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My Goal in This Talk

e Important to have the big picture in mind
e there’s a talk for that:
[E1PV Il, Wolfgang Wagner: “Recent physics
highlights of experiments at the LHC” (tomorrow)
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My Goal in This Talk

e Important to have the big picture in mind
e there’s a talk for that:
[E1PV Il, Wolfgang Wagner: “Recent physics
highlights of experiments at the LHC” (tomorrow)

e Here: closer look at selected LHC searches
e emphasis on recent results
® potentially biased selection
e trying to put analyses into context
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My Goal in This Talk

e Important to have the big picture in mind
e there’s a talk for that:
[E1PV Il, Wolfgang Wagner: “Recent physics
highlights of experiments at the LHC” (tomorrow)

e Here: closer look at selected LHC searches
e emphasis on recent results
® potentially biased selection
e trying to put analyses into context

e “Going the Extra Mile...”

* highlight unique features of the analyses
e interesting approaches, innovative methods, . ..
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Overview

e Introduction to Searches at the LHC )

e Dedicated Direct + Indirect Searches
e (non)resonant phenomena
e lepton-flavor universality
e specific models: LQ, SUSY, LLP

e Model-Independent Approaches J

e Spotlights (will not have time for these — conversation starter in break-out session?) J
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Introduction: Searches at the LHC )
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Why Fix It If It Ain’t Broke?

three generations of matter interactions / force carriers
(fermions) (bosons)
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weak bosons

interactions built into the SM

LEPTONS

The Standard Model of Particle Physics

e The Standard to describe how the known particles interact and decay
e Can predict outcome of collider experiments very precisely
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Why Fix It If It Ain’t Broke?

Standard Model known to be incomplete: unexplained experimental observations
¢ Neutrino oscillations require m(v2,3) > 0

e neutrinos can transform into each other as reported by neutrino (dis-)appearance experiments
e ([=]T48.3: Alfons Weber, “Neutrino Oscillations”, tomorrow; [=] T 99.1: Kathrin Valerius, “KATRIN”, Friday)
e Matter content of universe dominated by unknown form of non-luminous matter
e rotation curves of galaxy clusters / gravitional lensing suggest existence of this Dark Matter
e Matter-antimatter imbalance of the universe, accelerated expansion of universe, ...

e Weaknesses of theory: unification of forces, hierarchy problem (fine-tuning of Higgs mass),
suggestive similarities of quark/lepton sector, strong CP problem, fermion masses, ...

How to Find a Better Theory
e Propose an extension

e new, improved theory addressing one / some / all (?) flaws
o Make falsifiable predictions

e new particles or interactions

e changes in behaviour of known particles / modification of couplings
e compositeness, ...

e Test predictions: [Searches for new phenomena at colliders}
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What Are We Looking For?

Direct Searches

excess over background resonant excess (‘bump”) nonresonant
in certain part of phase space over background excess or deficit
A 9 U
X f
g
3 g C

— decreasing model dependence —

Indirect Searches

e Precise measurements of production rates and / or branching ratios (efe "
e search for violation of SM predictions, e. g. violation of lepton universality &—-—(\
\
e EFT approach allows for systematic parametrisation h™
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Background Modeling

e Searches = looking for deviations from Standard Model predictions

= correct modeling of SM processes essential
o Different approaches to predict expected background yield in signal-enriched region (SR)
e simulation-based: typically limited by systematic uncertainties (but also available sample size)
e data-driven: typically limited by statistical uncertainties

e Analysis blinded during design: consolidate background estimate before looking at data in SR

f
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fit simulation and extrapolate B SRSB fully oata-driven methods

(FFM, MM, ABCD, ... : variations
of measuring and “applying”
ratio of event yields)
— less dependent on simulation ~—

fit data in (signal-free) sidebands
with analytic function
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Frontiers of Knowledge

e Why have we not observed the predicted new particles yet?

e particles too heavy = energy frontier = need higher /s
e interactions too feeble = intensity frontier = need higher luminosity (precision measurements)

10000 | Discovery on the Energy Frontier
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e Searches can be carried out at all different kinds of colliders

° = energy frontier, HL-LHC — intensity frontier
e searches = central piece of physics programme of LHC as a discovery machine
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CMS Integrated Luminosity, pp BN LHC Delivered: 162.85 fb '

c a o V§=13 TeV [ CMS Recorded: 150.26 fb'
Luminosity Scaling

e “Luminosity quadrupling time” ¢4:
luminosity £ q.0

e signal yield S RN
o background yield B 4 4. B
e approximate significance:

S ta, 48 _ 5 S
i~ as-2vs V¥

Total Integrated Luminosity (fb!)

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

e e.g. recorded luminosity by CMS: 1°“\ CECEC &a\ 35,58 58" %,1 Eeal ,«,\ RG)
) _ R 0 o WM o9 0 W puBeel (o \\;0 Wee?
e 2015 + 2016 data: 42 fb—? Vet ol Wt e
Date
e full Run-2 data: 150 fb~*! ~ 4. 42fb~* T "
Z 25 CMS Peak Luminosity Per Day, pp, +'s ~ 13 TeV. 25
e = improvement in analysis sensitivity £a : o
by factor 2 from luminosity alone | :. N
J ¢
g s s
Pl : .
E P e w8 W e @ e e e

Date (UTC)

e t4 strongly increases over time = [need to come up with better ideas]

e (also: factor 2 sounds like a lot, but cross sections decrease exponentially with mass)
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ATLAS and CMS

e Two big, independent, multi-purpose detectors at the LHC: ATLAS and CMS
o Situated at Interaction Points 1 and 5 of the LHC
o Different concepts, but same basic structure

e almost 47 coverage, forward-backward symmetric cylindrical geometry
e tracking detectors, electromagnetic and hadronic calorimeters, muon system (+ magnets)

e Sophisticated trigger system to select collision events to be recorded (realtime / online filter)

