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Hunting for new physics

* Precision measurements of SM processes

* Understand SM backgrounds, look for
deviations or anomalies

* Searches/measurements of rare SM processes

* Take advantage of the large LHC datasets
and look for (significant) enhancement
from beyond-the-SM (BSM) particles

* Direct searches for BSM particles
* Goin new directions with new models,
challenging topologies, enlarged
parameter space =2 innovate!

SM as a tool
for discovery

Explore new
frontiers: Go
beyond the
SM

Take advantage of state-of-the-art analysis methods, data mining,
machine learning, new technologies, upgraded detectors...



Achieved by...

Good collaboration between theorists and experimentalists!

Theorist: comes up with Experimentalist:

(sometimes crazy) idea debunks theory

Inspired by P. Q. Hung
@ Moriond EWK



LHC/HL-LHC Program

LHC & HL-LHC
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Standard Model reigns supreme

.Se.ptc-t,'ml.oer.20.20. - CMS Preliminarv
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The legacy from Run 1 and Run 2
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95% C.L. Limits on ¢ x BR(Z’—u[r) (pb)

Exotic landscape ~10 years ago

Phys. Rev. D 79, 112002
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Searches for new massive resonances (di-leptons),
di-jet resonances approaching ~ 1TeV
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Exotic landscape circa 2021

Dilepton resonance search

~arXiv:2103.02708
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Excluding particles w/ mass ~5 TeV

i.e. >5 times the reach from 10 years ago

Dijet resonance search

EXO-19-012
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Focus now on complex topologies and weakly coupled phenomenon



Search strategies

Rich and diverse search landscape

Big inclusive searches complemented by dedicated searches that target
gaps in coverage

Incorporate machine learning for Higgs, b, charm, top tagging

Improve lepton reconstruction/ID for low p;leptons; improve analysis

techniques Challenging topologies
Longer decay chains b
b v rt > T ‘JJ wt
L e _
" F
: t /"~/+4/ X - ‘ 1 X(1]
’ - n T~ Xi

b v (il 2 prong 1 prong
| | | ‘ R :
e.g. consider taus in stop decay chains - ’ b
.y q ; 3
(traditional searches veto taus or don’t -~

focus on them

A lot of ground covered in Run 2; more luminosity awaits in Run 3
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Wide Jet 1:
pt=35TeV
Mass = 1.8 TeV

Exploring anomalies

PF Jet 2,

pt=2.01TeV
eta=0.29

phi =-1.27

PF Jet 1,
pt=2.19 TeV
eta=0.27

phi = 1.47

phi=-1.17

~8 TeV dijet events

EXO-19-012

Wide Jet 2:
pt=34TeV
Mass = 1.8 TeV

CMs

— b ‘\
Wide Jet 1,

pt=4.30TeV

eta =-0.32
phi = 0.44

Dijet Mass = 8.4 TeV

phi = -2.72



Low-mass di-photon search

Search for low-mass di-photon resonance = 0.5 215 Pelmnery 5=8 TeV L=197 b

in the 70 — 110 GeV mass range %43 : ;gb:ege: .
Dataset: 35.9 fbl @ 13 TeV (2016) + Bozr =
combination with Run 1 analysis r f 26 excess
Clean final state topology (2 isolated v) 5 at 97.5
Large smoothly decreasing background o cev
(continuum)

— Reducible (jet-jet, y-jet w/ jet faking photon)

— lIrreducible (yy) N
Based on standard H-> yy analysis L mLofGe\};O

— Lower E;, a bit more aggressive selection

criteria Run 1 analysis limited to
— Edge of the trigger acceptance 80~ 110, GeV range due
to the trigger

— Important Z - e+e- background (stricter
electron veto, include DY in bkg model)

12



Low-mass di-photon search

Signal Background
Parametric model extracted from Drell-Yan Parametric model extracted
simulation : H- yy standard samples from simulation : Z->e+e-
for different higgs masses. Continuum background extracted
from data
CMS Simulation 13 TeV CMS 35.9fb" (13 TeV)
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Low-mass di-photon search

CMS 35.9 b (13 TeV)
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Low mass search in uubj

* Search for resonances in the 12 — 70 GeV mass range pubj final state
e Dataset: 19.7 fb'! @8 TeV, 35.9 fb! @ 13 TeV (2016)

* 2 mutually exclusive categories:

— SR1: a b quark jet in the central region (|n|< 2.4) and at least one jet in the
forward region (|n|> 2.4)

— SR2: two jets in the central region, at least one of which is identified asa b
quark jet, no jets in the forward region, and low missing transverse momentum

JHEP 11 (2018) 161

Event SR1 SR2
category Additional forward jet Additional central jet
Muons OS, pr > 25GeV, |y| < 2.1
My my, > 12GeV
b-tagged jet pr > 30GeV, || <24
Additional jet pr > 30GeV,24 < |y| < 4.7 pr > 30GeV, || < 2.4
Jet veto No other jets pr > 30GeV, || <24 Nojets pr > 30GeV,2.4 < || < 4.7
phmiss - <40 GeV

Ap(uu,jj) — >2.5rad

15




Low mass search in uubj

CMS 19.7 o™ (8 TeV) CcMS 19.7 b” (8 TeV)
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| _ q.) = |
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_ 1 ottt performed:
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E (©) i | tl
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* Different trigger

* Change veto jet
selection (30--> 25 GeV)

* Dropped pileup jet ID
criteria...
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Low mass search in uubj

CcMS 19.7 fb™' (8 TeV)
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8 TeV

Several cross-checks
performed:

Relaxed, tighter b-
tagging selection
Removed muon
isolation

Different trigger
Change veto jet
selection (30--> 25 GeV)
Dropped pileup jet ID
criteria...

13 TeV
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Events / 2 GeV

Low mass search in uubj
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Local
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lumi 13 TeV / lumi 8 TeV

@
S

Compatibility of 8 and 13 TeV results

CMS 19.7fb™ (8 TeV) and 35.9 fb™' (13 TeV) CMS 19.7fb™ (8 TeV) and 35.9 fb™ (13 TeV)
SR1 ' ‘ SR2 | ‘
Gzig Tev -—-O-—- — Observeci 0‘%3 Tev -—-o-—- — Observe§d
L ; --===i Median expected L L e - Median expected
13 TeV . BN 68% expected 13 TeVv - B 68% expected
upper limit| - 95% expécted upper limit | .~ 95% expected
8 TeV . 8 TeV : :
opy°'x 2.5 5 Cpy ©'x 2.5
8 TeV 8 TeV i
Cpy ©'x 1.5 it Gpy ©'x 1.5 i
Ofg " - ——— . —*2 g —— i
0 5 10 15 20 -5 0 5 10 15 20

Fiducial cross section [fb]

13 to 8 TeV ratio of luminosity (PDF4LHC15_nlo_30)

T

N
o w

N

G.Iuon-Gluon.
—— Quark-Quark

within 2 o

Generated with APFEL 2.7.1 Web

am

=Y
o

forward jet veto)

Fiducial cross section [fb]

If we assume an increase of the signal cross-section (e.g.
by a factor of 1.5), the 8 and 13 TeV results are compatible

Assumes same signal efficiency at 8 and 13 TeV; signal
acceptance could be different.

Also, a big increase in the pileup jets at 13 TeV in the
forward region ( =» reduction of signal in SR2 due to
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lumi 13 TeV / lumi 8 TeV

Compatibility of 8 and 13 TeV results

CMS 19.7fb™ (8 TeV) and 35.9 fb™' (13 TeV)
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Need to check with full Run 2 dataset!
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(Events/GeV)

Data — SM
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Heavy Higgs to ttbar

gg—> A/H - ttbar in 400-750 GeV,
relative width I'/m = {0.5-25}%
Dataset: 35.9 fb! @ 13 TeV (2016)
L+jets and LL channel

Statistical analysis using 2D binned

distributions of my and angular
observables

CMS M+ jets channel
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Heavy Higgs to ttbar

Model independent limits also set
on the coupling strength modifier

..................

