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Standard Model (recap)

®= Our best theory to describe the most basic building block of
the universe

= Relativistic Quantum Field Theory

®= Data: symmetries SU((2)xU(1)xSU(3) and fields

gauge sector Higgs sector flavor sector
<
o |9.¢| ‘V(@ L ‘ﬁq ¥es @ th
, breaks electro-weak leads to masses and
dgscnbeg the gauge symmetry and mixings of the
interactions of the gives mass to the quarks and leptons
qguarks and leptons W Bl Z BEGeha
22 free parameters
parametrized by 2 free parameters to describe the masses
3 gauge couplings Higgs mass and mixings of the quarks
g1, 92, 93 Higgs vev and leptons

® Ordinary matter consists only of three types of matter
particles: the up and down quark and electrons
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Physics Beyond the Standard Model IT

® Phenomena not explained _ Supernova
= Gravity .
= Dark Matter
= Dark Energy
= Neutrino Masses

= Matter-antimatter asymmetry

® Theory problems

T S ‘:

~ Structure . | Lensing
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Physics Beyond the Standard Model

= Experimental results not explained

= No experimental result is accepted as definitively
contradicting the SM

= At any given moment several experimental results differ
significantly from SM predictions.

= Some examples include
= Anomalous magnetic dipole moment of muon
®= Flavor anomalies
= W mass measurements

®=  Are these statistical fluctuations, systematic biases, or
first evidence for BSM?

5 Markus Klute

SM

(data driven)

2.0023318362

9u
______________________ Overview of m,, Measurements i
I LEP Combination | AT| AS Preliminary ™ e =
(s=7TeV,46fb" |
DO (Run 2) : - 0 mm
arXiv:1203.0293 : :
CDF (Run 2 i1
FEHr.'u_(AegPUB-g I -
i - e m
ATLAS 2017 : i B
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Physics Beyond the Standard Model IT
®= What makes a BSM candidates and good or attractive BSM theory?

f?
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Physics Beyond the Standard Model Y, & ]

= \What makes a BSM
candidates and good or
attractive BSM theory?

= Containment as low-energy
approximation

®= Predictive power - it explains new
phenomena

= Simplicity - it has a simpler structure

= Deductibility - it has fewer ad hoc
assumptions and free parameter

® Completeness - inherent reasons for
nonexistence of otherwise possible
effects
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Effective Field Theory Approach KIT

® Motivation for ETFs

® Energy scale of new physics (A) might be out of reach for direct searches

Events

Beyond the
Standard Model
Standard "' M
Model ' .
R N
| |
. |
’ |
’ Y
’ 5
& o
- & -
_______ A
B BN BN BN BN BN BN ->
Energy | 1 1ev 10-100 TeV

®= Not insensitive to its effects, but the pattern in our data may be more subtle, i.e. we find small
deviations from the SM requiring high precision measurements
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Effective Field Theory Approach KIT

®= Not a new idea. Long history in particle physics - e.g. Fermi theory of decay

|. Brivio

1Y

— P

CGF ~ iz +0O (,5—4)

4
mW w

®= In low energy regime, we can “integrate out” the W boson and replace it with
a four-fermion interaction of strength GF

® Full theory replaced by a Taylor expansion in terms of E/mw

® Accurate predictions up to a scale A ~ mw

= No knowledge of the SM required. Follows from know fields (fermions) and symmetries (QED)
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Effective Field Theory Approach KIT

= Expanding w/o explicit new physics model
® Provides a renormalisable quantum field theory
®= Results are universal and can be propagate to other experiments
= Minimal non-redundant set of operators is called bases.

® |t gets complicated quickly. “Warsaw” basis includes 2499 distinct operators

Lepton-number violating Violates B-L

0. : operators = interaction terms at a given expansion order
C. : operators = Wilson coefficients, free parameters
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Effective Field Theory Approach KIT
= Example Higgs Physics

CMS 137fb~! (13 TeV)

