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CMS data analysis & prospects for Fcc(-ee)

R. Schofbeck for the HEPHY CMS Data Analysis group
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LHC HL-LHC

e

13.6 - 14 TeV

energy
Diodes Consolidation
cryolimit LIU Installation

splice consolidation

7 TeV . 8 Tev button collimators interaction inner triplet ) HL-LH(_:
R2E project reglons Civil Eng. P1-P5 pilot beam radiation limit installation
Precision
- 2013 | 2019 | 2020 | 2027 IIIIIIIﬂ» s £
x nominal Lumi nggs aCtOI'y

5075
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS
beam pipes

: ) ) : HL upgrade
nominal Lumi w ALICE - LHCb . 2 x nominal Lumi

75% nominal Lumi | I/_— upgrade '
30 fb! 190 fb™ m integrated 3000 fb™

luminosity LR %
HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY - PROTOTYPES / CONSTRUCTION | INSTALLATION & COMM. ” H PHYSICS

| HL-LHC ~ factor 10 more data
Higgs p,» substantial detector upgrades
discovery! 3 ab! (next talk)

— Run 3: double data set >300 fb-! 2
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t ¢ t
top quark .
SUSY  operties (this talk)
W,Z
0 | /
R4 displaced Higgs
signatures production
\
Inter- S I
pretation

(next talk)


https://arxiv.org/abs/1312.4175

daw <z Production of a H —bb with W/Z A
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300 fb™! (13 TeV) Vh( - bb) @LHC
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o mm W+ W+b - wWW :
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JHEP 06 (2023) 077

— Probes fundamental SM couplings in presence of large backgrounds
— Combine H—bb channel in boosted and resolved reconstruction

— Tightly constrain the anomalous couplings of the Higgs boson to the SM fermions
— Complementary measurements are needed! Within CMS: Take a global view with EFTs.
— Also a resonant search in X —YH(bb) probing extended Higgs sectors


https://inspirehep.net/literature/2141291

Oaw 2z t-quark couplings and gauge bosons A
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g t 0
Combination [JHEP 05 (2021)29257]
7 G P T e 1 41
Combination
g E 5__ :Ienstﬂt 10? i ?:D
o i —— 68% CL o |
— -lc-c* “'< — 95% CL ) i 2 . .
& t = 8 10 % > including
o) =o o
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oo I > =3
o I o —21
o I 10™" 2 \
-5 \
g 7 - | top quark \
04 -02 0 02 04
q > o AN S 0533:11*'22)”\2 [Tev2] @ LHC
0% —4 —9 o 2 4
. TeV2 /A2
Y 1%t and 2" generation o [TV
. flavor-diagonal
q < W

— Combining different sectors results in tight constraints on deviations from the SM

— top—Z coupling, top—light quark coupling, gauge-boson couplings
— Resolve BSM flavor structure of the top quark-gauge boson couplings
— Complementarity with B-physics precision observables



https://arxiv.org/abs/2101.07273
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zm  FCC-ee luminosity & energies
Z WW ZH t|t
— }z (;8-94 GeV) i l | FCC-ee (2 IPs) Y | —

(157-163 GeV)

[ ]
HZ (240 GeV)

(250 GeV)

FCC-ee (4 IPs)

ILC (TDR, upgrades)
CLIC (CDR, upgrade)
CEPC

[ L

150 200

[Physics briefing book]
[2020 strategy update]
[P5 report]

250

300

14 year FCC-ee programme
150 ab™* at Z pole

10 ab* at WW threshold
5 ab™* at HZ threshold

0.2 ab™* at top-antitop threshold
1.5 ab™? at c.0.m of 365 GeV

mz
Iz
sin2eg
1/agen(m3)
R
as(m2) [from EW]
OPad
N,
Rp
A%, 0
AR
T lifetime
T mass
T leptonic (uv,v:) B.R.
mwy
Tw
as(m$,) [from EW]
Nu
Mtop
rtop
Aop/Aidp FCC-ee stat
ttZ couplings Ml FCC-ee stat+syst
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FCC precision gain

cumertncrabty  Cae ncaainy
EWPO observables:
x10 —x100
precision gain [link]
from Z-pole


https://indico.cern.ch/event/1085318/contributions/4596842/subcontributions/355390/attachments/2361599/4031532/Blondel-EPOL-WP2-2021-12-09.pdf
https://cds.cern.ch/record/2691414/files/Briefing_Book_Final.pdf?version=1
https://cds.cern.ch/record/2721370/
https://www.usparticlephysics.org/2023-p5-report/

« Feynman diags: Recent/ongoing work

t b/t
W . .
8 z Z * Impact of FCC-ee runs on precision
_ ot b/t 38 €, €Qq CeD ¢ Z

tr £ &1 @ 7 e . measurements in various areas
X T N : [2404.12809]
R t < 1 TN o e B m
h \ \\\h
—_ — 68 / ‘
qX ¢ o // we are here (LEP + LHC Run 1)
& |
q t cld HL-LHC + Fcc-ee (91)
& Factor 2-3 by lumi-scaling
CQu
iy HL-LHC/FCC-ee (91) + FCC-ee Higgs run
o Game changer for the Higgs + EWK sector

Including 365 GeV run
Precision physics from top quark
pairs at the production threshold

* FCCee probes the Higgs & EWK sectors

* Most concrete projections are recent
+ Factor > 10 improvement in a wide range

—#— HL-LHC + FCC-ce (91 GeV) —#— HL-LHC + FCC-ce (91 + 161 + 240 + 365 GeV)
~@— HL-LHC + FCC-ce (91 + 240 GeV) .


https://arxiv.org/pdf/2404.12809
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Recent developments much beyond incremental improvements

1. Precision top mass measurement using energy correlators

[2311.02157]
— Excellent theoretical control on (top)

