LHC Physics - BSM searches & beyond

%
/
/
/
.. / ~
f e - /4 » >
' - -
-: /ll ’ ..:
I.,F .0. -
. K
> '
. 3
[
e ° ..' Image:

ATLAS/CERN

Lydia Beresford
DESY Summer Student Lectures
05.08.25



Physics Goals of the LHC

Search for
New Physics

Jwikimedia


https://commons.wikimedia.org/wiki/File:Views_of_the_LHC_tunnel_sector_3-4,_tirage_1.jpg

Standard Model success

Standard Model Production Cross Section Measurements

ATL-PHYS-PUB-2024-011

Status: October 2023
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https://cds.cern.ch/record/2903866

Shortcomings of the Standard Model

- No explanation for Dark Matter or Dark Energy
- Gravity is not included in the Standard Model

- Doesn’t explain why the Higgs is so light
(hierarchy problem)

+ Does not explain matter-antimatter asymmetry
IN the universe
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https://www.researchgate.net/publication/362373320_Gravitational_Closure_of_Matter_Field_Equations_General_Theory_and_Perturbative_Solutions
https://arxiv.org/abs/1111.0710

Landscape of proposed New Physics scenarios iIs vast!
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Two ways of approaching this

Model driven

Start from a specific theory prediction
— design and optimise for that specific signal

Signature driven

Look for deviation from the SM anywhere
— look at specific final states (dijet, high MET)

Both strategies are followed at the LHC

Crucial: excellent understanding of Standard Model
backgrounds is needed!
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Resonance searches

Many models predict the existence of additional, so-far undiscovered particles
— Would likely find them through their decay products
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https://cds.cern.ch/record/2037379/files/DP2015_018.pdf

Dilepton resonances

Heavy partners of the known bosons e.g. Z' — £
Phys. Lett. B 796 (2019) 68
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LHC strength: high CM energy — sensitivity to so far un-probed high masses!
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https://www.sciencedirect.com/science/article/pii/S0370269319304721?via=ihub
https://cds.cern.ch/record/2651928

Dilepton resonances

Quiz: what is a grand unified theory?

Heavy partners of the known bosons e.g. Z' — £

Occur in e.g. grand unified theories (GUT)

q 4

Now probing masses up to 4 TeV
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https://www.sciencedirect.com/science/article/pii/S0370269319304721?via=ihub
https://cds.cern.ch/record/2651928
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https://link.springer.com/article/10.1007/JHEP05(2020)033

What about lower masses?

Experimental Challenge
LHC produces huge amount of jet events at low mass
— Single jet triggers highly prescaled at low masses

— New techniques needed
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What about lower masses?

Trigger On radiated CMS Pl’e/ImInal’y MarCh 2025 95% CL exclusions
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV#Dijet_Summary_Plot

What if the new resonance only couples to photons?

CMS
Axion-Like-Particle (ALP) — C = .
% 10 = BaBar LEP land II CDF
— =
Pb Pb(*) %- w PrimEx Belle Il
@) 1 = BES-IlI
: LHC
e (PP)
1 O = CMS
— (PbPb)
B Beam Dump N
102 S 04f
. S 0.3}
B ° 0.2¢
107°
« = 0.1 s
Pb Pb( ) 1 4 __ SN1897A E (PbPb)
0" E 0057567810 20 3040
B m, (GeV)
LOOk for narrow resonance inm 10—5 _3I I IIIIII|_2I I IIIIII|—1I I IIIIII| [ IIIIIII [ III|III2 || IIIIII|3 I
v 10 10 10 1 10 10 10
m, (GeV)

HIN-21-015 12



https://cms-results.web.cern.ch/cms-results/public-results/publications/HIN-21-015

Pb+Pb Light-by-light scattering candidate event

Candidate Event:
Light-by-Light Scattering

AI LAS Run: 366994 Event: 453765663

EXPERIMENT 20181126 18:32:03 Cest

PLB 816 (2021) 136190

x 7
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https://doi.org/10.1016/j.physletb.2021.136190

Pb+Pb Light-by-light scattering candidate event

Candidate Event:
Light-by-Light Scattering

AI LAS Run: 366994 Event: 453765663

EXPERIMENT 20181126 18:32:03 Cest

Pb Pb
photon

Quiz: why is this
event so clean?

PLB 816 (2021) 136190

x 7
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https://doi.org/10.1016/j.physletb.2021.136190