Muon Detectors Hechomagalic Ciketmaias | § vacuum chamber
A | .
h AN \ =S
/ \ Solenoid = = = V4
. ) \ Forward Calorimeters -

End Cap Toroid

Barrel Toroid Inner Detector

Hadronic Calorimeters Shielding
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Dedicated Direct + Indirect Searches ]
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arXiv:2103.02708

CMS Search for (Non-)Resonant New Phenomena at High m (= JHEP)

e Select ee and 11~ events (reconstruction optimized for high-pr leptons)

e Backgrounds:

e dominantly DY, all estimated from MC (except fakes)

e combined background shape normalized to data around Z peak
e Good agreement of data and MC

e slight excess in ee tail >1.8 TeV

e 2 dielectron and 2 dimuon events with mg, > 3.0 TeV observed

e = proceed to set limits in various models
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invariant mass distribution, including two example resonant signals

dilepton mass resolution
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arXiv:2103.02708

CMS Search for (Non-)Resonant New Phenomena at High m (—> JHEP)

Models for interpretations

resonant non-resonant
spin-1 spin-2 ADD extra dimensions contact interaction
GSM, LRS, GUT Randall-Sundrum quasi-continuous spectrum fermion substructure

(new heavy gauge boson ) extra dimensions of KK graviton excitations (constructive or
Dark Matter (Kaluza-Klein destructive interference)

(vector or (axial vector mediator))
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Strategy

e Search for deviation from expected gradient in 1,
spectrum in ee/p ™ 1~ events above Z peak
e complements ATLAS search for heavy resonances (2019)

Benchmark signal model: effective four-fermion CI
= constructive / destructive interference with SM

Background: parametric model fitted to data in CR

First nonresonant dilepton search to use

background estimate from data using functional form
o large dedicated DY sample (~ 7.5 ab~1, “truth smearing”)

Mgy JHEP 11 (202
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ATLAS Test of Lepton Flavor Universality arXiv:2007.14040 (— Nature Physics)

e Lepton-flavor universality:
coupling of electroweak gauge bosons to leptons independent of lepton flavour in SMJ
e LEP measurement: long-standing 2.7¢ discrepancy from SM prediction (1.0)
_ BWorvr) _
* R(/n) = 5o ey = 1.070 £0.026 J

e ——
—a— LEP (Phys.Rept. 532 119)

{s=13TeV, 139 t" Statistical Uncertainty

[ Systematic Uncertainty
—e— Total Uncertainty

—_——

098 1 102 104 106 1.08 1.
R(t/n)=B(W—1v)/B(W—-uv)

e LHC = “tt factory”: 15 Hz production rate = search for violation of LFU in LHC dataset J

Alexander Mann (LM DPG-Friihjahrstagung 2021 // Searches at the LHC 16th March 2021


http://arxiv.org/abs/2007.14040

2007.14040 (— Nature Physics,

Strategy

e Select pure sample of dileptonic ¢t events with 2 b-tags (plus ., veto against Z / low-mass DY)

e Use tag-and-probe method in eiﬁ or w1~ events: e or u as tag, (2™) i as probe
e Discriminate W — uv, and W — 7v; — pv, v, v, based on

e impact parameter |df)| (— lifetime of tau lepton)
e pr(w) (— energy shared with neutrino(s))

e Determine ratio R(7/u) — many systematic uncertainties cancel

Hrese e wont
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ATLAS Test of Lepton Flavor Universality

e Measured value from fit of 48 SR bins:

R(7/p) = Glaesd = 0.992 £ 0.013
e Agrees well with SM =- discrepancy seen by LEP not confirmed
e Most precise measurement of R(7/u) to date

arXiv:2007.14040 (— Nature Physics)

ATLAS
s =13 TeV, 139 i’

P S

LI B B
—a— LEP (Phys.Rept. 532 119)
ATLAS - this result

[ | Statistical Uncertainty
[ Systematic Uncertainty
—e— Total Uncertainty

—_—

098 1102

.04 1,06 1.08 1.1

R(t/u)=B(W—-1v)/B(W—-puv)

So allis well. . . or is it?
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Lepton-Flavor Universality in B-Meson Decays

o Tests of lepton-flavor universality important part of physics program at B factories

J

e SM forbids FCNCs at tree level = rare transitions, sensitive to presence of new particles

e could increase or decrease production rate or change angular distribution of final-state particles
o if new particles couple differently to electrons and muons, LFU could be violated

Y oKkt at-
* Measure FCNG transition b — s in ratio R(K) = %
= very precise tests of LFU (hadronic uncertainties in theoretical predictions cancel)

& s
LFU v T
w .
B° K°

e Can also use charged-current process with SM tree-level diagram

e Measure FCCC transition b — cin ratio R(D) = g((f;jim
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Lepton-Flavor Universality in B-Meson Decays

e Results from past measurements at BaBar, Belle, LHCb:
Name Definition Observed value [ref] SM prediction [ref] | Discrepancy
(Rig) % 0.745155% £0.036  [2] 1 9, 10] 2.60 §
Ric M [0.66,0.69]*9:41 +0.03  [7] |[0.926,0.9965] & 0.0005 [9, 10] || [2.20,2.50] | &
“Bp: me) 0.407 +0.039 +£0.024  [11] 0.299 +0.011 [12] 2.30 %
Rp- | FREZDTH 10.304+0.013£0.007 [11] 0.252 4 0.003 [13] 340 | §
r(BF /vty 3
Ry % 0714017018 [§] 0.29 +0.07 [14] 1.70 2
e Updated result from LHCb:  (PRL 122, 191801 (2019), superseding [2])
e increased analyzed dataset from 3.0fb~1 to 5.0 fb—1
o T +0.0604-0.016
° '\}EIE: =0.846" 1 154" 014 = Now at 2.50 w.r.t. SM
(=1 T 48.2: Michel De Cian, “Highlights from the LHCb experiment”, tomorrow)
v
= C T T T T 7]
[2) [ B HFLAV average Ax?=1.0contours 7
T o4 —.
F LHCb1s 1=
0352 BaBarl2 ] %
351 wm e
Visualization and combination ik Hiter 15
R = > =
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............. oz 3 %
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02 0.3 04 *
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Leptoquarks to the Rescue