— Tracking based measurement at HL-LHC in boosted hadronic top

— Collaboration with UNIVIE

2. Developing ML tools (gNNs) for measuring subtle
decay patterns in hadronic final states (pro (109) 0760121

— Extract EFT coupling modifications
— Candidate for FPGA/trigger dev. with HEPHY/ML-group

decay
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https://arxiv.org/abs/2311.02157
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.109.076012

OAW = Summary A

—
=7 HEPHY

—There is a rich Higgs+tEWK program at a future lepton collider
— Almost all ongoing activities relate strongly to future opportunities

—Many synergies among Th./Exp./Det./ML — input for Austrian contribution
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« Non-conventional signatures gained momentum in Run 2

* LLPs are predicted in many BSM scenarios [ref]

Example: Dark sector portal predicting mixing of SM H,

* Decays mediated by heavy neutral leptons (HNL)
* Nearly mass degenerate states (e.g. compressed SUSY)
» Small couplings to SM particles (e.g. dark mediators)

AUSTRIAN
ACADEMY OF
SCIENCES

e Long-Lived Particles

leading to displaced dimuon pairs

10714 L

€=108

100

SRO2
S

[D. Curtin et al, 2014]
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diséppearing or

displaced kinked tracks

multitrack vertices

non-pointing
AN | (converted) photons

displaced leptons, /

2 ."-:.-};:"\-v
"\ \\.::‘-.,.’
emerging jets
lepton-jets, or ‘ ya

lepton pairs

trackless,
i low-EMF jets

/

quasi-stable
charged particles
multitrack vertices in the g Q
muon spectrometer

>

» We focuses on displaced dimuons

* In collaboration with UCLA

* Branching ratio, ct, L, are all Sf}on;gly
model-dependent

A generic, mostly model-independent
search strategy -


https://arxiv.org/abs/1903.04497
https://arxiv.org/abs/1412.0018

C") AW Displaced dimuons EXO-21-006, accepted by JHEP 'NM/
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« STA: only use muon system

. Muon detectors (r = 4 m)
‘ « TMS: STA + tracker information

(13 TeV)
S LI B IR RLRLE IR IR IR IR
agn.’ s CMS simulation -
9 AR — N A S — ]
/ 5 ¢ : —f— ‘ ]
0 0.8 : —_
7 : g . . ]
\ S 5 g 0.6 - 0—XX—pp+anything N
— .. Tracker (r=1m) Sy b AT g
: : £ 04 _‘.‘ . 4 STA-STA b
A z
. . . . . H 0-2:' l' .\‘ ]
Search is done in 3 categories within and W N 1 ]
L [
beyond the CMS tracker: % 50 100 150 200 250 300 350 400
Ly [cm]
o M- M maximize decay length coverage

* Double muon triggers relying on muon

system information alone

13


https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-006/index.html

OAW Displaced dimuons g

SCIENCES 7//‘. HEPHY
* Signal: isolated muons with large d, and L, significance, clustered in m,,
« Backgrounds evaluated using data in dedicated control regions
61.3 b (13 TeV) 6 97.6 fo' (13 TeV)
c BT T T T T T T T T T T ) = 10 i U
e = CMS & Observed (total: 16 events) : g 10° CMS 95% CL upper limits:
~ aoE —— H-5Z,Z,(20 GeV,e=1x10%) x4 = — Combined observed
1% C STASSTA — H—Z,7,(50 GeV, £ = 4 x 109 x8 4 3 10 m, = 125 GeV - - Combined expected (median)
c - I Drell-Yan (predicted) 3 TO m, =40 GeV [ Combined expected (68% quantile)
G>J 25 QCD (predicted) . N 10° B(Z —spp) = 0.134 Combined expected (95% quantile)
L N 22 Stat. uncertainty . <) > D - - STA-STA expected (median)
u Total bkg. (unbinned): 6.3 *%* events ] —= 10 . == TMS-TMS expected (median)
20 ~3 g < 10 - - STA-TMS expected (median)
15F = ?T, 1
B akasss . ° 107
10BEEae: E 107
q: = 10°°
T S e e ot 107
() T e R o O OO R QO -
60 80 100 120 140 HO=— S P E——
My, [GeV] 10~ 10 10 1 10 10 10° 10 ég[cm

» Combination of categories — sensitivity to a wide range of ct from um to km
* Excluded BH—ZZp) >104-10°, depending on (m,p, cT,p)
* [Accepted by JHEP]



https://arxiv.org/abs/2205.08582

)

—— ATLAS [PRD 99, 012001]

OAW cme Displaced dimuons EX0-21-006, accepted by JHEP M"/
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* Research initiated ‘from scratch’ in 2017,

now a legacy result ) \
. CMS suppi 97.6 fb (13 TeV
* Today: State-of-the-art reference for displ. p =10° e e —eeemar v e
. . . S sF m,=125GeV —— Combined observed
* pioneered triggering, lepton ID, 107 " 20 Gev — CMS (arXiv:2112.13769) (101 fb)
and background suppression methods '},1 0* b BZ,—un) = 0.143 — ATLAS (PRD 89, 012001) (329 fb7)
» World-leading constraints for long-lived 510°
dark photons in most c7 (superior wrt ATLAS) ne10° -
)
. 10
 Early Run2 related efforts (IFCA, Oviedo) v
now joined el N
* PI Alberto will join CIEMAT on a tenure-track | &10°F \ """ o722 oo
oo .7 . Sq40-3 Zplp) =0.01% -
position ” Atraccion de Talento Investigador S R
. . . 10 o BHSZZ)=0001% .
de la Comunidad de Madrid Modalidad-1” %185 T
Will continue to be involved : - 10° 102 10" 1 10 10° 10° 10* 10° 10°
[Physics briefing] ct [cm