Exotics search summary plot - a subset

ATLAS Heavy Particle Searches™ - 95% CL Upper Exclusion Limits ATLAS Preliminary

Status: March 2023 [£ dt = (3.6 —139) b V5 = 13 TeV
Model (,y Jetsi ET*™ [Ldt[fb™] Limit Reference
I ] LI I ] L] L] L] ] ] L L] I L] L] L] L] 1 I 1 I I L} L] L]
. ADD Gkk +g/q Oeut,y 1-4)  Yes 139 | Mp 112TeV n="2 2102.10874
§  ADD non-resonant yy 2y - - 36.7 | Ms 8.6 TeV n=3HLZNLO 1707.04147
& ADDQBH - 2j - 139 | Mu, 94TeV n=6 1910.08447
S ADD BH multijet - >3] - 3.6 Min 955TeV n=6, Mp=23TeV,rotBH 1512.02586
© RS1 Gkx — yy 2y = - 139 Gkk mass 4.5 TeV k/Mp, = 0.1 2102.13405
= Bulk RS Gk —» WW/ZZ multi-channel 36.1 Gkk mass 2.3 TeV k/Mp; = 1.0 1808.02380
w Bulk RS gxx — tt 1e,u >1b, >1J/2] Yes 36.1 gkK Mass 3.8 TeV M/m=15% 1804.10823
2UED / RPP 1eu >2Db, >3] Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(A®Y - tt) =1 1803.09678
SSM Z’ — ¢« 2epu - - 139 Z’ mass 5.1 TeV 1903.06248
- SSM 7’ - 17 2T - - 36.1 Z’ mass 2.42 TeV 1709.07242
c Leptophobic Z” — bb - 2b - 36.1 Z’ mass 2.1 TeV 1805.09299
8 Leptophobic Z" — tt Oe,u >1b,>2J Yes 139 Z’ mass 4.1 TeV MN/m=1.2% 2005.05138
S  SSMW’ >ty Teu - Yes 139 | W’mass 6.0 TeV 1906.05609
® SSM W’ — 1v 17 - Yes 139 W’ mass 5.0 Tev ATLAS-CONF-2021-025
g’ SSM W’ — tb - >1b,>1J - 139 W’ mass 4.4 TeV ATLAS-CONF-2021-043
W] HVT W’ — WZ model B 0-2e,pu 2j/1J Yes 139 W’ mass 4.3 TeV gv =3 2004.14636
Q) HVT W’ - WZ — ¢v ¢’ modelC 3 e, u 2j(VBF) Yes 139 W’ mass 340 GeV gven=1,gr=0 2207.03925
HVT Z/ - WW model B 1epu 2j/1J  Yes 139 Z’ mass 3.9 TeV gv =3 2004.14636
LRSM Wgr — uNgr 2u 1J - 80 Wpg mass 5.0 TeV m(Ng) =0.5TeV, g, = gr 1904.12679
Cl gqqqq - 2] - 37.0 A 21.8TeV 1703.09127
_ Clttqq 2eu - - 139 |A 358TeV 2006.12946
O  Cleebs 2e 1b - 139 | A 1.8 TeV g =1 2105.13847
Cl ppbs 2 1b - 139 | A 2.0 TeV g =1 2105.13847
Cl tttt >teu 21b>1j Yes 361 |A 2.57 TeV |Cael = 4n 1811.02305
Axial-vector med. (Dirac DM) — 2] — 139 Mped 3.8 TeV 84=0.25, g, =1, m(x)=10 TeV ATL-PHYS-PUB-2022-036
=S Pseudo-scalar med. (Dirac DM) O e,u, 7,y 1-4j Yes 139 Mped 376 GeV gq=1, g=1, m(x)=1 GeV 2102.10874
Q Vector med. Z’-2HDM (Dirac DM) O e, u 2b Yes 139 mz/ 3.0 TeV tanp=1, gz=0.8, m(y)=100 GeV 2108.13391
Pseudo-scalar med. 2HDM+a  multi-channel 139 | ma 800 GeV tanp=1, g;=1, m(x)=10 GeV ATLAS-CONF-2021-036
Scalar LQ 1%t gen 2e >2j Yes 139 LQ mass 1.8 TeV B=1 2006.05872
Scalar LQ 2" gen 2u >2j Yes 139 | LQmass 1.7 TeV =1 2006.05872
Scalar LQ 3" gen 17 2b Yes 139 | LQj mass 1.49 TeV B(LQY — br) =1 2303.01294
C  Scalar LQ 3" gen Oe,u  >2j,>2b Yes 139 LQ; mass 1.24 TeV BLQy —» tv) =1 2004.14060
~ Scalar LQ 3" gen >2e,u,21721j,21b - 139 | LQ; mass 1.43 TeV BLQY — tr) =1 2101.11582
Scalar LQ 3™ gen Oe,u, 217 0-2j,2b  Yes 139 LO% mass 1.26 TeV B(LQJ — bv) =1 2101.12527
Vector LQ mix gen multi-channel >1j,>1b  Yes 139 LQ@ mass 2.0 TeV B(U, — tu) =1, Y-M coupl. ATLAS-CONF-2022-052
Vector LQ 3™ gen 2e,u,T1 >1b Yes 139 LQ; mass 1.96 TeV B(LQY — br) =1, Y-M coupl. 2303.01294
@ VIQTT - Zt+ X 2e/2u/>3e,u >1 b, >1 ] - 139 T mass 1.46 TeV SU(2) doublet 2210.15413
=< 2 VLQBB - Wt/Zb + X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
* O VLQ Ts3Ts3|Ts3 > Wt + X 2(SS)/>3eu>1b,>1] Yes  36.1 Ts/3 mass 1.64 TeV B(Tsi3 > Wt)=1, c(Ts3Wit)=1 1807.11883
S e VLQ T — Ht/Zt 1eu >1b, >3] Yes 139 T mass 1.8 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
@ ® VLQY - Wh lep  >1b>1j Yes 361 |Ymass 1.85 TeV B(Y — Wh)=1, cg(Wb)= 1 1812.07343
== VLQB - Hb Oeu 2>2b >1j,>21J - 139 B mass 2.0 TeV SU(2) doublet, kg= 0.3 ATLAS-CONF-2021-018
VLL ¥ — Z7/Ht multi-channel  >1] Yes 139 7/ mass 898 GeV SU(2) doublet 2303.05441
© . Excitedquark g* — qg - 2] - 139 q* mass 6.7 TeV only u* and d*, A = m(q*) 1910.08447
(3] g Excited quark ¢* — qy 1y 1] - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q*) 1709.10440
ﬁ O Excited quark b* — bg - 1b,1] - 139 b* mass 3.2TeV 1910.08447
Excited lepton 7* 27 >2] - 139 T* mass 4.6 TeV A=4.6TeV 2303.09444
Type Il Seesaw 234e,u >2 ] Yes 139 N° mass 910 GeV 2202.02039
LRSM Majorana v 2u 2] - 36.1 Ng mass 3.2TeV m(Wg) = 4.1TeV, gL = gr 1809.11105
@ Higgs triplet H** —» W*W*= 2,3,4 e, (SS) various Yes 139 H** mass 350 GeV DY production 2101.11961
< Higgs triplet H** — ¢¢ 2,3,4 e, 1 (SS) - - 139 H** mass 1.08 TeV DY production 2211.07505
@) Multi-charged particles - - - 139 multi-charged particle mass 1.59 TeV DY production, |q| = 5e ATLAS-CONF-2022-034
Magnetic monopoles - - - 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
v-=13TeV ‘/-=13TeV L1 ||| 1 1 1 1 L1 lll 1 1 1 1 | llI 1 1 1 1
partial data full data 1071 1

