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Introduction

fundamental processes
at the energy frontier

= Improve precision of the SM processes
= Have an access to rare processes

= Discover new processes for the first time

® Very successful Run | and 2 at the LHC

2010, 7 TeV,45.0p
2011, 7 TeV, 6.1 fb~
2012, 8 TeV, 23.3 fb~
2015, 13 TeV, 4.3 fb~
2016, 13 TeV, 41.6
2017, 13 TeV, 49.8
2018, 13 TeV, 67.9
2022, 13.6 TeV, 42.
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ATLAS and CMS Detectors
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Standard Model Production Cross Section Measurements

Status: February 2022
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What the Higgs does not tell us?

at least, so far...
] § IT III

Higgs mass has calculable TR (R W H ;2
quantum corrections from A M
) . o Smtop ‘9 (4
highest mass scale in theory OMpp = —g 554 '
‘ Ol

® Are there other low/high mass Higgs particles?

Bosons

® Why there are three generations of
fermions!?

Leptons

e Can EM, weak, strong (& gravity) be unified?

® VWhat happened to antimatter?

Strength 4

EM

Electroweak

Gravity

If the universe began from pure energy, we should
have equal amounts of matter and antimatter. Energy
But we see no naturally occurring anti-matter. 5
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And, also Dark Matter...
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Many Theories
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Many Searche

Over¥iew of CMS EXO results

S

cMs 36 fb~! (13 TeV)
SSM Z'(£8) M, [1803.06292 (2£) 4.5
2 SSMZ(qq) M, [1806.00843 (2j) 2.7
§ LFV Z, BR(ey) = 10% M, |1802.01122 (ep) 44
b SSM W'(£v) My, [1803.11133 (£ + Ef'ss) 5.2
2 SSM W'(qq) M,, |1806.00843 (2j) BE]
8 SSM W'(Tv) My, |1807.11421 (T + EF™®) 4
E LRSM Wr(ENR), My, = 0.5Mu, My, |1803.11116 (22 + 2j) 4.4
£ LRSM Wa(ThR), My, = 0.5My;, My, |1811.00806 (27 + 2j) 35
Axigluon, Coloron, coté = 1 M [1806.00843 (2j) 6.1
scalar LQ (pair prod.), coupling to 1%t gen. fermions, 8 My |1811.01197 (2e + 2j) 1.44
£ scalar LQ (pair prod.), coupling to 1% gen. fermions, B=0.5  m, [1811.01197 (2e + 2j; e + 2j + Ef'*s) 1.27
S scalar LQ (pair prod.), coupling to 2™ gen. fermions, B=1 M |1808.05082 (2 + 2j) 153
£ scalar LQ (pair prod.), coupling to 2 gen. fermions, =0.5 M, |1808.05082 (244 + 2j; j + 2j + EF') 1.29
& scalar LQ (pair prod.), coupling to 3 gen. fermions, 8 =1 My, [1811.00806 (27 + 2j) 1.02
scalar LQ (single prod.), coup. to 3 gen. ferm., B=1,A=1 M, |1806.03472 (2T +b) 0.74
excited light quark (qq), A=mgq M, |1806.00843 (2j) 6
o E excited light quark (qy), f=1, . M, [1711.04652 (v +]j) [515)
%E excited b quark, fs=f=f=1,A=m; M, [1711.04652 (v +]) 18
& @ excited electron, fs M, |1811.03052 (y + 2e) 3.9
excited muon, fs = M, [1811.03052 (v + 2p) 3.8
. g quark compositeness (qq), Nurer =1 Nfe |1803.08030 (2j) 12.8
8%  aquark compositeness (£4), Numn =1 Afpe [1812.10443 (20) 20
E8  quark compositeness (qg), Numr= — 1 A [1803.08030 (2j) 17.5
92 quark compositeness (), N = — 1 A [1812.10443 (20) 31
ADD (jj) HLZ, ngp =3 Ms [1803.08030 (2j) 12
ADD (yy, ££) HLZ, nep =3 m, [1812.10443 (2y, 21) 9.3
ADD Ggk emission, n=2 My [1712.02345 (= 1j + Ef'ss) 9.9
@ | ADD QBH (jj), nep =6 Mog [1803.08030 (2j) 8.2
2 ADD QBH (ep), nep=6 Moo [1802.01122 (ep) 5.6
E RS Gix(qd. 99), kiMp = 0.1 Me,, |1806.00843 (2j) 18
B RS G(lt), kiMp =0.1 M, [1803.06292 (2¢) 4.25
£ RSGklyy), k/Mp=0.1 Mg, [1809.00327 (2y) 4.1
& RSQBH () neo=1 Mosy |1803.08030 (2j) 5.9
RS QBH (eu), nep =1 Mgy |1802.01122 (ep) 3.6
non-rotating BH, Mp = 4 TeV, ngp = 6 Mgy [1805.06013 (= 7j(£, ¥)) 9.7
split-UED, u= 4 TeV 1R [1803.11133 (£ + Ef's5) 29
(axial-Jvector mediator (xx), gq=0.25,gom=1,my=1GeV  m,,, [1712:02345 (= 1j + EF'sS) 18
H (axial-)vector mediator (qq), go=0.25,gpom =1,my=1GeV M, [1806.00843 (2j) 2.6
E scalar mediator (+t/tf), gg =1, gom =1, m, =1 GeV Mmeq |1901.01553 (0, 12 + = 3j + Ef™s) 0.29
S pseudoscalar mediator (+/t}), gg=1,gom=1,my=1GeV M, [1901.01553 (0, 10+ =3j+EPS) 0.3
g scalar mediator (fermion portal), A, =1, m, =1 GeV M,, |1712.02345 (= 1j + EF'™*) 1.4
complex sc. med. (dark QCD), My, =5 GeV, CTxx =20 mm  my , |1810.10069 (4j) 1.45
5  Typelll Seesaw, B =B, =B, Mgoma [1708.07962 (= 31) 0.84
£ string resonance . [1806.00843 (2j) 7.7
L L L
0.1 1.0 10.0

mass scale [TeV]
Selection of observed upper limits at 95% C.L. (theory uncertainties are not included).