IN ACDETEGTOR FAR, FA*R AMAY: N
SEARCHINGH FOR E<LUSIVE L O«NG -

LIVED TRAVELLERS BY TRACING
PAIRS OF MUONS



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.012001
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-006/index.html
https://indico.cern.ch/event/1225824/#10-displaced-dimuons-run-2-ana
https://cms.cern/news/detector-far-far-away-searching-elusive-long-lived-travellers-tracing-pairs-muons

Saw e Displaced 2p triggers in Run 3 A
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* Used Run 2 experience for new HLT paths for Run 3
1. Remove beamspot constraint in pr measurement at L1 (with UCLA)
2. Lower py thresholds at HLT (p> 23 GeV in Run 2)

Signal Efficiency of Displaced Dimuon triggers in Run 3

3. Prompt veto Sample : 2mu2j, m =125 GeV, m = 20 GeV
g 1=
S L
k=) | ——=—— Total Run 3 signal efficiency (OR)
A E | e @ Run 2 signal efficiency
pT L2 double muon (23, 23) c—g 0.8/ ——=—— HLT DoubleL3Mu16_10NoVtx_DxyMinOp0icm v
23 GeV (Also available in 2018) 5_’)’ | ———=—— HLT_DoubleL2Mu10NoVix_2Cha_VetoL3MuODxyMax1cm_v
e —
L3 displaced double muon (16, 10) B
0.6—
L2 double muon (10, 10) + prompt veto B
(both pp and cosmic seed variations) n
10 GeV —— B
| l 0.4—
| | > L
0.0lcm 1cm d0 |
— Displaced dimuons in inner tracker (d0 > 0.01 cm)
— Displaced dimuons in muon system without T N
| II\I\I\| | II\III\‘ | IIIIIII| -------------

prompt muons in tracker (d,>1 cm) 0
107" 1 10 10° 10° 4
factor 2-4 gain in signal efficiency (depending on c7) Grup ]

— Potential top-up with 2022 data (38 fb-! recorded)
16
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* Originally hoped to solve the
hierarchy problem and provide a
DM candidate

* Involvement since Run I in final states
with jets, leptons, and Emiss

* Remaining parameter regions are
“compressed mass hierarchies”
* DM coannihilation
* Soft decay products from decays of
top squarks with small mass gap

* Focus on 4-body top squark decay, 1€
— Boost sensitivity with high-p; ISR jet
— Target very compressed scenarios

AlTl:rnstop_ m ygp < My

e Collaboration with ELTE

A
-7zt HEPHY
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Am = m(7,) — m(¥Y)

PPN

N

A

m(f,) [GeV]

17
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: Compressed stops

OAW
=

* Search regions, generically defined
* lepton py,my, E;™ss, Hpand ISR jet py

 Extend to long-lived scenario for
Am(stop, neutralino) < 30 GeV

« Higher lepton impact parameter ~10cm
« Common strategy with prompt search

 Pushing the limit on various fronts
Finer search region binning
Reducing jet p threshold
Improved QCD estimation
Dedicated ”soft” b-tagging

New low py electron reconstruction
down to 3 GeV (first SUSY search with
pr(£) >3 GeV)

O L=

 Should conclude this year

Number of Events

Data/MC
?

) [GeV]

Am(ty

T T T
== Z(v,v + Jets)
signal (T2tt_500_450)

T T T T T T

Bt B W(LY) + Jets (HT)

. T BER===
BN QCD (HT) [ Others

« data

Signal & Bkg in Signal and =
Lepton p;, my,
C;(MET, H; & ISR p;)

Control regions.

35.9 b (13 TeV)

10° = 1
-l o o~ = ~T o _—
100[pp — TT.T — b1 ) NLOSNLL excl. 2 o 10 pp — 11T~ bff 7 NLO+NLL excl. @
==O0bserved + theory uncertainty = S, ==Observed + theory uncertainty c
90 z:: Expected, median & 68% 2 Dr‘- 901 ::: Expected, median & 68% 2
i o 2 5]
D = g @
Sur 7} £ E 7]
5 3y § 1 10 @ E —10 @
70F \ LW 18 < g 1 8
E o\ Y S B ] pu
= i . — b c
6of t ) s 60 ] S
= |4 1 = C i =
sof Bl E 50F- E
- Y\ = E -
E =1 C =1 [
40 ¢ 3 40 | R E
: 3 § ;Red ucing J E %
30f : 1 3 softhreshold f 1 3
E - Lo , (@) C O
20f //optimizati : 2 20 :_30 to 20 GeV. °
2 " expected limit. 0 E | | | 2
-1 11 L1 [ L] 111 I N | N Wt -
0300 400 500 600 700 800 ° 10500 400 500 600 700 8o °
m; (GeV) m. (GeV)




2 - INeW project: Soft vertex analysis A\
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« Explore DM co-annihilation scenarios

for AM from from few GeV to few tens of GeV
+ well below the compressed top squark search
* Bino-stop [1408.4662], Bino-wino [1506.08206],

INSTITUTE OF HIGH ENERGY PHYSICS

Singlet-triplet Higgs portal [1812.04628],

Extra-dimensions and composite models [1702.00750]

« Extend exp. signature to even softer decay products
« E;™ + ISR jet with addition of soft displaced vertices

* Make use of objects to their limit of detectability

 Use displaced vertices up to a few cm’s displacement
Tracks with pr > ~0.5 GeV, DV with at least two selected tracks

ISRjet :

Compressed top squarks can “only” go to 3 GeV

* Unprecedented at LHC

Stop decay in bino-stop scenario

b

f
P [ F
-..-.-'__.-- ., . !

.. D0
"X

- . =0

Q00000

b
Decay width vs AM in bino-stop scenario

10-°

10~%t Uncovered -
AM range s 10-°

+1073

410!