10 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown.

ATL-PHYS-PUB-2023-008

T Small-radius (large-radius) jets are denoted by the letter j (J).



https://cds.cern.ch/record/2853754

wikipedia

Dark Matter

Astrophysical observations give
strong evidence for a new kind of
matter that interacts gravitationally

from s.t‘?r_lllg_ht, 3 N Observatlonsfrom S
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Tt o Expected from’ Sl
L nTis 7 thewisible disk: o0
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Rotational curves of galaxies Cosmic microwave background

wikipedia ESA



https://en.wikipedia.org/wiki/Galaxy_rotation_curve
https://www.esa.int/ESA_Multimedia/Images/2018/07
https://en.wikipedia.org/wiki/Abell_1689

Searching for Dark Matter

Indirect detection
e————m—
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- DM
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) 3

SM ' DM
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Collider searches

See lectures by Axel Lindner
and Aaron Dean Spector for
more on Dark Matter

Direct detection
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Dark Matter searches at colliders

DM could be produced in proton-proton collisions
DM does not interact with the detector

Infer due to momentum imbalance when produced in association with particle “X”
— mono-X (can also be several particles)

SM

SM

Collider searches X
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Mono-X signature

ATLAS and CMS cannot detect what they cannot see

— If DM Is produced at the LHC need some X to trigger on

59.7 fb' (13 TeV)

] ] ] > | | I | | | l | | | I | | | I | 1 | ] l. | | E
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https://link.springer.com/article/10.1007/JHEP11(2021)153

Mono-X signature

ATLAS and CMS cannot detect what they cannot see

— If DM Is produced at the LHC need some X to trigger on

Simplified model

V)

O

Mpwm (

ISR jet with axial-vector Z (spin 1, parity even)
Could also be: photon, W, Z

JHEP 11 (2021) 153

X 7
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https://link.springer.com/article/10.1007/JHEP11(2021)153

A spectacular mono-jet event

ATLAS .. .

Event: 2546139368

EXPERIMENT  2017-10-05 10:36:30 cEsT

Phys. Rev. D 103 (2021) 112006

miss

Jet p.

21


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112006

Searching for the mediator

Can also look for dark matter mediators at the LHC!
MET + X Resonance search
SM
SM X )4 SM
OSM )@------n-cnn-- q'/g)( gSM @-----n-no--- gsm
SM )7 SM SM

Need a model to combine the searches which increases sensitivity

22



Supersymmetry Particles

Supersymmetric particles

Every SM particle has a SUSY partner (sparticles)
with spin difference of 1/2 i1.e. Fermions < Bosons

Broken symmetry — different masses

© DESIGNUA/DREAMSTIME.COM

23


https://www.dreamstime.com/designua_info

Supersymmetry

R-parity: (B=baryon number, L=lepton number, s=spin)

R — (_ 1)(2s+3B+L) —

originally
introduced for
proton stabillity

R-parity conservation (RPC)
- Always pairs of sparticles

- Lightest supersymmetric particle (LSP)
IS stable and escapes detection

- Final state decay has at least one LSP

+1 for SM particles
-1 for SUSY particles

R-parity violation (RPV)
- Either lepton or baryon number violation

- Sparticles can decay exclusively to SM
particles

- Low missing energy in the final state

24



Supersymmetry
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Higgs
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Sparticle loops cancel
corrections to Higgs mass
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Ordinary matter

