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Why BSM Physics?
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Why HL-LHC?

The obvious: Only high energy collider that will be

taking data in the next decade

Sort of obvious: accumulating and analysing data will

Falkee Eime

Nok &tm&js &py&raﬂ% (7): We have done many cool
searches using existing LHC datasel, so priors exist

» Major upgrades for all experiments mentioned

» Higher-bandwidth/rate data acquisition/selection (paqstrigger)

» More performant tracking detectors

* New timing detectors with picosecond precision
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https://indico.fnal.gov/event/22303/contributions/247435/attachments/158065/208160/Reina-Physics-Panel.pdf
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Connectors / Hidden
Portals Sectors

can be strongly

Z', SUSY particles, or weakly coupt&d
Dark Matt Hiqgqs, Extra Dim, Le.,, dark Higqgs,
Ea?nrnound v%igc{verlnmousand pounds! Lépﬁaquarws, darik F’hO&OV\,
CP-odd... dark SU(“))
Asvm DM...

We have not found any concrete sign of new physics ... yet!
24 Looking at unusual topologies and hidden corners of the phase space

_ — signature based searches, using benchmark models.




What are the ingredients for a simplitied/collider-friendly New Physics model?

YOURIRECIPE
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g§Basic Ingredients:
k- Generic signatures

i+ Evades constraints

$+ Manageable no. of parameters
g€ Promising dark matter candidate
§ - ability to satisfy relic density (if predicting DM candidate) ___ {
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| Spices/garnishes:

» Wide range of possible signatures

'+ Interesting phenomenology

' Potential synergies

» decays: prompt vs LLP vs invisible

i * resonant vs non-resonant production ig
» complementarity with direct/indirect detection (if predicting DM )
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WIMPs
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The miracle... WIMPs motivated by

h cosmology (production mechanism of thermal freeze-out, expected to
have right relic density) |
I« particle theory (i.e. present in many BSM models) “

|+ particle experiment (acceSS|bIe in Current and near-future energy scales)
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gDirect WIMP production of yy pairs is .
finvisible :
£~ must look for signatures of WIMPs
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Efficient production now
(Particle colliders)

If SUSY: pair of squarks/gluinos - neutralino WIMP (i.e. MET)

MOU uone|iyiuue jualioiyg

Efficient scattering now Feng (2008)
(Direct detection) Simplified models: DM + few other particles - few defining parameters

Complementarity of various WIMP dark matter
detection methods -



WIMPs

CMS Collaboration, V. Khachatryan et a

unparticles in monojet events in proton?pi . o . o |
C75 (2015), no. 5 235, [arXiv:1408.3583 JetS: and missing transverse momentum in pp collisions at 1/s= 13 TeV with the

A'TLAD Collaboration, . A ATLAS detector

Search for new phenomena with top quark pairs in final states with one lepton,
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ATLAS uses the Higgs boson as a tool to search for Dark
Matter

29th October 2020 | By ATLAS Collaboration
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| Phaic Reny AN (9N14) 019004 [avrYir- P 5

ATLAS Collaboration, G. Aad et al., Search for State at \/ s = 13 TeV with the ATLAS detector
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energetic
the ATLA Search for direct pair production of supersymmetric partners to the T lepton in proton-

—— nically
ur. Fhys proton collisions at /s = 13 TeV  TeV

WUUWH vIiv . . 6

with the CMS Collaboration « Albert M Sirunyan (Yerevan Phys. Inst.) et al. (Jul 30, 2019) L7] .

Published in: Eur.Phys.J.C 80 (2020) 3, 189 « e-Print: 1907.13179 [hep-eX]




Over the years, hund
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29th QOctobger 2020 | By AT
missing 1transverse 7

Phys. Rev. D90 (201
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Published in: Eur.F

Missing transverse momentum,
inferred from momentum
conservation
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Dark Matter particle
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Visible particles:
photons, jets
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arXiv:2102.10874 Model assumptions - more models can be/are tested

WIMDS MQDQ_X @ HT u‘T uHC ATLAS e peced mits 20, Current exclusions:

(s =13 TeV, 139 fb” Expecied Mt 10, In the region mZA > 2m,, mediator

Vector mediator o Fxpected ”,m i.t PDF @ scale )( :
. L A Observed limit (+ 16, )
Dirac fermion DM ==== Relic density, Q1" > 0.12 MasSSsSes up to about 2.1 TeV are

g,=025¢9 =10 —— ATLAS{s=13TeV, 36.1 b’

95% CL limits on/off-shell transition 'eXCI uded for m — 1 Gev

X

Region excluded
by this search

g
e
<
.

