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Goals of experimental particle physics
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“All right... which of you punks is
responsible for dark matter?”




Achieved by...

* 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
e 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
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LHC/HL-LHC Program
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Standard Model reigns supreme

Sgptgmper 2920 | CMS Preliminary

@ 7 TeV CMS measurement (L < 5.0 fb™
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e @ 13 TeV CMS measurement (L < 137 fb™)

~n Je (S) : -= Theory prediction

4 Z Z CMS 95%CL limits at 7, 8 and 13 TeV

T |||||'|'|'|_|-|'|'|l
""‘}'f”

'

, O [pb]

— — — —

o o o o

N w ‘N o1
i

2
AL IR IR INURALLL INUILALLL DULRALLY IR AL

=n Jet(s)i
]

Production Cross Section
o

—
<
N

—
<
w

NEW PHYSICS ?
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Precision measurements of rare processes

* Large datasets allow us to test
the SM in complementary
ways

— multi-differential cross-
section measurements

— First-time sensitivity to rare
multi- boson final states and
production mechanisms

Data recorded: 2016-Oct-09 21:24:05.010240 GMT
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Still room for surprises!
Becoming sensitive to NNLO corrections

Quartic gauge couplings known exactly in
SM and sensitive to new physics



Precision measurements and BSM constraints
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Standard Model reigns supreme

September2020 CMS Preliminary
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Inclusive tt cross section [pb]

Precision Top Quark Physics

Over ~25 years since its discovery, the top quark is still one of the

hottest topics...

LHC: a top quark factory!

Tevatron combined 1.96 TeV (L < 8.8 fb” )
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ATLAS l+jets 13 TeV (L = 139 fb )
CMS I+jets 13 TeV (L =22 fb™)
CMS all-jets* 13 TeV (L = 2.53 fb™)
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Inclusive cross section well understood;

agrees with NNLO predictions
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Top evolution

CMS Experiment at the LHC, CERN
Data recorded: 2018-Nov-11 23:57:04.330752 GMT
Run / Event / LS: 326580 / 14140126 / 52

Rur 19005¢ Evt49500403 Sat Mar 6 11:15:43 2004 CMS Experiment at the LHC, CERN

ET scale: 3* GeV Data recorded: 2016-May-29 22:35:55.226560 GMT
Run / Event / LS: 274199 / 548714092 / 285




Anomalous top quark couplings
predicted in many BSM models

Exploit tty and interpret results

Rare top

within the context of SMEFT

137 fb ' (13 TeV

CMS Preliminary
T | T T T
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Outlook for SMP and TOP measurements: Run 3

Lots of ground to cover in Run 3

— Aim for ultimate precision in measurements (inclusive & differential)

— Revise analysis strategies and techniques to constrain systematics
better

— Work on improving calibrations for objects
— Increase usage of jet substructure techniques for boosted topologies

Critical to ensure best possible modelling of SM processes
— Strengthen link with theory/pheno/generator experts
— Work on Monte Carlo generator development and implementation
— Physics studies (ISR/FSR, hadronization...)

Work on well-understood & comprehensive recipes for systematic
uncertainties

Work on new and improved trigger strategies for keeping
thresholds low, explore parking...
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Higgs Physics

“"Greetings Earth-people. We have been monitoring your progress.
Now that you have discovered the Higg’s boson you are qualified
to join the Federation of Advanced Civilisations.”

Following its discovery, significant effort has been put into
characterizing the properties of the Higgs Boson

15



Higgs Highlights

PLB 805 (2020) 135425

* Inthe 8+ years since its discovery there has been significant progress in

the Higgs sector:

Fiducial and differential cross section
measurements comparing data to
state-of-the-art calculations

mass measurement w/ 1 per-mille precision

—
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Already, with the Run 2 dataset analyzed,

the experimental precision is at the level 20

of the theoretical precision
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40f
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Firmly established yy, ZZ, WW, 11, bb decays and diff. prod. modes
Tau-Higgs, bottom-Higgs and top-Higgs Yukawa couplings
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http://dx.doi.org/10.1007/JHEP06(2013)081

Higgs Physics: Open Questions

Why is the Higgs so light ? Is m, stabilized by ~TeV scale new
physics or is it fine-tuned ?