Excess at A=400 .
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global 1.96)
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Pair production of stops decaying to top quarks and light flavor jets

* Explore a complementary phase-space to the “traditional” high-MET

SUSY searches and focus on low-MET signatures of top squark decays.

B-number-violating UDD coupling S decays to close-in-mass partner

J

Decay via off-shell squark . Decay through hidden sector \l /% g
P, ~\1 J \” -
- X1 . _\¥% t
t d P t 3

-
-
-
-
-
-

-

Q <

Gravitino is light and soft ———3 9

arXiv:2102.06976

* The primary topology feature of the signal is high jet multiplicity.
 >=7jets, H; >300 GeV, >1 bjet No MET requirement
e Requiring one lepton helps reduce QCD background.
e Jet multiplicity is hard to model at high multiplicity, so rely on data and
fit the Njets distribution. 2



Pair production of stops decaying to top quarks and light flavor jets

Train a neural network (NN) to discriminate
signal from irreducible t't + jets background,
while being uncorrelated with Njets.

Events are grouped into 4 bins of
Syn and 6 bins of Njets

-1
CMS 10167 (13 TeV)  Syn.a
L235000Fm @ '& 0 m om .
cC - _ . _ -1
- D+ X 1 QCD multijet Other Bltf <4 Data
G>Jsoooo'—I ' . l I t —
L T — RPV m. = 450 GeV (o.. x 4) ] g
- =4 i 1 Snn,38
25000f~ — —— Stealth SYY m; =850 GeV (0.2 x 16)] ‘z"
[ = 4
2 [ ]
ooooE E SnN,2
15000 -
10000_ — SNN,] Mostébackgré:und-er;riched é-egion
. o : : H : i R
vz 7 8 9 10 11 >12 N;
& RN = e e s , _
> t't parameterized shape = same for all Syy bins.
E e QCD estimate from control region.
S o e e TTX (t't + X) backgrounds = from simulation.

0 0.2 0.4 0.6 08 S '« Other backgrounds (diboson, triboson, etc.) =
NN

from simulation. »



Pair production of stops decaying to top quarks and light flavor jets

B-number-viol Iatmg UDD coupling

~2.8c local
significance
at 400 GeV

§ decays to clos
Dccay through hdd

/

Gravitino is light and soft ——3 G

~2.50 local
significance
at 400 GeV

off-shell squark i
~ J
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Search for exotic Higgs decays

Search for h — aja; — ;ujt’y_bl;.

* Require 2 isolated muons with p;> 20, 9 GeV
* 2 jets with p;> 20, 15 GeV,
 MET< 60 GeV
* B-tag categories (Tight, Medium, Loose)

Sensitive variable:
dimuon mass

Events/(0.85)

below 20 GeV

b’'s merge ->
Need substructure
techniques
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Search for exotic Higgs decays

o, x B(h—a 1a1—>uubb) [fb]

Limits Br(H>upbb) ~ (1-7)x10*

o 35.9 b (13 TeV)
95% CL upper limits CMS
------- Median expected
80 [ ] 95% expected
I 68% expected
—e— Observed
60

40

20
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Model is needed to get to Br(H->aa)

tanp
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Need to check with full Run 2 dataset! 2



Events/40 GeV

Single VLQ T = tH/Z

Vector-like quark search : one top + H/Z
All-hadronic final state N
* first constraints on T - tZ using hadronic decays *
of the Z boson with this production mode. b
Low mass search:
e 0.6-1.2TeV; >=5 narrow jets (resolved), 5-jet q a
invariant mass signature, at least 3 b-tagged jets
High mass:
e >1.0TeV, boosted, 2 fat jets
Explore T quark fractional widths ranging from

narrow to 30%. q ’ 359 1" (13 Tev)
e 359707 (13 TeV) % eof T o
L - =4 F : = Bkg.-only post-fit -
50 3T region Wi Bkg.-only post-fit - f\re so 3Tregion | " TtH, m_= 0.7 TeV+
Eo e T—tZ, m = 0.7 TeV ] S 40 E E
40 — 8 5. i F
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300 tZ = y 305_ tH E
w7 s e
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Events/50 GeV

Data/Bkg

Single VLQ T = tH/Z

ot 35.9 fb' (13 TeV) s 359 fb‘j (13 TeV)

E — —7r1r - 1 1T T4 %’ - | T ! T .
22 CMS . ¢ Data = o .. CMS ) t Data B
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High-mass analysis:
ttbar from simulation, QCD background
from control regions in data
Upper limits are set on the cross sections for the two production modes (pp =

Tbq and pp = Ttq) with the two decay modes (tH and tZ) as well as their sum
(tH+tZ), for four width values.

\ pp = Tbq: T singlet model with kw = kn=kz

pp = Ttq, (TB) doublet model with k1= kzand kw=0 »



o(pp — tZtq) [pb]

Single VLQ T = tH/Z
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Going after the flavor anomalies

- ; BaBar
: 0.1 < ¢* < 8.12 GeV?¥/¢*
Belle
1.0<¢g*<6.0 GeV?/et
LHCb 3 fb!
1.1 < ¢* < 6.0 GeV*¥/c*
LHCb 5 fb!
1.1 < g* < 6.0 GeV*/c?
i
ot LHCb 9 o™
- 1.1 < g* < 6.0 GeV¥/¢?
I Il L L A l L 'l 1 'l l
0.5 1 155
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Searches for leptoquarks

Renewed interest in leptoquark searches, particularly 2" & 3™ generation

SM U > U u BSM
Bt{ W K+ K+
e g
v/ Z° ot
- a
Many channels starting to
e e . W ATLAS B CMS
push sensitivity above the TeV | ) 190200377 36
. IR ppneion ) 1811.01197 36 fb!
scale, fa.vored by B physics T 2t IS B
anomalies 3 gen. (LQ by 0 1611.00800 36 o1 '
o N
Warrants investigation of i) | — 005 I ExoT 10018 BTt
. ] 2-31d cross-gen. (LQ-Mte) A48 2010.02098 139 fb-"
new/more compllcated final S HE 2010.02098 139 fo-!
=G Cross-gen. 1809.05558 36 b
states or model phase space ... 100 ) 200605672 139 "
(e.g. bigger couplings/widths) o i B [| 2oveicssT2AIeaG!
0.9 1.35 1.8
Searches adding and using summary of observed lower limits on scalar LQ mass (TeV)
32

2017+2018 data in progress

Moriond 2021 summary
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Exploring lepton flavor anomalies

~arXiv:2103.02708
137 b (13 TeV) 140 fb™' (13 TeV)
> g " T ' ! IR ELY $ d & = 8" L . TERERE ' y ko
2 1 ECMS : Data 310F NR| sR ¢ Data CMS
10 [1y/Z —e'e’ 10 CY/Z —u'w
S~ 6 _ S~ 6 i
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4 4
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Four events are observed with mass above 3 TeV, two each in the ee and dimuon channels.
Masses are 3.35 and 3.47 TeV in the ee channel and 3.07 and 3.34 TeV in the dimuon

channel.
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Exploring lepton flavor anomalies

Lepton universality is tested at TeV scale LFV decays of the Higgs

by comparing the ee & pp mass spectral!

Ryty=jete= = do(qq — ete~)/dmy,

LFU =» ratio is unity

l_)
-
137" (I13|Tel\/,|ee)+140fb" (13 TeV, uw) > 10

Search forh - etand h - ur
CMS-PAS-HIG-20-009

do(qq — u*u~)/dmy,

CMS 137 o' (13 TeV)

N

b 2T '
& [coms _
S5
E 151 two barrel leptons | 1 0_2 72/ 427/ %
- N S S S S S i :
- i = + 107 Pr—— o
L =] § ,E
0.5 . [ ~  #32
i ~arXiv:2103.02708 | 4] , o
107 o E
%0 300400 1000 2000 3000 Y
m [GeV] 3 R . .
10—5 Ll 1O vt Vil
Good agreement with this expectation 10°  10* 10° 102 10"

observed up to 1.5 TeV. |Ym|



Data parking and B physics

During Run 2, CMS stored a large

, oAl
unbiased B hadron sample by s op T
tagging on the “opposite-side” B w‘xB*E’K

— 12 B events recorded % unbiased
— Up to 6 kHz additional rate to tape stharerdap
tagged B
Data was “parked” (= no prompt Fill 7031, HLT rife Ao i
reconstruction) and processing iSOOOF i i i I%\\
delayed to times of lower load on ~ @«oof | |1 N
the computing system 3000F | [ | | g
E r'q .
il | T
o 4 N I R R O
Potential resource for investigating 1000‘%;;_ LHT"‘“‘,L e .
{ I A ) i

B flavor anomalies and searches for R T T TR T T

Other exotic phenomena 2018-08-06 08:41:32 to 2018-08-06 23:07:27 T|me
Analyses ongoing — stay tuned!
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summary & Outlook

e The ~11 years of LHC operation has been one amazing ride!

