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+|_.HC Performance: Four Machines in One

+30,000 Feet Highlights:
@ Standard Model Measurements
® Searches for New Physics

+Conclusions: Quo Vadis?

- Corfu 2024 - SM & Beyond

+ Disclaimer: these are selected highlights of a large number of CMS results, with
clear personal bias: they tell a story, rather than simply make up a shopping
list... All the links are clickable!

+ For a full physics analysis landscape at CMS, please refer to:
® https://cms-results-search.web.cern.ch/

Dedication: I'd like to dedicate this talk to the memory of Peter Ware Higgs
(29.05.29-08.04.24), whose transformative and groundbreaking ideas laid the
foundation for the physics of the standard model and the very particle
named after him
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L.:y LHC - a Big Success!

+ Nearly 350/fb of data have been delivered by the LHC in Runs 1-3 (2010-now), at a
c.0o.m. of 7-13.6 TeV, exceeding the integrated luminosity projections
®© 2024 is a record year with 83/fb already delivered and more data coming!

+ About 90% of the delivered data are recorded and fully certified for physics analyses

+ Several heavy-ion and proton-lead runs at various energies, augmented by the
proton-proton reference data at the same energies

+ Thank you, LHC, for the spectacular running!
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LHC - a Big Success!

+ Nearly 350/fb of data have been delivered by the LHC in Runs 1-3 (2010-now), at a
c.0o.m. of 7-13.6 TeV, exceeding the integrated luminosity projections
®© 2024 is a record year with 83/fb already delivered and more data coming!
+ About 90% of the delivered data are recorded and fully certified for physics analyses

+ Several heavy-ion and proton-lead runs at various energies, augmented by the
proton-proton reference data at the same energies

+ Thank you, LHC, for the spectacular running!

CMS Integrated Luminosity, pp, 2024, Vs = 13.6 TeV
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The LHC Legacy

+ The LHC has figuratively replaced three machines in one go:

® Tevatron (Higgs, BSM searches, top physics, and precision EW
measurements)

© BaBar/Belle B factories (precision B physics)
®© RHIC (heavy-ion physics)
+ It also added one more machine:
® yy collider (LbL scattering, Breit-Wheeler processes, searches for ALPSs)

+ The LHC experiments in general, and CMS in particular, are very
successful and productive in all these four areas

+ Would not be possible without theoretical and phenomenological

breakthroughs of the past decade:
® Higher-order calculations ("NLO revolution” — N3LO), modern Monte Carlo
generators, reduced and better estimated PDF uncertainties

+ Since it's impossible to cover all the aspects of this impressive program
in one talk, I’ll present a few highlights of recent CMS results in Higgs
physics, SM physics, flavor physics, heavy-ion physics, and the
discovery program, somewhat geared to the topics of this workshop

Slide 6 Greg Landsberg - Recent CMS Highlights - Corfu 2024 - SM & Beyond



Challenge: Big Data

3+ The amount of data produced by each LHC
experiment is truly enormous: ~10 PB/year

+ |t takes some time to fully calibrate and align the
detectors, and then reconstruct the data with the
best possible calibrations

+ As a result, most of the results presented in these
talk are based on Run 2 (2015-2018, 13 TeV, ~140/
fb) data

4+ First results from Run 3 dataset at 13.6 TeV started
to appear and will be highlighted as well

+ Overall, a very fast turn-around compared to earlier
generations of HEP experiments!

7 Greg Landsberg - Recent CMS Highlights - Corfu 2024 - SM & Bey
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Publish or Perish!

+ CMS: over 1,300 papers submitted, with searches, Higgs,
and SM dominating (~100 papers/year, i.e., 2/week)

Show all  Total Exotica  Standard Model ~ Supersymmetry  Higgs  Top Heavy lons

B and Quarkonia  Forward and Soft QCD  Beyond 2 Generations  Detector Performance

1310 collider data papers submitted as of 2024-08-03

2407
220 -
200 - @M
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ATLAS+CMS Physics Reports

BROWN

+ CMS (ATLAS) just submitted 7 (6) Phys. Rept. articles on various aspects
of the LHC physics program

® These are legacy Run 2 papers and a valuable resource on experimental
techniques and results

+ CMS:

® arXiv:2403.01313, Review of top quark mass measurements in CMS

® arXiv:2403.16926, Searches for Higgs boson production through decays of
heavy resonances

® arXiv:2403.16134, Enriching the physics program of the CMS experiment via
data scouting and data parking

® arXiv:2405.10785, Overview of high-density QCD studies with the CMS
experiment at the LHC

® arXiv:2405.13778, Dark sector searches with the CMS experiment

® arXiv:2405.17605, Review of searches for vector-like quarks, vector-like

leptons, and heavy neutral leptons in proton-proton collisions at /s = 13 TeV
at the CMS experiment

® arXiv:2405.18661, Stairway to discovery: a report on the CMS programme of
cross section measurements from millibarns to femtobarns
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https://arxiv.org/pdf/2403.01313
https://arxiv.org/pdf/2403.16926
https://arxiv.org/pdf/2403.16134
https://arxiv.org/pdf/2405.10785
https://arxiv.org/pdf/2405.13778
https://arxiv.org/pdf/2405.17605
https://arxiv.org/pdf/2405.18661
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Proton-proton Event
in CMS
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See also Sandra Kortner's talk tomorrow

Higgs Physics
Highlights



Higgs Factory

+ LHC is the Higgs factory and the only ”
place to study Higgs physics directly today :]> ------ z
+ At 13 TeV, the production cross section for the

Higgs boson, dominated by gluon-gluon fusion, is ~50 pb

® 14M Higgs bosons delivered by the LHC in Run 2!

® By now ATLAS and CMS could have accumulated as many Higgs
bosons as four LEP experiments accumulated Z bosons

®© With the cross section @13.6 TeV of ~60 pb another 9M have been
already delivered in Run 3!
+ But: triggering is a big challenge:
® Most of gg = H(bb) events were never put on tape, which is how
half of the Higgs bosons are produced and decay

+ Need to pursue aggressive triggering strategies and go for
lower cross section production mechanisms to observe all
possible Higgs boson decays and couplings

Slide 12 Greg Landsberg - Recent CMS Highlights - Corfu 2024 - SM & Beyond
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Trigger Efficiency
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Old Challenges, New Triggers

ncreased the L1 bandwidth by 15% compared to
Run 2 and rebalanced the L1 trigger menu

Designed high-rate b-tagged jet triggers for Run 3

® Improved the efficiency for HH(4b) and HH(2b2T) by up
to 50% in 2023 compared to Run 2, and even more so
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https://arxiv.org/pdf/2403.16134

+ Inclusive and fiducial cross section in multiple production modes

have been measured and broadly agree with the SM predictions

CMS

H— vy, 137 o' (13 TeV)
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https://link.springer.com/content/pdf/10.1140/epjc/s10052-021-09200-x.pdf
hhttps://link.springer.com/content/pdf/10.1007/JHEP07(2021)027.pdf
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+ The combined cross section results per production mode are also
now available and are in good agreement with the SM predictions

CMS arXiv:2405.18661
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https://arxiv.org/pdf/2405.18661

H(ZZ/yy) at 13.6 TeV

+ First Higgs boson production properties measurements with
13.6 TeV data are now available in H(ZZ) and H(yy) channels
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Higgs at 13.6 TeV

CMS Expenment at the LHC, CERN
Data recorded: 2022-Jul-22 04:58:42.084736 GMT
Run / Event / LS: 356005 / 100747617 / 114
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-014/CMS-PAS-HIG-23-014_Figure-aux_007.pdf
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+ By now the number of recorded Higgs bosons is large enough to start
measuring differential cross sections

+ Stress tests of higher-order theoretical calculations and parton shower
generators
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+ Already started probing double-differential cross sections with
reasonable precision (e.g., ZZ channel, d2c/dptd|y|)

+ Important for testing theory prediction at high pt(H), high
associated jet multiplicity, high rapidity, etc.
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https://link.springer.com/content/pdf/10.1007/JHEP08(2023)040.pdf
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Going STXS

BROWN

+ More and more results are being interpreted in the Simplified Template
Cross Section (STXS) framework, which is somewhat in between fully

inclusive and fully differential measurements

+ Allows for a straightforward SMEFT reinterpretation and setting
constraints on various Wilson coefficients, thus providing sensitivity to
BSM physics
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+ SMEFT principal component CMSPrefimnary 1381 (13TeV)
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BN Higgs Boson Couplings

Couplings to third-generation fermions and EW bosons
have been measured; first evidence for coupling to muons
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BROWN

+ One of the most important couplings is a Higgs boson self-coupling, A

+ Directly affects the shape of the Higgs potential, with implications for both
early and late universe (e.g., EW vacuum stability)

+ Depends on A (or, in the SM, mu=4/24v), mi, and as

+ Important to precisely measure all these parameters, including A, to test the
predictions of the Higgs mechanism

Pole top mass M, in GeV

Exploring Higgs Potential
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https://link.springer.com/article/10.1007/JHEP08(2012)098
https://link.springer.com/content/pdf/10.1007/JHEP07(2021)225.pdf
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Exploring Higgs Potential

+ One of the most important couplings is a Higgs boson self-coupling, A

+ Directly affects the shape of the Higgs potential, with implications for both
early and late universe (e.g., EW vacuum stability)

+ Depends on A (or, in the SM, mu=4/24v), mi, and as

+ Important to precisely measure all these parameters, including A, to test the
predictions of the Higgs mechanism
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https://link.springer.com/content/pdf/10.1007/JHEP07(2021)225.pdf
http://CERN%20Courier%2062%20(2022)%2059

Higgs Boson Mass and Width

BROWN

+ New, more precise measurements of the Higgs boson mass with sub-
permille precision have been achieved!
©® My =125.38 + 0.14 GeV (H — yy) and 125.08 = 0.12 GeV (H — Z2)

® CMS also measured the Higgs boson width by combining on-shell and off-shell
production of H(ZZ) with
+ 4 = 3.2+24_4 7 MeV [CMS, Nat. Phys. 18 (2022) 1329]

+ Measurements are in agreement with the SM prediction of 'y = 4.1 MeV

CMS PLB 805 (2020) 135425 CMS PAS HIG-21-019
CMS CMS Preliminary S

o
C
(@)
>
()

m

(]

=

N

1
<

(aV]

(@]

Al
-]
=
@]

@)

1
(2}

—
N
i)
=
o)
T
%))
=
@)
+—
C
(V)
(&)
(O]
o

1
)
(V)

o)

n
e
C
Q]
-
(@)}
()
—
©)
[Te]
AN
()
2
7]