/ Dark
matter

Dark energy

R-parity conservation

— Existence of stable LSP
as a dark matter candidate

Naturalness and fine tuning
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https://arxiv.org/abs/1111.0710
http://www.icepp.s.u-tokyo.ac.jp/atlas/public/intro
https://www.researchgate.net/publication/362373320_Gravitational_Closure_of_Matter_Field_Equations_General_Theory_and_Perturbative_Solutions
https://www.researchgate.net/publication/362373320_Gravitational_Closure_of_Matter_Field_Equations_General_Theory_and_Perturbative_Solutions
https://www.symmetrymagazine.org/article/fine-tuning-versus-naturalness?language_content_entity=und

Supersymmetry

SUSY predicts a plethora of new particles

Potential parameter space is huge
e.g. MSSM: ~100, pMSSM: 19

Standard particles SUSY particles
ugd C U C
( j & —,J Higgs ( )r f, ,r' iggsi
a Ay ~y ) - :
« Ve, Vi Vt 5 4 neutralino ‘
f | _ ,
| mass eigenstates -
N N (2" I v . A"
' ~+
N _,e)\_“J \,T) ﬂ/ """""" > X12
2 chargino
Quarks ‘ Leptons 0 Force particles Squarks .. Sleptons . SUSY force particles J

mass eigenstates

MSSM = Minimal Supersymmetric Standard Model

Image credit: DESY 26



Simplified models in SUSY searches

Often we simplify further e.q.

Assume masses of most SUSY particles are so high they do not affect the decay chains
Make assumptions about mass degeneracy

Be careful when interpreting limits, always check assumptions

27



Squark and Gluino searches

Assuming pair production of squarks and gluinos, decays to LSP + various SM quarks
(light and heavy flavour) — Highest production cross sections

Examples:
OL q
%
q - _ X1
i X1
%
q

ATL-PHYS-PUB-2023-025

OL-Njets q
q
q
"-s""“~‘,‘_ \’{,,,()
‘."—,‘;;"L" X1
RO ~
44v4v4.,‘ R — T \(f
g
q
q

800

600

400

200

pp —>gg, g— tt X° Oct 2023
‘TlT‘lIII|IIT|1||III|III‘.T|III|I‘
-CMS 137 fb' (13 TeV) -
[ —1908.04722, 0-lep (HF"™) -
-~ —1909.03460, 0-lep (M., *Expected -
- 2103.01290, 0-lep (stop) —Observed -
[ —1911.07558, 1-lep (M) i
— ~-2001.10086, =2-lep (same-sign) ]
- ~-1710.11188, O-lep (stop), 36 6" e - <
- .2211.08476, 1-lep (Ad) G2 NG~ ]
3 -

l| —

- | i
- | -
H1|1*|111|111|w1|1L1|:111|_ 1 N
800 1000 1200 1400 1600 1800 2000 2200 2400
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-025

Stop searches

Stops plan important role in stabilising the Higgs mass (cancel top contribution)
0, 1 and 2 lepton channels — remember {7 decay modes + extra MET

(s=8,13TeV, 20.3-140fb ' August 2023

. — 900 ||||||||| [ T T T [ T T T [ T T T7] = Observed limits
Example- %) C 7 Y ATLAS Preliminary T T Expectedimis
— 60 ~~
g 800 s : tt; production, limits at 95% CL - Data 15-18, Y5 = 13 TeV, 140 fb

— monojet,?1 — bff' ;Z?
[2102.10874]

2L b / s F o

~— - == 0L T, > tx, /T, > bWy, /T, - bff X,
E N 0 =~ [2004.14060]
" 600 \ T o
\ — L t1—>t)(1/t1—>bWx1/’[1—>b]‘f)¢1
t Y [2012.03799]

~ ~0 , ~ ~0

=== 1L NN, t, —>’[x1 /t, —>bWx1
[ATLAS-CONF-2023-043]

— 2L, T, ti:’/ [ |ow;~(?/¥1 > bff! ;2:’
[2102.01444]

Data 15-16,¥s = 13 TeV, 36.1 fb ™
—i —>t;~(?/¥1 —>bW)~(?/¥1 — bff )~C?

[1709.04183, 1711.11520,

1708.03247, 1711.03301]

i
|
i
i

\

— o ti?
[1903.07570]

-
IIIIIIIII|IIII|IIII|IIII|IIII|IIII|IIIIIII

\
|
|
I
I
I
[
\ : Data 12,¥s = 8 TeV, 20.3 fb !
~ ~0 ~ ~0 ~ ~0
0o oy BT o100 /T, - bWy /T, - bff X
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-025

Electroweak searches

Coloured sparticles could be heavier than EW sparticles

Production cross section much lower for charginos & sleptons than squarks & gluino