Displaced Vertex range |1

4108

10 20 30 40 50 60 70
M; — Mg [GeV]
1

cr [cm]
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https://arxiv.org/abs/1408.4662
https://arxiv.org/abs/1506.08206
https://arxiv.org/abs/1812.04628
https://arxiv.org/abs/1702.00750

OAW Soft vertex analysis: Status W/
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* Feasibility study shows we can close sensitivity
gap left by existing searches

« Experimental, closes the gap between “mono-jet”
and E;™ss +ISR+soft high-level object signatures

* Plan for the start of project
— ML techniques for both track and DV selection
— Use both Run 2 and Run 3 data
— Use existing MET triggers

— Make use of pixelless track reconstruction
improvements in Run 3

« Hired Postdoc + PhD (FWF)

<7 HEPHY

—
1<

12

AM(t-

35

30

25

20

15

10

Expected limits @ 95% CL ({s = 13.6 TeV, 300 fb™):
Prompt searches ET™ > 700 GeV (zero background)
(ct < 0.1 mm) ET™ > 800 GeV (zero background)

EX™* > 800 GeV (non-zero background)

Direct detection searches
(ct>1m)

lll1llll]l(ll[llﬂlllflflfflT

lllllllllllllllllllllllIlllllllllllIl‘lllllllllll
500 600 700 800 900 1000 1100 1200 1300 1400 1500

M() [GeV]
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« Framework to fully exploit the many new LHC search results

* A tool for quickly comparing a theory with
a database of experimental results

* Decomposes theory automatically into
simplified model spectrum

— Matches against results, obtains new limits

(SLHA or LHE file)

A
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1

(wYIGIM pypi package 2.2.1 | € launch |binder

18 Oct 2022: SModelS version 2.2.1 available (what’s new)

10yrs onwards, database contains results from
>100 CMS and ATLAS publications

SModelS: a tool for interpreting simplified-model results from the LHC and its application to
supersymmetry

Sabine Kraml (LPSC, Grenoble), Suchita Kulkarni (LPSC, Grenoble), Ursula Laa (Vienna, OAW), Andre Lessa (Sao Paulo
U.), Wolfgang Magerl (Vienna, OAW) et al. (Dec 15, 2013)

Published in: Eur.Phys.J.C 74 (2014) 2868 - e-Print: 1312.4175 [hep-ph]

pdf & DOI [= cite [F reference search %) 170 citations

A
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Compare
with Experimental Limits

Decompose
full Model

https://smodels.github.io/

Match 22

with Experimental Results


https://smodels.github.io/
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* New feature: Can now combine several results to a single, more constraining result
* often results in ~ 200 GeV gain in terms of exclusion
* some approximations necessary

Observed exclusion (new result)
pp—>§§l §_>qq~(1) \/§=81 13 TeV pp— 34, §—qax] Vs =8,13TeV
Exclusion Limits (r=1) LetT T N E sl ;xi}fon I;i;nicts (r;l)t_ ,o? T TN .
L75F — Best Expected Combination //’ \: 1 ;; - ATL AS?SUSY-2016-07 i
< —- ATLAS-SUSY-2016-07 e | 150F — CMS-5US-19-006 |
L50F —  CMS-5US-19-006 / | 1asp TR ;
- CMS-SUS-16-033 ol : Ll i
125 i ' |
| 0.75} i
i I . l
e ' 1 SModelS finds ,
0.75 ' | best 025/ i
' | combination .
0.50 i
. | based on
0.25} . 1 expected
1
. | exclusion reach

0.5 1.0 15 2.0 25
mg [TE!V]
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* Meta-Analysis of 1321 SRs across all analyses
— SM hypothesis: significances ~ N(0,1)

LHC posterior (meta analyses)

300 A . 8 TeV [-0.10]
— holds true to a remarkable degree 13 TeV, £ < 100/fb [.16)
ev, L> fb[.
— no reproducibility crisis in LHC physics! 230 —_ :3e1r-a;esf of :?Sglu:s(,);]
S AESRTPEN standard normal
200 1 '
* next update: SModelS v3 P
— >1000 signal regions from > 100 publications 20
— going beyond SUSY-like topologies 100 -
— Cover more general, graph-like topologies N
— SModelS v3 will cover most of the
amenable theory landscape 0 L s
-3 -2 -1 0 1 2 3

significances

this plot contains 1321 SRs from 75 analyses

A iat ducti -Pari ' ' Non-Z, Decays
* Resonant Production ssociate production R P;%ys 2 y ?

24
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Measurements, EFT
interpretations, and machine-
learning



BAW = Catchmg new physics by the tail
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@ c . what if BSM signals
f?'_’_ 105 “ scale / separates : are out of re e?c ho
' % 10 EFT from BSM regime = :
& 10°
102§ : ¢
10 Sty = :
10! - :
Qﬁ\ i 10" interference : |
b S S 00 200 300 400 o 20
_ -m{en} [GeV]
q q : ' —
T . 1 e i q R
b f S g _ < symmetry s <—"effective Z
q q E q— L\/\f% / —{ demands E description"
E (—] e E q ) 67 M? t
IR scale Weak scale — SM effective theory A=1TeV UV physics Log E
e.g. flavor physics =101 m EFT validity = 10" m



C")AW == The SM effective field theory A
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« SMEFT is long known, but in recent Anomalous couplings & new interactions (tiny selection!)
years gained strong momentum : A

» Keep SM particle content W W h 7
» Add all possible modifications - TToT h-- -=h

keeping SM symmetr1es intact

ﬁeff:£(4) _I_ZAQOGm—I-hC \
/ b/t t b 6

3 =
N

+
—+
o
>'<§
t+
oy

— SU@3). ® SU(2),QU(1) t R 5
— 59 operators at d=6 \ e J
[JHEP10(2010)085 ]
R q ta 1k
 Important simplifications in the o C o C? 1
predictions: quadratic polynomials + = 0"+ 50 gt
' A2 A4
q t q t



https://arxiv.org/abs/1008.4884
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* Involvement in measurements of cross sections and ¢ FrEEE o R
top properties since 2017 SOr e ERwme 2 —FPyhes it

