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WHERE ARE WE NOW?

now

- — - W

202 |2 22] 2023 024 2035 026 2027 | 2028 2025 || [2038
13.6 TeV /

150 fb- 220+ fb 3000 fb-

only collected 5% of total data

Tova Holmes, University of Tennessee 6



WHAT HAVE WE LEARNED SO FAR?



Showall Total Exotica  Standard Model  Supersymmetry  Higgs Top  Heavy lons
®
° B and Quarkonia  Forward and Soft QCD  Beyond 2 Generations  Detector Performance

1135 collider data papers submitted as of 2022-05-31

200 -
180 -

160 —

_ 1135 papers total
Detectors: 40 .

Standard Model: 564 100-

Heavy lons: 11/ B0
Beyond SM: 414

140 -

60 —

40 -

20 -

Tova Holmes, University of Tennessee



FROM CMS FROM ATLAS

—— S+B Fit
------ B Fit Component
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CMS Best fit o/c,,, ATLAS Signal strength (u)

H— bb

YEARS = discovered Higgs primarily through di-photon channel
AGO = signal strengths in each channel had O(1) uncertainties

Tova Holmes, University of Tennessee



https://arxiv.org/pdf/1207.7214.pdf
https://arxiv.org/pdf/1207.7235.pdf

SOLVED ONE PROBLEM
CREATED ANOTHER

FERMIONS BOSONS

LEPTONS
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lved the le of how to .
i?\ecscg)rgorate tr?eulzjmwn mavgses our standard model tells us that if

- this is all there is, the Higgs mass
of standard model particles chauld be about 15 orders of
magnitude larger

Tova Holmes, University of Tennessee 10



SOLVED ONE PROBLEM
CREATED ANOTHER

this on top of the many other
standard model problems:

dark matter
neutrino Mass
matter-antimatter asymmetry

strong CP problem

..etc! our standard model tells us that if
this is all there is, the Higgs mass
should be about 15 orders of

where do we look? magnitude larger

Tova Holmes, University of Tennessee 11



IN SEARCH OF NEW PHYSICS

Supersymmetry
137 b (13 TeV)

pp >t 1, > t%)
Approx. NNLO+NNLL exclusion
—Observed + 10y,

== EXpeCted +1 Gexperiment
-..= Expected Ol Expected 2
Expected 1l -= Expected corridor

0200 400 600 800 1000 1200 1400

m- (GeV)

Tova Holmes, University of Tennessee

Direct Searches
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_ Dark Matter Searches
VeCtOr_llke Quarks CMS Preliminary Morind2022

N

Exclusion at 95% CL

137 o (13 TeV) . birac. " I

= = = = Expected

Boosted dijet (77 fo™)
[arXiv:1909.04114]

Dijet w/ btag (19.7 fb™")
[arXiv:1802.06149]

Dijet w/ ISR j (18.3 fb™)
[arXiv:1911.03761]
Dijet (35.9-137 fb™)
—— [arXiv:1806.00843]
[arXiv:1911.03947]

DM + j/V(qq) (137 fb™)
[arXiv:2107.13021]
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DM + v (35.9 fb™)
[arXiv:1810.00196]

95% CL upper limit on cross section (pb)

DM + Z(ll) (137 fb'Y)

500 1000 1500 2000 2500 3000 3500 4000 4500 [arXiv:2006.04755]
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https://arxiv.org/abs/2107.10892
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-19-004/CMS-B2G-19-004_Figure_009.png
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV

IN SEARCH OF NEW PHYSICS

Couplings to SM particles Studying the Higgs

35.9-137 fb' (13 TeV)

Decays to Long-lived Particles

CMS Preliminary March 2022
— Displaced leptons
X—ee/up, mx=50 GeV
2110.04809

m, = 125.38 GeV
p-value = 44%

— Dimuon scouting
B(X—pup)=0.13, m =40 GeV

2112.13769

— Displaced dimuon
B(X—up)=0.13, mx=40 GeV
EX0-21-006

¢ Vector bosons

¢ 3"generation fermions

P Muons Decays to Invisible Particles

SM Higgs boson

—Z + displaced jets
X—bb, m, =55 GeV
2110.13218

X—dd, mX=55 GeV
2012.01581
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35.9-138 fb™' (13 TeV)
—Hadronic MS

o s X—11, m =55 GeV
S Frecmnety 10 102 10% 10* 10° 10° 107 2170

10 107 ttH (2016) CTy [mm]

Particle mass (GeV) USRS G008

Z(H

EPJC 81, 13 (2021)

gg — Hj + V(jj))H | Observed
arXiv:2107.13021
Median expected
- 68% expected
VBF-H
CMS-PAS-HIG-20-003 D 95% expected

0 01 02 03 04 05 06 07 08 09 1
95% CL upper limit on B(H— inv.)

