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What lies beyond the Standard Model?
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What lies beyond the Standard Model?

Some patterns emerge...
are they features of an

FERMIONS unknown symmetry?
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https://www.hep.phy.cam.ac.uk/~thomson/

What lies beyond the Standard Model?

1E+30 eV
1E+27 eV
1E+24 eV
1E+21 eV
1E+18 eV
1E+15 eV
1E+12 eV
1E+09 eV
1E+06 eV
1E+03 eV
1E+00 eV
1E-03 eV

The LHC
is the only accelerator that can

Planck Scale directly probe energy scales

above the weak scale

What’s happening here? SM Measurements

can probe higher energies and
hint at deviations (given enough precision
and luminosity)

CMS Top BSM
B. Yates

4:30 PM Tues.

Electroweak Scale

Lepton Massesl Quark Masses

Direct searches
are our only chance at understanding
the physics behind any low energy deviations



https://indico.cern.ch/event/1218225/contributions/5383829/

What lies beyond the Standard Model?
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WIMPs?  axions/ALPs?
gravity!


https://www.nature.com/articles/ncomms7935
https://astrobites.org/2016/11/04/the-bullet-cluster-a-smoking-gun-for-dark-matter/

What lies beyond the Standard Model?
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Source of CP violation?
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Source of EWK symmetry breaking? Gauge coupling 50
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https://tikz.net/higgs-potential/
https://www.physics.purdue.edu/jung/
https://www.researchgate.net/figure/Gauge-unification-doesnt-work-in-the-Standard-Model-the-three-gauge-couplings-a-1-a-2_fig2_307904630

What lies beyond the Standard Model?
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What lies beyond the Standard Model?

1E+30 eV
Planck Scale
1E+27 eV
1E424 oV This region is particularly interesting:
TELo1 eV WIMP dark matter
What’s happening here?
1E+18 eV Natural SUSY / any other top partner
1E+15 eV Probe the Higgs potential
1E+12 eV — Look for novel Higgs decays
Electroweak Scale l
1E+09 eV

I Quark Masses ATLAS BSM Higgs

LSS VCNA\ARE | epton Masses P. Thompson

1E+03 eV
1E+00 eV | e
1E-03 eV

2:15 PM today

Neutrino Masses


https://indico.cern.ch/event/1218225/contributions/5383964/

What lies beyond the Standard Model?

Building for Discovery Science drivers for High Energy Physics:

Strategic Plan for U.S. Particle Physics in the Global Context

*Use the Higgs boson as a new tool for discovery
*Pursue the physics associated with neutrino mass
*dentify the new physics of dark matter

« Understand cosmic acceleration: dark energy and inflation

*Explore the unknown: new particles, interactions,
and physical principles.

At least 4 addressed by the BSM program at the LHC!


https://www.usparticlephysics.org/wp-content/uploads/2018/03/FINAL_P5_Report_053014.pdf

Where are we now?

NOW

LHC
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Where are we now?

Total integrated luminosity (fb™1)
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2015, 13 TeV, 4.3 fb~!
2016, 13 TeV, 41.6 fb~!
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2022, 13.6 TeV, 42.0 fb
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults

Where are we now?
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults

Where are we now?
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults

Where are we now?
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults

Where are we now?

;LZ;QQL -
— - = e : - '
. 5 4 : —~— Feed N <] CMS Expe(iment at the LHC; CERN
LN ¥ ., ' \ S — 3 “Data recorded; 2016-Oct-14 09:56:16.738952 GMT
Bun/ENent/LS:283171/142530805/254\‘ ‘

N

ATLAS

EXPERIMENT

HL-LHC tt event in ATLAS ITK
at <u>=200

oiP(13TeV) =80.0mb
oiP’(8TeV)=173.0mb
o’ (7TeV)="71.5mb

0 20 40 60 30 100 120 140 160 180 200 220


https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults
https://twiki.cern.ch/twiki/pub/AtlasPublic/EventDisplayStandAlone/2012_highPileup.png
https://cds.cern.ch/record/2674770
https://cds.cern.ch/record/2231915

Where are we now?