P PTop = SN | Gowp oteww e

Originally a SUSY background, we started SM et s by A AR g ~+ Observed
2 =-0.45 (A/TeV)®

measurements of the ttZ process T hannel 4o
[JHEP 03 (2020) 056] 5

P;(¥)
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 Latest result: tty differential cross section

* SM measurement in the 1£ channel
[THEP 12 (2021) 180]

* EFT effects appear in highly energetic p(y) tails

e Y7 . . . 17 . :
* Sensitive to “electroweak dipole interactions p, (1) [GeV] b T o300 40
p.(v) [Ge

-t o
N o
i

Obs./Pred.

o
@
TT§IT
|

Pred./Obs.

cOo aa
[N PN SIS

* Best current limits! cMs sy

0.6

° CMS [PhYSI CS Brle fin g] [ Dilepton & t+jets combination 3l N o s 775 2

* Combined with 2£ channel (UGhent)
[ITHEP 05 (2022) 091]

CMS 137 fb" l'fy(tj ts)
1014 cy JHEP12(2021)180
cmsmm
112 dilepton Iy(lh sult)
combined with {+j t

cy [(MTeV)y]
0.4
s
'IOU

0.2
T

110 Global it
_______________________ .JHEF‘(M (2021) 279
nnnnnnnnnnnn

0
T

* Run 2 legacy result
e tty project finished in 2021

CMS 775 fiz
JHEP 03 (2020) 056

CMS 137 fo ! fly (t+jets)

CMS‘\35|b

-06 -04 -0.2
T T

SM - - 68% CL ]

E dilepton only uh sult) /
@ Best fit — 95% CL nivjl

combined with t+jets

8
6
TH4 Ctlz JHEP 12(20211 180
2
0

- R S
95% CL interval [(/\/TeV)z]

1 1 1 1 1 1
06 04 02 0 02 04 08
cz [(NTeV)?]


https://inspirehep.net/files/528c69ea81f06a852867a141d6fb9985
https://link.springer.com/article/10.1007/JHEP12(2021)180
https://cms.cern/news/top-quarks-energetic-light
https://link.springer.com/article/10.1007/JHEP05(2022)091

daw s EFT Flavor structure of the Z coupling A
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* New project on Z-(top/light quark) coupling in multilepton (3 or 4) final states
* Resolve flavor structure of BSM effects in the top-Z couplings and the light-quark/Z couplings
* WZ and ttZ are mutual backgrounds

* Resolve ambiguity by simultaenous meas.
in WZ/ ttZ [ and ZZ selections

t AN J\NW AN J\NZ
| |
< i g g My

* Status: Signal regions, sensitivity, strategy done
* Background estimation complete
 Signal generation ongoing, expect first approval stage this year Limit combination

60 fb' (13 TeV

g ‘F z
= E R 1 =
138 ™ (13 TeV) 138 0™ (13 TeV) %5 o= o Besti .
“-l_ﬂ 600 T T T 1 | T T 7T | T T T I 1T T 177 ﬂ | I | | | | I ’ | ‘ 7 E SM 140 C}]
3 : 4-Data [l Nonprompt 1 & L e ok — 68% CL
m wx ez 4 > E — 95% CL 120
L wz tZq ] L WZ .Nunpm C
| Wwz [ Triboson | E 100
400 L .22 i Total uncertainty i 4000 B .zz ] E
L i 1 e .nz _13
200 [ E
L . q _2:
8 S000k B | 5
- e N B
1.5 E I I ! —: I §T¢ml rainty | 4:
R ) E
05F — L i C
- ! ! - 4 sl ©q
0 50 100 150 200 %_[ »»»»»» ) . .
Leading lepton p_[GeV] 0, 200 —— 4(|)O — HOW can we Optlmlze EFT
Zp, limits with ML? 29
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Q: How can we
optimize EFT
sensitivity optimal
with ML? classifier
r(x(6,00)
* Theory answer: Neyman-Pearson Lemma F(a,0) =) 1,()F;(0)

o . C e . eJ
* The likelihood ratio test statistic is optimal ’

¢ But SMEFT has 59 parameters — Can not train in this
high dimensional space Z Z

3(90)
» Exploit that EFT predictions are polynomial 0B jeT

* learn the coefficient functions of EFT expansion

— Faster training than NNs

* New algorithm: “Boosted Information Tree”
[2107.10859, 2205.12976]

* Implements Likelihood-free inference (SMEFT) in trees
* Provides a parametrized optimal observable

* Used in ongoing CMS analysis

« Working on extending the methodology
to graph neural networks


https://arxiv.org/abs/2107.10859
https://arxiv.org/abs/2205.12976
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+ Extended Higgs sectors “two Higgs t
doublet models” from SUSY or other
BSM physics
[review] t
t

* High-mass force carriers similar to the W
and Z bosons : Z' and W’ bosons

[review| b/t

* Massive ”“chiral” colored force carriers, b/t
otherwise similar to the gluon:
axigluons [Mimasu et.al.]

b/t

» Composite sector whose bound states
mix with the SM particles: (right-handed)
top-quark and/or Higgs compositness
[review]

New Forces between heavy quarks? A

<7 HEPHY
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A/o
7'/ W t
I/ t
T~—_1%
WL t
o
Test for EFT
effects in a
tttt and ttbb
final states
X
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https://inspirehep.net/literature/902365
https://link.springer.com/article/10.1140/epjc/s10052-019-7062-3#Sec2
https://inspirehep.net/files/cf63c8914a3634f9ac22d52c3e7bf581
https://arxiv.org/pdf/1506.01961.pdf

