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Motivation

* Indirect searches (e.g. CP violation) at high p: complement low
energy CP studies and give new routes to answering fundamental

questions in particle physics

* High p: searches offer direct means to observe physics beyond the
Standard Model (SM)

e Theory motivations can date back decades: e.g:

 Higgs Yukawa couplings to fermions linked to the CKM matrix via
diagonalisation of the mass matrix

* New types of CP violation searches target understanding the
origins of the matter-antimatter asymmetry of the universe

 Access to high energy via the LHC and HL-LHC upgrade allow for
direct searches for new types of coupling (i.e. particles)
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The Large Hadron Collider (LHC)

 pp collider at CERN on the Swiss-French border

« Superconducting magnets targeting \/E = 14TeV
e Taking data now during Run 3
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The LHC

 Results shown use data from Run 1+2
e Run 3 Iin progress
 High Luminosity upgrade start up to follow long shutdown 3

https://Ihc-commissioning.web.cern.ch/schedule/LHC-long-term.htm
2021 2022 2023 2024 2025 2026 2027 2028 2029
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HEER Protons physics
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Last update: April 2023
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GPDs: ATLAS and CMS

 Designed for a wide range of physics, with tracking systems,
calorimeters and trigger systems;
e Magnet systems allow 4-vector reconstruction of charged particles

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
44m Overall diameter :15.0 m Pixel (100x150 ym) ~1m?* ~66M channels
Overall length :28.7 Microstrips (80x180 wm) ~200m? ~9.6M channels

— : Magnetic field  :3.

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS

PRESHOWER

=
syl

25m

Tile calorimeters

LAr hadronic end-cap and — K

forward calorimeters CRYSTAL
_____ Pixel detector ELECTROMAGNETIC
------------------ . . CALORIMETER (ECAL)
Toroid magnets LAr electromagnetic calorimeters ~76,000 scintillating PEWO, crystals
Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor tracker /

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels
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Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

Silicon strips ~16m* ~137,000 channels

Steel + Quartz fibres ~2,000 Channels
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@ATLAS

EXPERIMENT

GPDs: ATLAS and CMS

 Run 3 data taking performance similar to run 2
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CMS

GPDs: ATLAS and CMS

 Run 3 data taking performance similar to run 2
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Indirect searches

Higgs couplings and two example of high pt: CP violation
searches

Other high p: searches, including study of b CP asymmetries
using semi-leptonic top decays exist; but not covered here.
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s Couplings to fermions

e The CKM matrix is derived from
fermion mass diagonalisation in
the SM

)
m m
UMU" =D =diag|—%,—, 1
my mp |
m m ‘
UMU' = D = diag|—%,—<, 1|,
m, m; |

Very = UU

e Couplings deviating from the SM
would have implications for the
for the CKM picture

‘;:2_:’ Queen Mary
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CMS Collaboration, Nature 607, pages 60-68 (2022)
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CMS Collaboration, Nature 607, pages 60-68 (2022)

Couplings to fermions BT ol 1.
p g JE 1_ mH—125386eV wZ.:E‘””_E
» The CKM matrix is derived from  lz | L
fermion mass diagonalisation in 5 107F
the SM E"'l > E ,“" ]
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vmv'=p-4 Similar picture from ATLAS results °*°fb°8°ns
M

UMU = D — d& 10 years after the Higgs discovery the
couplings are conS|stent with the SM

cond-generation fermions ]

Higgs boson

|
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e Couplings deviating from the SM 5 08f . : . 095} 13
would have implications for the 6% 1 10 e
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For ATLAS results see: ATLAS Collaboration, Nature 607, pages 52-59 (2022)
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CP violation

* In the 1980’s new CP violation tests were being explored

 An important paper stood out among others

NOTES ON THE OBSERVABILITY OF CP VIOLATIONS o
IN B DECAYS

I.I. BIGI
Institut fur Theor. Physik der RWTH Aachen, D-5100 Aachen, FR Germany

A.l. SANDA'
Rockefeller University, New York 10021, USA

Received 16 June 1981

We describe a general method of exposing CP violations in on-shell transitions of B mesons.
Such CP asymmetries can reach values of the order of up to 10% within the Kobayashi-Maskawa °
model for plausible values of the model parameters. Our discussion focuses on those (mainly
non-leptonic) decay modes which carry the promise of exhibiting clean and relatively large CP
asymmetries at the expense of a reduction in counting rates. Accordingly we address the com-
plexities encountered when performing CP tests with a high statistics B meson factory like the °
Z° (and a toponium) resonance.

Nuclear Physics B193 (1981) 85-108
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CKM, superweak and Higgs
multiplet theories could all give
rise to sources of CP violation.

e What description was
correct?

e How do we test that?

Superweak ruled out by &’

B Factory consistent with CKM
picture.

What about Higgs multiplets?
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g CP violation: ttH and tH searches

* SM Higgs is CP even

* Presence of a CP odd component in t-H coupling would constitute
CP violation (and more than one Higgs)

- * K,, K, are CP even / odd couplings
Loy = — P, (x, +ivsk)p,H s are Dirac spinors
¢ * v is the Higgs VEV

e Introduce a mixing angle a: cos a / sin o describe CP even/odd terms
e a = (0°,180° for a purely CP even state

« a = 90° for a purely CP odd state
e otherwise the state is mixed
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CMS CMS result (https://arxiv.org/abs/2208.02686)

s CP violation searches e.g ttH and tHq, tHW

e Trigger on multi (1, 2, 3) lepton final states

« Reconstruct Higgs via WW, ZZ or 777~ in leptonic or hadronic decay
modes

 Multivariate discriminator for background suppression
 Reducible backgrounds:

« mainly from ¢f events

e 1ty leads to photon conversion background

 leptonic charge flipping from events with both tops decaying
semileptonically (issue for electron mode)

* Irreducible backgrounds from rare processes also considered
e Additional discriminator for CP-odd/even determination
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(CMS CMS result (https://arxiv.org/abs/2208.02686)

g CP violation searches e.g ttH and tHq, tHW

» 138 /fb of data used
* Result obtained compatible with the SM
* No significant CP odd component found

CMS 138 fb' (13 TeV) 6

CMS 138 b (13 TeV)

~ 68% CL
4 SM expected

—95% CL ~~68% CL =—95% CL

J ]
£ £
< Best fit SM expected 45 4
S ‘ + ¢ Xp S

40

35

30

25

20

-0.5 0 0.5

Expected

-1 -0.5 0 0.5

Observed
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CMS CMS result (https://arxiv.org/abs/2208.02686)

g CP violation searches e.g ttH and tHq, tHW

e Likewise combination (with previous CMS results) is compatible with

the SM _ CmMs 138 fb™' (13 TeV)
% 1.5 ] H — Multilepton | | L
Parameter  68% CL 95% CL - JH~ 1Y/ZZ
K, (0.96,1.16) (0.86,1.26) - L_JH — Multilepton/yy/ZZ
%, (-0.86,0.85) (-1.07,1.07)
0.5
0

e Validates a way to disentangle
CP even and odd t-H couplings -os
for future CP violation searches

lllllllllllllllllllllllllllll

lIlIIlIIIIIIIIIIIIIIIIII]

[ 68% CL
S 95% CL
- + Best fit
¢ SM expected
1 1 1 1 I 1 1 1 1 | 1 1 1 1 1 1 I 1
153 -0.5 0 1.5
K
(also see ATLAS result detailed in https://arxiv.org/abs/2004.04545) '
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@ATLAS ATLAS (https://arxiv.org/abs/2212.05833 accepted by EPJC)

CP violation searches e.g H — 777~

« Same motivation as for the previous example, this time looking for
CP violation in the 1-H coupling

m. e ¢_is the mixing angle
Lire =~ "ke(cos¢TT+singeTiysIH o cOS ¢p_, sin ¢p, are CP even/odd terms
e v is the Higgs VEV
K, coupling strength

« a = (0° for a purely CP even state

e a = * 90° for a purely CP odd state
e otherwise the state is mixed
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@ATLAS ATLAS (https://arxiv.org/abs/2212.05833 accepted by EPJC)

CP violation searches e.g H — 777~

« Reconstruct acoplanarity ¢2fp, defined for different final states as

 Use leptonic and hadronic final

states of the 7 in lephad and
hadhad final states

e Boost into the Zero Momentum
Frame of the visible decay

e Use momentum vectors and

impact parameter n"= to define
the planes

e ¢7, = 180" for CP even

(@ Ho vt~ > atn +2v () H—- ttt™ > n*n%n 20 ) H—- 1ttt - a*tnlvny

« ¢, =07,360°for CP odd

« Sensitive to ¢_ via rate as:

2 '« E_ is the ™ energy

o~ 1 - - * | e b(E.) is a spectral function
Ay —r+- = 1 = b(E,.)b(E-) 16 cos(¢cp = 2¢+) describing the spin analysing
power
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@ATLAS ATLAS (https://arxiv.org/abs/2212.05833 accepted by EPJC)
EXPERIMENT

CP violation searches e.g H — 777~

* Define 4 signal regions for VBF and boost categories of event with
common selection criteria (resolved vs boosted jets)

e and additional criteria for the lephad and hadhad final selections

€ o[ amas Dat H->e (best-ft £ ‘aTLAS e Daa Hovre (best ) ]
VBF ’ Boost g '° /s =13 TeV, 139 fb" -Zﬁ(b o Wi O go)) 3 i 10° = fs5=13TeV, 139 fb” -Zw(b e g")’?
p%z > 30 GeV Ty hag Hig -om b ackgrounds /., Uncertaihty : Thadhag HiGh -Oth b kgVBFdO s/, Unc rtV:'t=V1 ]
m{i >._TO>O 3G SV Not VBF 10° E
it = 2 pIT > 100 GeV i
Njy " Mj, < 0 10 3 =
Central 7-leptons /*? 2
Signal region (110 < mMMC < 150 GeV) 1
VBF_1 | VBF.0 | Boost_1 | Boost_0
10-
AR+ <15and | AR+ >150r
BDT(VBF) > 0 | BDT(VBF) <0 pIT > 140 GeV | pI* < 140 GeV

Data / Pred.