— Discovery of the Higgs boson
* Now using the Higgs as a tool for discovery

— Huge amounts of BSM parameter space ruled out

— At the same time, innovative strategies for triggering, data-taking
and analysis are providing access to previously unexplored territory!

— Some interesting excesses — being pursued with full Run 2 datasets
(and Run 3 starting next year)

— Tantalizing hints of new physics in the flavor sector

* An exciting time to develop and implement new ideas
— Go in directions where no one has gone before!

* 95% of the total LHC data still to come (and be studied)!
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Introduction

Vast physics program of measurements, searches for new physics and performance papers

1000 ATLAS Subml‘tted Pa pe‘I’S I — i G
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Each containing often a large number of signal regions / observables

A number large enough that > 30 statistical fluctuations are expected to occur
— Although systematics play an important role and are often not as Guassian as we’d like



Introduction

* Despite large number of searches and measurements, most of the abstracts contain

is carried out on 139 fb~! of proton—proton collision data at /s = 13 TeV collected by the
ATLAS detector at the LHC between 2015 and 2018. No significant deviation from the
Standard Model background prediction is observed. Mass-dependent exclusion limits at the
95% confidence level are drawn on the single production cross-section of a vector-like B quark

data-taking periods. The search is conducted by examining the reconstructed invariant or
transverse mass distributions of Wh and Zh candidates for evidence of a localised excess in
the mass range of 220 GeV up to 5 TeV. No significant excess is observed and the results are
interpreted in terms of constraints on the production cross-section times branching fraction

T T T T

volumes and are compared with theoretical predictions at different levels of precision, based
on a y?/ndf and p-value computation. Overall, good agreement is observed between the
unfolded data and the predictions.

* However, a small number of anomalies have been observed...
— ... some are gone with more data,
— ... some persist or appeared in the full run 2 dataset,
— ... some are direct evidence of physics we don’t fully understand (just maybe not necessarily beyond-SM)

* Tracking them allows to plan at the best for the future dataset increase and R&D needs



Type of anomalies

Anomalies in direct searches

Anomalies in indirect searches
Rare SM phenomena enhanced by BSM

Bump-hunting

Partially reconstructed final states
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X weights - Bkg
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Type of anomalies

T T T
4 Data S/B Weighted ]
Sig+Bkg Fit (m,=126.5 GeV) |
-------- Bkg (4th order polynomial) 3

* Anomalies in direct searches
—  Bump-hunting
— Partially reconstructed final states ©

X weights / 2 GeV

X weights - Bkg
~ O » ©

* Anomalies in indirect searches
— Rare SM phenomena enhanced by BSM
—  Comparison of sensitive observables with SM predictions
—  Consistency within SM

— b A

00 110 120 130 140 150 160
my, [GeV]

* Measurements of “poorly-known” SM processes

— e.g. non-perturbative regimes, measurements with
much better experimental than theoretical accuracy,

<+ Likely the longest-living
discrepancy in the LHC
dataset :)



Bump Hunting

Fully reconstructed BSM candidate final state * Large trial factor when scanning the full
—  Measure candidate mass kinematic available region with good
—  Explore angular correlations to gather information mass resolution N
on the particle’s properties Pglobal = 1 — (1 — Plocal)

(only valid for N ~equal significance regions)

YY resonance axiv:2102.1340s

. . % 1 ! T L I B L B T T
Look for spin-0 and spin-2 resonances Bioohe o Tev, 199 1" oo
— Scan mass, width (spin-0) or coupling (spin-2) 210° -2+ Generic NW signal at 0.4 TeV

i

- Generic NW signal at 1 TeV

Two high pr isolated photons (> 35,25 GeV) S0 -+~ Generio NW signal at 2 TeV
— Er/my > 0.3 (0.25) for (sub-)leading Er photon 102
Smooth background from non-resonant yy 10

Most significant excess for m,, ~ 684 GeV R T T O

o 4F R =
local significance: 3.3 0 | o A by Il
global significance: 1.3 0 narrow-widih results 5 _g%ﬂﬁﬁwﬁﬂﬁ s %WWWMMM'M'u'l"w'l'H:é
Good example Of Iarge trial factor - _4200 400 GWOO 1000 1200 1400 1600 1800 20005?(;06‘:\;1]00
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Other heavy scalar searches

HH (—) 4b) resonance axiv:1804.06174

* 4 b-tagged jets required with kinematic
selections to enhance expected signal

Boosted (>0.8 TeV) and Resolved analyses

* Most significant excess at M~280 GeV

Expected signal
mass resolution
@ 280 GeV ~ 9 GeV

Events / 100 GeV

2016 data only —»

* 2015 data looks
compatible with
background-only

Leading systematic
from data-driven
multijet background

Data / Bkgd

T o

05 L

local(global) significance: 3.60 (2.30)

————
ATLAS t Data
Vs =13 TeV, 24.3 0" L] Multjet
Resolved Signal Region, 2016 [ Hadronic

[ Semi-leptonic tt

= = =« Scalar (280 GeV)

----- SM HH %100

e G (800 GeV, kiMp=1)
— = Gy (1200 GeV, k/Mp=2)
N Stat+Syst Uncertainty
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Ta00
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N
1200

A — TT arxiv2002.12223

ThadThad @nd TiepThaa final states

Explores gluon-fusion and b-associated
production (MSSM inspired)

Most significant excess ~ 400 GeV

2.20 10—
. o) F ATLAS Vs=13 TeV, 139 fb’'
gluon-fusion & ¢ eswctims
= I b-associated production ob q 7
2.70 T T T Expeced
bbH prod. & e 1
1072 e ATLAS 36 fb"
Mostly statistically
. . —2 |
limited (>600 GeV) 1975 - E
Fake tau background [ NS
dominates at low 07 e
masses 500 1000 1500 2000 2500
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A — V H(bb)

* Leptonic V decay, resolved or boosted H — bb reconstruction

* Analysis shows an interesting excess with 36 fb-! of data in the ZH — llIbb signal region
— Local significance: 3.60, Global significance: 2.40
— Driven by the 3 b-tags region (associated bbA production)

Similar run-2 result looking for A — ZH — lIbb (only 1,2 b-tag regions) — mild excess but
difficult to compare fairly
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H — aa — bbpup

Mar 25%, 2021
ATLAS-CONF-2021-009

Kinematic constrained applied via likelihood fit o,

Single (p+ > 27, 5 GeV) / di-lepton (pr* > 15, 15 GeV) triggers
Two b-tagged jets (pr > 20 GeV, €°=77%) H )

Much poorer my, resolution — my, to constrains b-jet energy scale
Four-body mass required to be consistent with Higgs mass

Balance of clean final state and high branching ratio Z{/
b
.
u

Boosted-Decision-Tree to enhance background suppression
Based on kinematic likelihood, mass combinations and angular information

ET* [GeV]
Constrain
A normalization
60 K \ 4
DY .
SRincl DY VR1
CR CR
0 >
80 110 140 170 300
m Il,f;;ﬂ# [GeV]

* Main background from Drell-Yan + heavy-flavor and ttbar
* ttbar: kinematic (shape) from simulation
* DY: kinematic (shape) from 0 b-tag region

* Kinematics corrected for 2 vs 0 b-tags via BDT-based
event reweighting to better match all kinematic properties