Run 1: 5.1 fb' (7 TeV) + 19.7 fo™ (8 TeV) —— Total |:| Stat. Only Run 2: 138 fb™
) . : : (13 TeVv) = Total Stat. Only
2016:35.9 fo (13 TeV) YY Run 1:5.1 fo! (7 TeV) + 19.7 fb™" (8 TeV) Y4 U
Total (Stat. Only) Total (Stat. Only)
Run 1 H—yy [ —— 124.70 £ 0.34 ( = 0.31) GeV 4u —— 124_903)..1155 Cg.::) GeV
— 77— 125.59 + 0.46 ( = 0.42) GeV . .
Run 1 H—>ZZ— 4l — ) ( ) Ge 4e —_— 124.70.7 (5) GeV
| merome i moomGomon || oy, — s ey
2016 H— 125.78 + 0.26 ( + 0.18) GeV +0.29 140,
vy = (+0.18) Ge 2u2e 12520702 (°Z) GeV
2016 H— ZZ— 4l 125.26 = 0.21 ( = 0.19) GeV Run 2 125.04::.1122 (::)-.1111) GeV
| P0t6Combied 7 DedeebI(=0@iceY Run 1 = 125600 (2 Gev
Run 1 + 2016 125.38 + 0.14 (= 0.11) GeV Run 1 + Run 2 + 125.082012 (1) GeV
II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II |||||||||||||||||||
122 123 124 125 126 127 128 1%59V 122 124 126 128 130
my; (GeV) m,, (GeV)


https://www.sciencedirect.com/science/article/pii/S037026932030229X/pdfft?md5=720562d70ac41845403c96ee99dc7280&pid=1-s2.0-S037026932030229X-main.pdf
https://cds.cern.ch/record/2871702/files/HIG-21-019-pas.pdf

GRS

Higgs Boson Mass and Width

BROWN

+ New, more precise measurements of the Higgs boson mass with sub-
permille precision have been achieved!
©® My =125.38 + 0.14 GeV (H — yy) and 125.08 = 0.12 GeV (H — Z2)

® CMS also measured the Higgs boson width by combining on-shell and off-shell
production of H(ZZ) with
+ 4 = 3.2+24_4 7 MeV [CMS, Nat. Phys. 18 (2022) 1329]

+ Measurements are in agreement with the SM prediction of 'y = 4.1 MeV
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Probing Self-Coupling

BROWN

+ Measurement of Higgs boson self-coupling A is an ultimate goal of HL-LHC

+ The cross section is very low, due to large negative interference between the diagrams
contributing to Higgs boson pair production

+ Enormous progress has been achieved using ML b tagging techniques, multivariate
methods, and new triggers; first Run 3 results are coming soon

+ Current CMS 95% CL limits on py = o/osm for HH production are <3.4 (2.5)
[already exceeded early HL LHC projections!]; full Run 2 combination is on its way

CMS 138 fb-! (13 TeV)
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https://www.nature.com/articles/s41586-022-04892-x.pdf
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Because of the negative interference, sensitivity to A is non-trivial

® Combination of single and double Higgs productlon
helps to constrain the self-coupling in a more

10°F

10

Sensitivity to A

model-independent way

1.24 <%, < 6.9 @ 95% CL
0.67 < x2v< 1.38 @ 95% CL

x2v = 0 is excluded at 6.60!
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https://www.nature.com/articles/s41586-022-04892-x.pdf
https://cds.cern.ch/record/2882424/files/HIG-23-006-pas.pdf

®© The most precisely measured quark mass!

+ The most precise measurement of the top quark mass is currently
from a recent Run 1 combination of ATLAS and CMS measurements:
mi = 172.52 + 0.33 GeV, with <2%o precision
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.132.261902
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+ Two recent results from CMS: first measurement of the tt cross section
at 13.6 TeV in dilepton and [+jets, and at 5.02 TeV in [+jets channels

tt Cross Section Measurements

® The former is done using early Run 3 data, while the latter is based on a
special low-pileup run of 2017

® Fit to multiple categories in data is performed to reduce large uncertainty in
b tagging and lepton efficiency in early data

CMS preliminary 302 pb~1 (5.02 TeV)
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Number of jets
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Greg Landsberg - Recent CMS Highlights - Corfu 2024 - SM & Beyond

tt Candidate at 13.6 TeV

CMS Experiment at the LHC, CERN
Data recorded: 2022-Jul-27 17:59:47.706560 GMT
Run / Event / LS: 356309 / 34360879 / 70
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Inclusive tt cross section [pb]
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Slide 31

Ratio to
Prediction

summary of 5.02 TeV measurements
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CMS arXiv:2405.18661
—CMS

E=== NNLO+NNLL, PDF4LHC21 (pp)
= NNLO+NNLL, PDF4LHC21 (pp)

[~ Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
Mygp = 172.5 GeV, o (M,) = 0.118 = 0.001

Tevatron comb. (1.96 TeV, <8.8 fb™) [1]
CMS comb., ey, I+ets (5.02 TeV, 27.4-302 fo™") [2] __|
CMS, eu (7 TeV, 5 ™) [3]

LHC comb., LHCtopWG, eu (7 TeV, 5 fo™) [4]
CMS, eu (8 TeV, 19.7 tb™) [4]

LHC comb., LHCtopWG, eu (8 TeV, 20 fb™) [4]
CMS, eu (13 TeV, 35.9 fb™) [5]

CMS, I+jets (13 TeV, 137 tb™) [6] -
CMS, ee, uy, eu, l+jets (13.6 TeV, 1.2 fb™) [7]
[1] PRD 89 (2014) 072001  [6] PRD 104 (2021) 092013

[2] JHEP 04 (2022) 144 [7] JHEP 08 (2023) 204

[3] JHEP 08 (2016) 029

[4] JHEP 07 (2023) 213
[5] EPJC 79 (2017) 368
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+ Dependence of the tt cross section on /s and a

- II|IIII IIII|II

5.02 7 8 13 13.6
(s [TeV]

|-
(e}

CMS Preliminary

oz summary, Vs=5.02 TeV

NNLO+NNLL PRL 110 (2013) 252004
my,, =172.5 GeV, as(Mz) =0.118+0.001
scale uncertainty

[ scale® PDF@ o4 uncertainty

CMS, e+jets
CMS-PAS-TOP-23-005, L =302 pb’

CMS, u+jets
CMS-PAS-TOP-23-005, L, =302 pb”

CMS, l+jets
CMS-PAS-TOP-23-005, L =302 pb”

CMS, en
JHEP 04 (2022) 144, L =302 pb’

CMS, combined
CMS-PAS-TOP-23-005, L, =302 pb”

ATLAS, (ee, uu, ep)
JHEP 06 (2023) 138, L. =257 pb’

ATLAS, l+jets
JHEP 06 (2023) 138, L =257 pb’

ATLAS combined
JHEP 06 (2028) 138, L =257 pb’

March 2024

total stat

Ogx (stat) = (syst) = (lumi)

61.0£2.7+3.3+1.2pb
61.9+21+28+1.2pb
61.4+1.6+27=1.2pb
60.7+ 5.0+ 2.8+ 1.1 pb
61.2+1.6+25=+1.2pb
65.7+4.5+1.6+1.2pb
68.2+ 0.9+ 2.9 1.1pb

67.5+0.9x23=1.1pb
PDF4LHC21 J.Phys.G 49 (2022) 080501
NNPDF4.0 EPJC 82 (2022) 428
MSHT20 EPJC 81 (2021) 341

CT1 BI PF}D 1c|>3 (2f)21)|o14|013 | |
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https://arxiv.org/pdf/2405.18661
https://cds.cern.ch/record/2895219/files/TOP-23-005-pas.pdf
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BROWN

as(mgz) =
CMS

+ A new 13 TeV result from CMS using azimuthal correlations in multijet production
+ The running of as(Q) has been probed at the LHC over nearly 3 orders of magnitude in Q
and agrees very well with the QCD NLO RGE evolution

+ Moving toward NNLO/NNLL and N3LO extraction
© NNLO extraction from double-deferential inclusive jet cross sections at 13 TeV

0.1166 +0.0017 [JHEP 02 (2022) 142 and Addendum JHEP 12 (2022) 035]

Theory at NLO

CDF 1.96 TeV (1j)
ZEUS 318 GeV (1))
D0 1.96 TeV (1j)
Mal.&Star. 7 TeV (1j)
H1 319 GeV (1))
CMS 7 TeV (1))

CMS 8 TeV (1))
Britzger (1))

CMS 8 TeV (2j)
ZEUS 318 GeV (R32)
DO 1.96 TeV (RdR)
CMS 7 TeV (R32)
CMS 7 TeV (m3j)
ATLAS 7 TeV (TEEC)

H1 319 GeV (nj)
ATLAS 8 TeV (TEEC)

ATLAS 7 TeV (ATEEC)

ATLAS 8 TeV (ATEEC)
ATLAS 8 TeV (RA¢(HT))
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Strong Coupling Measurement

< o ] >

CMS R, 7 TeV : EPJC 73:2604 (2013)

CMS 3-Jet mass 7TeV : EPJC 15:186 (2015) —]|

CMS incl. jets 7 TeV : EPJC 15:288 (2015)
CMS incl. jets 8 TeV : JHEP 03:156 (2017)
ATLAS TEEC 8 TeV : EPJC 77:872(2017)
ATLAS R,, 8 TeV : PRD 98:092004 (2018)
CMS R,, 13 TeV

PDG 2023: ag(m,) =0.1180+0.0009
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DO : Phys. ReV. D 80:111107 (2009)
DO : PLB 718:56 (2012)

H1 : EPJC 75:65 (2015)

ZEUS : Nucl. Phys. B 864:1 (2012)
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https://link.springer.com/content/pdf/10.1007/JHEP02(2022)142.pdf
https://link.springer.com/content/pdf/10.1007/JHEP12(2022)035.pdf
https://arxiv.org/pdf/2404.16082
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Strong Coupling Measurement

BROWN

+ A new 13 TeV result from CMS using azimuthal correlations in multijet production
+ The running of as(Q) has been probed at the LHC over nearly 3 orders of magnitude in Q
and agrees very well with the QCD NLO RGE evolution

+ Moving toward NNLO/NNLL and N3LO extraction

© NNLO extraction from double-deferential inclusive jet cross sections at 13 TeV
as(mz) = 0.1166 +0.0017 [JHEP 02 (2022) 142 and Addendum JHEP 12 (2022) 035]
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Top Quark Entanglement
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Top quark pair production is an excellent
laboratory to look for fundamental QM .
effects, such as quantum entanglement ¢ 3 ; a wr .