ATLAS Long-lived Particle Searches* - 95% CL Exclusion

January 2019

ATLAS Preliminary

Status: March 2023 JLdt=(32.8-139) ! Vs =13TeV
Model Signature  [£dt[b'] Lifetime limit Reference
RPV i — ug displaced vtx + muon 136 | i lifetime I ' ! ! 0.003-6.0 m ' m(H)=1.4 Te{/ 2003.11956
RPV;}? — eev/euv/ppv  displaced lepton pair 32.8 ,\7‘]’ lifetime 0.003-1.0 m m(g)=16TeV, m(i?)=1.3 TeV 1907.10037
RPV ¥ - gqq displaced vix + jets 139 | £ lfetime 0.00135-9.0 m (%)= 1.0Tev 2301.13866
GGM i - ZG displaced dimuon 329 |9 lifetime 0.029-180m  m(g)=1.1TeV, m()= 1.0 TeV 1808.03057
GMSB non-pointing or delayed y 139 ,\7‘]’ lifetime 0.24-24m m(, G)= 60,20 GeV, By=2% 2209.01029
GMSB 7 - (G displaced lepton 139 | 7 lifetime 6-750 mm m(f)=600 GeV 2011.07812
§ GMSB ¥ — 76 displaced lepton 139 | 7 lifetime 9-270 mm m(7)= 200 GeV 2011.07812
D avss pp— ¥i¥0 %1%, disappearing track 136 [ ] lifetime 0.06-3.06 m m(i})= 650 GeV 2201.02472
AMSB pp = F573. 71 f1 large pixel dE/dx 139 | ¥y lifetime 0.3-30.0 m m(i;)= 600 GeV 2205.06013
Stealth SUSY 2 MS vertices 36.1 § lifetime 0.1-519m B(g — 5g)= 0.1, m()= 500 GeV| 1811.07370
Split SUSY large pixel dE/dx 139 § lifetime >0.45m m(g)=1.8TeV, m(i3)= 100 GeV 2205.06013
Split SUSY displaced vix + EP'ss 328 | g lifetime 0.03-13.2m m(g)=18TeV, m(§3)= 100 GeV 1710.04901
Split SUSY 062-6jets +E™*  36.1 | glifetime 0.0-21m m(g)=18TeV, m(79)= 100 GeV | ATLAS-CONF-2018-003
H-ss 2 MS vertices 139 | slifetime 0.31-724m m(s)=35GeV 2203.00587
o Hoss 2 low-EMF trackless jets 139 | s lifetime 0.196.94m m(s)= 35 GeV 2203.01009
2 VH with H — ss — bbbb  2¢ + 2 displ. vertices 189 | s lifetime 4-85 mm m(s)=35GeV 2107.06092
at: FRVZH - 2yy + X 2 pu-jets 139 | v lifetime; 0.654-939 mm m(yg)= 400 MeV 2206.12181
‘é FRVZ H — 4y + X 2 p-jets 139 | v lifetime 2.7-534 mm m(yq)= 400 MeV 2206.12181
T H— Z4Zy4 displaced dimuon 329 Z4 lifetime. 0.009-24.0 m m(Zy)= 40 GeV 1808.03057
H—ZZ4 2 e, 1t + low-EMF trackless jet36.1 | Zq lifetime 0.21-52m m(Za)=10GeV 1811.02542
[ ©eo0Gev) > ss low-EMF tri-less jets, MS vix36.1 | s lifetime 0.41-51.5m @ x B=1pb, m(s)=50 GeV/ 1902.03094
§ ®(600 GeV) — ss low-EMF trk-less jets, MS vtx 36.1 s lifetime 0.04-21.5m o x B=1pb, m(s)=50 GeV 1902.03094
2 ®(1TeV) — ss low-EMF trk-less jets, MS vtx 36.1 s lifetime 0.06-52.4 m a x B=1pb, m(s)= 150 GeV| 1902.03094
W - N¢,N - ¢y displaced vix (uu e, ee) + 1 139 | N lifetime 0.74-42 mm m(N)= 6 GeV, Dirac 2204.11988
W = NE,N - ¢ty displaced vix (uu e, ee) + 1 139 | N lifetime 3.1-33mm m(N)= 6 GeV, Majorana 2204.11988
?:‘ W = NC,N -ty displaced vix (e, ee) + e 139 | N lifetime 0.49-81 mm m(N)= 6 GeV, Dirac 2204.11988
W — NC,N -ty displaced vix (e, ee) + e 139 | N lifelime ) 0.39-51 mm ! ! . m(N)=6 Ge‘llv Majorana 2204.11988
0.001 0.01 0.1 1 10 100 cT [m]
Vs=13TeV  +s5=13TeV
partial data full data | IR BT T BT RS RS
0.001 0.01 0.1 1 10 100

*Only a selection of the available lifetime limits is shown.
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What we are going after?