Example:
/
p ~
> X1
i %
D
/

2503.17186

I | | | | | | | |
" Bl 8TeV,20.3fb" arXiv:1403.5294

Soft 2/ arXiv:1911.12606
. 20 arXiv:1908.08215
— 27, Am~m(W) arXiv:2209.13935
i LEP /ig excluded
| ——— Expected CC-based exclusion
- I Observed CC-based exclusion
— Expected BDT-based exclusion
I Observed BDT-based exclusion

ATLAS
Vs=13TeV, 140 fbo~
pp — (f gl g 0 — (X3
All limits at 95% CL

100 200 300

S I R BT
400 500 600

~

700

m(‘,.g) = M(€LR) = M(fiLR) [GeV]

Slepton limits pushing 700 GeV in simplified models but gaps remain
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https://arxiv.org/pdf/2503.17186

From low to high-hanging fruits

Difficulty

- Unconventional signatures

- Strong 4
- Electroweak £ ~ ; -0
{/, X1
- Compressed — Small mass differences :\
N a v
 R-parity violating (low MET) p
4

31



Unconventional sighatures

So far the models were BSM but the signatures contained “known” SM particles
— What if the decay products are “BSM”?

disappearing or
displaced kinked tracks
multitrack vertices \ 4 .
non-pointing
--==" (converted) photons

Often “long lived” new particles

Bkgs very different from other searches dislgggcre]q leptons, /1 1 5\ N B A et
. . -] ’

- Data driven approaches to estimate them lepton pairs

Often dedicated data reconstruction | trackless,

' low-EMF jet
algorithms needed ow-EMF jets

quasi-stable

charged particles
multitrack vertices in the J Q

muon spectrometer

https://indico.cern.ch/event/607314 32



https://indico.cern.ch/event/607314

Where do we stand after Run 2?

ATLAS SUSY Searches™ - 95% CL Lower Limits

ATLAS Preliminary

July 2024 Vs=13TeV
Model Signature  [Ld:[b7] Mass limit Reference
L] L} L L} L} L} I L] I I L L} L | L]
G, G—4¥1 Oe,u 26jets  Ep* 140 g% 8X Degei] 1.0 1.85 m(k})<400 GeV 2010.14293
@ mono-jet  1-3jets EMS 140 |§ [8x Degen] 0.9 m(G)-m(X1)=5 GeV 2102.10874
S @ gl Oeu  26jets EP™ 140 |2 2.3 m(t})=0 GeV 2010.14293
& g Forbidden 1.15-1.95 m(¥})=1000 GeV 2010.14293
% 23, 3—qqWX| Tepu 2-6 jets . 140 | 2 2.2 m(¥})<600 GeV 2101.01629
Q 3 2oqq(tOX ee, uu 2jets  Ep™ 140 |2 2.2 m(¥})<700 GeV 2204.13072
B 33, §oqqWZH Oeu  7-11jets EF™ 140 |2 1.97 m(t)) <600 GeV 2008.06032
2 SSe,u 6 jets 140 |z 1.15 m(2)-m(¥})=200 GeV 2307.01094
= 3, gl 0-1e,u 3b EmMs 140 |2 2.45 m(¥})<500 GeV 2211.08028
SSe,u 6 jets 140 F4 1.25 m(g)-m(X,)=300 GeV 1909.08457
b1 b 0e,u 2b  EPS 140 | B 1.255 m(¥})<400 GeV 2101.12527
b, 0.68 10 GeV<Am(h; X1)<20 GeV 2101.12527
w <  biby, by—bty = bhi) Oe,u 6b E“%‘?ﬁf 140 by Forbidden 0.23-1.35 Am(¥5,7)=130 GeV, m(¥})=100 GeV 1908.03122 u g
E 2 27 2b EF™ 140 | B 0.13-0.85 Am(¥3,X1)=130 GeV, m(¥})=0 GeV 2103.08189 e m e m e r S I m p I I e
Qo .
2 i, o) O-leu  >ljet  EMS 140 |7 1.25 m(t))=1 GeV 2004.14060, 2012.03799
: g_ fii, > WhY) Teu  3jetstb EF™ 140 |7, Forbidden 1.05 m(t})=500 GeV 2012.03799, 2401.13430
S8 ik inbn G t2r  2psns BN a0 mito00Gey models are onl art of
s L jfy, Bl /8, ek 0e.u 2c  Ep® 361 |& 0.85 m(¥})=0 GeV 1805.01649
Solie] Oe,u mono-jet  EF" 140 f 0.55 m(f;,&)-m(¥;)=5GeV 2102.10874
711, H— 0y, Xo—Z/he" 12 e, 1-4b  EPS 140 |G 0.067-1.18 m(¥3)=500 GeV 2006.05880
the story
XiX5 viawz Multiple ¢/jets _ ER® 140 |vpg 0.96 m(¥?)=0, wino-bino 2106.01676, 2108.07586
ee, jit >1jet ENS 140 | XA 0.205 m(¥E)-m(¥})=5 GeV, wino-bino 1911.12606
XiX] viaww 2e,p EMSs 140 | X 0.42 m(¥})=0, wino-bino 1908.08215
XX via Wh Multiple ¢/jets EPss 140 |X;/X¥3 Forbidden 1.06 m(¥})=70 GeV, wino-bino 2004.10894, 2108.07586
o XIX| vialp/v 2e,pu EPS 140 | X} 1.0 m(Z,7)=0.5(m(¥7)+m(t})) 1908.08215 WayS C eC
> § 7, T Th) 27 Eps 140 [ENERER] 0.35 0.5 m())=0 2402.00603
W= 7 ilg, I 2e,u Ojets  Ex™ 140 |7 0.7 m(@’)=0 1908.08215 . .
ee, i >1ljet EP™ 140 7 0.26 m(f)-m(¥})=10 Ge 1911.12606 -t .t h
HH, H—hG/ZG Oe,u >3b EE??? 140 | & 0.94 BR(E} — hG)=1 2401.14922 aSS u I I l p I O n S I n e
4 e,p Ojets ~Ep™ 140 | A 0.55 BR(Y! — ZG)=1 2103.11684
Oepn =>2large jets ET™ 140 | & 0.45-0.93 BR(Y] — zG)=1 2108.07586 . .
2eq  >2jets EMS 140 | 0.77 BR(¥! — ZG)=BR(\ — hG)=0.5 220413072 m ( ,d e I a n d h ‘ ,W It fItS
Direct ¥1X7 prod., long-lived ¥} Disapp. trk  1jet  EP™ 140 [X} 0.66 Pure Wino 2201.02472
X 0.21 Pure higgsino 2201.02472 . . .
S o, 1
R with the bigger picture
oS Metastable g R-hadron, F—qgt) pixel dE/dx E7™ 140 | & [7(®) =10ns] 2.2 m(t})=100 GeV 2205.06013
S S -G Displ. lep EMss 140 | 0.74 7(7)=0.1ns ATLAS-CONF-2024-011
~ 7 0.36 7(f)=0.1ns ATLAS-CONF-2024-011
pixel dE/dx E7™ 140 |7 0.36 7(f) =10 ns 2205.06013
XX X sze—eee Se.pu _ 140 | X7/¥] [BR(Zr)=1, BR(Ze)=1] 0.625 1.05 Pure Wino 2011.10543
XX 10 — wwyzeetevy 4ep Ojets  EP™ 140 |GG E0ENE0] 0.95 1.55 m(t})=200 GeV 2103.11684
28, 3-q9%1, X - qqq >8 jets 140 |z [m(¥)=50 GeV, 1250 GeV] 1.6 2.34 Large 1/, 2401.16333
S 7 i) ) s tbs Multiple 36.1 t [ =2e-4,1e-2] 0.55 1.05 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
& if, i>bXT, X1 — bbs > 4b 140 i Forbidden 0.95 m(¥7)=500 GeV 2010.01015
fiy, ij—>bs 2jets+2b 36.7 | & lqq bs] 0.42 0.61 1710.07171
nit, h—qt 2e,u 2b 140 i 0.4-1.85 BR(f, —be/bu)>20% 2406.18367
1u DV 136 | & [1e-10< A, <1e-8,3e-10< 4/ <3e-9] 1.0 1.6 BR(7; —qu)=100%, cosé,=1 2003.11956
X5 IR, 70 —tbs, X{ —bbs 12e,u  >Bjets 140 | X! 0.2-0.32 Pure higgsino 2106.09609
1 1 L L 1 1 1 L l 1 L L L 1
*Only a selection of the available mass limits on new states or 107! 1 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.