In the calm before the storm

7 Ll T

Right now:
a chance to design searches that incorporate everything we’ve
learned so far, before physics gets a lot harder to do


https://www.artic.edu/artworks/24645/under-the-wave-off-kanagawa-kanagawa-oki-nami-ura-also-known-as-the-great-wave-from-the-series-thirty-six-views-of-mount-fuji-fugaku-sanj%E7%AC%9Brokkei

Hunting for resonances

e (lassicsearch concept:
[dentify a potential BSM particle that decays to visible products, and search for a resonance

o Devil isin the details: interpretation depends strongly on assumptions about line shapes
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-20-012/index.html

Mass Range

Hunting for resonances ®

1 GeV 100 GeV 10000 GeV

e (lassicsearch concept:
[dentify a potential BSM particle that decays to visible products, and search for a resonance
o As mass increases, W/Z have boosted decays; cannot resolve di-jet system
o Generic selections: can use upper limits to apply exclusions to many models
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-10/

Mass Range

Hunting for resonances ®

1 GeV 100 GeV 10000 GeV

e (an even use resonances to search for explanations for neutrino mass
o Heavy neutral lepton searches can be interpreted as heavy right-handed neutrinos
In this search, they couple to a right-handed gauge boson
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-39/

Hunting for resonances

Mass Range
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-005/index.html

Mass Range

Hunting for resonances >

1 GeV 100 GeV 10000 GeV

e How to use this approach in new ways?

o (Can also target lower masses via associated production (at the cost of
lower cross-section)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2020-12/

Mass Range

Hunting for resonances ®

1 GeV 100 GeV 10000 GeV

e How to use this approach in new ways?
o Or, use the information from the measured protons to infer the mass of an invisible particle
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https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-009/index.html

Mass Range

Hunting for resonances «®

1 GeV 100 GeV 10000 GeV

e How to use this approach in new ways?
o Take advantage of forward systems, like the ATLAS Forward Proton spectrometer
o Reduce backgrounds by checking consistency between photon kinematics and proton E loss
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-28/

Hunting for resonances

o 1M

T T T T T 1 T T T T T TTT T[T 95% CL upper limits
o | T pp

_ ATLAS Preliminary ~ Vs=13TeV, 3.6-139fb ™'/ /| — Observed
e Across all these methods, able to Tm,=0.15 July 2020

consider wide range of masses 0.5
and potential couplings

--- Expected
______________________________________________ 1 — Boosted dijet + ISR
36.1 b

Phys. Lett. B 788 (2019) 316

4t I/m,=007_____________ ' — Boosted di-b-jet + ISR
O e o ey SE ) a ATLAS-GONF-2018-052

—— Resolved dijet + ISR

79.8 & 76.6 fb
Phys. Lett. B 795 (2019) 56

Resolved di-b-jet + ISR

79.8 & 76.6 fb~
Phys. Lett. B 795 (2019) 56

—— Dijet TLA
36&29.3f"
Phys. Rev. Lett. 121 (2018) 081801

— DI-b-Je’[
24.3 & 139 fb"
Phys. Rev. D 98 (2018) 032016
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ATLAS Leptonic
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R. Schimmel
3 PM today 0.1

Y + jets

JHEP 03 (2020) 145
—— Dijet

139fb"

JHEP 03 (2020) 145

—— Dijet angular
Phys. Rev. D 96, 052004 (2017)