Looking for Unknown

Keti Kaadze, Kansas State University

Couplings
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Focus

® |aim to present some of the latest results from ATLAS and CMS experiment
focusing on

= New methods and tools
= Searches over broad mass and coupling range
= Searches for long-lived particles

= Searches to explain flavour anomalies

® All these are collected with a theme of “interesting and exciting hints”...

® Complete sets of BSM results can be found at

= ATLAS
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HDBSPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults

= CMS
https://twiki.cern.ch/twiki/bin/view/CMS/B2G
https://twiki.cern.ch/twiki/bin/view/CMS/SUS
https://twiki.cern.ch/twiki/bin/view/CMS/EXOTICA

Keti Kaadze, Kansas State University


https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HDBSPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
https://twiki.cern.ch/twiki/bin/view/CMS/B2G
https://twiki.cern.ch/twiki/bin/view/CMS/SUS
https://twiki.cern.ch/twiki/bin/view/CMS/EXOTICA

® Jets are essential for the LHC physics program

-_—"

= Hadronic decays of highly boosted objects lead ~
b
to distinct characteristics distinguishing
H/Z > bb H/Z > cc W cq t>bW > beq
(13 TeV) . (13 TeV)
e e o e e B E R Jets: unordered set of particles B
8 E CMS = . S - CMS DeepAK15
() B - US|ng gl’aph NN g " Simulation -+ ParticleNet
§ [ Simulation : I i3 anti-k; R = 1.5 jets
% 1§_ Top quark vs. QCD multijet E v v g ; p, > 300 GeV, In| < 2.4
- F 1000 < p®™" <1500 GeV, [n**"| < 2.4 i -~ . ® o @e, 8" 3]
g - 105 <mg” <210 GeV ’ | \x/ T /: % 107
: o mE | T e, T
(e)) E 140 <m, . < 220 GeV . o ! é e ¢ [ e
% i — DeepAK8 ] s s e I ) /
s ol - DeepAK8-MD | _ -
E :2:3:¥2g o E 35.9 fb-1 (13 TeV) / ----- H—cC vs. H—bb
N o - ] L L B B BN B _ _ . N
L — Mgy + 1, . 1 . prefit —$— Data = CMS DP 2021 017 0,3_% y — H—cC vs. V+jets
10° - e ] . —— Merged t quark ] T . —
g —BEST E Post-fit — MorgedWhoson | CMS Simu 0 0.2 0.4 0-68' Io.ef;f_ _ 1
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. I o I_Nf'BIDTI (CIA1I5)' —— Total SM = '% 0.14f anti-k . jets - H->pb (sottdrop)
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. 60— i = i ] ¢
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https://arxiv.org/pdf/2004.08262.pdf
https://cds.cern.ch/record/2777006/files/DP2021_017.pdf

Data Scouting

1TKHz
1TMB/evt

® Huge amount of data from the LHC. Trigger —>

selection is gives priority to high pT objects =~ “{~ =

Huge reduction in rate. We might be losing good events

e Scouting: No offline reconstruction. Analyses based on the trigger objects

= Used for both searches for hadronic and multi-muon final states CMS PRL 124.131802
Interpreted for Dark Z boson or 2HDM with H-a mixing
27 fb'1 & 36 fb'1 (1 3 TeV) 137 fb™ (standard triggers) and 96.6 fb™' (scouting triggers) (13 TeV)
\c_‘ 0_45_||||||||||| LA L L L Y I L O I E'I"'l"'I"'l"'I'"I"'sl'"I"'I"'I"'I'§
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o 04- . 2 G30F 4 Data =
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https://arxiv.org/pdf/1806.00843.pdf
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.124.131802
https://link.springer.com/content/pdf/10.1007/JHEP10(2020)156.pdf

= Decaying preferentially to the third generation particles

= Considering mass range 2 - 6 GeV, different width and chirality.

= Constraining neutrino pt by mw; deciding a jet to be from top
according to three body mass to be consistent to m,
smallest AR between lepton and jet, picking lower pT jet.

number of b jets jety,, is a b-tagged jet jety/ is a b-tagged jet

type of category (label)

Preliminary

0 no no Control region (RO0)
Signal-enriched regions

1 yes no top jet region (RT)

1 no yes W' jet region (RW’)

>2 yes ves region with 2 b-iets (R2B)

-1
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T 1t
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B
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High Mass Searches
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-20-012/index.html

® Looking for very high mass resonance Y = XH—qqbb

= 2HDM, Extra Dimensions, Heavy Vector Triplets

= X and H could be boosted for specific Y(1.5 - 6 TeV) and
X(65 - 3000 GeV) masses; Considering both resolved

and boosted topologies

= Novel jet-level implementation anomaly detection based
on unsupervised ML training is used to select boosted

High Mass Searches
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- O

Normalized to Unity

X particles incompatible with the SM background.
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CMS arXiv:2210.00043

High Mass Searches

2l
N
=
=
ol o

® Boosted topologies are used

le]] te]]
2

= Two aK8 jets with or w/o two aK4 jets

e 3D observables: M|(aK8):M>(aK8):M3(aK8,aK8>)

® Events categorised based on ML analysing substructure of large-radius
jets fromW, Z,and H

