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Unexplained phenomena — Standard Model (SM) is not complete

@ parameters fine tuning, matter/anti-matter asymmetry, dark-matter... J

H * 0, i imi -
ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary
Status: March 2023 [£dt = (3.6—139) tb! Vs=13TeV

Model Cy Jetst ET™ [rdim] Limit Reference
T T T T

Axial-vector med. (Dirac DM) - 2j - 139 Mined 3.8Tev 89=0.25, g, =1, m(x)=10 TeV ATL-PHYS-PUB-2022-036

Pseudo-scalar med. (Dirac DM) O e,u, 7,y 1-4j Yes 139 Mined 376 GeV 8q=] 1, m(x)=1GeV/ 2102.10874

Vector med. Z’-2HDM (Dirac DM) 0 e, u 2b Yes 139 mz: 3.0 Tev tanf=1, g7=0.8, m(x)=100 GeV 2108.13391

VLQTT - Zt + X 2el2p/>3eu 21b,21) - 139 T mass 1.46 TeV SU(2) doublet 2210.15413

g 'é) VLQ BB — Wt/Zb+ X multi-channel 36.1 B mass. 1.34 TeV SU(2) doublet 1808.02343
T S VLQ Ts;3Tsp3lTs3 > Wt X 2(SS)/23 e 21b, Yes 36.1 Ts/3 mass. 1.64 TeV B(Tep3 — We)= 1, c(TssWe)=1 1807.11883
S E VLQT - Ht/Zt Tenu =1b, Yes 139 T mass. 1.8TeV 8U(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
g 5 VLQ Y - Wb len 21b,21] Yes 36.1 Y mass. 1.85TeV. B(Y — Wh)=1, cg(Wb)=1 181207343
> VLQ B - Hb Oeu 22b 21,210 - 139 B mass. 2.0TeV SU(2) doublet, k= 0.3 ATLAS-CONF-2021-018

VLL ' — Zt/Ht multi-channel  =1] Yes 139 T mass 898 GeV SU(2) doublet 2303.05441

Type Ill Seesaw 234ep 22§ Yes 139 |NYmass 910 GeV 2202.02039

LRSM Majorana » 2 2j - 36.1 Ng mass 3.2Tev m(Wg) =4.1TeV, g = gr 1809.11105

§ | Higostiplet = —» W*W*  234eu(SS) varous  Yes 139 | HE=mass 350 GeV DY production 210111961
£ Higgs triplet H= — (€ 234e,4u(SS) - - 139 | H* mass 1.08 TeV DY production
S | Multi-charged particles N - - 139 | multicharged particle mass 1.59 TeV DY production, lq| = 5e ATLAS-CONF-2022.034
Magnetic monopoles - - - 34.4 | monopole mass 2.37 TeV. DY production, |¢] = 1gp, spin 1/2 190510130
Vs=13TeV  5=13TeV L L L
partial data full data 107! 1 10 Mass scale [TeV]
*Onlv a selection of the available mass limits on new states or nhenomena is shown

Several beyond Standard Model (BSM) searches, focus here on:

@ Heavy Neutral Leptons (HNL), Long-Lived particles (LLP), Vector-like quarks (VLQ)

N
N


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-008/

HNL via WW scattering in ee, ey final states

Neutrino oscillations implies non-zero v masses
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e mj > 500 GeV, |Ayj| > 2

° p? discriminating variable

Neutrinoless double 5 decay: probe Majorana mass terms
BSM theories: Type-l Seesaw, LRSM, GUT,

dim-5 Weinberg operator

ATLAS
Vs =13 TeV, 140 fb~!
PP = 1% 1%, Wenl=IVyl

95% CL Limits
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@ Obs (exp) lim: |mee| < 24.5(23.6), |me,| < 12.5(14.8) GeV

o Comb w/ uu: 95% CL in (|Vanl|?, |Vun|?) plane

1

® Limits on the mixing matrix elements |Ven|?, |Ven Vil |Venl?
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2023-16

