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Outline
e Future facilities

. HL-LHC

» e*e colliders
« Top mass measurements
- Direct measurement from top decay
. Indirect measurement from top production
. Top pair production threshold scan

 Top Flavour Changing Neutral Current

- top-Higgs, top-y, top-g, top-~Z
 Top couplings in the SMEFT framework

2024/09/18 Z.Tao
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e« High Luminosity LHC e ATLAS and CMS Phase-2 upgrades

- 14 TeV centre-of-mass energy

Extended angular coverage
. |Integrated luminosity: 3000~4000 fb-

Increased trigger and readout rate

. Instantaneous luminosity up to 7.5 X 103* cm-2s- . Timing detectors for improved track and vertex

. reconstruction
- Average pile-up up to 200

- Improved pile-up mitigation technigques

2024/09/18 Z. Tao


https://twiki.cern.ch/twiki/bin/view/AtlasPublic/UpgradeEventDisplays

Future Lepton Co

« Circular ete- colliders

FCC-ee CEPC

High collision rate, multiple interaction
pOINtS

Unpolarized beams

- Linear ete- colliders

. ILC, CLIC, CCC 0%

- Luminosity INncreases as energy Increases

. Lower collision rate, but allow a high-
granularity detector with pulsed operations

- Energy recovery ete- colliders (ERLC, ReLiC,
CERC) muon colliders, wakefield colliders, ...

2024/09/18
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Lepton colliders ( < 1 TeV). ITF Snowmass 2022

aArXiv:2208.06030
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e /et ab~!
ILC 250 GeV | £80/ £ 30 2
350 GeV | £80/ £ 30 0.2
500 GeV | £80/ + 30 4
1 TeV | £80/ £+ 20 8
ILC-GigaZ myz +80/ £ 30 0.1
CLiC 380 GeV +80/0 1
500 GeV +80/0 2.5
1 TeV +80/0 5
CEPC my 60 / 100
2mW 3.6 / 6
240 GeV 12 / 20
2mt —/ 1
FCC-ee myzy 150
2mW 10
240 GeV 5
2my 1.5

% The scientific choice is essentially Z-pole vs.
energy upgrade, the rest is just’ politics

— Marcel Vos @ Top2023

Z. Tao



https://arxiv.org/abs/2209.03472
http://arxiv.org/abs/2208.06030

. Example: tttt

— o ALPHYSPUB-2022:004 S
o g EATLAS | ] P
. ATLAS tttt projection (ATL-PHYS-PUB-2022-004) g g o714 eV, Prolecton fiom fun 2 cata = g
expected 50 with 1000 fb- S LT 64(4.3) o abs (exp)

+ “Run 2 Improved”: ’ o+ -

- Some uncertainties reduced by a factor of 2: 51 g
theory, signal and some backgrounds modelling, 4 = 8
jet tagging af - 2

- Some scaled down by luminosity: additional jet R R T

modelling, non-prompt lepton
. |Instrumental uncertainties are kept the same

« Fiton Hy

Integrated Luminosi

5.6 (4.9) o obs (exp)

. ATLAS and CMS already observed tttf in 2I1SS and 3l channels with the LHC Run 2 datal

- Improved background estimates

- More sophisticated signal-background separation using ML techniques

2024/09/18 Z. Tao

Events / 0.3 units
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Projections are often conservative
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-004/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-004/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-08/
https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-22-013/index.html
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[opmass (@ (HL-)L

e Direct measurement irom top decay

- Reconstruct top mass from decay products in ¢f or single top events

» Measure the “MC mass” mM¢

e More precise experimentally

e Subject to additional uncertainty when translating to a theoretically
well-defined mass

- Dominant systematic uncertainties: Jet Energy Scales

. Constrain from simultaneous fit together with thC

- Or build top mass sensitive observables without jets
. |epton + secondary vertex tracks in b-jet
. lepton + soft yuru- from J/¢ in B meson (e.g. ATLAS HL-L HC
orojection)
- LHC Run 3 and HL-LHC projections based on the CMS analysis

. Lepton collider projection from top threshold scans (see later slides)

2024/09/18 Z. Tao
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https://cds.cern.ch/record/2649882
https://cds.cern.ch/record/2649882
https://cds.cern.ch/record/2262606
http://arxiv.org/abs/2209.11267
https://cds.cern.ch/record/2262606
https://cds.cern.ch/record/2649882

