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Unanswered Questions

Gravity (quantum)

Dark matter

Dark energy
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Probing the answers
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Large Hadron Collider (LHC)
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Particle observatories
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Two approaches:

Particle Data Group, LBNL, © 2000. Supported by DOE and NSF

1. Direct searches: see Sara’s talk

2. Indirect searches: imprints of new physics on SM interactions
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LHC timeline
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LHC status

e Run 2 (2015-2018) saw the LHC move into its precision era (>140 fb™})

e Start of Run 3 (2022-) has been patchy... but still some incredible highlights

* New record for integrated lumi in 24h = 1.2 fb!
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e 2024 promises to be an outstanding year

o First collisions at 13.6 TeV on 19/3/24 — Stable beams this week — Ending on 25/11/24

o ~145 days of p-p physics providing >100 fb! in a single year + ~16 days of Pb-Pb!
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https://home.cern/news/news/accelerators/accelerator-report-quench-lhc-inner-triplet-magnet-causes-small-leak-major

Detector status _xi-230516623
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O\ Experiments performing well and starting to turn out physics results...

New Tracking stations + trigger-less readout & sw trigger on GPUs
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Early Run 3 analyses

e EW, top, Higgs
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An exciting time @ LHC

1. Rapidly growing LHC datasets
2. Boom in analysis techniques: machine-learning (ML), new triggers/data-taking strategies
3. Use experience from the past: Run 1 + 2

4. Lay foundations for a successful future: HL-LHC and beyond
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What can we do with the large amount of data...
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Standard Model Total Production Cross Section Measurements
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Higgs sector

e Since 2012 ATLAS + CMS have undergone a comprehensive research program to provide detailed map of Higgs sector

e Unique tool to search for new fundamental physics

Higgs boson production modes

Higgs boson decay channels

Z =yHyy+u*|HI> = A|H[* =V,

f

flavour

f

naturalness

¢

stability

cosmological constant

“Almost every problem of the Standard Model
originates from Higgs interactions”

Origin of EWSB?

Thermal History of Higgs Portal
Universe to Hidden Sectors?

Stability of Universe

Fundamental Yl 4 A CPV and

or Composite? Baryogenesis

Is it unique?

Origin of masses?

Origin of Flavor?

Taken from Gavin Salam slides at FCC week 2023
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Higgs @ 10
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Higgs @ 10

I'heinternational journal of science /7 July 2022

138 fb' (13 TeV)

in physics
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Higgs interactions

CMS
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T4 ~ Kappa framework

Ultimate precision via Higgs boson statistical combinations

e H—bb H-WW, H-ZZ, H-11, H>Yyy, H>py, H—>Zy

Table 1-8.

particles are M ~ 1 TeV and mixing angles satisfy precision electroweak fits.

Generic size of Higgs coupling modifications from the Standard Model values when all new

The Decoupling MSSM

numbers assume tan 3 = 3.2 and a stop mass of 1 TeV with X; = 0 for the k. prediction.

Nature 607, 60-68 (2022)

Model Ky Kb Koy
Singlet Mixing ~ 6% ~ 6% ~ 6%
2HDM ~ 1% ~ 10% ~ 1%
Decoupling MSSM  ~ —0.0013% ~ 1.6% ~ —.4%
Composite ~ —3% ~—383-9% ~-9%
Top Partner ~ —2% ~ —2% ~ +1%
arXiv:1310.8361

Cannot rule out new physics with current precision (10-20%)

13
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https://arxiv.org/abs/1705.05143

Going granular

e Measure Higgs boson production differentially in the simplified template cross section (STXS) framework

o Good agreement with the SM...

o Large (stat-dominated) uncertainties!

WQQ00000000,
g t
t
g t
‘0000000000"

qg—qqH

Great framework for BSM interpretation e.g. SMEFT

[See Back-Up]

[arXiv:2304.05742]

Rates — Distributions

Nature 607, 52-59 (2022)
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https://www.nature.com/articles/s41586-022-04893-w
https://arxiv.org/abs/2402.05742

observable

Going granular [Rates — Distributions] ZﬁTﬂ' — () |Embs = _ Z DT

o [arXiv:2403.02/93] Diff. XS measurements for events with MET+jets (ATLAS)

o Aim to be as inclusive and model-independent as possible

o BSM interpretation: excellent focus on reinterpretation (HEPdata, Rivet)
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https://arxiv.org/abs/2403.02793