N — (7T in B mesons leptonic and semileptonic decays

o= ore — e vMSM: predict sterile neutrino N, Majorana (LNV, LNC)
IL\ /- or Dirac (LNC) type. Mass my, lifetime 7y ~ |Vy|™2m 5
{ - } 1 1141] @ Mixing to SM v families. Amplitudes and ratios:

[VnI? = [Ven? + [Vinl? + [Ven P, e = (Ve[ /| V2
o Special dataset 41.6fb~1 o Inclusive semileptonic B — (gNX (B = B°, B*, B, BF)
101%6h 80% purity or leptonic. Gen. 1 <my <3 GeV, 1 mm<cry <1lm

10 41.6 fb~! (13 TeV)

v

CMS 41.6 fb~! (13 Tev)
: 10.0

Majorana

o Trigger pr(p) > 7 —12 GeV, cms )= 0.0 |
‘77| <15r de/O-xy>3—6 “ |

e Channels: pu, eu, pe (OS,SS)
o Select pr(ue) > 2(1.5) GeV, | ™

Dirac-like
.9 My =1.0GeV

Observed cty limit (m)

" = o wep oz a1
] < 21.48), dyy /0y > 15 | g e
— Median expected v, Rev. Lo, (2023 062803 |
S5 expacied | A LICD. Py Rew e, (03 122802
N N NN- 0.99 | o enped el P v, 5 2019 71302
® par eur et p score> U. 0700 125 150 175 200 225 250 275 300 re
~ my (GeV)

o |Vy|? <2.0-107° (my = 1.95 GeV, Majorana), cy < 10.5 m (my = 1 GeV, Dirac) 419


https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-22-019/index.html

HNL in final states with e, i, hadronic 7

Heavy N: Majorana (LNV, LNC) or Dirac (LNC) type

Mixing matrix: exclusively to a single generation SM v
Prod: Drell-Yan qg’ — W* — N/¢*; VBF gy — Nitq'
Channels: eee, eep, epps, pjpt, €€Th, €UTh, WLThH

Event selection

o = 3/ tight, pr(¢1) > 15 GeV
@ pr(7h) > 20 GeV, 1 or 3 prongs
@ jets pt > 25 GeV, = 0b-tags,
2 my
@ on some, use BDT discriminant |

@ regions taylored to my

Vil

138 b (13 TeV)
T

138 b (13 TeV)

o~ T
[ CMS Z CMS
Majorana —— i 'E Dirac 3
' Vn:Viw: Vin =0:1:0 Von: Viy: Vi = 0:0:1
107 E
L // 102k ]
! — Observed — Observed
b Median expected ] L e Median expected
[ 68% expected 10° i [ 68% expected 4
95% expected : 95% expected
<+ DELPHI 4 <+ DELPHI
— - 3 prompt (2016) 104k -- 2( displaced
3¢ displaced
-~ - t-channel VBF
--= 20 displaced "
L L 107g L ;|
10 10° 10° 10 10°
my [GeV] my [GeV]

o Limits on mixing matrix elements |Ven|?, |Vyn|?, and |V, |2 (first time for my > my) J
5/1

o Complementary to other searches, improved range of (my, |Ven|?) exclusion limits


https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-22-011/index.html

Long-lived HNL in lepton + displaced jet channel

1381b~" (13 TeV) 138fb~" (13 TeV)

T T T T T T T T T T T T L I T
CMS 95% CL upper limits |

Preliminary — Observed
-- Median expected

I 68% expected
95% expected
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@ Prompt lepton + 10

displaced lepton and

hadronic jet associated to .
Majorana

Samesecondaryvertex \\\\\l}\u\ ‘\\\‘\\\‘\\\‘\\\‘\\\‘— \\\\\\\\\\‘\\\"y\\\‘\\\“)\\\‘\\\‘\\\‘\\\J—

tra e
2 6 8 10 12 14 16 18 20 2 4 6 10 12 14 16 18 20
my [GeV] my [GeV]