What Are Leptoquarks Why Introduce Them

o Hypothetical particles with e Appear in many BSM scenarios,
non-zero baryon and lepton number e.g. GUTs with larger gauge groups
e Carry color charge e Relate quark and lepton sector
and fractional electric charge e may provide explanation for similarities

e Decay into quark-lepton pair ) o
e LQ can explain observed deviations from

lepton universality in B-meson decays

e Can be a scalar or a vector particle

0+ b
6 T T o
10°F — ScalarLQ ] R(K): 5 /La/ s
= .5 T 1 7 p_5 [¥
E 10 — Vector LQ (mg = 0) 2 BOG_ 4K
g 102; --- Vector LQ (mg/my = V2) : -
T o0k 18 ,
F 1 Ve
< 102} i3
° F 1 8
107F o 2

ar;

! 1 0,(+) D+i(*)
1000 1500 2000 2500 PR

mg [GeV]
pair-production cross section

500
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3"d-Generation Leptoquark Search (CMS, 137 fb~1) arXiv:2012.04178 (— PLB)

e Some solutions proposed to explain B anomalies
favor effective couplings to 3™ generation SM fermions at TeV scale
e Targets:

e both leptoquark, LQs — t7/bv, and leptoquark, LQ,, — tv/bT

e both /single and { pair s production

LQ

Model parameters

e LQ mass + coupling A (only single production) + coupling & (only vector LQ)
e 15 models in total (LQs, LQ,, for k = 0, 1; pair prod. and single or combined for A = 1.5, 2.5)

e k = 0: minimal coupling case, k = 1: Yang-Mills case (larger cross section)
e )\: coupling strength to lepton-quark pair (affects single LQ production cross section)
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39-Generation Leptoquark Search (CMS, 137 fb—1) arXiv:2012.04178 (— PLB)

137 b (13 TeV)
T

L Data '

T
CMS B Visidentified T
Resolved top [t production
1bjet Others
LQLQ k=1, M=17TeV
ILka: 1,A=15M=14TeV.
- ILQVk:O,A:15. M=11TeV
v LQS)\ =15, M=05TeV

Strategy

Ev

e SearchintrTv (— LQ)
and tbrv (— LQLQ) final states
e Employs top tagging and W tagging
on large-R jets (R = 0.8) e R

e 4 separate event categories: b

(Lorentz-boosted top or resolved top) 55 2
> gg 15 | N
(= 1 b-jetor > 2 b-jets) g% o5t
e Background: ) 500 1000 1500 2000 2500
o dominantly misidentified tau lepton: Sy [Gev]
estimated with fake-factor method final discriminant
e rest: from simulation, normalized in CR ) Sr = pT(t) + pT(T) + E_Irpiss

(— shape fit)
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3'9-Generation Leptoquark Search (CMS, 1

arXiv:2012.04178 (— PLB)

o First search to simultaneously consider both single and pair production
e combination improves limits by 30 — 120 GeV depending on LQ type

o(pp ~ LQLQ) [pb]
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3-Generation Leptoquark Search (ATLAS, 36.1 fb~1)
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e 4 reinterpretations of SUSY searches for stop and sbottom pairs
e +1 reoptimized variant of di-higgs search
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3'd-Generation Leptoquark Search (ATLAS, 139 fb~

LG} pair production; LG} >t v /b 7; Limits at 95% CL.
L e e e B B B — 1000 -
3 El x® E
= g ATLAS 3 & E E
5 \5=13 TeV, 139 fo' E £ E 3
T 8 = T sofE- =
w7 smmam, . E
G’ o 705 =
S{ ==== Expected Limit (+1 c,;) E @ E L221 Bxpocted Limit (10, ) 3
s 6 ERS 60f- ” 4
@ 5 ER E it 1 0l0 13
£ 50?—OhsewedleMﬂcmW) 1%
4 48 wE- ATLAS EEN
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reinterpretation of search for ¢t (0¢) reinterpretation of search for bb (04)
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Search for Leptoquarks with Mixed Decays (New)

e New ATLAS studies: searching for LQ pairs with couplings J

up-type (Q = Ze) J down-type (Q = —3e) J

bt

p
LQ?_L voelu

Lég\ ve/w
p :

bt

BLQ - o)
BQ - )

o. Limits at 95% CL
o560 6000001206140 1600 1802000 05500 0900012001400 1800 1800200 R i30T T 560”8000
my, [Gev] mq [GeV] m o (Gev] Mo (Gev]
targets final states: e.g. bb + ee/ppu targets final states: tt + ee/upu
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Search for Leptoquarks with Mixed Decays: qq/cc/bb + ee/up  JHEP 10 (2020) 112