Is the Higgs elementary or composite?

Higgs couplings to charm (e.g. h->ccbar, h = J/W+y)

Higgs coupling to muons ?

Are there exotic Higgs decays ?

Is it a Higgs or the Higgs ? Are there additional Higgs bosons ?

_ September 2020 CMS Preliminary _
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2" generation — the next frontier

* Goal: establish Higgs couplings to 2" BR (H>uu) ~ 2.2 x 107* : small but
generation fermions w/ H =2 uu enhanced in some BSM scenarios
— CMS: obs. (exp.): 3.0(2.5)c 35.9-137 b (13 TeV)
_ . R E ] U R LR U R LR UL A '!_
ATLAS: obs. (exp.): 2.0(1.7) o s 1§— CMS Preliminary " /t‘,,g
€ [ m,=12538GeV o
2 1011 g
JHEP 01 (2021) 148 PLB 812 (2021) 135980 2 ]
g b .
8 107 C 5 mmoratios s
I

? .
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Force carriers Higgs boson
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SRR R e
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Ratio to SM
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e
.
»:—0—|
&
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)

1 II 1 1 | O 1 1 1111 1 1 11 1111
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Evidence for H->pp prod @ CMS
u = 1194058 (stat) 13 (syst)

* Next target: utilize advances in
charm tagging to tackle (V)H-> cc
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Rare Higgs decays

arXiv:2103.10322
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https://arxiv.org/abs/2103.10322

HH production

e Di-Higgs production directly probes the structure of the Higgs potential

* Gluon-gluon fusion process dominates, small cross-section due to
negative interference between the two diagrams
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BSM Physics in the Higgs Sector

Various searches are performed for exotic Higgs bosons: MSSM and 2

Higgs Doublet Models (HDM) and beyond

e Direct searches as well as combinations of Higgs coupling
measurements used to exclude large regions of parameter space

Substantial amount
of parameter space
(and masses) left;

Improve searches
to access extremely
difficult region of
intermediate tan
beta and high
masses.
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Explore the Unknown:
new particles, interactions and physical principles
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Large Hadron Discovery Factory
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Most recent discoveries at LHCb

LHCb: arXiv:2103.01803
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https://arxiv.org/abs/2103.01803

B, oscillations

* B, oscillations are very fast, 3 trillion times per sec b_ Vi t Ve s
* Measurement helps (over)constrain unitarity triangle 5 W W+ B,
— 0 —t = RO -t -
B, — D m B, — D m Untagged 07 - A
§ g _g
2 /\ o —é
| -
: X
. : . ;
Am = 17.7656 £+ 0.0057 ps 1
t |ps ; .
LHCb can measure the oscillations ps] Average 1 ECl Run 1+ 2 combination ——

thanks to its excellent time resolution Dyxt 67 F
Dyrtrta= 9fb ' — .
Factor of 2 improvement over ___—»=T5 |

previous result! ekt 2ame1

J/YKTK= 3fb~ '

...............................
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http://arxiv.org/abs/arXiv:2104.04421

Flavor anomalies

muons / electrons [b — s ]
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_BR(B"—=K'u'u)
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R(D*)gy, = 0.252 + 0.003 [PRD85(2012)094025]
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BaBar (2012), had. tag
0.332£0.024£0.018

Belle (2015), had. tag i
0.293+0.038+0.015 | e

Belle (2017), (had. tau) :
0270 %0.035 +0.077——————

Belle (2019), sl.tag
0.283+£0.018£0.014
LHCb (2015), (muonic tal
0.336 £0.027 £0.030
LHCb (2018), (had. tau)
0.280+£0.018 £0.029
Average
0.295+0.011 £0.008 ———

SM pred. average
0.258 £0.005 e

PRD 95 (2017) 115008
0.257 +0.003 -

JHEP 1711 (2017) 061
0.260 £ 0.008 T

JHEP 1712 (2017) 060
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Lepton Flavor Universality Violation

600 LHCb
—— Data 9 fb”'
500 — Total fit
______ B+ﬁ K+u+ﬂ_
Combinatorial
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Candidates / (7 MeV/c?)
() BN
S =

Candidates / (24 MeV/c?)