Top mass @ (HL-)LHC

- Indirect measurement from top production

. Extract from total or differential cross-section measurements

. 1t or tt+jets events usually in the di-leptonic channel arXiv:2209.11267
| | o e T > 3l Top mass from decay _
. Top mass in a well-defined renormalization scheme, e.g. mf , m, o) )¢ Measurements
e | ‘ —— Projection
. Dominant uncertainty: theory (PDF, a,, QCD scale variations) v Top pole mass
. . . . . — Measurements —
- Can still benefit from better differential cross-section measurements 2 S casut
— — Projection
- Snowmass 2021 projection for HL-LHC: " &
_ _ O
. Combine ATLAS and CMS measurements in ff and tt+jets 1 | n
- Experimental uncertainty: 0.4 GeV - ¥ X X |
- Reduce by a factor of 2 from LHC Run 2 to LHC Run 3, and

0 | | | |
another factor of 2 from Run 3 to HL-LHC Tevatron LHC LHC LHC  HL-LHC

7/8 TeV 13 TeV 13.6 TeV
- Theoretical uncertainty: 0.25 GeV

- Run 3 same as Run 2; reduce by a factor of 2 at HL-LHC

2024/09/18 Z. Tao


http://arxiv.org/abs/2209.11267
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[op mass @ Lepton Co

Seminar talk by Frank Simon

February 2022
T

B -l 1 ! ! 1 I I I
__tt threshold - m{® 171.5 GeV

he 1T production threshold is sensitive to th 814 E

- [he ft production thresnold is sensitive to the top Mass = [ —aQbar_Threshold NNNLO —FCG-e0 350 LS only

PS % 1.2 [~ —ISR only —FCC-ee 350 LS+ISR ]

- — 91 km ring circumference =

- The threshold mass m, e b g -

m 4 s Sums s g O 8 :_ Q, Y _:

. Conversion to m,”> known to O(a;’) - Cl ? :

0.6 -

. The peak shape is sensitive to the top width I, 0.4 - E

02 :_ implementation of corrections —:

- The tail is sensitive to top Yukawa y,, and strong coupling a; N e
340 345 350

s [GeV]

14l tt threshold - m{° 171.5 GeV |
T L —QQbar_threshold 1.0 NNNLO

_ — ISR only i

1.2 [~ —CLIC 350 GeV Nominal -

. —CLIC 350 GeV LowCharge

- The luminosity spectrum affects the threshold curve shape

o(e’e’ = tt) [pb]

. Linear colliders: characterized by a beamstrahlung tail

« FCC-ee: Gaussian

.« Precise measurement of the luminosity spectrum is required

2024/09/18 Z. Tao


https://indico.cern.ch/event/1219724/contributions/5131428/attachments/2579275/4448193/TopThreshold_ECFA_WG1.pdf
https://cds.cern.ch/record/2629403

« Threshold scan around 350 GeV

. Can extract m™> with I, y, and a, from tempilate fits

. Sizeable contribution from non-resonant backgrounds
- The leading uncertainties: QCD scales

- Need NNNLO QCD prediction

- Snowmass 2021 projection arXiv:22091126/

. Assumes other parameters ', y, and a, are fixed

- Smaller uncertainty on a, for FCC-ee

- Thanks to the high-statistics Z-pole run

. Slightly larger experimental uncertainty for ILC/CLIC due
to more complex luminosity spectrum shape corrections

2024/09/18 Z. Tao
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[op mass @ Lepton Co

Seminar talk by Frank Simon

February 2022
T

3 1 : | | T T T T [
Q 0.9 - tt threshold - QQbar_Threshold NNNLO -
c Y [ ISR+ FCC-ee Luminosity Spectrum .
Q 0.8 - —default-m> 171.5 GeV, I, 1.37 GeV =
o m m, variations + 0.2 GeV .
w» 0.7 — — I, variations = 0.15 GeV E
306 :
o Vot o
- -
©05F

04

l|llllllllllllll

1 simulated data points
200 fb™ total

0.1 < ey
oE—L T R T T
340 345 350
/s [GeV.

omi > [MeV] ILC| CLIC |FCC-ee
L[fb™ 1] 200 (100 [200]| 200
Statistical uncertainty 10 | 20 [13] 9
Theoretical uncertainty (QCD) 40 — 45
Parametric uncertainty o 26 | 26 | 3.2
Parametric uncertainty y; (HL-LHC) 5
Non-resonant contributions < 40
Experimental systematic uncertainty 15 - 30 I 11 — 20
Total uncertainty 40 — 75



https://arxiv.org/abs/2209.11267
https://indico.cern.ch/event/1219724/contributions/5131428/attachments/2579275/4448193/TopThreshold_ECFA_WG1.pdf

. For comparisons, translate mass measurements and projections all to m

[Op mass summary

MS
t

. Additional uncertainty assumed when translating: 250~500 MeV from thC and 10~20 MeV from thS

Top pole mass _

-@- Total —
— EXperimental —

—- Theo. + trans. ~
Mass from decay _

~y- Total —

— EXperimental -
— - Interpretation
PS mass at e'e’
- | Otal

— EXxperimental
—-. Theo. + trans.