........... 3 Model produces

SERES Phys. Rev. D 103, 112006 (2021)
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m, [GeV]

ATLAS Simulation Preliminary
Vs=13TeV,3000fb" ——3o0

. . ---- 5
Axial-Vector Mediator ©

Mono-jet: WIMP pair production with ISR gluon oxp. 65 1, th. sys. x

Dirac Fermion DM
exp. sys. x1/2, th. sys. x1/2

9, = 0.25, g = 1

exp. sys. x1/4, th. sys. x1/4

Projection from Run-2 data /

HL-LHC case study: WIMPs are pair-produced from the
s-channel exchange of an axial vector Z, mediator

Z, couples to neutraline (x) and to gluons (g)

————

HL-LHC discovery potential/exclusion power

0 500 1000 1500 2000 2500 3000

(mono-photon plots in Backup slides) m, [GeV] 10



https://doi.org/10.1103/PhysRevD.103.112006

WIMPS: di-lepton resonances @ HL-LHC

Resonance searches u,suad.tv charactkerised by prc;:»dm:&wm toupi.ing and resonance mass — cietaj fmuptiaf\g

replac:ed bv branching fraction.

Preferred benchmark model for 2/ is the Sequential SM (follows similar coupling pattern as SM 2) or the
lepton-specific 2’ that can explain the g-2 anomalies.

HL-LHC case study: Narrow resohance decaying to ee, mm i two models, Zgg, and Z, — Dilepton continuum
bleg. from EW production via DY lower than Z’ masses — extends the discovery potential of Zgoy to 6.3 TeV.

CMS Phase-2 Projection 3000 fo™ (14 TeV, ee + pp

Exp. 95% CL limit, median
I Exp. (68%)
[ ] Exp. (95%)

Exp. 95% CL limit, median (Run 2)
[ ] Exp. (68%) (Run 2)
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. e \ e G- aw, Olep. 01014293 AT AG Preliminar
Current collider bounds have excluded most of the naktural SUSY -, somsnouzy B S PISITAELY

G~ qaWx, 0 lep. + 1lep. [2010.14293, 2101.01629]

PO\T'OLM eker s PO\&Q g~ a2 % 2 lep. OS SF [2204.13072]

g— qﬁWZi:J =7-12jets+1lep. + =2lep. SS
[2008.06032, 1708.08232, 2307.01094]
g— qG(II/vv)iZ? via/v 2lep. OS SF + = 2 lep. SS [2204.13072, 2307.01094]

* Most strongly coupled SUSY models assume existence of discrete s
= 1y [2206.06012]

Q“F?Qri&:j svmmeﬁrv [@.\/QM F’&T’i&j ‘fOT‘ SM, odd F’&T’E&j {01’ SUSY Colours indicate diferent modes
parﬁv\ers] — leads to sEabEL&Ev of LSP (neutral & DM candidatbe)

* R? violation possible (can explain flavor anomalies) — leads to Y L AW
highly kadranic:/tep&mmic c&ecavs of heavy coloured SUSY particles m(@) [GeV]

g (R-hadron)— qq )”(? ; m()”(?) =100 GeV August 2023

@ RPC 0L 2-6 jets (36 fb) arXiv:1712.02332 ATLAS Preliminary
RPC OL 2-6 jets (36 fb' ATLAS-CONF-2018-003
- Jets (36 ) -G Expected

—— Displaced vertices (33 fb') arXiv:1710.04901
Pixel dE/dx (140 f6') arXiv:2205.06013 -e- Observed
Pixel dE/dx, calo ToF (140 fb') ATLAS-CONF-2023-044 s 1
-®- Stable charged (36 f6') arXiv:1902.01636 s=13 TeV, 36-140 b
— Stopped gluino (103 ') arXiv:2104.03050 95% CL limits

* Weaw*tv thteracting SUSY bounds is

W
o
o
o

* skringent Limits for squarks and gluinos with large mass difference
b/w relevant states