106:, LA A s s 138fb ,(1,3,T,ev) 105|||||||||||||||||||||||[||||1|T’3|8||f|t?||(|1||3|-|r|ell\/2
% ; ? CMS —+4-Data — Background fit 3 a ; CMS Observed ]
S 10° ¢ = DY/ggF WV HPHP cat. §§§§§§i 16 unc. m\l\//lvtiljtgtest — % ; ;_ R Expected + 1 std. deviation |
- 1 04 L 65 < m]A’;S <105 GeV - Z+jets —é ; S Expected + 2 std. deviation ] E d
£ {03 L 65 <l <105 GeV W3 Tev) > WZ (< 1) i T ol “s 5o, x B(Rad - WV) B XCESS aroun
2 P SR - T = 2.1 and 2.9TeV
W 02 ™ E E N\ :
N at 3.6 0 (2.3 0)
10 8. 5, E 0
S E 8
N | g
L %
10—1—1 Lo | |’I|.“§_| NN e | 1 ] >b<
- oF L B R R A
L'l_ = —_ 10 E
8.5 oé@éﬁ% ...#ifﬁ_,## # H _
-O _2 IIIIIIIII'IIII'IIIIF —5||||||||||||||||||[|||||l|l|||||||
E 3 4 5 6 10°Y5 2 25 3 35 4 45 5 55 6
Rad [ e ]
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ATLAS-CONF-2021-052

High Mass Searches |

. ) ) §104§- ‘ ATLAS Preliminary 3
® EW Singlet,2HDM, MSSM predict di-H resonances 3 {5 10TeV. 126 - 139 o -
5103 — Observed limit (95% CL) |
- . . . ° 10°F ---- Expected limit (95% CL) 3
¢ Combining resonant Higgs pair-production searches. - == Comb.op =10
i 1 Comb. exp. limit + 20
= bbyy - final observable m,,. Sensitive at low mass region. 0% 3
Search region: 251 - 1000 GeV. I
10 __ bbb 3
= bbtt (£1h and ThTh signatures) - final observable MVA. Sensitive at intermediate F — bbrt
mass region. Search region: 251 - 1600 GeV. 100;_ —ow ]
= bbbb - final observable muH.Sensitive at high mass region. Considering both 200 300 500 1000 2000 3000

my [GeV]

resolved (search region 251-1500 GeV) and boosted (search region 900-3000 GeV) topologies.

i 7"'|"'|".'|."'|"'|"'|"'|"'|"' 0] o ™ T T T T | T T T [ T T T T T TTTT] T T
o 10°=ATLAS Preliminary ® Data = SM HH 2 10 F e e
@ 10°EVs=13Tev,139f" ——x=2 — =10 g F- E
"GC: ThadThad Top-quark Jet — 1, fakes Ic:’ B } -
2 10 I otrer e Y A -1 Excess around |.]1 TeV
. SMHiggs [ Jet — 1, _, fakes (i) 8 10 F E
10 ; [.] Uncertainty ===+ Pre-fit background 8 EiT | . at 3.2 0 (2.' 0)
10° L g
102 10 - 3 E
10 - :
1 A SRV - —
10 E - bbbb E
107" t ATLAS Preliminary N :
- _1 bbt*tt- .
1072 - Vs =13TeV, 126 - 139 fb - -
- l:::|:::|:::|:::|:::"'""::|::' 10 *E Spin-0 bbyy -
8 1.2F F4 O Combined 3
o e o SR o e S S SSS s s ososssoen -
I T e 200 300 500 1000 2000 3000
© !
o —1 —08—06 04—02 0 02 04 06 08 1 mx[GeV]

BDT score
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CMS-PAS-HIG-21-011

High Mass Searches

e Motivated from ED, NMSSM, Two-Real-Scalar-Singlet

extension of SM (TRSM): X—HH (bulk-R) or HY(NMSSM)

® Focusing on kinematic region where: my < my - mg;
| TeV, 90 < my < 800 GeV

~300 < mx <

................

e Using ML techniques to discriminate against major ttH and other non-peaking

backgrounds

Di-photon mass

. . _1

4CMS Preliminary 138 fb™ (13 TeV)
R T N L L L L LN LU AL R
o [ (Spin-0) X—>HH-yybb ggF CAT 0 1
G 127 m, =125.0 GeV + Data -
Z b — S+H.+B i ]
; B — H+B component ]

< e U o B component
2t L Ealy ]
L - 20 B
6 7
4 } -

2 [ L m
N Iﬂlﬂlﬂmmmlmm
' T | | E
2 H+B component sub racted_g
: T
0
-2 E
4 —;
_6 1111 | 11 1 | | 1111 I 1111 | 1111 | IIIIIIII | L1 1 I_:
100 110 120 130 140 150 160 _ 170 180

m,, [GeV]
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Di-jet mass

CMS Preliminary 138 fb™ (13 TeV)
e L L
30 (Spin-0) X—HH-yybb ggF CAT 0 =

- my =125.0 GeV
25— ¢ Data 4
- — S+H+B fit .
o0 - — H+B component A
N e B component
C B tio
151 2o .

CMS Prel/m/nary

Deviation from the bkg at
mx = 650 GeV, my = 90 GeV
at 3.80 local (2.80 global)

138 b (13 TeV)

T
pp—>X—>HY—>yybb (Spln 0)
Expected limit + 2 std. deviation
_ Expected limit £ 1 std.deviation
————— Expected 95% upper limit

my =450 GeV (x10") —e—— Observed 95% upper limit
my =500 GeV (x10'%

——>m 300GV(10)
5 My =350 GeV (x10"%)

m, =400 GeV (x1

i

i

m, =550 GeV (x10°)

I

— 5 m, =600 GeV (x10°%)

i

i

my = 650 GeV (x107)
my = 700 GeV (x10%)

I

my = 750 GeV (x10°%)
—>m, =800 GeV (x10%)

il

—>m, =850 GeV (x10°)

(

m, =900 GeV (x10?)

