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Setting the theme - BSM searches

Dark matter and dark energy

Origin of Mass

Abundance of matter over anti-matter

Neutrino masses and origin

Origin of Universe

Origin of EW symmetry breaking

Unification of Forces

New Physics
Beyond the Standard Model

A more “natural’ solution to the
hierarchy problem

Strong CP problem

“There is no experiment nor facility, proposed or conceivable, in the lab or in space, accelerator
or non-accelerator driven, which can guarantee discoveries beyond the SM, and answers to the
big questions of the field” (M.Mangano, 98th ECFA, November 2015)
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Setting the theme - BSM searches at the LHC

® There is an overwhelmingly large collection of BSM models to choose from
® Non exhausted list: SUSY, extra dimensions, vector-like quarks, lepto-quarks...
e Also: simplified models, minimal models, and EFT
®  Gauge invariance, UV-completion, existing experimental results provide the best guidance
- The constraint can be very loose: many caveats and work-around
® | HC searches are signature-driven as a first principle

® Search for excesses in number of events in a plethora of kinematic regions and for resonances
from new particles, exploring the highest mass range possible = main focus of this talk

® Perform precision measurements of SM parameters to search for deviations — not covered
® Challenges in interpreting LHC search results
® There are numerous results with similar final states = not trivial to correlate or compare

® Many searches take advantage of machine learning algorithms — non-trivial to interpret

® = Present,and preserve, physics object efficiency/resolutions, and particle-level results



Run 1+2 pp collision data

Link to ATLAS Lumi public plot

CMS Integrated Luminosity, pp, Vs =7, 8, 13 TeV
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* Many key analyses are based on full Runl+Run-2 data
ATLAS/CMS: 140 fb~!at 1/s = 13 TeV

* Expect more results: many analyses are still analysing this legendary dataset
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https://atlas.web.cern.ch/Atlas/GROUPS/DATAPREPARATION/PublicPlots/2018/DataSummary/figs/intlumivsyear.pdf

Highlight of the search results

® General remarks on the LHC DM searches, embedded in many BSM searches

® Highlight of recent searches results in
e High mass/pT regions
e  SUSY
® |long-lived particles (LLP)
® Areas not covered
® BSM searches in dedicated quark-flavour sector = Eva Gersabeck’s talk earlier
® Dark sector scenarios — Phil llten’s talk next
® BSM searches using Higgs boson — Kristin Lohwasser’s talk tomorrow
® For detailed information, especially the “how”, tune in the relevant parallel sessions

® Also follow these experimental public webpages for complete list of results

ATLAS public results CMS public results


https://cms.cern/news/physics-results
https://twiki.cern.ch/twiki/bin/view/AtlasPublic
http://lhcb-public.web.cern.ch/

General remark on DM searches

® Dark matter represents one of the clear guidance for BSM physics

® Embedded in many BSM models, e.g. R-parity conserving SUSY, dark sector...

® |HC searches have gone much beyond the traditional MET+X regions

LHC Dark Matter Working Group: joint ATLAS/CMS/theory forum
Recommend: benchmark signal models, LHC DM results presentation and comparison with non-collider frontiers
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https://arxiv.org/abs/1810.09420

DM searches - models and signatures™

Figure 2.14: One-loop diagrams of
processes exchanging a scalar (S) or
pseudoscalar (P) mediator, leading to a
mono-jet signature.
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Can search for these BSM particles (mediators) in visible decays as well!

In many cases, the visible decay dominate the sensitivity

* non-exclusive list, much more at arXiv:1507.00966 (LHCDMWG)
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High pT/mass region



A summary of search results - mass scale (non-SUSY)