95% CL upper limits

@ Best limits to date for 11 < my < 16 GeV

107
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T
Lol

Dirac

T
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T
i

e Depending on scenario, squared mixing parameters as low as 2.6 x 10~ excluded
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https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-011/index.html

Long-lived bosons with displaced vertices in ID

Gl @ “Higgs portal” neutral spin-0 boson s — g

s - 4q)

@ Axion-like Nambu-Goldston boson a
associated to W/Z (a — gg) or in tt decay (a — gg/cc)
— All three models: hadronic decay vtx displaced wrt collision point
o BDTj-score> 0.5, exploiting tracks |dp|, pr... to select displaced jets

959% CL Limit on BR(H
g

g

v

o(qq -~ Va) [pb]

@ First time use of new large-impact parameter tracks reconstruction

5

@ Dedicated jet pair trigger enriching vector boson fusion Higgs prod
e Signal regions: split in npy = 1(> 2) with BDT;;xBDT;, > 0.9(0.7)

95% CL Limit on

S

v

95% CL upper limits on all models. (*) ¢(10) impr. (1) First time probed
o B(H — ss — 4b) > 1% (ms = 55 GeV, c7s = 6 — 68 mm) (¥)
o B(H — ss — 4c) > 10% (ms =5 GeV, c7s = 3 — 20 mm)(F)
e o %(qq — Va) > 0.1 pb (m, > 40 GeV, c7, = 1.2 — 192 mm) ()
o A(

959 CL Limit on BR(t

m, =40 Gev.

1
Clq [M]

More details here t — aq) > 0.1% (m, > 40 GeV, c1, = 4 — 36 mm) (T) 7/10


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-32

NRVET eI Low-mass LLP with displaced jets

»-\
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o Novel trigger, machine
learning, reconstruction
techniques

e, =1mm

.
S

£ 5 34.7 fo ' (13.6 TeV)
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f E 117 6 (13 Tev) 300 —
o 1 L
o F L
f S A i
_ E L
O =
R w07
re) E
93 E
L

1 10 10° 10° A I I B A I B
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95% CL upper limits with 34.7fb~! at 13.6 TeV
@ Best limits to date for 15 < my; p <55 GeV, cTt <1 m

@ First exclusions of hadronic 7 lepton decays (c7 < 1 m)

o B(H — SS — 4b(d)) > 1% excluded for my p > 40 GeV, 2(1) < c7 < 370(380) mm o/19



https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-23-013/index.html

Heavy LLP with large ionization energy loss

@ Search for heavy stable charged particle based on silicon dE/dx J
_ CMS Prellmlqary _ o1 fb‘ (3Tev) CMS Preliminary 101 fo" (13 Te) _ CMS Prlehm/‘nary‘ 01 fb (13 TeV)
i 102k 95% CL upperLImIls i %' Ot Z 7 2 7 2 1 ) ‘é 10°2 95% CL Uppsrlells (m 600 GeV)
_5 ——— Observed Limit O, 6500 1025 _5 Observed Limit
g =S Expected Limit +1o, 26 EN g ‘8 S Expected Limit 10, +20
3 A
(ﬁ 102 F Zzzz GNNLOWNLY(pp s 20r )45 | 2 0103 s (I Iy
8 5 8
o 10 g S
2
4 2
10 E 8 10
107
107 ‘ 4 10°
PRI IS L B I I B I | 5
08 1 1.2 14 16 1.8 2 2.2 24 26 2.8 0 400 600 800 1000 1200 1400 '

m_.. [TeV] m, [GeV]

95% CL upper limits with 101fb=1 at 13 TeV

m,, [TeV]