I,

m, =950 GeV (x10)
__sm, =1000 GeV (x10°%

',

200 400 600 800 1000
m, [GeV]
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® High mass scalar H—= VWV decaying leptonically

= Using DNN for classification between signals and bkgs

= Using mt from DNN as final observable

= Different width scenarios (0.1-10%); Interference

with WWV continuum and the SM H=>WW is

taken into account

= fver is used as free parameter

138 b (13 TeV)
ARl A

————— ———
-»-Observed
----Expected

[ 68% expected

[195% expected E
— Exp. for SM-like Higgs1

2 2
S %
i 3
=
% 107 E§ , Scenario: SM f, 5 3 %
T [ T
© 102¢ E L
c E 3 o
o i c
£ 10°% ~ 3 -
O 107 E —
° ' O
2 2

10’5 e oy Ny 8

1000 2000 3000 4000 5000
m, [GeV]
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Interpretations: SM-like couplings/decays, 2HDM/MSSM

High Mass Searches

< Events / GeV >

Data/Expected

CMS Preliminary

CMS-PAS-HIG-20-016

L=59.7 b (13 TeV)

—T — T T
10° DY tWand tt Q_
ww Nonprompt 3
1 04 Multiboson SM Higgs
[ 9gF (1000 GeV) [ VBF (1000 GeV)
1 03 —¢— Data Uncertainty
- .
102
L]
* 3
10 o, E
1 ”"m**
—
107 5
107? =

3000

DNN m, [GeV]

Mild excess in the mass range
400 - 1200 GeV for all fygr scenarios

- Preliminary

= CMS

Scenario Mass [GeV ] | ggF cross sec. [pb] | VBF cross sec. [pb] | Local signi. [c] | Global signi. [¢]
SM fysr 800 0.16 0.057 32 17+02
fver=1 650 0.0 0.16 3.8 26+0.2
fver =0 950 0.19 0.0 2.6 04+06
floating fygr | 650 29 %1075 0.16 3.8 24402
-1
138 o' (13 TeV) 138 fo™! (13 TeV)
T T T 95% CL Excluded:
-o- Observed E C MS [ ]Observed 68% expected
--.Expected Pre//m/nary ---- Expected 95% expected
[ 68% expected 1 10— | T T
[]95% expected T 05 F THDM Type-ll
i i

— Exp. for SM-like Higgs?

Scenario: f,g.=1

............

P
1000

P R
2000

o L N
3000 4000

5000

m, [GeV]

107"

4500
m, [GeV]

L
1000
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ATLAS-CONF-2022-039

High Mass Searches
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* Longstanding hint (~3 0) of a deviation &

in lepton flavour universality test

pt/rt pt/rt
b W NV b /H.< v b g
B B B LQ °
C C
D* D*

= The ratio is sensitive to charged Higgs or LQ

B(B° - DMt~ 7))
B(B® - D™u~1,)

R(D(*)) =

® Deviation wrt.the SM is at 3.2 O;

® Perfect agreement between LHCb
measurements

Keti Kaadze, Kansas State University

LFU not sufficiently tested in heavy quark decays

pt/rt

Lepton Flavour Anomalies
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B Ay? = 1.0 contours
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0.35— 30 // \\\\ —
B LHCb18 - : ) 1
03— —]
= W Average A\ .
B ) . ) _
0.25 4+ Bellel9 =" Bellel5 _
F Bellel? o World Average -
02— +HFLAV SM Prediction JHEP 1712 (2017) 060 R(D)=0.339+0.026 £ 0.014 ]
e R(D) = 0.298 +0.004 PLB 795 (2019) 386 R(D*)=10.295+0.010+0.010 B
- R(D*)=0.254£0.005 1o oo oo s p=-0.38 -
- | 1 | | PRD 105 (2072211;3’4;03 | ‘ PI(X“) :1 28%: | ]
0.2 0.3 0.4 0.5

R(D)

;\ 0.4 L] LI I 1 1 1 L I L] L 1 1 I L] L 1 1 I 1 L] 1 L] I L] LI B | I 1 1 1 L I L L L 1 I L] 1
. i
R B Prelim. 2023 ]
0.35 BaBar12 —]
L Bellel5s -
— 3q ________ -
03 " N —]
C LHCb23 > LHCb22 =
025 o~~~ Bellel9 o
: Bellel7 PRD 94 (2016) 094008 World Average :

PRD 95 (2017) 115008
0.2 =  $HFLAV SM Prediction  JHEP 1712 (2017) 060 R(D) =0.356 £0.029,,,,, -
- . PLB 795 (2019) 386 R(D*)=0.284 £ 0.013 -
N g(gl _=0i)23§4i+060835 PRL 123 (2019) 091801 p(: _0).37 b _
( ) e ot EPJC 80 (2020) 2, 74 P( 2) =25%
B L L L I 1 1 1 L I L L L L I lJE{DIIOSI (2922I 03:‘503 1 L I L L1 1 X 1 1 1 L L L L L I L L ]
0.2 0.25 0.3 0.35 04 0.45 0.5 0.55

R(D)

|9



CMS-PAS-EXO-19-016
Vas

LQ Searches

,LQ q
= (Can be scalar or vector ! b

‘a.