Tova Holmes, University of Tennessee 13


https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/

IN SEARCH OF NEW PHYSICS

recision Measurements
Top Measurements

CMS Preliminary May 2021

CMS Run 1 legacy
Overview of CMS cross section results PRD 93 (2016) 072004

CMS preliminary 18 pb~'-138 fb~! (7,8,13 Tev)
7Tev SMP-00-000 - o(Wj) = 1.3e+07 fb
7 Tev SMP-00-000 - o(W2)) = 2.5e+06 fo
7Tev $MP-00-000 - olW3j) = 3.9e+05 fo

T e - o= sseenas 2015, muon+jets
’

77ev SMP-00-000 & oiZj) = 43406 fo

v Swecoow Y, S TOP-16-022 (2017), 2.2 b

TV SMP-00-000 o(z4)) = 2.5¢404 fb

Cross-sections for SM Processes

0.13 £ 0.47 GeV

0.38 + 0.70 GeV

77ev PRD 89 (2014) 092005 - oWy} = 340405 fb
13Tev  PRL126 252002 (2021) . o(Wy)=14e+05 ™

778V PRD B9 (2014) 092005 ®  o(Zy) = 1.6e+051b H

# ozn-1oer0st Leptonﬂets

7 Tev EPJC 73 (2013) 2610 . O(WW) = 52e+04 fb _1
8Tev EPIC 76 (2016) 401 W o(WW) = 6e+04 1b EPJC 78 (201 8) 891 35 9 fb
13Tev  PRD 102 092001 {2020) W o(WW) = 12e+05 10 ' N

7TV EPIC 77 (2017) 236 . 0(WZ) = 2e+04 fb

8Tev  EPIC77(2017)236 B 0W2Z) = 24040410
13Tev  Submitted to JHEP ¥ oWZ)=51e+04

7 Tev JHEP 01 (2013) 063 - 0(ZZ) = 6.2e+03 b -
[ e e Dilepton
13TV PRL125 151802 (2020) W o(VWW) = 5.9¢+02 fo

13 TeV EPC 81 (2021) 200 ‘ 0(ZZ) = 1.7e404 fo. -1
EPJC 79 (2019) 368, 35.9 fb
13 Tev PRL 125 151802 (2020) — O(WWZ) = 3e402 fo

13TV PRL125 151802 (2020) S otWZZ) = 2e+02
13TV PRL125151802 2020) | 01222) < 2¢+02 b .
o%v  ono 30032008 oL o <33e+02 All-jets
8Ty JHEP10(2017)072 alWyy) = 4.9 b
13TeV  JHEP 10(2021) 174 el olviyy) =14 fo -1
8TeV  JHEP 10(2017)072 ozyy) =13 % EP‘JC 79 (201 9) 31 3, 359 fb
13Tev  JHEP 10(2021) 174 W oz =54n
VBF W 8Tev JHEP 11 (2016) 147 mills  O(VBF W) = 42402 fo 1 9 7 + 96 4 fb
VBFW  13Tev  EPIC80(2020)43 e OVBFW) = 620403 b . .
VBFZ  7Tev  JHEP10(2013) 101 i O(VBF 2) = 1.5¢+02 b
VBFZ BTV EPIC75(2015)66 il O(VBFZ) = 1740210 T | T T T | T T T
VBF Z 13TeV  EPJC 78 (2018) 589 ol olVBFZ)=53e402f0
EWWV  13TeV  Submitted to PLB wills  O(EWWV) = 1.9e+03 fb
ox yyoWWBTeV  JHEP 08 (2016) 119 S clex oW =221 8 1 3 T V d t 680/ C L
EWaqaWy 8Tev JHEP 06 (2017) 106 Sl O(EW qawy) =111b + e a a o
EwqaWy 13Tev  SMP-21.011 il O(EWaqWy) =191
EWosWW 13TeV  Submitted to PLB Wl o(EWosWW) - 10fb

EWssWW 8Tev PRL 114 051801 (2015) - (EW ss WW) = 4 fb H
e e = R ] 8 TeV data 68% CL Single Jet, p_ > 400 GeV
EWaqeZy  8Tev PLB 770 (2017) 380 S olEWaqZy) =191
EWqqZy 13Tev  PRD 104 072001 (2021) il o(EWqaZy) =521b p R L 1 24 202061 (2020)
EWqaWZ 13Tev  PLB 809 (2020) 135710 —l  OEWGaWZ) = 180 — '
13TV PLB 812 (2020) 135992 S  oEvaqz2) = 0331 1 3 TeV da‘ta 68% CL

7Tev  JHEP 08 (2016) 029 ®  oft)=17e+05M

8Tev  JHEP 08 (2016)029 ®oftt) = 24e4+05 b — .