CMS Di-Muon B ly*,| < 0.3 <\
Mg AT I_AS 0-05 B 'o‘* }et trigger | tt resonance, 1L
Z. Wang Resonances 0.04 | Axial-vector mediator "’ _ Eur, Phys. J.C 78 (2018) 565
6 PM today B. Leban 003 g, =1.0 \J izl <056 — fresonance, 0L
SERREECE VU100 200 1000 2000 oot s fotor
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/ATLAS_DarkMatterCoupling_Summary/ATLAS_DarkMatterCoupling_Summary.png
https://indico.cern.ch/event/1218225/contributions/5383796/
https://indico.cern.ch/event/1218225/contributions/5383796/
https://indico.cern.ch/event/1218225/contributions/5384870/
https://indico.cern.ch/event/1218225/contributions/5384870/
https://indico.cern.ch/event/1218225/contributions/5383793/
https://indico.cern.ch/event/1218225/contributions/5383793/

Looking for missing energy

e Biggest weakness of resonances searches is systems in which we
don't reconstruct all the decay products

o Specialty of SUSY and Dark Matter searches
o Look for missing energy plus specific decay topologies

CMS EWK SUSY
P. Matorras-Cuevas
4:45 PM Tues.

ATLAS Dark

Matter
J. J. Teoh

2:45 PM today

CMS Dark Matter
S. K. Bright-Thonney
5 PM Tues.

CMS Photon

F. Rizatdinova SUSY
3:15 PM today M. Paulini

5:15 PM Tues.
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https://indico.cern.ch/event/1218225/contributions/5383928/
https://indico.cern.ch/event/1218225/contributions/5383928/
https://indico.cern.ch/event/1218225/contributions/5383934/
https://indico.cern.ch/event/1218225/contributions/5383795/
https://indico.cern.ch/event/1218225/contributions/5383823/
https://indico.cern.ch/event/1218225/contributions/5383973/
https://indico.cern.ch/event/1218225/contributions/5383973/

Looking for missing energy

* Biggest weakness of resonances searches is systems in which we P

Mass Range

1 GeV 100 GeV
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yp //// o

O

O

Specialty of SUSY and Dark Matter searches e
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Look for missing enerqgy plus specific decay topologies
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-21-009/index.html

Mass Range

Looking for missing energy L

100 GeV 10000 GeV

In SUSY, well-defined cross-sections give
clear targets

o Biggest challenge is a spectrum with only
EWK particles at accessible masses
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-009/

Mass Range

Looking for missing energy e

1 GeV 100 GeV 10000 GeV

e |n SUSY, well-defined cross-sections give : / : > ...... S
clear targets 25 AR Sl A
= BiggeSt Cha”enge iS a SpeCtrum With Only p ﬁ(/dzé p %(1)«’,/}1@ p ﬁ«’//H@
EWK ri ‘ i ‘ m D 52(1) U G p 559 N & ) 52(1).\ ....... &
particles at accessible masses . .
o Huge recent effort on CMS to combine :
. .. _ 700CMS Preliminary 137 fb' (13 TeV) \ P / s
analyses for improved limits = O o wait |
1772 1771 10 -
104 pp, VS =13 TeV, NLO+NLL - NNLOappres+ NNLL (.2. 600 — Observed + 1 Gtheory N|_O+N |_|_ exc|_ P E T~a \ cee X(ll
— & — 1% (biggsino) ol 2331 Expected + 16, oo )
. S A b s00| — JHEP03(2018)160 (observed) ’

10?

R iL, RIL,R

‘e 7

L 2

£ 10° L et

c P

.Q ’/

Y] /, ‘-\ RN

2 300 i S

g 10-2 4

g 10

107 1

95% CL Upper limit on cross section [fb]

-_LI IIIIIII| l IIIIIII| | IIIIII‘J

250 500 750 1000 1250 1500 1750 2000
particle mass [GeV]

1 I | 1 | I 1 1 | I | 1 | \l 1 :I I |l | 1 1
200 400 600 800 1000 12

o
o



https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-21-008/index.html

Including unconventional signatures
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/IDTR-2021-03/

Including unconventional signatures

e (Old displaced tracking filters separated
searches like these:

o Long-lived sleptons vs. semi-long-lived
sleptons —in Run 3 could merge for even
stronger limits
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-018/