= Can be produced in pair or singly g

g LQ

= Typically, could couple across generations, with enhanced coupling to the third generation
fermions motivates searches in fine states with 1, b-jets, top-quark decays..

e Combined search for pair, single, non-resonant production

GMET _ pjl . pe/,u/’[ +pi+ pmlsS 3.4 0 excess found at high
T . .
L mass & high coupling
1 1 fo”" (13 TeV) CMS Preliminary 137 b (13 TeV)
= < . .
8 10* - CMS 5?@&:&” Lﬁ 522.‘;?? 752215%3 et - 95% CL upper limits — Single Nonres.
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o 10? [ Diboson q:_) []168% expected V 1 1 < - ATLAS Pre“mm?ry -~ Single + Non-res. (Expimit + 16) _7|
kT S BKg. unc. o ector, B=1, k= 2 350 f-13Tev, 13010 R =
10 (@) 2.5 L : - _ a - 95%CL -~ Total (Exp.limit  1o) .
1 S C _ 8 3 U™ model, High b-jet p, only Preferred by B anomalies =
-T_l B ] (@] - Interference with SM neglected Excluded region E
1 0—1 S 2 L i 2:5 : e 3
102 = 8 . o : E
= - ] = .
- ] 1.5 E
1 0_4 L 1 L | 1 - = E E
; - ] 1= -
(@) - = _ L _
~ 15K } B i C 3]
oM C - H =~ 0.5 C ]
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o
S

CMS arXiv:2208.02717

Di-t search over wide mass range

VLQ BM 1 138 fb™' (13 TeV)
CMS 95% CL excluded:
[ ]Observed 68% expected

---- Expected

95% expected

-1
138 fb. (1§T§V) olementary

_9__
e Search in di-t mass spectrum is ]
(@))
motivated from additional Higgs : ;
in context of MSSM, non-resonant I
© b
. OO ————
VLQ production
b > R T
= Interference with the SM 1t continuum §U1
taken into account L T
T, T, 138 fb™' (13 TeV) T,T, No b tag
< AL L E - T T T T T T ]
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At ~1.2TeV
2.8 0 (24 0)
local (global)

ggo—tr

138 fb" (13 TeV)
High-mass

------------------------------------------- 30

200

1000 2000
m, (GeV)
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® Some interesting connections

= X—= HY — yy bb : Excess at mx=650 GeV, my=90 GeV

- H—> WW :Excess at m = 650 GeY CMS-PAS-HIG-20-016

- H—yy :Excess at m = 95 GeV

- H-—11t :Excess at m = 100 GeV

CMS-PAS-HIG-21-011

S/(S+B) Weighted Events / GeV

CMS-PAS-HIG-20-002

CMS arXiv:2208.02717

CMS Supplem¢ m +ET,, No b tag p > 200 GeV 138 fol (13 TeV)
1g < s00f T
3 Low mass % 500 CMS —¢— Observed
[ O i [ wBke.
a = 400f [ Jetosr, ;
— e — I O i
8 107'F EP I [[__] Others
S © 300f I Bkg. unc. .
2 I —— g9 @ 5.8 pb (m¢= 100 GeV)
----------------------- © 200! Bkg. only fit
10%F ;
100}
0% 1 .0 eem———
- At~100 GeVQ-
3.10 (270) 4 .P
local (global) © T :
107k | (g )O 09 | ! ! I !
60 100 20 0 50 100 150 200 250 300
m.. (GeV)
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Local p-value

CMS Preliminary 132.2fb (13 TeV)
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Hints to for additional Higgs!?
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Vector-Like Leptons

CMS arXiv:2208.09700

q3
l3

N qs
U & U
. . /7 we E N
® Motivated from flavour anomalies q Lo E b t
Tau VLL production Final
- . multiplicity + decay mode state
VLL decay via vector leptoquarks, FE - b(iwb(ny) I 14 120,
which couple dominantly to the third generation 07 EN — b(tvr)t(tvr) b+ 6+ 2
NN — t(tv)t(tve)  4b+ 8+ 2v:
EE — b(bt)b(tvy) 4b+2j+ 17+ vy
- Categorise by number of b-jets and t-leptons - EN — b(tvr)t(bt)  4b+4j+7+vq
EN — b(b7)t(tvy) 4b+4j+ 17+ vs
NN — t(b7)t(tvy) 4b+6j+ T+ vy
= Using DNN to discriminate against QCD and tt backgrounds EE - b(br)b(br)  4b+27
271 EN — b(b1)t(b7) 4b + 2j + 271
NN — t(b1)t(b7) 4b 4 4j 4 21
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CMS arXiv:2201.02227

Vector-Like Quarks

e VLQ could solve hierarchy problem 7V

_ . ] . . . t—qqq
Searching in 0.6-1.8 TeV mass range; multiple width scenarios

= Depending on T mass considering resolved and merged topologies

boosted final state particles
ﬂ‘* Largest excess around 1.4 TeV
for narrow width with significance:

2.5 0 (2.2 0)

36 3 fb 13 Te ) 59.8 fb™ (13 TeV)
> .6 IR > F | | | | 3
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https://arxiv.org/pdf/2201.02227.pdf

Why Long-Lived Particles Searches!?

 We already have some long-lived 7™, i Yy
o i (&
particles around us. E | "
e, |
Could there be more of those —  w* + :
. ‘ K1,
perfectly motivated A b@l. .
= Small couplings e ® Q" d/’84b.) H
@ t
= Suppressed decay phase space 10" | : : : : 4 : iy
(a0 =2 S 10° . rricasl
e So far no evidence for new New physics X at the LHC
physics. Experiment perfectly The overwhelming
. majority of the work of
agrees with the Standard Model. 7 the LHC experiments
We need to look in all possible i
directions.