_————

LHC
13.6 TeV

2024/09/18

Z. Tao

Lepton
colliders

ArXiv:2209.11267
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http://arxiv.org/abs/2209.11267
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[op FCNC @

 Probe from top decay

(HL-)

. From tf events in which one top decays as

usual (W+b) and the other top decays vio
the FCNC coupling (t = u/c + H/Z/y/g)

- Need charm tagging to differentiate u and ¢

 Probe from top production

- From s- or t-channel single top production
(u/c = t+H/Z/y/g)

- Higher ra
valance ¢

« Usuo
coup

2024/09/18

v limits are set assuming on

e for the process initiated from @
uark (u) than from a sea quark (c)

y one FCNC

iNg (tuX or tcX) is non-zero at a time

Z. Tao

t—Hc
t—Hu
t—ycC
t—yu
t—gc
t—qgu
t—Zc

t—=Zu

Blue: current ATLAS 95% CL upper limits
Red: current CMS 95% CL upper limits

Black: SM prediction
LHCTopWG

ATLAS+CMS Preliminary 95%CL upper limits €<-@ ATLAS <—@ CMS “Preliminary
LHCtopWG [1] arXiv:2404.02123 2] CMS-PAS-TOP-22.002"
[3] PLB 842 (2023) 137379 (LH) (4] arXiv:2312.08229
April 2024 [STEPJC 82 (2022) 334 (LH) [6] JHEP 02 (2017) 028
[7] PRD 108 (2023) 032019 (LH) 18] CMS-PAS-TOP-17-017"
Each limit assumes that [9] JHEP 07 (2017) 003
all other processes are zero Theory predictions - SM 2HDM(FV) Z]2HDM(FC)
from arXiv:1311.2028 [JMSSM[]RP [TIRS
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots?sortcol=0;table=37;up=0#sorted_table

Top FCNC @ (HL-)LHC

o top-Higgs
- HL-LHC projection by ATLAS (ATL-PHYS-PUB-2016-019)

- Via top decay (tHq) tf - WbHqg with W - fvand H — bb

. Discriminate the signal and tf based on the estimated
orobability of jet origins (Higgs or W)

- Systematics extrapolated based on ATLAS 8 TeV estimates

» LHC Run 2 |imits: EPJC 84 (2024) /57 (ATLAS), CMS-PAS-
TOP-22-002 (CMS)

- Use both tHg and tH events
- Discriminate signal and backgrounds using DNN or BDT

- Combining multiple Higgs decay channels

- yy/TT/VV* channels are statistically limited

2024/09/18 Z.Tao

Projected: t—Hc: 2.0 x 10~

NMNRARRANNNN T g } | —“ (1]
t—Hc NN st atatan (Y
NN fgsesprasasrsratr | | |
RN RRRRNNY st aarar e IRN . [2]
NN dpgE | ||
NN RRRANSN :
NN ) (1]
Ay o s
t—Hu NN )
NN e 2]
\\\\\\\\\\\ ;///é/‘/é/3/

Projected: t—=Hu: 2.4 x 10~

« Latest LHC Run 2 limits are already
close to or better than the projections!
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https://cds.cern.ch/record/2209126
https://link.springer.com/article/10.1140/epjc/s10052-024-12994-1
https://cds.cern.ch/record/2872677
https://cds.cern.ch/record/2872677

Top FCNC @ (HL-)LE

¢ top-y
- HL-LHC projection by CMS (CMS-TDR-019)

- Use single top production associated with a photon

. Target leptonic top decay

- Discriminate the signal and backgrounds (Wy+jets,
SM ty, tty, mis-identified photons) based on photon
OT OF energy

- LHC Run 2 |imits: PLB 842 (2023) 137379 (ATLAS), PR
109 (2024) 072004 (CMS)

- Use both tf and single top events

- Use DNN or BDT to discriminate signal ano
backgrounds

2024/09/18 Z.Tao

Projected: t—=yc: 7.4 X 107>

t—ycC

t—yu

PL55%
<

3] |

(4]
(3]