13Tev  Accepted by PRD * ot =79e405 M St d S' ngle top

7TeV JHEP 12 (2012) 035 @  olti-a) =67e+0a 1 an ar o e

. TOP-19-009 (2020), 35.9 fb™'
N N

1lev  PLB72(2017) 752 i it =23e405 10
7Tev  PRL110(2013) 022003 oftW) = 1.6e+04 fb

8Tev PRL 112 (2014) 231802 BEl  otw) =23e+041b Wt
13TV JHEP 10 (2018) 117 W otW) =63e+041b o K
8Tev  JHEP 09 (2016) 027 = =il olt..)=13e+04fb &
8Tev JHEP 10 (2017) 006 - oitty) = 3.5e403fb N
13TV Submitted to JHEP - oltty) = 120403 70 s

0.08 + 0.62 GeV

+0.24 *066  _, Gev

13TV PRL125 151802 (2020) W oW = 1er03 >

0.20 + 0.70 GeV

Lepton+jets, all-jets
EPJC 79 (2019) 313,359 fb™'

0.07 + 0.61 GeV

0.41+ 2.44 GeV

SO T T T T T

0.32 +0.71 -0.69 GeV

- -
Tevatron combination

BTV JHEP 07 (2017) 003 N 070 - 29¢-021b .

e, Xiv:1608.01881 (2016) ®
p—— R arXiv:1608.01881 (2016 174.30 + 0.35 + 0.54 GeV
BTev  JHEP01(2016)096 SR o2) - 24e0021b

13TV JHEP 03 (2020} 056 - oz = 95e+021b
13TV PRL121221802 (2018) filis o= 1e:031 . -
v Eror 2016009 T T World combination
13TV ToP21011 — oltw)=87es021b
13TeV  EPIC 80 (2020) 75 N ot =137 — ATLAS CDF CMS DO
13TV PRD 95092001 (2017) # o) =97es0e . s A

13TeV PRD 95092001 (2017) aitt) = 7704 b . )
13TV PRD 95 092001 (2017) - m:n-zaemub arxlv' 1 403_4427 (201 4)
13TV PRD 95092001 (2017) ——— it = 130404

13TeV  PRD 95092001 (2017) e 0(!14]) = 5.9¢+03 b | | | |

@ 1733410271071 GeV

7Tev EPJC 75 (2015) 212 - olggH) = 1.6e+04 fb
8Tev  EPIC75(2015) 212 = ologH) = 15404 b

L]
L]
L]
BTV HG19.005 @ olos=sier0am .
7 Tev EPJC 75 (2015) 212 . ©(VBF qqH) = 22e+03 b . 6 0 80
.

8Ty EPICT75(2015)212 I oveFagH) = 16e+03fo

13TV HIG-19-005 o O[VBF qqH) = 282403 fb .
8TV ERICTS(2015) 212 o) - 11e03 1 A .

LRV HIG19.005 R o) = 26403 b ., .** e

1RV HIG19-005 MR oi7H) = 67es021b - L I ]

8Tev  ERC7S(2015)212 o) = a2es02 b -

1TV HIG19-005 ol olttH) = 5.8¢+02 fb
13TeV  EPIC81(2021) 378 . el oitH) = 5.1¢+02 b
1BRV  SMP.0D-000 — o0 <1.e+02

1.0e+05 1.0e+07 May 2022

1.0e-01 1.0e+01 1.0e+0.
Measured cross sections and exclusion limits at 95% C.L. Inner colored bars statistical uncertainty, outer narrow bars statistical+systematic uncertainty

L}
See here for all cross section summary plots Light colored bars: 7 TeV, Medium bars: 8 TeV, Dark bars: 13 TeV, Black bars: theory prediction I n
1 I 1

1 I |
-400 -200

Tova Holmes, University of Tennessee



https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOPSummaryFigures
http://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-20-001/index.html

STANDARD

MODEL

HOLDING STRONG

Tension is increasing between these
two observations — hope for discovery
just out of reach.