ATL-PHYS-PUB-2024-014



https://cds.cern.ch/record/2904978

Searches for new physics at the LHC

So far no smoking gun for signs of new physics

Here and there local 2-3 sigma excesses — Important to follow up

However, luminosity will now double only every couple of years

New ldeas?

- Make sure we didn’t miss something — what we didn’t trigger on is lost forever

- Maybe something super long lived is produced in ATLAS/CMS but can only be
detected with other experiments — e.g. FASER?
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Physics Goals of the LHC

Jwikimedia

Study the
Quark-Gluon Plasma
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https://commons.wikimedia.org/wiki/File:Views_of_the_LHC_tunnel_sector_3-4,_tirage_1.jpg

LHC Pb+PDb collision

/

ATLAS heavy ion event display
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/EventDisplayRun2Collisions#Heavy_Ion_Collisions

Quark Gluon Plasma (QGP)

Our early universe was too hot & dense for the strong

force to bind quarks and gluons together

QUARK- NEUTRONS NUCLEI
GLUON & PROTONS — Quark Gluon Plasma (QGP)

PLASMA
Hot dense medium with free colour charges
We can create it in the lab in LHC heavy ion collisions

We study how high momentum partons strongly

R G RANG interact in QGP & lose energy before hadronising

— Jet quenching

Binding potential of quarkonia e.g. Y (bb) can be
modified in QGP (colour screening by QGP constituents)

— Suppression of Quarkonia
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https://twitter.com/QM2018

Where do we go next?