New physics could be
hiding here

Outer edge
of detector

Keti KGGC’ZC, Kansas State University James Beacham [Ohio State] LHC LLP Workshop — CERN 16 May 2018 6



How to Find LLPs?

e Signatures define search strategy displac=d m N
vertices in ID + MET, ' non-prompt
jets, leptons W photons
= Could be light or heavy NV
"/. o
= Could travel fast or slow displaced leptons, lepton emerging jets
jets, or lepton pairs ‘
= Could decay to quarks, gluons, or leptons, e
or even invisible particles (missing transverse stable or meta-stable
momentum) charged particles
trackless
- . . il . jets with low
Main handles: timing, displacement, displacedifulti-track verties ol

and ionisation in Muon Spectrometer \

® Every sub-system important
distance travelled = fy x ct

forert =“5 cm, <By>~ 30 “¢T =50 cm, <By> ~ 30 H. Russell
A
(‘\
Ey LY = <
8 _ . £ ¢ 5
9 60% in 13% in o 3 15% in 31% in Q
— calorimeters muon system @ A calorimeters muon system g
- e o— ®
5 5
@
Q.
& & o o o
e % 25 5
S = - S 3 -
o o
o O
s 8 28
distance tyravelled distance travelled
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® |LPs arise in models of SUSY with compressed spectra
or weakly coupled RPV, Hidden Valley, DM, QCD Axions,...

= Search for massive, charged long-lived (>Ins) particles

3 225 ATLAS Simulation E
2 eE ¥8=13 TeV m = 2.2 TeV, Gluino 3
g’ 165 . —F— m=13TeV, Chargino 3
145 | | —F— m =400 GeV, Stau =
1.2 | | E
£y 3
0.8F E
0.6 =
0.4F -
0.2} -
0 - 4
By
';' FrrrryprrTTrT T T T TT T rrTTrrTrTTTT T T T T T TTT ]
.15 0_5__ ATLAS Simulation m = 2.2 TeV, Gluino _
> L Vs=13TeV —— m=1.3TeV, Chargino
g C —— m =400 GeV, Stau ]
o 04 ]
= - i ]
0.3 | -
- d:fm | —
- Ay PR N YR .
- - 1 .
0.1 I : —
O: | l 11 1 | L1 11 | 1111 | L1 1 : | L1 1 :
3 =2 4 0 1 2 3 4
n
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Excess |.1-2.8 TeV corresponding to 1.4 TeV mass

Entries / 100 GeV

Data / Pred.

0.7+£0.4 evt expected | 7 evt observed

3.6 Z (3.3 Z) significance
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Long-Lived Particle Searches

ATLAS arXiv:2205.06013
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ATLAS arXiv:2303.13613

& J Long-Lived Multi-Charged Particles
® Multi-charged particles (MCP): techno-baryons from TC, M ;Ei

doubly charged Higgs from left-right symmetric model ¢ ~ T has
. . h : {s =13 TeV, 139 fb"
or from supersymmetric left-right model. 2 Ly e
%) CR e NP
2 10?2 : A
= Q=ze, | <|z|] <8, 500 < mass < 2000 GeV, p-like signatures 2N e £ 2wy simultin
1074 : E ° gi;:; (LrLT:g(t)% GeV, z=2)
. . . . 1078 P T Signal (m=2000 GeV, z=2)
= Higher mass and higher charge (high dE/dx in several subsystems) . E
10 ﬂ
requires using additionally “late-p” and MET trigger to catch 107k E -
. . . o = I ] ! i ! =
signal ending between bunch crossings. 2 +
a zzw‘% b E
dE [dx — (dE [ dx),, % o 10 20 30 40 50 60 70
S(dE /dx) = o (dE [ dx) S(pixel dE/dx)
i
Some candidate events from dE/dx search were not selected z=2 1.620.4+0.5 evt exp. | 4 evt obs. | 1.5 Z sign.
by this search due to low ionisation loss in tracker and moun z>2 0.034£0.002+0.004 evt exp. | 0 evt obs.
chambers.

ATLA s =13 TeV, 139 fb ATLAS {s=13TeV,139fb" x10° . _ )
= 35 e e © 5 3Opr T T T T T T T “ O g L L B I L R =
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e SUSY chargino-neutralino pair-production

= Simplified SUSY models with WZ and Wh mediated productions
with final state of 3£ + missing transverse momentum

= Considering different signal scenarios depending on mass spectra

= Several aspects of the analysis are improved: selection, particle
reconstruction, lepton id/isolation, as well as using MVA
techniques

= On-shell WZ, off-shell WZ, on-shell Wh are optimised
separately taking into account lepton flavour,
(in-)consistency with Z boson mass, etc..

> 160 ™ T 1 T T T — T T [ T T T [ T T T ] T T T © L N e -
o - i ° - ATLAS ;;?aﬁ SM gthetrs .
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ATLAS arXiv:2106.01676

Results combined
with 2L+MET search
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Searches in Top Decays

e NOMMalised to total background ATLAS arXiv:2301.03902

g 10000i ATLAS ¢ Data —
) ] @ i E=13Tev,139fb-1 !cxmoeev*: |310—15 A
e | HC is a top quark factory. Searching .. 3b EbG Al AP
. . s E,-Igh 1 % " Vs=13TeV, 139 0" X°° ei"eie "o
for BSM signals in top quark decays St 1 Ti0%p Hoeweis -
is highly motivated @8 1S :
I 'LI, 1073 E —

e FCNC in top quark decays

. 104 =

I = 3

. . . 5 O e i E C . ]

= Categorised in N(j), N(b). e . - Mild excess ~1.80 -
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® Search for charged nggs in top quark decays H*—cb 7

= Significantly small background from W—cb Excess @130 GeV :3 0 (2.50) « \ c
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™) LHC /HL-LHC Plan We are here!