ATLAS EXxotics Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary

Status: March 2021 [L£dt=(3.6-139) b V5=8,13TeV
Model t,y Jetst ET™ [rdi[b] Limit Reference
L] L] L] L] I L] L] L] L] L] L] L] L] I L] L] L] L] L] L] L] L] I L] L] L] L]
2  ADD Gkk +g/q Oe 7,y  1-4j Yes 139 Mp 11.2TeV n=2 2102.10874
S ADD non-resonant yy 2y - - 36.7 Mg 8.6 TeV n=3HLZNLO 1707.04147
2  ADD QBH - 2] - 37.0 M, 89TeV n=6 1703.09127
©  ADD BH multijet - >3] - 3.6 Mih 9.55 TeV n=6, Mp =3TeV,rot BH 1512.02586
£ RS1 Gk >y 2y - - 139 | Gix mass 4.5 TeV k/Mp = 0.1 2102.13405
© Bulk RS Gk —» WW /zZZ multi-channel 36.1 Gk mass 2.3 TeV k/Mp =1.0 1808.02380
8 BukRS Gk — WV — tvqq 1epu 2j/1J  Yes 139 | Gkk mass 2.0 TeV k/Mp = 1.0 2004.14636
L>L<l Bulk RS gk — tt 1 e = 12bi32 1;/_2] Yes 36.1 gkKk Mass 3.8 TeV r/m=15% ) 1804.10823
2UED/ RPP e, u =22b,>23j Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(A®Y S ¢1) =1 1803.09678
SSM Z' — (¢ 2e,u - - 139 Z’ mass 5.1 TeV 1903.06248
@ SSMZ" - 17 271 - - 36.1 Z’ mass 2.42 TeV 1709.07242
= Leptophobic Z’ — bb - 2b - 36.1 Z’ mass 2.1 TeV 1805.09299
8 Leptophobic Z" — tt Oeu >1b,>22J Yes 139 Z' mass 4.1 TeV I r/m=12% 2005.05138
8 SSMW -y Teu - Yes 139 | W’ mass 6.0 Te 1906.05609
SSM W’ — v 17 - Yes 36.1 W’ mass 3.7 TeV 1801.06992
Gg.)’ HVT W - WZ — fvggmodelB 1 e,u 2j/1d Yes 139 W’ mass 4.3 TeV gy =3 2004.14636
© HVT Z’ — ZH model B 0-2epu 1-2b Yes 139 Z’ mass 3.2 TeV gv = ATLAS-CONF-2020-043
V) HVT W’ — WH model B Oep 21b,>22J 139 W’ mass 3.2 TeV I gv=3 2007.05293
LRSM Wg — tb multi-channel 36.1 Wg mass 3.25 TeV 1807.10473
LRSM Wgr — uNg 2u 1J - 80 WR mass 5.0 TeV m(Ng) = 0.5TeV, g = gr 1904.12679
Cl qqqq - 2j - 37.0 A 21.8TeV 7, 1703.09127
—  Clttgq 2eu - - 139 A 35.8TeV. 7, 2006.12946
O Cleebs 2e 1b - 139 A 1.8 TeV g=1 ATLAS-CONF-2021-012
Cl pubs 2u 1b - 139 A 2.0 TeV g =1 ATLAS-CONF-2021-012
Cl tttt >1eu >1b,>1] VYes 36.1 A 2.57 TeV |Cael = 4n 1811.02305
Axial-vector med. (Dirac DM) Oepu, 1,y 1-4j Yes 139 Mped 2.1 TeV 84=0.25, g,=1, m(x)=1 GeV 2102.10874
s Pseudo-scalar med. (Dirac DM) O e, u, 7,y 1-4j Yes 139 Mmed 376 GeV gq=1, g=1, m(x)=1 GeV 2102.10874
Q Vector med. Z’-2HDM (Dirac DM) 0O e, u 2b Yes 139 Mied 3.1 TeV tanp=1, gz=0.8, m(y)=100 GeV ATLAS-CONF-2021-006
Pseudo-scalar med. 2HDM+a Oeu 2b Yes 139 Mmed 520 GeV tanp=1, gy=1, m(x)=10 GeV ATLAS-CONF-2021-006
Scalar reson. ¢ — ty (DiracDM) 0-1e,u  1Db,0-1J Yes 36.1 my 3.4TeV I y=0.4, 1=0.2, m(y)=10 GeV 1812.09743
Scalar LQ 15t gen 2e >2j Yes 139 LQ mass 1.8 TeV p=1 2006.05872
Scalar LQ 2™ gen 2u >2j Yes 139 | LQmass 1.7 TeV B=1 2006.05872
QO Scalar LQ 3" gen 17 2b Yes 139 LQ3 mass 1.2 TeV B(LQY — br) =1 ATLAS-CONF-2021-008
= ScalarLQ 3" gen Oeu 22j,22b Yes 139 |LQImass 1.24 TeV BLQY > tv) = 1 2004.14060
Scalar LQ 3" gen >2e,u,>21t>21j,>1b - 139 LQZ mass 1.43 TeV B(LQY - tr) =1 2101.11582
Scalar LQ 3 gen Oeu,217 0-2j,2b Yes 139 LQ; mass 1.26 TeV I B(LQY — bv) =1 2101.12527
VLQ TT — Ht/Zt/Wb + X multi-channel 36.1 T mass 1.37 TeV SU(2) doublet 1808.02343
§.‘_€ VLQ BB —» Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
© g VLQ Ts/37Ts53lTs3 > Wt + X 2(SS)/>23eu>1b,21] Yes 361 | Tszmass 1.64 TeV B(Tsj3 — Wi)=1, c(Ts3 W)= 1 1807.11883
T3 QY- Wbh+X Teu 21b>1 Yes 361 [Ymass 1.85 TeV B(Y — Wh)=1, c(Wh)=1 1812.07343
VLQ B — Hb+ X Oeu 22b,>1] Yes 79.8 B mass 1.21 TeV singlet, kg= 0.5 ATLAS-CONF-2018-024
VLQ QQ —» WqWq Teu 24]  Yes 203 [OmaSSEee0cew l 1509.04261
- 2 Excited quark g* — qg - 2j - 139 q* mass 6.7 TeV only u* and d*, A = m(q") 1910.08447
D S Excitedquark g* — qy 1y 1j - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q*) 1709.10440
;J € Excited quark b* — bg - 1b,1]j - 36.1 b* mass 2.6 TeV 1805.09299
i E, Excited lepton £* 3eu - - 20.3 A=3.0TeV 1411.2921
Excited lepton v* et - - 20.3 A=1.6TeV 1411.2921
Type Ill Seesaw lepu >2]j Yes 139 NC mass 790 GeV I 20008.07949
LRSM Majorana v 2pu 2j - 36.1 Ng mass 3.2 TeV m(Wg) =4.1TeV, g, = gr 1809.11105
S Higgs triplet H** — ¢¢ 234¢eu(SS) - - 36.1 H** mass 870 GeV DY production 1710.09748
£ Higgs triplet H** — (7 eu,T - - 203 |Hftmass  400GeV DY production, B(H;* — {r) =1 1411.2921
(@) Multi-charged particles - - - 36.1 multi-charged particle mass 1.22 TeV DY production, |q| = 5e 1812.03673
Magnetic monopoles - - - 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
v_=13TeV v_=13TeV Lol 1 1 1 Lo gl 1 1 1 |I| r ol 1 1 1 1
ik -1
partial data full data 10 1 10 Mass scale [TeV]

5TeV

*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).