H — aa — bbpup

Mar 25, 2021
ATLAS-CONF-2021-009

. . . > E T 'I | T T
* Good shape agreement in side-bands of candidate my—» 8:33; ATLAS Preliminary L, e
. L. . . 24001 V5= 13 TeV, 139 fo! | DY + jets
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— Local significance: 3.30 150 -
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'g 1617 18 1920 212223 24 2526 27 2829 30 31 32 33 34 35 36 37 38 3940 4142 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 6162 m, [GeV]
<° my,, bin center [GeV] 10



B — bH(bb)

Apr 6%, 2021
ATLAS-CONF-2021-018

* Targets single-production of vector-like quarks (B) .
* H — bb reconstructed as single large-R jet (pr > 480 GeV)

—  Track-jets matched to large-R jet used for b-tagging

—  One or two b-tagged sub-jets: €=70%, €=10%, €"9"=0.25%
* In total, requires (two) three identified b-jets

— Isolated b-jet away from Higgs candidate and pr > 480 GeV

% VT L FUR U U U R e

— Note: explicit veto of events with isolated high pr lepton 8 | fotate 130m" bt 12Tov, k=03 ]

. . > 103?VLB—>bH(pE) ---B; b:,uio TeV, k=03

forward!] * Data-driven multi-jet background E F Sonalfegon Clpacaromd :

st * Mass of B candidate as final L ]

21| C discriminant Trhﬁ -
— — Quite poor mass resolution i T

Ny = | E

ol D B * Largest excess atm ~ 1.3 TeV I s :

| R — Local significance ~ 1.90 ?—_;-_—,;—_:1----------- ----------------- i

NO  YES Dbtagged | : : - Y W RS

Small.R jet Systematlc uncertallnty play an s ¢ |

important role, but limited by I S |

statistics in baCkground “B” region 0577000 1200 1400 1600 1800 2000 2200

mg [GeV] 11



(Meta-)stable charged particles

arXiv:1808.04095

Events / 50 GeV

Data/Bkg

T
of ATLAS o Data ]
10°E {s-13Tev, 36.1 tb" = Background E
E -- m(g) = 1600 GeV 1
10 --= m(g) = 2000 GeV =
; Stable selection, SR 3
12|\ 'l e
104%_ .........................
1026 | L. ]
F Ll [ | 1
f ‘|\" ‘ T T
2 ..
i1
A ! L \ |
00 500 1000 1500 2000 2500 3000

Charged, massive BSM particle with macroscopic lifetime
Heavily ionizing in the pixel detector — measure dE/dx — By

Inner tracker — particle momentum p

Final discriminant: mass M ~ p / By
Select events with large MET

used for triggering
common to many BSM signatures

Mass [GeV]

p

Data-driven background

long:lived

4> O it
\g/

MPV,.,, [MeV g cm?]

ATLAS
p Minimum Bias Data 2016
. K Vs=13TeV,04nb"

3 Pixel Hits Used for dE/dx
Positive Charge
(1.6 x 108 tracks)

MPV g, (BY) = ﬁ +B

o b b b b b B b

o
[}
-
-
(9]
N
ot
o
w
w
(9]
NN

=g

)

Cut-and-count in pre-determined mass windows

Determined based on expected resolution, which is
largely model-independent — driven by o(p), o(dE/dx)

Interesting excess at M ~ 600 GeV

Local significance: 2.4 o (little trial factor)
Resolution compatible with expectations (not shown)
Partial dataset — expect follow up w/ Run 2 data!

12



Partially-reconstructed final states

¢ Often results in final states with large MET — great for trigger/background suppression
— trial-factor either small or due to large number of optimized signal regions
* Relies on fine control of backgrounds’ kinematic (often in tails) to extract the signal

. arXiv:1912.08479
X1¢X20 — 2/3L + MET a1‘X1v:18064()2293p ATLAS.CONF.2020-015

* Recursive Jigsaw technique * Using more standard kinematic

* Includes boosted region to to map similar features
probe compressed scenarios — Reproduced the excess in 36/fb
—  Excess not confirmed

Signal region SR3(_ISR * Latest iteration released recently:
Total observed events /12 300 — largest excess ~2.30 in a

Total background events \*\3.9 + 1.0/"'3 (Iécal) targeted offshell-Z S'Qnal region
Other o.oéf{;} 9 — sensitivity to exclude

Triboson 0.08 +0.04

Fit output, VV 38+1.0

Fit input, VV 34

My 1GeV] 13



X132 — 2/3L + MET

Dedicated analysis for compressed scenarios
— Very soft leptons: pr® > 4.5, p* > 3 GeV

— Isolated track to recover unidentified leptons as low as 1-2 GeV

Several signal regions optimized for:
— Production (direct EWKinos, VBF, sleptons)

— MET and m(ll) bins

Excess with local significance 2.70 in EWKino search

However, the same region is also probed by the most
recent result focused on “regular” 2L/3L signature

and does not confirm it

— Clear benefit in overlapping sensitivity within the final state

and parameter space probed

% [GeV]

0 ~

Am(x,X

P

P

0t 0.0
XX~ WZL X,
100

ATLAS-CONF-2020-015

E Am(050
FAm(,X,) = my

90
80
70
60
50
40
30
20
10

LA L L U A R A L A
T I I T I I I I I

ATLAS Preliminary
(s=13 TeV, 139 fb’!
All limits at 95% CL

ATLAS 13 TeV 139 fo™'
arxiv:1911.12606

ATLAS 8 TeV 20.3 b
arXiv:1402.7029

- - Expected Limit (x16,,p)
— Observed Limit (£1 Gtheory)

20 1\863—0 0020
5 1186:0.0020

aon’

-
o
o

oo b b b b b b L
150 200 250 300 350 400 450 500 550

m(x,/%;) [GeV]
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VV — ll/lvivv jj

arXiv:2004.14636

. . g Vo4 q/q"
Probes several production modes g v
— Classified using recursive NN ’ '
* Boosted hadronic V decays reconstructed X X i '
as single large-R jet ] ¢ ¢/
9 v d 14
L v, selecti § Faras " iData
eptonic V; selection (G} £ ¢+ Data =
— VBF - 77 — vv B[ (5=13Tev, 139" Zw*le*ts ]
g X>W vy, 16 2z04epton — i
3 selection flow schematic ° Large MET @ F  VBFmerged HP Diboson
. . . . .. o Single top ]
Evant catagorisation 40 signal regions * High/Low-Purity via jet e [DUncertainty
99F/DY Cat. substructure (D2) 2 Local significance
,f"..‘.5|gna| regions ) . g Signal regions P%Iss z —HI‘]..'."'._‘ ® W/Z+J et backgl‘ound fI‘Om MC, 0 1
3 10 —
m— X [r— normalized in dedicated Crs g 3
V, selection V,, selection . F ]
Merged Merged * Sherpa as baseline [ :
191 3 E
IFaiI o * Scale Vgrlatlons, MG5 : :
comparison C ]
V, selection V,, selection |p. e 107
A R Focorved b * Largest systematics: 3
(-or2-lep) | 75| (1-or2-lep) T * Large-R jet response s 14
) SR | I ' S g 4
To control Fail Fail To control ¢ MC StatlStlcs % ! 21 ,,,,,
region selection region selection ° W/Z"’jets modeling S gg
5 2000

* Excess stat. limited (i) [GeV] 15



Type of anomalies

* Anomalies in direct searches
— Bump-hunting
— Partially reconstructed final states

* Anomalies in indirect searches
— Rare SM phenomena enhanced by BSM
—  Comparison of sensitive observables with SM predictions
—  Consistency within SM

contours hold 68%, 95% CL
I I

\

\

J

02 04 06 08 1
p

* Measurements of “poorly-known” SM processes

— e.g. non-perturbative regimes, measurements with

much better experimental than theoretical accuracy, ‘
<+ Likely the longest-living
discrepancy in the LHC
dataset :)
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Rare SM processes

Four tops production Arias-conr2021-013 B’ — ATLAS-CONF-2
PsS p © = HH 200

s OoSM(tttt) ~12 fb * Tiny SM expectation
* Systematics play a dominant role B(B) = p'p7) = (3.66£0.14) x 107

