CMS early Run 3 measurement of the tt cross-section
(@ DESY!)

FH Particle Physics Discussion Evan Altair Ranken
13.11.2023 for the DESY CMS group




Flashback: LHC Run 3 begins

5 July 2022:

The LHC raises the bar again,
pushing to 4s = 13.6 TeV

+ Late July:

¢ Ramp-up complete,
~1200 bunches circulating

¢ Physics-ready!

CMS Experiment at the LHC, CERN
Data recorded: 2022-Jul-27 18:33:11.804352 GMT

Cl —
D: 560 GMT _Z8

P Ea rly Se ptem be r: 2 R o b Run / Event/ LS: 356309 / 137565256 / 156
. \ \

¢ First preliminary Run 3 result
from CMS with heavy DESY
involvement

Now superseded by a
publication in JHEP

arXiv:2303.10680

13.11.2023 Run 3 tt cross section at CMS-DESY | Evan Ranken 2



https://arxiv.org/abs/2303.10680

Introduction

+ Questions to address in this talk:
¢ How did CMS and its DESY members achieve this timescale?
¢  Are this and other “early measurements” worthwhile?
¢ What did we do differently with this measurement?

¢ What are the lessons from this measurement?
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“Early measurement”

We will walk through the timeline:

Start of Run 3

= Steps to a preliminary measurement!
= Updates to the publication

= [essons

13.11.2023 Run 3 tt cross section at CMS-DESY | Evan Ranken 4



CMS upgrades for Run 3

BEAM PIPE

Replaced with an entirely new one
compatible with the future tracker
upgrade for HL-LHC, improving the
vacuum and reducing activation.

HADRON
CALORIMETER

New on-detector electranics
installed to reduce noise
and improve energy
measurement in the
calorimeter.

PIXEL TRACKER

All-new innermaost barrel pixel layer,
in addition to maintenance and repair
work and other upgrades.

SOLENOID MAGNET
New powering system to
prevent full power cycles
in the event of powering
/ problems, saving valuable
J time for physics during
collisions and extending
the magnet lifetime.

BRIL

New generation of detectors

CATHODE STRIP
CHAMBERS (CSC)
Read-out electronics upgraded
on all the 180 CSC muon
chambers allowing performance
to be maintained in HL-LHC
conditions.

GAS ELECTRON
MULTIPLIER (GEM)

\ DETECTORS

il An entire new station of detectors
installed in the endcap-muon
system to provide precise muon
tracking despite higher particle
rates of HL-LHC.

for monitoring LHC beam
conditions and luminosity.

13.11.2023

+ Many upgrades done
during the long shutdown

¢ Preparing already for
HL-LHC (Run 4)

Large group @ DESY!
See FH seminar by Andreas

Run 3 tt cross section at CMS-DESY | Evan Ranken


https://indico.desy.de/event/40734/

LHC @ 13.6 TeV

Luminosity collected in Run 3 . pileup by year ,

* TO date, CMS haS recorded N CMS ™= LHC delivered: 73.42 0! CMS B 2023 <p>=52
_1 . 701 71 CMS recorded: 67.37 fb™ 6 I 2022: <p>=46 |g
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60 . E 2017:<p>=38 |,

3 2016: <p>=27
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¢ Successful data-taking at our
highest pileup values yet
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LHC @ 13.6 TeV

Luminosity collected in Run 3 . pileup by year

+ To date, CMS has recorded D oF R e cms = 20z 452

[ CMS recorded 67.37 fb™ 6 I 2022: <p> =46

over 60 fb'in Run 3 |
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¢ Successful data-taking at our
highest pileup values yet

30+

20F

Total integrated luminosity (fo™")
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This measurement targeted only
1fb? of integrated luminosity
From the first weeks of data-taking
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Early analysis targets

At the start of Run 3, we are eager to analyze new data:

¢ First look at new energy frontier, want to test our models by measuring quantities
sensitive to the LHC energy increase

