI 1117

1000

2000 3000 4000 5000

m [GeV]




background modeling in resonant search

] 3 _ i
fre(mee) = faw z(mee) - (1 = x€)7 + xZizo Pil0g)"

background modeling in non-resonant search Fitted in CR and

ATLAS Simulation extrapolated to the SR

In order to avoid any
effects of destructive
interference arising in

BaCkgrOU.nd + Cl Slgnal the CR, a ga p
(Destructive Interference)

—— Background between the CR and

Control Region .
Signal Region SR is allowed
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95% CL upper limits

—— Observed
Median expected

I  68% expected
95% expected

137 b (13 TeV)

6 B (X —» Wy) at 95% CL [fb]

,A=4mx
, A=4mx
L A=5mx
,A=5mx

137 b (13 TeV)

Spin-1 95% CL upper limits CMS
Narrow _ Observed
Median expected

I 68% expected
95% expected




High mass resonance —> Boosted resonance + gluon 73

» Signal samples generated for p,, = 0.1 and 0.2 with Gy
masses between 2 and 9 TeV in steps of 1 TeV

» Specific choice of ggray and ggkk does not affect the decay
kinematics but only modifies the signal cross-section
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----Expected Median
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Background Fit+1c
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Source Effect on the signal yield (%) Combined (%)

Integrated luminosity 2.5/2.3/2.5 1.8
Trigger efficiency 1.0/2.3/1.0 0.9
Photon ident. efficiency 4.7/6.0/3.0 4.4
Pileup 1.0/2.0/1.0 1.3
PDF 2.0 2.0
W tagging efficiency 11/7.4/3.2 3.9
Jet energy scale and resolution’ 1.3 0.8
Photon energy scale and resolution’ 0.5/1.0/1.0 0.9

Total 12.6/10.6/5.8 6.7




Final state: 2 same-flavor leptons (ee or pyu) + 2 quarks

Motivated by Left-Right symmetric models (to explain
parity violation, neutrino mass)

Predicts a heavy, right handed gauge boson (heavy _ 138 1" (13 TeV)
o) CMS g5ssss% Stat. @ syst. uncert.
partner of the SM W boson): Wg = o 5 Data
c Resolved SR I t+tW
L‘I'>J’ Post-fit ;+iets t
. . I Nonpromp
Heavy right-handed neutrino for each lepton Other backgrounds

S 5x(m,, , m) = (6.0, 0.8) TeV

flavor: N

Most extreme p-value occurs in the electron channel
for (mwg, my) = (6.0, 0.8) TeV with a local (global)
significance of 2.9 (2.78)c

138 b (13 TeV) 138 tb! (13 TeV)

CMS g Stat. @ syst. uncert.
up Data
Resolved SR I tt+tW
Post-fit Z+jets
I Nonprompt
Other backgrounds
5><(me, mN) = (6.0, 0.8) TeV

138 b (13 TeV)

CMS \\\ CMS
My = My, /2 my = m_Wn/ 2
Combined ee channel ) Combined pp channel

Events / bin

—— Observed limit T ——— Observed limit
Expected limit Expected limit

I 68% expected I 68% expected
95% expected 95% expected

—— Theory (g .=g) ——— Theory (g.=g)


https://link.springer.com/article/10.1007/JHEP04(2022)047

T — uvv ‘

L

Figure 4: Summary of the anomalies together with the implications for extending the SM with new particles:
Leptoquarks (LQ), vector-like fermions (VLF), electrically neutral scalars (S), neural gauge bosons (Z”) and
charged gauge bosons (W’). Thick lines indicate that full explanations are possible while thin lines mean
that only a partial one is or that conflicts with other observables exist.



https://arxiv.org/abs/2304.01694
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Fig. 1: Status of the charged-current LFU ratios R(D) and R(D*) as of March 2023.

Results dominated mainly by BABAR because of cleaner environment (neutrino escapes in
the detection) in spite of high statistics at Belle and LHC

b—>clv mediated at tree-level in the SM have significant BR (O(-3))

The R(D™) is bigger than predicted by the SM by around 20% resulting in >= 30


https://ep-news.web.cern.ch/node/3398

R lowq” =099 00s Concern b—>su+pu- and b—>se+e-
Ry central-g> = 0.949700%

Rg-  low-¢* = 0.927+3%% LHCDb is the leading one since there

Ry central-¢> = 1.02770:07%

is no neutrino that escapes detection

First deviation observed (not in the
context of universality) but deviation
in the expected angular distribution
of the muon pair in B—>K*u+pu-

Rk low-¢> Ry central-¢> Rg- low-¢° Ry- central-g* RK — r( B—> KI"I +|J-)/r( B-—> Ke+e_) 260-

Fig. 2: Measurements of the e/ LFU rations reported by LHCb in December 2022. d eviati on wrt S M 5

This update in 2022 is attributed to a N = 089 srff U7 5 [ =
i ) 1 (in 2014 but similar in 2017)

careful estimation of the background.

