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What is Snhowmass ?

e Snowmass is a scientific study which provides an opportunity i

for the entire particle physics community to come together to
particle physics in the US and its international partners Snowmass 2021

identify and document a scientific vision for the future of

e Link to know more about Showmass

e ATLAS and CMS prepared a common white paper to be used as input for
the Snowmass process

e The paper is structured as follows: for each section, Yellow Report (YR)
results have been summarised in 3-4 pages and subsequent new ATLAS
and CMS results are highlighted in 1-page summaries


https://snowmass21.org/
https://snowmass21.org/

EFO03: Heavy flavor and top quark physics

4 EFO03: EW Physics: Heavy flavor and top quark physics

4.1 Yellow Report summary
4.1.1 Top quark mass measurements
4.1.2 Differential ¢ cross-section measurements
4.1.3  Study of rare processes involving top quarks
4.1.4  Constraints on flavor-changing neutral currents couplings

4.2 New results
4.2.1 Sensitivity to the measurement of the Standard Model four top quark cross section

with ATLAS at the HL-LHC [122]

Link to the Note:
ATL-PHYS-PUB-2022-018
CMS PAS FTR-22-001


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-018/ATL-PHYS-PUB-2022-018.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-018/ATL-PHYS-PUB-2022-018.pdf

Introduction

 We have been doing Top & SM measurements for a long time!
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.50.2966
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.50.2966
https://link.springer.com/article/10.1140/epjc/s10052-019-6757-9
https://link.springer.com/article/10.1140/epjc/s10052-019-6757-9

Introduction
 Run 2 brought us to an unprecedented centre-of-mass energy of 13 TeV

e Opened up measurements to new rare SM processes

Status: May 2021

Top Quark Production Cross Section Measurements
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Introduction

e Why keep doing Top & SM measurements?
e Teach us about the SM

e Improves our theoretical calculations, MC modelling, and understanding of CP
calibrations and uncertainties

 Measurements will be important for constraining PDFs, understanding
electroweak symmetry breaking (EWSB), and measuring fundamental properties
of the SM

e Can uncover unexpected deviations from the SM

e The HL-LHC will provide the opportunity for more precision, particularly at high
energies which are currently limited by statistical uncertainties



Top quark plays a crucial role in EWSB and offers a gateway to searching for new
physics beyond the SM

Mtop IS @ fundamental parameter related to other EWK parameters - stringent tests
of SM

e Most precise measurements exploit kinematic information of the decay products

Miop Measurement uncertainty for different
Current uncertainties are ~600 MeV, methods as a function of integrated luminosity
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https://cds.cern.ch/record/2262606
https://cds.cern.ch/record/2262606

Top quark mass measurement using ¢ pairs with a J/y

e Measurements using 7 pairs with a N /
J/y — up in final state using the Weo
strong correlation between miop and m(lJ/y)

4 )
B_ /Bl‘\l /
b baryon (

/¢
e BR(b — J/y( — uu) + X) ~10-2 7
* Will benefit from larger data samples from the HL-LHC

A reduction of tf modeling uncertainties by a factor of two and a reduction of some of the
experimental uncertainties by up to a factor two are assumed for these projections

 Main result of this study is a statistical projection of the measurement

* ATLAS [ATL-PHYS-PUB-2018-042]: a statistical uncertainty of ~0.14 GeV is expected
with a systematic uncertainty of 0.48 GeV

* Dominant uncertainties are from signal modeling
(fragmentation functions / b-hadron fractions) and from JES/JER

e CMS [CMS-PAS-FTR-16-006]: expected to yield an ultimate relative precision below
0.1% at the HL-LHC

w Miop Measurements will be an important element of HL-LHC


https://cds.cern.ch/record/2649882
https://cds.cern.ch/record/2262606
https://cds.cern.ch/record/2649882
https://cds.cern.ch/record/2262606