ATLAS Preliminary 8TeV,20.3fb-! Zc[é,/3] arXiv:1403.5294
/5 =13 TeV. 140 fb-! Soft 2¢ fcé, @] arXiv:1911.12606
VS = ,

2¢ ?cle, )  arXiv:1908.08215
pp—-¢} pe[ g, Z—)é’)'(? 20, Am=m(W) ¥c[é,g]  arXiv:2209.14035

B 27 hadronic P=1 ATLAS-CONF-2023-029
All limits at 95% CL LEP i excluded
- QObserved limits

Lower limit on m(g) [GeV]
o
o
o

N
o
o
o

= = Expected limits

10/ 1 10; |

(r form=0, py=1) Beampipe ilnner DetectorfCan MS
| : k ™ | | I

102 10 1



https://cds.cern.ch/record/2871728/files/ATL-PHYS-PUB-2023-025.pdf
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HL-LHC case studies: processes with small cross-sections (EWK sector) and small mass splittings

EWKinos (wino-, bino-, higqgsino-like) have masses O(100 GeV) — accessible ab HL-LHC

wino-like 777, ) with Wz déic‘wj

ci:,s«toverv po&en&mt reaches V920 eV

Wino %* %, = W* %, Z %, — 3L + MET final state

1200 ATLAS Simulation Preliminary

s=14 TeV, 3000 fb™
ATLAS 13 TeV, 36 fb™

95% CL exclusion (1 o,,), multi-bin
50 discovery, inclusive
All limits at 95% CL

QOO 600 700 800 900 1000 1100 1200 1300 1400
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CMS Phase-2 Simulation Preliminary 3ab’ (14 TeV)
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Direct production of hnggsmo s&a&es,
with mass degenerate 77 and

states:

d.nsr:averv potential ~ 250 GreV, for 15

GreV mass difference wrk Lightest 7

Staus can give the correct DM relic
density in the 7’ —7 coannihilation
region — challenging collider signatures

ATLAS Simulation Preliminary  Baseline Uncertainties
(s=14 TeV, 3000 b’

o o Tpt 95% CL exclusion (= 10,,y)
All limits at 95% CL 7, 95% CL exclusion

T 95% CL exclusion

Tg . * So discovery

7, : 50 discovery

100 200 300 400 500 600 700 800 900 1000
m() [GeV]
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HDM+a

2HDM containing an additional pseudas&amr bosown which

mediates the interactions bebween the visible and the dark

sector

- gauge invariant & renormalisable extension of simplified
Pseudasaatm model

- DM candidate: singlet under SM gauge group, usually a
Dirac fermion

- CP-odd mediator [pseudo scalar to bypass constraints
fyom DD

FREE PARAMETERS OF THE THEORY:

xmasses of the heavy Higgs (my = my = my,)

*mass of pseudo-scalar mediator, ma

*mass of DM particle, m,

* sine of mixing angle b/w CP-odd states a & A, sind
«VEV ratio, tanf

14



7 )M+a HL-LHC case study: 4 benchmark models with
' different Llight/heavy CP-odd/even ny, with

FREE PARAMETERS OF THE THEORY: different 0.
xmasses of the heavy Higgs (my = my = my.) Study targets models decaying into four top-
*mass of pseudo-scalar mediator, ma quarks,

«sine of mixing angle b/w CP-odd states a & A, sind Search barqets final state with 2 same-charge L or

> 3 L, as well as at least 3 b-tagged jets.

—— — — E— — — _ — _ e e

Exclusions: For sind < 0.36, ma € 1 TeV expected to be excluded for mH = 600 GeV.
30 s expected if mH = 600 GeV and sin 6 = 0.35 (benchmark is expected to be excluded for all pseudoscalar
masses and for sin 6 < 0,35 if wa = 200 GeV)

sl B > 095 also expected to be excluded for ma = 350 GeV, mH = 1 TeV. Finally, sin 8 < 0.4 is excluded for wH
=600CGreV,ma =200Crey,.