Including unconventional signatures

e (Can extend heavy neutral lepton searches to long lifetimes
o Likely scenario due to potentially small eftective coupling to W

© DNN jet tagger allows for application to a wide range of lifetimes
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-013/index.html

Mass Range

Including unconventional signatures ®

1 GeV 100 GeV 10000 GeV

H/Z
® |LPsearches notjustlimited to the tracker

o New result from ATLAS takes advantage of calorimeter timing
and pointing to find and vertex displaced photons
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2020-28/

Including unconventional signatures

ATLAS SUSY Searches™* - 95% CL Lower Limits

ATLAS Preliminary

[ ] [ ] [ ]
® Wlth aH thIS effort unconventlona\ " odel o
I Model Signature  [Ladt ('] Mass limit Reference
. L) L] L] L) L] L) L] L) I L) L] L] L] L]
4. 340 Oe,u 2-6jets  Ep> 139 1.85 m(¥})<400 GeV 2010.14293
° ° ° 8 mono-jet  1-3jets  EF® 139 g [8x Degen.] 0.9 m(g)-m(¥})=5 GeV 2102.10874
S g Oeu  2-6jets EP™ 139 |2 2.3 met))=0 GeV 2010.14293
= Z Forbidden 1.15-1.95 ¥1)=1000 GeV 2010.14293
& g 0 m(X1) e
& 28, 3—qqWi! Tepu 2-6 jets . 139 |2 2.2 m(¥})<600 GeV 2101.01629
gz, 2—qq(LOX) ee, pu 2jets  EP™ 139 | % 2.2 m(¥})<700 GeV 2204.13072
° ° D 73 zoqqWZ) Oeu  7-11jets EP™ 139 |2 1.97 m(¥') <600 GeV 2008.06032
% SSe,u 6 jets 139 |z 1.15 m(@)-m(i})=200 GeV 1909.08457
< g gt 0-1e,u 3b EPSs 139 | & 2.45 m()?g)<500 GeV 2211.08028
SSe,u 6 jets 139 |z 1.25 m(z)-m(¥})=300 GeV 1909.08457
o bib 0e.pu 2b  EMS 139 | B 1.255 m(¥})<400 GeV 2101.12527
by 0.68 10 GeV<Am(b; X1)<20 GeV 2101.12527
e X C u S I O n S s biby, by—b¥> — b\ Oe,pu 6b Eﬁ?ss 139 | b Forbidden 0.23-1.35 Am(/?o,:\;’?)~=0130 GeV, mu??);omoeev 1908.03122
= % 27 2b EPS 139 | By 0.13-0.85 Am (@3, X1)=130 GeV, m(¥})=0 GeV 2103.08189
8—-§ fi, >ty 0-leu  >=ljet EMS 4139 |7, 1.25 m(t))=1GeV 2004.14060, 2012.03799
2 8 i, 71> WhE, Teu  Bjetsb EP™ 139 | i Forbidden = 0.65 m(¥})=500 GeV 2012.03799
S i, i-Tby, 1116 127 2jetsN b EP™ 139 |4 Forbidden 1.4 m(71)=800 GeV 2108.07665
= L if, hock) /e, eoet) Oep 2c  Ep™ 361 |@ 0.85 mE°)=0 GeV 1805.01649
[elRS] Oep mono-jet  EF 139 i 0.55 m(f, ,&)-m(¥})=5 GeV 2102.10874
fii1, =0, X —7/hi) 1-2e,u 1-4b  EPS 139 | & 0.067-1.18 m(¥9)=500 GeV 2006.05880
hiy, h—h +Z 3e,pu 1b EPS 139 |4 Forbidden 0.86 m(¥})=360 GeV, m(7;)-m(¥})= 40 GeV 2006.05880
X0 viawz Multiple ¢/jets _ ER'“‘Z: 139 |40 0.96 . _,m@@)=0, wino-bino 2106.01676, 2108.07586