HILUM

LARGE HADRON COLLIDER

LHC HL-LHC

| | Run 2 Run 3

1367ev  EAR 136+ 14 TeV
Diodes Consolidation
splice consolidation cryolimit LIU Installation HL-LH
7 TeV 8 TeV  utton collimators interaction o _ inner triplet install t(':
— R2E project regions Civil Eng. P1-P5 pilot beam radiation limit Installation
2011 2012 2013 2014 2015 2016 2018 2019 2020 2022 2023 2024 2025 2026 2027 2028 2029 IIIIIII
5to 7.5 x nominal Lumi
ATLAS - CMS —
experiment upgrade phase 1 ATLAS - CMS |/
beam pipes : : : : HL upgrade
nominal Lumi 2 x nominal LU"LI ALICE - LHCb 2 x nominal Lumi

. _ _ upgrade |
75% nominal Lumi I/
|/ m m integrated a4UL fb™
E!:liﬂ luminosity JEII[I{ %

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY PROTOTYPES / CONSTRUCTION ‘ INSTALLATION & COMM. HH PHYSICS

https://hilumilhc.web.cern.ch 38



https://hilumilhc.web.cern.ch

HL-LHC

Major detector upgrades underway

-+ Expected pile-up of ~200 poses immense challenge

Precision measurements of the Higgs boson . &I!ThﬁNST

- Establish Higgs self-coupling at the 5o level

Push the boundaries of SM precision measurements

+ Could find deviations that could hint at new physics

Pursue dedicated searches for new physics

- Your new Idea!

https.//cds.cern.ch/record/2674770



https://cds.cern.ch/record/2674770

Physics Goals of the LHC

Measure the
Standard Model

Search for the
Higgs Boson

Search for
New Physics

Study the
Quark-Gluon Plasma
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Outlook

https://fcc.web.cern.ch

-\‘ ‘;i\%\i;j -
\..-"'"

ee lectures by Karsten Buesser for more on Future Colliders
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https://fcc.web.cern.ch
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The Standard Model - fundamental particles
Fermilab, 1977

: : SLAC.,BNL, 1974 | Tevatron,Fermilab, 1995
Situation before LAC "~ 00 | / _/ PETRA, DESY, 1979
e & |- L @ | . &
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De | |,
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neutrino neutrino neutrino

/' BNL,1962 AN
DONUT, Fermilab, 2000
Cowan/Reines, 1956 Cosmics, 1936 SLAC, 1975
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https://indico.desy.de/event/23617

Eur. Phys. J. C. 84 (2024) 1102

Comparing LHC results with direct detection

-37 s y
. < 10 3 = I ' ' ' — Dijet resonance
Vector mediator E L EATLAS < Dijet, 139 f
O, 10738 : JHEP 03 (2020) 145
M I' 1 - = Vs =13 TeV, 29.3-140 fb * Dijet TLA, 29.3 b
coupliing — -39 L ] PRL 121 (2018) 081801
g)( 8 1 O = = * Dijet+ISR, 140 fb'
" — _ I _40 = arXiv:2403.08547
Quark coupling 8, 0.07 § 10740 4 _ presyy
: . : 3 cEM%y, 139 b
Lepton coupling 8¢ = 0 \8 1074 = JHEP 02 (2021) 226
— = S < EM4et, 139 fb”
-42 , PRD 103 (2021) 112006
X ° 1 O . E . E?'SS+V(qq'), 140 fb™
q /)( 1 0—43 DarkSide-50 QF MIGD arXiv:2406.01272
o — DarkSide-50 QF MIGD
v R 14 FI;RL 1d 30 )((2(2513:) 101001
________ . - — PandaX-
Yq « gy MET +X 10 m 8 GeV: PRL 127 (2021) 261802
R -45 m <8 GeV: PRL 130 (2023) 021802
— o 10 Pandax'ﬂ { —LZ
q 7 10" 46 PRL 131 (2023) 041002
\Z
g f 10747
, 48 Vector mediator, Dirac DM Direct detection:
Jq Z 100 9,=007,9,=0,9 =1 Vector interacti in-independent
gr ATLAS limits at 95% CL, direct detection limits at 90% CL ectorinteraction = spin-independen
107%° NN N S — enhanced by the number of nucleons
a ? 1 10 1 02 1 03 Axial-vector interaction — spin-dependent

m, [GeV] — no enhancement

Can only compare results for a given model and set of parameters 43


https://link.springer.com/article/10.1140/epjc/s10052-024-13215-5

Nat ura/ness I

SUSY mass scales motivated by

electroweak naturalness
N. Craigh, arXiv:1309.0528
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SUSY cross sections

pp, Vs =13 TeV, NLO+NLL - NNLOgpprox+NNLL

104
— 4g —— XX (higgsino)
gq — X1 X1 (wino)
107 - — §g° XXy (wino)
o)
= 100 -
-
O
s
Q
n
n 1072 -
G
10—4 -
107°

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

LHC SUSY Cross Sections



https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections

Squark and Gluino searches

Assuming pair production of squarks and gluinos, decays to LSP + various SM quarks