[EPJC 80 (2020) 1085, arX|v 2211 01136] ATLAS

Oaw <z Four top quark production
* Extremely rare process (SM: 12.2 + 2.2 (scale) fb); Measurements exctract inclusive cross section
+ + 20 4.1(4.1)sd. 17.6 +§-§ (stat) T28 (syst) fb
fipg  Ouii =22.57 3(stat) T34 (syst) b = 22.5 755 fb 3¢ 35(3.0)s.d. 19.4771 (stat) 2 v 9 (syst) fb
44 0.0 (0.8) s.d. —
6.10 (4.30) expected, consistent with SM at 1.8c Combined 5.5 (4.9)s.d. 17.9 37 (stat) 124 (syst) fb

JHEP 11 (2021)118 [2303.13937] [TOP-22-006]

> T ]
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= . +lig S 5 ’ 1 =
2 O 1 8 Signal regions Cttez1c Mft+x1b ] ~ 25 ENT ;:"6 -tl::-lt c DEEISID - 2 0 1 8 S CMS t |?_ata Background
2L0S28j24b [non-tt 7~ Uncertainty - - ost- W Mat. Conv. [EHFe ] (o] Prelimina I it Total unc.
. ] L HF 3 10°F y
Post-Fit *: normalised to tot. bkg. | £ =0°h“’ My E ML e
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& " Uncertainty : g i
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-05/
https://arxiv.org/abs/2211.01136
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-21-005/index.html#AddTab
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-003/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-21-005/index.html#AddTab
http://cds.cern.ch/record/2853304/files/TOP-22-013-pas.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2020-10/
https://arxiv.org/pdf/2303.15061.pdf
http://dx.doi.org/10.1007/JHEP11(2019)082
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( )
* New FWF project with UGhent + UNIGE (F. Riva) cvest o o -
features i s i 8
— CMS 4-top discovery part of the project (UGhent) = =
. . S o S5
— ML-assisted analysis strategy, = dg
combining 1¢, 2¢0S, 20SS, 31, 40 i : A
z 3 ks tEt
1€, 2€0S are the pivotal regions for 3§ (2
tttt/ttbb disambiguation & SMEFT interpretation graphNN =18 [EIN i s
- 3
« Large BR & large overlap with ttbb z [LSTMS
dilepton same-sign dilepton opposite-sign
3 lepton
4 lepton hs-1stm
§ [—= . =, | Coefficients of parametric “optimal
. SR e e 1 observable” using gNNs & full jet vector
lepton s [ 1
5 'F EFT effectsy = I
1 lepton 2 [ . ] 0.0100 P - n("a';:\um
20" NTITT 4wl P N g,
* Developed a LSTM/gNN based multi-classifier :
using the whole jet system (+20% efficiency) =re R
» EFT sensitivity: Learn the SM-EFT effects e s T
k brjets. htb )
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. erre . <10 CMS Prelimi 138 fb~! (13 TeV)
[ ] EFT Shapes 1nterest dlffICU|t mOdeIIIng Of '-'1:0 V: :;;:;g;%gsws i ;'E:B;%::‘:é:;ips
. (3 4 N Powhe::H7ﬁ5FS v MstMc:Pag'.;ezsmxst
* tt+bb studied mostly in SM bb production s [TOP-22-009]
“generator-tuning” context and as bkg 20— A
4 4
— “‘
[Mimasu et.al. JHEP 11 (2018) 131] b e TE e
« 1.25F ]
5 b I I S .3
(1] Q0000 . 4 o 'o‘"' vc.q +. v * 4
S SM only ¢ =075} ‘ ) v, . T
< ’ Phase spaj&gozejels: 21?)0 . 800H$ [Ge:/cioo
b SM + EFT
soTT—>——t C:)b =10 TeV? A
| QNS S LA g ) e e 378 107 (13 Te)
SM + EFT §ms: =§;E“9“”- =L‘1°VEV 5" [ postfitunc. ==1f + light .
| —/ rl _ -2 e G, T ibb
i Cl, =20 TeV o EW = S — K
510‘——7221 Run I o é s[ ==t — 1z
@ g+ Paa@unl 3" F == Bt
E. T ._!_'_!—— " I ; .
0 0.5 1 15 2 2.5 210°g
z

sum of jet momenta - H; [TeV]

102

« complementary EFT information to tttt

 Status ;
. o 'F T \ E -
« EFT search strategy & systematics done L OOV Bt ]
» collaborate with KIT (tt+bb) 80'55_‘ "1[‘10"‘é[‘m‘"560"‘11[‘10""5[‘]0"‘510 ng_Z;‘ el
pT(Ieading jet) (GeV) 0 2 4 6 8 10

* signal generation is next 2 4t



https://arxiv.org/abs/2003.06467
https://arxiv.org/pdf/1909.05306.pdf
https://inspirehep.net/files/cf63c8914a3634f9ac22d52c3e7bf581
http://cds.cern.ch/record/2852880/
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[Y. Wang et al. (2018) .. Gouskos, H. Qu (2019)]

"z GraphNN for lepton ID

» Adaptation of ParticleNet algorithm used for jet tagging in CMS

‘ PFCand features

IN

ll"""'h"/
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SV Features ‘

Feature
Convolution

. . e . Point cloud
— Fully exploit data on activity around the lepton candidate
— Treat particles around lepton as point cloud: L@
. . . . TS !
unordered, permutation-invariant set of particles Iy
— Learn particle correlation with EdgeConv operation & DNN
— Prompt, heavy-flavor, light-tlavor, fake categories
* tight ID + Mini-isolation *  Fallv2WP90_nolso + Mini-isolation
v tight ID + PF isolation *  Fallv2WP90_nolso + PF isolation
© 1 : © 1=
© - — Fakes ” O = - —— Fakes I e
= s Fakes Top MVA ID JAVART)] ons % ......... Fakes Top MVA ID eCctFoOns
g — —— HF hadron g g | . —— HF hadron ¥ .
o [ HF hadron Top MVA ID SR B HF hadron Top MVA D 4
3 | —— LFhadron 3 — LF hadron }
g’ [ LF hadron Top MVA.ID 2107 e LF hadron Top MVAID .- ff :
B ! * 5 i St
n =5 Y
| s
10° 2
/]
st 107 e /
| B
10—2 1 0.9 L1 I0.92\ 1 \0.94| 1 ‘Olgsl 1 L 1 10—0 75\ [ |0.8\ | |0_85| L \0.9| [ \0.95\ L1 1