arxiv:1612.00283

2 |
109y H 5 yy %44 MADGRAPH5 aMC@NLO, NNLOPS ggH + HX
I %% MADGRAPH5_aMC@NLO ggH + HX do/dp+(H) [pb/GeV] do/dp+(H) [pb/GeV]
1 - ( ‘ POWHEG ggH + HX 101 = T T I 1 1 Ll 1 I I I T T T T 1 1 l 1 1 Ll T I I T 1 1 I 1 T I Ll [ ) | T i = -3 - ) ) | 1 1 1 1 I 1 1 I I T I I ) I ] ) T 1 I Ll 1 1 1 I I 1 1 I I I T J ]
10" —  HX = MADGRAPH5 aMC@NLO VBF+VH+ttH E ggH@LHC 13 TeV NLL+NLO — AN - ggH@LHC 13 TeV NLL+NLO — o U g
f + Data, stat®syst unc. [ Mp=125 GeV L C120y=489,00=004 | - Mp=125 GeV Ll C120y=-4.89,c0=-0.04
£ _ R PSR R e e e Ge180.m008502003 ] ol c=1.3,6p=-0.85,C,=-0.03
% . ]A_* syst unc. 10 7N c=1.3,cp,=-3.34 cg=-0.04 E 10-4 < c=1.3,cp=-3.34 cg=-0.04
10044 - - . .{\ - C=1.4,0,=3.31,C,=-0.03 = N - C=1.4.0p=331,6,2=-003 3
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= -1 ct=1.5,cp=1.88,c4=-0.04 I R ci=1.5,cp=1.88,c4=-0.04
e 107" C=1.5.05=-1.79.64=-0.05 3 [ RSOy R Ci=1.5,Cp=-1.79,C4=-0.05
=) ]_0—1 /; ] 10-5 i ‘~\\\ ........... &
o, 3 R oy
~~ —_— o= 10'2 [ R O e
. ? | L2l SR e e s R e e e e Rl el e e e el s B e e S S e R e
§ 2 e %% e I \~‘\\ ............ o _\.s\\\\\\ i
10~ =.=ﬁﬂ@ =H|© 10'6 \\“~~ ....... ‘ ...... R
—1 |~ : 3 T el
= 103 | E PRDRL
%/ “2 -y
1073 I m
I 10™% b+ = 1077 et
$ 1.8 k = 1E i
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1.4 B>, . 0.8 EngtatN Ll I i n B R il i
, 1'2 B mmmgmuEEEETEE S SRR AR R S SR EAE A AN NS R NN 3 it 0 o MRl S i :
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1 ;—"“a“‘:“"= _____________ = e i e g i St e e .
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https://arxiv.org/pdf/1612.00283.pdf

Dark Matter Searches T

Direct Seek evidence for DM particle interactions with
Detection targets in terrestrial detectors

* Nucleons, nuclei, electrons, photons ...
 May prove DM but not identify particle

DM DM

Astrophysical
Probes

Indirect

Detection

Bl\Y DM

Seek evidence for annihilation or decay products

of DM particles trapped in galactic / solar /
planetary potential wells

. . Particle
e X-rays, gamma rays, neutrinos, anti-matter ... .
* May prove DM but not identify particles Colliders

Seek evidence for invisible particle production in
SM particle collisions

* May identify particle but cannot prove DM
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Dark Matter Searches at Colliders

= DM particle do not leave visible
signatures in collider experiments

= DM inferred using missing energy,
missing mass, or missing transverse
momentum

invisible

DM particl
particic invisible
k‘ DM particle
~N
EFT approach
LHC detector SM DM
transverse
Cross-section @ 1 .HHC collision
interaction
point
SM DM

eeeeeeeeeeeeeeeeeeeeeeeeeeeeee

p, T, ... = jets

éj missing transverse
momentum

W, Z = leptons, jets...

proton
>
supersymmetric : :
?Jarky/ T supersymmet lightest
s W/Z partners supersymmetric
partners particles
>
proton
missing transverse
momentum
Simplified Model
SM SM DM

SM DM

visible particles:
photons, jets, ...
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Source: arXiv:1912.12739
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https://arxiv.org/pdf/1912.12739.pdf

Dark Matter Searches

Illustrative example

1.2

0.8

DM Mass [TeV]
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EFT approach Simplified Model
SM DM SM SM DM SM
SM DM SM DM SM
. llustrative example
& 107
| N — g 03 Vector med., Dirac DM
Axial Vector mediator, Dirac DM —. .. E Collider experiments (g ;= 025¢, . =1 )
g,=025¢, =1 o 10 observed exclusion 90% CL
$\fzf’% 1073° Mono-X search
&
6@&0 1077
R\
z 107°°
=
$\@® 10739
q;i—o - 10~ % N—__\ Direct Detection experiments
104 observed exclusion 90% CL
_ DD Experiment 1
10—42
= DD Experiment 2
- 1074 Fr DD Experi
= N Experiment 3
1044 é_ (projection)
M . . . —45 -
1.5 2 25 107 =
. 10746 E
Mono-X Mediator Mass [TeV] E_
Di-jet 10—47 llllI | lllllll | | llllllI2 | | llllll|3
1 10 10 10
mp,, [GeV]
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Dark Matter Searches

= Mono-jet analysis

15

q q X
Z’

q q X
>
)
=
3
=

Run: 302393
Event: 738941529
2016-06-20 07:26:47 CEST

Impressive event with ~1.7 TeV jet
and ~1.7 TeV missing transverse energy
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I I 1 1 1 1 I I I I I
1400k Vector mediator

0q=0.25,0y=1.0
1000l T Median expected
- --- 68% expected
[ 95% expected
1000 — Observed

800}
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400|

200 -y

137 fb~t, 2016-2018 (13 TeV)
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-0.333
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-1.000
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Direct Searches for Supersymmetry ST

eeeeeeeeeeeeeeeeeeeeeeeeeeeeee

= (Generalization of the space-

time symmetries of QFT that E. 2 (4B (-
transforms bosons and ) O

fermions and vice versa

: S g '