Differential 1 cross-section measurements

e Done in e/u+jets channels

Prospects at HL-LHC of the
relative gluon uncertainties of

* Most significant r tion of uncertainty |
ost significant reduction of uncertainty is the original and profiled

expected to come from: NNPDF3.1 PDE set
-1
e Improved jet energy calibration o 12 oo e SRS TS
S | CMS Phase-2
= - Simulation
e Reduced uncertainty in the b-jet identification 1 Prefiminary 1
* Final projected uncertainty is estimated below 5% 1:_\\ i
e Precision in the measurement will profit from the ogi_ Xg(x) u2=30000 GeV? NLO .
enormous amount of data and the extended 7- I L_INNPDF3.1 _
coverage of the Phase-2 CMS detector, which : NNPDF3.1 +# \i
. . . . 0.8l ol
enables fine-binned measurements at high rapidity 10*  10° 102 107 1
that are not possible with the current detector CMS-PAS-FTR-18-015 X

e Uncertainties of the gluon distribution are drastically
reduced and depend directly on the uncertainty of
the integrated luminosity (assumed to be 1%)

H, )


https://cds.cern.ch/record/2651195
https://cds.cern.ch/record/2651195

top quark+
gluon

top quark+
photon

BSM can enhance FCNC up to ~104

 Many potential models: 2HDM, MSSM, RPV SUSY, ...

Any observation of FCNC can hint to new physics

/

RS

7
T

- Koq . \ _ e
E - L {\/ZQ.L.Q\(J'Qt U‘W I‘G(f(l.:qpl- T f(lifqpﬂ)qcuu

q=u,c

-

V2w A

g Baqt) . L 1% .
Ut(" v (.quI)L 3 f'/,q[)“)q Zuu

K«., oW ’
&y (1L, + [2Pr) 4 A

. u

(I ; L b ) R ) | .
ﬂtwf”‘lll' + f”q,;g)qll‘ + h.c.

%
S

#
Y

S
H

Flavor Changing Neutral Currents (FCNC)

FCNC in the SM is forbidden at tree-level: heavily suppressed in loops
by GIM mechanism BRs ~10-14

FCNC probe can be done in both top quark production, and decay

top quark+
Z boson

top quark+
Higgs

10



Flavor Changing Neutral Currents (FCNC)

e Search prospects for gluon-mediated FCNC in top quark production via
fug and rcg vertices were studied with CMS HL-LHC detector

 Dominant uncertainty is normalization of multijet background

3000 fb' (14 TeV)

e Limits on branching fractions: g AT T T T
é 3 55_ CMS Phase-2 Simulation -
° B(t — ug) < 38 X 10_6 % 35_ - 95% CL Expected Limit E
c:_. E - 68% CL Expected Limit
e B(t - cg) <32x107° R

Exploiting full HL-LHC dataset
will allow us to improve current 0

vill _ 0 1 2 3 4 5 6
limits by an order of magnitude K 10° [TeV

CMS-PAS-FTR-18-004

w See back-up for more examples
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http://cds.cern.ch/record/2638815
http://cds.cern.ch/record/2638815

Sensitivity of the SM r7tf cross section at the HL-LHC

e Based on the recent evidence found in the SS/ML channel using the full
run-2 dataset

e See Mathis’s talk from Monday for more details

Branching ratio tttt:
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Run 2 analysis in a nutshell

* Five analysis regions: 1 Signal Region & 4 Control Regions
* Main Backgrounds:
e ttW (37%), ttZ(17%), and ttH (14 %)

* Fake and non-prompt leptons (15%)

e Charge mis-assignment (6%)

* Template Method is used to determine the major backgrounds
 Background shapes are estimated from MC

e Normalisation is obtained from the fit

Parameter | NF;7w = NFwmat conv. NFrLowm..  NFnre NFHE

Value 1.6 +0.3 1.6 +£0.5 09+£04 08+x04 1.0x04

w Compatible with other ATLAS and recent CMS measurements! 13



ttW Validation Region

» Use Validation Region to check
ttW+jets normalisation and modeling _ 140— ] | , ]

| ATLAS ¢ Data [JttW
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e Additional jets: Uncertainty of L tw VR
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jets and 300% is assigned to
events with =8 jets 50
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Results with 139 fb-1

e Signal is separated from background based on a multivariate discriminant
built in the signal region by combining input observables into a BDT