@ D-Y production of 7’ leptons pair |Q| = 1(2e) excl. below 1.20(1.47) TeV
o A(Z' — 7'7") =1 excl. as a function of m_ze) vs mzs
° mz <476 GeV excluded for m_j ) = 600 GeV



https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-18-002/index.html

Long-lived dark photons (Falkowski-Ruderman-Volansky-Zupan)

@ VBF produced 125 GeV Higgs boson — exotic decay to dark fermions fy4
@ Prompt hidden lightest stable particle (HLSP) and ~4 from f; —HLSP~4(— ee/,uu/qq)
e c7y, <7—13m, m,, ~ 0(MeV-GeV), kinetic mixing parameter ¢ < 107>

Event selection

o Trigger: tri-muon/narrow-scan/Emiss P
> 2 jets, pr(jet)> 30 GeV, |An;| > 3,

mj; > 1000 GeV, |Ag¢j| < 2.5
0-leptons/b-jets, EMis > 100 GeV
non-collision bkgd veto: beam induced, cosmic

> 1 Dark Photon Jet (1 or calo). Respectively:

e > 2 muon-spectrometer-only tracks (AR = 0.4)
o electromag fract< 0.4, QCD tagger> 0.5

Combin. ggF, WH modes: 95%CL excl. J

HLSP

HLSP

f

f

ATLAS V5=8-13 TeV, 20.3-139 fb*
"] FRVZ Model

3 Hezypx

1 m,=125GeV

90% CL observed limits

T goFWHIVBF (139 1b7)
4 - ee10%

T R
10 1 10
Dark Photon mass [GeV] 10/19

HB(H— 274+X)> 10% for 173 < c7,, < 1296 mm



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-15

Emerging jets

Long-lived dark mesons pair

@ Unflavored or flavor-aligned model
@ Explored: 5 < c7r,,, <500 mm, 1000 < mx, , < 2500 GeV

Quark

Event selection
o Trigger Hr > 1050 GeV
o Large Ht, > 4 jets, 2 tagged EJ
@ Agnostic and ML tagger

Clrgy [MM]

e my, , <1950 GeV (unflav) for c7r,, ~ 100 mm, my, ~ 10 GeV
e my, , < 1850 GeV (flav) for c7r,,, ~ 500 mm, my,  ~ 10 GeV

10!

100

95% CL upper limit on cross section [fb]
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https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-22-015/index.html

Vector-like quarks (VLQ)

New heavy fermions, introduced by many models
o Little/Composite Higgs, string theory, large extra-dimensions...
o Left-/right-handed components transform identically

@ Mass term included in ., independent of Yukawa couplings to H

e Mix mainly to 3" generation quarks to cancel H mass divergences

o Singlet, doublet or triplet. Charge e: T(+2/3), B(—1/3), X(5/3), Y(—4/3)
o VLQ decay modes: T — tH, tZ, bW: Y — bW; B — bH, bZ, tW; X — tW 12/1J



TT — WbWhb, lepton+jets channel

1

e Optimized for T — Wb (100%) g Faras — onserved it
" . S f5= 13Tev, 1401 R copectod Lot 10
@ Sensitive to all VLQs, combined BR #1107 Limits atosmo cL Evpated Limit 24
S — Theory (NNLO+NLL)
(] EXplOFed: 1< myLQ < 2 TeV © 102 BT-Wb)=1 =
) E

Event selection 107 ]

o Trigger: pr(£) > 27 GeV or EXiss > 200 GeV

@ > 3 jets, > 1 b-tagged jet, > 1 large-R jet e
0 Wiep: AR(4,v) < 0.7; Whag: AR(Whad, bhad) > 1.0 | =, s

o |m'P — mhad| < 500 GeV 5 | TR
o S7(= Y pr of selected objects + Eis¥) > 1900 GeV) ”.'l & sue singie %
o Exclusion (95% CL): SU(2): my < 1360 GeV i ,
o B(T — Wb) =1: my < 1700(1570) GeV |
e in the B(T — Wb) vs B(T — Ht) plane A S E ) o

B(T - Wb)