ATL-PHYS-PUB-2021-009/



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-009/

A summary of search results - mass scale (non-SUSY

Overview of CMS EXO results

Other

Contact
Interactions

Extra Dimensions RPV Dark Matter

Excited
Fermions

Heavy
Fermions

Leptoquarks

Heavy Gauge Bosons

String resonance

Zy resonance

Higgs y resonance

Color Octect Scalar, k2 = 1/2

Scalar Diquark

tt+ ¢, pseudoscalar (scalar), 9(209 X BR(¢—21) > =0.03(0.004)
tt+ ¢, pseudoscalar (scalar), g2, x BR(¢—2f) > = 0.03(0.04)

quark compositeness (qq), Nurer = 1
quark compositeness (££), Nurs = 1
quark compositeness (qq), Nurr = — 1
quark compositeness (££), nurr = — 1
Excited Lepton Contact Interaction
Excited Lepton Contact Interaction

(axial-)vector mediator (xx), gq =0.25,gpm =1, my =1 GeV
(axial-)vector mediator (qg), gq=0.25,g9om =1, my =1 GeV
scalar mediator (+t/tf), gg=1,gom =1, my =1 GeV
pseudoscalar mediator (+t/tf), gq=1,9om=1,my=1GeV
scalar mediator (fermion portal), A, =1, my =1 GeV
complex sc. med. (dark QCD), My, =5 GeV, CTx,, =25 mm
Baryonic Z', gq=0.25,gpm =1, my =1 GeV

7'~ 2HDM, g7 = 0.8, gpm = 1, tanB = 1, m, = 100 GeV
vector mediator (qg), gq=0.25,gom =1, my =1 GeV

Leptoquark mediator, =1, B=0.1, Ax,py = 0.1, 800 <M, <1500 GeV

RPV stop to 4 quarks
RPV squark to 4 quarks
RPV gluino to 4 quarks
RPV gluinos to 3 quarks

ADD (jj) HLZ, nep =3

ADD (yy, ££) HLZ, ngp =3

ADD Gk emission, n=2

ADD QBH (jj), nep=6

ADD QBH (eu), nep =6

RS Gkk(yy), k/Mp = 0.1

RS QBH (jj), nep=1

RS QBH (eu), ngp=1

non-rotating BH, Mp = 4 TeV, ngp = 6
split-UED, u =4 TeV

RS Gyk(qq, 9g), kiMp =0.1

excited light quark (qy), fs=f=f=1,A= mq*
excited b quark, fs=f=f=1,A=mq
excited light quark (gg), A=mq
excited electron, fs=f=f=1,A=m;
excited muon, fs=f=f = 1,A=m;

VMSM, |Vey|2 =1.0, |Vw|?2=1.0

UMSM, |VenVji|2/([Ven!|? + |Viw|?) = 1.0

Type-lll seesaw heavy fermions, Flavor-democratic
Vector like taus, Doublet

scalar LQ (pair prod.), coupling to 15t gen. fermions, B =1
scalar LQ (pair prod.), coupling to 15t gen. fermions, B =0.5
scalar LQ (pair prod.), coupling to 2" gen. fermions, =1
scalar LQ (pair prod.), coupling to 2" gen. fermions, =1
scalar LQ (pair prod.), coupling to 2" gen. fermions, B =0.5
scalar LQ (pair prod.), coupling to 3™ gen. fermions, =1
scalar LQ (single prod.), coup. to 3 gen. ferm., f=1,A=1

Zp, narrow resonance

Zp, narrow resonance

SSM Z'(qq)

Z'(qq)

Superstring Z;,

LFV Z', BR(eu) = 10%
Leptophobic 2

SSM W'(2v)

SSM W'(tv)

SSM W'(qq)

LRSM WR(fNR), My, = 0.5My,
LRSM Wr(TNR), My, = 0.5Mw,
Axigluon, Coloron, cotf =1
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CMS preliminary

36-140 fb~! (13 TeV)

0.5-8.1 1911.03947 (2j)

0.35-4 1712.03143 (2p + 1y; 2e + 1y; 2j + 1y)
0.72-3.25 1808.01257 (1j+ 1y)
0.5-3.7 1911.03947 (2j)
0.5-7.5 1911.03947 (2j)
0.015-0.075 1911.04968 (3£, = 4f)
0.108-0.34 1911.04968 (3£, = 42)
<121811803.0803 (2j)
<2011812.10443 (20)
<17.51803.0803 (2j)
<32111812.10443 (20)
0.2=5.6 2001.04521 (2e + 2j)
0:2=5.7 2001.04521 (2p + 2j)
<1.8  1712.02345 (= 1j + Ey'ss)
0.5-2.8 1911.03947 (2j)
<0.29 1901.01553 (0, 12 + = 3j + EJ'ss)
<0.3 1901.01553 (0, 12 + = 3j + Ef'ss)
<1.4 1712.02345 (= 1j + EJ'ss)
<1.54 1810.10069 (4j)
<1.9 | 1908.01713 (h + E}'ss)
0.5-32 1908.01713 (h + Ef's)
0.35-0.7  1911.03761 (= 3j)
0.3-0.6 1811.10151 (1p + 1j + Ef'ss)
0.08-0.52 1808.03124 (2j; 4j)
0:1=0:72"" 1806.01058 (2j)
0:1=1:41 | 1806.01058 (2j)
<1.5 1810.10092 (6j)
<1211803.0803 (2j)
<9.3 11812.10443 (2y, 20)
<9.9 11712.02345 (= 1j + EP's)
<8.2 11803.0803 (2j)
<5.6 1802.01122 (ep)
<4.1 1809.00327 (2y)
<5.911803.0803 (2j)
<36 1802.01122 (ep)
<09.7 |1805.06013 (= 7j(Z, V)
014=219"7 1803.11133 (£ + Ep's)
0:5-2.6 | 1911.03947 (2j)
1=5/5"11711.04652 (y +j)
1-1.8 " 1711.04652 (y +]j)
0:5=6:3"/1911.03947 (2j)
0:25-3:9  1811.03052 (y + 2e)
0:25-3:8 | 1811.03052 (y + 2p)
0.001-1.43  1802.02965; 1806.10905 (3£(p, €); = 1j + 2£(p, e))
0.02-1.6 1806.10905 (= 1j+p +e)
<0.88  1911.04968 (3¢, = 4f)
0.12-0.79  1905.10853 (3¢, = 4L, = 1T + 2{)
<1.44 1811.01197 (2e + 2j)
<1.27 1811.01197 (2e + 2j; e + 2j + EF'ss)
<1.53 1808.05082 (2p + 2j)
0.8-1.5 1811.10151 (1p + 1j + EJ'ss)
<1.29 1808.05082 (2 + 2j; p + 2j + EP'ss)
<1.02  1811.00806 (2T + 2j)
<0.74  1806.03472 (2T + b)
0.0115-0.075 1912.04776 (2p)