Z — 7 control regions (60 < m¥MMC < 110 GeV)

VBF_1ZCR | VBF_OZCR | Boost_1ZCR | Boost_0ZCR

0 5 10 15 20 25 30

Data / Pred
FT
*
.’.
‘.
.
%
IIIIII\I

(a) TiepThad High SR (b) ThadThad High SR

\;_:2_:1 Queen Mary
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@ATLAS ATLAS (https://arxiv.org/abs/2212.05833 accepted by EPJC)

CP violation searches e.g H — 777~

e Signal strength and mixing phase compatible with SM
» i.e. Signal strength (x_) and ¢ SM-like
 CP odd scenario is disfavoured at 3.4 ¢

j - I T I T T T I T T T I T T T [ T 1T I T 1T 7T ] T 1T T I T T T I T ] B 2_] I T 7T I T T 7T I T T 1 T T 7T | ] I T 1 1 T 11 I T T 1 | |—
£ 75 ATLAS —— Observed: ¢ = 9x16° (68% CL) ] = 18 # Bestit 1
= - Vs=13TeV, 139107 ...... Expected: ¢ = 0+28° (68% CL) - 1 65 ¥ SM ~20 ]
61 ' > OF T E
- $p.,=09x16) @ 68% C.L. s 1.4F -
5t 35 1 i 1
SURRRRNRREHRNR. SRR NRNR RN RR SRR —— A e 1.2 -
4 } _: 1_— ! ' ]
3k = 0.8 A
N 20 06 e
- . 0.4 -
1= = - ATLAS
o RN N . fo_3 0.2F {s=13Tev, 139 o™ E
0 L 1 I 1 1 1 I 1 1 1 I 11 | .T~~I.‘|- 1 1 1 1 I 1 1 1 | 1 1 1 I 1 T 0_1 I L1 I Ll I Ll | Ll | Ll I 11l | L1l l Ll l 1-
-80 -60 40 -20 0 20 40 60 80 -80-60-40-20 0 20 40 60 80
¢_[degrees] ¢_[degrees]
CMS result can be found in https://arxiv.org/abs/2110.04836

+
\C,_:)_‘JJ Queeﬂ Mary Adrian Bevan 20

University of London


https://orcid.org/0000-0002-4105-9629
https://arxiv.org/abs/2212.05833
https://arxiv.org/abs/2110.04836

@ATLAS ATLAS (https://arxiv.org/abs/2212.05833 accepted by EPJC)
EXPERIMENT +

CP violation searchese.g H — 777~

. Slgnal strength and mixing phase compatible with SM

- i.e. Signal strength () and ¢, SM-like
e CP odd scenario is dlsfavoured at3.4 0

lllllIIII]IIIIIIIIIIIIIII]IIIIIIIII t2_||||||||I||||]|||l[|l||l|]lll|
—— Observed: °°7—916 (68% CL)_

Other test of the CP nature of the
| nggs performed are also consistent

AIn(L)

|W| the CP even hypotheS|s
2:??2:: _____________________________________________________________ 20~ 06:_ .............. E
] 0.4 =

1= = - ATLAS 1
SR U N . fo_J 0.2F {5 =13 Tev, 139 o™ E

0" 80 60 40 20 0 20 40 60 80 080260 40 =20 0 20 40 60 80
¢_[degrees] ¢_[degrees]

CMS result can be found in https: /larxiv. org/abs/2110.04836
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Direct searches

Searching directly for new particles in the data that don’t fit
the Standard Model(")

Show only a few examples of analyses in this area from ATLAS and CMS

("The LHC has discovered many new particles e.g. XYZ states
and pentaquarks, those are beyond the scope of this talk
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ATLAS Heavy Particle Searches*

- 95% CL Upper Exclusion Limits

ATLAS Preliminary

(Exotics) §

ATLAS

Status: July 2022 fL dt = (3.6 — 139) fbo* V5=8,13TeV EXPERIMENT
Model t,y Jetst ET° [Ldt[fb] Limit Reference
T T T T T T T T —TT T T T T T
@ ADD Gk +&/q Oeu7,y 1-4j Yes 139 | Mp 11.2TeV n=2 2102.10874
.©  ADD non-resonant yy 2y - - 36.7 | Ms 8.6 TeV n =3 HLZ NLO 1707.04147 =
& | appqeH — T 9aTeV 16 1910.08447 H uge Ind ustry Of
©  ADD BH multijet - >3] - 36 | M 9.55TeV.  n=6, Mp =3TeV, rot BH 1512.02586
£ RS1Gkk -y 2y - - 139 | Gk mass 4.5TeV K/ Mo =0.1 2102.13405
S Bulk RS Gk —» WW/ZZ multi-channel 36.1 Gk mass 2.3 TeV k/Mp = 1.0 1808.02380 h f
S BUKRS Cor oWV v e ™ 2110 ves  tas | Gamase 20 Tev WM — 10 = SE@AFCNEeS Tor new
X Bulk RS gkk — tt 1ep >1b>1J/2 Yes 361 | 8kkmass 3.8 TeV r/m=15% 1804.10823 -
W ouED/RPP Teu >2b,>3] Yes 361 |KKmass 1.8 TeV Tier (1,1), BA®D - ) = 1 1803.09678 a rtl C I es b b ot h
SSM 2’ — ¢t 2epu - - 139 | Z' mass 5.1 TeV 1903.06248 p y
SSM Z" - 1t 27 - - 36.1 Z’ mass 2.42 TeV 1709.07242 n
i Leptophobic Z” — bb - 2b - 36.1 Z’ mass 2.1 TeV 1805.09299 ex pe rl m e n ts
(<} Leptophobic Z” — tt Oe,u >1b,>2J Yes 139 Z’ mass 4.1 TeV rm=12% 2005.05138
8 | SSMW’ ¢y Tepu - Yes 139 | W’ mass 6.0 TeV 1906.05609
Q SSM W’ — v 17 - Yes 139 W’ mass 5.0 TeV ATLAS-CONF-2021-025
g, SSM W’ — tb - >1b>1Jd - 139 W’ mass 4.4 TeV ATLAS-CONF-2021-043
= HVT W - WZ — fvqgmodel B 1 e,u 2j/1J Yes 139 W’ mass 4.3 TeV gy =3 2004.14636
8 HVT W' — WZ — {v '¢’ model C 3 e, u 2j(VBF) Yes 139 W’ mass 340 GeV gven =1, =0 ATLAS-CONF-2022-005 -
HVT W’ — WH — tvbbmodel B 1e,u 1-2b,1-0] Yes 139 | W’ mass 3.3TeV gv =3 2207.00230 ove rs exo I c a n
HVT Z/ - ZH — ¢t/vvbbmodel B 0,2e,u  1-2b,1-0] Yes 139 Z’ mass 3.2TeV gv =3 2207.00230
LRSM Wg — uNg 2u 1J - 80 Wpg mass 5.0 TeV m(Ng) =0.5TeV, g, = gr 1904.12679
e == OUSY searches
. Cl ttqq 2eu - - 139 A 35.8 TeV m 2006.12946
O Cl eebs 2e 1b - 139 A 1.8 TeV g =1 2105.13847
Cl uubs 2u 1b - 139 A 2.0 TeV g =1 2105.13847
Cl tttt >1eu 21b2>21j Yes  36.1 A 2.57 TeV |Carl = 41 1811.02305 -
Axial-vector med. (Dirac DM) Oe,p,7,y 1-4j Yes 139 Mined 2.1 TeV £4=0.25, g, =1, m(y)=1 GeV 2102.10874 U s I n a bette r
S Pseudo-scalar med. (Dirac DM) O e,u, 7,y 1-4j Yes 139 Mpned 376 GeV gq=1, gy=1, m(x)=1 GeV 2102.10874
Q Vector med. Z’-2HDM (Dirac DM) O e, u 2b Yes 139 Mined 3.1 TeV tanp=1, gz=0.8, m(x)=100 GeV 2108.13391 -
Pseudo-scalar med. 2HDM+a  multi-channel 139 Mmed 560 GeV tanpB=1, g,=1, m(x)=10 GeV ATLAS-CONF-2021-036 u n d e rsta n d I n of
Scalar LQ 1%t gen 2e >2j Yes 139 LQ mass 1.8 TeV =1 2006.05872 g
Scalar LQ 2" gen 2u >2j Yes 139 LQ mass 1.7 TeV =1 2006.05872
o | Scalar Q37 gen it 2b  Yes a0 |LOfmass 127Tev BLQ — br) = 2108.07665 th e d ete cto rs to
= ScalarLQ 3" gen Oeu  22j,22b Yes 139 LQQ mass 1.24 TeV ?3(L03 - tv) = 2004.14060
Scalar LQ 3™ gen >2e,p,21721),21b - 139 | LQS mass 1.43 TeV ZB(LQ3 —tr) = 2101.11582 -
Scalar LQ 3™ gen Oeu, 217 0-2j,2b Yes 139 LQS mass 1.26 TeV 'B( %/—> by) = 2101.12527
Vector LQ 3" gen 17 2b Yes 139 | LQj mass 1.77 TeV B(LQZ — br) = 0.5, Y-M coupl. 2108.07665 p u s ex p o ra I o n
® VLQTT - Zt+ X 2e/2u/>3e,u >1 b, >1]j - 139 T mass 1.4 TeV SU(2) doublet ATLAS-CONF-2021-024 ®
= @ VLOBB - Wt/Zb+X multi-channel 361 | Bmass 1.34 TeV SU(2) doublet 1808.02343 I n to m o re
T O VLQ Ts5/3Ts/3|Ts3 > Wt+ X 2(SS)/>8eu >1b,21] Yes 36.1 Ts/3 mass 1.64 TeV B(Tsj3 > Wt)=1, c(Ts;sWt)=1 1807.11883
S E VLQT - Ht/Zt 1e,p 210,23 Yes 139 T mass 1.8 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
83 vLQY - wb le,u  21b>1j Yes  36.1 Y mass 1.85 TeV B(Y — Wb)=1, cr(Whb)=1 1812.07343 c h a I I e n I n a re as
=" VLQB - Hb Oeu 22b 21,210 - 139 | Bmass 2.0 TeV SU(2) doublet, k5= 0.3 ATLAS-CONF-2021-018
VLL 7 — Z7/Ht multi-channel 21 Yes 139 7’ mass 898 GeV SU(2) doublet ATLAS-CONF-2022-044
ko) ‘é’ Excited quark ¢* — qg - 2] - 139 q" mass 6.7 TeV only u” and d*, A = m(q") 1910.08447 Of a n a I s I s e
L S Excited quark ¢* — qy 1y - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q") 1709.10440
§<> £ Excited quark b* — bg - 1 b 1 j - 139 b* mass 3.2 TeV 1910.0447
I ¢ Excited lepton ¢* 3eu - - 20.3 A =3.0TeV 1411.2921 Se m I _v I S I b I e ets
*=" Excited lepton v* 3eut - - 20.3 A=16TeV 1411.2921
Type Il Seesaw 234epu >2j Yes 139 N° mass 910 GeV 2202.02039
LRSM Majorana v 2u 2j - 36.1 Ng mass 3.2 TeV m(Wg) =4.1TeV, g = 1809.11105
“ Higgs triplet H** —» W*W* 2,3,4 e, 1 (SS) various Yes 139 H** mass 350 GeV DY production 2101.11961
_‘1:’ Higgs triplet Hﬂ — 2384eu(SS) - - 139 H** mass 1.08 TeV DY production ATLAS-CONF-2022-010
6‘ Higgs triplet H** — ¢t 3eut - - 20.3 DY production, B(H;* — (1) =1 1411.2921
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
Vs =13 TeV Vs =13 TeV L1l L L M R | L L oo L L PR
rtial -1 .
partial data full data 10 1 10 Mass scale [TeV] Adrian Bevan 23