13/19



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-06/

BB, dileptonic and fully hadronic channels

138 fb" (13 TeV)
T T

E foms T L Greenea @ Combinations: bHbH, bHtW, bZtW, bHbZ, bZbZ
@ 102l BB bH)=0% —— Theory
S Vg ey e All hadronic, last two also with Z — ee/pu
N 68% Expected
95 Expeied o Categories in jet/large-jet multiplicities, ISR/FSR
10 <
Event selection
| o Trigger eff: 98% for pr(¢) > 50 GeV, 99% for
Hr(= ) pr of selected objects) > 1350 GeV
100011007200 7300 1400 1500 ‘Mf;‘:ssﬂlloge;goo o Depending on channel: 3 — 6 jets, 1 — 4 b/bb-tagged
f 1381 (13 TeV) - Xgnod = (AmVLQ - AmVLQ)/UzAmVLQ +
g CMS 16 @ N
08 oy 95% CL observed :é ZZ/H/W/t (Am’ - Arn’)/o-zAI'n,
E all channels 15 = . o o . .
B ez -1 e S — Used to choose channel, jet config, as discriminant
3 BVLQ r ’
BB Exclusion (95% CL) in B(B — tW) vs B(B — bH)
o = o #(B — bH) =1: mg < 1570 GeV
: 0.1 olz 0‘3 olA 05 06 0708 0‘9 (. o %(B — bZ) - 1: mB < 1540 GeV 14 /119
B(IW) y



https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-20-014/index.html

Conclusions: new results, improvements, first time measurements

Heavy Neutral Leptons - HNL
@ Majorana neutrino in WW scattering: |mee| < 24.5, [me,| < 12.5 GeV
e Light neutrino in B decays: |Vy|?2 <2.0-107%, c7y < 10.5 m
@ Three leptons final states: improved range (mp, | Ven|?), first time |Von|2 (my > my)

@ Long-lived N in /+jets: best limit to mixing parameters in 11 < my < 16 GeV range
Long-Lived Particles - LLP

@ Bosons with displaced inner detector vertices: new (% vs c7s ,) limits for various ms ,

@ Higgs to neutral scalars in displaced jets: best limits for 15 < m;; p < 55 GeV, cT <1 m
o Large silicon dE/dx deposit: mzr, < 4.76 GeV excluded for m_s ) = 600 GeV

o Long-lived dark photons: Z(H— 2y4+X)> 10% for 173 < c7,, < 1296 mm

o Long-lived dark mesons excluded in (mx,,, vs c7r,,,) plane m;,  ~ 10 GeV
Vector-Like Quarks - VLQ

o Vector-like TT — WbWhb exclusion in (T — Wh) vs B(T — Ht) plane
@ Vector-like BB exclusion in Z(B — tW) vs Z(B — bH) plane 15/19




More details on LLP bosons with displaced vertices in 1D

Events / bin

Data / Bkg

107
15

-

05 E

q

LU0 L L

ATLAS [ Background BRH — 55 — 4b) = 19, [m,, c1 = [55 GeV, 100 mm]

YS=13TeV, 37.5 - 140 fb /// Uncertainty o(qq — Za) = 5%10° pb, [m,, cr, 5 GeV, 100 mm]
Data BR(1 - aq) = 0.1%, [m,, ¢t = [55 GeV, 100 mm]

Liepon 2iepon ver siogn| 2o
e 2l | |z

Frvoe revany #L},@«V}A&.‘#*)ﬁ—‘*#wj'w%;j/)#;/iﬁbfﬁ///%//%%

09-10 09-10 09-10 07-10  07-10  07-10

BDT, xBDT,

LLP mass [GeV]

V5=13 TeV, 36-140 fb
y T

10°

"
107

n
0™

Hidden Sector, m, = 125 GeV/
B(H-ss) = 10%
95% CL observed limits

Searches:
— Muﬂn System (2 wx Only), 139 fb*

— TrackeHMuOn System, 36 fb
Phys. Rev. D 101 121020) 052013

) Tracker, 139 fb
JHEP 11 (2021)