] ) B(B” = ptp~) = (1.03+£0.05) x 10710
— Signal modeling
—  tt+h.f. background * Recent ATLAS+CMS+LHCb combination

0E ATLAS, CMS, LHCb - Summer 2020

ATLAS Preliminary \s=13TeV, 139 fb’ — ———————

- 7 . . b il 1 -
'H""""” c’PO F P ///Prehmmary SN ATLAS ]
Sc:a.l tt = 05F ../ 2011 - 2016 data -.-.CMS -
: C -7 7~ —mm——— .
Tot. ( Stat., SYSL ) Obs. Sig Q O A __{ /// /z /:’_‘ -:_, ----- ::v\ - LHCb ]
7 * . _I II //. ’, \\~ \\\\ — 1 .v
1L/2LOS —_ i 2.2 :g ( 'g; ) }f ) 19 ¢ +3_ :/I / ,/ e \\\ - N Combined \t
7 III / \\\\\ \:
T 03 e/ / LY .
, 20 98 (94, %1) 430 2 e NG
2LSS/3L [ e | 06 04 ° 04 S 0.2F [~] \\‘\‘\ 3
....................................................................... Q T \
- Iy 1 -
+0. ' 0.1 - ':| I‘| S I’l‘\ ]
Combined e 20 G (%5, %) 470 E A e # 3
AP P PETIS PR PT PETTY PPN NPT POUTE T 0"'1-‘\-“ 2 i 4
0 1 2 3 4 5 8 7 8 9 10 1 5

fitu=c /oM |
Bestfitp=c_/ ol B(B(S) — ) (10 9)
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Precision measurements

* Probe consistency of the SM and very sensitive to e.g. loop-induced BSM contributions

i i ATLAS-CONF-2021-013 —_—> —> arXiv:2007.14040
nggs couplings rascone W = Tv/ W — PV axiv

* Higgs production and decay modes * Lepton universality test
+ H— yy mode: * Large W sample from top decays
—  slight tension: 1.9 (global fit) — e pufinalstates
—  WH and WZ highly correlated (-41%) * Probe unbiased muon (trigger on other lepton)
« H— Zy: 2.20 “expected” excess * Using muon impact parameter to distinguish
towards observation! muons promptly produced or from tau decay
e 2 e , . 3 L L I B I B L B
%T:ﬁf:\a,"";g‘;% FedTotal [ stat. EESyst || sm S :%1:-’.1§§ev 139 fo" 3 ATLAS il LEP.(Phys.Rept. 532 119)
Hoyy, m_= 125.09 GeV £ E Al categories 1 y ATLAS - this result
H l Total ~ Stat. Syst. 5 708 In(1+855/Bge) weighted sum V§ =13 TeV, 139 fb Statistical Uncertainty
90F + boH e 1022041 (2008, £ )| Z - F E : [ Systematic Uncertainty
ver . 1305 2 (1018,2 0% ) N 60; E : —e— Total Uncertainty
501 . H
wH ) 2301 05 (+ 052 0 F + Daa 3 ——
40— — Sig+Bkg Fit i
ZH  —— 064 05 (£ 05+ 00 ) E Bk ) 5
v - /AL AR AR AR "
tH+ tH 8 082+ 0 (£ 052 05) | @ 6_ 3 :
N N R N E AN 098 1 {02 .04 106 .08 T
cchaM 115 120 125 130 135 140 145

m,, [GeV] R(t/n)=B(W—1tv)/B(W—-puv) 18



Type of anomalies

* Anomalies in direct searches
— Bump-hunting
— Partially reconstructed final states

* Anomalies in indirect searches
— Rare SM phenomena enhanced by BSM
— Comparison of sensitive observables with SM predictions
—  Consistency within SM 22

T T T T
E Mgy = 1, p,>500 MeV, | <08
F ©>300ps
1.8 ATLAS Vs=13TeV

(P [GeV]

14
120

* Measurements of “poorly-known” SM processes

— e.g. non-perturbative regimes, measurements with Ejﬁf’;’mw

£ = PYTHIA 8 Monash

much better experimental than theoretical accuracy, O e
: <« Likely the longest-living
g discrepancy in the LHC
g dataset :)

10 20 30 40 50
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Proton’s Strange PDF

arXiv:2101.05095

* LHC precision measurements on W/Z+jets constraint proton’s PDF
— HERA data instrumental to our knowledge of PDF, but can't distinguish e.g. flavor of sea-quark d vs s
— Usually combined with previous collider and low-energy experiments

* Particularly interesting puzzle on strange PDF, characterized by R, =

—  Strange PDF usually assumed suppressed
from neutrino CC scattering with charm (Rs < 1)

S+

u+d

. . . 2 T T 2 T T T T T
—  ATLAS fit on generic W/Z+jets suggest Q" =1.9GeV", x=0.023 ATLAS
an “unsuppressed” svs d (Rs ~ 1) oo -
— ATLAS 7 TeV W+charm — confirms unsuppression e — ]
_ . 7] ” H a NNPDF3.1 ——
CMS 7+13 TeV result points to the “usual” suppression S NNPDFO{ stange o
i H | & ATLASepWZ20
* New analyses under way to clarify this puzzle! e
B ATLASepWZVjet20
B € I exp. uncertainty
s w exp.+mod. uncertainty
> I exp.+mod.+par. uncertainty
PO T SR (NN TR ST SN (NN ST TN TN T SN TR NN (NN SO SO S Y
! . 02 0 02 04 06 08
c Ve
g
DO0000000 ———
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Conclusions

Yes, no striking sign of beyond-SM physics yet in the Run 2 LHC dataset

I've tried to review a few of the most interesting anomalies we currently have in our dataset
— Some will need Run 3 data to clarify
— Some can be clarified with ongoing full Run 2 dataset analysis

We should not forget that we have plenty of measurements that clearly point to physics we
haven't fully mastered, and they can be important in our understanding of LHC data!
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Statistical fluctuations don’t have a sign..

EWK Zjj (deficit)

Wilson Includes 95% confidence interval [TeV 2] p-value (SM)
coefficient | Mge|? Expected Observed
cw A2 no [-0.30, 0.30] [-0.19, 0.41] 45.9%
yes [-0.31, 0.29] [-0.19, 0.41] 43.2%
RN no [-0.12, 0.12]  [-0.11, 0.14] 82.0%
yes [-0.12, 0.12]  [-0.11, 0.14] 81.8%
cawp/N* no [-2.45, 2.45] [-3.78, 1.13] 29.0%
yes [-3.11, 2.10] [-6.31, 1.01] 25.0%
CawB/A* no [-1.06, 1.06] [0.23, 2.34] 1.7%
yes [-1.06, 1.06] [0.23, 2.35] 1.6%
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Introduction

Vast physics program of measurements, searches for new physics and performance papers

ATLAS Submitted Papers et g

ATLAS Run 1+2
ATLAS Run 1

- = ATLAS Partial Run 2
8001| —  ATLAS Full Run 2

Last updte 18:May-2021
8May2021 ATIAS: 994

1000

ATLAS - Type of Paper

Run 1: 606

600 -

400

296
Partial Run 2: 300

200

[ Search 473 [ Performance 78
[0 Measure 411 Bl Ambiguous 32

1
[
1
1
[
1
[
[
1
1
[
1
1
[

d

4
1
1
1
1
1
1
1
1

Full Run 2: 88
1
[

L L L |
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Each containing often a large number of signal regions / observables

A number large enough that > 30 statistical fluctuations are expected to occur
— Although systematics play an important role and are often not as Guassian as we’d like



Introduction

* Despite large number of searches and measurements, most of the abstracts contain

is carried out on 139 fb~! of proton—proton collision data at /s = 13 TeV collected by the
ATLAS detector at the LHC between 2015 and 2018. No significant deviation from the
Standard Model background prediction is observed. Mass-dependent exclusion limits at the
95% confidence level are drawn on the single production cross-section of a vector-like B quark

data-taking periods. The search is conducted by examining the reconstructed invariant or
transverse mass distributions of Wh and Zh candidates for evidence of a localised excess in
the mass range of 220 GeV up to 5 TeV. No significant excess is observed and the results are
interpreted in terms of constraints on the production cross-section times branching fraction

r

volumes and are compared with theoretical predictions at different levels of precision, based
on a y?/ndf and p-value computation. Overall, good agreement is observed between the

unfolded data and the predictions.