2

e e ‘.’f S A ] B e TS
5200 5300 5400 5500 5600
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LHCb: arXiv:2103.11769

<

Use J/4¥ decays to calibrate;
r;» known to be LFU within 0.4%

Rk = 0.84670033 (stat.) 0015 (syst.)

First Evidence for LFU violation at 3.1 ¢

2
2
2
1

1

40

20 LHCb

00 By ——Data 9 fb’'

S0 B —— Total fit

0B I'Ntdld: oo B*— K'ete-

40 BB - Jy(ee)K
20 B Part. Reco.

Combinatorial

SOF
60
40
20T TR ,
0 - -
5000 5500 6000
m(K ete™) [MeV/c?]
" BaBar
: 0.1 < g*<8.12 GeV/¢!
& , Belle
1.0 < ¢g* < 6.0 GeV*/¢?
LHCb 3 b
1.1 < ¢*<6.0GeV*/c!
LHCb 5 fb’!
: 1.1 < ¢* < 6.0 GeV?/c?
-y LHCb 9 fb’!
: 1.1 < ¢* < 6.0 GeV?/c?
l L L L L l A Il Il A l
0.5 1 125

RK 29



Searches for leptoquarks

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

SM u > u u > u BSM
Bt{ W+ K+ Bt{_ K+
v/Z° -
0~ e
Many chamfle-ls starting to p— __—
pUSh SenSItIVIty above the TeV . 1.4 1902.00377 36 fb-"
. 1t generation 14 1811.01197 36 fb-!
scale, favored by B physics — 2 IR
anomalies dgen (0 k) 1811.00806 3 b |
g, Qo) E— s ATLAS-CONF-2020-029 130

Warrants investigation of e s I EXOT 1005 187 ot

. . 2-3rd cross-gen. (LQ=te) 2010.02098 139 fb™!
new/more compllcated final 2010.02098 139 fb"

2-3rd cross-gen. (LQ=th) |omm— 1809.05558 36 fb™'!
states or model phase space |, ..o £ 200605672 139 o
(e.g. bigger couplings/widths) iscesgn o " 200605672139
0 0.45 0.9 1.35 1.8

Searches adding and using summary of observed lower limits on scalar LQ mass (TeV)

. . 30
2017+2018 data in progress Moriond 2021 summary
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http://moriond.in2p3.fr/QCD/2021/WednesdayMorning/Xella.pdf

Exploring lepton flavor anomalies

Lepton universality is tested at TeV scale

by comparing the ee & puu mass spectral!

R _ do(qq — pp7)/dmy,
pruT/ete do(qq — ete™)/dmy,

LFU = ratio is unity

137 b (13 TeV, ee) + 140 fb™ (13 TeV, uu)
T T T T T I T T

o 2T '
° CMS
o2 B .
Emi two barrel leptons
o
Q2 - =
£
Dmi 1 _+_—+— _______________ } ______ ' _______ | _____________________ |
0.5 _
i ~arXiv:2103.02708 |
1 1 | 1 | I !
%OO 300 400 1000 2000 3000
m [GeV]

Good agreement with this expectation
observed up to 1.5 TeV.

Contact interaction b/w (b, s) quarks & 2
leptons, inspired by B-meson anomalies.

b ¢t 8 b
&
A2 o
arXiv:1805.11402 g
A2
-
s - 8 s
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© 103 \{g =13 TeV, 139 fb1 ...... Expected _§'
, Limits at 95% CL B i ]
10°E" *u +0b category +26 E
1 TL‘AS—EONF—ZOZI—OlZ ¥ Strongest expected _;
X S - Theory 3
e B E
10—% -
10_25....1....|....|...‘;|',-....|.
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Cl with A/g* < 2.0 (2.4) TeV are excluded

for e (p), far from the value favored by B-
meson decay anomalies (30 TeV). '


https://arxiv.org/abs/1805.11402
http://arxiv.org/abs/2103.02708

Exploring Lepton Flavor Violating decays

LFV decays of the Z boson LFV decays of the Higgs

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

CMS
T—3U

e N
> 107"

Ty

77 (13 TeV)