(4]

Projected: t—=yu: 8.6 X 107°

« Latest LHC Run 2 limits are already
better than the projections!



https://cds.cern.ch/record/2293646
https://www.sciencedirect.com/science/article/pii/S0370269322005135?via=ihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.072004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.072004

Top FCNC @ (HL-)LHC

* top-g

02 (201/7) 028 (CMS)

u(c) (T
- ATLAS targets s-channel single top without extra jets >—tlw<\<>

- CMS targets t-channel single top production
- Higher rate, but more similar to SM single top
- Both use NN to discriminate signal and backgrounds

- HL-LHC projection by CMS (CMS-PAS-FTR-18-004)

Select t-channel single top events

Use Bayesian NN for signal-background discrimination

Systematic uncertainty limited

Dominant systematics: background cross sections

(multi-jet QCD and )

2024/09/18 Z.Tao

Projected: t=gc: 3.2 X 107

HIE

S

N\
sss R, B
ol NN <«

t—au 0 RN
////// ooty NN

///// gossssess NN\ It

A NN

N\
2 SN ~—0

6]
(5]

5] |

(6]

Projected: t—=gu: 3.8 X 107°

3000 fb' (14 TeV)

Br(t — ug), 10°®

Bonus: 2D contours
assuming both FCNC
couplings are switched on

0O 5 10 15 20 25 30 35

Br(t — cg), 10°
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https://link.springer.com/article/10.1140/epjc/s10052-022-10182-7
https://link.springer.com/article/10.1007/JHEP02(2017)028
https://link.springer.com/article/10.1007/JHEP02(2017)028
https://cds.cern.ch/record/2638815

Top FCNC @ (HL-)LHC

e top-Z

- HL-LHC projection by ATLAS (ATL-PHYS-PUB-2019-001)

. Target tf three lepton final states: tt - bWqZ — blvqtt

- Event reconstruction using 0)(2 kinematic fit

- Dominant uncertainties: cross-sections and background
modelling

- Reduce by a factor of 2 from the partial Run 2 analysis

- LHC Run 2 |imits: PRD 108 (2023) 032019 (ATLAS), CMS-PAS-
TOP-17-01/, JHEP Q7 (2017) 003 (CMS)

. Two signal regions dedicated for tf and single top

- BDTs for signal-background discrimination

. Statistically limited

2024/09/18 Z. Tao

o T TTT | T'TTT | TTTT | TTTT | TTTT | TTTT | TTTT | IIIIIIIIIIIII
Ny - ATLAS Simulation Preliminary -
no500l_1s = 14 TeV, 3000 fb e Data
= - CR+SR fit (u = 0) . tEZ
4 " Signal Region -;VZZ
LU - Post-Fit ] -
2000— .tz —
B B Non-prompt -
B mu Other _
— tt— bWuZ .
1500 (B = 0.0046%)
2z Uncertainty |

1000

500

Data / Bkg

o O -t -
0O 00N P+

1 2 3 4 5 6 7 8 9 10
Kinematic fit y?

Projected: t=7c: 5.5 x 107>

(MC statistical uncertainty not considered)

/////./;XX ‘irH ¥ . i\ ‘I [7] -
t—7 o i T
C 0SSR
AR a [8]
/AR
/////\/\\/, \ \\\
%5\ 2
t—=Zu 75NN
// /N \ \\ \ 9
Y [N T HEN TR NN MO NN Bt e o M Lo B
-16 -13 -10 -7 -1
10 10 10 10 10

Projected: t—=Zu: 4.6 X 107>

(MC statistical uncertainty not considered)
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https://cds.cern.ch/record/2653389
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032019
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-17-017/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-17-017/index.html
https://link.springer.com/article/10.1007/JHEP07(2017)003

laders

Top FCNC @ Lepton Co.

- Top FCNC couplings can be probed at a lepton

collider below the tf threshold

. Sensitive to top-Z and top-y couplings ILC Snowmass 2027 report

g
|
|

. eter > //ly > t+u/C

0.011 ).049 U.05]1 —

. Top physics already at 240 GeV!