0.11-0.2 1912.04776 (2p)
0.5-2.9

0.01-0.125 1905.10331 (1j, 1y)

0.05-0.45 1909.04114 (2j)

0.5-3.6

1911.03947 (2j)

02-4.6 2103.02708 (2e, 2p)
0.2-4.4 1802.01122 (ew)

0.4-52 1803.11133 (£ + Ef'ss)
1807.11421 (T + EY™)
1911.03947 (2j)
<4.4 1803.11116 (2£ + 2j)
1811.00806 (2T + 2j)
0.5-6.6 1911.03947 (2j)
1

0.4-4

<35

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).
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CMS Exotica summary


https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-19-017/
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Di-lepton searches

140 fb' (13 TeV)
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https://arxiv.org/abs/2103.02708

Interpretation of search results

137fb'1(13TeV ee)+140fb'1(13TeV,ptu) x SO
S : T T__ T T T T T T T | T T T T | T |: IE‘ E ATLAS Slmulatlon E
2 1__ CMS _— ObS 95% CL limit H _%) 25~ __ eechannel ]
g % % g E ----- uu channel E
> R N Exp. 95% CL limit, median ] Q 20 -
~— n L ]
« 107 ¢ . width = o [ :
~ S N 3 £ 15F -
N B N ™, —0.6% — 3% - ) O 7
— 20 N _ = - -
o 107°&% N\ —5% 10% = 8 Lok E
L, e N - & .
~ 3L W N ] - .
NOTOTE M N 51 -
'C‘E' 4 - - i\ | | | | | :

\% 10 §_ _§ 0 1000 2000 3000 4000 5000 6000
- ] mi“® [GeV]

10_5 §_I | | | | | | | | | | | | | | | | | | | | | | | |
1000 2000 3000 4000 5000

m [GeV] S

ATLAS S o.9f ATLAS Simulation E

O - 3

5 0.85— . R R . . =

g 07t =

Lower limits on m s [TeV] 8 06l =

Model ee [LfL 144 B 0.5E e N ) E

obs exp | obs exp | obs exp o4 T BRI feeeenn =

Z;b 41 43 | 40 4.0 | 45 45 0.3 -

ZX 46 46 42 42 48 48 0.22_ ee channel:  ® Spin-0 —Spin-1 4 Spin-2 _i

ZéSM 4.9 4.9 4.5 4.5 5.1 5.1 0.12— up channel:  © Spin-0 ---Spin-1 2 Spin-2 —i

O:I 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 :

1000 2000 3000 4000 5000 6000
m, [GeV]



Di-“jet” summary X — qg/qg/gg/bb/tt

o 10 '
| ATLAS Preliminary

March 2021
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95% CL upper limits
Observed
- -- Expected

—— Boosted dijet + ISR
36.1fb

Phys. Lett. B 788 (2019) 316

—— Boosted di-b-jet + ISR

80.5 fb~'
ATLAS-CONF-2018-052

—— Resolved dijet + ISR

79.8 & 76.6 fb™
Phys. Lett. B 795 (2019) 56

Resolved di-b-jet + ISR

79.8 & 76.6 fb-!
Phys. Lett. B 795 (2019) 56

— Dijet TLA
3.6 &29.3 b
Phys. Rev. Lett. 121 (2018) 081801

—— Di-b-jet
24.3 & 139 fb™
Phys. Rev. D 98 (2018) 032016
JHEP 03 (2020) 145
Dijet
139 fb~'
JHEP 03 (2020) 145

Dijet angular
37.0 fb
Phys. Rev. D 96 (2017) 052004

—— tt resonance, 1L
36.1 fb'
—] Eur. Phys. J. C 78 (2018) 565

—— {t resonance, OL
139 b~
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— Dijet + lepton
139°fb~"
JHEP 06 (2020) 151

Creative trigger strategy is a must — See Elena Villhauer’s talk

on how ATLAS can keep improving LIjet trigger in Run-3 ATL-PHYS-PUB-2021-006

|6
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Dilepton and Dijet implications on DM searches

no intrinsic K7 : dilepton/dijet
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LHC DM searches vs non-Collider approaches

Spin-dependent
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Lepto-quark searches

Productions at the LHC Potential contributions to anomalies
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Two latest results focusing on third-generation fermion LQ
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Diboson searches
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Supersymmetry
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General remark on SUSY searches

® One of the long-term favourite of both theorists and experimentalists

® Elegant solution to hierarchy problem, stabilising the Higgs boson mass

M. Carena, SUSY 2014
® DM candidates in R-parity violation scenarios If Mgysy ~ M, s> Natural SUSY

®  Gauge coupling unifications IfMsysy <<Mgyr > ——> big hierarchy problem solved

® No SUSY particles seen yet at the LHC = a blow to the much hoped favoured “natural” region

®  SUSY breaking varies = wide range of predictions on signal parameters at EWWK

® There is no rigours definition of naturalness = SUSY searches continue, and more creatively!