+ Top quark decays before it hadronizes ’6@QQQ_QQ4
and the spins of the two top quarks and v\E
their decay products are therefore
correlated, leading to an entanglement
+ Explore near-threshold tt production in the dilepton+jets final state

+ The spin correlation matrix C can be used to define the entanglement

condition [Peres—Horodecki condition,  |AfikndeNoVay EPITIS612021)007)

similar to Bell's inequality]
® Entanglement marker D = -Tr[C]/3 = [ — !
-3(cos®), where ¢ is the angle between - f
Q|
two leptons from the top quark decays
in the tt rest frame |

® If D < -1/3, the tt system is entangled ) 85 V1
tt[GeV]
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https://link.springer.com/content/pdf/10.1140/epjp/s13360-021-01902-1.pdf
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Entanglement at Low Mass

BROWN

+ Following the first observation of quantum entanglement in the tt system by ATLAS:
D =-0.547 + 0.002 (stat) + 0.021 (syst) [arXiv:2311.07288], recently CMS confirmed this
result and further showed that the inclusion of the below-threshold toponium resonance
(a color-singlet pseudoscalar ny) slightly improves the agreement between the observed

and predicted entanglement
+ The entanglement near the threshold (m(tt) < 400 GeV) is observed (expected) with a
significance of 5.1 (4.7)o
CMS | 3‘6-3 fo~! (13 TeV) CMS 36.3 fb~1 (13 TeV)

| [ T T T T T T T T T ",‘ T ’:l — —_— — —_—
c a0l mtD < 400 GeV I/l POWHEGV2 + HERWIG-+++1, /
g °V[ D) W/l MG5_aMC@NLO (FxFx) + PYTHIAS + 1, / f;
‘\,' i B, (tt) <0.9 O I/l POWHEGv2 + PYTHIAS + 1, / y
L |, ; N~ [l MC stat.
2] —— fommes g 11/I/ MC Stat. @ Syst.
' i —  Entanglement boundary -
i Q lot Data extr. with PH+P8 m(tt) <400 GeV
20+ | g @4 Data extr. with PH+P8+n;, P(tt) <0.9
[ Dexp. = —0.467+3:95 < "
[ N i
1of Do = - 0480:358 N i
i >:5 -0.491:30%¢  —H—e—+
10 ‘N ©
[\ 1 2
- With e i E m ||| _(g,)
) Expected o] O | o
: — Observed g | 0 480+0.026 ——e—+— %
L - Observed stat. & T
B D L L L L L L
%5 o7 - -0.60 055 -050 -045 -040 -0.35 -0.30
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https://arxiv.org/pdf/2311.07288
https://arxiv.org/pdf/2406.03976
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Entanglement at High Mass

While the entanglement at the threshold is enhanced, especially in the
presence of a toponium bound state, the two top quarks are mainly
time-like separated during the decay (as they are non-relativistic)

+ While entanglement is harder to detect  [SeVerletal EPJCIB212022)285|

o
=
2
Z

at high tt masses, above 800 GeV Loof
about 90% of events have the two
top quarks that are space-like
separated (essentially each has

B > 0.5), meaning that the two
decays can't be casually connected

+ Observing the entanglement in this s e w0z
regime is therefore very interesting from G
the quantum information point of view

+ However, one needs more copious production, so the lepton+jets
channel is ideal for such a measurement
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https://link.springer.com/content/pdf/10.1140/epjc/s10052-022-10245-9.pdf

Entanglement at High Mass

BROWN

g + A new CMS analysis in the lepton+jets channel measured the entanglement at high
4 mass for the first time using Run 2 data set
(]
=3 + Uses Ae = -3D > 1 as the entanglement criterion and selects events at high tt mass
B8 and large scattering angle in the c.o.m. frame, |cos8| < 0.4
§ + Also defines Aeciit = T+ 3(1 - f), where f is the fraction of space-like separated
§ events
I + An excess above 1 (Aeciit) is a measure of entanglement (beyond the one that can
I8l be explained by a causality connection) CMS PAS TOP-23-007
f © Forf= 90%’ Agcit=1.2 _ CMS Ppreliminary 138 fb"! (13 TeV)
=4 + For m(tt) > 800 GeV and lcosB| < 0.4, g 22F § Data
O T
([ observed an excess above 1 of + op — Powheg+P8 3 ‘ 3
i 6.7 (5.6 expected)o and an excess g e A ot
sy above Aecit = 1.2 of 5.4 + 65_ --------------------------------------
% (4.1 expected)o, thus establishing (£ "f
4 an entanglement beyond causality 1 T4E 5.4(4.1)0
8 connection < 12 I ---------------------------------------
0] L . 11 3.5(4.4)0 16.7(5.6)0
. + Ser.13|t|V|ty at low masses is not as good | Separable states |
) asin the dilepton channel and only an m(tl) > 800 GeV
T : : p_(t) <50 GeV
4 evidence of entanglement is observed T lcos(0)l < 0.4



https://cds.cern.ch/record/2900633/files/TOP-23-007-pas.pdf

Entangled

CMS Experiment at the LHC, CERN ~ -
CMS Experiment at the LHC, CERN
Data recorded: 2018-May-08 00:09:43.055040 GMT
2 Run / Event/LS: 315840 / 580141005 / 471

Data recorded: 2016-Jun-02 21:30:03.019200 GMT
Run/ Event/LS: 274344 / 4107242 /8

tt — epbb+MET
gled top gua N3 andidate see e tt—)ujjbb'l'MET
: .-:. ..-.- .. .. -'.....-- hOSO angled top qua D3 andidate see s



+ Anomalous magnetic moments are fundamental parameters sensitive to new physics
© Cf. Paride Paradisi's talk on the muon g-2 saga this afternoon
+ The magnetic moment of the tau lepton is known rather poorly

+ New CMS analysis using photon-photon collisions [LHC as a photon collider!]
in pp running to probe exclusive photoproduction of tau lepton pairs, which is

sensitive to g-2
© Based on the combination of hadronic and leptonic tau decays
® Exclusivity is ensured by requiring primary vertex with no more than one extra track

+ First observation of exclusive Tt production and the most stringent limit on g: - 2: [-0.0042,0.0062],
approaching sensitivity to the Schwinger term o/27 = 0.00116

2000
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1000
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Events - Bkg. Events

CMS 138 fb~' (13 TeV)
"} Observed M ZA* — vt []Zi* — eelup
_ [ JExcl. bkg. lBVV + it I Jet mis-ID
T Eyy — Tt Uncertainty

' Bk(j. unc. —{(y—wr'c 4 Obs. —'bkg.'

9

8
Nvacks  Accepted by ROPP

CMS arXiv:2406.03975

CMS

® Observed

Y4
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o
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== p/2

138 fb™' (13 TeV)

—68% CL —95%CL

OPAL
ee - Z — 1ty

PLB 434 (1998) 188

L3
ee - Z — 1ty

PLB 434 (1998) 169

DELPHI
vy — Tt (y from e)

EPJC 35 (2004) 159

ATLAS
vy — Tt (y from Pb)

PRL 131 (2023) 151802

CMS
vy — Tt (y from Pb)

PRL 131 (2023) 151803

CcMS
yy — Tt (y from p)

This result
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Greg Landsberg - Recent CMS Highlights - Corfu 2024 - SM & Beyond

\=l [l

%

m m
CMS Experiment at the LHC, CERN

Data recorded: 2018-May-01 13:53:45.602112 GMT
Run/Event/LS: 315512 / 65277407 / 69 e

No other tracks

Th




Lepton Flavor Universality Tests

3+ |In the SM, couplings of gauge bosons to fermions are
universal, which is an accidental symmetry of the SM

+ Recent interest in lepton flavor universality (LFU)
violation sparkled by the LHCb claims of LFU violation
in b — sl+l- transitions [by now understood to be due to
a missing background]

® Higgs boson is the only known particle with non-flavor-
universal couplings to leptons

+ In 2018, CMS mounted a special data parking
campaign with the goal of putting 1010 unbiased b
hadron decays on tape, thus enabling the R(K)

_|_

measurement, defined as R(K) =

Slide 41 Greg Landsberg - Recent CMS Highlights - Corfu 2024 - SM & Be



BN CMS B Parking Campaign

+ Set of single-muon triggers to tag a semileptonic b hadron decay on one side and
record an unbiased probe on the other

+ Relies on unused L1 resources and increased HLT rate at lower instantaneous

luminosities
2017 (13 TeV) 2018 (13 TeV) — 8 2018 (13 TeV) o )
N 140F , 180 o T 140F - 80 o N 3 i 5
T - cMS . L1 trigger i > - cMS . L1 trigger 1.3 I E CMS > Parking - Prompt 170 z
= r — Pileup J0 2 x O r — Pileup dq70 2 = 7p — Pileup - Config. change 3" &
120— y B o 120— : B o [O) E 4
o) Config. change 1 o) Config. change 1 9 - 7
s . f 40 ® [ —60 s 6F . 60
= 1001 ] = f00f ] s R " £
o) —50 o) ; —50 1N E
fe)) 7 fe)) i ] D - : ° o B
80 ] = ~ ] > E' ] \\,
g N\‘: —40 g S A %\\‘ \40 = 4 - \\\r\ R ?40
~ 60 - 3 ~ S A . \r\“r . < [ - \\ °
— C . .. —30 — - . 430 - 3 —30
c e N ] S \h-\,,\_ T F — T ]
4o . IR \ﬁzo o . T 120 2E A S \}\\"\Ezo
20F . i 10 20~ - : 10 NS pou ey 10
oL T ! T I 1) 0"5“‘\H‘\‘.H\H‘\H‘l‘zo 0:‘?““““"‘:“’“"“"‘AO
01:00 04:00 07:00 10:00 13:00 05:00 07:00 09:00 11:00 13:00 15:00 05:00 07:00 09:00 11:00 13:00 15:00
Time [UTC] Time [UTC] Time [UTC]

+ Simultaneously developed a new electron ID for pr as low as 1 GeV (standard one stops
at 3 GeV) <10° 2018 (13 TeV)

2018 (13 TeV)

o , > T Ny T ]

+ Purity in b hadrons of ~80% is 2, oM ER I I
estimated using D*+ meson decays 3 .- D" — Oy — (Ko, | 0