Rare processes




HH production Y W

.
Cross section ~1000x smaller than single Higgs production g SR
Y W
Direct probe of Higgs boson self-coupling — strong implications for early Universe dynamics R\ = >\/>\SM
@ A I § ].
~ bb |
N e Unknown! / B(HH — zxyy) 01
experimentally know / [] cms & ATLAS N
about the Higgs / WW ] cus
/ =
> 88
—— / > T
VAR ) =~ 7T |1.31%
Unknown! V
[/

VANV,

Landau-Ginzburg Higgs Nambu-Goldstone Higgs Coleman-Weinberg Higgs Tadpole-Induced Higgs b b WW gg TT Z Z fyfy

Figures taken from M. Valente slides @ Higas 23

H — xx
HH provides plethora of final states: a fun experimental challenge! 16



https://indico.ihep.ac.cn/event/18025/contributions/133685/attachments/74054/90734/ATLASCMS_nonresonant_HH_Higgs2023.pdf

e.g. HH—4b (boosted) candidate

State of the art ML to tag large radius jets

CMS Experiment at the LHC, CERN
Data recorded: 2016-Aug-13 16:51:13.749568 GMT

, iy .' |
Benefit from new layer in the pixel tracker! Bun / Event / LS: 278803 / 465417690 / 259




Expected ~2x from increase in statistics alone NLO corrections to single-Higgs production

HH combination ~N

g
e \astimprovements compared to 2016-only results: ~5x better kQQQQ
g

o Driven by advancements in analysis techniques e.g. graph neural networks for b-jet tagging (ML)

e Ultimate K sensitivity by combining with indirect constraint from single-Higgs analyses

CMS Preliminary
I 1 1 I 1 I

138 b (13 TeV)
ATLAS —— Observed limit = | B
Vs =13 TeV. 126—139 fb-" Expected limit S - Observed 1 — single-H comb., 5.8_*43;S
y 1V IVV IV = h h 2 — - b B A2 - &
oM. ee(HH) =32.7 fb = ypelasis) B i B — HH comb., 1.07°7 i
[ Expected limit £10 o L CMS-PAS-HIG-23-006 — « P
[ Expected limit £20 i single-H and HH comb., <N :
Phys. Lett B 843 (2023) 137745 4 [ sst
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- r 3I- ~
bbyy | 4.2 5.7
bbt*t | { 4.7 3.9 21- .
bbbb|- 5.4 8.1 I | l
1 68% CL (1o) |
[ Combined ;
oL 5
95% CL upper limit on HH signal strength gy K,
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Rapidly approaching exclusion of kx =0 —


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-006/index.html

HH @ Run 3

e More luminosity (~250 fb™! per experiment), more energy (+10% HH cross section at 13.6 TeV)

s = 13, 13.6 TeV

e |mproving analysis techniques e.g. better triggers wio HBT —
(C) - Simulation Preliminary T 2003 L Mg SN AR e R
@ 0.14— .Q_) 1.4 L _
S ATLAS Slmulatlon Prellmlnary O r HH - 4bwith x, =1 - s
> 012 . ~ = @ 1Er Run 2 £(HH— 4b) = 52%
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g oot K, =0 " o) L
i iy D : S sk =
0.08- i ! & . D 08| At
- K, =95 . ': B
0.06:— _: 0.6 :_ —
ooaf i ) ot I CERN-CMS-DP-2023-050
0'02:_ _: 02 :_ _— Event selection: = 4 jets with pT>30 GeVand | <25
o ”300”11(1)0-:‘558”280 700 éoo_ S N Y U T T T IO
M. [GeV] 200 300 400 500 600 700 800 900 1000
HH
Reco (GGV)
e Higgs self-coupling is within reach during Run 3: M%A’CL ~ 1

o New innovative ideas could bring it even closer! \/\/ /\/\A/\/\ \/\/ \/\/
o If something is very BSM-Llike in the Higgs potential —» we might see it in Run 3!