* The measured tttt signal strength is found to be:

— SM _ +0.4 0.7 _ +0.8
U= aﬁt;/atm 2. O_O 4(stat) J_fo‘s(syst) = 2.0_0.6

e Cross section:

o(t1tt) = 247 (Stat) +5(syst) fb=24*] fb
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Data / Pred
3§+— -
_% ]
]
§1
4
s £ ]
4

8—06 -04 -0.2 0 02 04 06 0.8 1
BDT score

H, 15



https://link.springer.com/content/pdf/10.1140/epjc/s10052-020-08509-3.pdf
https://link.springer.com/content/pdf/10.1140/epjc/s10052-020-08509-3.pdf

Extrapolation Studies

* The expected cross-section of tttt at 14 TeV is 15.83 +18%/ -21% fb (JHEP 02 (2018) 031)

* An increase by a factor of 1.3 with respect to 13 TeV

e Extrapolation studies are performed with the setup that uses HT as fitted variations in five
signal regions

* Easier to extrapolate than the result using the BDT score

* Almost the same significances as with the BDT

Channel Selection criteria
Common | N; > 6, N, > 2 and Hr > 500 GeV
SR2b21 SS events with N, = 2
SR2b3l multilepton events with N, = 2
SR3b2] SS events with N, = 3
SR3b3l multilepton events with N, = 3
SR4b events with NV, > 4



https://link.springer.com/article/10.1007%2FJHEP02%282018%29031
https://link.springer.com/article/10.1007%2FJHEP02%282018%29031

HL-LHC Recommendations

* Looked into several extrapolation scenarios based on how to scale the
systematics with the assumption agreed for the 2019 Yellow Report

* Followed the recommendations explained in the High Lumi LHC Systematics

* Modelling uncertainties could be halved (ATL-PHYS-PUB-2019-005)

* No dedicated studies for HL-LHC expected performance, except for HF

e Recommended way to apply flavor tagging uncertainties is to scale
down the nuisance parameters from the current analyses

e Systematics driven by intrinsic detector limitations are left unchanged, or
revised according to detailed simulation studies of the upgraded
detector


https://cdsweb.cern.ch/record/2655304/files/ATL-PHYS-PUB-2019-005.pdf
https://cdsweb.cern.ch/record/2655304/files/ATL-PHYS-PUB-2019-005.pdf

Two Different Scenarios

e Extrapolation is performed under two

_ | _ . . p
different scenarios of the evolution of Ranking with 139 fb
. Pre-fit impact on u: An
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—e— Nuis. Param. Pull Vs =13 TeV, 139 fb”
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decrease of the systematic uncertainties B — |
based on the “YR18 systematic e S R R R N
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H, 18



Run 2 Improved

Uncertainty source Treatment in the “Run 2 Improved” model
Signal modelling

tttt cross section Half of Run 2

tttt modelling Half of Run 2

Background modelling
ttW +jets modelling

Renormalisation and factorisation scales Half of Run 2

Generator Half of Run 2

Jets multiplicity modelling Scaled by Run 2 pulls

Additional heavy flavour jets Scaled by luminosity
ttt modelling

Cross section Half of Run 2

Additional heavy flavour jets Scaled by luminosity
Non-prompt leptons modelling Scaled by luminosity
tt H+jets and ttZ+jets modelling

Cross section Half of Run 2

Renormalisation and factorisation scales Half of Run 2

Generator Half of Run 2

PDF Half of Run 2

Additional heavy flavour jets Scaled by luminosity
Other background modelling

Cross section Half of Run 2

Additional heavy flavour jets Scaled by luminosity
Charge misassignment Same as Run 2
Template fit shape uncertainties