0.98
Signal efficiency

Edge Convolution
k=16, C=(64, 64, 64)

v

Edge Convolution
k=16, C=(128, 128, 128)

Lepton Features

v

Edge Convolution
k=16, C=(256, 256, 256)

v

Signal efficiency

~ Linear
Fully connected: ¢ ReLU
. Dropout |
v
~ Linear
Fully connected: P
Dropout
t )
Linear
Output: P o
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https://arxiv.org/abs/1801.07829
https://arxiv.org/abs/1902.08570
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* Probing eight SMEFT operators in
ZH and WH production

— boosted & resolved H—bb
— Higgs tagging: Mass-decorr. ParticleNet

e In collaboration with ETH team

1. Exploit E-growth of 4-point functions

— Unique sensitivity to vector coupling
modifications; better than tt+Z/y

2. Interference resurrection
[Spannowsky, [HEP 09 (2020)170]

— Sensitivity from full angular analysis
(Triple-variable correlations)

— recover CP structure of BSM couplings

s SMEFT analysis of Higgs-strahlung

'll'llll"h"/
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vector coupling modifications

Og; iHT%)”chfy“q
(’)g?} iHTJQﬁﬂH(jaafy“q
Oxu 'iHT(I_))#HﬂR'y“uR
Ona  iH''D Hdgy"dg

OHWB

\Wﬁ\mﬁ NN o
N AN

aTGC/aQGC
H'c*HW, B"
H'e*HWS,B"
(H'H)W,,, W

+ a Trrapv
(H'H)W,, W

W/ com. B Zhcom.

Weighted number of events (A. U.)

200 —

100

><103

- triple- angular
- correlation

hs CHW=1
=1

¢ (weighted using sin(2 ®)sin(26))

36


Towards%20the%20ultimate%20differential%20SMEFT%20analysis
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* Extract BSM effects with Boosted Information Tree
e 1-D & 2-D constraints on ~8 SMEFT coefficients

(13 TeV)
> ‘ T T T | T T T | T T T | T T T | T
3 SR Resolved category ]
s 10° m i Singlet MDY+b =
= WmDY+c MDY+udsg MW+
> BEWW  mwz zZz ]
B 102 —ZH SM —c|;) =1 cio=1 3
8 —Cpy=1 CHd T =1 3
g —c, ~_1 4
Z 10 .
a 3
1 E
107" E
102
400 600 800 1000
pY (GeV)
T
e Status

— Finalize systematic uncertainty

Number of events / GeV

Ratio to data

— learn separately the linear & quadratic terms

s SMEFT analysis of Higgs-strahlung
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. (13 TeV)

I e B B A B

F HF CR Boosted category 3

C mi Singlet MWDY+b

WDY+c MDY+udsg | W+j

10 .

1 E

10" =

1n2

2 ; .

155 4 E

~ e A / ) E

E % 7% 3

0.5H —— 24 E
0%00 400 600 800 1000

py (GeV)

— Finalizing extracting of SMEFT constraints
— FWF proposal: Two rounds with reviewers

 Also sensitive to UV model (Z’ production)

pY (GeV)

g 2r 30
5.0 o =
5E :gg 25 o
1=
comparable to o & 20
ATLAS global fit " F
o 15
—05[
- 10
- 5
—1.5—
23 02 01 0 o1 oz 03 °
cHj3
~ factor 8
better than ttZ
59 7 fb (1 3 TeV)
% 103 :7' T [ 7 T L L 7 T ]
O = SR Boosted category =
E - it Single t I DY+b .
c 10° B DY+c I DY-+udsg W E
> - - ww wz zz .
'S qop —ZHSM |
3 = —Z1TeV —Z25TeV —Z4TeV =
g - ]
= 1 =
107" ] =
1072 5
_3 L A R N ]
10 500 1000 1500 2000 2500 -/