Landau-Ginzburg Higgs Nambu-Goldstone Higgs Coleman-Weinberg Higgs Tadpole-Induced Higgs


https://cds.cern.ch/record/2868787/files/DP2023_050.pdf
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e o 'S‘ I [ v I I
EW precision tests S | amas A Bamp-om
g Vs=7TeV, 4.6 b : ¥ SM prediction
CMS-PAS-SMP-22-010 ~ 23001 i -
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SLD: A, —e— 0.23098 £+ 0.00026
CDF 2 TeV ——— 0.23221+ 0.00046
. N , 95% CL
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Paves the way for more precision physics at the HL-LHC . . . .
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LHCb doing precision physics in the forward region (anti-correlated PDFs)


https://arxiv.org/abs/2403.15085
https://cds.cern.ch/record/2893842
https://link.springer.com/article/10.1007/JHEP01(2022)036

- N
Outside-of-the-box

analyses
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LHC to probe (g-2)

e Quantum corrections give rise to anomalous magnetic moment: 9¢ — (g T 2)/2

e Persistent discrepancy between experiment & theory at Muon (g-2) experiment

e What about 7 leptons?
< 5.00 >
+—o—+
Significance will likely decrease Fermilab

with an updated SM prediction (2023) - g% S
< 510 > 7y -+
@ +—eo— Y
SM: et+e- HVP Fermilab+BNL
T.I. White Paper (2023)
(2020)
--------------------------------------------------------------------------------------------------------------------------------- T '
!
Selected new results @
since White Paper (2020) SM: Lattice HVP
BMW Collab.
(2020) T T _
o i T
SM: et+e- HVP -
Phys. Rev. Lett. 131, 161802 (2023) A © Dirac: a- =0
YS. REV. Letl. : data below 1 GeV _
. . . . . . . @ Schwinger (NLO): a, = 0.00116
17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0 o SM 0.00118
-ar = 0.

a,x10° - 1165900 T 21



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.161802

LHC as a photon collider

e Answer lies in ultraperipheral collisions

p+

+

p

Observed yy—tt in Pb-Pb collisions (Z* enhancement)

o ATLAS: Phys. Rev. Lett. 131 (2023) 151802, CMS: Phys. Rev. Lett. 131 (2023) 151803

o Probes lower energy domain + small integrated luminosity
Can we benefit from the high integrated luminosity of LHC p-p collisions?

o Challenges: No Z* enhancement, low signal acceptance (soft leptons), large backgrounds, high pile-up...

22


https://arxiv.org/abs/2204.13478
https://arxiv.org/abs/2206.05192

CMS Experiment at the LHC, CERN
Data recorded: 2018-May-01 13:53:45.602112 GMT
Run/Event/LS: 315512/ 65277407 / 69

p" p

[CMS-PAS-SMP-23-005]

Looking for distinct experimental signature:
e 2 back-to-back 7 leptons

e No hadronic activity close to di-z vertex: N___ =0

yy—17 candidate
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-23-005/index.html

LHC as a photon collider

N. _.=0 is an extreme challenge due to pile-up

o Pushing detector to the max

CMS Preliminary 138 b (13 TeV)
£ “°°L 4 Observedm Z/y* —» 11 [12Zy* — eelup
Sy - [ ]Excl. bkg.l@VV +tt [l Jet mis-ID
LU Elyy — tr []Uncertainty

|.___] Bklg. unc.

— Y TT

e Simulated events are corrected for N, _ + proton dissociation + ...

E

o s

Events — Bkg.

(=]
T

e First observation of yy—77 in pp collisions

o b.30 observed, 6.5¢ expected

Obs./Exp.

Niracks 24



LHC as a photon collider

e Modifying dt changes the signal shape and normalisation

o Maximum likelihood fit to m ._spectra

Events

300
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50

Mths Ntracks =0
T
- CMS

~ Preliminary

—+— Observed

ZIy* — pp

B vet mis-iD [Ty =

Uncertainty

138 fb™' (13 TeV)

Zly* (— tt) + VV

Yy = p/WW

t

—SMa, —a,=

+
0

008 -

100

150

500
Myis (GeV)

§ i

CMS Preliminary 138 o™ (13 TeV)

e Observed

— 68% CL

—95% CL

1 1 1 1 I 1

OPAL

1 1 1 I- 1 1 | 1 I I

SM

PLB 431 (1998) 188

L3

PLB 434 (1998) 169

DELPHI

EPJC 35 (2004) 159

ATLAS Pb+Pb

PRL 131 (2023) 151802

CMS Pb+Pb

PRL 131 (2023) 151803

This result

Good agreement with SM, uncertainty is only ~3x Schwinger term!
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Quantum entanglement @ LHC

o arXiv:2311.0/288 (sub. to Nature) and CMS-PAS-TOP-23-001

o Probe entanglement in ttbar leptonic final states

o Tops decay before hadronisation — transfer spin-state to decay products

Observed
‘here”