ATLAS Simulation Preliminary

_1 - . . . .
f—=2:) 4(1) TeV, 3 ab Same Sign SR, m_= 600 GeV, m_ =200 GeV ATLAS Simulation Preliminary

Limits at 95% CL Same Sign SR, m, = 1 TeV, m,_ =350 GeV
2HDM+a model Multi-lep SR, m =600 GeV, m, = 200 GeV

's=14TeV, 3ab” . . .
u = 200 Same Sign SR, m =600 GeV, sind = 0.35

Limits at 95% CL Same Sign SR, m_=1TeV, sin6 =0.7
2HDM+a model Multi-lep SR, m =600 GeV, sin6 = 0.35

Multi-lep SR, m, = 1TeV, m_ = 350 GeV
Multi-lep SR, m, = 1 TeV, sin6 =0.7
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B. Shuve

Long-lived particles

Long-lived particles exist because SM is aquiwed with approximate
symmetry (fLavor) and hierarchy of scales (QCD vs electroweals),
— some particles are more long-lived than others

Any hidden sector with more than one particle in it generically
contains unstable particles — often long-lived due to tiny SM
portal couplings being the only decay (and collider production)
channel

Same kinds of models malke DM or LLPs (depending on the disappearing or

displaced kinked tracks
stabilising symmetry being exact or slightly broken) mukiracSuiE — N
(converted) photons

SUSY & DM models with aamyressed A SS spéc&ra generate long A [
Lifetimes for charged particles [0(ns)] ep Y] leptone P AN emerging ets

lepton pairs

trackless,
| low-EMF jets

Different possible collider signatures R 4
quasi-stable

. : : charged particles
multitrack vertices in the Q

muon spectrometer

A



https://hrussell.web.cern.ch/hrussell/images/graphics/LLP_overview.png
https://indico.cern.ch/event/714087/contributions/2985914/attachments/1650488/2641192/LHC-LLP_Shuve.pdf

Long-lived particles & SUSY

Gluino R-Hadron, g—qqy°, m(x°) = 100 GeV

HL-LHC Case study: ZZZZ ATLAS Simulation Preliminary

LL? decaying within tracking volume — signature of displaced o | T8=14TeV, 3000, Allimits at 95°% CL, nB=1.8 43
vertex and MET (long-lived gluinos cle«am%hg o SM quarks and 0

neutraline used as a benchmaric) 3200

Full silicon inner tracker (ITk) for ATLAS increases search 3000

sensitivity: potential to discover R-hadrons with Lifetimes from 2600~ == Expected Limit (+1.2 0,,)

0.1 ko 10 ns wikth masses up to 2.% TeV 2600F-— 30 evidence

— 50 discovery
2400

2000 — ATLAS 13 TeV, 33 fb"' (observed)
Phys. Rev. D 97 (2018) 052012

Pure Higgsino

ATLAS Simulation Preliminary 200008 06 -04 -02 0 02
\s=14 TeV, 3000 fb™, u = 200

All limits at 95% CL

Prospective studies for disappearing tracks searches using
- - - - Expected limit simplified models of 7| production — factor of 2-3 more sensitive
P A1 P

Disappearing tracks

[ Softleptons than Kun-2 mass reach
[ ] LEP2 exclusion

50 discovery

400




(Long-lived) Dark-photons

Compelling scenario in search for dark forces and other
portals between the visible and dark sectors is that of the
dark photon A’

Vector Portal: Add a U(1) whose massive "dark” qauqge boson mixes
kinetically with SM photon

Higgs Portal: Add dark scalar singlet that spontaneously breals
U(1) and mixes with SM Higgs

Hidden Valley: sector of dark particles, interacting amongst
themselves

Lowest particle in V’aitev forced to decay to SM due to mass
gap or symmetry
“Portal” coupling both ko SM and HY operators, can be A’

18



(Long-lived) Dark-photons

F:o\ufowsM’vmfzucz{mmamﬂ\f@tamsM’jwz.upam model ;

Pair of dark fermions produced in the Higgs boson decay

dark fermion decays in turk to a dark photon + a Lighter dark fermion
assumed to be the Hidden Lightest Stable
Particle (HLSP).

dark photon (vector mediator) mixes iinetically with the SM photon and deaavs
to leptons or Light hadrowns.