— —
—— ——

2ab~ 1 at 250GeV | _
+4ab~ 1 at 500GeV T

. Fewer events compared to HL-LHC but cleaner Clagu 0.0014 I 0.0048 MR o, Oah At T e T

I 0.00048 0.0017 . -

. Above tf threshold, can also probe via top decay

Ceq,eu 0.0011 0.0038 0.021

- Complementary to the hadron collider search and

N TeV—2 104 103 102 10! 10°
also competitive results:

. Order of 107 limit on top-Z/y BR (ECC-ee
Snowmass 2021 report)

. | PRD 91, 074017 (2015)
- Global fit on FCNC EFT operators benefits greatly from
the clean final states at lepton colliders CERN Yellow Rep. Monogr. Vol. 3 (2018

2024/09/18 Z.Tao


https://arxiv.org/abs/2203.06520
https://arxiv.org/abs/2203.06520
https://arxiv.org/abs/2203.07622
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.074017
https://e-publishing.cern.ch/index.php/CYRM/issue/view/71

SMEFT Operators relevant to top

arXiv:2205.02140
Coeflicient Operator Coeflicient Operator

Cl, (@1%Q) (¢iD,p) Ceq (@'Q) (¢'Dke) | Coo=Cho—Cpo
Z‘QUQrk Cot (t—’Y—”t) (gofz'(l_?)“go) Cob (b’Yub) (‘PTi(E)uSO) _— -

Chi (Qt) (e(p* <PT<P) Cic ({JuvTAt) (ﬂP*Gﬁu) iz = CwCw — SwCip

Cow (Qr'o1) (ep* W) Cus (Qo*"t) (¢p” Byw)
4-quark C;(é;:)) (@7"0;) @04 Cq:%j:; _(ciﬂ’v:qg)(ci_ T %Zz)

Cun (@i u;) (Uryuw) Cud (@ T u; ) (diey, T d)
Cu” | @T q) @y, T w) | C™ | (@y"Tq))(diyTd)

Cig (@nu@) (Iv1) Cig (@' nQ) (Ir'y"1) C, = Cly+C},
2-quark Ci (Fut) (1) Cip (byub) (17"1) Co=Cl
2-lepton Ceq (Qn.Q) (er*e) C GRIGE 0 i0

Ceb (byud) (ete) - _

. Some of the coefficients used in the fit are linear combinations of the ones listed below

2024/09/18 Z. Tao
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https://arxiv.org/abs/2205.02140

lTop EF] @ HL-LHC
i L i L
. Use observables in tf, single top, top+X measurements

from both ATLAS and CMS

- Most measurements limited by theory and
modelling uncertainties

. Project to HL-LHC from LHC

- Theory and modelling uncertainties reduced by @
factor of 2

- Experimental systematic uncertainties scaled by
uminosity: 1/4/ &

- Improve by a factor of ~3

« Solid bar from the individual fit: shaded from the
global fit

- Worse limit in global fit due to unresolved correlation
between WCs

2024/09/18 Z.Tao
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arxXiv:2205.02140 and
Talk by Victor Miralles @ ICHEP2024
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https://arxiv.org/abs/2205.02140
https://indico.cern.ch/event/1291157/contributions/5896649/

Top EFT @ Lepton co.

. ete™ = tt > bWTDW™
.« Sensitive to 2-quark and 2-quark 2-lepton WCs

- Not sensitive to 4-quark operators

. Use statistically optimal observables defined at
leading order onthe ete™ —» bWTbW™ 0
differential distribution (arXiv:1807.02121) 0

. Combine information from o, App, as well as
top polarization g

. Need two runs at different energies above the :

t1 threshold to disentangle the 2-quark WCs o
and the 2-lepton 2-quark WCs 104

- Scale differently with energy

2024/09/18 Z.Tao
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Compine HL-L.

103§
| MM HL-LHC
| Wmm HL-LHC+CEPC

2'.'
Y s HL-LHC+FCCee

Ranges 95% (TeV—2)
3

HC and.

From the talk by Victor Miralles @ ICHEP2024

_epton Co.

100§

@ HL-LHC+ILC
BN HL-LHC+CLIC
E HL-LHCH+FCCee+puC 3 TeV

HEP[T
IFIC

lader

Lepton collider configurations considered

arxiv:2205.02140
Machine Polarisation Energy Luminosity
250 GeV 2 ab~!
ILC P(et, e7):(£30%, ¥80%) | 500 GeV 4 ab™!
1 TeV 8 ab™!
380 GeV 1 ab™!
CLIC P(e*, e ):(0%, £80%) 1.4 TeV 2.5 ab™!
3 TeV 5 ab—!
Z-pole 150 ab™*
FCC-ee Unpolarised 240 ey dndi
350 GeV 0.2 ab™!
365 GeV 1.5 ab™!
Z-pole 57.5 ab™!
CEPC Unpolarised xncdl Bakal
350 GeV 0.2 ab~!
360 GeV 1 ab™!