% F 4 Same-sign K and  candidates] 0.6 Lo —

+ While it took a while to understand § s OpposiesignKand cand. | oy >2GoV <25 |
8 F 0.4 r ® Low-p_electron cand. :"'{ 7]

these unique data, they are now
being used for many B physics
and search analyses

—_— Low-pT identification ;

B PF electron candidate
—— PFidentification .~
rrrrrr By chance :

102 107" 1
Misidentification probability

CMS arXiv:2403.16134
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https://arxiv.org/pdf/2403.16134

+ Despite a very large sample, it's a difficult
analysis with many backgrounds

+ The efficiency for the signal in the electron
channel is therefore small, despite all the
improvements

+ Normalize to the B+ — K=J/(I*I") channel with
established LFU to reduce the uncertainties

+ The electron channel uses PF-PF and PF-LP
electron combinations, but the signal yield is
only ~20 events

+ Still managed to keep all the backgrounds

under control and measure R(K) = 0.78+046 553 o

+ Similar to the BaBar precision

I
0.74704 | BaBar
0.32 ® : q2 €[0.1, 8.12] GeV?
\ PRD 86 (2012) 032012
I
1 .03+0'28 | Belle
-0.24 '_’_: ) g2 € [1.0, 6.0] GeV?
! JHEP 03 (2021) 105
I
0.7450997 X LHCb 3 fb!
—0.082 | q2€[1.0,6.0] GeV?
! PRL 113 (2014) 151601
I
08460962 X LHCb 5 fb!
-0.056 I q2 e[1.1, 6.0] GeV?
: PRL 122 (2019) 19180
I
0.949°0%47 | LHCb 9 fb"
0,046 - q2 €[1.1, 6.0] GeV?
: PRD 108 (2023) 032002
X .
0.78%046 \ CMS (this work)
-0.23 @ : q? €[1.1, 6.0] GeV?
I
1 | 1 I 1 I | I | 1 I 1 I ! I ! 1 I ! 1 1
0.5 1 1.5 2

CMS ROPP 87 (2024) 077802 RK)

4166 (13 TeV) cMs 41.6 o™ (13 TeV)

25F

— Total fit E — Total fit
- B'oK'e'e F PF-LP Category , - B'oK'e'e
-...= Combinatorial 20 g2 <[1.1,6.0] GeV -...= Combinatorial
e BT JlyK® [ Signal:3+6 e B —sJhyK*

¢ Data 15 '_ ¢ Data

Candidates / 50 MeV

CcMs 33.6 o' (13 TeV) - __cms
g aoo — Total fit Q40 Fpr-pF cat
= F g2 e[1.1,6.0] GeV? ota 2 PF- ategory 2
Q Ce - BoKute o C g% <[1.1,6.0] GeV
S 200 [ Sinal 1257231 .+ Other B & Comb. ©  30[-signal:18+7
2 B 01+ | MO+ 4 %) E
© L gy B" K ntu Qo
.-8 C B st g
2 100§ ¢ Data g
5 @
© (@)
_  2F N3
= N _ :
z o s
i3 2F
5 51 52 53 54 55 56 E

Pull

m(Ku-) [GeV] 48

5.2

5.2 5.4 5.6

m(K'e*e) [GeV]

54 56
m(K'e*e) [GeV]

4.8


https://iopscience.iop.org/article/10.1088/1361-6633/ad4e65/pdf
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Also, measured the differential branching fraction in g2 = m(u+p-)2
with the precision similar to the world average

® Confirmed the LHCb observation that the muonic branching fraction is
suppressed compared to the SM predictions

® Caveat: poorly known contributions from charm loops could be the
reason «10°° CMS 33.6 o (13 TeV)

8 HEPFIT
i SUPERISO
L [ FLAvIO
61— EOS

—4— Data

4“_ CMS ROPP 87 (2024) 077802

L+ 4y

dB/dg? [GeV?

o

o 5 10 15 20
92 [GeV?]

+ Based on the experience with the first R(K) analysis, reoptimized
the trigger for 2022-2023 data taking, with the goal to increase the
signal yield by an order of magnitude

® The analysis is ongoing; expect results in early 2025
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https://iopscience.iop.org/article/10.1088/1361-6633/ad4e65/pdf

Angular Analysis of the B - K*yu Decay

BROWN

+ Completed the Run 2 analysis of angular
distributions in the B0 = K*0u+tu- decays, where a
tension with the SM predictions has been observed

- Corfu 2024 - SM & Beyond

by LHCb Fit example in the 4.3 < g2 < 6 GeV2 bin
+ The analysis is done via a /w5 w0t

3D fit to three decay angles i

and the K+z-p+p- invariant 7

mass in bins of g2 = m(pp)2 L.
+ Eight angular coefficients: s ===
Fo, P1-P3, P4'-Pg', Pg' are

extracted o
CMS PAS BPH-21-002 [
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https://cds.cern.ch/record/2899589/files/BPH-21-002-pas.pdf

+ While most of the coefficients agree with the SM,

P5' shows a sizable deviation, similar to the LHCDb

claim

CMS Preliminary 140 fb" (13 TeV)
ue T
0.9F 3
08F E
07
06
05
0.4 E
0.3F E
£ [ fiavio prediction 3
0.2 E [ Eos prediction 3
0.1f “#oae e
0;\\\‘\\\‘\\\‘\\\‘\ \\\\\;
0 2 4 6 8 10 12 14 16 o
q° (GeV?)
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CP Violation in Bs — J/Yyo Decays

BROWN
+ CP violation (CPV) is one of three Sakharov conditions for
creation of matter-antimatter asymmetry in the universe

+ Recent result from CMS is based on the most performant
flavor tagger to date, allowed to establish CPV in

Bs — J/Y¢ decays CMS PAS BPH-23-004
® NeW tagger, based On DNNS T_.o.lz 19.7fb‘1+96.5fb‘1(8+1c3l~';es\/)
achieved unprecedented oy renmner

S 10
0.10 SM no penguins

tagging efficiency of 55.9%
with the dilution factor of 10%, |
for a tagging power of 5.6%

+ The result is consistent with the ° 12 3standera
SM and LHCb measurement, :

and established for the first time $9°% (mradl]
>30 evidence for the CPV phase ¢s to be non-zero
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https://cds.cern.ch/record/2894821/files/BPH-23-004-pas.pdf

sin20w Measurement

BROWN

+ New measurement of effective weak leptonic mixing angle sin20%¢ using Z((])
events

+ Long-standing tension between the LEP and SLC results: 0.23221 + 0.00029 (LEP,
FB asymmetry) and 0.23098 + 0.00026 (SLD, LR asymmetry), which differ by 3.20

® Current prediction from global EW fits sin20/s = 0.23155 + 0.00004

+ Measurement is performed using leptonic angular distributions 8 in the Collins-
Soper frame and calculating FB asymmetry weighted by y and cos6

® The analysis is done in both e and p channels, with the electron |n| coverage up to 4.36
(HF calorimeter)

® An alternative method is using an unfolded A4 coefficient
® Several sets of PDFs are considered , , Sl

CMS arXiv:2408.07622

0.23155 + 0.00004
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LEP A%y ' 0.23099 = 0.00053
® sin20ks = 0.23157 + 0.00031 (Ars, CT182) LEPP. | _| 023159+ 0.00041
LEP Agy 0.23221 = 0.00029
® In between LEP and SLD, similar precision  tepa; | | 023220 = 0.00081
LEP Qfy 0.2324 +0.0012
CMS 138 fb™! (2016-2018, 13 TeV) Lo Aff - 1 003068 » 0.00025

cTiex | —_— oA el T S | e
ctisa| = e AZVB CDF 1.96TeV | | 0.23221 = 0.00046
criez| = -0 A%, (no-prof) DO OB TV | e R _| 0-23095=0.00040
CT18 E— ATLAS 7TeV 0.2308 =+ 0.0012
MSHT20 | ==l Aps CT18Z LHCb 7+8TeV | | 023142+ 0.00106
NNPDF40 | e~ CMSBTOV | e e _| 0:28101=0.00053
NNPDF31| =" """"""""""""""" . CMS 13 TeV L L | | . 0.23157 = 0.00031

053 ' T 0232 2' l 0234 0.229 0.23 0281 0232 0.233 0.234
sin“o_., Sin“8 4


https://arxiv.org/pdf/2408.07622
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Resolving fo(980) Puzzle

+ For the first time, heavy ion collisions were used to probe the particle content of a potentially
exotic state

+ Since the 60-ies, the fo(980) state, which is rather broad was speculated to be a tetraquark
candidate, a molecular state, or an ordinary meson

+ This is possible through the coalescence picture of bound state formation in nuclear collisions
® Bound states are formed from particle with similar momenta and spatial positions

® The elliptic flow of a state thus inherits the elliptic flow of the constituents, V2(pT) ~ nqu,q(pT/nq)
+ Consequently, measuring the elliptic flow of a specific state can tell how many quarks it contains

+ CMS measurement excluded nq = 4 over nq = 2 by 7.70, thus solving a half-a-century old puzzle!
[Submitted to Nature Comm.]
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CMS PPb, {Syy = 8.16 TeV (185 < N, < 250) CMS PPb, Sy = 8.16 TeV (185 < N, < 250)
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https://arxiv.org/pdf/2312.17092

BN Speed of Sound in QGP

+ Based on using thermodynamic equation in heavy ion Impact parameter (b)
collisions to extract speed of sound cs in the QGP using
its equation of state: cs2 = dP/dg, where P is pressure and
€ is energy density

4+ Relies on a novel method [Gardim et al.,
PLB 809 (2020) 135749] of connecting dP/de in heavy ion
collisions with nearly 0 impact parameter with the change —
in the average pr of charged particles as a function of their O O O
multiplicity Nch

+ In practice normalize both (pt) and Ncn to their average Sriepy densiy ) # ot eharged partieies ()

values in a reference sample [0-5% centrality] CMS ROPP 87 (2024) 077801

+ The precision achieved is a factor of 2 better than in previous extractions

2 dP _d(InT) d(In{pr))
ST de  d(ns) d(InNg)

Temperature (T = (pr)/3)