*Only a selection of the available mass limits on new states or phenomena is shown.
+Small-radius (large-radius) jets are denoted by the letter j (J).
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Dark Matter

Extra

Heavy Gauge Bosons

Overview of CMS EXO results

March 2023

05570TeVi 191103947 (2)
035-4TeV 171203143 (2p+ 1y; 2e + 1y; 2j + ly)
1528TeV 210610509 (1 + ly)
072325 TeV| 1808 01257 (1j + 1y}
05537 TeVI 191103947 {2)
05-75 TeV 1911.03947 (2j)
0015-0.075TeV 191104968 (3¢, =41}
0108=0/34TelI 191104968 (31, z4t)
06216 Tall CMS-PAS-EXO-19-000 (pp +1L,pp +Y)

<247V 210302708 (21)
<367TeV 210302708 (21)

02=516'TeV 2001 04521 (2e + 2j)
02-57 TeV 2001.04521 (2p + 2§}

CMS pr
String resonance N
Zyresonance ~
Wy resonance ~
Higgs y resonance ~
Color Octect Scalar, k= 1/2 »
Scalar Diquark M
ti+ ¢, pseudoscalar (scalar), g2 x BR(¢~2/) > =0.03(0.004) N
ti+ ¢, pseudoscalar scalar), g2, x BRig~21) > =0.03(0.04) o
Pp+Ziy+X M
quark compositeness (1), fusa =1 Ko
quark compositeness {tl), s = — 1 Ko
Excited Lepton Contact Interaction N
Excited Lepton Contact Interaction M
vector mediator (qg), gq =025, gow =1,m, =1 GeV N
vector mediator (), g,= 0.1, gow=1.g,=0.0Lm, >1 TeV N

{axial4vector mediator (qq). ga =025, g =1.m
{axial-}vector mediator (). gy = 025, gows = 1.m,
{axial}-vector mediator (1), g, = 01, gow= 1.9, =0.1,m, >m,, 2 N
scalar mediator (+tAf), g, =1 gou=1.m, =1 GeV N

Gev M

scalar mediator {tf), g, =1,Gon = N
scalar mediator {fermion portal), A, M
pseudoscalar mediator (+jV), gy o
pseudoscalar mediator {+44f), g, = N
pseudoscalar mediator {tH), g, =1,gow=1m, N
complex sc. med. {dark QCD), My, =5 GeV, cTx, =25 mm M
Baryonic Z/, g, =025, gowe = L.m, =1 GeV M
2 mediator {dark QCD), My, =20 GeV, 1,,, =0.3, @y =afon N
2~ 2HDM, g7 =0.8, gow = L tang = 1. m, = 100 GeV "
Leptoguark mediator, f= 1, B=0.1 Ar.w =0.1, 800 <Mco <1500 GeV. »
axion-like particle, %= 12 TeV »
inelastic dark matter model, y =10, @, =0.1 ~
inelastic dark matter model, y =107, @, =0.1 ”

aaxn.ggsmooe\.gq_ozs.gWJﬁ = 0.01.m, =200 GeV, mz =700 GeV M

035-077eV 191103761 ( 23j)
02-1.62 TelV 210302708 (2e, 241
0528 TeV 191103947 (2)
<1956V 210713021 { 21+ py'™)
02-4647Tel 210302708 (2e, 21}
<0207V 190101553 (0, 1t + =2j+p7™)
005-0.47TeV 2107.10892 {0, 1t + 22§ +p§™)
<USTeV 210713021 ( 21+ py'™)
<047 V(210713021 { 21+ py'™)
<037V 190101553 {0, U + =2j+p§™)
005-0.42TeV 2107.10892 {0, 1t + 22§ +p§™)
<154TeV! 1810.10069 (4j)
<1676V 190801713 (h +p§*™
15251 Teli 211211125 (2j + p§™
05-31TeV 190801713 {h +p§'™)
0306 TeV 181110151 {1+ 1j +p7'™)
0522l OMS-PAS-EX0-21-007 {pp +yy)
0/003-0.08 el CMS-PAS-EX0-20-010 (2 displaced p+ pf™)
002-0.08Tel CMS-PAS-EX0-20-010 (2 displaced p+ p™)
016=0/352 TelVl CMS-PAS-EX0-21-012 (11 +2j+ py™, 20 +p7™)

008-0.52TeV 180803124 (2j; 4j)
01-0727TeV 1806 01058 (2j)
DI=141TeV 180601058 (2j)
15TV 1810.10092 (6j)

RPV stop to 4 quarks L}
RPV squark to & quarks [
RPV gluine to 4 quarks [
RPV gluinos to 3 quarks L}
ADD (j} HLZ, neo =3 L}
ADD (yy, 1) HIZ, neo = 3 [
ADD Gix emission, fep = 2 L}
ADD QBH (i), no =6 L}
ADD QBH (eg), . L]
ADD QBH {eT), neo =4 [
ADD QBH {uT), neo =4 [
ADD QBH (yi), neo =6 L}
RS Guelll), k(M= 01 L}
RS Guelyy). ki [
RS Guxlqd. 9g). kMo =01 M
RS QBH (jj). nm=1 L}
RS QBH {yj), neo =1 M
non rotating BH, Mo = 4 TeV, . [}

3brane WED gecld +9- 900}, Gorm =6. G =3, £20.5, MgUmigee) =01 mig)