r r r

* However, a (not-so) small number of anomalies have been observed...
— ... some are gone with more data,
— ... some persist or appeared in the full run 2 dataset,
— ... some are direct evidence of physics we don’t fully understand (just maybe not necessarily beyond-SM)

¢ Tracking them allows to plan at the best for the future dataset increase and R&D needs




Type of anomalies

- . - % i 4 ;Z).ata S/B \jNeighIed ' E
 Anomalies in direct searches e o o ot oo
° 80— —
—  Bump-hunting R
—  Partially reconstructed final states “-
205— © | | ‘ ‘ | -
2 8F =
. . . . 2 4 At F [ | _PDG2021 |-
* Anomalies in indirect searches LI C 1 osf z
100 110 120 130 140 1?1-?w [Ge\1/$0 -

— Rare SM phenomena enhanced by BSM L 4

0.4 5k "
— Comparison of sensitive observables with SM predictions Wy
—  Consistency within SM S R o Tsomen o8 02 -
% 1»8;;;fggp\fs§=13TeV "/ B
3 1.6 0 | | 1
0 0.2 0.4 0.6 0.8

* Measurements of “poorly-known” SM processes
— e.g. non-perturbative regimes, measurements with g it TR

— - PYTHIA 8 Monash

much better experimental than theoretical accuracy, O O

- 4«— Likely the longest-living
+discrepancy in the LHC
dataset :)

MC / Data




Type of anomalies

Anomalies in direct searches

Anomalies in indirect searches
Rare SM phenomena enhanced by BSM

Bump-hunting

Partially reconstructed final states

X weights / 2 GeV

X weights - Bkg

T i N
4 Data S/B Weighted

—— Sig+Bkg Fit (m =126.5 GeV) ]

-------- Bkg (4th order polynomial) ]

Ao s @
T T

~ &
T

120 130 140 150 160
my, [GeV]

Comparison of sensitive observables with SM predictions

Consistency within SM

Measurements of “poorly-known” SM processes

e.g. non-perturbative regimes, measurements with
much better experimental than theoretical accuracy,

<+ Likely the longest-living
discrepancy in the LHC
dataset :)



Bump Hunting

Fully reconstructed BSM candidate final state * Large trial factor when scanning the full
— Measure candidate mass kinematic available region with good
—  Explore angular correlations to gather information mass resolution
on the particle’s properties Potobat =1 — (1 = plocat)™

(only valid for N ~equal significance regions)

YY resonance :xiv:2102.1340s

> T AL B L B B L BLRLRLE BN

Look for spin-0 and spin-2 resonances gms gﬁgiemg . t s:;akgmmd_omym

— Scan mass, width (spin-0) or coupling (spin-2) @104 EZZZSZZ&ZEZZ:ZI?‘?;”
Two high pr isolated photons (> 35,25 GeV) §10° -+ Generic NW signal at 2 TeV

—  Er/my > 0.3 (0.25) for (sub-)leading Er photon 10°
Smooth background from non-resonant yy 10 ; + |
Most significant excess for m,, ~ 684 GeV R O P L s

g o 4 A A=

Igolgz IaTIsg| ; :lltf:;ralcr:‘i .e 3 ;3 ;I 5 1 narrow-width results g § Qg**i#*ﬁ**#ﬁ*ﬁﬂﬂ rﬂj{++}**N*+}+++?#*}f’w+#ﬂ4“%“mmM“{ﬂ'L'M'M'M'u' J%
Good examp|e of |arg e trial factor 4560400 66{/&)0 1000 1200 1400 1600 1800 2000 nif?oe ez\;t]oo
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Other heavy scalar searches

HH (—> 4b) resonance axiv:1804.06174

* 4 b-tagged jets required with kinematic
selections to enhance expected signal

Boosted (>0.8 TeV) and Resolved analyses

* Most significant excess at M~280 GeV

. >
* Expected signal ]
mass resolution S

@ 280 GeV ~9 GeVé

&

* 2016 data only —»
* 2015 data looks
compatible with
background-only

* Leading systematic
from data-driven
multijet background

Data / Bkgd

local(global) significance: 3.60 (2.30)

ATLAS

Vs=13TeV, 24.3 b
Resolved Signal Region, 2016

1 T T T [ T T T

t Data
[ Multijet
[ Hadronic tt
[ Semi-leptonic tt

== Scalar (280 GeV)
"""" SM HH x100
Gy (800 GeV, kiMp=1)
— = Gy (1200 GeV, k/M,=2)
NN Stat+Syst Uncertainty

=

K N \\ ‘:

: N w\\’%{\ﬁ\}*}\\\\ }\\\ \§\§§
200 200 ) 7000 1\200 Tio0
m,,, [GeV]

A — TT arxiv2002.12223

ThadThaa @nd TiepThad final states

Explores gluon-fusion and b-associated
production (MSSM inspired)

Most significant excess ~ 400 GeV

2.20 _
gluon-fusion £
2.70 ?
bbH prod. &

Mostly statistically
limited (>600 GeV)

Fake tau background
dominates at low
masses

10— 77
FATLAS Vs=13 TeV, 139 o'
Fo — 11, 95% CL limits
[ b-associated production
1 —e— Observed
E e Expected
) ti1c
+t20
L=\ — ATLAS 36 fb"
1072k E
-1073E —
Ev v b v b b by o
500 1000 1500 2000 2500
m, [GeV]



A — V H(bb)

Events/GeV

data/bkg

[, ]

Leptonic V decay, resolved or boosted H — bb reconstruction
Analysis shows an interesting excess with 36 fb-' of data in the ZH — lIbb signal region
— Local significance: 3.60, Global significance: 2.40
— Driven by the 3 b-tags region (associated bbA production)

Similar run-2 result looking for A — ZH — llbb (only 1,2 b-tag regions) — mild excess but
difficult to compare fairly

ATLAS
ys=13TeV,36.1 10"
2lep., = 2 jets, > 3 b-tags
100 GeV < m;; < 145 GeV

.l data
1 bbA (500 GeV)
t, single top
B Z+(bb,bc.cc)
B Z+(blcl), Z+1
B W+(bb,bc,cc)

[ other

[[Z3) uncertainty

E —— T ™3
F— .a.--I:":~:~:~3*J*3*f*f~f‘f‘f‘f*f*f*fLS*fo‘f_s
KJ ‘ = ~l~stu‘“,,,__“*‘“““,_;

A . Nk S 1 NE

300 400 500 1000 2000

m,, [GeV]

(LA AL L L L L L L L L B L

10 ATLAS 95%é:bL Iimitd (cLs) =
F _ S| —e— Observe s) 3
g f_:z‘: Tev 26 ot T Expected (CLs) -
L bBA ’ [ Expected £ 16 |
] [ Expected + 2c

I

6(pp—sbBA—Zh)B(h—sbb) [pb]

T T TTT
Ll

T T
R

Bl b e b b L b L L L
10200 400 600 800 1000 1200 1400 1600 1800 2000
m, [GeV]

= 102
2
S

10
T
<
T
D
(=]
°

_L
<2

-
o
S

1073

é T ] L ] L I L I T 1 T I L l T 17 ] T 17T I T T IE
= ATLAS Preliminary 95% CL limit
B Vs =13 TeV, 139 b —— Observed limit

[ Expected *1 s.d.
[ ] Expected +2 s.d.
---.- Expected limit (OL)
....... Expected limit (2L)

-ggA combined (OL+2L) limit _ _ Eypected limit E

o ey ey by by by by
400 600 800 1000 1200 1400 1600 1800 2000
m, [GeV]
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H — aa — bbpup

Mar 25%, 2021
ATLAS-CONF-2021-009

* Balance of clean final state and high branching ratio .
— Single (p > 27, 5 GeV) / di-lepton (pr* > 15, 15 GeV) triggers 4«//
—  Two b-tagged jets (pr > 20 GeV, €=77%) H . e b