Mat. Conv., v*, and HF non-prompt leptons Scaled by luminosity

Other fake leptons Half of Run 2

Additional heavy flavour jets Half of Run 2
Instrumental
Jet uncertainties Same as Run 2
Jet flavour tagging (light-flavour jets) Half of Run 2
Luminosity Same as Run 2
Jet flavour tagging (b-jets) Half of Run 2
Jet flavour tagging (c-jets) Half of Run 2
Other experimental uncertainties Same as Run 2

H, 1o



Expected Sensitivity

e A significance of 6.4¢ for the SM ¢ttt process is
expected in the “Run 2 Improved” scenario

e Expecting total uncertainty on the cross section
of ~14%

e Experimental precision is expected to be
significantly better than the precision of the
current SM computation

* The better sensitivity is driven by:

e Smaller theoretical uncertainties assumed
in the tft cross section

e Better modeling of the tt W/ttZ + HF jets

e Smaller b-tagging experimental uncertainties

H,

Expected significance
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Sensitivity Studies by CMS

e Based on the run-2 results with 36 fb-1

e Tried various treatment of systematic uncertainties

Source uncert.  Stat. only Run 2 YR18 YR18+

Statistical (L/Lref)_O'S (L/Lref)_o's (L/ Lref)_O'S (L/Lref)_o‘s
Experimental None Original ~ max(0.5, (L/Lyef) ") (L/Lyes)™

Int. Luminosity None Original 0.4 0.4
Data-driven bckgrnd None Original =~ max(0.5, (L/Ly.f) 05 (L/L, £) —0.5

Theory (shapes) None Original 0.5 0.5

Bckgrnd cross section None Original 0.5 0.5

Signal cross section None Original 0.5 0.5

Expected significance of ¢f¢f signal over a background-only hypothesis

Int. Luminosity Stat. only Run2 YR18 YRI18+

300 fb~! 4.09 271 285 293
3 ab~! 12.9 322 426  4.49

H, CMS-PAS-FTR-18-031 5



http://cds.cern.ch/record/2650211
http://cds.cern.ch/record/2650211

Sensitivity Studies by CMS

e A 4.50 significance is expected with the most optimistic systematics scenario

e Cross-section can be constrained down to 9% statistical uncertainty and 18% to 28% total
uncertainty (depending on the considered systematic uncertainties)

Expected Significance (s.d.)

14

12

10

CMS Projection 14 TeV

_ tttt production at HL-LHC
Stat. Uncert. only
—— Run 2 Syst. Uncert.
—— YR18 Syst. Uncert.
---------- YR18+ Syst. Uncert.

10°
Integrated Luminosity (fb™)

CMS-PAS-FTR-18-031 5o

10°



http://cds.cern.ch/record/2650211
http://cds.cern.ch/record/2650211

Conclusions

e HL-LHC will offer a great opportunity for many top measurements & top
related searched

e Detector upgrades will allow for better forward jet and lepton reconstruction
- essential to improve current measurements

* Will produce currently unachievable measurements
* |mprove our understanding and learn more about the SM
e Can uncover unexpected deviations from the SM pointing to new physics

e |mproving theoretical uncertainties is a key player to achieve better precision

Thank you!



Extra Material



ttZ and EW top couplings at the HL-LHC

» Expected sensitivity to Wilson coefficients of top quark operators C,, in the

ttZ process
b

CMS Phase-2 Simulation Preliminary 3 ab ™' (14 TeV)
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68 % CL (\/ TeV)? : [-0.37, 0.36]
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https://cds.cern.ch/record/2653389
https://cds.cern.ch/record/2653389
http://cds.cern.ch/record/2652018
http://cds.cern.ch/record/2652018

FCNC - tZqg

e Done in the three charged lepton final states

e The dominant sources of uncertainties, in both signal and background estimations, are
from the theoretical normalization and the modeling of the background processes MC