SI2TEV] 180308030 (2j)
SONTEV| 181210443 (2y, 20)
Z10BTEV 210713021 ( = 1j+ py'™)
ZE20TEV] 1803 08030 (2j)
Z51671EV| 2205 06709 {ep)
ESI2ITEV] 2205 06709 (e
Z5TEV] 220506709 ()
2ETISTEY| OMS-PAS-EXO-20-012 [y +j)
=ATBTEV] 210302708 (21)
SAMTEY] 180900327 (2y)
05=26/TeV| 191103947 (2)
=SI9TEV] 1803 08030 (2j)
2E52ITEY| CMS-PAS-EXO-20-012 {y +j)
SOTE] 180506013 ( 2 7j(t, )}
2=A3TeV] 220102140 (2i)
DA=2ETEV 2202 06075 (£ +p7'™)

OSZEETEY 191103947 (2j)
T=6Tal] CMS-PAS-EX0-20-012 [y +)
IS220TeY OMS-PAS-EX0-20-012 (y +j)
DESSIOTEY 181103052 {y + 2e)
D25=38TEY] 181103052 {y + 2u)

0001124 TeV 1802.02965; 1806.10905 (3p; 21j+2p)
0.001-1.43TeV 1802.02965; 1806.10905 (3e; = 1j +2e}
002-1.6TeV 1806.10905{ z1j+ p+ e}
01-098TeV 220208676 (31, =44, 17 +34 27+ 2, 37+ 1, Iv + 21,27+ 1t}
01-1045TeV 220208676 (3L, 44,17 +3427+ 24,37+ 1, Iv + 24,27+ 1)
0125-0.15TeV 220208676 (31, =44, 17 +34 27+ 2,37+ 1, It 4+ 21,27+ 1)

CMS-PAS-EX0-21-005 (241}

000422010079 TeV]  CMS-PAS-EX0-21-005 (241}

00115-0.075 TeV| 1912.04776 {2}
011-02TeV 191204776 (2p)

02-515TeV 2103.02708 (2e, 21}
05-29TeV 191103947 (2j)
001-0/125TeV 190510331 (1j, 1y}
02=4/6TeV 210302708 (2e, 2}
02-5TeV 220506709 (ep)
02-437TeV 220506709 (et}
02-411TeV 220506709 (ur)
OA=STTeV 220206075 (¢ +p7*™)
005-045TeV 1909.04114 (2j)
05-36TeV 191103947 (2j)
<5TeV 211203949 (2p + 2j)
06=48TeV 221212604 (v + ;™)
SATTEV 211203949 (2e +2j)
<3)57TeV 1811.00806 (27 +2ji
05=66TeV 191103947 (2j)

Spit-UED, 22 TeV R
excited light quark (qg), A »
excited light quark (qy), f ~
excited b quark, f;=f=f M
excited electron, . M
excitedmuon, f;= f=f'= LA=m; o
WMSM, [V P =1.0, Vi =1.0 [
WSM, [V =10, Vi =1.0 L}
WMSM, [V Vo P Ver | + Vi) =10 M
Tpe-ll seesaw heavy fermions, Flavor-demaocratic »
Vector like taus, Doublet »
Vector like taus, Singlet ”
Zo, narrow rescnance, £ =8 x 107 (90% CL) L
Zo, narrow resonance, £ =4 x 107 {90% CL} [
Zo, narrow resonance, £ =7 x 1077 {90% CL} ~ 0.0011-0.0026 TeV.
Zo, narrow resonance, £ =3 x10°° {90% CL) L
SSMZ/(t) L}
SSM Z'(qq) [
Z'(qg) N
Superstring Z,, L}
LFV Z, BRley) = 10% L}
LFV Z, BRlet) L]
LFV 2, BRiuT) [
SSMW(tv) ~
Leptophobic Z »
SSMWlqg) L}
LRSM WaluMa), My, = 0.5Mu, [
SSMW(Tu} L]
LRSM WaleNx), My, = 0.5Mu, ~
LRSM Waltha), M, =0.5Mu, L}
Axighuon, Coloron, cat6 =1 [
0.001

Selection of observed exclusion limits at 95% C.L. {theory uncertainties are not included)

L
0.010

L L L
0.100 1.000 10.000
Mass Scale [TeV]

137 b1
36 fb~!
137 b~}

36 fb~!
137 o~}
137 b1
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37 fb~!
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140 -1
36 fb~!
137 fo~}
101 fo~}
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36 fb~!
137 o~}
16 fb~!
36 fb~!
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137 o~}
137 b1
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137 b~}
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137 o~}
140 o1
36 fb~!

137 o7t
36 fb~!
137 o1
36 fb~!

137 o-!

137 o=t

137 b~}
137 b1
137 o~}
36 fb~!
36 fb~!

36 fb~!
36 fb~!
36 fb~!
137 b1
137 b1
137 fo~!

137 o~}
137 b1
97 fb~!
97 fb~1
140 fo~!

137 b1
36 fb!
140 fo~!
137 fo~!
137 !
137 b1
137 o~}
78 fb~!
137 b1
36 fb~!
137 !
36 fb~!
36 fb~!
137 b1

CMS

(Exotics)

Huge industry of
searches for new
particles by both
experiments

Covers exotic and
SUSY searches

Using a better
understanding of
the detectors to
push exploration
Into more
challenging areas
of analysis e.g.
semi-visible jets
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(SUSY) SATHAS

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

March 2023 Vs =13 TeV
Model Signature  [L£dt[fb7'] Mass limit Reference
T T T T T T T T T T T T [
3G, G—qt) Oe,u 2-6 jets Ea‘“ 139 1.85 m(¥})<400 GeV 2010.14293 H u e I n d u St Of
8 mono-jet 1-3jets E} 155 139 G [8x Degen.] 0.9 m(g)- m(X.) 5GeV 2102.10874
S 2% -9t Oep  26jets EP™ 139 |z 23 m(E})=0GeV 2010.14293
] z Forbidden 1.15-1.95 m(E})=1000 GeV 2010.14293 S e a rc e S O r n ew
3 28, g—qaWi) lepu 2-6 jets ) 139 |2 2.2 m(P))<600 GeV 2101.01629
L =z Z-qg(LOX) ees 2jets  EP™ 139 |2 2.2 mp?, )<700 GeV 2204.13072 L
& 55 12t oeu Tl £ 19 |2 i) <socey articies (0
% SSe.u 6 jets 139 |2 1.15 m(z)-m(¥})=200 GeV 1909.08457
S g gl 0-1e.n 3b  EPMS 139 |z 245 m(¥})<500 GeV 2211.08028 =
U = |8 im0 Gov experiments
biby Oeu 2h EPS 139 | B 1.255 m(¥})<400 GeV 2101.12527
by 0.68 10 GeV<Am(b; X1)<20 GeV 2101.12527
o5 bb, By —b¥3 — bt Oe,u 6b E.E?ff 139 | B Forbidden 0.23-1.35 Am(¥3, ¥1)=130 GeV, m(¥})=100 GeV 1908.03122
5 % 27 2b EFSS 139 by 0.13-0.85 Am(¥;,X1)=130GeV, mm) 0GeV 2103.08189 ™
i e | =emae Covers exotic and
: S An, oWl Tep Bjets1b EfS 139 |7 Forbidden ~ 0.65 ma/?)=soo GeV 2012.03799
S5 fii, h—71by, 1| -G 127 2jets/1 b Emfss 139 i Forbidden 14 m(¥;)=800 GeV 2108.07665
= 2 ik —w?? /&, E—»c)?? Oe,u 2¢ EET‘“ 36.1 ¢ 0.85 m(E))=0GeV 1805.01649 s e a r‘ : e s
[Selas} Oe,pu mono-jet  EF™® 139 A 0.55 m(7;,&)-m(¥;)=5GeV 2102.10874
By, 7103, 32/} 1-2e,p 14p  EPY 139 & 0.067-1.18 m(¥3)=500 GeV 2006.05880
iy, hoh +Z 3eu 1h EPS 139 | h Forbidden 0.86 m(¥})=360 GeV, m(7;)-m(¥))= 40 GeV 2006.05880
YA via Wz Multiple ¢/jets EE?SS 139 xgxa 0.96 m(¥})=0, wino-bino 2106.01676, 2108.07586 ]
ee, up >1jet EP 139 Xy 1%, 0.205 mu?f).m(,?‘}):s GeV, wino-bino 1911.12606 U s I n a bette r
TEXT viaww 2e,u E'T"f” 139 | X4 0.42 m(¥)=0, wino-bino 1908.08215
ﬁ ‘2’ V,a Wh Multiple ¢/jets EP'S 139 X;/¥s  Forbidden 1.06 m(¥))=70 GeV, wino-bino 2004.10894, 2108.07586 n
g i understanding of
= 8 ok 27 EP 139 |7 [FL 7R [N0H603] 0.12-0.39 m(?)=0 1911.06660
WS 7 plig, I-00) 2e,p 0 jets EE‘“ 139 |7 0.7 m(¥})=0 1908.08215
ee, jiu >ljet  EPS 139 |7 0.256 m(@)-m(¥})=10 GeV 1911.12606 e e ec o rs o
HH, H—hG/|ZG Oe,pu >3b EE‘“ 36.1 i 0.13-0.23 0.29-0.88 BR&YI — hG)=1 1806.04030
4ep 0jets Em‘“ 139 | & 0.5 BR(Y) — ZG)=1 2103.11684 ]
Oepu >2large jets EF'™ 139 H 0.45-0.93 BR(¥| — ZG)=1 2108.07586 u s h ex I o ratl O n
2e,u > 2 jets E‘“‘“ 139 | & 0.77 BR(Y! — ZG)=BR(Y} — hG)=05 2204.13072
n
Direct ¥1¥; prod., long-lived ¥ Disapp. trk ~ 1jet  EMS 139 Xy 0.66 Pure Wino 2201.02472
.8 Xy 0.21 Pure higgsino 2201.02472
1%} .
> O Stable g R-hadron pixel dE/dx EMS 139 4 2.05 2205.06013
<3 % Metastable g R-hadron, g—>qq«7? pixel dE/dx E'Tm,Ss 139 & (@ =10ns] 22 miF1y=100 Gev oyt c h a I I e n I n a re as
s g o, -G Displ. lep EP'S 139 [ 0.7 7(7)=0.1ns 2011.07812
i ) 7 0.34 7(#)=0.1ns 2011.07812
pixel dE/dx EP'S 139 7 0.36 7()=10ns 2205.06013 of a n a Iys Is e g
YL X X ze—tee 3e,u » 139 Pure Wino 2011.10543
XEXT IS — wwyzectewy 4epu Ojets  EF'™ 139 1.55 m(¥))=200 GeV 2103.11684 S e m I -V I S I b I e ets
28, 2—qq%1, X > qqq 4-5 large jets 36.1 1.9 Large 47, 1804.03568
S 7T ik X > tbs Multiple 36.1 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
& if, i-b¥1, X7 — bbs > 4b 139 Forbidden m(¥;)=500 GeV 2010.01015
iy, [j—bs 2jets+2b 36.7 0.61 1710.07171
niy, i—ql 2e,u 2b 36.1 0.4-1.45 BR(7| —be/by)>20% 1710.05544
Tu DV 136 1.6 BR(7; —qy)=100%, cosf,=1 2003.11956
X RS, 19, otbs, ¥ —bbs 12en  26jets 139 | ¥ 0.2-0.32 Pure higgsino 2106.09609
*Only a selection of the available mass limits on new states or 107! 1 Mass scale [TeV] Ad rian Bevan 25