Strate 3 OFATAS T o
+ - +, - q LQLQ- bebe 2-tag Drell-Yan
e Selecte™e //,L Mmoo+ Z 2 ]etS & 10°F- Signal Region -
i w Uncertainty
e 7 event categories Pro- it bachground

e based on number of b- and c-tagged jets

o Compute average reconstructed LQ mass m{‘}-’
e pairing minimizes mass difference of LQ candidates
e mass resolution < 7 % of LQ mass

e Normalization of and systematic uncertainties on

-

IS
ool N R
L

Data/Pred.
o
owuL »

dominant backgrounds derived from CRs 00 060 500 2000
s m;* [GeV]
e First limits on these LQLQ decays
v
- 5
2 S EATLAS
1 1 gE 513 Tev, 1391
[e3 —— Obs. 95% CL limit o —— Obs. 95% CL limit
= Exp. 95% CL limit o] - Exp. 95% CL limit
Exp. £ w
o [} Exs :;‘{1 o
+ 10 theory.
4((\(;0 600 860 10b0 12b0 14‘00 16b0 18b0 2000 200 600 860 10b0 12b0 14b0 16b0 18‘00 2600
m,, [GeV] mq [GeV]
u u — u u —
mix “mix bebe (18 =1 mixLQmix - bubu (/3 =1
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Search for Leptoquarks with Mixed Decays: tt + ee/jpn  arXiv:2010.02098 (— EPJC)

T
ATLAS ® Data

@
2
g
@ Vs=13TeV, 139 fb* i
Strategy Y L - et S
Lo T . Post-Fit m ;=15 TeV BDT zz:z’:am
e Selecte™e /pu"u +2large-R jets (R = 1.0) CQisTey

e heavy LQ — boosted top quarks

e BDT based on 29 (32) kinematic observables
e parameterized in theoretical LQ mass

e Using “recursive jigsaw technique” § ;
e to construct rest frames of intermediate particle states 8

(resolves kinematic and combinatoric ambiguities)
e rest frames serve as natural basis for BDT inputs

2 S S St
ey ts Ry ey, R Hong,

® 2 CRs to normalize tt/ Z background

~/ ® 3 bins in SR based on BDT output score
g £
7 09 T
3 0.8 51
@ 07 @

ATLAS
s =13TeV, 139 o™

BLQ — bv)=1-B(LQ - tu)
Limits at 95% CL

ATLAS
fs=13TeV, 139 fb*

B(LQ — bv)=1-B(LQ - te)
Limits at 95% CL

L L L L L L L L L L L L L L
0 1000 1100 1200 1300 1400 1500 1600 1700 1000 1100 1200 1300 1400 1500 1600 1700
m, [GeV] M [GeV]
d d — 1 d d _
o5, LGy, — tete (B=1) Qd. 108, — tutp (3 =1)

Alexander Mann hjahrstagung 202 earches at the LHC 16th March 2021 31


http://arxiv.org/abs/2010.02098

Particle Content of Minimal Supersymmetric Standard Model

Standard Model plus 2" Higgs doublet (minimal) supersymmetric extension

uarks gauge || Higgs higgsinos +
d bosons || bosons gauginos

squarks

~
)
| S—

®OE

L L JOIC
@000
B
@OE®®
@00d
0000
@000

e new scalars: sfermions = squarks q + sleptons ‘
e new spin-1/2 particles: gauginos = neutralinos %0 + charginos Qi + gluino g’
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Different Production Modes of SUSY Particles

PP, VS =13 TeV, NLO+NLL - NNLO+NNLL

— §§  — XA3 (wino)
10 —— 44— X{ i (wino)
—#  — %%
g
2 100
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g
g
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0 500 1000 1500 2000 2500

particle mass [GeV]
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Different Production Modes of SUSY Particles

strong production
inclusive final states

\ PP, VS =13 TeV, NLO+NLL - NNLO+NNLL
— 4§ —— Xi'X3 (wino)
10? —— d4  —— XX (wino)
— tt — T
3
5 100
s
-]
g
3
81072
S
1074
0 500 1000 1500 2000 2500

particle mass [GeV]

Example simplified model with strong production of SUSY particles

7 q v [T
T/vr

I 7/0r

i‘é 70y
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Different Production Modes of SUSY Particles

PP, VS =13 TeV, NLO+NLL - NNLO+NNLL

— §§  — XA3 (wino)
10 —— 44— X{ i (wino)
—#  — %%
g
2 100
<
o
g
g
Q
g
81072
S
107*
0 500 1000 1500 2000 2500

particle mass [GeV]

3rd generation
final states with b-jets

Example simplified model with pair production of 3rd generation squarks

b v
P T
i - N
L <
TNy T ~
i <L
p T
b v
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Different Production Modes of SUSY Particles

PP, VS =13 TeV, NLO+NLL - NNLO+NNLL

— g —— Xi'X3 (wino)
) - R
10 —— G4 —— X{Xi (wino)
— i —
3
5 100
<
S
]
g
Q
3
81072
5
107
0 500 1000 1500 2000 2500

particle mass [GeV]

electroweak production
leptons, no jets

Example simplified model with electroweak production of gauginos

v T
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Different Production Modes of SUSY Particles

PP, VS =13 TeV, NLO+NLL - NNLO+NNLL

— §§ — X{'x$ (wino)
5 o PR
10 —— G4 —— }{Xi (wino)
—tt —
=)
2 100
<
L8
5
g
Q
)
81072
S
0 500 1000 1500 2000 2500

particle mass [GeV]

direct slepton production
tiny cross section

Example simplified model with direct production of sleptons
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Different Production Modes of SUSY Particles

strong production
inclusive final states

\ PP, VS =13 TeV, NLO+NLL - NNLO+NNLL
— 4§ —— Xi'X3 (wino)
107 44— {{ & (wino)
- 7
=)
2 100
c
L8
kv
Q
&
81072
S
1074
0 500 1000 1500 2000 2500
particle mass [GeV]
direct slepton production 3rd generation
tiny cross section electroweak production final states with b-jets

leptons, no jets

All production modes are covered by dedicated searches
a q v /T b v v,/

-
T/vr T T/vr
P P - P 4 :
AN b, -g‘<- ¢ ;/;,‘< b .- 1
. - -
0 5/ o0 S~ea 71 <0 Pt @
/D % - 71 J-= 3 L X1
) LrL M i <, <v N
v, P T TV, -
9 q T/vr b v T/vy
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Search for Direct Production of S (ATLAS, 139 fb—1) PRD 101, 032009 (2020,