LFV signal

Limits are factor of 2 better than LEP 10— """'_4 3
10 10 10

arXiv:2010.02566 Y |

| ATLAS-CONF-2021-017 I 1072 %/ %/
Observed (expected) upper limit on B(Z — £7) [x107%] “ K(//
Final state, polarization assumption et ut / %,
€Thaq Run 1 4+ Run 2, unpolarised 7 [10] 8.1(8.1) 9.5(6.1) axpected H-s /
S Jecied U
€Thag Run 2, left-handed 7 [10] 8.2(8.6) 9.5(6.7) 3 a % /%
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Combined ¢t Run 2, left-handed 45(5.7) 56(5.3) 1 0—4 - \
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[ : v
LEP OPAL, unpolarised 7 [10] 9.8 17 B j\"i 'y
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Rich and diverse search landscape

Direct search strategies

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

Longer decay chains

e.g. consider taus in stop decay chains
(traditional searches veto taus or don’t

focus on them

CMS-PAS-SUS-20-002

Challenging topologies

Mz -mM_o ~
6 T my

MS Preliminary 137 fb™ (13 TeV)
L B WU B RN LN UL BRI B

pp — ?;{’1’ T; — t 'i:) -
= Observed = 1 Otheory NLO-NLL excl.

=== Expected = 1 O experiment

|II||||I|||I|III|III|IIIIIIlHI.I.O

=)

e b b b by
220 240 260 280
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1

L I L
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SETT
<)

A lot of ground covered in Run 2; more luminosity awaits in Run 3

1 III]II|

-
10°g

10

95% CL Upper limit on cross section (|
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SUSY Searches @ LHC

Many new searches targeting strong and electroweak production

 Unconventional analyses

 Target EWK production of long-lived charginos and neutralinos, and the
strong production of gluinos decaying promptly to long-lived chargino

~t 0 ~+ _F n n
, X,» X, X, production (wino) tanp=5u>0
'3'1 O E T | T T T "L T l" T | T & T | T T T

Sk LN p s .
&L ]
e 3l " _
2 - -
1= —
031~ e . z° ]
o2k ¢ LT IETPTN JAN A -
01 ATLAS Preliminary -
p Vs=13TeV, 136 fb" ]
004k Observed 95% CL limit (+16,,,,..) ]
0' 03 s~ = = = = Expected 95% CL limit (+1G,,, ) ]

ol ————— ATLAS (13 TeV, 36.1 fb™!, EW prod. Obs.)
0.02 - ATLAS (8 TeV, 20.3 ib”, EW prod. Obs.) -

------- Theoretical line for pure wino
| | 1 1 | 1 | 1 | | 1 | | 1 |

0.01

| 200 400 600 800 I1000
m(x,) [GeV]
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Dark Matter Searches @ LHC

e Dark Matter (DM) searches @ LHC ¥ ATLAS
remain a thriving field of research

 Alarge number of mono-X
searches have been performed by
ATLAS and CMS, already probing a
large part of the parameter space

ATLAS-CONF-2021-006

| £0.09 ATLAS Preliminary
Vs=7TeV, 4.7 fb" —
Vs=8TeV, 20.3 fb 7
Vs=13TeV, 139 fb™ —

* No “low-hanging fruit” but -

significant progress in exploringa  10° Allimis at 80% OL
variety of final states "

* incl. searches where Higgs acts as
a mediator to DM

1074

10 N\, e e e
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“““““““
.......
-—_

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

-

* LHC searches complementary to 10 S5 Soar WP DancSiae 50
. . s Majorana WIMP v LUX B
direct searches, improved / T 2 pasa |
sensitivity to low DM masses R T T
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o(pp — Z') x B(Z' — tf) [pb]

Boosting searches @ LHC

Substructure techniques (for jets, b-tagging) + better reco + ML are being

used for maximizing sensitivity to boosted topologies, large mass range

107!