- Kinematic constrained applied via likelihood it T -
—  Much poorer my, resolution — m,, to constrains b-jet energy scale
—  Four-body mass required to be consistent with Higgs mass W

* Boosted-Decision-Tree to enhance background suppression
— Based on kinematic likelihood, mass combinations and angular information

ET™* [GeV] _
comalization * Main background from Drell-Yan + heavy-flavor and ttbar
* ttbar: kinematic (shape) from simulation

60 K v * DY: kinematic (shape) from 0 b-tag region

DY lerinc| DY VR1 * Kinematics corrected for 2 vs 0 b-tags via BDT-based

CR CR L . ; )

event reweighting to better match all kinematic properties

080 110 140 170 300=

My [GEV] 9



Events / bin

(nobs - r‘pred) / Ciot

H — aa — bbuu

Mar 25", 2021
ATLAS-CONF-2021-009

50

40

30

Good shape agreement in side-bands of candidate my—»

Selection-BDT individually trained for each m,, hypothesis
Largest discrepancy at m,,~ 52 GeV
— Local significance: 3.30 :

—  Global significance: 1.7g "y bin [GeV] [34-36]

Statistically-dominated! Observed events 19

Total background 119+ 1.6

ATLAS Preliminary e Data #% SM tota 3

y DY+jets t —

Vs=13 TeV, 139 fb B Other + + =

+ Yy AN + _:

i i R

1617 18 1920 2122 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 3940 4142 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 6162
my, bin center [GeV]

Local po—value

Data / SM

1072

107

T

|||H|IIII‘HI

Il_|<I(II|||III|||I\lllll‘\lllll

——————
ATLAS Preliminary
Vs=13TeV, 139 fb'

DYCR { SRincl i DYCR i

VR1

e
« Data

|

a

S

[

D [v)
< <
IIII|IIII|IIlllIIIIhlllllHIlIIHIllllhll

300
mis,, [GeV]

T T TTTT0T

ATLAS Preliminary
Vs=13TeV, 139 fb"

T T TTTI
—
[EERETIT Bt
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B — bH(bb)

Apr 6", 2021
ATLAS-CONF-2021-018

* Targets single-production of vector-like quarks (B) g
* H — bb reconstructed as single large-R jet (pr > 480 GeV)

— Track-jets matched to large-R jet used for b-tagging

—  One or two b-tagged sub-jets: €2=70%, €°=10%, €"9"=0.25%
* In total, requires (two) three identified b-jets

— Isolated b-jet away from Higgs candidate and pr > 480 GeV

— Note: explicit veto of events with isolated high pr lepton § a éﬁ‘gﬁ;‘fgf‘;ﬁrgw J’ gafb;'tﬂ;v’“o; ]
Sk 5 B —bH, 2.0 TeV, x =0.3

forward | *  Data-driven multi-jet background § 10§ Sowragen i E
et * Mass of B candidate as final -l i
z1 discriminant . ]

- —  Quite poor mass resolution jjﬁJlQL 1

ol D B * Largest excess atm ~ 1.3 TeV NI Wﬁh E

. — Local significance ~ 1.90 11 B 1*7]7’“

NO  yEs P, Systematic uncertainty play an o b e
important role, but limited by .t V% 0

statistics in background “B” region 0575000 1200 1400 1600 1800 2000 = 2200
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(Meta-)stable charged particles

arXiv:1808.04095

Events / 50 GeV

Data/Bkg

Charged, massive BSM particle with macroscopic lifetime
Heavily ionizing in the pixel detector — measure dE/dx — By
Inner tracker — particle momentum p
Final discriminant: mass M ~ p / By
Select events with large MET

used for triggering

=
MPV ., [MeV g’ cm?]

N W A, 0O N 0

_I\I\]I\I\]I\I\][llll[ll\l\]l\l\]l\l\]l\_

—_

I

ATLAS
p Minimum Bias Data 2016
. K Vs=13TeV, 0.4 nb" 3]
- 3 Pixel Hits Used for dE/dx
. Positive Charge
— Fit (1.6 x 10° tracks)

MPV e q, (BY) = A c+B

(By)

HH]Illl]llll][llll[lllll]ll

Cut-and-count in pre-determined mass windows

largely model-independent — driven by o(p), o(dE/dx)

— Local significance: 2.4 o (little trial factor)
— Resolution compatible with expectations (not shown)

— common to many BSM signatures p
gL ATLAS o
E Vs=13TeV,36.11b" = backgroun E .
" =+ m(G) = 1600 GeV 1 < Data-driven background
105 | + --- m(g) = 2000 GeV E
E m Stable selection, SR ] b
1;_ -------- omnmeneneees 3 . . . .
§ o — Determined based on expected resolution, which is
1071 | i A R oo .
1025 | 7 * Interesting excess at M ~ 600 GeV
. %|I|‘ ) I
ikl
kA | | | |
% 500 1000 1500 2000 2500 3000 e

Mass [GeV]

Partial dataset — expect follow up w/ Run 2 data!
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Partially-reconstructed final states

* Often results in final states with large MET — great for trigger/background suppression
— trial-factor either small or due to large number of optimized signal regions
* Relies on fine control of backgrounds’ kinematic (often in tails) to extract the signal

XiXe" > 213L + MET s .

* Using more standard kinematic
to map similar features
— Reproduced the excess in 36/fb
— Excess not confirmed

* Recursive Jigsaw technique

* Includes boosted region to
probe compressed scenarios

s
Signal region SR3(_ISR e * Latest iteration released recently:
= = g .
Total observed events /12 300 — largest excess ~2.30 in a
Total background events \\3.9 + I.O/"J (|(;C3|) targeted offshell-Z signal region
Other o.oéfg;('}z — sensitivity to exclude
Triboson 0.08 £0.04
Fit output, VV 38+1.0
Fit input, VV 34 : e

m.. o [GeV] 13

>

R



X1:%2* — 2/3L + MET

Dedicated analysis for compressed scenarios

Very soft leptons: pr¢ > 4.5, pt* > 3 GeV

Isolated track to recover unidentified leptons as low as 1-2 GeV
Several signal regions optimized for:

Production (direct EWKinos, VBF, sleptons)
MET and m(ll) bins

Excess with local significance 2.70 in EWKino search

However, the same region is also probed by the most
recent result focused on “regular” 2L/3L signature
and does not confirm it

Clear benefit in overlapping sensitivity within the final state
and parameter space probed

AM@E 77 [GeV]

P

P

~0_+ WZ~0~0
10 0762%1—’ XXy ATLAS-CONF-2020-015

FamG230) = m
90 -

F ATLAS Preliminary
80F {s=13 TeV, 139 fo™

= Al limits at 95% CL
70 ”

= ATLAS 13 TeV 139 fb
60 arxiv:1911.12606

E ATLAS 8 TeV 20.3 fb"

C arXiv:1402.7029
50 .

E - - Expected Limit (£10,,p)
40 —— Observed Limit (+1 Sineory)
305 o

= ot > 0118620
20 = ore < 0.1186+0.0020
105

b b b b b b e e
100 150 200 250 300 350 400 450 500 550

m(%,/%,) [GeV]
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VV — ll/lvivv jj

arXiv:2004.14636

Probes several production modes g Vo
—  Classified using recursive NN
Boosted hadronic V decays reconstructed X
as single large-R jet
g Vo q

4 Signal regions

High purity

Low purity

!

VBF Cat.

Leptonic V, selection

Event categorisation

X—=>VW -V,
selection flow schematic

40 signal regions

ggF/DY Cat.

Z—>qq

SS

Signal regions |

Pass
V, selection
Merged

lm.

pass | Vi selection

(1- or 2-lep.) i

region selection

High purity
V, selection i Lintagged
Merged Tagged
Low purity | Untagged
] |
Falll !
|
|
V;, selection | pass Tagged
Resolved Resolved | Untagged
(1- or 2-lep.) : i
Fail To control

region selection

VBF - 77 — vv

Large MET
High/Low-Purity via jet
substructure (D>)

W/Z+jet background from MC,

normalized in dedicated Crs

* Sherpa as baseline

* Scale variations, MG5
comparison

Largest systematics:

* Large-R jet response

* MC statistics

*  W/Z+jets modeling

Excess stat. limited

Events / 70 GeV

Data/Postfit

a/q"

q/q

T T

LRI

T

ZZ 0-lepton
VBF merged HP

ATLAS
Vs=13 TeV, 139 fb”!