ee, > 1 jet T 139 X1 1X, 0.205 m(¥7)-m(¥1)=5 GeV, wino-bino 1911.12606
( M S I k | J t X1 via WW 2e,pu E?fss 139 | ¥} 0.42 m(¥})=0, wino-bino 1908.08215
T ra C e S S e S via Wh Multiple ¢/jets EP 139 | X;/¥; Forbidden 1.06 m(¥})=70 GeV, wino-bino 2004.10894, 2108.07586
A L A |_ L P - e /) /7 2e,u EP 139 | X 1.0 m(?,7)=0.5(m(¥})+m(t})) 1908.08215
_— = g 27 Eps 139 |7 [FL TR NONG0E) 0.12-0.39 m(t%)=0 1911.06660
. e n a O W= 7 g, 0> 2e,u Ojets ~ Ep™ 139 |7 0.7 m(tY)=0 1908.08215
| | L u t Z ee, i >1ljet EF 139 Iz 0.256 m(?)-m(¥})=10 GeV 1911.12606
. HH, H—hG|ZG Oe.u >3p  ES 361 |0 0.13-0.23 0.29-0.88 BR(Y} — hG)=1 1806.04030
5 . 3 O P M | u e S 4e.pu Ojets Epf™ 139 | j 0.55 BR(Y) — ZG)=1 2103.11684
C . . Oe,u  >2largejets EY™ 139 | A 0.45-0.93 BR(Y — ZG)=1 2108.07586
. u e S . >2jets  EpiS 139 | & 0.77 BR(Y] — ZG)=BR(¥} — 1G)=0.5 2204.13072
Direct X1 X7 prod., long-lived X7 Disapp. trk 139 |4y 0.66 Pure Wino 2201.02472
8 X1 0.21 Pure higgsino 2201.02472
()]
> % Stable g R-hadron pixel dE/dx 139 4 2.05 2205.06013
T Metastable g R-hadron, g—qg%) pixel dE/dx 139 | & [r(® =10ns] 2.2 m(¥})=100 GeV 2205.06013
S8 &I Displ. lep 139 |é&p 0.7 (%) =0.1ns 2011.07812
— ) 7 0.34 7(f)=0.1ns 2011.07812
pixel dE/dx EPss 139 |7 0.36 (H)=10ns 2205.06013
C | | S |_ L I YiXT X)X -zttt Sep 139 Pure Wino 2011.10543
_— YT 10 — wwyzeeeevy depu Ojets  EP™ 139 1.55 m(¥))=200 GeV 2103.11684
22, §—qa1, X1 > qqq 4-5 large jets 36.1 1.9 Large 17, 1804.03568
J L u O S i i B S bs Multiple 36.1 m(¥?)=200 GeV, bino-like ATLAS-CONF-2018-003
. & i, i—bX1, X1 — bbs > 4b 139 Forbidden m(¥%)=500 GeV 2010.01015
fif, i—bs 2jets +2b 36.7 0.61 1710.07171
. i, i—qt 2epu 2bh 36.1 0.4-1.45 BR(7, —be/bu)>20% 1710.05544
" u e S . 1u DV 136 1.6 BR(f; —qu)=100%, cos6,=1 2003.11956
X X311, 10, —>tbs, X1 —bbs 12eu  >6jets 139 [ 0.2-0.32 Pure higgsino 2106.09609
L L L L L L L L l L L L L L
* . . . —1
Only a selection of the available mass limits on new states or 10 1 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-005/
https://indico.cern.ch/event/1218225/contributions/5383794/
https://indico.cern.ch/event/1218225/contributions/5383826/
https://indico.cern.ch/event/1218225/contributions/5383828/

Overwhelming search program at the LHC!

e Huge search program at both experiments, going strong as we move towards Run 3 data
e BSM results going strong
e Huge amount of work on novel triggers for Run 3 BSM searches

o Stay tuned for next year's talk!
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