¢ Vital to verify physics-readiness after years of upgrade work & commissioning at CMS
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Why top quark pairs?

tt production dilepton

¢ Involves a wide variety
of particles

lepton + jets

;

|
W+| -~
:/é Jet

¢ Uses information from all

main detector components
e+

¢ Great for early analysis +
validation of new data

CMS Experiment at the LHC, CERN
' Data recorded: 2022-Jul-27 18:33:11.804352 GMT
/’é Run / Event / LS: 356309 / 137565256 / 156

tt event candidate, MW channel

13.11.2023 Run 3 tt cross section at CMS-DESY | Evan Ranken 9



Why the tt cross section?

» As of 2022, the top quark pair production cross section ( o, ) had been measured at
5 energies, of which 4 measured at LHC experiments

10°

10?

Inclusive tt cross section [pb]

I T T T | T T T | T T T |

v Tevatron combined 1.96 TeV (L < 8.8 fo™)

ATLAS combined dilepton, I+jets* 5.02 TeV (L = 257 pb™)
CMS combined ey, l+jets 5.02 TeV (L = 27.4-302 pb™)
LHC combined en 7 TeV (L=5fb™")  LHCtopWG

LHC combined ey 8 TeV (L =20 fb™ LHCtopWG
ATLAS ep 13 TeV (L = 140 fb™)
CMS ep 13 TeV (L=35.9fb™)

O ATLAS l+jets 13 TeV (L =139 fb'1)
A CMS I+jets 13 TeV (L =137 fb™)

T T TTTTI
H <4<+t o

>

* Preliminary

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

ATLAS+CMS Preliminary
LHCtopWG

June 2023

i i.,‘:
BN
L 11

13 13.6
—— NNLO+NNLL, NNPDF3.0 (pﬁ)

1 O | Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 |
- y Mo = 172.5 GeV, OCS(MZ) =0.118 + 0.001 =

C/1 ] ] | ] ] ] | ] ] 1 | ] ! | ! | | ] | L

2 4 6 8 10 12 14
Vs [TeV]
13.11.2023

+ pp = tt measured first by
CDF & DO at the Tevatron

@ /s =1.96 TeV

* pp—tt
measured at the LHC by:
CMS and ATLAS
J/s=5.02,7,8,13 TeV

+LHCDb in the forward region
/s=7,8,13 TeV
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Why the tt cross section?

o+ As of 2022, the top quark pair production cross section, o

had been measured at

tt?
5 energies, of which 4 measured at LHC experiments
'3' E I I 1] T | T T T ( | ] f :) T | T T T | T T T | T T T —
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g |+ CMS combined ey, I+jets 5.02 TeV (L = 27.4-302 pb") LHCtop WG June 2023 ]
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(&] v LHC combined en 8 TeV (L=20fb™) LHCtopWG o
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Limiting factors

+ Cross section measurements boil down to counting events.
However, there are many limiting factors

¢ Luminosity
¢ Lepton identification
¢ Jet energy response

¢ b-flavor jet tagging
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Luminosity

Early luminosity estimates
come from emittance scans
at start/end of LHC fills

double Si
sensors

¢ BCMI1F upgraded for Run 3:
more channels, silicon diodes

ASIC

(joint project @ DESY + CERN)

Cooling
pads

(£€0-2202-da-SWD)

¢+ CMS has multiple luminometers,
which showed good agreement

BCM1F C-shape

Hard to obtain absolute calibration (CMS-DP-2022-038) 0.6 fb-" (13.6 Tev)
w 1.100
. . | CMSPreliminary ® BCMI1F/HFET ® PLTZERO/HFET ® HFOC/HFET Offline
¢ LHC must run in a special i o
configuration once per year: £ 1222 ;
Van der Meers scans 2 7] s : -
B 1000 A g T e D e —
. o 4 . T f“‘?”‘_ “A ’ o e X -,-"-_F-‘ Y _a
(October 2022 + analysis time) goosy T e edd
Q 0.950 .
¢ Emittance scans are short scans E 0.925 -
much more vulnerable to systematic 3 og00l— ; : : . 1,0

uncertainty Integrated luminosity [fb~*]
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Luminosity / Z-counting