Typical spectrum for low Agw models

Lot pp, VS =13 TeV, NLO+NLL - NNLOapprox+NNLL
. first /second generation — 9g —— XX (higgsino)
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________________ Zy bino
10—4 -
Zy .
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24 LHC SUSY Cross-section Working grou


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

A snapshot of search summary

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

March 2021 \s=13TeV
. ) A
Model Signature  [£d:[b™] Mass limit Reference
T T T T T T T T T T T T T
3d, G—gt" Oe,u 26jets EMS 139 1.85 m(t})<400 GeV 2010.14293
& mono-jet  1-3jets EF  36.1 G [8x Degen] 0.9 m(g)-m(¥))=5 GeV 2102.10874
© s ) ; ; ~
5 & g—qat" Oe.p 2-6jets  EF 139 | & 2.3 m(¥)=0 GeV 2010.14293
S . z Forbidden I 1.15-1.95 m(E%)=1000 GeV 2010.14293
B 7z F-eaWh Inclusive/ Tep 2‘§ jets _ 139 |& 2.2 ma??)o<eoo GeV 2101.01629
S 2 Eoqq strong ee ppt 2jets  Ep™ 361 |2 1.2 m(8)-m(¥?)=50 GeV 1805.11381
2Ry S Oep  7-11jets EPs 139 |g I 1.97 m(¥}) <600 GeV 2008.06032
= SSe,u 6 jets 139 g 15 m(g)-m(¥1)=200 GeV 1909.08457
IS . s y
= 33, o0k 0-1e,u 3b EP™S 798 g 2.25 m(¥])<200 GeV ATLAS-CONF-2018-041
SSe,u 6 jets 139 |z I 1.25 m(z)-m(¥})=300 GeV 1909.08457
b1by Oe,pu 2b EMs 139 | B K 255 m(¥7)<400 GeV 2101.12527
By 0.68 10 GeV<Am(b, ¥1)<20 GeV 2101.12527
w e bibi, bi—b¥S = b 3 Oe,u 6b Emiss 139 | By Forbidden 123-1.35 Am(¥3.7})=130 GeV, m(¥})=100 GeV 1908.03122
< S rd 27 2b Efiss 439 | B, 0.13-0.85 Am(¥3,¥))=130 GeV, m(¥})=0 GeV ATLAS-CONF-2020-031
(SRS .
§§ i, - Gen 0-1e,u >ljet B 139 |7 1.25 m(E%)=1 GeV 2004.14060,2012.03799
< g i, i wbtd 1eu 3jets/1 b E?f“ 139 i Forbidden =~ 0.65 m(¥})=500 GeV 2012.03799
Q5 Afl, ioTby, 111G 127 2jets/1h EP 139 | i Forbidden 1.4 m(7,)=800 GeV ATLAS-CONF-2021-008
s £ jn,hod e dockt Oe,u 2¢  EMS 361 |z 0.85 mEY)=0 GeV 1805.01649
SRS Oe,u mono-jet EMS 139 | § 0.55 m(f, ,¢)-m(¥})=5 GeV 2102.10874
i, fi—tle, BaoZ/hE) 1-2 ¢, 1-4b  EPS 139 |d 0.067-I 18 m(E2)=500 GeV 2006.05880
hiy, h—oi +Z 3e.pu 1b EPSS 139 [ Forbidden 0.86 m(¥})=360 GeV, m(7,)-m(¥})= 40 GeV 2006.05880
B0 via wz 3epu . Exiss 139 | % /)g‘a’ 0.64 m(E))=0 ATLAS-CONF-2020-015
ee, ji >ljet EMS 139 | X/4, 0.205 m¥})-m(¥))=5 GeV 1911.12606
XiXT viaww 2e,u EPS 139 [F 0.42 mi®)=0 1908.08215
_ R via wh EWK Oley  2b2y EPS 139 |E/R) Forbidden 0.74 mE°)=70 GeV 2004.10894, 1909.09226
S § Oibvialyv 2epu EMss 139 | & 1.0| m(Z,7)=0.5(m(¥})+m(T?)) 1908.08215
W= 7 7o) 27 Ers 439 |7 [FL. 7R L) NONGE0%3] 0.12-0.39 m(?)=0 1911.06660
TLrlLr, I8 2e,u Ojets  EM 139 |7 0.7 o mEd)=0 1908.08215
ee, jip >ljet EPS 139 |7 0.256 I m(?)-m(t})=10 GeV 1911.12606
HHA, A—hG|ZG Oe,u >3b Ez?“ 36.1 H 0.13-0.23 0.29-0.88 BR(Y} — hG)=1 1806.04030
de,u Ojets  EMS 139 | @& 0.55 BR(¥! — ZG)=1 2103.11684
Direct X1 X7 prod., long-lived ¥} Disapp. trk ~ 1jet  EMs 139 |} 0.66 I Pure Wino ATLAS-CONF-2021-015
s, ? 0.21 Pure higgsino ATLAS-CONF-2021-015
>0 . . ; =
S g StablegRehadrol | on g-||ved Muttiple 31 |2 2.0 1902.01636,1808.04095
25 Metastable g R- Multiple 36.1 — 24 m(¥1)=100 GeV 1710.04901,1808.04095
S -6 Displ. lep EMs 139 | &p 0.7 (@ =0.1ns 2011.07812
T 0.34 7(f)=0.1 ns 2011.07812
TR0 S zeseee 3eu A 139 1.0' Pure Wino 2011.10543
TEXT IS — wwyzeecevy dep Ojets  EPS 139 1.55 m(¥})=200 GeV 2103.11684
28, 2—qq0), X - ¢ 4-5 large-R jets 36.1 1.9 Large 47, 1804.03568
S 7o) K S bs RPV Multiple 36.1 m(@?)=200 GeV, bino-like ATLAS-CONF-2018-003
& 7f, i b¥, X7 — bb > 4b 139 Forbidden m(EE)=500 GeV 2010.01015
fif1, fi—bs 2jets+2b 36.7 1710.07171
fify, fi—qt 2e,pu 2b 36.1 0.4-1.45 BR(7, —be/bu)>20% 1710.05544
1u DV 136 1.6 BR(71 —q)=100%, cos6,=1 2003.11956
PevLetlat 7y ,—tbs, X1 —bbs 1-2e,u  26jets 139 | &} 0.2-0.32 Pure higgsino ATLAS-CONF-2021-007
L L L L L L L L L L L L L
*Only a selection of the available mass limits on new states or 107! 1 Mass scale [TeV]