® Provides a framework to Y o QRIS G o WJ Q -

answer many questions and

puzzles in particle physics s
a |f SUSY were an exact

symmetry of nature, particles Big Questions >

and superpartners would differ N% @ % % o 9% o

: : Big %,. %% % . %,@o $% % %o £

In spin by 1/2 and degenerate deas \ & ®% &% B B e % Y

IN mass. Superpartners have susy
not been observed!
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Direct Searches for Supersymmetry

= General strategy and typical
SUSY signatures

= High-pT jets from heavy squark and
gluinos

= Missing momentum from two LSPs
produced at the end of a decay

AT

Karlsruhe Institute of Technology

chain
" CMS 137 fb' (13 TeV)
9 | L U L L D D D U D D D D D UV VNN N NN NN U NN U U NN ! Py rrr N tmod M [GeV]
' ' < —e— Observed B Z-wW I | - o
= Electroweakino decays with leptons g« Al23|>10[ <175
T ~ Lostlepton = 1 (fromt) [
—— 1 (not fromt) %% Total Uncert. B12-31>10| >175
. . 10° Cl|=4| =<0 | =175
® Selection variables (=4 =0 | >17s
10 E|=4|0-10| =175
F|1=24|0-10 | >175
O HT, E-I-mlss, Mefi, ... 1 G|=4|>10| =175
H|=z4| >10| >175
® Long-lived particles S833885255338 855238838583 883° 3328838538882 85832885888  X1: Untagged
SR 0 PG60C0C 6608 BN 38888888 F=="5555>  X2:Merged t quark tag
g 4 L T T T - - g X3: Resolved t quark tag
- § ol | NS N, e
0 2& N =9 N hed =
Q0 - < v > "
o (; o Sk J'NJZS’Nb,so > 1

. éignal R.eg.]io.ns
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Direct Searches for Supersymmetry IT

O Simplified mOdels 3-body direct decay |-step cascade decay (W) | -step cascade decay (Z)
mass | _ mass | _ mass 1 _
= Historically, searches were " ™ T ™" T T
+qq 99 n qq 10
performed on full SUSY models Tt X" | [mxer———X
| 5 myol| ¥ XO M0 | vfI.I. XO M0 | v+Z XO
® |n Run 1, simplified models became the
standard
-t production, t— t 5’(? /c 5’(?
® Focus on a specific process X decay 7°°;‘é';n;5'"""""""""'OL"';""""-
chain :_ s=8TeV "~ Expected E

- e SUS-14-011 0,1,2-lep (Razor) 19.3 fb™'
= SUS-14-011 0-lep (Razor) + 1-lep (MVA) 19.5 fb™"
SUS-13-011 1-lep (2 and 3 body dec y)195fb

® |nterpret the analysis in this context e e e xcnt E
:—SUSI4~0010-lep(2b ody dec ays) 19.4 fb™’ ]
SUS-14-006 (1> ¢ 7 )18.5 fb”

400 | = 5US-14-021 11ep (4 body decays) 19.7 b’ N
| e SUS- 14-0212|ep(4b dyde% ys )197fb

®= Avoid tailored analysis for SRS
specific benchmarks

LSP mass [GeV]
3
S

200}

= More robust analysis strategies

[ A ¥ A
?00 200 300 400 500 600 700 800
stop mass [GeV]
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Direct Searches for Supersymmetry

® Gluino Searches

Pp — aa, a — qQq %(1) Moriond 2021

'; 2000 B | I | I LI | | | | L] | UL | | L | L | L I | |
8 1800 CMS 137 fb' (13 TeV) -
— C . 1704.07781 (HT**), 36 fb™ . Expected :
3< 1600 —1908.04722, 0-lep (Hr ™) xpected -
- —1909.03460 (M;,) —Observed -

1400 —
1200f =
1000} S -
800+ —
600f : =

§ : .

400} 5% —
200} { =

B | I 1 1 | 1 1 | 1 1 I L1 1 I L1 1 | 1 l {l | | L1 1 I | i

800 1000 1200 1400 1600 1800 2000 2200 2400
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0
m(;”(j) = %x(m@+m6‘(1)) March 2021
_lllIlll|IIIIlllIIII'lll'lll]lll'lllllll_
C ATLAS Preliminary =" O-lepton: expected - 7
C — (-lepton: observed _
- g— qﬁWx1 -------- 1-lepton: expected -
- s =13 TeV —— 1-lepton: observed :
- 4 s Run 1 expected -
- 139 1b Run 1 observed :
— 0O-lepton: arXiv:2010.14293 o . ]
- 1-lepton: arXiv:2101.01629 All limits at 95% CL .
[ Run 1: arXiv:1507.05525 i
C & ~
Rt =
IR | . . | . o ||, GRS 1

|
600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600

m(g) [GeV]
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Direct Searches for Supersymme IT