4

13.11.2023

Drell-Yan events involving a Z boson
are particularly useful for early calibration

Counting Z= L events as an

independent cross-check on luminosity:
— combine with emittance scan results

— obtain best possible lumi estimate

before VdM scans
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http://cds.cern.ch/record/2851655
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CMS measurement strategy

Channel combination: ey, ee, pu, e+jets, u+jets ~1 fb?! of data

— use information from multiple channels to constrain nuisance parameters in situ

Lepton selection: uniform between e/u and across channels

o p; > 35 GeV forall leptons — constraint of lepton ID efficiency performance

1e2 CMS Preliminary 1.20 fb~1 (13.6 TeV) 1e2 CMSPrellm/nary 1.20 fb~1 (13.6 TeV) le4 CMSPre//mmary . . 1.20|fb‘1 (13.6 TeV)
ey channel BB Z+jets W tfdilepton up channel | Singlet /// Uncertainty single- Pfhan“e' BN Z+jets WM tidilepton
= st Z B Diboson  7//. Uncertainty | . 7+ jets ¢ Data 150 Y, W +jets  pmm tff+jets
Q = B Singlet ¢ Data - 3t mm t dilepton = o == QcD 27+ Uncertainty |
(- 8 K] o m Single t ¢ Data
s @ eu o W1V S 1.001
49 = =7 . = u+jets
841 imi - F] imi 8 0.75
Qg (preliminary) 2 preliminary)| £
> M . 4
L ) B4l & 050 (preliminary)
00 0.25 _
= . 0 0.00 ba—aa
-c - 15 T 515 5 1.5
© ¢ $ 2 b g
Q 210 00 o4& - [ 3 SN 4d -~
— s e e L .0v999++ 510 + 0'v0"1++ll+ ? 31.0 DRI R S R P S )
©
o 0.5 L g L L 8 0.5 L 1 8 0.5 1 1 1 1 | ! !
0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
Lepton py IGev) Lepton pr (GeV) Lepton pr (GeV)
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CMS measurement strategy

¢ Channel combination: ey, ee, pu, e+jets, u+jets ~1 fb?! of data

— use information from multiple channels to constrain nuisance parameters in-situ

+ Lepton selection: uniform between e/u and across channels

+ |D efficiencies depend on lepton kinematics, but these variables are not needed for a simple
cross section measurement IF you don'’t bin into categories with different kinematics

— selection efficiencies €, and €, factorize!

Efficiency correction = scale factor (SF)

. ., . . N
ce yield ~ €, etjets yield ~ ¢ Different effect on different channels:
ey yield ~ €& p+jets yield ~ € — distinguish ID SF from O,

pp yield ~ €p2 — float+constrain ID SF in situ
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Object selection + corrections

4 Lepton selection: A
m pT > 35 GeV

= cut-based IDs (70% signal efficiency)

\_ ported from Run-2 )

4 Jet selection: AK4 jets A
= p;>30GeV
= b tagging: Deepjet algorithm

N J

Designed for early analysis:

. . ibrati )
b tagging efficiency N Jet energY callbrah?n (JEC)
= Bin content follows binomial " Take time to derive on new data
distribution in b-tagging efficiency € = Define hadronic W in lepton+jets channel
with 2 highest p. non-b-tagged jets
Nb—tag 1 Nb—jet_Nb—tag . age
€y ( - €b) — derive coarse JEC, sensitive to large
discrepancies in data/MC
" Floating efficiency parameter in the fit JARN — include additional uncertainty y
13.11.2023 Run 3 tt cross section at CMS-DESY | Evan Ranken
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Jet control plots

" Jet energy calibration (JEC)

Only preliminary calibrations were
available

Compared these with Run 2 JEC to
define additional uncertainty

Still, overall jet behavior looked good

/

13.11.2023
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Fit outcome (preliminary result)