- FCC-ee/CEPC can constrain 2-fermion operators quite well. Additional runs above the top threshold help
to constrain the 4-fermion operators, but still hard to disentangle the 2-fermion and 4-fermion operators.

- ILC/CLIC can set very tight bounds on the 4-fermion operators due to the higher energy reach.

2024/09/18

Z. Tao
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Summary

- HL-LHC and future lepton colliders provide great opportunities for top physics

- Top mass:

- Direct measurement of the top mass at the HL-LHC is expected to reach a precision of ~170 MeV

. Additional ~250 MeV uncertainty when translating to MS mass

. |Indirect measurement via cross-sections is projected to reach a precision of ~600 MeV

. The tf threshold scan at a lepton collider can measure the top mass to a precision of 40~75 MeV

- Top FCNC.:

- HL-LHC can set top FCNC branching ratio upper limit to the order of

- 104 fort = Hg; 105 fort — Zg; 106(105) fort = yu (t = yc); 10-6(10-5) fort = gu (t = gc)
- Some recent LHC Run 2 analyses already set limits close to or better than the (old) projections
. Lepton colliders can probe top-Z/y FCNC couplings even before ¢t threshold
- Top EFT:
- HL-LHC is expected to improve the bounds on 2-fermion and 4-fermion Wilson coefficients by a factor of ~3

- The bounds on 2-quark and 2-lepton 2-quark Wilson coefficients can be further improved at lepton colliders operating at and above
the tf threshold.

2024/09/18 Z.Tao 21
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| OP Cross-sections
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« CMS-PAS-FTR-16-006

2024/09/18

Table 1: Summary of the systematic uncertainties on m; for the reference measurement in

lepton+jets channel. Experimental uncertainties are separated from theoretical ones.

Value (GeV)
Source 8TeV, 14TeV, 14TeV Comment
197/~ 03ab”' 3ab~!

Method calibration +0.04 +0.02  +0.02 MC stat. x4
Lepton energy scale +0.01 +0.01 +£0.01 unchanged
Global JES +0.13 +0.12  +0.04 3D fit, differential
Flavor-dependent JES +0.19 +0.17  +0.06 3D fit, differential
Jet energy resolution —0.03 +0.02 < 0.01 differential
E™USS gcale +0.04 +0.04 +0.04 unchanged
b tagging efficiency +0.06 +0.03 £0.03 improved with data
Pileup —0.04 +0.04 +0.04 unchanged
Backgrounds +0.03 +0.01  £0.01 cross sections
ME generator —0.12 +0.08 - - NLO ME generator
Ren. and fact. scales —0.09£0.07 £0.06 £0.06 NLO ME generator,

MC stat.
ME-PS matching +0.03+0.07 +0.06 +0.06 MC stat.
Top quark pr +0.02 <001 <0.01 improved with data
b fragmentation < 0.01 <001 <0.01 unchanged
Semileptonic b hadron decays —0.16 +0.11  £0.06 improved with data
Underlying event +0.08£0.11 +0.14 +0.09 improved with data,

MC stat.
Color reconnection +0.01+0.09 +£0.05 <0.01 improved with data
PDF +0.04 +0.03 £0.02 improved with data
Systematic uncertainty +0.48 +0.30 +0.17
Statistical uncertainty +0.16 +0.04 £0.02
Total +0.51 +031  +0.17

[Op mass projection assumiptions

Table 2: Summary of the systematic uncertainties on m; for the measurements in the single-top
quark t-channel. Experimental uncertainties are separated from theoretical ones.

Value (GeV)

Source 8 TeV, 14TeV, 14TeV Comment

19.7/p~'  03ab~' 3ab”’
Fit Calibration +0.38 +0.15 £0.15 MC stat. x4,

improved method
Lepton energy scale < 0.05 <0.05 <0.05 unchanged
Global JES +0.55,-0.46 £0.35 +0.23 benefits from lepton+jets
Flavor-dependent JES +0.40 +0.28  £0.19 Dbenefits from lepton+jets
Jet energy resolution < 0.05 <0.04 <0.03 Dbenefits from lepton+jets
gD +0.15 +0.15 +0.15 unchanged
b tagging efficiency +0.10 +0.08 £0.05 improved with data
Pileup +0.10 +0.10 +£0.10 wunchanged
Backgrounds +0.39 +0.20  £0.20 cross sections
ME generator +0.10 - - NLO ME generator
Ren. and fact. scales +0.23 +0.07 £0.07 MC stat.
b quark hadronization +0.14 +0.10 £0.06 improved with data
Underlying event +0.20 +0.15 £0.10 improved with data
Color reconnection < 0.05 <0.04 <0.02 improved with data
PDF < 0.05 <0.04 <0.02 improved with data
Systematic uncertainty +0.97,—-093 +0.59  +£0.45
Statistical uncertainty +0.77 +0.20 +0.06
Total +1.24,-1.21 £0.62  +0.45
Z. Tao
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« CMS-PAS-FTR-16-006