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

ATL-PHYS-PUB-2021-007/



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-007/

A snapshot of search summary

Increasing efforts on

* statistically limited final states, e.g. EWK sector

* unconventionally experimental signatures, e.g. LLP

* challenging kinematic regions, e.g. compressed region
* R-parity violation and stealth SUSY
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General remarks on SUSY results

® Typical result: exclusion limits as functions of two masses

® Strong assumptions on the remaining signal parameters

e Extra information, e.g. efficiencies in signal regions, are provided to allow for re-interpretation

® |[nterpretations in many different signal models, even beyond SUSY
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Compressed Region - 7 in the top corridor

top corridor region ATLAS explores top quark spin
correlations
Mass > ~ ae
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A L\ ‘(\\‘6\ I % 30:_‘5 =13TeV, 361" Powhfg0 Pythia8 tt _:
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00\) é\b S F —mff,.%,) = (210, 0.5) GeV
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CMS Simulation Preliminary

f in the compressed “top corridor”

Multivariate analysis: | | input variables 7 hidden layer DNN
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Tackling rare final states 42 + Er

Gauge mediated susy
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.°§I 1 OOEI T T | T T 1 | LI | T T T 1 | :' ~I T LI T T T T T IE
= 90 =
Q) - .
N 80F E
T 70E =
W 6oL 7 ATLAS E
B 5of (5=13 TeV, 139 fb E
40 i_ y 4 leptons _i
305 ATLAS 13 TeV, 36 fo" 3
Salalels =2 Observed Limit (x10595") 2
205_ - - - - Expected Limit (+104,;) 3
10E All limits at 95% CL =
:I 11 | 11 1 | | 11 1 1 | 11 1 1 | 11 1 1 | 11 1 | | 11 1 1 | | I:

0" "200 300

400 500 600 700 800

m; / %,/ %,) [GeV]

ATLAS: arXiv:2103.1 1684

3500

) [GeV]

=0
1

3000

m(

2500
2000
1500
1000

500¢

1600

gg production, §—ag %), X —=ITv

- ATLAS
4 leptons

| T T T | T
{s=13 TeV, 139 fb™

SUSY)
"""" theory

- = - Expected Limit (1 0,,)

_7‘12k =0

== higz = 0

"~

O e e Py

.:'

b .-|-"“'|"“‘|-":.'| IR R TR R N
2200 2400 2600 2800

m(9) [GeV]

2000

1800

31 https://atlas.web.cern.ch/Atlas/ GROUPS/PHYSICS/PAPERS/SUSY-2018-02/



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-02/

Long-lived particles
’ @ disaparing trafcks ?

displaced multi-track
vertlf:es l? ID + MET, y non-prompt k
]ets, eptons ' g “.. 7 _,.pﬁotons
ot

I .. ] “
*8 R
N L .
& \y emerging jets

displaced leptons, lepton K
l
A

jets, or lepton pairs
stable or meta-stable
charged particles

N S

trackless
jets with low
EMfrac

displaced multi-track vertices
in Muon Spectrometer

araphic credit: Heather Russell
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A summary of search results - ¢t

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

Status: March 2021 [£dt = (18.4—-139) fbo~? \s=8,13TeV
Model Signature  [Ldt[fb™'] Lifetime limit Reference

RPV t — uq displaced vtx + muon 136 i lifetime I I I 0.003-6.0 m ! m(f)=14 ITeV 2003.11956
RPV x? — eev/euv/uuv  displaced lepton pair  32.8 )((1) lifetime 0.003-1.0 m m(g)=1.6TeV, m(x})= 1.3 TeV 1907.10037
GGM? - Z& displaced dimuon 329 | x? lifetime 0.029-18.0 m m(g)=1.1TeV, m(x?)= 1.0 TeV 1808.03057
GMSB non-pointing or delayed y 20.3 [ x? lifetime - o00854m SPSB with A= 200 TeV 1409.5542
GMSB 7 — ¢G displaced lepton 139 | 7 lifetime 6-750 mm m(%)= 600 GeV 2011.07812

S GMSB # - G displaced lepton 139 7 lifetime 9-270 mm m(%)= 200 GeV 2011.07812

cé AMSB pp — x¥x%.xTx;  disappearing track 136 | x7 lifetime 0.06-3.06 m m(y7)= 650 GeV ATLAS-CONF-2021-015
AMSB pp — x:x x{x7  large pixel dE/dx 18.4 | x* lifetime . 13190m m(x;)= 450 GeV 1506.05332
Stealth SUSY 2 MS vertices 36.1 S lifetime 0.1-519 m B(& — Sg)= 0.1, m(g)= 500 GeV/| 1811.07370
Split SUSY large pixel dE/dx 36.1 g lifetime >09m m(g)= 1.8 TeV, m(x?)= 100 GeV 1808.04095
Split SUSY displaced vtx + E?iss 32.8 g lifetime 0.03-13.2 m m(g)= 1.8 TeV, m(x?)= 100 GeV 1710.04901
Split SUSY 0¢,2-6jets +E'T“iss 36.1 g lifetime 0.0-2.1m m(g)= 1.8 TeV, m(x?)= 100 GeV | ATLAS-CONF-2018-003
H—ss ID/MS vtx, low EMF/trk jets 36.1 s lifetime 0.12-116 m m(s)=25GeV 1911.12575
VH with H — ss — bbbb 2( + 2 displaced vertices 139 s lifetime 3.6-62 mm m(s)= 25 GeV ATLAS-CONF-2021-005