Run: 311071
Event: 1452867343

2016-10-21 06:34:07 CEST

o

Affected
there”

26


https://arxiv.org/abs/2311.07288
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-23-001/index.html

Quantum entanglement @ LHC

o arXiv:2311.0/288 (sub. to Nature) and CMS-PAS-TOP-23-001 ?
o Probe entanglement in ttbar leptonic final states B
o Tops decay before hadronisation — transfer spin-state to decay products
Observed Affected
"here’ there”

0.0 arXiy: 2003.102280

S’eparalble

=0.2}-

-
-_—

e Differential cross section depends on decay-lepton properties:

1 do  1+B*-q,-B -q -a.(C)a N
— — ~—_—~7 Nntan e
. - — LO Analytical
o Criterium for entanglement: tr[C] + 1 < Q  Spin correlation - - MadGraph +MadSpin
matrix 1% 500 600 700 800 900 1000

o Define: D =1r[C]/ 3 —>[ D < -1/3} Mtz[GeV] 26



https://arxiv.org/abs/2311.07288
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-23-001/index.html
https://arxiv.org/pdf/2003.02280.pdf

Quantum entanglement @ LHC

o arXiv:2311.0/288 (sub. to Nature) and CMS-PAS-TOP-23-001 ?
o Probe entanglement in ttbar leptonic final states B
o Tops decay before hadronisation — transfer spin-state to decay products
Observed Affected
"here’ there”

0.0 arXiy: 2003.102280

S’eparalble

-
-_—

e Differential cross section depends on decay-lepton properties:

1 do 1+B*-q -B -4 -a,(C)4
oA A0 (12 \/V\ Entangled
. - — LO Analytical
o Criterium for entanglement: tr[C] + 1 <O SP’? correlation - - MadGraph +MadSpin
matrix ' ' 7 ' ' 1
o Define: D =1r[C] / 3 —>[ D < -1/3] 500 ?\Oltz[G:)V] - ;Og

Signal region @ threshold


https://arxiv.org/abs/2311.07288
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-23-001/index.html
https://arxiv.org/pdf/2003.02280.pdf

COS © = Angle between leptons in ttbar rest frame

Quantum entanglement @ LHC

. 1 do 1
e So how do we measure D experimentally: | — — _ (1 — D cos SO)
o d cos 2 - 0
£ Ttbar rest frame
. 0000 CMS Prefiminary ____ 35.9fo" (13 TeV) CMS Preliminary 35.9 o' (13 TeV) _
i ] o F¥J €T EFT P T d E [ A m LT[ 6T I
i - [ t+zZW B g signal B fisignal £ 1e000p ] o4l ATLAS é -
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= [ EE tiother W Z+jets ¢ Data . 100041 _ — = | /s=13TeV, 140 fb
0 i i - 345 <m(tt) <400 GeV e S— s
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alel : = I : B Theory Uncertainty
1.000} i ~0.5 >5sigma o .. —
0_975f| B x0075__”|| w35l pny slowasl sasalos nal é v @® Powheg + Pythia8 (hvq) |
_ -1 -0.66 -0.33 0.0 0.33 0.66 1 . B Powheg + Herwig7 (hvq)
Cos » 1
06 340 < mg < 380 380 < myg < 500 mg > 500

Particle-level Invariant Mass Range [GeV]

Both experiments have observed entanglement of top quarks at ttbar threshold

Probing fundamental quantum mechanics at the largest accelerator in the world!
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Reasons to be cheerful

e Only ~5% of final (HL-)LHC dataset analysed

28



Reasons to be cheerful

e Only ~5% of final (HL-)LHC dataset analysed

LHC is an exploration machine: we are only now understanding its true potential

28



Making the most of Run 3

e Plenty of interesting physics to explore in Run 3

% PARKING

4 4
- "2°..& few 1000 events/second
" delayed availability for analysis

... .22 NORMAL

" normal availability for analy lysis

SCOUTING

10 000 events/second (or more)
reduced data (le14 O b S e rved Aﬁected
normal availability for analysis
13 n i "
here there

1.6 {s=13,13.6 TeV
> | B
(o] . CMsS
= I”  Simulation Preliminary Fiun 3 2023 1M rigger (2 Ab) = B2
o 141
s - HH — 4b with x, =1 = Run 32022 HH trigger ¢(HH-> 4b) = 68%
Eﬁ_ L2 —— Run 2 £(HH- 4b) = 52%
6 1 I e A A S SR S SN S i
(@) N
g 0.8 - —_—
decay  .* - = B R —"
ifetit . ’ —_—
I'fet"“f/ . vertex 06 B
primary ',¢ e | | ——
vertex - =
) 04F
7Y : —————
do'
prompt tracks 02 B — Event selection: = 4 jets with Py >30GeVandn <25
| PR SN VT R IS OO WYV W T M N T T RV T O W I 7 P ) 1O |