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

June 2021 Vs =13 TeV
Model Signature  [£dt (™) Mass limit Reference
) L} L) L) L) L} L} L ’ l L) L} L} L} L}
q, §—q%) Oe.p 2-6jets  EFX™ 139 1.85 mi¥1) <400 GeV 2010.14293
] mono-jet  1-3 jets E§“’“ 36.1 |4 [8xDegen] 0.9 m(g)-m(¥)=5 GeV 2102.10874
'§ &%, §—q3%) Oep 26jets EP™ 139 |# 2.3 m(¥})=0 GeV 2010.14293
3 4 Forbidden 1.15-1.95 m(¥})=1000 GeV 2010.14293
0 EE E-ggWh) lep  26jets _ 139 | & 2.2 mi") <600 GeV 2101.01629
2 i Eoqi OF; ee, p 2jets  EF™ 361 | 1.2 mi(z)-m(¥})=50 GeV 1805.11381
& g, oggWZK| Oep  7-11jets EF™ 139 | % 1.97 miE] ) <600GeV 2008.06032
§ SSepu 6 jets 139 |2 1.15 m{2)-m{¥)=200 GeV 1909.08457
= & goiX) 0-1ep 3b EPs 798 |& 2.25 mi¥})<200 GeV ATLAS-CONF-2018-041
SS e, u 6 jets 139 | & 1.25 m{2)-m{¥})=300 GeV 1909.08457
by by Oep 2b  EFS 139 | 1.255 m(¥})<400 GeV 2101.12527
by 0.68 10 GeV<Am(b; X1)<20 GeV 2101.12527
byby, by —b¥s — bhi\ Oep 6b EZs 139 | b Forbidden 0.23-1.35 Am({¥3,¥})=130 GeV, m{|)=100 GeV 1908.03122
g % 2T 2b Ef“’“ 139 | B, 0.13-0.85 Am(¥3 ¥1)=130 GeV, m(¥1)=0 GeVv ATLAS-CONF-2020-031
§ fufy, =t 0-1eu 2 1 jet E‘;‘f"’ 139 | & 1.25 miF;)=1 GeV 2004.14060,2012.03799
» iy, iy —Whi] Veu 3jets/tb EF™ 139 |4 Forbidden  0.68 m(¥})=500 GeV 2012.03799
§g hiy, iy =¥by, $ 16 12r  2jets/tb EF™ 139 | § Forbidden 14 m(#,)=800GeV ATLAS-CONF-2021-008
TS iy, =l | &, k] Oepu 2¢ ﬁi: 36.1 é 0.85 . m(¥})=0 GeV 1805.01649
“ Oep mono-jet  Ej 139 | & 0.55 mif1,2)-m(¥})=5 GeV 2102.10874
iy, =83, X3 —Z)he] 1-2eu 1-4b EP= 139 |§ 0.067-1.18 m{t")=500 GeV 2006.05880
b, h—ih +Z Seu b EP™ 139 |k Forbidden 0.86 m(°)=360 GeV, (7, )}-mif" )= 40 GeV 2006.05880
¥iX) viawz Multiple £/jets . EF= 139 | ¥E 0.96 m{#)=0, wino-bino 2106.01676, ATLAS-CONF-2021-022
ee. =ljet  Epe 139 R 0.205 mi¥T)-m(¥})=5 GeV, wino-bino 1911.12606
XTXT via WW 2e,p Efs 139 | & 0.42 m{E%)=0, wino-bino 1908.08215
XiX3 via Wh Multiple £/jets EF™ 139 Xi/¥; Forbidden 1.06 m(¥])=70 GeV, wino-bino 2004.10894, ATLAS-CONF-2021-022
‘g XiX] via /v 2ep EPs 139 | X 1.0 m(# 5)=0.5(m(¥; )+m(¥d) 1908.08215
E,_ #, Forrl] 2t EPs 139 | T FL.fRUN0A608 0.12-0.39 mi))=0 1911.06660
S i rbg, Eo) 2ep Ojets  EF™ 139 |7 0.7 | miE)=0 1908.08215
ee, zljet E} 139 i 0.256 m(£)-m(t})=10 GeV 1911.12606
AR, A—hG(Z2G 2 e 3_3 tb EP™ 361 | & 0.13-0.23 o 0.29-0.88 BR(Y) — hG)=1 1806.04030
e jets  E; 139 H .55 BR(Y) — ZG)=1 2103.11684
Oe,u =2large jets Eﬁ""’ 139 | & 0.45-0.93 BROE{' - ZG6)=1 ATLAS-CONF-2021-022
Direct X1 X7 prod., long-lived X7 Disapp. trk  1jet  EP™ 139 |¥ 0.66 Pure Wino ATLAS-CONF-2021-015
§ @ iy 0.21 Pure higgsino ATLAS-CONF-2021-015
= Stable g R-hadron Multiple 36.1 B 2.0 1902.01636,1808.04095
2§ Metastable § R-hadron, -qg¥] Multiple - %1 |& m@®=t0ns020s) 20524 m¥1)=100 GeV 1710.04901,1808.04095
S i, t-tG Displ. lep EF™ 139 |&q 0.7 r(f) = 0.1 ns 2011.07812
T 0.34 rif)=0.1ns 2011.07812
XiX XY Xy vzt Bep - 139 Pure Wino 2011.10543
XX [Xa — WW/ZEEEEyy dep Ojets  EF™ 139 1.55 m{¥1)=200 GeV 2103.11684
&8, &qq¥), X] — qqq 4-5 large jets 36.1 1.9 Large 47,, 1804.03568
S i, k) K] s ths Multiple 36.1 m(¥})=200 GeV, bino-lke ATLAS-CONF-2018-003
& if, i—bY:, X7 — bbs > 4b 139 Forbidden m¥; =500 GeV 2010.01015
nin, n—gt 2eu 2b 36.1 0.4-1.45 BR(f, —be [bu)>20% 1710.05544
1u DV 136 1.6 BR(71 —qu)=100%, cosé=1 2003.11956
Xy /X g X ?. ,i'?g —stbs, X| —bbs 1-2e,u >6 jets 139 ,{f: 0.2-0.32 Pure higasino ATLAS-CONF-2021-007
1 1 1 1 1 1 1 1 l 1 1 1 1 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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BSM Searches Beyond SUSY