CMS PbPb (0.607 nb™) 5.02 TeV 0.35 CMS PbPb (0.607 nb™) 5.02 TeV
B e e e D 'I'<_ . [ T T T T T T T T T T T T T T T T T T T T T T T T ]
025f Pr>0GeV. <05 S : noninteracting it ]
- | e Data I / 0.3 .
1.02F — - Fit to extract ¢ y'f ] ot
5 ---- TRAJECTUM ,";.';[ .
HOE L Gardim et al. A E 0.25
< C ./'," ] Now
o 1017 ¢2=0.241+0.002 (stat) = 0.016 (syst) E oal
1.005 ey = l
£ s o @ CMS Ultra-Central Data
XY - _é _ ]
1 __0.?.!.f.‘.‘._'.f_f_.'_'.’:.':.!.s..-_.,,x-.--‘—_; - - 0.15 —— Lattice Quantum Chromodynamics .
e TRAJECTUM Hydrodynamic Simulation
0.995F - i Nat. Phys. 16 (2020) 615 i
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https://pdf.sciencedirectassets.com/271623/1-s2.0-S0370269320X00098/1-s2.0-S0370269320305529/main.pdf?X-Amz-Security-Token=&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Date=20240820T162618Z&X-Amz-SignedHeaders=host&X-Amz-Expires=299&X-Amz-Credential=ASIAQ3PHCVTYTCWU5BZB/20240820/us-east-1/s3/aws4_request&X-Amz-Signature=fcb1e7f4cc3e88e2bd18af31166bab4fb8f1c046f754178ad8b41a4af5d033ac&hash=4e7bdaa13323187285bdc2ce9daec6c167f8eefc3af4287ea7e884d5345c336c&host=68042c943591013ac2b2430a89b270f6af2c76d8dfd086a07176afe7c76c2c61&pii=S0370269320305529&tid=spdf-72ac1602-6c78-45e8-84f9-ecd319885527&sid=9c9ba60e13a793403c884d476bff94fdae51gxrqa&type=client&tsoh=d3d3LnNjaWVuY2VkaXJlY3QuY29t&ua=13135f05565c04045851&rr=8b63be8698368fb8&cc=us
https://iopscience.iop.org/article/10.1088/1361-6633/ad4b9b/pdf
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1+ Mind-boggling precision on so many SM processes!
g
o3
3 CMS
<'r /\1011,6 » _
N PV ma 136TeV(L<5fb!) L
X = 105 mom 13 TeV (L<138fb")
S @] do &R 8 TeV (L<19.6fb7")
O = 10 T::; v 7TeV(L<5fb™)
E g 109 Bl 5.02 TeV (L<302pb~") |
% O - W0 2.76 TeV (L<231nb1)
= D o107 s __ 95%CL limit at :
z B o 77 13 TeV (L<138fb")
g (7)) 10 I Theory prediction
'E e 17 1_._-..\_/.\/_\\I/VWW |
3 O WHZHVH-.--.- % ol y
g c 10_1 | l —— S " ex N
. o wWZ i Wz Ww
- — tH ty = o - Zyy
5 O 10-2| ll Loa o
B ) 'I' e " AOQ
% -8 1 0_3 B tZq IW*W* WyyWWY l,
— | - B2
() al 4| |
% 10 QCD vy ggH Vy VBF VH VWV tHH X HH ewex*xtt Vyy ew
Wy WW it WWy VV
> Zy
(V]
'03, CMS arXiv:2405.18661



https://arxiv.org/pdf/2405.18661

+ Mind-boggling precision on so many SM processes!
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+ Recent measurement of the W/Z cross section at

5.02 and 13 TeV in special low-pileup runs

CMS

298 pb™ (5.02 TeV)

CMS

206 pb' (13 TeV)

- NNPDF3.1 -+ NNPDF4.0

Measured+ unc

CMS arXiv:2408.03744

- NNPDF3.1 Measured=+ unc
| Measured | Measured
CT18 Theory= unc (NNPDF3.1) +CT18 ©MSHT20 Theory= unc (NNPDF3.1)
Wi Ty 2475% 2, 8, = 47, PD W 'y |—v'_._|—1 5170+ 20, = 120, pb
2476= 24 pb —o—i 5061+ 62 pb
We v 1525+ 2, = 5+ 29, pb W 7 —e—i 3932+ 4y 1450 89, Pb
1519+ 18 pb —O0—i 3871x 45 pb
W b 4000+ 3= 11q 76, PD Wes v e 9110= 10, 30,,= 210, pb
3995z 38 pb 8932+ 90 pb
e 319.82 0.9,,x 1.2, 6.2, pb 2o P — 754 2= 3yt 17 PD
319.5+ 3.7 pb —o— 743+ 18 pb
N 1.6232: 0.0026,,,+ 0.0065_ , W Py / Ws [ :!": _—v-_| 1.3159+ 0.0017,, .+ 0.0053
1.631« 0.016 o 1.307=0.017
Wor b/ 2 [T 12,505 0.037,,,.+ 0.032, Wos b/ Zon P = 12.078= 0.028 = 0.032,
12,51 0.12 :q‘_'_' 12,02+ 0.28
1 1 | 1 1 1 | 1 1 L L I L 1 1 1 1 1 1 I 1 1
0.9 1.1 f 0.9 1 1.1
. id 1 fid
Theory / Measured Ratio of 649,7.y Theory / Measured Ratio of o1,


https://arxiv.org/pdf/2408.03744

+ Excellent agreement with theoretical predictions via
DITurbo at N3LO and NNLO

Inclusive production cross section [nb]

16;

CMS

QCD scale uncertainty

[ 2.76TeV, 5.4pb~1, JHEP 03 (2015) 022 (Z)

—— Theory (N3LO QCD, MSHT20an3lo) # pp-Z/y" + X-1L, 60 < my <120 GeV |

L ppoWH + XLty
¥ ppoW™+ X177V,

2.76TeV, 231 nb~! (uv), PLB 715 (2012) 66-87 (W)
L 5.02TeV, 298 pb~1, To be submitted to JHEP (Z, W)

7TeV, 4.5fb~1 (ee), 4.8fb=1 (), JHEP 12 (2013) 030 (Z)

7TeV, 36pb~1, JHEP 10 (2011) 132 (W)
[ 8TeV, 19.7fb=1, EPJC 75 (2015) 147 (Z)
8TeV, 18.2pb-1, PRL 112 (2014) 191802 (W)

L 13TeV, 206 pb~1, To be submitted to JHEP (Z,

w)

13
Vs [TeV]

o x B [pb]

10*

10°
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CMS

< >PORIRXEHO®+

1 1 1 LI I 1 1 1 1
CMS, 206 pb™ (13 TeV)
CMS, 18.2 pb™ (8 TeV)
CMS, 36 pb™ (7 TeV)
CMS, 298 pb™ (5.02 TeV)
CMS, 7.3 ub™ (2.76 TeV)
CMS, 5.4 pb™ (2.76 TeV)
CDF, 72.0 pb™ (1.96 TeV)
DO, 84.5 pb™' (1.8 TeV)
UA2, 7.8 pb™ (0.63 TeV)
UA1, 0.4 pb™ (0.63 TeV)

Theory: NNLO, DYTURBO and NNPDF 4.0 PDFs

5 7 10 20

Centre-of-mass energy [TeV]
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Cross Sections at 13.6 TeV

O .

] + Recently measured W+*W- and WZ cross sections at 13 TeV

O . .

@ ®© The WW cross section measurement uses ey channel and defines several control

= regions (CRs) to constrain the backrounds and extracts the differential cross section
& do/dN,;

§ ® The WZ cross section measurement is performed in trilepton channel and also defines
= several CRs

S ®© Both measurements are in good agreement with theory at NNLO QCD + NLO EW

. . 34.7 b (13.6 TeV)

E - CMS I 34.81b" (13.6 TeV) CMS

o)) S B 1 Preliminary

< 5 %8 %m\#l{-leewvmm ’
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8 () 02— ] E
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% ; 14 E l l — @
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https://arxiv.org/pdf/2406.05101
https://cds.cern.ch/record/2905015/files/SMP-24-005-pas.pdf

+ Good agreement with the NNLO QCD X NLO EW SM
predictions

+ Clear deviation from NLO QCD is seen at high energies
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= = v 850f 4 8Tev(19.67), EPJC 77 (2017) 236 -
% =102} . @ ® 13 TeV (137 fb~'), JHEP 07 (2022) 032
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https://cds.cern.ch/record/2905015/files/SMP-24-005-pas.pdf
https://arxiv.org/pdf/2406.05101

W — cq over W — qq’

+ Measurement of the W — cq over W — qq' (and charge-conjugate)
cross section ratio gives access to the |Vcs| CKM matrix element
RB(W — cq)

+ Indeed RY = can be expressed as

BW — uq) + BW — cq)
RW= |VCd|2+|Vcs|2+|Vcb|2
T I VulP IV P+ IV P+ VP + I Ve P+ [ Vi I
CKM matrix unitarity
+ The current best RW measurement comes from LEP RcW = 0.49 +
0.04

+ We used a sample of tt events as the "tagged"” source of W bosons,
with one decaying leptonically and the other one hadronically

+ Charm jets are identified using muon tagging, with the muon of an
opposite sign (OS) to that of a lepton from the other W boson
decay; the backgrounds have equal fractions of OS and SS events,
so we used OS-SS subtraction to extract the signal

= 0.5, assuming the

Slide 59 Greg Landsberg - Recent CMS Highlights - Corfu 2024 - SM & Beyond
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|Vces| Measurement

+ The dijet invariant mass spectra are well reproduced by simulation
+ Charm tag + SS subtraction are effective in removing backgrounds

+ Precision twice that of the LEP result has been achieved:
® RW = 0.489 + 0.005 (stat) + 0.019 (syst) = 0.489 + 0.020
+ Using measurement of the leptonic branching fractions we obtain the
sum of squared second row CKM elements of 2 = 0.970 + 0.041

+ Subtracting world-average [Vcd|?2 and |Vep|? values, we obtain |Ves| =
0.959 = 0.021 [to be compared with the 0.975 + 0.006 world average]

CMS PAS SMP-24-009
SM

«10° 138 fb' (13 TeV) <10° 138 fb' (13 TeV)
>

> F ! 2.4
© C tieq [l Single top cq E f Si t C
$ E Cms. CJfug [ Vsets and other $22E-CMS B =V+Jgs:n‘g°§he, E
o 50— Preliminary I i dileptonic [ Syst. Unc. o 2F Preliminary [ ti dileptonic [ Same sign data — ALEPH L 0.51 +£0.06
o F + D <4 BE— [JSystUno. 4 Data C
2 aof .. Nocharm g
% E 5 T = -
& sof tag G1aE -
- -+ = 1215_ s = — OPAL = 0.481 £ 0.053
201~ . 08E- — .
- 0.6F- -
10~ 0.4F o
E 0.2F T - World averageg =~ ——=&t+—— 0.49 + 0.04
B4 -
aqo e
5 :
[ —
Opg — CMS 13 TeV — 0.489 £ 0.020
0.6 =
50 6‘0 7‘0 8‘0 9‘0 1(‘)0 110 '5 6‘0 7‘0 Bb 9‘0 1(‘)0 11OTIIII|IIII|IIII||l||||l|||||||
0 0.35 0.4 0.45 0.5 0.55 0.6 0.65
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https://cds.cern.ch/record/2906617/files/SMP-24-009-paper-v6.pdf
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Observation of WWyYy Production

BROWN

+ CMS reported the first observation of the WWy production
+ The process is sensitive to both TGCs and QGCs, as well as HWW)+y

+ Search is performed in the epy+MET final state using m(epy) vs. mr(WW) 2D
distribution

+ ofid = 5.9 + 1.3 fb is observed, in agreement with the 5.33 + 0.34 (scale) +
0.05 (PDF) fb NLO QCD prediction

+ The WWYy signal is observed with 5.6 (5.1 expected)o

+ Limits at 95% CL on Hy production initiated by ¢ quarks are set at 88 fb,

SCUCSCUCIUCRCREE RNV - is PR 132 (2023) 123901
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Looking for Unknown

+ The LHC has been successfully operating for nearly 15 years,
transforming the entire landscape of searches for new physics

+ Despite a number of tantalizing hints seen by ATLAS, CMS, and LHCb
over the years, apart from the observation of the Higgs boson and a
number of QCD states, none of them raised to the discovery level yet;
many are now gone

+ So, why are we still looking for new physics at the LHC and where
should we look for it if we are to continue?