Table 3: Summary of the systematic uncertainties on m; for the measurement from mg,. Ex-

perimental uncertainties are separated from theoretical ones. Table 4: Summary of the systematic uncertainties on m; for the measurement from my, .

2024/09/18

Value (GeV) Experimental uncertainties are separated from theoretical ones.
Source 8TeV, 14TeV, 14TeV Comment
197/t  03ab ! 3ab! Value (GeV)

Lepton energy scale +0.22,-0.26 +0.26 +0.26 unchanged Source 8 TeV, 14TeV, 14TeV Comment
Sec. vertex track multiplicity —0.06 +0.06 +0.06 unchanged 19.7 fp 1 03ab~! 3ap’!
Sec. vertex mass modeling —0.29 +0.22  +0.15 upgraded tracker - : :

and decay tables Size of the simulation samples +0.22 +0.07 £0.07 MCstat. x10
Jet energy scale +0.19,-0.17 +0.14 +0.10 benefits from lepton+jets Muon momentum scale +0.09 +0.09  £0.09 unchanged
Jet energy resolution +0.05 +0.05 +0.05 unchanged Electron momentum scale +0.11 +0.11  £0.11 unchanged
Unclustered energy +0.07 +0.07  +0.07 unchanged Modeling of my, +0.09 <0.01 <0.01 -constrained J/y vertex fit
b tagging efficiency —0.02 +0.02 +0.01 improved with data Jet energy scale < 0.01 <001 <0.01 unchanged
Pileup : - +0.07,-0.05  £0.07 £0.07 unchanged Jet energy resolution < 0.01 <001 <0.01 wunchanged
Lepton selection efficiency +0.01 +0.01 £0.01 unchanged Tri ficienci 4+0.02 +0.01 4001 i d method
Backgrounds < 0.03 +0.01  £0.01 cross sections 1.'1gger cliciencles : ' ' Improved metho
o (tt + heavy flavor) +0.46,—0.36 +0.33 +0.20 improved with data Pileup +0.07 £0.07  £0.07 unchanged
ME generator —0.42 - —~  NLO ME generator Backgrounds +0.01 +0.01 +0.01 unchanged
Single t fraction +0.07 +0.06  +0.06 cross sections ME generator —0.37 - - NLO ME generator
Single t diagram interference +0.24 +0.06 < 0.01 NLO ME generator Ren. and fact. scales +0.12,-0.46  +0.08 +0.04 NLO ME generator,
Ren. and fact. scales +0.30,—-0.20 +0.10 £0.10 NLO ME generator MC stat.
MIE-PS maiching +006,-004 2006 £0.06 unchanged | ME-PS matching +0.12,-0.58 4050 +£043 MC stat.

op quark pr +0.82 +0.14  +0.14 improved with data , ,

and NNLO k-factors Top quark pr +0.64 +0.12  £0.12 improved with data
Top quark decay width —0.05 +0.04 +0.02 improved with data and NNLO k-factors
b quark fragmentation +1.00,—0.54 +0.70 +040 improved with data b quark hadronization +0.30 +0.21  +0.12 improved with data
Semileptonic B decays +0.16 +0.11  £0.06 improved with data Underlying event +0.13 +0.10 +0.07 improved with data
b hadron composition —0.09 +0.07  £0.04 improved with data Color reconnection +0.12 +0.09  4+0.06 improved with data
Underlying ever'lt +0.19 +0.15  £0.10 ¥mproved w%th data PDF 4+0.39,—0.11 4027 +0.15 improved with data
Color reconnection +0.08 +0.05 +0.02 improved with data . .
PDF +0.06,—0.04 +0.04 +0.02 improved with data Systematic uncertainty +0.89,-0.94 +0.66 +0.53
Systematic uncertainty 158,—097 +095 +0.62 Statistical uncertainty +3.0 £0.77  £0.24
Statistical uncertainty +0.20 +0.05  +0.02 Total +3.13,-3.14 +£1.00 £0.58
Total +1.59,-0.99 +095 +0.62