®= High mass resonances

21

> ' ' : ]

o = (s =13 TeV, 139fb™" 3

- 3 — _

[ 107 E =

C [ =

i 0F

10 §_ e Data %

[ Background-only fit -

1 =  ---- Generic signal at 1.34 TeV,I'/m = 0% =

E -------- Generic signal at 2 TeV,I'/m = 0% E

10—1 L Generic signal at 3 TeV,I'/m = 0% =

— O =

R RN O ST TRIR L TR IR TS SR SR T Sy i 2

A lake 1t ++++++++ +++;;+ B .

©

E 4 : . e

3x10? 10° x10°
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4 TeV di-electron

Event
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137 fb' (13 TeV)

-E é | | | I | 1 1T 1 1 1 1T | 1 1 1 | 1 1 1 | I IE
O B .
B 106 ™ CMS e Data SR —
fd — A =
C . — PYTHIA SR =
O 5[ =
Lﬁ 10 = A Data CR . 4. =
5 — PYTHIA CR ;e -

104 = 0 Data CRhigh =

: —PYTHIA CR_, -

1 03 E E

L= oy :

10°F e Pl =

= m| <2.5 . =

e .4\_- A{:} .

- CR,, 1.5 <|An| <26 | =

16 CR_,,.:1.1< JAn|<1.5 =

- SR:|An| < 1.1 -

_1 B -

1 O E | | [y R R | R S RN | | EESNN IR IR | | | O P B | | RS ] e | | | NEEN AORN R B | | I§

2 3 4 S 6 I 8
Dijet mass [TeV]
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BSM Searches Beyond SUSY

22

Selection of observed exclusion imits at 95% C L. (theory uncertainties are not included).
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Stning resonance

Zy rescnance

Wy resonance

Higgs y resonance

Color Octect Scalar, k= 172

Scalar Diquark

tt+ §. pseudoscalar (scalar). g2, x BRi$~20 > =0.03(0.004)
1+ §. pseudoscalar (scalan, g2 x BRIp=20 > =0.03(0 04)
po+Ziy+ X

quark compostensss (1), fuen =1
quark composReness (1), D= -1
Excited Lepton Contact Interaction
Excited Lepton Contact Interaction

vector mediator (@), 9. =023, Geee =1.m, =1 GV

vector medaator (). g, = 01.gnw=1.g«001l.m,>1 TeV
(axalJvector mediator (9g). @, =025, . gom =1.m, =1 GeV
(axialdvector mediator (xx). 3, =025.gom =1.m, =1 GeV

(a3l }-vector mediator 1), g, = 0.1. g~ L.g=0.1m, >m_ 2
scalor medistor (#tAf), g, = L. gou= 1.m, =1 GeV

scalar mediator (1), g, = 1. g =1.m, = 1 GeV

scalar mediator (fermion porta)l AL=1.m,=1 GeV

peeudoscalar mediator (4 WV g =L G =1.m, =1 GV
peudoscalar mediator (+4tt). g, = 1. gop =1.m, =1 GeV
pseudoscalar mediator (t). g, = 1. gop=1. m, = 1 GeV

complex s¢. med. (dark QCD). m,, =5 GeV. ¢ Ty, =25 mm
Baryonic Z°, 9, =023, G = 1.m, =1 GaV

2 mediator (dark QCD). m,,,, =20 GeV, 1, =03, a,,, =aje
Z—-2HDM. gr =0 8. gow =1, tanf = 1. m, = 100 GeV