. . . T
e Search for direct production of tau-slepton pairs »
in final states with two hadronically decaying tau leptons P L @
e Consider two scenarios -
° mass-degene@te~ TLTL + TRTR P W
e production of 71, 71, only P
o First exclusion of non-degenerate staus at LHC! T
T 2R BE L2y
> F >
8 250~ ATLAS SR-combined 8 250~ ATLAS SR-combined
é r Vs=13TeV, 139 fb" Expected Limit (s10,.) é [ Vs=13TeV, 139 fb" Expected Limit (s10,.)
2 SR ~- -~ Expected Limit (10, S - Expected Limit (+10,,;
[__ All limits at 95% CL [__ All limits at 95% CL
E 200¢ === Observed Limit (+10y.5") E 2001 === Observed Limit (+1 0,5
C C D -
E F &
150 150 &
100 100F -
50— 50—
T A I R R I s 7\\\\\’\\\\\\\\\\\\\\\\ \\\‘\\\\‘\\\
100 150 200 250 300 350 4Q0 450 9700 150 200 250 300 350 50
m(t) [GeV] m( [ eV]
degenerate scenario (71,71, + TRTR) left-handed scenario (77, 77, production)
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TL-PHYS-PUB-2019-033

at made these results possible?

f B SM process SR SR
e Data-driven estimates for | multi-jet | background -lowMass -highMass
e ABCD method cross-checked with fake-factor method Diboson jaL08 2604
e “Tau promotion”: simulation-based fake-factor method Top quark 0045358 20£06
e K K Z + jets 04193 0.054032
e reduces statistical uncertainty in background 26+07 31414
e Tau identification: BDT replaced by reoptimized RNN SM total 60417 102433
____________________________ Ob: d 10 7
e | X2 better rejection of fakes at same signal eff|0|ency| -
e = much EeTtér_ba_lc_kg_rc;uﬁJ s_uf)p_re_s§|5n _______ |argest backgrounds:
e Research and development of improved algorithms fake tau leptons
together with / in CP groups crucial for success of analyses
v
5 10° s T T T T T T
E ATLAS Simulation Preliminary 3 real tau lepton vs Jjet faking tau lepton
g ]
2 10°¢ E T
I ] 5
L i =
% 10 E! %
; —— RNN (1-prong) ; @
r BOT (1-prong) o ] Shared
10? 7‘;\/'::2;2:;(19 9) Tracks
A - Chsters
0077020504 05 06 07 08 09 1

o

High-level
variables

True 1, 4., efficiency
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SUSY Search: No ETs$ but Many Jets (CMS, 137fb~1)  arxiv:2102.06976 (— PRD)

CMS Experiment at the LHC, CERN
Data recorded: 2016-Jun-05 03:23:15.108257 GMT
Run/Event/LS: 274422 / 979073892 / 558

<
3
2
&
S
a
1)
E
z
w
>
w
o
I
o
(2}
=
S

Event recorded during 2016 with the CMS detector
that contains 10 jets (orange cones) and a muon (red line).
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SUSY Search: No E"SS but Many Jets (CMS, 137 fb™1)

Strategy

q

i 2 0 a
Search for “low- BT SUSY” (e.g. R-parity violation model) \\P : &;
Select events with 1 isolated e/ + > 7 jets incl. 1 b-tag / ?;

t o0

Background: predominantly ¢ " Y
Discriminating features: RPV SUSY
e more jets on average than SM processes (stop pairs, A1)
e NN trained on lepton and jet 4-momenta and energy distribution

Events

(data - fit) / §

38.7 b (13 TeV)

10 R 0
1o, Shve —Big Fi Background Modeling: Jet Scaling
¢ N observed
o' e Modeling of events with large jet multiplicities tricky
12; e = need data-driven estimate: “QCD jet scaling”
F

10b o Parameterize ratio R(7) = M;+1/M; of M events with i jets

# 20188 data e low Njgis: Poisson scaling R(i) = k/(i + 1)
10 ettt e high Nijets: staircase scaling R(%) = const.

opt et e Fit with 3 shape parameters + 4 normalisation parameters
- TS e 24 bins (6 in Njges, 4 in NN output score)

hets e => overconstrained fit = predictive

arXiv.2102.06976 (— PRD)
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SUSY Search: No EsS but Many Jets (CMS, 137fb™1)  arxiv:2102.06976 (— PRD)

Jet Scaling vs NN — p@p =L,
Dol E.Lm label y &

e Rely on NN to improve S/B separation — g

o Njes distribution for ¢Z in 4 bins of NN score: ) oo lomn st Gat:0s) &
fit with same parameters SO 553 [] ®) ® domin label i

e Problem: jet scaling must be independent of NN { E> ]

e use gradient reversal technique gradient reversal technique

” 35.9 b (13 Tev) CMs 137 fb (13 Tev)

H rSNN,A—Bkg Fit B+ x Boco mutiet Jomer [ $oaa

o § N observed

»»»»»»»»»» RPV m_ = 450 GeV.

=+ RPVm; = 450 GeV ——- Stealth SYY m, = 850 GeV/

- = SYY m_ =850 GeV

Events / bin

7 8 9 10 11 212 7 8 9 10 11 212 7 8 9 10 11 212 7 8 9 10 11 212

Data / Pred.

4 bins in NN score (Snn,i): — more signal —

f . sum over NN score bins
same jet-scaling model
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: No EMss but Many Jets (CMS, - arXiv:2102.06976 (— PRD.