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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CMS (preliminary) Moriond 2019

Overview of SUSY results: GMSB / GGM (S U SY) CMS

36 fb! (13 TeV)

_|pP — 88
& — qax} — qdyG |7+ MEq: arXiv:1711.08008 (max. exclusion)
v + Hp: arXiv:1707.06193 (max. exclusion) u
o Huge industry of
g = (q@x? = aiyG/q@'%F — q@'WG) |7+ MEy: arXiv:1711.08008 (max. exclusion)
s Ko 070019 f— searches for new
v+ £+ MET: arXiv:1812.04066 (max. exclusion) I~
combined: SUS 150 = particles by both
& — qax?, X% = (v/H)G [y b+ MEr: arXiv:1901.06726 (max. exclusion) -
g — bbx?, %0 — (v/2)G |74 b+ MExp: arXivi1901.06726 (inax exclusion) ex pe rl m e n tS
g — t8%9, %0 — (v/2)G |7+ b ¥ MEq: arXiv:1901.06726 (max. exclusion)
& — qax?, % — ZG | 2¢ opposite-sign: arXiv:1709.08908 (max. exclusion)

G- q? > oG fr)}r)lvl_E)T:(E'l:.:)(ivz1711.08008 ; COVQ rs eXOtiC and

(max. exclusion)

e . SUSY searches

- (ax? = avG/axE — qWG) |5+ MEx: arXiv:1711.08008 (max. exclusion)
v+ Hr: arXiv:1707.06193 (max. exclusion)
v+ £+ MEr: arXiv:1812.04066 (max. exclusion)

Using a better
= t39,%0 = (v/Z)G 5) JI: b_J:I\:::T: arXiv:1901.06726 (max. exclusion) u n d e rsta n d I n g Of
PP — XUXE, T E the detectors to

pp = %5, X = 16, xF - WG 54 MBp: arXivil7i1.08008 h
v+ £+ MEt: arXiv:1812.04066 (max. exclusion) p u s h e x p I o ratl O n
PP = XIXT, KEXT — 2 X [(Z/h/7)G] + Xeon | 7 + MEq: arXiv:1711.08008 BF(Z:H1y) = 112

o lee o (R R T Into more
PP = X% = hhGG + Xeon S 30/my: arXiv:1709.05406 c h al Ie n g I n g a reas

h — bb: arXiv:1709.04896
h — ~y7y: arXiv:1709.00384 f n I I
combined: arXiv:1801.03957 O a a ys s e g
PP = R0 - (0/2)(h/2)GG + Xoon 20 opposite-sign: arXiv:1709.08908 BF = 50% S e m I -V I S I b I e et S
> 80/m,: arXiv:1709.05406 BF = 50% j

h — y: arXiv:1709.00384 BF = 50%
combined: arXiv:1801.03957 BF = 50%
PP = R = ZZGG + Koo, 20 opposite-sign: arXiv:1709.08908
> 30/m: arXiv:1709.05406
combined: arXiv:1801.03957

0 250 500 750 1000 1250 1500 1750 2000
mass scale [GeV]

Adrian Bevan 26

Selection of observed limits at 95% C.L. (theory uncertainties are not included). Probe up to the quoted mass limit for light LSPs unless stated otherwise.
The ities AM and z the absolute mass difference between the primary sparticle and the LSP, and the difference between the intermediate
sparticle and the LSP relative to AM, respectively, unless indicated otherwise.
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@ATLAS ATLAS (https://arxiv.org/abs/2303.01294 submitted to journal)
EXPERIMENT

Direct searches: Leptoquark decay to bt
 Assumes leptoquark (LQ) pair production

 Assume decay only into the same generation D / ’
« Use bbbt selection LQ__ 4

e 7’s are reconstructed into lep(tonic) and ~<_
had(ronic) final states: LQ T
o 7,415 seeded by jets P \ :

¢ T, IS Seeded by ¢ and p

« Backgrounds include ?7, single top, mis-reconstructed 7’s, Z+jets

+
\C_;:)_ZI Queeﬂ Mal’y Adrian Bevan 27
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@ATLAS ATLAS (https://arxiv.org/abs/2303.01294 submitted to journal)
EXPERIMENT

Direct searches: Leptoquark decay to bt

« Selection focuses on 1 prong 7,,, and 1 and 3 prong 7;,,, events
.0.085
* O(%) overall efficiency (depends on model/mass) : oe- ansssmaion
TiepThad Channel ThadThad Channel éOOOZ: :
=1 ‘signal’ e or u No ‘veto’ e or u go.ms_— E
80015 ]
e/ u selection p5 > 25,27 GeV 0.0t —e— Scalar LQ =
ph > 21,2768 s /e
, : = 1 Thad-vis = 2 Thad-vis T R - T
Thad-vis Selection pZ >100GeV  pZ > 100,140, 180 (20) GeV s P
- 8 [ ATLAS Simulation
. 2 2]etS i 004 'S=18TeV E
Jet selection pJTet > 45 (20) GeV g [
1 or 2 b-jets g 00p E
Opposite charge e, 1, Thag and Thag < ooz e ScalarlQ E
. . mMMC ¢ 40 — 150 GeV ol ——+— Vector LQ, Minimal Coupl.
Additional selection T}TEITniSS > 100 GeV 00; I A
ST > 600 GCV 500 1000 1500 _ [z(;(\)/(])

+
\C_,_:)_ZI Queeﬂ Mary Adrian Bevan 28
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@ATLAS ATLAS (https://arxiv.org/abs/2303.01294 submitted to journal)
EXPERIMENT

Direct searches: Leptoquark decay to bt

e Uses parameterised NN (with LQ mass) to extract signal from
background

c | I [ [ [ [ I I I I I I | I I [ c [ [ [ [ I I I I c | | | | | |
8 10° —e— Data 8 10° —e— Data e} 5 —e— Data Q_
c\n 0 ATLAS } Scalar LQ (0.5 TeV) ; 0 ATLAS . Scalar LQ (1.1 TeV) ; 10 ATLAS . Scalar LQ (1.4 TeV) x 5 3
2 (s =13TeV, 139 b’ tt £ (s =13TeV, 139 fb’ tt £ (s =13 TeV, 139 fb’ tt .
) 4 [ Fake T, (top) [ 4 [ Fake T, (top) [ 4 [ Fake T4 (top)
o 10" E TiepTha s Single 1op 2 107 E TepThad mm Single top o 10" E™ TiepThad mm Single 1op E
Post-fit Z — 7 + (bb,be,cc) Post-fit Z — v + (bb,be,co) Post-fit Z -t + (bb,bc,cc) =
3 B Other s[® B Other 3 ° B Other N
10 [ Uncertainty 10 . ] Uncertainty 10 e [ Uncertainty =
102 102 10° E
10 10 ] 202090900 B S
1 1
10° 107 107"
-8 LI L L L B B B B |+| = -8' 15F | | | | | | | | = _8 1 5F I T T T I I ’
% 1 ;“. () LY ° [ ¢ o ¢ L + + + \ + + ; % 1 ;'_ L [ ° ] ¢ + NN + + ] % 1= e ° Py ° + N + . N\ * _i
W OS50 | oo © 05 | | | | | | | I < 05F | | | | | | -
- 123 456 7 8 9 10 111213 14 1516 17 Q 1 2 3 4 5 6 7 9 o