1072

Includes using the Higgs as a discovery tool (“Higgs-tagging”)

Higgs jet

Other jets

T

ATLAS

Vs =13 TeV
Expected 95% CL upper limit
1 1 L I 1 1 1 1 I 1 1 L L I 1 1 L 1 I 1

lIlllllll?lllllllllll]lll
—&—— Phys. Rev. D 99, 092004 (36.1 fb™)

——e—— Current analysis with 36.1 fo™
——=—— Current analysis with 139 fb™'

— L0Zy,

—tt (I/m=1.2%) cross-section x 1.3

T I T T

JHEP 10 (2020) 61
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137 b (13 TeV)
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CMS-PAS-B2G-20-001
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Challenging topologies

Important to cover the full mass range in BSM searches

Experimental challenges:

Giote 1 % =45 ¥ L
large (di-jet) cross section jets ’
at hadron colliders at low-
mass Run 2 trigger threshold
(standard data stream)
limited resources to
process and store data low-mass
uncovered
. . >
trigger thresholds raise ~1 TeV

with increasing inst. dljet Mass

luminosity
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Dijet Resonance Searches

“scouting” [CMS] & “trigger-level analysis” [ATLAS] probe low masses;

@ HLT

2 prong

B

CMS Preliminary

1 prong
q...:, Use boosted techniques
rt
fi\ for event reco.
LHCP 2020 95% CL exclusions

ISR g,y q
= q

ISR photon tag - — .
1

Constraints down
to 10 GeV for the
first time at a
hadron collider!

Jet substructure
trigger @ HLT

107"

I,/ M, =100%

I,/ M, =50%

r,/M,=30%

I,/ M,=10%

______________________

Z'—qq

710 2030
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1000 2000
M, [GeV]

\\\\\

< Observed

Expected
| / M, <~5%

tt resonance, [arXiv:1810.05905]
35.9fb", 13 TeV

T,/ M, <~10%

Boosted Dijet+y [arXiv:1905.10331]
35.91fb™", 13 TeV

Boosted Dijet [arXiv:1909.04114]
77.0 ", 13 TeV

Dijet+ISR jet [arXiv:1911.03761]
18.3fb™, 13 TeV

Dijet b-tagged [arXiv:1802.06149]
19.7 b, 8 TeV

Dijet scouting [arXiv:1604.08907]
19.7 b, 8 TeV

Dijet scouting [arXiv:1806.00843]
35.9fb", 13 TeV

Dijet [arXiv:1911.03947]

137 fb™, 13 TeV

[,/ M, <~30%

Broad Dijet [arXiv:1806.00843]
359", 13 TeV

T,/ M, <~100%

4
Dijet x [arXiv:1803.08030]
35.9fb", 13 TeV



Long-lived particle searches

Long-lived and other exotic particles with striking signatures
predicted by many BSM models

SRPIARIS neutral
HSCP d|s_p!aced = Ccharged
dilepton |- any charge
disappearing displaced
track lepton
( ........
displaced

.
vV
""""
““““
......
.
- & L4
. (]
‘e
B

*
*
*
oA

displaced ! V

displaced
vertex

conversion

Credits: J. Antonelli

displaced
photon

W BSM

M lepton

B quark
photon

W anything

CMS LLP Results

ATLAS LLP Results

Searches need to often
overcome challenges in trigger,
reconstruction, & background
estimation

Excellent detector
understanding is absolutely
critical

Taking advantage of several
topologies currently

HL-LHC upgrades will provide
improved sensitivity 2


https://twiki.cern.ch/twiki/pub/CMSPublic/SummaryPlotsEXO13TeV/barplot_RPV_RPC_OLL_v2.svg
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-009/fig_01.png

Summary & Outlook

 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!

— 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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[T M Experiment a the LHC, CERN
Data recorded: 2015-Sep-28 06:09:43.129280 GMT

Run/Event/ LS: 257645 / 1610868539 / 1073

| WANT TO BELIEVE




Additional Material



Data parking and B physics

During Run 2, CMS stored a large
unbiased B hadron sample by

tagging on the “opposite-side” B ”_’\\ s - K
SR e
— 12 B events recorded % unbiased
— Up to 6 kHz additional rate to tape other side B
tagged B
Data was “parked” (= no prompt Fill 7031 HLT rate e
reconstruction) and processing L 5000] |
o .
delayed to times of lower load on  &4000f- -
the computing system 3000 E
2000— \“}
N
Potential resource for investigating 1000?{" T :
) & S I R S N - |
B flavor anomalies and searches for OM 556" 12:00 1400 16:00 18:00 20:00 32:00

2018-08-06 08:41:32 to 2018-08-06 23:07:27 Time

other exotic phenomena _
Analyses ongoing — stay tuned!
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