+ Why are we still covering something like a territory of Brazil with the
"Brazilian flag" exclusion plots?

138 fb™ (13 TeV)
IR R R

T A R RN I
e CMS pp =111 —-1Sg, S - SG, S —gg ]
B 95% CL upper limit 1
[ 68% expected
-------- 95% expected
—e— Observed limit 5
et oﬁ(NNLO+NNLL)

o B [pb]
2

iB(f—>t§g)=1.0

102 . 2 =
E B(S —SG)=1.0, B(S —-gg)=1.0
[ mg=100GeV, m_=1GeV, m =90 GeV
10°g G s 5
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AMERICA'S OLE‘FST BREW ER

® Many things are missing from the standard
model (SM), hinting that it is likely incomplete
< Physics issues: no gravity; no dark matter; no
connection between the three generations of
quarks and leptons; no quantitative explanation

of the matter-antimatter asymmetry in the
universe; no neutrino oscillations

< Math issues: naturalness, which became a real
problem since the discovery of the Higgs
boson; "arbitrary" fermion masses; strong CP
problem
® Most of viable SM extensions that cure some
of the above problems require new particles,
dimensions, symmetries

® Many lead to the phenomenology within the
reach of the LHC, although there is no
guarantee anymore

® Many exclusions, while appear strong, are
based on simplifying assumptions, which are
often arbitrary (e.g., Br = 1) - read the fine
print!
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Read the fine print!
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+ Given that the LHC has reached its ultimate energy, looking for
heavy particles is a game of a diminishing return - it will take many
years to discover something in this regime, if we haven't seen a
hint so far |

® No more low-hanging fruit!

+ The focus shifts to much more
complicated signatures, which
haven't been exploited thus far,
as well as significantly more
sophisticated analyses than we
pursued during the earlier years

+ Doubling time has doubled since
Run 2; it is now about three years
®© Compatible with a "lifetime" of a graduate student in an LHC

experiment, allowing for a well-designed and sophisticated analysis
rather than a "luminosity chase”
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The Where

Given that the LHC has reached its ultimate energy, looking for
heavy particles is a game of a diminishing return - it will take many
years to discover something in this regime, if we haven't seen a
hint so far

® No more low-hanging fruit!

+ The focus shifts to much more
complicated signatures, which
haven't been exploited thus far,
as well as significantly more
sophisticated analyses than we
pursued during the earlier years

+ Doubling time has doubled since
Run 2; it is now about three years
®© Compatible with a "lifetime" of a graduate student in an LHC

experiment, allowing for a well-designed and sophisticated analysis
rather than a "luminosity chase”
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New Tools for the New Paradigm

3+ Use of new triggers not available earlier in the LHC
running

® A variety of triggers optimized for long-lived particles
® Data scouting

® Extensive use of GPU in the trigger

® ISR-based triggers with jet substructure and mass-
decorrelated subjet taggers

® Data parking
+ Novel approaches with machine learning (ML)

techniques: weakly supervised and unsupervised
ML
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Toward Small Masses: Scouting

BROWN

§e) H . . o
g ¢+ Scouting analysis is based =
() . .

@ onlyon t.he hlgh-le\{el trlgger

= (HLT) objects resulting in a very

s compact event size and vastly

o . .
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95% CL observed exclusions

Dijet Scouting (JHEP 2018, 130)

= Vs=13TeV, 27 fo!

Dijet Scouting (PRL 117, 031802)
Vs=8TeV, 19.7 fb!

Dijet+ISR Scouting (PLB 805, 135448)
Vs=13TeV, 18.3fb""

Boosted Dijet+y (PRL 123, 231803)
Vs =13 TeV, 35.9 fo~'

Boosted Dijet (PRD 100, 112007)
Vs=13TeV, 77.0 fb~!

Dijet b-tagged (PRL 120, 201801)
Vs=8TeV, 19.7 fb!

Dijet x, (JHEP 2018, 130)
Vs=13TeV, 359 fb!

Dijet (JHEP 2020, 033)
Vs =13 TeV, 137 b~

Dijet x, (EPJC 78, 789)

T Vs=13TeV,359fb"

95% CL observed exclusions

CDF (PRL 107 042001)

17 VS=196TeV, 321

CMS (Phys. Lett. B 718 329)

X1 VS=7Tev,50%"

ATLAS (JHEP 1212 086)
VS=7TeV, 461

CMS (Phys. Lett. B 730)

1~ VS=-8Tev, 1941

ATLAS (Phys. Rev. D 91 112016)

17 Vs-sTev, 2031

ATLAS (Phys. Lett. B 785 136)

17 Vs=13Tev,36.1 10"

CMS (Phys. Rev. D 99 012010)

1™ V/S-13TeV, 35.9 b [Scouting]

ATLAS (arXiv:2401.16333)

17 VsS=13Tev, 14010

CMS (CERN CDS 2866497)
V'S =13 TeV, 128 tb~' [Scouting]


https://arxiv.org/pdf/2403.16134

Toward Small Masses: ISR

BROWN

+ Use high-pr single-photon or
single-jet triggers to record the ISR y or jet
events, require a substructure in - I—
the recoiling AKS8 jet, and search
for narrow resonances in the
recoiling jet trimmed mass
spectrum

+ Allows to go as low as 10 GeV
in the resonance mass!
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.123.231803
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Toward Small Masses: ISR

+ Use high-pr single-photon or
single-jet triggers to record the
events, require a substructure in
the recoiling AKS8 jet, and search
for narrow resonances in the
recoiling jet trimmed mass
spectrum

+ Allows to go as low as 10 GeV
in the resonance mass!

ISR y or jet

pT(ISR) ~ 100 GeV
m(X) ~ 25 GeV
Y~4,a~0.5-asingle jet
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.123.231803

recoiling jet trimmed mass
spectrum

in the resonance mass!

+ Use high-pr single-photon or
single-jet triggers to record the
events, require a substructure in
the recoiling AKS8 jet, and search
for narrow resonances in the

+ Allows to go as low as 10 GeV
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Boosted Dijet+y, 35.9 fb (13 TeV)
Phys. Rev. Lett. 123 (2019) 23
Boosted Dijet, 77.0 fb™ (13 TeV)
Phys. Rev. D 100 (2019) 11
Dijet+ISR jet, 18.3 fo! (13 TeV)
Phys. Lett. B 805 (2020) 135448
Dijet b-tagged, 19.7 fb™' (8 TeV)
Phys. Rev. Lett. 120 (2018) 20
Dijet scouting, 35.9 fb™' (13 TeV)
JHEP 08 (2018) 130

Monojet (vector), 137 fb™' (13 TeV)
JHEP 11 (2021) 153

I,/ m, <~50%

Dijet, 137 fb™ (13 TeV)
JHEP 05 (2020) 033
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Toward Low Masses: ISR+Scouting

BROWN

+ One could also combine the two techniques, adding extra sensitivity

® The idea behind a CMS search for dijet resonances in three-jet events
collected by a low-Ht scouting trigger (4 kHz @ 1034 cm-2s-1) available
for ~half of 2016 data taking (18 fb-1)

® Use large-R (1.1) jets offline to improve resolution and acceptance
® Limits set in the 350-700 GeV range as low as 1/3 of EM coupling
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Toward Low Masses: ISR+Scouting

BROWN

+ One could also combine the two techniques, adding extra sensitivity

® The idea behind a CMS search for dijet resonances in three-jet events
collected by a low-Ht scouting trigger (4 kHz @ 1034 cm-2s-1) available
for ~half of 2016 data taking (18 fb-1)

® Use large-R (1.1) jets offline to improve resolution and acceptance
® Limits set in the 350-700 GeV range as low as 1/3 of EM coupling
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https://www.sciencedirect.com/science/article/pii/S0370269320302525/pdfft?md5=23cfbcd26df88fa7bfe62f421ad1ac9d&pid=1-s2.0-S0370269320302525-main.pdf
https://arxiv.org/pdf/2403.16134

Low-Mass Dimuon Resonances

137 fb™" (standard triggers) and 96.6 fb™' (scouting triggers) (13 TeV)

CMS

BROWN

+ CMS searches based on the dimuon regular
and scouting triggers 10°

+ Nice complementarity between the two sets
of results, interpreted as dark Z boson or in
the context of 2ZHDM + complex singlet j0°
model w/ H-a mixing

+ New search based entirely on a scouting
trigger allowed to lower the mass reach
below the Y resonances in the same models

90% CL observed limit
------- 90% CL median expected limit

I 68% confidence interval for expected limit
95% confidence interval for expected limit
LHCb (90% CL) [arXiv:1910.06926]
Electroweak fit constraints (95% CL) [JHEP 02 (2015) 157]

10

10°°

scouting triggers | standard triggers |
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.124.131802
https://link.springer.com/content/pdf/10.1007/JHEP12(2023)070.pdf

Searches in Parked Dat

+ Observation of a rare n — 4p Dalitz , y
decay with high-rate dimuon triggers )