 An improvement by a factor of four is expected over the current Run-2 analysis

-lo Expected +lo
Bt —->uZ) | 49%x10™ 69x10™> 9.7x10™
Bt —>cZ) | 58%x10° 81x10° 12x107

Table 6: The expected 95% confidence level upper limits on the top-quark FCNC decay branching ratios are shown
together with the +10- bands, which include the contribution from the statistical and systematic uncertainties.
Presented limits are extracted from "Asimov data" in the signal and background control regions, defined as the total
expected pre-fit background. Systematic uncertainty from the MC statistical uncertainty is considered as well.

Operator | Expected limit
[od 0.13
[eiseed 0.13
[oSd 0.14
(o) 0.14

Table 8: Expected 95% CL upper limits on the moduli of the operators contributing to the FCNC decays ¢t — uZ and
t — c¢Z within the TopFCNC model for a new-physics energy scale A = 1 TeV.

w ATL-PHYS-PUB-2019-001 o6


https://cds.cern.ch/record/2653389
https://cds.cern.ch/record/2653389

Run 2 SM ¢t cross section

tt W Validation Region: >4jets =2b-tagged

Uncertainty source Au . 140 | | | | |
S_i%nul modcll'ing 056 - ZI " ATLAS + Data D’[T[W ]
::'::' ;::l:l\ltl::(m :():‘l 5 —():i)‘) z 120_— fs=13Tev, 139" @ Others 7/ Uncertainty _|
. - W VR -
B-uckgmund modelling - Post-Fit -
nw modelling +0.26  -0.27 100~ N
1t modeling +0.10 -0.07 - -
Non-prompt leptons modeling +0.05 -0.04 ; i
1t H modelling +0.04 -0.01 80 / —
11Z modelling +0.02 -0.04 7 i
Charge misassignment +0.01 -0.02 % -
Instrumental 60 n -
Jet uncertainties +0.12  -0.08 B ¢ -
Jet flavour tagging (light-jets) +0.11  =0.06 40__ _
Simulation sample size +0.06 -0.06 B 7
Luminosity +0.05  -0.03 r » * ’
Jet flavour tagging (b-jets) +0.04 -0.02 20— ]
Other experimental uncertainties +0.03 -0.01 - / 7
Jet flavour tagging (c-jets) +0.03 -0.01 _ 0 Z
Total systematic uncertainty +0.69 -0.46 g 5 255_ E
Statistical +042 -0.39 o 1 5§ - ]
Non-prompt leptons normalisation(HF, material conversions) +0.05 -0.04 E VE 1; 777, PRI ////// 7
tfW normalisation +0.04 -0.04 S 0.75F T W /7/ %
Total uncertainty +0.82 -0.62 0= l | | ! -

4 5 6 7 >8
Number of jets

H, o7



Cq, [GeV?]
HC:OHH-I}- HIOW

CMS-PAS-FTR-18-031

Sensitivity of the SM r7tf cross section at the HL-LHC

* The cross-section can be constrained down to 9% statistical uncertainty and
18% to 28% total uncertainty, depending on the considered systematic
uncertainties, while a 4.50 significance is expected with the most optimistic
systematics scenario

e The expected sensitivity on the tfff cross-section is also used to provide
constraints on EFT four top contact interaction operators, setting limits on
their Wilson coefficients

_L|IIIII]IIIIIIIIII|IlII|IIII|

— CMS Reference: Ao_.: 100.0% (at 13 TeV)

—— HL-LHC 0.3ab™, Ac-.:30.0% (stat) ]
— HL-LHC 0.3 ab™, Ac__ : 41.0% (stat+syst) |
— HL-LHC 3ab™, Ao : 9.0% (stat)
— HL-LHC 3ab™, Ac__ : 26.0% (stat+sysd —|

— HE-LHC 15 ab™, Ac.-. : 1.0% (stat)
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