8 1 2 3 4 5 6 7
PNN (mLQ =500 GeV) score bin PNN (mLQ = 1100 GeV) score bin PNN (m = 1400 GeV) score bin
LQ

lephad
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EXPERIMENT

Direct searches: Leptoquark decay to bt

e Uses parameterised NN (with LQ mass) to extract signal from
background

@ATLAS ATLAS (https://arxiv.org/abs/2303.01294 submitted to journal)

c T T T T T T T T T T T 1 c T T T T I T T c T T T T T T
re) 5 L —e— Data g o 5 L —e— Data g o 5 L —e— Data ;
~ 10 E ATLAS Scalar LQ (0.5 TeV) 3 ~ 10 E ATLAS Scalar LQ (1.1 TeV) 3 ~ 10 E ATLAS Scalar LQ (1.4 TeV) x 5 3
2 - Vs=13TeV, 139 fb" t”;ke Thag (Multi-jet) ] 2 C {s=13TeV, 13910 tFiake Thgg (Multi-jet) 7 £ - Vs=13TeV, 139 b gake Tnaa (Multi-jet) .
:>j 10* E~ Thad’had — g;k;;?g‘; (top) E :>j 10* E~ Thad’had E— g‘i":;;rt\g% (top) E :>j 10* E Thad’had — g?kel T;Eau (top) E
E ) [ ] 3 = . [ = = i P Single top =
- Post-fit Z — 7t + (bb,bc,cc) . - Post-fit Z — v + (bb,be,cc) n - Post-fit Z — v + (bb,bc,cc) E
3 I Other 3 I Other 3 I Other
107 Uncertainty E 10°E Uncertainty 3 10° g Uncertainty =
10° — L5 107 E 102 E
EQ ¢ - E ° L SN NPE—— ) 3 = CEVII. (NN @ PR, 3
. RS S . 7] SN I .| 7] SRS . P ]
10 : N - 10 10
1 1 1
107" 107" 107"

5 I I I I I I I I I I I I = o = I I I | I I I = = | I I I I I =
2 TR RN A AR RN AN A A g o .
& 1R + N + N\ + NN :_:_:_::5+: N\ :#:}:_:_ ;;;;; \ l Sfien l—; & 1%3;; NN + ~~~~~~~~~~~~~~~~~~ + ~~~~~~~~~~~~~~ + ~~~~~~~~~~~~~~ + ~~~~~~~~~~~~~~~~ + BTN ~::~::~::~::~::#::::§ & 1B ;*:;:;:;:;;; ~§
o] = E < E 3 o = E
© OS5 | o oot gt e s 0.5F | | | | | | | = s O05F | =
(a] o (m)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 1 2 3 4 5 6 7
PNN (mLQ =500 GeV) score bin PNN (mLQ = 1100 GeV) score bin PNN (mLQ = 1400 GeV) score bin

hadhad
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EXPERIMENT

Direct searches: Leptoquark decay to bt

* No signal observed: place limits on models
Obs. limit [GeV] Exp. limit [GeV]

Scalar LQ 1490 1410

Vector LQ (minimal-coupling) 1690 1600

Vector LQ (Yang-Mills) 1960 1840
’-g 1:IIIIIIIIIIIIIllllllllllllllllllllllll E 1:||||I||||IIIIIIIIIIIIIIIIIIIII | I: 1£|||I|IIIIIIIIIIIllllllllllllll| __'_
y 09f ATLAS 1 o0oF ATLAS = 09F ATLAS E
g 08K (s =13 TeV, 139 fb E 085— s=13TeV, 139 fo™ 3 085— {s=13TeV, 139 fb” £
= ) - ScalarLQ 3 "“E Vector LQ, Minimal Coupl. = TTE Vector LQ, Yang-Mills =
B 07F es%clL = 0.7F es%cL. = 0.7F 95%cClL. =
0.6 - 3 o06E Obs. limit = 06F Obs. limit 3
. —— Obs. limit E S — Exp. limit R - Exp. limit E
0.5F - Exp. limit = 0.5F ObS. 10,4, = 0.5F e Obs. = 10,00, =
S Obs. = 10,0, = E mm Exp. = 1o, 3 - Exp. = 1o, E
0.4F mm Exp. = 1o,,, = 0.4 EXP. = 20,4, = 04F EXP. + 204, =
03 ;_ Exp * 20'eXp _; 03 ;_ _; 03 ;_ _;
02 g 4 o2 = < 02 g -
0.4F = 4 o1 = 0 = -
Eooo L [ e N | T | .: :I ||||||||||||||||||||||||||||||||||| = ; |||||||||||||||||||||||||||||||||| '_f

800 700 800 900 1000 1100 1200 1300 1400 1500 0 1000 1100 1200 1300 1400 1500 1600 1700 0 1200 1300 1400 1500 1600 1700 1800 1900 2000

LQu [GeV] LQ; [GeV] LQ; [GeV]
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@ATLAS ATLAS (https://arxiv.org/abs/2303.01294 submitted to journal)
EXPERIMENT

Direct searches: Leptoquark decay to bt

* No signal observed: place limits on models
Obs. limit [GeV] Exp. limit [GeV]

Scalar LQ 1490 1410
Vector LQ (minimal-coupling) 1690 1600
Vector LQ (Yang-Mills) 1960 1840

1IIII|IIII|IIII| ___________________________________
0.9F ATLAS

o CiRI " Lots of work on LQ searches on |
_ “ATLAS and CMS, e.g. see *
iy references in thls paper.

03 ;_ EXP x 20 = / —_— #* P — _;

02f s —§ 0.2 = =02k g =

0.1 - — 0.1 = 041 e —§
S PPN AT | IS ISR A o] AN SIS IV AAPII AFIVIT IATAIT ITIIrS WA W 0 | i ARV I I IS I WA S W

) 700 800 900 1000 1100 1200 1300 1400 1500 1ooo 11oo 1200 1300 1400 1500 1600 17oo 1200 1300 1400 1500 1600 1700 1800 1900 2ooo
m, o [GeV] m,, S[GeV] m, 3[GeV]

B(LQ — br)

05 f_ ------- Exp limit
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CMS CMS (https://arxiv.org/abs/2205.08582 submitted to journal)

i Direct searches: Long Lived Particles (LLPs)

 Wide range of theoretical possibilities examples include:

7
<M  Higgs portal model dark
. ) photon (Zp) decay [left]
K Zp X
R oo 8 » Heavy scalar (D)
D D s ¢ s .
f f decaying to LLPs (X)
< [right]
f f
e Signature: displaced vertices from dimuons
N #e e Select primary vertex as hardest scattering
H in event (based on tracks)

e Common displaced vertex fitted to a pair of
tracks consistent with ;™
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CMS CMS (https://arxiv.org/abs/2205.08582 submitted to journal)

g Direct searches: Long Lived Particles (LLPs)

e TMS muons:

e tracker + muon system S A
- S . CMS Simulation :
* good momentum resolution T e R
Joof mor g T S
* range limited by tracker radius 2 .k ° ]
w U, _
¢ STA muons. é 06:—..' ’ d—-XX—up+anything _:
S |- " ¢ TMS-TMS 4
e muon system only 5 3 $ STATHS ;
_ 5 0.4f 2 P -
* lower momentum resolution 5 [y ]
Lt : F R _-
 works out to several meters VAN :
N ~ Y- 7 e ]
° Com_bmatlons of these muons 00 50 100 150 200 250 300 350 400
provide coverage out to 4m in Ly [cm]
transverse decay length: L.
+
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CMS (https://arxiv.org/abs/2205.08582 submitted to journal)

2 Direct searches: Long Lived Particles (LLPs)

e No dimuon resonances found

* Limits placed for different assumed intermediate particle masses
e.g. Higgs portal model: H - H, - Z,Z, — (u"u")(ff)

97.6 b (13 TeV) 97.6 b (13 TeV)

S 106 |l|l|l'll| T |umt| |9|l|;I'I'ICI|_||l|I'I'I'| |Ill||I'II'| llllll'l'll T ||lll'|'l| TTIr1T 3 106 T lllll'll'l llllll'lll lglsllol/lll'lCIl_llll'l'l'l'I |I|l||I'I|| T |l||l'l|'| llllll'l'l'l TTrIT

o 5% CL upper limits: =" o CL upper limits:

= 1 05 CMS — Combined observed = 1 05 CMS — Combined observed

= 10 m, = 125 GeV - - Combined expected (median) = 10 m, =125 GeV - - Combined expected (median)

i m, =10 GeV ) Combined expected (68% quantile) TD m, =20 GeV ) Combined expected (68% quantile)
ua 10° B(E —up) = 0.144 Combined expected (95% quantile) N1 0° B(i —up) = 0.143 Combined expected (95% quantile)
] . D . - - STA-STA expected (median) ] .. D - - STA-STA expected (median)

a 10 ' - - TMS-TMS expected (median) ND 10 - - TMS-TMS expected (median) .
':o 10 - STA-TMS expected (median) ND 10 - - STA-TMS expected (median) IS "
% 1 A Y L4 % 1 -