®© B8(n = 4p) = [5.8 = 0.8 (stat) + 0.7 (syst) = 0.7 (B)]x10-°
® Consistent with the SM prediction of [3.98 + 0.15]x10-°
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+ Observation of the J/y — 4pu decay
using B parked data

+ Based on a displaced muon trigger
[10.1+3357 (stat) = 0.4 (syst)]x10-7
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® Consistent with the SM prediction
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of [9.74 + 0.05]x10-7
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+ Heavy neutral leptons are present in many models explaining neutrino
masses

+ CMS parked data made it possible to make a search for HNL in b hadron
decays

+ Consider generic case of mixing with all three neutrino families:
[ VAL = [Ven I+ 1V 2+ Vi 1, With 7, = [V 27 Vg P

Search for HNLs in Parked Data

+ Consider different combinations of Vp

+ Look for a peak in the 7% mass spectrum in a number of categories based
on the displacement, relative sign of two leptons, and the three-body mass

<10° 416" (13 TeV)
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https://link.springer.com/content/pdf/10.1007/JHEP06(2024)183.pdf
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CMS 41.6 fb~1 (13 TeV)

Set limits on |VN|2 as a function of the PO
HNL mass (which fixes the lifetime), as '
well as limits on the lifetime for

selected masses as a function of r,'s

*

Observed cty limit (m)

+ Most stringent limits below ~2 GeV obiazsssitsosoieosts M,

_41.6 fb~! (13 TeV) 41.6 fb~! (13 TeV)

1072 102
CMS Majorana CMS Majorana
(re; r[_li rT) = (Or 1r O) m (rer r[Jl rT) = (1/3, 1/3; 1/3)
il 1073 '
=
<
S
oN 1074¢ 1
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(=
O.| BT ]
Ll
L
NN -
CMS, JHEP (2022) 081
-6 |
107" observed S CMS, arXivi2402.18658 g 107 opserved
—— Median expected >—- ATLAS, Phys. Rev. Lett. (2023) 061803 —— Median expected
95% expected S |HCb, Phys. Rev. Lett. (2014) 131802 (&) 95% expected
Bl 68% expected - Belle, Phys. Rev. D (2013) 071102 m 68% expected SN CMS, arXivi2312.07484
1077 -
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https://link.springer.com/content/pdf/10.1007/JHEP06(2024)183.pdf
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140 fb~?
132 fb?
140 fb?
132 fb~?
36 bt

118 fb~?
132 fb~?

132 fb~?
137 fb~?
132 fb~?
36 fb?
13 fb~!
13 bt
39 fp?
39 fp?
39 fp?
140 fb~?
137 fb~?
137 fb~?
137 fb~?
138 fb~?
138 fb~?
77 fo?
118 fb~?

98 fb~?

101 fb~?

20 fb~ (8 TeV)
118 fb~?

132 fb~?

117 fb~?

137 fb~?

137 fb~?

138 fb~?

138 fb~?

35 b (13.6 TeV)
35 b (13.6 TeV)
35 b1 (13.6 TeV)

O

(@ [ ]

c R g m m

3+ Plethora of models and experimental results
m
o3 . . .
s Overview of CMS long-lived particle searches
(/I) CMS Preliminary March 2024
< UDD, g-tbs, mg = 2500 GeV g 2104.13474 (Jets with displaced vertices)
(o] UDD, g-tbs, mg = 2500 GeV g 2012.01581 (Displaced jets)
(@) UDD, £-dd, m; = 1600 GeV i 2104.13474 (Jets with displaced vertices) [0100035=0/08/|
A UDD, {-dd, m; =1600 GeV 3 2012.01581 (Displaced jets) [ N0002= 1525

-] LQD, £-bl, mi =600 GeV 3
T LQD, -bl, m; = 460 GeV i
8 LQD, -bl, m; = 1600 GeV i 2012.01581 (Displaced jets) [INO0T005 =024

1 GMSB, §~gG, my = 2450 GeV § 2012.01581 (Displaced jets) [/ 0:006=0:55'm)|
_9 GMSB, §~gG, my =2100 GeV g 1906.06441 (Delayed jet + MET) [/ 03234 m|
c Split SUSY, G~qdx?, ms = 2500 GeV § 2012.01581 (Displaced jets) [/ 10,007=0:36'm |

(@) Split SUSY, -~qdx?, mg=1300 GeV g
= Split SUSY (HSCP), fzg = 0.1, mg = 1600 GeV §
%) MGMSB (HSCP) tan8 =10, u >0 , m; = 247 GeV i
= Stopped £, £-tx?, mi =700 GeV 3 1801.00359 (Delayed jet)
I Stopped g, G-qqgx?, fzo=0.1, mg=1300 GeV g 1801.00359 (Delayed jet)
(j) Stopped g, G-qgx3(uux?), fzg = 0.1, mz =940 GeV g 1801.00359 (Delayed pp)
z AMSB, x*-xn*, my: =700 GeV X 2004.05153 (Disappearing track) [ 0.7-30m
O G-qax? or q,, G, X5 Xi=xIn*, mg=1600GeV,mys = 1575GeV y 1909.03460 (Disappearing tracks + jets with My;) [ 0.11=10m.
e G-ax3 or q'xi, xit =xIm*, mg=2000 GeV, my; = 1000 GeV  y 1909.03460 (Disappearing tracks + jets with Mr;) [ 026=2m

cC sty or byft, xif »xIn*, mi=1100 GeV, myo = 1000 GeV X 1909.03460 (Disappearing tracks + jets with Mr;) [ 025-9m

() GMSB, X§-HG(50%)/ZG(50%), my» = 600 GeV X 2212.06695 (Trackless jets + MET) [0 004=12m)

8 GMSB, X9-HG(50%)/ZG(50%), g = 300 GeV X0 2212.06695 (Trackless jets + MET) [ 0005=24 )|
o GMSB SPS8, X§-YG, mys =400 GeV X0 1909.06166 (Delayed y(y)) [ 02=6m|

; GMSB, co-NLSP, f-IG, mi=270 Gev i 2110.04809 (Displaced leptons)  5e:05-265m

& H=ZoZp(0.1%), Zoit, my = 125 GeV, my =20 GeV x 2205.08582 (Displaced dimuon) | 5e05-5m

() H-ZpZp(0.1%), Zp~up(15.7%), my =125 GeV, mxy=5GeV X 2112.13769 (Displaced dimuon scouting) _
QO H=XX(10%), X-ee, my = 125 GeV, my = 20 GeV x (14116077 (Displaced dlelectron) | 000012:25m)
% H-XX(0.03%), X~II, my =125 GeV, my =30 GeV X 2110.04809 (Displaced leptons) _

C H-XX(10%), X-bb, my =125 GeV, my = 40 GeV X 2012.01581 (Displaced jets) [ 0001-0.53m

© H-XX(10%), X~bb, my; = 125 GeV, my = 40 GeV X 2110.13218 (Displaced jets +2) [ 0.004=0:248 |
> | H-XX(10%), X-bb, my =125 GeV, my = 40 GeV X 2107.04838 (Hadronic decays in CSCs) [ 012450 m)
(@) H-XX(10%), X~TT, my =125 GeV, mx=7 GeV X 2107.04838 (LLP decays in CSCs) _

9 dark QCD, mix,,, = 1500 GeV, my,,, = 10 GeV, agonstic Xda 2403.01556 (Emerging jet +jet) [ 0.003=0:3m
0] dark QCD, m,, = 1500 GeV. i, =10 GeV. GNN Xof 240301556 Emergingjet+ie  <am

H-XX(10%), X-bb, my = 125 GeV, my = 40 GeV X CMS-PAS-EX0-23-013 (Displaced Jets Run3) [ 0.0005-2.5m)
H-XX(10%), X~dd, my = 125 GeV, my = 40 GeV X CMS-PAS-EX0-23-013 (Displaced Jets Run3) [ 0.0005-2.5m)
": H=XX(10%), X~T7, my = 125 GeV, my =40 GeV X CMS-PAS-EX0-23-013 (Displaced Jets Run3) [/ 0,001=0.5 m!
1077 1073 1073 107t 10! 103

'g ct [m]
ET-) 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. M o re I n A. De Roeck s tal k Wed




O
C
(@)
>
O

m

o3

=

()]

1
<

Al

o

(aV}
-}

T
O

(@)

1
(/0]

i

c

2

<

2

I

()]

=

(@)
-+
C
()
O
(0}

o

1
&
()

O
(2]

©
C
Q]

-
(@)]
(O
-

(O]

(o0}

~
()

S

7))

+ Installed much more performant (x4-11) displaced-jet trigger in Run 3,
based on lower Ht threshold (430 vs. 1050 GeV) and better track veto

+ Advanced graph NN for better background

suppression

+ New limits exceed the Run 2 ones by up to an
order of magnitude for low-mass long-lived
particles decaying into a pair of jets

=
2

Trigger efficiency ratio
o

—_
o

CMS DPS 2023/043

| T |||||||I T T ||||||| T ||||||||
— CMS simulation Preliminary =

Run-3 displaced-jets trigger efficiency
Run-2 displaced-jets trigger efficiency

—— mg =55 GeV
—— mg =40 GeV
— mg=15 GeV

= pp—H,m, =125GeV
H—>SS,S —>bb

10 102 10°
ct, [mm]

Events

CMS PAS EXO-23-013

34.7 " (13.6 TeV)
\ ]

F I I I
10° CMS t Daa E
; Preliminar, y - Predicted background 3
10* £ gprompt >0985 mg=40GeV,cty=1mm
F 99—>HH->SS 3
103; s-bg 0 mg = 40 GeV, ¢ty =10 mm ;
E BH—->SS)=1% - ms = 40 GeV, ct, = 100 mm 3
102
10 3
1E
10-1L \ \ \ \ \ \

096 097 098 099 0.995 0.998 0.9985 1.0

Displaced-dijet GNN score g sisplaced

p

95% CL upper limits on B(H — SS)

10*

10°

10k

34.7 b (13.6 TeV)
T YYYTHW T YYYTHW T

T TTTTT

T T T T TTTTT

£ Preliminary
E H—-SS

102; S —bb

T

...« Phys. Rev. D 104 (2021) 012015

Observed

CMS, disp. jets

13210 (13 TeV)

CMS, Z +disp. jets
JHEP 03 (2022) 160

117 fo" (13 TeV)

ct, [mm]


https://cds.cern.ch/record/2865844/files/DP2023_043.pdf
https://cds.cern.ch/record/2893044/files/EXO-23-013-pas.pdf