It was identified that a number of

unexpected background especially

related to misID of pions and kaons as

electrons led to low Rk values initially

In 2021, Reexp = 0.846 +/ 0.044 —
> 30 deviation

In 2022, Rxexe = 0.949 +/ 0.047 —
> within 1o



\/E = 13 TeV using 36.7 fb-1 of data

Experimental signature: Oppositely charged muons originating from a common secondary

verctx spatially separated from the pp interaction point by distances ranging from several
hundred pm to several meters

Interpretations:

Hidden Abelian Higgs model where H->Zp Zp (Hidden and dark sector)

R-parity violating SUSY where LLPs —> pp+vv



Run 3 (CMS): LLPs to pair of muons

Py, Prluy) [GeV]
CMS Simulation Preliminary

e Run 2 (2018) m(H) = 125 GeV
Run 3 (2022) m(ZD) =20 GeV
Run 3 (2022, L3)
(

Run 3 (2022, L2)

Run 2 (2018)

©
N

Run 3 2022/18) tracker + muon system

o
N

>
o
c
Q
O
E
L
—
[}
o
2
—
|_
X
®
&}
c
o}
I
o
[}
&}
[}
<

(6 N e]

Run 3 (2022, L2) MUON system

w b

Run 3 (2022)
Run 2 (2018)

N

Auxis not to scale
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Tracker end

» Analysis strategy: Divide into categories
» TMS-TMS: Both muons in the tracker and muon system
» STA-STA: standalone muons
» STA-TMS
» Improvement in L1 trigger:
» Run 2: Two muons reconstructed in the muon system alone. pT > 28 and 23 GeV
» Run 3: Two additional sets:
» very low muon-pT thresholds, with stringent quality and kinematics requirements

» New track finding procedure in the L1 muon trigger in the barrel. This reconstructs muon pT without
using beam spot constraint



CMS Preliminary
m(H) = 125 GeV
m(ZD) =60 GeV

B(ZD—>up) =0.103
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CMS Preliminary
m(H) = 125 GeV
m(ZD) =60 GeV

B(ZD—>uu) =0.103

10° 102 10

36.7 fb' (13.6 TeV)

95% CL upper limits:

= Observed

= = Expected (median)
Expected (68% quantile)
Expected (95% quantile)

== TMS-TMS exp. (median)

== STA-STA exp. (median)

95% CL upper limits:

= Combined obs.

== Combined exp. (median)
Combined exp. (68% quantile)
Combined exp. (95% quantile)

— 13.6 TeV obs. (36.7 fb™)

— 13 TeV obs. (97.6 b

CMS Preliminary
m(H) = 125 GeV
m(ZD) =10 GeV

B(ZD—>uu) =0.144
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36.7 fb™' (13.6 TeV)

95% CL upper limits:

= Observed

= = Expected (median)
Expected (68% quantile)
Expected (95% quantile)

== TMS-TMS exp. (median)

== STA-STA exp. (




ATLAS Simulation Studied: 0.3 < By < 0.9

Al m = 2.2 TeV, Gluino

—+— m=1.3TeV, Chargino Very well in the range of
—+— m =400 GeV, Stau heavy L LPs

Density [a.u.]

Strategy:

Select isolated tracks
with high pT, large

specific ionization

Reconstruct mass for
each track using Bethe
Bloch parameterization



it Bl CRkin: inverting dE/dx
requirement in the

(CR-LowPt-dEdXx)

Lo signal region

0.01 0.015 0.02 5

1/p_[GeV'] dE/dx [MeV cm?/g] C R- d E d X. i nve rti N g
(a) Kinematic control regions (b) dE/dx control regions . .
Ermiss and removing
Toy track generation the dEdX requirement

Sample 1/pT, n from CR-kin

{s=13TeV, 139 b
VR-HiEta-Inclusive pf*>50GeV,1.8<l <25

ATLAS {s=13TeV, 139 b

VR-LowPt-Inclusive_High ~ p{* €[50, 110] GeV, Il <1.8

+ Observed + Observed

Sample dE/dx from the
corresponding n bin of CR-dEdx

— Expected — Expected

Entries / 30 GeV
Entries / 100 GeV

" Overflow

Compute m using dEdx and
10-40M toy tracks sampled

Validation done in validation
regions
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All limits at 95% CL
Gluino R-hadron, Am = 30 GeV
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e Long lifetime
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m; [TeV] 500 1000 1500 2000 2500 3000

Target Mass [GeV]

7 excess events with 1100 < m < 2800 GeV (expected 0.7 +/- 0.4).
p-value ~3.60 for signal mass = 1.4 TeV(global is ~3.30)

2.4 <= dE/dx <= 3.7 MeV g-'cm?2

Predicted f = 0.5-0.6, but measured p ~ 1 (from ToF, MS, Calo)

Not consistent with the heavy (and hence slow) LLP hypothesis



Doubly-charged LLPs have 3 values compatible
with measured dE/dx!

Resonant production of relatively light daughter
particles d from massive particle P —> boosted

Good match for kinematic properties of excess
events
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[
)
-

Entries/100 GeV
3

| . /" Best fit:
L | " Mp=52TeV

[E—
<
[\

o,

5 my=650GeV -

2000 3000 4000 S (Q=2)

Mg ax [GeV] 05 10 15 20
mg [TeV]

[a—
<
W



https://arxiv.org/pdf/2205.04473.pdf

Improvements in Run 3 for Dijet 87

» Current analysis is model dependent. But the nature may not have this
BSM scenario that we test

» Idea is to be model independent

» But such an analysis may have sensitivity penalized when the search
is performed in large number of bins due to look elsewhere effect

» Anomaly detection based analysis.

» Train model on background enriched sample of data to learn the
background typical distribution and thus detect out-of-distribution
examples when tested on an independent data sample

» Atotal of 5 anomaly detection methods which are model agnostic are
in place