+ Bins:

CMS Preliminary 1.20fb" (13.6 TeV)

10°

# data m it single top 1 Wi+jets
non-prompt mm Drell-Yan mm diboson uncertainty

» Lepton flavor

10*

Events / bin

Ly b jet multiplicity 10
L» Jet multiplicity

10
4 . \
+ | b-tag efﬁCIenCY scale factors : no
\determlned by flt ) %|-8' 6 e (ib) e (2b) | i (1b) (%) | en(0b) |en(ib) on (2b) | esjets (1) | evjets (2b) | mejets (1b) | pejets (2b) b'tag
a 6: 1.4 — ﬁ

* | 6 % Luminosity unc. externalized,

e F T

not drawn
. J
O‘tfeory:9241—2(2)(SC&1€—|—PDF+043)pb NN Ne T am e et e et ias:
4
Postfit (preliminary) b-tag SF determined
Result: CMS-PAS-TO P-22-012 "g|8 1'65 ee (1b) ee (2b) L (1b) i (2b) ep (0b) ep (1b) ep (2b) e+jets (1b) eg+je1s (2b) u+ets (1b) u+ets (2b)
On‘: 1.45—
_ 43 : e B 200 FOE 1 Y RSO PPN RO X
o =887 T3 (stat + syst) £ 53 (lumi) pb 0;;_+v*v++i~’ e NN
o.e%—
~ 0.5% statistical uncertainty

13.11.2023 Run 3 tt cross section at CMS-DESY | Evan Ranken 19


https://cds.cern.ch/record/2834110?ln=en

Lessons from the preliminary result

+ Many useful techniques, some unusual and some brand new,
were used in the search for an early result

. . . CMS i ‘ 13TeV (2017)
¢ |n situ estimation of... - = 0.997
'%3000 o=0.012
= |epton ID SF >
= b-tag SF with binning in Nt £
%1000
¢ New/novel methods arxiv:2300.01008 oo See Too Loz Ao
= Z-boson counting for luminosity > CMS | | | | _ 13TeV (2017)
. . @ * Measurement — Average Ref. luminosity uncertainty
— now a preprint using 2017 data! £1.05
= Jet energy calibration 8 ool Sl
(coarse cross-check only) P e
'E 0.95
N 0 5 10 15 20 25 30 35
Integrated luminosity [fb™!]
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Lessons from the preliminary result

+ Many useful techniques, some unusual and some brand new,
were used in the search for an early result

¢ In situ estimation of...
= |epton ID SF
= b-tag SF with binning in Njet

¢ New/novel methods
= Z-boson counting for luminosity

— now a preprint using 2017 data!

= Jet energy calibration
(coarse cross-check only)

Note: these were influenced by the
drive to obtain the result quickly, but
were not dependent on its completion!

13.11.2023 Run 3 tt cross section at CMS-DESY | Evan Ranken




Updates for publication

+ Wanted to push the precision as far as possible while keeping
the basic measurement strategy

¢ Luminosity
= VdM scans delayed, ready in early 2023
= 6% luminosity uncertainty = 2.3%

¢ Lepton ID scale factors
= Use tag-and-probe method in Z-enriched sideband
= Analysis-specific ID efficiencies using same dataset
= 2% uncertainty = ~1% (per lepton flavor)

¢ Cross check

= Event counting method in ep channel,
no b-tagging needed
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Updates: jet energy

i i 1 «10° CMS 1.21 o' (13.6 TeV)
L 4 d . . ;
New jet calibrations for 2022 data, B P |
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h [3\)
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I QCD 3
o ©
(CMS-DP-2022-054) 845 1 Sos
P 100 300
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Fit outcome (published result)