Run 3 Search for Displaced Muons

BROWN
+ Displaced muons appear in a variety of BSM wr
scenarios; CMS with its excellent muon system 7
offers unique capabilities in this channel TR S
D 70 -

+ Triggers in Run 3 were optimized by removing
the beam-spot constraint at L1 and lowering
the pr thresholds

+ HLT triggers were also optimized
+ As a result, the trigger efficiency increased by up to a factor of four w.r.t. to the 2018

running CMS JHEP 05 (2024) 047

(13.6 TeV)
A > 1
= Run 2 (2016) 2 09E CMS simuiation
S 28, 28 % 0.8 Hezz, Run 2 (2018)
=) Run 2 (2018) £ 07 m(H) = 125 GeV — Run3(2022)
iE 23, 23 > 06F m(@Z)=20Gev —— Run 3 (2022, L3)
= S o5 — Run 3 (2022, L2)
S g)
5 =
Run 3 (2022
16, 10
Run 3 (2022, L2) S
10,10 4+ o ’ &I E
™| 3
: s|s E
A A Axis not to scale -~ Zle —E

|
1 1 1 g
0.01 1 Tracker end d. [cm
o lem] 1072 107" 1 10 10? 10° 10*
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https://link.springer.com/content/pdf/10.1007/JHEP05(2024)047.pdf
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BROWN
+ The analysis is based on 2022 data

+ Uses two combinations of muons: STA-STA (muon
detector only) and TMS-TMS (tracker + muon detector)

+ The analysis uses dimuon mass and the impact
parameter significance as the discriminating variables

+ Limits set (ZD model is shown as an example) are
comparable or better than the Run 2 Iimits, despite 1/3 of

integrated luminosity

36.6 b (13.6 TeV) 10° 36.6 fb” (13.6 TeV)

Displaced Muon Search
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https://link.springer.com/content/pdf/10.1007/JHEP05(2024)047.pdf
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DM+bbll Search

BROWN

4+ A variation on a mono-Z theme with a new channel: bbH =& 9 b
Z([Da(x ), which is expected in a variety of models, including %QQC/

O
C
(@)
o
m
o3 l
> . :
@ the ones explaining the galactic center y ray excess . ZJ/< .
: , . : l
N ® First dedicated search in this channel |- -- . X
(aV} N
=4 + Relatively simple search based on a multivariate discrimination ¢ <
M built of kinematic properties of the final-state particles yy\ X
(2}
=5 + Set model-independent limits on the cross section as a g 5
= function of ma CMS PAS SUS-23-018
g c 10" CMS Plreliminar!y | | | | | I138 fbl'1 (13 T|eV) o i ?MS Pr.elin?ina,ry - 138I fbl'1 (.1 3. TeIV=)
8 % 110 fp ContolRedionss 4 Ml &+ vre: Signal Region = 105_ 95% CL upper limits E
% g 10° .Z/Y'—’” Dﬂ Single Top m 1 %_ -e- Observed - - - Median expected E
8 u>J 108 .WZ Dzz .Other © 3 .68% expected 95% expected E
o 107 1 Signalee=oospy) o Signal (o B=0.05 pb) 10_1? m,, = 400 GeV (x10°) E
é 10° : M,=400 GeV, M=100 GeV M,=1000 GeV, M =100 GeV 102 §_ % e _§
% 10_3§_J H—tsooG V (x10?) _%
5 10_4 §_ my = eV (x10 _%
% 10°5 é‘ j m,, = 800 GeV (x107) _é
— E d E
g ! 107® 3 o my = 1000 GeV (x10%) E
5 1 T T T T T T 1T T T T T T T T T T T 1 107 3 m,, = 1400 GeV (x10°) 5
3 r : = 108 et =
% é ] mm —.—_‘_WMTWMWWWWW ///4//_//////»//7;;1 10°° ;_ L S — . — ™ = 2000 GeV (x10%) _E
0.8 ; ] T S A R TR S
é . DYItTIWZIZZI1|2|3|4|5|6|7|8Ig|10|11|12|13|14|15|16|17 197 500 1000 1500 2000 2500
(70}

MLP4 output [bins] m, [GeV]


https://cds.cern.ch/record/2905049/files/SUS-23-018-pas.pdf
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Search for Inelastic DM

BROWN

+ Originally models of inelastic DM (IDM) were
proposed to explain the DAMA anomaly;
nevertheless they are generally viable models
involving dark sectors - first IDM search at the LHC

+ Probe a model w/ 2 nearly mass-degenerate DM states, 1 and x2(M2-my1=A=
(0.1-0.4)m+), as well as a dark photon mediator A' (ma' = 3m+), which is long-lived

+ The signature is two collimated displaced muons aligned with ptmiss (also used for

triggering)
+ Special displaced muon reconstruction capable of extending sensitivity to large ct

+ A' is mixed both with photon and Z, hence peak in sensitivity around m(A') = m(2)

(13 TeV)

Fens T CMS PRL 132 (2024) 041802
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. .M Supersymmetry of Supercemetery?
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Gluino

Squark

EWK Gauginos

CMS
Overview of SUSY results: gluino pair production
137 fb~' (13 TeV)

Moriond 2021

pp — g8

g — ttx?

g — bby?
g = qai®
g — qa(G /%) = aa(W/Z)18

BF(YE:R9) = 2:1, 2= 0.5

0 500 1000 1500 2000

mass scale [GeV]
Selected CMS SUSY Results* - SMS Interpretation ICHEP '16 - Moriond '17 ~0~+

PP — X9XT — (0l — (iR

PP — 9N — 7wl — TvlRIRY

PP — XX — Furt — rorr R
PP = X301 — WHR]

pp = 3% — WZQR)

CMS Preliminary
s =13TeV

L=129f"L=359fb"

___________ 0=t /=0t =+ /= =
PP — XK1/ X /X8 = (W*/Z9)R8
For decays with intermediate mass,

: , P = My 20 My,

0 200 400 600 1400 1600 1800 2000

*Observed limits at 95% C.L. - theory uncertainties not included Mass Scale [GeV]
Only a selection of available mass limits. Probe “up to* the quoted mass limit for m ~0 GeV unless stated otherwise

(Otax oxcusion for M. - M s <40 GoV)

I
800 1000

1
1200 —t ot ~ -
pp— GGG = W

pp = X585 = (lv/09) — i?

pp — lyrlyr, 0 — (33

0 200 400 600

Limits, limits, limits...
But: read the fine print!

Simplified SUSY models are
very simplistic and are unlikely
to describe the actual SUSY
realization!

CMS Preliminary June 2023

Overview of SUSY results: electroweak production
137 fb7! (13 TeV)

PP — V9%

3(/m: arXiv:2106.14246

E:ZIH.OG?% AM =5-10 GeV
|1 2¢ and 3¢ soft: arXiv:2111.06296 higgsino simplified model, AM = 5-10 GeV'

e Sved
PP = X1 X1
.f opposite-sign: arXiv:1807.07799 Mgy =1GeV (£ =359 ")
bt ESOTOTTO I v - v 2 - 05 (50 1)
pp — U

800
mass scale [GeV]

1000 1200 1400
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PMSSM Run 2 Interpretation

BROWN

+ Will highlight just one new analysis: the pMSSM interpretation of a plethora
of Run 2 SUSY searches, which goes beyond the SMS interpretation

® 19-parameter scan [3 gaugino parameters M1 2 3;
6 squark masses; 4 slepton masses; 3 fermion-Higgs couplings, and 3 Higgs
sector parameters (tan, g, ma)]

®© 5 CMS SUSY searches [soft OS lepton, jets+MEr, SFOS, disappearing tracks,
single lepton]
+ Quantifies the impact of the Run 2 searches on the exclusion in various 2D
planes

+ Gives examples of pMSSM points with 2-3c observed significance

CMS preliminary 138 fb™" ( )
- T

CMS Preliminary 138 fb™' (13 TeV)
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LEP era

The 95 GeV Puzzie

CMS PLB 793 (2019) 320

19.7 fo™ (8 TeV) + 35.9 fb™" (13 TeV)
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+ The long-standing puzzle with a ~20 hint seen since

CMS arXiv:2405.18149
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+ A 2.80 hint seen in CMS in H(yy) analysis with 20 fb-1 of "
8 TeV + 36 fb-1 of 13 TeV data

+ Recent CMS analysis of full Run 2 data sees a similar
excess (albeit with much smaller cross section)

+ New ATLAS result neither confirms nor Kills this excess
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ATLAS arXiv:2407.07546



https://arxiv.org/pdf/hep-ex/0306033
https://www.sciencedirect.com/science/article/pii/S0370269319302904/pdfft?md5=3ff8a06d7ded3bd898a6c8fd7c25183f&pid=1-s2.0-S0370269319302904-main.pdf
https://arxiv.org/pdf/2405.18149
https://arxiv.org/pdf/2407.07546

Local p-value

Two more CMS results seems to suggest some
excess in the same 95 GeV region

© MSSM H(tT) search with an excess at m(TT) =
®© X = H(yy)Y(bb) search with Mx =

My =

CMS JHEP 07 (2023) 073

100 GeV

1: CMS Supplementary
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https://link.springer.com/content/pdf/10.1007/JHEP07(2023)073.pdf
https://link.springer.com/content/pdf/10.1007/JHEP05(2024)316.pdf
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+ Recent ATLAS result in the same X — H(yy)Y(bb)
channel sees no excess at the (650,100) GeV point
and sets an upper limit on the cross section of 0.2 fb

+ The jury is still out
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New Physics or Another 750?

CMS Experiment at the LHC, CERN
Data recorded: 2018-Oct-03 11:26:05.236800 GMT 7~
Run/ Event/LS: 323954 / 100651384 / 51
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Conclusions: Quo Vadis?

BROWN

+ LHC is an amazing machine, with a spectacular performance by far
exceeding the expectations

+ Discovery of the Higgs boson in 2012 has completed the standard model
of particle physics and paved an avenue to decades of exploration
® Cf. the richness of top quark physics now, nearly 30 years after the discovery!
+ Precision standard model measurements, supported by the latest theory
developments, continue to be very exciting and important
+ Direct searches for new physics have unexpectedly failed so far, but not
for the lack of trying!

® Redirect searches away from theoretical lampposts, and toward challenging
signatures and most sophisticated analysis techniques

® If no observation: LHC will do for dim-6 operators what LEP did for the dim-4
ones (SMEFT approach)

+ It's too early to throw a towel in: there are still hints for possible BSM
physics and we will follow up on them diligently

+ Stay tuned for many more new results from Run 3 data to come soon!
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