) Tracker (ws resull) 37.5-140 b
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-32
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CMS Summary of neutrino exclusion limits

CMS Preliminary 35.9-138 tb™'(13 TeV)

CMS Preliminary

=)

ey

Electron Channel

Prompt 1¢ + 2 displaced ¢
JHEP 07(2022) 081

Prompt 12 + >=1 displaced jet

T arXivi2312.07484

Prompt 12 + MDS
arXiv:2402.18658
Prompt 3¢ = (e, mu, T)
arXiv:2403.00100
Same-sign 2¢+jet
JHEP 01 (2019) 122

42-138 fb~'(13 TeV)

(=)
=]

108 104

my [GeV]

Muon Channel

Prompt 12 + 2 displaced £

JHEP 07(2022) 081

___ Prompt 1€+ >=1 displaced jet
arXiv:2312.07484

Prompt 12 + MDS
arXiv:2402.18658
B-parking 2¢ + T

arXiv:2403.04584

Prompt 3¢ = (e, mu, 1)

arXiv:2403.00100

-
o
=)
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More CMS results

overview

Overview of CMS HNL results

CMs Preliminary March 2024
S, Ve =10, Vo= 10 ~ OOUIZATEY] 190610905 (1) + 200
" T00=SBGEY, 2202 8676 (O, =41, 11+ 30, 20+ 2,3 1, 1+ 20,20 1)
u T00-990GEV. 220208676 (3, =41, 1¥+ 3, 27 2,30+ 1, 1+ 2,27 +2)
M OASLOBSTEY, 220209676 31, 241,17 30,20+ 2, 7040, 17+ 24,20+ 10
Type i Secsaw Hesvy Femions B, 10, B, =B, = 00 " MO0-B90GEY. 220206676 (31, =41, 11+ 3,20 2,304 11, 1+ 2,20 1)
MM, V=10, =00 B OOISIZATEY, 240300100 (30)
LASM W) M < M= 200GeV) B 211203949 2042)
LASM W), M 0 S, M OI=BTEY 211205949 20 +2)
LASH W), M M OX=STeY| 211203649 20 +20)
res g 0, M QISATY] 21120399 20+ 2)
RS 24l M, <05 u UIZITEN, 25070655 (20, )
R s zuionn, g -025m, ~ SoTev, 2307.06959 (20, 24)
LRSM Zut), M M oAz, 23070695 20, =)
RS2, M, 0250, .. OXTEY 230706553 20, )
Compsite Femions . M, <A ~ ETeY] 221003082 21 + 2
Composte Femions . My, <A B OSSEATEY, 221003082 20 +20)
H LRSM W (W), My, = 0.8M, " 135276V, 1811.00806 (2v +2))
Disploced Mjorana W [V = 1010°5 i ARG 220105578 2.+ 1)
u JEIZBGE 045 45 £X0.21.013 Oy, 21)
M ISPASX022.017 (e 4 MDS)
" CUSPASEX0-22017 (.+ MDS)
.. CHS PASE10-22.017 e+ MOS)
.. CUSPASEX0-22017 (e + MDS)
" CUSPASEX0-22017 (44 MDS)
M CHS 2AS£10.22.017 (o + DS
M MISIEGH] S PASEX021.011 20, 3)
M SBSISSGAY] S S £40:21.011 2. 1)
u SSSIIGH  CHS#AS£X021011 20,1)
B ASIBSGR O PAS £X021011 2 1)
Displced WL from B meson decay, Vaf' =50 x 105 ., 11360
F  vve scesonvor ssww, v =10 0 OOSSZTEN 220609956 2w 21
107 o7 0 10° 100
Mass Scale [Tev]
limits at 5% C.L.

Source with full table

137 ot

361!
36!

137 7!

137!
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https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV#Overall_summary_plot/
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