137 b (13 TeV
T T

T 10°E T T 3

Interpretation = FcMs pp - TLT -ty X - i ]
— 8" 10¢ o oo opoced ]

e 95% CL cross-section limit for ¢¢ production (right) 5§ —-— Observed fimit |
E 1? ==o. (NNLO+NNLL) *%

o Fitted signal strength and local p-value (bottom) 8 b 3
o First search of its kind at LHC S 1042—2‘7“%):11-5 ]
e Equivalent study in ATLAS: 8 10° ;mﬁv-“’"GeV ]

JHEP 09 (2017) 88 (361 fb_l, W/O NN) 300 400 500 600 700 800 900 1000 %111??(%22?]
UL on xsec in RPV model

CMs 137 fb™ (13 Te!
cMs 137113 Tev) @ ( V)
g T €| 3E- 4 b-only fit
K 1 2E- 4 s+b fit
i £t b |
Buok g oETe. C N AL S0 SRR ) A O PO H It
3 b ¥ T TR |
102 i 2E-
. E| -3
pp - LT 1K K - i S af- )
10°E — Al Years (137 o) E =< F . o . Cumulative A
.9 fb” amh 0
2016 (35.9 fb) ~ 2018A (211 1% ] = °F : 5 : . v 5 v ) B :
10 2017 (415 1b) 20188 (38.7fb%) a SF .
3 o
Eq T E
2osk - U g " i, UEting s, Ers, ’?r; e Ping, o5 M g SR 15y "B /gt g,
L My, a”ae, "Jas, (11171 "ilz; B E'ya,u )"0 inghe® 785 (g1 ’m;, "y
© 300 400 500 600 700 800 900 1000 1100 1200 oy "cs'

" (1
m_ [GeV] 8y

study of local 2.8 excess for RPV model with m; = 400 GeV
(2.80 — local p-value of 0.003, usig = 0.21 £ 0.07,
2.80 ~ 1.10 + 1.70, 1.70 — S Ax? = -3.0)

local p-value as function
of my in RPV model
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Spotlight: Multi-Lepton SUSY Search (CMS, 137 fb—! CMS-PAS-SUS-19-012

e Several models with electroweak production of Zi/ X0
o Channels with £*¢* / 3¢ / 4¢: low SM background

e define 12 categories based on lepton charge and numbers
e 3¢ OSSF category uses parametric NNs (large WZ bg.)

e optimize hyperparameters: evolutionary algorithm
e aside from pNN also define SRs (as in other 11 categories)
-Mulnbuscn [EEE Total bkg. unc.

. shows sensitivity boost of 30-100 %
?? WZ (275/185)

CMS Prellmlnary 137 fb 13 TeV) - KXWz, 8M = 90 Gev
ppaxx - Wi, BR(iell)1m 05m +05mn |
_1400 F= == Observed * 10y, (NN) NLO-NLL excl

xpected £ 16,,.qimqn (NN)— 1709.05406 obs.
1200 xpected (SR)

1000

10
@ Data

- Nonprompt
+y

Events

5

95% CL Upper limit on cross section (fb)

1600
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||

pd
gﬁ
2%

,.
+ %9 7
L%

%,

Z

%
|

@
=
3
GIBARERARERARNRARERE

=10 .
| e}
400 -
B AT N
] [ Y
200 3 » 0-g Stat. pred. unc. | Total pred. unc. & Obs./Pred
. . . 8 % o2 oz
200300600800 000 7200 1400 10 neural network OUtPUt
m.=m, [GeV I
% xz[ ] NN discriminant

comparison of SR strategy and NN
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Collider Signatures of Lo

e Causes for longevity (of particles):

o Multitude of signatures depending on
o weak coupling to decay products lifetime, charge, and decay
* small mass difference in decay chain e Searches for promptly decaying particles
(i. e. not much phase space for decay) P ptly ying p .
o decay through off-shell particles often not sensitive
e nearly conserved quantum numbers
=sass neutral displaced mBSM
= charged Hscp | dilepton Mlepton
~— any charge t Mmquark
photon
manything
disappearing displaced
track X lepton
e
displaced 1 ", "\ displaced =
dijet i g '4.4 photon §
: =
H }* 5
. = not pictured: g
displaced Y displaced out-of-time decays -
vertex conversion
Alexander Mann (LI

DPG-Friihjahrstagung 2021
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Collider Signatures of

e Causes for longevity (of particles):
e weak coupling to decay products
e small mass difference in decay chain
(i. e. not much phase space for decay)
o decay through off-shell particles
e nearly conserved quantum numbers

o Multitude of signatures depending on
lifetime, charge, and decay

e Searches for promptly decaying particles
often not sensitive

=sass neutral displaced mBSM
= charged HSCP dilepton Mlepton
~ any charge Wquark
photon
manything
disappearing displaced
track X lepton
Asndoaliy
%
displaced - " displaced
dijet o ‘e, photon
=
g v not pictured:

displaced
vertex

DPG-Friihjahrstagung 2021

Alexander Mann (Ll

¥ displaced

out-of-time decays
conversion
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Search for Displaced Jets (CMS, 132 fb_l) arXiv:2012.01581 (— PRD)

e Search for long-lived particles using displaced jet in 2017+2018 data

e Inclusive search with interpretations in many different models

[Re . . \
» O-“4—1 e Form dijet candidates . L
\T in events with Hr > 500(700) GeV | sT

D—

jet-jet model

e Associate tracks to each jet,
build secondary vertex from displaced tracks
e Background purely estimated from data
e using “ABCD” method
e Dominant background sources:

e nuclear interactions with detector material

e long-lived SM hadrons

e displaced vertices from accidentally crossing tracks
<4

GGM
ASNS Nds-uiw d774eeds <— [

RPV SUSY
ASNS Add

e New techniques:
e additional trigger (recovers eff. for heavy LLPs)
e veto map for nuclear interactions (NI)
e new variable (based on > Sig[IP2p])
e BDT for S-B discrimination

=> reduce bg. rate by x3 + increase signal eff.