—T
+ Data
mtt

[ Uncertainty |
Local significance

Z+jets
Wijets

Diboson
Single top

Coovnd i |

|

1000

1500

2000 2500

my(vvJ) [GeV]

v

"
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Type of anomalies

* Anomalies in direct searches
—  Bump-hunting
— Partially reconstructed final states

HFLAV &

* Anomalies in indirect searches 0.6 mEER

— Rare SM phenomena enhanced by BSM ok ]
—  Comparison of sensitive observables with SM predictions /

—  Consistency within SM L 02/ -

0 02 04 06 08
* Measurements of “poorly-known” SM processes

— e.g. non-perturbative regimes, measurements with
much better experimental than theoretical accuracy, 3
<« Likely the longest-living
discrepancy in the LHC
dataset :)
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Rare SM processes

Four tops production ariascone 01013

1L2LOS

2LSS/3L

Combined

oSM(ittt) ~12 fb

B’y — MM ATLAS-CONF-2

020-049

* Tiny SM expectation

Systematics play a dominant role

ATLAS Preliminary

Signal modeling
tt+h.f. background *

Need data + theory improvements!

B(B® — ptp~) = (3.66+0.14) x 102

B(B" = ptp) = (1.03+0.05) x 10710

ys=13TeV, 139 fb”

—
B A B e R e AR &)
— tot. thtf =

stat. . N~
Tot. ( Stat., Syst. ) Obs. Sig. ~
7 o8 3.
— e 22 33 (%7 .00) 190 +3_
Fe—— 20 95 (9:.7%:) 43¢ 2q
g
....................................................................... AQ
[Sa— 20 %5 (9:.%:) 47c
1 1 1 1 | 1 | | 1

e,
Best-fit p = S /oot

o
W

o
~

e
w

o
[\

e
=

=

Recent ATLAS+CMS+LHCb combination

2.40 compatibility w/ SM for Bs — pp

ATLAS, CMS, LHCb - Summer 2020

E 7 7 Preliminary S _UATLAS
i 2011-2016data  __ CMS =
VA = S I
AT e ">~ — Combined Y
}1 7 / L5 . \E
: ]
1 5

BB — pp) (107)



Precision measurements

* Probe consistency of the SM and very sensitive to e.g. loop-induced BSM contributions

i i ATLAS-CONF-2021-013
nggs coupllngs HIGG-2018-42

* Higgs production and decay modes

W-o1v/W —> MV arXiv:2007.14040

Lepton universality test

H — yy mode:

slight tension: 1.90 (global fit)

Large W sample from top decays

eud, Mu final states

Probe unbiased muon (trigger on other lepton)

WH and WZ highly correlated (-41%)

* H— Zy: 2.20 “expected” excess..
towards observation!

m, [GeV]

Using muon impact parameter to distinguish
muons promptly produced or from tau decay

— T e > T T t rror T
i ° ATLAS ] LEP (Phys.Rept. 532 119
%Tf':g.zf/"r??;g‘ FedTotal [ [Stat. ESyst | sm (\5 80— Vs=13TeV, 139 fb" - ATLAS - ( ys-nept. )
H—P_Y"/ m = 125.09 GeV %) r All categories ] ATLAS - this result
'TH Total Stat. Syst. _-5, 70 In(1+S4/Bgg) weighted sum ]| \/g =13 TeV, 139 fb‘1 Statistical Uncertainty
| [ o ] . .
9gF + bbH ] 1.02+0.11 (£0.08,+ 27 ) i] oo ] : [ ] Systematic Uncertainty
Vo = 134s 32 (2018, %) g ] : —e— Total Uncertainty
50F - :
WH w283+ 55 (+ 53+ o) F + Data 1 ——
40F- — Sig+Bkg Fit :
H 064+ 00 (% o5 % 001) E oo Bkg . H
o ™ o
ttH + tH HQIH 0.92+ 037 (+ 033 .+ 057) m :
! | L | | L | 2 i
v e b b b b b e by o et b b e e b |
2 -1 0 1 2 3 4 5 6 KN 0.98 1 1.02 1.04 1.06 1.08 1.1
o, /oiM

R(t/w)=B(W—1v)/B(W—-uv)
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Type of anomalies

* Anomalies in direct searches
—  Bump-hunting
— Partially reconstructed final states

* Anomalies in indirect searches
— Rare SM phenomena enhanced by BSM
— Comparison of sensitive observables with SM predictions
— Consistency within SM 22

——
oF Mo 2 1, p; > 500 MeV, In < 0.8

F ©>300 ps

1.81 ATLAS Vs =13 TeV
1.6F
1.4

1.2F

* Measurements of “poorly-known” SM processes

(o) [GeV]

— e.g. non-perturbative regimes, measurements with 3;2?”;33?“.%

£ = PYTHIA 8 Monash

much better experimental than theoretical accuracy, 04 CeieTios
o <+ Likely the longest-living
g £ discrepancy in the LHC
g 7 dataset :)

o
©
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Proton’s Strange PDF

arXiv:1402.6263

arXiv:2101.05095

LHC precision measurements on W/Z+jets constraint proton’s PDF
HERA data instrumental to our knowledge of PDF, but can’t distinguish e.g. flavor of sea-quark d vs s
Usually combined with previous collider and low-energy experiments

Particularly interesting puzzle on strange PDF, characterized by R, =

Strange PDF usually assumed suppressed
from neutrino CC scattering with charm (Rs < 1)

ATLAS fit on generic W/Z+jets suggest
an “unsuppressed’ svs d (Rs ~ 1)

ATLAS 7 TeV W+charm — confirms unsuppression
CMS 7+13 TeV result points to the “usual” suppression

New analyses under way to clarify this puzzle!

Y

S+S

i+d

I I I I I
Q%=1.9GeV? x=0.023
ABMP16
CT18
CT18A
MMHT14
NNPDF3.1
NNPDF3.1_strange
ATLASepWZ20
O ATLASepWZ16

ATLASepWZVjet20
I cxp. uncertainty
exp.+mod. uncertainty
exp.+mod.+par. uncertainty
PN T T NN TN TN TN NN TN ST T (N ST S S |

-

—.
—_—

—_—

[ « » B < X @

ATLAS

—t ey

I | PR

02

0 02 04 06 08

1

1.2
R,
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Conclusions

Yes, no striking sign of beyond-SM physics yet in the Run 2 LHC dataset

I've tried to review a few of the most interesting anomalies we currently have in our dataset
— Some will need Run 3 data to clarify
— Some can be clarified with ongoing full Run 2 dataset analysis

We should not forget that we have plenty of measurements that clearly point to physics we
haven'’t fully mastered, and they can be important in our understanding of LHC data!

21



B(H — aa — bbup)

0.8

0.7

0.6

0.5

x10~°
' [ T | T [

| Vs=13TeV, 139 b

~ ATLAS Preliminary

— — expected 95% CL upper limit

- expected limit (+ 1o)

expected limit (x 20)

observed 95% CL upper limit .

m, [GeV]
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BACKUP
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Statistical fluctuations don’t have a sign..

EWK Zjj (deficit)

Wilson Includes 95% confidence interval [TeV~>] p-value (SM)
coefficient | Mgs|? Expected Observed
cw [A? no [-0.30, 0.30] [-0.19, 0.41] 45.9%
yes [-0.31, 0.29] [-0.19, 0.41] 43.2%
Cw [N? no [-0.12, 0.12] [-0.11, 0.14] 82.0%
yes [-0.12, 0.12]  [-0.11, 0.14] 81.8%
cuws/N no [-2.45, 2.45] [-3.78, 1.13] 29.0%
yes [-3.11, 2.10] [-6.31, 1.01] 25.0%
awn /N no [-1.06, 1.06] [0.23, 2.34] 1.7%
yes [-1.06, 1.06] [0.23, 2.35] 1.6%
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