Loptoquark mediator, =1, B=0.1, Ac cw = 0.1, 800 < M. < 1500 GaV
axon-bke partcie, % = 12 TeV™

melastic dark matter model. y =107%. a0 =0.1

nelastic dark matter model, y =107, a=01

dark Higgs model g, = 025, goee = 1.6 =0.01. m, = 200 GeV. m- =700 GV

RPV stop to 4 guarks

APV squark to & guarks
RPV gluino to 4 quarks
APV gluinos to 3 quarks

ADD (§) HLZ. Mo =3

ADD (yy. UH) HLZ, neyy = 3

ADD Gux emzzion, N = 2

ADD OBH (). n =6

ADD QBH (e}, Moo =4

ADO QBH (eT), Meo =4

ADD QBM (ut). mep =4

ADD QBH (y)). =6

BS Geulth), kiM, = 01

BS Gudyy), kM, = 01

RS Gulqd. gg). ki = 0.1

RS QBH (Fh. =1

RS QBH (yjh. Mo =1

nonrotating BH, My, = 4 TeV, nep, = 6
3brane WED gexi® + g~ 999). Qo =6, Gy, = 3, £ = 0.5, mi$¥migue) =01
SpR-UED. = 2 TeV

excited light quark {gg). A=m,
excited light quark (qy). fs = fef =l Aem;
excited b quark, fi=f=F=1A=m
axcited elactron, fy = f=f"= l,I\-m_'
exctodmuon, f; = f=1"= 1L A=m

WSM. |V’ =1.0. Mal’=10

WSM, |V P =1.0, Wal*=10

WMSM, |V VWP iV | 4 [Vund®) = 10

Wpe-l heavy fer Flavor-democratic
Vector like taus. Doublet

Vactor liks taus, Singlat

Zo. Narrow esenance, £ =8 x 10°°(90% CL)
Z,, narrow resonance, £ =4 x 1077 (90% CL)
Z,. narrow rescnance, & « 7 x 1077 (90% CL)
Zo. narrow rescnance, ¢ =3 x 107* (30% CL)
SSM Z'un

SSM Z'199)

Z{qq)

Superstning Z|,

LFV Z'. BRlew) = 10%

LFV Z, BRlet) = 10%

LFV Z, BRlpT) = 10%

SSM Witv)

Leptophobic Z°

SSM Wigq)

LRSM Wilpe ), M, = 05M,,,

SSM W{rv}

LRSM WileNa) My, = 0 5M,,

LRSM W TN, ) M, =0.3M,,,

Axwgluon, Coloron, catf =1

Overview of CMS EXO results

CMS preliminary March 2023
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BSM Searches with Exotic Signatures KIT

® Signhatures depend on e nouta s sisolaced —
" ' — Charged i
charge and lifetime . diepon | Mlepton

any charge B quark
photon
: : : B anythin
= Muon-like particles with large —
mMass (Iarge dE/dX) disappearing displaced
track lepton
® Track segments ) Sbaly
= Displaced particles (tracks, ;
leptons, jets) NS [
- displaced . P ’.‘.. displaced
dijet ; | ."A photon
®= For very long lifetimes, particles
can be trapped in calorimeters : v
and decay after months displaced V displaced Not pictured:
vertex AR A out of time decays
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BSM Searches with Exotic Signatures KIT