(light and heavy flavour) — Highest production cross sections

. _> ~~, ~~J _) tf io
ExampIeSl 2000 AT | 1 A I I Iplp| | Tglgl g| l L | ;' | L ‘ P | |Olclt l2|021\3‘
OL 1800:~CMS 137 fb1 (13 TeV) j
[ —1908.04722, 0-lep (HF"™) -
P ; : R 4600 —1909.03460, 0-lep (M;,) *Expected -
L _ - - .2103.01290, 0-lep (stop) —Observed -
- [ —1911.07558, 1-lep (M) i
~<_ 1400~ —2001.10086, =2-lep (same-sign) ]
g = -~ 1710.11188, 0-lep (stop), 36 fb’ . .
» < 1200 2211.08476, 1-lep (A¢) " N~ 5
1000}~ =\ ™~ B
800} | —
600 -
l| —
400} | 2
200 | -
0:1|1 S BN AR A A 1|1L1|;111|_ 1 11|1:
t 800 1000 1200 1400 1600 1800 2000 2200 2400
ATLPHvs.PUBoooa.os  LimMits on Gluino mass pushing 2200 GeV in simplified models 46



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-025

Stop searches

Stops plan important role in stabilising the Higgs mass (cancel top contribution)
0, 1 and 2 lepton channels — remember {7 decay modes + extra MET

Examples:

ATL-PHYS-PUB-2023-025

\s=8,13 TeV, 20.3-140 fb Augr;ust 2023
||||||||| | | I [ | | | [ | | | |

- . | ATLAS Preliminary

[ 50 : 'f{ﬂ production, limits at 95% CL

|||\ Ll

i
|
i
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\
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IIIIIIIII|IIII|IIII|IIII|IIII|IIII|IIIIIIIII
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1000 1200
m(t,) [GeV]

= (Observed limits
= = Expected limits

Data 15-18,Ys = 13 TeV, 140 fb

L ~0
=== monojet, t, — bff' X,

[2102.10874]

== 0L T, > tx, /T, > bWy, /T, - bff X,
[2004.14060]

m— L, L - t%?/ 11 —>bWi?/¥1 — bff' %?
[2012.03799)]

~ ~0 = ~0
=== 1L NN, t, —>’[x1 /t, —>bWx1
[ATLAS-CONF-2023-043]
— 2L, 1>t/ 1, > bWX, /T, - bif X,
[2102.01444]

Data 15-16,¥s = 13 TeV, 36.1 fb ™
—i —>t;~(?/¥1 —>bW)~(?/¥1 — bff )Z?

[1709.04183, 1711.11520,

1708.03247, 1711.03301]
o

[1903.07570]

Data 12,Ys = 8 TeV, 20.3 fb ™
BT o ) /T, 5 bWX, /T, - bif X
[1506.08616]
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Electroweak searches

r— 600 I | | | I I 1 I I I | | 1 I I I I | | | 1 I I I I | | 1

% "l 8TeV,20.3fb~" arXiv:1403.5294 ATLAS

(D i Soft 2/ arXiv:1911.12606 \/g — 13 TeV. 140 fo—

= L 2y arXiv:1908.08215 . w . -

- - — B o — 0 07 o 0 — 01X _

Radiated jet used here to boost the system sz 500 58 2 am~mw) —arxiv:2200.13935 PO “LRtLp S EXT -

e i LEP /ip excluded All limits at 95% CL

E | ——— Expected CC-based exclusion

— Increases MET to trigger on

- I Observed CC-based exclusion
— ——~ Expected BDT-based exclusion
i Observed BDT-based exclusion

100 200 300 400 500 600 700

~

Ml r) = M(€L,R) = M(ii,R) [GeV]

2503.17186 Slepton limits pushing 700 GeV in simplified models but gaps remain 48



https://arxiv.org/pdf/2503.17186

Advanced jet reconstruction - substructure

At very high momenta, jets (p.ex. from boson decays) can merge to form

one big jet

- analyzing the jet
supstructure allows
to reduce
background J
. Moderately boosted V
- example: high mass  resolved diets
resonance search
with diboson final

state
W /7
. / q
W q(/)
8 q

DESY summer student LHC physics lectures by Sarah Heim
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Boosted V Boosted V, jet merging
Jet merging Jet substructure analysis

recovers initial information

M(JJ)=5.0 TeV
ATLAS
Event: 2054422947

2016-09-01 16:52:46 CEST EXPERIMENT

Diboson candidate event
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https://indico.desy.de/event/23617

WIMP miracle

In the early universe dark matter and SM particles were in thermal equilibrium

Constant production and annihilation of dark matter yy < ff £ (ns)

10° 10! 104 10°
Freeze out ST RN TES i L SRR RN R 1
. RIS m, =100 GeV
- Universe cools . BN 10¢
- WIMP mass too high for production yy — ff ot 3
- Universe expands, particles don’t meet anymore \
\
] . . . 1078 \
Can obtain relic density from Boltzmann equation \ 9
Y \ Qy
Compare with observation (CMB) o'r Freeze out *\ 108
) 10—12 ‘\ ¥
Corresponds to ~100 GeV particle e
interacting with the weak force 10-1 ‘ e
10—16 1 ll L1 1 | 1 l\L | ll 3.3 1 1 1
10’ 109 50

Lectures by J. Feng T (GeV)



https://indico.cern.ch/event/949654/contributions/4025911/attachments/2288409/3896337/feng1.pdf