Tova Holmes, University of Tennessee



CRACKS STARTING
TO SHOVY

Flavor Anomalies

W Mass Measurement

Experimental unc. 68% CL
- === LEP2/Tevatron

—  This measurement

Light supersymmetry

Ay? = 1.0 contours

LHCb15

LHCb18

" Bellel5

Bellel7 PRD 94 (2016) 094008 World Average

4 HFLAV SM Prediction  yiep 1r1a oo 060 R(D) =0.339+0.026 £ 0.014

R(D)=0299£0.003  PLB 795 (2019) 356 R(D*) = 0.295 +0.010 £ 0.010

R(D*) =0.254 £0.005  PRL123(2019) 091801 p=-0.38
EPIC 80 (2020) 2, 74 PO = 28%

0.2 0.3 04 >l(<).5
Flavor asymmetry in D RD)

Heinemeyer, Hollik, Weiglein, Zeune '20

173 174 175 176 177
m, [GeV]

Tova Holmes, University of Tennessee

Standard Model

75 180 185 190 195 200 205 21.0 21.
9
a,x10 -1165900

Need EF to directly access
particles that could cause
these deviations

16


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.141801
https://www.science.org/doi/10.1126/science.abk1781
https://hflav-eos.web.cern.ch/hflav-eos/semi/spring21/main.shtml

WHAT DO WE DO NOW?



MORE SOPHISTICATED ANALYSIS

PU Chg PUNeu 4 LVChg e LVNeu

GNNS FOR MITIGATING PILE-UP

1 o ELLE . .
S S ; —5 CMS is at the cutting edge

The complexity of LHC data necessitates advanced ML strategies

1.5[- ‘ -
OF : Original E
0‘5:_ }.“ e —:
I I B S _ NNS FOR DATA-DRIVEN
n 0.20
BACKGROUND ESTIMATION
A LVChg e LVNeu . PUNeu - v 4/ b A 5 4
35— — — S — — : ; §‘3’;ﬁ&\ i: N R Y ) /é 4 / / /:
- N ] O % LAY AR : / 7 2
i . A A : s § NN \ / 7
- A B N\ 5 BN\ N L z
: & ] .g A ~ §\$\ : ‘Q\ % 7 1
201 S - - AN P
i . ’ Q \ ¥ NN ¢ % /2 g
i - ’ ] N : §-"\§\ ¥
1.0: A Supervised GNN? S \\& \ y 7 %/- rue Positive
- & - . . © 7 WM True Negative
0.5 = 0.02 - B False Positive
. “ GNNS FOR TRACKING False Negative
[ | | | | . . : f —

0.0 4 2 0 2 4 -15 1.5

n z [m]

Tova Holmes, University of Tennessee


https://arxiv.org/pdf/2203.15823.pdf
https://arxiv.org/pdf/2103.16701.pdf
https://arxiv.org/abs/2007.14400

NEW PHASE SPACE

Conventional trigger strategies keep ~ 0.0025% of events

cirumventing this constraint = a brand new dataset

— Physics Streams — = Prescale change

— = Run change

Data Parking

B-PARKING DATAS
L ool
<
©
is

seesesscscecccsleccesedecccccsscnesd

ET
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Online Reconstructed Dimuon Events
pT(u) >3 GeV, n(u) < 2.4, opposite sign
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https://cds.cern.ch/record/2704495/files/DP2019_043.pdf
https://cms.cern.ch/iCMS/jsp/db_notes/notestable1.jsp?CMSNoteID=DP-2018/055

NEW PHASE SPACE

NEW TRIGGER STRATEGIES

CMS Simulation 13 TeV
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https://arxiv.org/pdf/1912.12238.pdf
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.127.261804
https://agenda.hep.wisc.edu/event/1391/contributions/6915/attachments/1706/1921/2019-12-08_ml_cms_l1_muon_trigger_v3.pdf

MORE DATA: THE HL-LHC

ATLAS and CMS HL-LHC prospects 3 ab1 (14 TeV)
1000x fewer HH events than H i o . '
= | SM HH significance: 40 — Combination
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expect 50% uncertainty on k;
4-sigma evidence for HH production

Tova Holmes, University of Tennessee


https://inspirehep.net/files/844581995482abee4172cdd00140fde8

EF BIG QUESTIONS

Evolution of early universe
Matter antimatter asymmetry
Nature of dark matter

Origin of neutrino Mass
Origin of EW scale
I Origin of flavor
MUCH MORE! e
®

Huge breadth of physics reach

95% of data left to gather

answers may lie in that data,
if we can just figure out how to
look In the right places

Tova Holmes, University of Tennessee 22
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