CMS 1.21 o (13.6 TeV)
4 N 5 10° Prefit
@ $ Data mmtt Single t Wi+jets
Source Uncertainty (%) ‘% 10* QCD mmZ+jets mmDiboson gz Uncertainty
>
Statistical uncertainty 0.5 Wy
Combined uncertainty 2.5 -
Integrated luminosity 2.3
10
Total uncertainty w/ lumi 3.4 1 no
\- J -
'8. 1'45_ ee (1b) | ee (20) | uu (1b) |um (2b) [ euw (Ob) | e (1b) | eu (2b) [ e+jets (1b) | e+jets (2b) | u+jets (1b) [ u+jets (2b) b tag
W Ry WY Ve
theor 2 S ?/ /é Ap / / 74 ./
giReory — 92432 (scale + PDF + ag)pb & % * o R n oy
= |
N L

Resylt: 2rXiv:2303.10680 \\

published in JHEP

Number of jets

A postfit (b-tag SF determined)

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
JaodrandaniradrandiandIosndotsndosndosnd

O-tE — 881 + 23(Stat + Syst.) + 20(1um1) pb a-:: 1'::__66(1b) ce (2bi Wit (16) [ up (2b) [ em (0b) | ew (1b) | en (@b) | e+jets (1b)] e+jets (20) | wrjets (1b) [ wjets (2b)
sk J W4 %
o Ey A Aodost 4. 18 SUUSUDNDPY| PRSSSURDY ¥ PRSP .
ep cut and count cross-check: 0;;__ i ¥ va‘ v * ¥
oM = 888 + 34(stat. + syst.) £ 20(lumi.) pb |  ostEraw

©
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Uncertainties

tt cross section

2 clear leading
uncertainties:
lepton, b-tag eff.

Many “3r place”
uncertainties

Not statistics limited

Lumi comparable to
likelihood stat+syst unc.

13.11.2023

Source Uncertainty (%) = Resulting uncertainty in o
Lepton ID efficiencies 1.6
Trigger efficiency 0.3
JES ) . 0.6 —e— Fit constraint (obs.) —— +1o impact (obs.) —— -1o impact (obs.)
b tagging efficiency 1.1 C MS Fit constraint (exp.) [0 +1o impact (exp.) -16 impact (exp.)
T reupuEmeIphting .2 Supplementary F = 0.959 + 0.025
ME scale, tt 0.5 Eloct ID SF E
ectron —g B
ME scale, backgrounds 0.2 Muon ID SF o —
ME/PS matching 0.1 b tag SF 0.980 + 0.009
PS scales 0.3 tW cross section —
PDF and ag 0.3 Top pT correction T
Diboson cross section ——
Top quark pr 0.5 Pileup 3 =
tW background 0.7 ME renormalization scale (tt) —_——
t-channel single-t background 0.4 BG model stat. (u+ets) 2b 3 j —
Z+jets background 0.3 Muon reconstruction SF —
W +jets background <0.1 ehannel sincl t"ES" Flavoer?fn -y
Diboson background 0.6 enannetsingie Top ctl)osé e e
.. mistag SF 5 ——
QCD multijet background 0.3 BG model stat. (u+jets) 1 b 3 S
Statistical uncertainty 0.5 BG model stat. (e+jets) 2 b 3 j
Combined uncertainty 25 e ] ‘S
: A BG model stat. (u+jets) 1b 4 j L ——
Integrated luminosity 2.3 . . : :
BG model stat. (u+jets) 1b5j —_—— :
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arXiv:2303.10680 (now in JHEP)

+ The top quark pair production cross section
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https://arxiv.org/abs/2303.10680

Are “early measurements” worth it?

+ From an outside perspective, they give a first look at the data

— need an enticing physics target!

+ From the perspective of someone inside a large collaboration like CMS,
early analysis can be like driving off-road

¢ Need to think outside of the box

¢ Incentive to find new, creative ways to solve
problems

¢ More motivation to develop measurement-
specific techniques

— These things benefit everyone!
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Thank you!

+ Backup
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Full sgrt(s) plot

*ATLAS result not yet updated
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Control plots

Final lepton pT distributions
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Analysis setup
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