(evers)
13 TeV

Diodes Comoldation
splor comosdation pokennl LU eata laticon

7 Tev 8 ch lon oddbmelote AN

M2E project

13.6 - 14 TeV

HL-LHC
Ingtallation

HOR Yisk!
rakaton e

Civil Eng. P13

ATLAS - CWS

eaperinen| vporade phese | ATLAS - CMS /-
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Sow o0 s g o

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY 4 PROTOTYPES | CONSTRUCTION | INSTALLATION & COMM. || | PHYSICS

HL-LHC CIVIL ENGINEERING:

DEANITION EXCAVATION BUILDINGS

So far, collected only about 5% of data — x20 more data to come!
And before all those, Run 3 has ‘just’ started!
More data:
* Explore processes with smaller cross-sections

* Explore unusual signatures, smaller couplings
* Improve precision of the SM measurements and modelling

Keti Kaadze, Kansas State University
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~ All-silicon tracking

5 pixel+4 strip le
'\lhrnl'l,,

VL
,':\\}'k |
! T\\\ s

Muon systems

 New readout and trigger

electronics

 Additional chambers for inner

detector

[ e /|
() 'Y

»P*J O |

CMS Trigger & DAQ

- Track-trigger @L1

- L1 rate ~750kHz

- HLT output ~7.5kHz

\

Major Detector Upgrades

4 )
ATLAS Trigger and DAQ

« LO (Calo+u): 1 MHz
« L1 (Calo+u+ltk): 400 kHz
 HLT: 10 kHz

- J

_ MIP Timing Detector

1)1 S ES
‘Barrel calorimeters
- New BE/FE electronics
4 - ECAL: lower temperature
" - HCAL: partially new scintillator

" 40 _Endcap calorimeters
- high granularity calorimeter
- Radiation tolerant scintillator

TRACKER |
- radiation tolerant, high granular
low material budget

- coverage up to |n|=3.8

- track trigger at 1

Keti Kaadze, Kansas State University
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Electroweakino search with
small Am =m-—m

X2 72(1)
CMS FTR 18-001
j X3
p
X1

~0

X2 7* /
p

Stau search
CMS FTR 18-010

”’ ....... Xl
p 7 \ X1
—
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Supersymmetry

Events / 5 GeV

CMS Phase-2 Simulation Preliminary 3 ab™ (14 TeV)
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Leptoquarks

® | Q could be searched in different final states

® Most of the current constraints assume
Br(LQ—£q) = 100%. Large dataset will enable
probing smaller Br.

HL-LHC

CMS FTR 18

HL-LHC projection (14 TeV)

-008

----- w/ stat. uncert. only

Keti Kaadze, Kansas State University

rojection (14 TeV

'610_ | | .p._'. ' (14 3 10 |
% of - CMs{ g9
§ gl :_: Projection § |
% 7‘_ w‘:; 7 LQ — ttchan
=20 oD — w/ YR18
» 6 O 6
§ 5 LQ — tu channel : é 51— —- —359 b
@ | — ® I — 300 fb?
g af- w/ YR18 syst. uncert. g 4 Epess
n | =---== W/ stat. uncert. only (1 |

3 — 359 " e 3

of ——300 1" L N . 2f-

- —300010°" R Nl -
1 =
oL A T R 0_ L
1000 1500 2000 1000 1500

CMS -

Projection

nel
syst. uncert.

P I T T S

2000
Mg [GeV]

34



e Continue looking for a heavy
resonance using powerful search
techniques

Heavy Resonances

ATL-PHYS-PUB-2018-022

Selection Resonance Resolved Resonance Merged
1 isolated “tight” lepton
W — v 0 additional “loose” leptons
ET™ > 60 GeV ET™ >100 GeV
pr(v) >75 GeV pr(fv) >200 GeV
ET™ /pr(ev) >0.2
2 small-R jets large-R jet
Vo i min|m(jj) — m(W/Z)| highest pp

pr(j1) >60 GeV, pr(jz) >40 GeV
66 <m(jj) < 94 GeV

pr(J) >200 GeV, |n(J)| < 2
|m(J) —m(W/Z)| < 50 GeV

q or 82 <m(jj) < 106 GeV Scale by W/Z-tagger efficiency
b
Non-b-tagged
+ Vv Tagged jets (VBF Category) n(5;°8) - n(j5*8) < 0, highest m(j)
Vv pr(jis) > 30 GeV, m(jj) >770 GeV, An(j,j) > 4.7
pr(lv)/m(lvjj) >0.35 (0.3 for VBF) | pp(v)/m(¢vJ) >0.4 (0.3 for VBF)
t Vv Topology pr(jj)/mlvjj) >0.35 (0.3 for VBF) | pr(J)/m(¢vJ) >0.4 (0.3 for VBF)
A¢(j,0) > 1, Ap(j, Er™) > 1
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Non-prompt Searches

CMS-PAS-EXO-14-007
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https://cds.cern.ch/record/2206863/files/EXO-14-007-pas.pdf

Summary

® The LHC has been a tremendous success and the ATLAS and CMS

detectors have performed remarkably well
Discovery of the Higgs boson and detailed study of its properties
Measurement of the SM processes at the highest possible precision
Observation of rare processes

Yet, no discovery of the physics beyond the standard model

But... The Run 2 data have shown a few excesses. Some of those even line
up interestingly..

® And... The Run 3 is already ongoing. All those ‘hints’ will be checked with

Run 3 (and combined) datasets

High-Luminosity LHC is around the corner— will enable significantly
extend probes for BSM using larger dataset and more sophisticated
methods. Stay tuned!
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