0_...... PRV ] S B
200 300 400 500 600 700 800 900 1000
miece (GeV)

Thinking outside the box

Unique data-taking efforts

Machine Learning / Al

e Experimental techniques developed now will lay foundations for HL-LHC 29



Summary

e Standard Model holds strong... but not for the lack of trying!
e With our ever-growing toolset these are exciting times @ the LHC

e Presented a subset of recent SM results. For a more complete overview see Moriond 24 highlights: CMS, ATLAS

o Higgs (STXS)
o Differential cross sections for MET+jets

o Status of di-Higgs production

o Precision physics
o LHC as a photon collider 2o

o Quantum entanglement in tops

e Progressin Run 3 will lay foundations for a successful HL-LHC era

O (Personal) high importance items: EFT understanding and implications, (valid) application of ML, data-taking strategies, analysis preservation, reinterpretation ...

Thanks! .


https://cms.cern/news/cms-moriond-2024
https://atlas.cern/Updates/News/summary-moriond-2024
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Going granular

Rates — Distributions ZﬁT,z‘ =0
i

miss _
ET -

S prs

observable

o [arXiv:2403.02/93] Diff. XS measurements for events with MET+jets (ATLAS)

o Aim to be as inclusive and model-independent as possible

o Simultaneous measurements in MET+jets and charged-lepton+jets final states

— 9F ' amas | ——Dmaa) 3
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5 f e 5
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https://arxiv.org/abs/2403.02793

GOing granular [Rates — Distributions] ZﬁTﬂ' =0 ET —

o [arXiv:2403.02/93] Diff. XS measurements for events with MET+jets (ATLAS)

o Aim to be as inclusive and model-independent as possible

o Simultaneous measurements in MET+jets and charged-lepton+jets final states

el EREE L -..'-"..l.,,.'_f% .. ‘.. 3 Y : . f'!.
o Ratios used to search for BSM ‘Dark matter interpretatidh,

A1025 lllllllE ;1200....,..,........,...
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Excellent focus on reinterpretation! (HEPdata, Rivet)



https://arxiv.org/abs/2403.02793

EffeCtive ﬁe l-d th eo ry ( E FT) Same principle applied to particle physics

Complete theory: map of mountain range with details of cracks in the rocks :
SM |
:
I
i
€ 1 i
Ao : New Physics
E < ELHC E > ELHC
Short-distance,
high-energy Contact interaction,
Hiker does not need this level of detail §1000000000 g lower energy
C
e Introduce 10m grid on terrain and use average values for each square Y| > H N H
6 a a, v
g 1200000000 X o oF = |H |Gy, G

SMEFT: (almost) model—independent way to probe BSM physics

L’EFT—ESM+Z (5) Z/\z /(6) ZA3 ;" + Z/\4 ,(8)+...

Measure Wilson coefficients, C.

Effective theory: discard information with length scale below some cut-off e Deviations from zero are smoking gun for BSM — And tell us where to look!

e But capture relevant physics



SMEFT interpretation of STXS

[arXiv:2304.05742] (Sub. to JHEP) Interpretations of combined Higgs measurements by ATLAS, including SMEFT

e EFT operators affect event kinematics as well as rates — STXS provides good framework to constrain Wilson coefficients

Impact on observables...
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https://arxiv.org/abs/2402.05742

SMEFT interpretation of STXS (ATLAS)
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[arXiv:2304.05742]

EFT affects distributions as well as rates!

e Extends upon Kappa framework

e Use kinematic information in STXS

Simultaneously constrain 19

types/directions of BSM physics!


https://arxiv.org/abs/2402.05742

Putting everything together

SMEFT is a fully consistent expansion of the SM — correlated effects between different processes

[ r—

Standard Model Total Production Cross Section Measurements Status: October 2023
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Legacy LHC result: ultimate SM consistency test is likely to be a global EFT fit

JHEP 04 (2021) 279



https://arxiv.org/abs/2012.02779

Global EFT fits

e And efforts have started...
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We must understand the limitations + implications of this approach on both theory/experimental sides: LHC EFT WG
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