T 10k BlH=ZZo)=1% s N SLA__AEN— © 101k - BHezz=tes N RGP
10—2 .......................................................................... 10—2 - L : - P
103 ™S B(H>Z7)=0.01% _ 103 - N g BHZZ0)=001%
10%F- B(H->Z,Z;) =0.001% _ 10040 - BH>ZZ)=0001%
10—5 |1u||||| lllluul lllluul llluml |||u|||l ||l|l|||l llluml L1ll 10—5 llluml lllllull llluml lllluul |l|u|||| llluml 1111l

10°% 102 10" 1

\Q_:’ Queen Mary

University of London

10 102 10® 10* 10° 1?6 10° 102 10" 1 10 10> 10® 10* 10° 1?6
ct [cm ct [cm
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CMS CMS (https://arxiv.org/abs/2205.08582 submitted to journal)

Direct searches: Long Lived Particles (LLPs)

e No dimuon resonances found

* Limits placed for different assumed intermediate particle masses
e.g. Heavy scalar scenario: ® — XX — (u"u™)(ff)

6 97.6 fb' (13 TeV) 6 97.6 fb' (13 TeV)
g 10 95% CL limit g 10 95% CL limit
2 5 () upper limits: 2 5 ) upper limits:
= 10 CMS — Combined observed = 10 CMS — Combined observed
3104 m, = 125 GeV - - Combined expected (median) 3 10 m, = 125 GeV - - Combined expected (median)
T my = 20 GeV [ Combined expected (68% quantile) T m, = 50 GeV [ Combined expected (68% quantile)
5 103 Combined expected (95% quantile) 5 103 Combined expected (95% quantile)
2 - - STA-STA expected (median) _ 2 - - STA-STA expected (median)
X 10 - - TMS-TMS expected (median) % 10 - - TMS-TMS expected (median)
1 10 - - STA-TMS expected (median) Le* -’ 1 10 - - STA-TMS expected (median)
< <
T 1 v 1
10" 107
107 1072
107 107°
107 107
107! 107!
102 102 10" 1 10 10* 10® 10* 10> 10° 10° 102 10" 1 10 10* 10® 10* 10> 10°
ct [cm ct [cm
+
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CMS (https://arxiv.org/abs/2205.08582 submitted to journal)

Direct searches: Long Lived Particles (LLPs)

e No dimuon resonances found

* Limits placed for different assumed intermediate particle masses
e.g. Heavy scalar scenario: ® — XX — (u"u™)(ff)

6 97.6 fb' (13 TeV) 6 97.6 fb' (13 TeV)
g 10 95% CL limit g 10 95% CL limit
[} : Q. er limits:
—_ 105 CMS —_— g)omblijr?ef)de (r)t;rsT:r3ed E 105 CMS —_— g)omblilr?cfd oblselrved
% 100 ™7 125 GeV - - Combined expected (median) s Z10°E ™7 125 GeV - - Combined expected (median)
T m, =20 GeV [ Combined expected (68% quantile) T m, = 50 GeV [ Combined expected (68% quantile)
5 103 Combined expected (95% quantile) >< 10 Comblned expected (95% quantile)
% 102 _ = A ex) (zned(;an))
| u median

°F  Lots of interest on both [~
3 | O(S OfT INnteres on O ;
\6 J( "f,” ’

wE | experlments for LLP searches 1

1072 10 ~
107 1074
10—5 6 10_5 3 3 5 6
102 102 10" 1 10 10> 10° 10* 10° f 10> 102 10" 1 10 10° 10° 10* 10 ?
ct [cm ct [cm
S
\C,QSI Queeﬂ Mary Adrian Bevan 37

University of London


https://orcid.org/0000-0002-4105-9629
https://arxiv.org/abs/2205.08582

ATLAS (https://arxiv.org/abs/2304.09553 submitted to journal)

0 EXPERIMENT

Direct searches: Heavy neutral lepton
 Sea Saw mechanism predicts right handed neutrinos

 The Left-Right Symmetric Model extension predicts a heavy right
handed neutrino Nr and parters of the W and Z boson, Wr and Zr

ql
Lepton charge
distinguishes
between Dirac and
Majorana neutrino
q structure

Analysis neglects
lepton flavour
mixing

m(Wx) > m(Np) m(Wr) < m(Npg)

+
\C_;:)_ZI Queeﬂ Mary Adrian Bevan 38

University of London


https://orcid.org/0000-0002-4105-9629
https://arxiv.org/abs/2304.09553

'@ ATLAS ATLAS (https://arxiv.org/abs/2304.09553 submitted to journal)
) EXPERIMENT

Direct searches: Heavy neutral lepton
* No signal found

e Exclusion limits for the Majorana neutrino scenario set

7 Electron channel Vs =13 TeV, 139 fb™', All limits at 95% CL 7 Muon channel Vs =13 TeV, 139 fb™", All limits at 95% CL
%I N ATLAS Resolved 36 fb %I u ATLAS Resolved 36 fb™'
B af ATLAS Boosied 80 1" ATLAS B aF ATLAS Boostod 80 1 ATLAS
— 6 — Phys.Lett.B 798 (2019) 134942 Majorana scenario — 6 - Phys.Lett.B 798 (2019) 134942 Majorana scenario
> CMS Combined 138 fb" —- > CMS Combined 138 fb" -1
< - JHEP 04 (2022) 047 —— < - JHEP 04 (2022) 047 —
e 5 ------ Boosted Expected (+1o,,,) o 5 ------ Boosted Expected (1 o,,,) ﬂ
O e Resolved Expected (+1 oexp) - . Resolved Expected (+1 oexp)
4 - Boosted Observed 4 [ — Boosted Observed
= = Resolved Observed i —— ~ = =— Resolved Observed T \
3 3
2 2
1= 11—
L1 | PRI S 141-4*""1"7_'1-7_].‘1—1 ':11\{1 L1 |i [ A NN pui' T ¢ 1
1 2 3 4 5 6 7 1 2 3 4 5 6 7
m(W_) [TeV] m(W_) [TeV]
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'@ ATLAS ATLAS (https://arxiv.org/abs/2304.09553 submitted to journal)
) EXPERIMENT

Direct searches: Heavy neutral lepton
* No signal found

o Exclusion limits for the Dirac neutrino scenario set

v Electron channel Vs =13 TeV, 139 fb™", All limits at 95% CL v Muon channel Vs =13 TeV, 139 fb™', All limits at 95% CL
— >
% ATLAS Resolved 36 fb™ ()] ATLAS Resolved 36 fb™
=, 6 JHEP 01 (2019) 016 ATLAS =, 6 JHEP 01 (2019) 016 ATLAS
O Boosted Expected (x10,,,) Dirac scenario _|_ R Boosted Expected (+10,,) Dirac scenario _|_
< — Z T
e B Resolved Expected (+1 0,;,) e e B Resolved Expected (+10,,p) ﬂ

Boosted Observed Boosted Observed

|IIII||III||III-TIIII|IIII|IIII
N

IIN'_ILIIII|IIII|IIII|IIII|IIII|IIII

— — Resolved Observed _.('—\ — — Resolved Observed /"\
3 . 3
/./{\ P
2 e 2 <
./'/ P /./
=" S
/ >
1 I | Y I T | I | | IA\H"‘“'T-'T-—I-..I_-['_I__.I 11 I | | | Il: {1 S 1 I | I | 1 I | 11 1 ) |-
1 2 3 4 5 6 7 1 2 3 4 5 6 7
m(WR) [TeV] m(WR) [TeV]
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Summary
* High pt physics linked to our understanding of flavour via the Higgs

e CP violation searches using Higgs couplings complement searches
performed at low energy B, D, K (’s) and with top

e Searches for effects beyond the SM, either directly or indirectly
using high p: data have not paid dividend (yet)

* Run 3 has only just started, and with the High Luminosity upgrade
construction underway, expect significant increases in data to
continue the quest for new physics

* New ideas are constantly being tested, and the increase of data will
ensure this trend continues through into the HL-LHC era
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ATLAS Collaboration, Nature 607, pages 52-59 (2022)

IIIII I IIIIIIII

R poor T T
ATLAS Run 2

Couplings to fermions S

3
2 1 =
A%’ — -
e The CKM matrix is derived from - F if;’:free . -
fermion mass diagonalisation in AL - M oredicton —~
the SM SF -
1072 =
m m ) E Leptons ;
UM U =D =diag| —<,—, 1 T Ve | Vu | ve | :
My My 0, - [ E
m m ) E Force carriers Higgs boson E
UMU" = D =diag|—,—, 1], 104 = c| o AN [+]
mm S N vl il 3
M> 1_4;l | L LR ror T —
Vern = UU'T S 12 -
. . < . ) 1 -
e Couplings deviating from the SM 't i { g $
would have implications for the XS R A
for the CKM picture 107" 1 10 102
Particle mass [GeV]
o+
\C,QZI Queeﬂ Mary @ATLAS Adrian Bevan 43
- EXPERIMENT