Dark SUSY

Dark SUSY:
Neubralino — dark photon and susy DM, and dark photon cie«t:aviv\g to
pair of leptons

Neutraline — susy DM, and pair of dark photons ciee‘::a\vur\g; to pair of
leptons

Can be prompt or displaced (long-lived)

19



(Long-lived) Dark-photons

HL-LHC Case study: LHCD focuses mainly on Light dark photons, dark scalar and ALPs (i backup!) — dark
photons in (Run-3 &) HL-LHC gain from new NN-based PID on &GPUs deployed recently [triggerless readout

enabled bv Allen (GPU HLT)] — wnobt well reflected on these praje&&ioms pi.c:-&s {quah&a&&ve eskimake pendiy\g]

CMS Phase-2 Simulation Preliminary (3000 b, 14 TeV)

—
<
[\

Dark SUSY with BR(H — 2 y_+ X)=20%

|:\ exclusion

—
S
w

—
<
H

Kinetic mixing parameter €
e
(&)}

10°®

The mixing term, €, can be interpreted as the ratio of the dark force strength to

the EM force strength — long y, lifetimes = small values of €

—r
<
~

HL-LHC Case sEu,ci.v The CMS case sEu.cij relies on the dcspta&ed
standalone algorithm (DSA) that is designed to gd@.m&ufj highly

displaced muons — malees the Llower € ranages accessible. e
4 9



https://indico.cern.ch/event/1340162/contributions/5883476/attachments/2856678/4997996/Dark%20Photons.pdf
https://arxiv.org/pdf/2203.07048

AlLS
* New psamdo»s&atar particles, with Lagrangian

interactions governed by discrete shift
symmekry,

x Characterised by a decay constant, f,
assoctated with the PNGR nakture — AL?
masses can be treated as a free parameter

LHCbyy 300 fp-1 Y3 "

HL-LHC Case studies:
— LHCb: tarqebs Liqht ALPs that interact with

SM via a::oupi.ihg to gluoks or pho&amsﬂ
Produced via a —> nar and a —> 37

«10° h—aa— 2u2t
CMS

Projection

Sayy [GCV_I ]

—e— 36fb"

-
o
N

—e— 300 fb™, with YR18 syst. unc.
—e— 3000 fb™, with YR18 syst. unc.

mmcommmonmom“..“..
...

m, |GeV]

— CMS: H = aa —> 2u27 projections available

&
=
(o]
1
(1]
o
1
<
ACD
5’ 2
b |0
c
(@]
=
1
(@]
2
0H
(@)

15 20 25 30 35 40 45 50 55 60
m, (GeV)




Leptoquarks

* Particles thal wmediake quark <—> L@.F:EOM conversion

* 3rd generation LQs gained btraction as an elegant and
pr@ferred explanation for flavour anowmalies

we nfor LQs with large COMPLLMQ$ o mLQ>

* Current LHC constraints on m;, reaches ~ 1 TeV [production
€ hadron colliders driven by strong interaction]

* HL-LHC case study: single & pair-produced 3rd gen scalar
LQs, where LQ — 70 [hadronically decaying 7 and 1/2 Jets]

* Single production: exclusion 1130 GeV/ discovery §00 GeV

* Pair production of L& is model-independent

pp - U U* HE-LHC proj.

CMS sim, 3 ab™

I

| =
1~
I 1
I =
I =

CMS

Projection
—— w/ YR18 syst. uncert.

w/ stat. uncert. only
- 50 discovery

1000 1200 1400 1600

1800 2000
M q [GeV]

Expected significance [o]

o/ Otheory



https://arxiv.org/abs/1812.07638

Potential for reinterpretation

Whether measurement or search, LHC results are effectively a measurement of the no.
of events/cross-section in a particular phase-space.

Precision measurements @ (HL-)LHC can also act as a probe for new physics
—>» ALLOWS T0 PROBE BSM PHYSICS WITH SIMILAKR FINAL STATES

Example: Constraining the dark sector with the mono-jet signature Example: Constraining 2HDM+a using analyses in CONTUR

{s=13TeV, 139 fb” ATLAS Preliminary Leading CLs analysis pools

: Js \
: my=125GeV oo researchers tried and researchers failed to

failed to reproduce reproduce own
others' results results

: Monojet

: —mg=5GeV

; —ms=35GeV \\..’
: —— mg=55GeV b ’

\—,

:  ATLAS-CONF-2021-005 EPJC 79 (2019) 481 : 13.GAMMAY = Sl s g
 ATasco it e ONTUR Etoollil exploits the fack
E ms — 15 Gev § ATLAS.13.LL.GAMMA