https://cds.cern.ch/record/2816369/files/ATL-PHYS-PUB-2022-037.pdf

Aaw =z Search for X— Y (— bb) H (— WW) wal

SCIENCES 7//‘. HEPHY
* Resonant search for extended Higgs sectors 597 0" (13 Te)
- g stsmr T T
— 3 CP-even Higgs bosons - X, Y & SM h £ g wron :tD vl
. . . . = i + +
— Motivation: NMSSM or 2-real-singlet-scalar SM extension (TRSM) | 2 Boibosonflaco
= - S(PpoX—Y{—bb)H(—lvIv)) = 1o — (1500, 200) — (2000, 200)
3; — (3000, 100) — (3000, 500) |
. . e+ jets
* 18+ets,20+ets,
with TFIR Mumbai 3
 Technology: | —
mass-decorrelated . S ]
ParticleNET tagger g ¢ s ]
$ oo a0 ad0 500 600
my (GeV{,
59.7 fb *{13 TeV)
g g E
* Status: : i
— Sensitivity estimation with simulation & relevant systematics = 2]
. . . . C 1 %é
« Work in progress: Background estimation using data E g%
10"
1500 2000 2500 3000 3500
my (GeV)
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| S‘ CMS 05— 7T T 77
ss @ ko iimisimiin \ best fit
OaW <z Top quark mass |24 sumwrmsn
SCIENCES E_ T ; ~om e I, JHEP 12(2016)123 01F = Z-sigma My, M, a5 envelope
- B 2
I N £ 25 - e s | [Martin, Robertson]
s e . I e sing.le { arXiv:1703.02530 e) -
* Precision M, measurement is HL-LHC target £t 1 e o eoreaeos | o0sf
g 1.5 [
o . = Eusunuanet L
« HL-LHC projected uncertainty of 0.1% 3 £ b _‘ |
. S : -
— with 1% of HL-LHC, only a factor of 2 away 05— L
. . . C \ T R B TR A T T (T S T
— . C 2 4 6 8 10 12 14 16 18
Wlnnlng .experl.mer.ltal strategy. . O Runi 03 ab 14 Tev 3ab’ 14 TeV log,,(Q/GeV)
resolved jets & in-situ JEC calibration on my,
— 380 MeV with 5D LL method r — -
TOP-20-008, no involvement from HEPHY] CAASPretiminery o (13 TeV)
[ ! I + jets 5D: m, = 171.77 + 0.38 GeV | pre-fitimpacts []8+A0 [J8-A0
_ Exp: uncertalntleS: JEC flavor bottom : + + : :.r;u::O.BQ
— response differs for light jets and b jets I R I B I
- modelling uncertainties e =T
— plateau for any myy calibration strategy B I S e
— NOT a pole mass measurement! S| e om
— O(1GeV) non-perturbative uncertainties wesremm| T e E
Review by A. Hoang (UNIVIE) o B e —
JER I |<1.93 _._ g.:: -
* Further improvements require strategic change, o tmorqats| e 0w E
while building on what is known o] M = E
—.2 ;1 0 1 2 - -03 0.2 01 O 01 0.2 ‘_0.3
(8-6,)/A0 Am, [GeV]



https://cds.cern.ch/record/2806509?ln=en
https://arxiv.org/pdf/2004.12915.pdf
https://inspirehep.net/files/0223222b36800160f82654f7a7ec2ea6
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* Jet mass sensitive to top quark mass M,

* Measurement thought impossible after Run I

Caretul calibration of jet mass scale and FSR
modelling improve sensitivity to 800 MeV

[ m=172.76£0.81Gev |
[EP]C submitted], with Hamburg & DESY

* Jet mass (XCone) can be calculated analytically
and allows an extraction of pole mass

— Theory phase space (pr>750) accessible at
HL-LHC (at the moment p>400)

— Can improve on strategy with track-based
measurement

.1in boosted top quark decays
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4 N\
CMS TTTT [T T[T [TTTT]] L B I B B
Prenmmary —e— Stat. uncertainty .Slalistical .Experimental
«— Total uncertainty .Madel Theory | | I |
8 TeV (19.71b") l.i.l
Eur. Phys. J. C 77 (2017) 467 n
13 TeV (35.9 ) -
Phys. Rev. Lett. 124 (2020) 202001
13 TeV (138 fb')
Submitted to EPJC ¢ ‘”“‘h J/
//1 HEPHY
ol b b AT AR AN
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'_|> 0_04_.|‘.“..‘ ‘ww3‘8|b,‘(w3|?w_) 34. L B L B LN B
“’8 - CMS - Data ] : . . CMs. ]
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https://arxiv.org/pdf/2211.01456.pdf

oaw e CMS upgrades for HL-LHC A

SCIENCES 7/1". HEPHY
Improved muon coverage and trigger :Zﬁ' Srr;ﬁ:rif;b"meters
increased RPC coverage (1.5 < |n| < 2.4) Scan reconstruct showers in 3D
new electronics =
[CMS-TDR-016]_ CMS-TDR-019

HEPHY Tracker/HGCal group

Updates to calorimeter
and trigger

higher granularity
electronics for trigger

New precision timing detector
Timing resolution of 30-40 ps for MIPs
full coverage of |n| < 3.0

[CMS-TDR-020]

HEPHY Tracker/HGCal group
New inner tracker

all silicon tracker Upgrade to trigger and DAQ

4 layers of pixels :
: L1 rate increased to 750 kHz
© layers of strips [L1: CMS-TDR-021] High Level trigger rate to 7.5 kHz

coverage to |n| < 4 [CMS-TDR-014] [DAQ/HLT: CMS-TDR-022] Track information at L1
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https://inspirehep.net/files/0e509a7ebc799efe1a6a914c9873d16d
https://inspirehep.net/files/8f82fb529d70aed03e77640c3453d3af
https://inspirehep.net/files/7ed947b22660641ced12fd630f40fa84
https://inspirehep.net/files/f96f925080108949b5cc608ebcf43546
https://cds.cern.ch/record/2759072/files/CMS-TDR-022.pdf
https://inspirehep.net/files/06706ccc57cf0fbd95863a67a750bfdb

AUSTRIAN
ACADEMY OF
SCIENCES

C")AW

« HEP progress often tools-driven

« High-granularity calorimetry
a major opportunity on the
+10 years timescale

* Resolve shower particles 200 PU

* Run-4 opportunities building
on all the HEPHY strengths

New opportunities at HL-LHC

ll"""'h"/
7 HEPHY

INSTITUTE OF HIGH ENERGY PHYSICS

9 x(cm)

Predicted

had. T pair

PU=0

3,

0, 2 (cm)

Truth

< x(cm)

PU=0

— Resolve hadronic BSM effects using state-of-the-art ML

— Exploring VBS in 1¢ with spatially oriented substructure
— graphNNs learning SMEFT effects in hadronic final states

— Inany more

— Start early with building expertise on reconstruction and

systematics

— new PhD (CERN Austrian doctoral program) with E.
Brondolin (CERN) on HL-LHC reco of 7 leptons

~2.3m