Overview of CMS long-lived particle searches

CMS Preliminary March 2023
UDD, g-tbs, mg = 2500 GeV g 2104.13474 (Jets with displaced vertices) [ 0:0006=0:00"m" 140 fb~?
UDD, §-tbs, ms = 2500 GeV g 2012.01581 (Displaced jets) N olo0s=1m| 132 fb~?
UDD, t-dd, mi= 1600 GeV t 2104.13474 (Jets with displaced vertices) [ 0:00035=0:08'm' 140 fb~!
UDD, t-dd, m; = 1600 GeV t 2012.01581 (Displaced jets) [ 0002=132'm) 132 fb~?
LQD, E-bl, m; = 600 Gev O R e 0 36 -
LQD, Ebl, m; =460 Gev f 211004809 (Displaced leptons) ~~ 00001-10m 118 o)
LQD, £-bl, m; = 1600 GeV f 2012.01581 (Displaced jets) [N0I005=024) 132 fb?
GMSB, §-gG, mg = 2450 GeV g 2012.01581 (Displaced jets) 0.006—-0.55m 132 fb~!
GMSB, §~gG, mg = 2100 GeV g 1906.06441 (Delayed jet + MET) 0.32-34m 137 fb~?
Split SUSY, g-qgx?, mg = 2500 GeV g 2012.01581 (Displaced jets) 0.007-0.36 m 132 fb~?
Split SUSY, g—qqx3, ms = 1300 GeV g 1802.02110 (Jets + MET) <lm 36 fb~!
Split SUSY (HSCP), fzg = 0.1, mg = 1600 GeV g CMS-PAS-EX0O-16-036 (dE/dx) >0.7m 13 fb~!
MGMSB (HSCP) tanB =10, u>0, m;z =247 GeV T CMS-PAS-EXO-16-036 (dE/dx + TOF) >7.5m 13 fb~1
(@) Stopped t, t=ty), mi =700 GeV t 1801.00359 (Delayed jet) 60—1.5e+13m »|39fb!
& Stopped g, §—qqx?, fo=0.1, mz=1300 GeV g 1801.00359 (Delayed jet) 50-3e+13m 39 fb!
> Stopped g, §-qqx3(uux?), f;=0.1, mz = 940 GeV g 1801.00359 (Delayed pu) 600—-3.3e+12 m 39 fb~!
"g AMSB, x *-x%n*, my+ =700 GeV x* 2004.05153 (Disappearing track) 0.7-30m 140 fb~?
)] g-qax; or q,,,,XT X =Xin*, ms=1600GeV,my = 1575GeV y* 1909.03460 (Disappearing tracks + jets with My;) 0.11-10 m 137 fb~!
G-gx3 or g'xi", Xi- =x3n*, mg=2000 GeV, m,» =1000 GeV  y?* 1909.03460 (Disappearing tracks + jets with My;) 0.26-2m 137 fb~!
t-tx? or by, it >x{n*, m;=1100 GeV, mye =1000 GeV  y:* 1909.03460 (Disappearing tracks + jets with My3) 0.25-9m 137 fb~!
GMSB, x)-HG(50%)/ZG(50%), mye = 600 GeV X 2212.06695 (Trackless jets + MET) 0.04-12 m 138 fb?
GMSB, x{-HG(50%)/ZG(50%), mye = 300 GeV X° 2212.06695 (Trackless jets + MET) 0.05-24 m 138 fb~!
GMSB SPSS, x?—»yé, mye =400 GeV x) 1909.06166 (Delayed y(y)) 0.2-6m 77 fb~!
GMSB, co-NLSP, I=/G, mj=270 GeV I 2110.04809 (Displaced leptons) 5e-05-2.65 m 118 fb~!
H-2ZpZp(0.1%), Zp=uu, my =125 GeV, my =20 GeV X 2205.08582 (Displaced dimuon) 5e-05-5m 98 fb~!
o H-ZpZp(0.1%), Zp-uu(15.7%), my =125 GeV, my=5GeV X |[2112.13769 (Displaced dimuon using scouting) 0.0001-0.25m 101 fb~!
2 H-XX(10%), X—=ee, my =125 GeV, my =20 GeV X 1411.6977 (Displaced dielectron) 0.00012-25m 20 fb~! (8 TeV)
5 H-XX(0.03%), X-Il, my =125 GeV, my =30 GeV X 2110.04809 (Displaced leptons) 0.001-0.12 m 118 fb~!
+ H-XX(10%), X-bb, my =125 GeV, my = 40 GeV X 2012.01581 (Displaced jets) 0.001-0.53 m 132 fb~!
% H-XX(10%), X-bb, my =125 GeV, my = 40 GeV X 2110.13218 (Displaced jets + Z) 0.004-0.248 m 117 fb~*
.9 H-XX(10%), X~bb, my =125 GeV, my = 40 GeV X 2107.04838 (Hadronic decays in CSCs) 0.12—-450 m 137 fb~1
+ H-XX(10%), X=11, my =125 GeV, my=7 GeV X 2107.04838 (LLP decays in CSCs) 0.02-23 m 137 fb~1
dark QCD, mg,, =5 GeV, my, =1200 GeV Xok 1810.10069 (Emerging jet + jet) 0.0022-0.3 m 16 fb~!
1 1 1 1 1
1077 1073 1073 107! 10? 10°
cT [m]
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Let the machine search ...

= Unsupervised machine learning with
autoencoder for anomaly detection

with two different width assumption

Mass spectrum analysed using bumb hunter

.'(B 1011%[ I L | L L L | I 1T 1 | L | %
C = —— Data =
2 10105- ATLAS tbH*(2 TeV) =
W 0% Vs=13Tev, 140 b Wi > W (2TeV)
s e Z' > E¢ (2 TeV) =
e = SSMZ'|W’' (22 TeV) &
10c 5. G Z' (DM) (2 TeV) =
10:& —10 pb AR
105 p—— pb AR
------- 0.1 pb AR
10 E -
10°F E
10°E T
10 E
5% =
10‘? S . =~ . 3
10_2 | | IE:: | ‘!l I . 1 1 | | . 1 1 | i | 1 1 | I a::lél | I 1S | | I | | |
-11 10 -9 -8 —7 —6 -5 4
log (Loss)
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https://arxiv.org/abs/2307.01612

MM LI UL UL IURSMLN BN I
: 95% CL Upper Limits ]
——o,/m =00bs. ]
....... GX'/mX':O Exp -
E+1o 3
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It’s not all limits ...

a Example: di-photon excess at 95 GeV

arXiv:2303.12018 arXiv:2306.03889

Phys.Lett.B565:61-75,2003

1 | 1 I I | I I I I 1 1 1 I 1 I I I I 1 1 I 1 I I
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CMS-PAS-HIG-20-002
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https://arxiv.org/pdf/2303.12018.pdf
https://arxiv.org/pdf/2306.03889.pdf