5 - - - m, =40 GeV - that particle-level differential

. JHEP 10 (2018) 031 arXiv:2102.10874 e s by :

. --@- m, =20 GeV ® H->inv (Monojet measurements made in fiducial
: --@- mg=30GeV ATLAS-CONF-2020-052 . :

--@= m, =60 GeV O H—inv (Combination) T'QSLOV\S 0& Fho‘sems[‘w‘te h&\/@. 2%

‘/
A
\

10° 10* 10° 10?% 10° high deqgree of model-

Lmdependevxte.

s BSM physics is close enough to the EW symmetry-breaking scale to be within

function of the s particle proper decay length, compared | | direct reach of the (HL-)LHC? — Combination of measurements in CONTUR, and

to declicated searches specific searches for less generic final states (such as LLP, or dark showers) could
answer It.



https://hepcedar.gitlab.io/contur-webpage/introduction.html
https://indico.jlab.org/event/459/contributions/11671/
https://cds.cern.ch/record/2772627/files/ATL-PHYS-PUB-2021-020.pdf
https://hepcedar.gitlab.io/contur-webpage/results/Pseudoscalar_2HDM/index.html

Food for thought: DM Complementarity going torward?

[Inspired by link]

Mulkiple observations, experiments and coherent theories are needed
for DM discovery

® Observations motivating DM arise from astrophysics & cosmic

F’T’C}bé‘;s " = i#
o Theoretical frameworks are crucial to put different observations ‘ \'1".""; .
inko conkext -y ““L
o Direct Detection - can discover DM with cosmological origin \, ' P : o =
® - can probe decays of cosmological DM into SM ‘g N

par%iat&s
e Colliders / accelerabtors - can Pradu&e DM and erab@. ks dark
inkeractions
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https://docs.google.com/presentation/d/1ztDVjch2EYikMHQoPTB8BJebwVYyhQaOHk-Hyzl77Mo/edit#slide=id.g13d3c7f2dd4_0_55

I'VE NOT SEEN THE Sain-wiiGet ioes

Cconclusions 3'}‘ e
BUT I HEAR IT'S TO DIE FOR!

e Several avenues of BSM sector open for expi.ara&iah @ HL-LHC

e (reneral idea evolving around the need of more signature
based searches

@Mutﬁpt@. pro\}eﬁ&oms and case-sktudies available

@SE@;[OS o enhaince chances akb d&seoverj/ex&es«ded exclusion

“ Along with ‘Antimatber, and ‘Dark Matter
® By c&evetopmg a search program spanining across enerqy scales, as we've recently discovered the existence of

“Doesn’t Mattey’ which appears to have no
effect on the universe whatsoevey.”

unbiased as possible, starting with HL-LHC
® By extending searches for BSM particles with the highest possible lab-

accessible masses A LECTURE AT

® By constraining properties of SM - DM mediators and/or portal

interactions, using both wmeasurements and searches WH ATS A M ATTER U
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ATLAS / Expected Limit (1 o) /

(s=13TeV, 1390 = __ o . Current exclusions:

Axial-Vector média_tér Obsewéq-tihit (F1o,,.)
DiracDM /=
gx=1 gq=0.1 /,g|=0:_.:1

95% CL limits

Mediator g¢  Mmed [GEV] m, [GeV]
Axial-vector ) 0 1460 x

Axial-vector . 0.1 920 € 280

Relic'aensity

/

Vector ) 0 1470 X(]
Vector ) 0.01 950 400
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Myeg [GEV] AR s DS IS A0 220 e

ATLAS Simulation Preliminary
Vs= 13 TeV, 3000 b
Projection from Run-2 data

—®— Giheo PP->AXY
--¥- 95% C.L. Expected limit

[ ] 95% C.L. Expected +1c upper limit
[ ]95% C.L. Expected +2c upper limit

Mono-photon: WIMP pair production with ISR photon

WIMPs are pair-produced from the s-channel exchange of an axial

Cross Section [pb]
2

vector Z, mediator

—L
<
w

Z, couples to neutralino (y) (g ) and to gluons (g )

HL-LHC discovery potential/exclusion power

300 400 500 600
X, Mass [GeV] 27



https://cds.cern.ch/record/2805993/files/ATL-PHYS-PUB-2022-018.pdf
https://doi.org/10.1007/JHEP02(2021)226