°

§ FRVZ H — 2y + X 2 e—, u-jets 203  |[FANiGHTe 0-3 mm m(yg)= 400 MeV 1511.05542

9-; FRVZ H = 2y4 + X 2 u—jets 36.1 | yq lifetime 1.5-307 mm m(yq)= 400 MeV 1909.01246

é FRVZ H — 4yg + X 2 u—jets 36.1 | ya lifetime 3.7-178 mm m(yq)= 400 MeV 1909.01246

I H— ZyZy4 displaced dimuon 329 Z,4 lifetime 0.009-24.0 m m(Zy)= 40 GeV 1808.03057
H— ZZy 2 e, u + low-EMF trackless jet 36.1 Z,4 lifetime 0.21-5.2m m(Zy4)=10 GeV 1811.02542
d(200 GeV) —> ss low-EMF trk-less jets, MS vix 36.1 s lifetime 0.41-51.5m o x B=1pb, m(s)=50 GeV 1902.03094

g; $(600 GeV) —» ss low-EMF trk-less jets, MS vtx 36.1 s lifetime 0.04-21.5 m o x 8= 1pb, m(s)= 50 GeV 1902.03094

@ ®(1TeV) > ss low-EMF trk-less jets, MS vitx 36.1 s lifetime 0.06-52.4 m o x B=1pb, m(s)= 150 GeV 1902.03094
N — W¢ displaced vitx (uy or ue) + u 36.1 N lifetime 0.44-37 mm m(N)=5 GeV, LNC 1905.09787

:%l N - W¢ displaced vtx (uu or ue) + u 36.1 N IifetilmeI - I(I).I£5:II-22 mmI oo o o] o .m(.N.):. ?I(iev, LN\/I L 1905.09787

0.01 0.1 1 10 100 cT [m]

Vs =13 TeV Vs =13 TeV
partialdata fu"data raaaaal 1 AR | 1 L el 1 AR | 1 L1 sl 1 L1 1 11

*Only a selection of the available lifetime limits is shown. 0.01 0.1 1 10 100
7 [ns]
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A summary of search results - ¢t

Overview of CMS long-lived particle searches

CMS Preliminary 3-140fb~1 (8, 13 TeV)
RPV UDD, g-tbs, mg = 2500 GeV § CMS-PAS-EX0-19-013 (Disp. vertices) [I1010006=0109/| 140 fb~! (13 TeV)
RPV UDD, g-tbs, m; = 2500 GeV § 2012.01581 (Displaced jets) [ ooos =] 132 fb~! (13 TeV)
RPV UDD, t-dd, mi = 1600 GeV H CMS-PAS-EX0-19-013 (Disp. vertices) [ 10100035=0108/mI 140 fb~! (13 TeV)
RPV UDD, t-»dd, m; = 1600 GeV f 2012.01581 (Displaced jets) [ oooz=ms2iml 132 fb~! (13 TeV)
RPV LQD, -bl, m;= 600 GeV t 36 fb! (13 TeV)
RPV LQD, t-bl, m;= 600 GeV i CMS-PAS-EX0-16-022 (Disp. e +disp. p) [ ooo0s=o0im 3 fb~! (13 TeV)
RPV LQD, {-b/, mi=1600 GeV t 2012.01581 (Displaced jets) [IN0I005=0:2477] 132 fb~! (13 TeV)
GMSB, §~9G, mg = 2450 GeV g 2012.01581 (Displaced jets) 0.006-0.55 m 132 fb~! (13 TeV)
GMSB, §—gG, mg=2100 GeV § 1906.06441 (Delayed jet + MET) 0.32-34m 137 fb~1 (13 TeV)
Split SUSY, §—qdx?, mz = 1300 GeV g 1802.02110 (Jets + MET) <lm 36 fb~! (13 TeV)
Split SUSY (HSCP), fz5 = 0.1, mgz = 1600 GeV § CMS-PAS-EX0-16-036 (dE/dx) >0.7m »|13fb~! (13 TeV)
%Y MGMSB (HSCP) tan =10, u >0, m;: =247 GeV t CMS-PAS-EX0-16-036 (dE/dx + TOF) >7.5m »|13fb~! (13 TeV)
7 Stopped £, t-tx?, mi=700 GeV f 1801.00359 (Delayed jet) 60—1.5e+13 m 39 fb~! (13 TeV)
Stopped g, §-qgx?, fzo=0.1, mg = 1300 GeV § 1801.00359 (Delayed jet) 50-3e+13m »|39fb~! (13 TeV)
Stopped g, §-qdx3(uux?), fzg = 0.1, mg = 940 GeV § 1801.00359 (Delayed pp) 600—-3.3e+12m {39 b1 (13 TeV)
AMSB, x *-x9n*, my- =700 GeV x* 2004.05153 (Disappearing track) 0.7-30 m 140 fb~! (13 TeV)
GMSB SPS8, x?-yG, myo = 400 GeV x° 1909.06166 (Delayed y(y)) 0.2-6m 77 fo~t (13 TeV)
H-XX(10%), X—ee, my = 125 GeV, my =20 GeV X 1411.6977 (Displaced dielectron) 0.00012-25m 20 fb™! (8 TeV)
5 H-XX(10%), X-uu, my =125 GeV, my = 20 GeV X 1411.6977 (Displaced dimuon) 0.00012-100 m 20 fb~! (8 TeV)
g H-XX(10%), X-»bb, my =125 GeV, my = 40 GeV X 2012.01581 (Displaced jets) 0.001-0.53 m 132 fb~! (13 TeV)
dark QCD, my,, =5 GeV, my, = 1200 GeV XoK 1810.10069 (Emerging jet + jet) 0.0022-0.3 m 16 fb~! (13 TeV)
1 1 1 1 1
1077 107> 1073 1071 10t 103
ct [m]