University of London


https://orcid.org/0000-0002-4105-9629
https://arxiv.org/abs/2207.00092

s | CMS result (https://arxiv.org/abs/2208.02686)

s CP violation searches e.g ttH and tHq, tHW

Table 4: Input features for the three BDTs. A check mark (v') indicates the variable is used in a

given final state, whereas a long dash (—) indicates the variable is not used in that final state.
¢ XG B o OSt u S e d fo r C P Variable description 2(SS + 01y, 2£SS+ 1Ty, 3£+ 071y

= = profjetl — — v
determination - -
pr of lepton 1 v v v
pr of lepton 2 v v v
pr of lepton 3 — — v
pr of T lepton — v —
n of lepton 1 v v -
- - n of lepton 2 v v —
n of T lepton — v —
 Shape differences in mun, An and i ;v C
- . - ¢ of lepton 2 v v —_
AR feed into CP determination e PR
my(h, pYss) + pp= v — —
my (L, pIS) + P system v — -
AR of lepton 1 to its closest jet v v v
AR of lepton 2 to its closest jet v v v
Invariant mass of the reconstructed ttH system (Mg = L pP + py™ + Licy piet?) v v v
Ay of two jets with highest b score in the laboratory frame (Ayyg) v v v
An of the two leptons in frame of two most-likely b jets v v —
o e - g - t h e 2 I S S + 0 T h c h a n n e I An of two jets with highest b score in the dilepton system frame v v —
An of two jets with highest b score in the £;-£, system frame — — v
An of two jets with highest b score in the £;-£5 system frame — — v
CMS simulation 13 TeV CMS simutation 13 TeV CMS simuiation 13 TeV Ad of the two leptons in frame of two most-likely b jets v -
Zoaef LARAALAAMLAARALIAME I -1 ‘20.35— A A$oflwojetsw}i’thhighestbscoreinthedilepto)xfis;lstemframe - v -
5 022} —Pure CP-even l% —Pure CP-even l% —Pure CP-even Average AR among all jets v v —
s —Pure CP-odd s 0.14f —Pure CP-odd 5 —Pure CP-odd | Jet multiplicity v v —
c 02f c c 03 miss
o So0.12 k=4 Pr . v v -
o8 ! o025k Azimuthal angle of p{* v v —
Lo6f T g4 [ Highest BDT score of jet triplet from t v v —
0.14 | ozt Higgs jet tagger o — v —
1 0.08 Angle of tt and H boson in ttH-system — v —
0-12 Angle between two t in tt-frame — v —
0.1 1 015} AR, , = — 24 — 2 _— — v
oon 0.06 L1, \/(’713 17e,)2 + (Pe, — ¢s,)
oosh ] o.0ak 0.1} . ARy, = \/('Itl = 15,2 + (e, — 92,)? — — v
0.06 ARy, ), = \/('Itz = 1,2+ (P, — ¢0,)? . — v
. 0.02} 005} s — —_ v
TS o
Py = N T P i 0 0 IS PP L SV I U T +HPr P+ pps — _ v
0 500 1000 1500 2000 2500 3000 0051152253 354455 0 1 2 3 4 5 6 Total number of variables 19 25 16
My, [GeV] Ano Average AR .. * k=6 (4) in the 2£SS + 01y, (2£SS + 17}, and 3/ + 07y final state
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ATLAS (https://arxiv.org/abs/2212.05833 accepted by EPJC)

CP violation searches e. g H — 777"

H H Set of nuisance parameters Impact on ¢, [°]
e cos/sin dependence is used to %
H et energy scale .
determine the CP content of the Jot energy resolution )5
data: Scalar is CP even (SM-like), Pile-up jet tagging 05
- Jet flavour taggin 0.2
pseudoscalar is CP odd. g e ot
D' [ LA I L B ] Electron 0.3
<0.12- ATLAS Simulation - Muon 0.9
- H— 1t — vy Scalar 1 Thad TE€CONStruction 1.0
01— - . ~-m-- Pseudoscalar Misidentified 7 0.6
L Pr>80GeV.p >20GeV .y CP-mix (¢ =45°) Thad decay mode classification 0.3
_:'_ e . _ ': n¥ angular resolution and energy scale 0.2
0.08/" =, -u A++ e - Track (7*, impact parameter) 0.7
= - - - o .
CocAe T A T Luminosity 0.1
L - - = 4
0.064 al A - Theory uncertainty in H — 77 processes 1.5
. - e - e Theory uncertainty in Z — 77 processes 1.1
i .- ® T e Simulated background sample statistics 1.4
0.04— -o- -- - -o- N . o e
[ . .- o Ay ] Signal normalisation 1.4
2?' o e - Background normalisation 0.6
0.02- -
_l 1111 l I I | I 11111 I | I | | 11111 l | I T | ] TOtal SyStematiC uncertainty 5'2
0 60 120 180 240 300 360 Data sample statistics 15.6
v L] Total 16.4
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ATLAS (https://arxiv.org/abs/2212.05833 accepted by EPJC)

CP violation searches e.g H — 777~
o Use different reconstruction methods to account for the missing v

When reconStru Cti ng the plane: Decay channel Decay mode combination Method Fraction in all 7-lepton-pair decays
{—1pOn IP 8.1%
. TiepTha ¢-1pln IP- 18.3%
* 1 prong decays - use impact parameter £ 1pXn Py 7:6%
(IP) vector (directional distance {-3p0n . 6.9%
between the point of closest approach oo P sl
of the charged particle primary track - Ipln-Ipln 6.7%
and the position of the primary vertex) ™™ 1pOn-1pXn 25%
and charged particle momentum o1 300n 5.1%
. Ycp Lp
e p decay - use the two pion momenta 3 =~
* a1 method - use the sum of the neutral :\ \
pion 4 momenta in place of the neutral s
. . n*+ \ Vs 70
pion in the p method " \ ; \
e Some channels require combination of /\ -
the IP and o R
(@) H-> 1t~ > atn +2v () H—- vt~ - ntalva a0 (©) H- 1"t~ - a2y
+
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CMS,/ | CMS (https://arxiv.org/abs/2205.08582 submitted to journal)

g Direct searches: Long Lived Particles (LLPs)

e Use either full tracking or muon system only for track reconstruction (TMS
and STA track combinations)

e di-muon trigger efficiency strongly depends on impact parameter do

 Cosmic rays used to validate Monte Carlo expectations - good agreement
gives confidence that this type of analysis can be done

Cosmic ray muon data Cosmic ray muon data
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'@ ATI.AS ATLAS (https://arxiv.org/abs/2304.09553 submitted to journal)
) EXPERIMENT

Direct searches: Heavy neutral lepton
 Leptons and jets categorised for resolved and boosted studies

Resolved Boosted
Baseline Fake estimation Baseline Leading Fake estimation
7l (0,1.37] or [1.52,2.47]
pr (GeV) > 25 > 25 > 200
Electrons Quality Tight Loose Medium Tight
Isolation Loose Fail Loose or Tight Loose HighPtCaloOnly Loose but fail
HighPtCaloOnly
Baseline Fake estimation Baseline Leading
pt (GeV) > 25 > 28 > 200 —
Muons il <25 <25 —
Quality High-pr if pT > 300 GeV else Medium Medium Tight —
Isolation FixedCutTightTrackOnly fail FixedCutTightTrackOnly — Tight —
pr (GeV) > 20
Small-R jet inl <25
pt (GeV) — > 200
Large-R jet Inl _ <2
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SOATLAS ATLAS (https://arxiv.ora/abs/2304.09553 submitted to journal)
h EXPERIMENT

Direct searches: Heavy neutral lepton

 Resolved analysis targets Am = m(Wpy) — m(Ny) < 4TeV and
breaks data down into same and opposite sign (SS/OS) selections

£

Variable rSRSS2e rSRSS2mu rSROS2e rSROS2mu
Number of electrons 2 0 2 0
Number of muons 0 2 0 2
Lepton charge same sign opposite sign
Leading lepton pt [GeV ] > 40

Dilepton mass mge [GeV ] > 400

ARgp <39 —
Number of small-R jets with pt > 100 GeV > 2

Number of b-tagged jets 0

Dijet mass m;; [GeV ] > 110

ht = pr(61) + pr(&2) + pr(j1) + p1(j2) [GeV ] > 400
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SOATLAS ATLAS (https://arxiv.ora/abs/2304.09553 submitted to journal)
h EXPERIMENT

Direct searches: Heavy neutral lepton

e Boosted analysis targets larger Am where the large R jet overlaps
with a high pt lepton

£

Region bSRle bSR2e bSR2mu
(higher Am) (lower Am)

Number of large-R jets 1

Number of electrons 1 2 0

Number of muons 0 0 2

Leading lepton pt [GeV ] > 200

E™S [GeV ] < 200 —

|cos 6] > 0.7 — —

APy ¢ > 2.0

A?] J., 6 <20 — —

Dilepton pt (GeV) — — > 200

Dilepton mass m¢¢[GeV ] — > 200

Number of b-tagged small-R jets 0
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