RPV SUSY
ASNS Add
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Search for Displaced Jets (CMS, 132 fb—l) arXiv:2012.01581 (— PRD)

95.9 fb™ (13 TeV)
Selections Observed events 2 T | T T
Displaced et figgers, P g 1w CMS b obsenedewens
offline Hr selections N w == sackground predictions.
Offline jet pr and  selections, . X 300 Gev. ct, = 3mm
vertex x?/ngof < 5.0 8387775 Signal region 300 Gev., ct, =30 mm
Vertex pr > 8 GeV 3794960
Vertex invariant mass > 4 GeV' 1129531 T M S0 GV, €t = 300mm
Second largest Sig[IP2p] > 15 422449
Charged energy fraction from the SV ¢ > 0.15 93873
Energy fraction from the PVs { < 0.20 15891
Veto using the (NI-veto map) 13721
NP, < 3 for each jet 2753
(GBDT > 0.988 1)
. . 07, 02, 03 ‘75 095
Selection requirements of SR i R R R TR o
q Material map for NI veto T o o a1
132 b (13 Tev) 132 fb (13 TeV)
° Input to BDT: 2 ‘ ssw oL upp‘el timits ) Ch)IS ‘ oL uppev imits
“ . N . © —— Observed © —— Observed 3
several “geometrical” variables | . @ - edaneected § L F e Median expected
) 68% expected E . 68% expected
¢ 1 data event observed in SR Jedetmodel e ] Jedetmodel B 4
q g 1 m, =300 GeV =1 cr, =300 4
e consistent with expected background met000eey o =000 mm
e likely from material interaction 3
with silicon strip detector 1
e Results combined with 2016 analysis ]
. . . -2[l il Il Il 2l 1 L L L L L L
° MOSt Strlngent ||m|tS to date 07 10 0 10 1o 10 200 400 600 800 1000 1200 1400 1600
€ty [mm] m, [GeV]
on these models |

95 % CL upper limits on pair-produced LLP X
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Search for Displaced Jets (CMS,

Selections

Observed events

GBDT > 0.988

Displaced-jet triggers,
offline Hr selections

Offline jet pr and 7 selections,

vertex x*/Ngof < 5.0
Vertex pr > 8GeV

Vertex invariant mass > 4 GeV'
Second largest Sig(IPp] > 15

Charged energy fraction from the SV ¢ > 0.15
Energy fraction from the PVs ¢ < 020

Veto using the

NEP,, < 3 for each ;u

17758640

8387775

3794960
1129531
422449
93873
15891
13721
2753

D)

132fb~1)

arXiv.2012.01581 (— PRD)

95.9 fb (13 TeV)
T

T
CMs

§ Obsenedevens
B caciground recictons
) ) 300 Gov, cr, = 3m
Signal region

30mm

300GeV, e, =

=300 GeV, c1, = 300 mm

01, 02 o9 %5
gso y5030:gsgsa7gnggsagsgsg N

Selection requirements of SR
GBDT score g

Material map for NI veto

132 fb (13 TeV) 35 9fb™! (13 TeV)

° Input to BDT: % CMS ‘ %;%i;:uppe‘;lvmﬂs E % 0k CMS JMTM'N’“' 95% CL upper limits
several “geometrical” variables | wf - e B AE )
o 1 data event observed in SR AV s | s
e consistent with expected background e
o likely from material interaction
with silicon strip detector
e Results combined with 2016 analysis
107"
. . . 2l 2 3 W
e Most stringent limits to date T N O T
on these models |

improvements in UL: 132 fb~1 vs. 35.9fb—1
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Model-Independent Approaches )
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Model Dependence of Searches

Past discoveries often came through targeted searches for particles forecasted by theory
(e.g. h, v, t, W, Z)

Now much less clear where new particles would show up

Direct searches so far show no evidence for BSM physics

Make sure not to miss anything, new phenomena may appear elsewhere than anticipated

e Dedicated searches often restricted to | few final states
e number of possible final-state combinations is huge
e alternative: try to cover all possible final states, complementary to dedicated searches

e Dedicated searches often restricted to [Iimited range of models}

o typically start with specific theoretical model
e simulate signal, develop classifiers to separate from background (uncorrelated selections or MVA)
e alternative: anomaly detection, ideally independent of signal and background model
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Model Dependence of Searches: Complementary Approaches

wfT T T T T T T T T T T T T 17T
9 + Dat

“MUSIC”: model unspecific search for new physics

e CMS, 35.9fb™!, arXiv:2010.02984 (— EPJC)
e BSM search through data-MC comparisons

-
10°fF CM s

o somiastey W jes R Multboson
pf Erclusive wrer = Single t Higgs boson
e = Multjet

Events per class

o Relies on correct modelling of data in simulation

e Analogous approach in ATLAS: “General Search”
EPJC 79 (2019) 120 (3.2fb™ 1)
e also done at Tevatron experiments and H1@HERA

P . .. 00060 | | ©e00®
Classification w/o labels in a dijet bump hunt 00060 | |®® s
OO0 | |0® -
o ATLAS, 139fb~", PRL 125 (2020) 131801 83333 183 5
e BSM search through anomaly detection (bump hunt) \0 ) / §
e Completely data-driven approach B
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http://dx.doi.org/10.1103/PhysRevLett.125.131801

MUSIC (CMS, 35.9 fb_l) arXiv:2010.02984 (— EP.

e Automated approach to quantify deviations of simulated SM processes vs. observed data
e Background modelling: purely based on MC simulation (“every final state is a SR”)