Moriond 2021

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included). The y-axis tick labels indicate the studied long-lived particle.
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Displaced signatures in high pT/mass region
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Stopped LLP in bunch crossings with no collision
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Summary

® A vast programme of BSM physics searches
has been carried out based on the
successful LHC Run 1+2 data-taking

—
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—— Obs. 95% CLlimit
----- Exp. 95% CL limit
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|:| Exp. + 20
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(@)
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® ATLAS and CMS explored a huge chunk of
the phase-space at multi- TeV scale

® More efforts are now devoted to challenging
kinematic regions and theoretical phase-space
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® Presenting and preserving this legendary Mo [G6V]
dataset are also becoming mainstream 137 b (13 TeV)
< Eoms | obslesncy | e @mech | preferred by
e Several intriguing anomalies in the flavour PE oy T eria, ---10MerlG, | B anomalies
sector, led by the LHCb experiment, may 35_ S— — 3
just be what we need to go behind the SM 22: P B
® Muons appear to be “acting up” in several 1'5§_ /.»"f' _;
places, and will surely shake/shape the LHC 15_ _/,,;;::r:::.,, E
BSM physics programme O.Z?|..T"|...|...|...|...||.. RE

0.6 0.8 1 1.2 1.4 1.6 2 2.2
® This is really just the beginning ... MalTeV
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A historical perspective

atom nucleus anti-matter
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IlO
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>[00 years endeavour to establish the SM
Now we are starting a completely new chapter.
The challenges we face now are much more compared with the start of the LHC.
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LHC schedule

2019
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Protons physics

Ions

Shutdown/Technical stop
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Hardware commissioning/magnet training
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ATLAS SUSY summary results

Vs=13 TeV, 36.1 - 139 fb™ March 2021
;‘ T T T T T T T T T rr rr rr July 2019 ATLAS Preliminary Vs=8,13 TeV, 20.3-139 fb” All limits at 95% CL
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Dilepton and Dijet implications on DM mediators

ATL-PHYS-PUB-2021-006
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BSM searches in b-decays

Dedicated quark-flavour results in Eva Gersabeck’s talk earlier
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® Very rare and experimentally clean final states, particularly sensitive to NP

B(BY — ptu )y = 3.66 £ 0.14 X 107°

B(BY — ptu~) = (3.091046+015) 5 10~ (10.80)

oo C | ' ' ' | ]
§ [ LHCb Preliminary —e— pata .
§ 40 [ - 9 fb~! Total 1 ~ T
- 0 . - N o -
" BDT 20.5 = B 1 = 10p LHCb Preliminary -
5 30 i I (T SN SR :
2 I == By ]~  SF 0.55<BDT < 1.00 E
=~ BN r - B—h'h 1 8 6E 3
20k X,—huv,, 4 = : a
S C NEEEE | ol [— B V1" Yutu- 1 2 4 F i
:'é B + | ’ ------ Combinatorial ] Fg E E
8 10 — | | — 8 2B E
:::::::..,__:}:___"_" e """ + H O :
O C L aeeaennet” - s N b o H iaaaPla 4 M M M M M M M M 1 2 .
e . . . T 0 5 10 . 15
5000 5500 6000 Decay time [ps]

2
M- IMeVie?], o LHCB-PAPER-2021-007



Angular anomaly in B — K*u™u~(P)
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Test of lepton flavour universality Ry

® Many experiments are testing LFU — 2 dedicated sessions in Parallel Stream 2

e In particular LHCb has revealed a range of anomalies known as Ry, RK*,RI'g’f

u > u u
s 7 ¢
(- e

6.0GeV> dB(BT—K*ptu™) dq2

R, — 21 Gev? dg? Double-ratio approach — cancel out
K 6.0 GeV? dB(B+—>K+e+e—)d 2 most systematic uncertainties
1.1 GeV? dq q
Jp J
o B(BY > Ktutpo) B(B* - Kteter) NIt NG emy
KT BB+ = K J/p(ptp))/ B(BY — KtJjp(ete)) NI¥ orare  prare J¥
ptp= ptu— ete™ “ete™
LHCb-PAPER-2021-004 More in Razvan-Daniel Moise’s talk in PS
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Test of lepton flavour universality in B™ — K77/~
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® What does this mean for BSM searches!?

® Dedicated resonance searches (e.g. LQ,Z’ at ATLAS CMS)

® Global fit EFT Lagrangian for b — 8€l: L. 4%’ > o k() Ok (1) |. Kriewald, Moriond 202 |
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Input to the global fit on b — s£¢

Results: V; leptoquark & non-unitary mixing from VL leptons

~ 350 Observables taken into account:

Lepton Flavour Violation: (u — e)-conversion, £ — £'~, £ — 000", 7 — (p, d)¥,
Bgs = {X0F, K;, — uTe¥, B = (K, K*,n){*0'F, K - nf*¢'F, (B - Kvi, K — 7vb)

EW Precision Observables: gf,, gﬁl, I“ZZ, Z — £0\)

Semi-leptonic decays: By s — pp, Bs — ¢up, B — K up, B — K*ee, B — D) 1v,
Dy = 4v, D —» mbv, D — Kbv, K — bv, T — (K,m)v, B— fv, B — mwlv

LFU Violation: Ry (+), Rp(x), angular observables and asymmetries in b — s¢£ a la P

> 1.5 TeV

~J

Direct searches (colliders): my;,
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Global EFT fit for b — s£¢

EFT Lagrangian for b — 8€l: L. 4%’ > 0 Cr()Ok (1)

-

-

=
\Ll A Y ~~

Kriewald EW 235

. Rk
R

- ang. obs. B — K*uu
—— global b — sl{
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JA(1S)
|
dr’ 07, P(25)
dg?
0 ey CY s C)
interference Long distance B
contributions from CC
above open charm
threshold
4m3
- - -: old data
O: SM
{: former best fit (B.F.)
%: new B.F.
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