Towards the HL-LHC T

2021 2026 2027 2028 2029
I Long Shutdown 3 (LS3) i
|2|030 |12103ls 'A|2'0325| 2033S 2034S | 112103551 2103651 210375 I II2I038S
' Run 4 \ LS4 i ES i
2039 2040 2041 — = T 'y
J|FIMAM J|J|A/S|OIN|D A'MJJAj NID{J|FIM/AIM J|J|AIS|ONID Nm 7 N 3000 £
LS5 Run 6 S | =
<" 1 2900 =
: April 2023 m : CT)
E 5 ® o o o © 1 2000 CE)
= Run 2: 140/fb SN | 1500 5
g 3 | 3
= Run 3: ~450/fb §E 2 e -
. )
R YETS 15weeks — | 500 £
= HL-LHC: ~3000/fb & , YETS 19 weeks — |
(~20 x today’s dataset) 2028 2030 2032 2034 2036 2038 2040 2042

Year
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https://lhc-commissioning.web.cern.ch/schedule/images/2023/rampup_2022_YETS19weeks_2p.pdf

Towards the HL-LHC

= ATLAS and CMS upgrades entering production

The Phase-2 Upgrade of the

CMS Level-1 Trigger
Technical Design Report

L1-Trigger

https://cds.cern.ch/record/2714892

CERN  turcpean Organization for Nuclear Rssarch (-s«um':
Organisaton europhenne pour 1 secherche fckiare

CMS

The Phase-2 Upgrade of the
CMS Endcap Calorimeter
Technical Design Report

The Phase-2 Upgrade of the
CMS Tracker

Technical Design Report

28 Markus Klute

o Tracks in L1-Trigger at 40 MHz
« Particle Flow selection

o 750 kHz L1 output

« 40 MHz data scouting

Calorimeter End

https://cds.cern.ch/record/2293646

» 3D showers and precise timing
« Si, Scint+SiPM in Pb/W-SS

Tracker

https://cds.cern.ch/record/2272264

« Si-Strip and Pixels increased granularity
» Design for tracking in L1-Trigger

« Extended coverageton = 3.8

https://cds.cern.ch/record/2759072

The Phase-2 Upgrade of the
CMS Data Acquisition
and High Level Trigger

echnical Design Repor

» Full optical readout

« Heterogenous architecture
« 60 TB/s event network

o 7.5 kHz HLT output

https://cds.cern.ch/record/2667167
Precision timing with:
« Barrel layer: Crystals + SiPMs
» Endcap layer:
Low Gain Avalanche Diodes

A MIP Timing Detector
for the CMS Phase-2 Upgrade
Technical Design Report

Barrel Calorimeters

https://cds.cern.ch/record/2283187

« ECAL single crystal granularity at L1 trigger
with precise timing for e/y at 30 GeV
» ECAL and HCAL new Back-End boards

Muon systems

https://cds.cern.ch/record/2283189
« DT & CSC new FE/BE readout

» RPC back-end electronics

« New GEM/RPC1.6<n<2.4

» Extended coverage ton =3

Beam Radiation Instr. and

Luminosity

http://cds.cern.ch/record/2759074
« Beam abort & timing
» Beam-induced background
« Bunch-by-bunch luminosity:
1% offline, 2% online
» Neutron and mixed-field radiation
monitors

AT

Karlsruhe Institute of Technology

The Phase-2 Upgrade of the
CMS Barrel &alonmeters
Technical Design Report

CERN  Furopean Ongarsrason for Nuckear Resea: CERNANCC-2007 44

Wpiation e four b mchenie e bhase

CMS

The Phase-2 Upgrade of the
CMS Muon Detectors

TECHNICAL DESIGN REPORT

The Phase-2 Upgrade of the CMS
Beam Radiation,

Instrumentation, and Lumlnosnty
Technical Desxgn Report

Institute of Experimental Particle Physics (ETP)


https://cds.cern.ch/record/2272264/files/CMS-TDR-014.pdf
https://cds.cern.ch/record/2714892
https://cds.cern.ch/record/2714892
https://cds.cern.ch/record/2293646
https://cds.cern.ch/record/2283187
http://cds.cern.ch/record/2759074
https://cds.cern.ch/record/2667167
https://cds.cern.ch/record/2283189
https://cds.cern.ch/record/2759072

Quiz SIT

Karlsruhe Institute of Technology

= Why do you think the Standard Model is incomplete?

= How should a “good” extension of the Standard
Model look like?

= How can we search for DM at the LHC?

® How can we study energy scales beyond the reach
of the LHC?

®= What is the most exciting opportunity at CERN for
you?
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Conclusion AT

= \We have seen a broad physics program from ATLAS and CMS highlighted by
the discovery of the Higgs Boson

® There are many open fundamental questions in particle physics

® New tools are available to address these questions

® The (physics) program of the LHC is filled with exciting opportunities for you!
= QOutlook:
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References and further reading

m Jextbooks

Modern Particle Physics by Mark Thomson

QCD at Colliders by Ellis, Stirling, and Weber

® Pictures

CERN Document Server

= Wikipedia

Or reference on page

m References

31

Previous CERN Summer Lectures - https://indico.cern.ch/category/97/
MIT’s OCW 8.701 and 8.811

KIT’s Particle Physics master courses (you can contact me)

Public results from ATLAS, CMS, and LHC combination groups

Or reference on page
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