Strategy

e Sort events based on (known) particles detinclusive et el
° e, 11,7, q/g jets, bets, ETSS (if > 100 GeV) Teszurhiots
o tau-lepton ID or W/Z/t tagging not considered
e require > 1 isolated e/ to reduce QCD
(number of simulated events not adequate)
e Form 3 types of classes (2= )
e 498 exclusive (disjunct) ,
571 inclusive (“+X) te+2ueX tes2pttjetX | ovent class
530 jet-inclusive (“+IV jets”)
(with > 1 obs. data or > 0.1 exp. events)

e Study total yields per class and kinematic distributions
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MUSIC (CMS, 35.9fb~1) arXiv:2010.02984 (— EPJC)
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b PR 8 My +jets
Choose < N
_____ region with o Msinge t
- smallest I Mutijet
p-value WW + jets
[ Higgs boson
= [ Bkg. uncert.
Fem Calculate
p-value
Kinematic variable
5. é 3 T T T T ‘ T
o Identify “region of interest” with largest deviation J gz b !
[a] 3 H H
5 | | L | i
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35.9 fb (13 TeV)
T

T T T T T T T |
CMS Exclusive classes: M distributions

® Observed deviations
“““““““ Median SM expectation

SM expectation + 10

SM expectation + 2 &

e Large trials factor / look-elsewhere effect

Number of classes

e LEE correction computed through
pseudo-experiments = “post-trial p value” p
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arXiv:2010.02984 (— EPJ

. . , S L : (3 7ey
CMS Exclusive classes: M distributions ]
Simulation —— SSMW' (M = 3 TeV)
e Median SM expectatio
SM expectation £ 10
SM expectation £ 2 ¢

3591713 TeV,

T T T
Event class: 1 + pf'ss
—— SSMW' (M =3 TeV)

+jets
[ Drell-Yan

Number of classes
=
U

I

1072

005 1 15 2 25 3
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o Sensitivity tested by injecting signal (W' or sphalerons) or removing one SM process (IW.Z) J

2288838888k 55835385c¢ec9
aeaqgaaagaqggaeagaagqaqaan=
3335533353555 5s8s85 35S

8 TT T T T T T T T T T T T T T T T T7T

s + Data =W+ jets

N CcMs [ [ Higgs boson

g 35.91b7 (13 TeV) mm Drel-Yan  mmy +jets

by Exclusive classes mmSinglet  mm Multijet

H == Muitiboson e

2

e Overall no significant deviations
e What if? Could be. ..
e ...mismodeling of detector

s
s
s

2 8 2 2 3 & z 2 2 2 2 £ 8 2 .
TR TN ET Yo Y e ...overlooked systematic effects
e ...or BSM physics

event yields and p-values for classes with largest deviations
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Weak Supervision in Dijet Search (ATLAS, 139 fb~!) PRL 125 (2020) 131801

e Goal: train neural network to improve .S/ B ratio w/o simulated signal model
e Problem: data = unlabelled

e employ “weak supervision”: exploit structures in data w/o per-event labels
e requires two samples with different signal fractions

assume signal localized (“resonant”) in m sy
e Define training samples based on m j; slices
e one labelled “signal”(-rich), another “background”(-rich)
e do not need to know the fraction
e can now apply any supervised-learning technique
e here: use standard neural network

S e Py
r g1's ATLAS E
S g r (s =13 TeV, 139 fb* iEi?ta 3
e Events with > 2 large-R jets (with pr > 500,200 GeV) | 2wc b=01 Signal 13
frr = m, = 3000 GeV J

* Model dependence: wh " signal 2]

E ; m, = 5000 GeV

il

.un ,ﬂqu nﬁﬁ;JﬁUhf
I Ar E

e Train on what features? — here: mj, mp

-4
2500 3000 3500 4000 4500 5000 5500 6000 6500
m,, [GeV]

e Place threshold on NN output score, L o
invariant mass of the two leading jets m jz
do standard bump hunt inSR1-6
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Weak Supervision in Dijet Search (ATLAS, 139 fb~!) PRL 125 (2020) 131801

= 500y . . 10° g
E [ ATLAS F
= [ Vs =13TeV, 139 fb-! @
Results g 400: Injected Signal ] 2
i i 3002 ma =3000 GeV 10”7
e Observed upwards fluctuations in SRs [ ma =200 Gev
R . P . [ mc =200 GeV
found consistent with statistical fluctuations 200 ‘ -
o Upper limits set on T’ signal cross section 100
as example of specific BSM model [ — "
05 ~""760 500 500 400 500 ©
e Low mp and mc suffer from larger SM background m [Gev]
1
e dedicated dijet / diboson searches are stronger here
I 9 ) mapped output of NN output score

(SR 2, with injected signal)

=g 0T T T 3
E= | ATLAS E
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K] BTJ 3 1 €=0.1,ma =3000 GeV
i
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w = = 1S Searc
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@ v, & . vV Diet(Gr)>04) 3 [ seasches
= - ' X Diboson Search 3 | for comparison
[ S S E

O L
%, 909 £ ‘300/ % 2
exclusion limits on a W' signal with W' — B + C
compared to JHEP 03 (2020) 145 and JHEP 09 (2019) 091
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Spotlights (removed) ]
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In Conclusion

Summary

o Presented general overview + selected recent highlights of searches at the LHC
e non-exhaustive cross-section of the vast search program carried out at the LHC
e emphasis on impressive collection of innovative approaches in many different analysis aspects
o if you missed DM: [=1 PV V: Priscilla Pani, “On top of Dark Matter searches at the LHC” (Friday)

Winter (Spring??) Conferences

e 21.08. —27.03.2021 (Moriond Electroweak Interactions & Unified Theories)
e 27.03. — 03.04.2021 (Moriond QCD and High Energy Interactions)
o = expect flurry of new hot results already in next weeks
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