Z. Tao
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["Thar Cross-section @ HL-LHC

. A projection of differential tf cross-section measurement in the resolved lepton+jets channel by

CMS-PAS-FTR-18-015

CMS .
— ,HC 3ab (14 TeV) 3ab" (14 TeV), 35.8 fb™ (13 TeV)
e 3 Ob-1 @ 14 TeV % 1 :_g,,“fl',gtﬂ;,ase'z e/u+jets 450 < M) < 625 GeV £ B Phase-2: solid, Phys. Rev. D 97, 112003: dashed
G, 8 = Preliminary paltton level * Simulation 20.14— CMS Phase-2 — Combined  —— Theoretical
- Phase-2 CMS detector simulated by DELPHES T O Sys ® stat ° - Simulation —_ Jet energy b tagging
] = 14 3 o S ..E’ 0.12 [ Preliminary —_ Otherexp.  — Stat.
- require 4 jets, 2 b-tags, and exactly 1 electron or muon ol = 12 8 £ i
g 1 e e POWHEG P8 o -
- PUPPI algorithm essential for mitigating pileup c 82: § 0.08-
. reconstruct ttbar by kinematic fit ° o4 > 0.06 e
0.2F R s —1
- Projected normalized differential cross-sections: > - R L 0.04 A st I
) 3z "°F o e N S S
- 1D: py, | y| of individual top; py. |y |, and m of t¢ = i e _ﬁjf' .. ..... e
: . 1.5 2 2.5 3
— - 0.95 " T
« 2D: m(t1) vs | y(17) | 50:. T S b e | ly(t))]: 450.0<M(tT)<625.0 GeV
- Uncertainties ly(t)! ) 3 ab’ (14 TeV)
m 1. I I IIIIII| I I IIIIII| I I IIIIII| I T T
- Detector systematics estimated based on simulation: e/mu ID, b-tagging, jet energy scale and E,, i (S)_M§t9hase-2 /i
resolution, met, luminosity < | p’,’;’,ﬁ',,f',-,;gﬁy 1
1.1~ 7
- Theoretical and modelling uncertainties are reduced by half wrt the analysis using 2016 LHC I ]
thQ — _j ]
o o | | | | (2 1
- <5% (10&) uncertainties in most bins in the single (double) differential cross-sections B 1

- Benefit from the large amount of data and improved jet calibration xg(x) u2=30000 GeV* NLO

0.9
- Constrain the gluon distribution in PDF from the double differential cross-sections NNPDF3.1 _
NNPDF3.1 +tt \:
0.8 Ll Ll Ll L1 i
10*  10° 10?2 10" 1
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esusedinF

['fitat L

-
Process Observable NE L Experiment
pp — tt do /dm (1543 bins) 13 TeV 140 th~! CMS

pp — tt dAc/dm; (4+2 bins) | 13 TeV 140 fb~! ATLAS
pp — ttH +tHg o 13 TeV 140 fb~! ATLAS
pp — ttZ do /dp% (7 bins) 13 TeV 140 fb~! ATLAS
pp — tty do /dp7. (11 bins) 13 TeV 140 fb~! ATLAS
pp — tZq o 13 TeV 77.4 fb~1 CMS

pp — tyq o 13 TeV 36 fh—! CMS

pp — ttW o 13 TeV 36 fb~1 CMS

pp — tb (s-ch) o 8 TeV 20 fb~1 LHC

pp — tW o 8 TeV 20 fb! LHC

pp — tq (t-ch) o 8 TeV 20 fb~! LHC

t — Wb Fy, Fi, 8 TeV 20 fb~! LHC

pp — tb (s-ch) o 1.96 TeV 9.7 fb~1 Tevatron
e~et —» bb R, , A%, ~ 91 GeV | 202.1 pb~! | LEP/SLD
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Coefficients fitted
3 - _ M 3
Cic C‘PQ Cch - Cch - CsOQ
2-quark Ccpt Cob Ciz = ewCw — swCip
_ thp C'tW
1331 8(3322 1(2332 3(2331
22 ( ) td_'ZCuc(i ) ZC( ) C( )
8 3311 8 3311 1 1331 3(23312
4-quark CQu Z ( ) CQd = Z ( ) Z ( ) — qc§ )
B B _ Z Cs((lz'z%)
) " C.y Cet CZ-EQ . CllQ T Cl3Q
-quar — 3
2-lepton Cis Cle Cig = Cig ~ Cig
_ _ C. 0
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