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The Top Quark

Heaviest elementary particle discovered so far

Extremely short lifetime — bare quark <
properties

<
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Large Yukawa coupling to Higgs boson
— important for EW symmetry breaking

I, q
Spin information preserved in the angular w v, Q'
distribution of its decay products — ideal t
candidate for spin measurements b

Studies of its properties provide crucial info to:
e test internal consistency of SM
e search for new phenomena (BSM physics)

Other related talks @ICHEP:
D. Muller on “Inclusive cross sections”

G. Bakas on “Differential cross sections”
S. May on “FCNC and EFT interpretations”
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Spin correlations EEEEE
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e Measurement of full spin density production matrix in dilepton channel basis: n O™
e Angular distributions in tf rest frame (direct measurement): {k,r,n}
« full reconstruction of ¢z system required
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e |ab-frame observables (indirect measurement):

Spin correlations

e 2= angular distributions 211“” : Lzlzab = (1 + cosB)/2

e angle between leptons in transverse plane =

| A,y |

» All distributions and extracted parameters in close

agreement with SM predictions

e Unfolded results used to constrain anomalous

couplings
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e Tension between data and predictions in both ATLAS and CMS bf |
S
e First ATLAS+CMS comparison @13 TeV within LHCiopWG: - |
* normalized cross sections at parton level $ooam e Shepa
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Run1 data @8 TeV:
20.2 fb-1 (ATLAS)

* Fractions of W bosons polarization determined by V-A structure of t\Wb vertex 19.7 fort (CMS)

e in SM unitarity constraint Fy+ F; + Fp =1
* anomalous contributions to tWb vertex can change probabilities of W helicity
states
 Distribution of cos@* particularly sensitive to polarization fractions

I'dcosO*_4(1 cosG)F0+8(1 cos 6*) &+8(1+C089)i

In SM: ~70% ~30% ~0%

e ATLAS + CMS combination with Run1 data
* ATLAS: I+jets
* CMS: e/mu+jets, single top t-channel

Measurement PU PL FR

ATLAS (£+jets)  0.709 £0.012+0.015 0.299 +0.008 +£0.013 —0.008 £ 0.006 + 0.012
CMS (e+jets) 0.705+0.013 £ 0.037 0.304 +0.009 =0.020 —0.009 = 0.005 = 0.021
CMS (u+jets) 0.685+0.013+0.024 0.328 =0.009 =0.014 —0.013 =0.005=+0.017
CMS (single top) 0.720 £0.039 +£0.037 0.298 +0.028 £0.032 —0.018 +0.019 +0.011
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W polarization

e Results in agreement with NNLO QCD
e Improvement wrt most precise single

measurement:

Fy= 0.693 +0.009 (stat+bkg) & 0.011 (syst)
F, = 0.315+ 0.006 (stat+bkg) == 0.009 (syst)

Fr = —0.008 =+ 0.005 (stat+bkg) = 0.006 (syst)

e Limits on tWb anomalous couplings
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Top Yukawa coupling

9 0000000000, > t

o Weak corrections from virtual exchange of a vector/scalar boson 1"

affect cross sections only at aszaw order 9 10000000000 « t

e small contribution to inclusive ¢f cross section q .

* may lead to large distortions of ¢z differential distributions near the

production threshold region r

o Virtual Higgs exchange depends on the top-Higgs Yukawa coupling g,
— quadratic dependence of cross sections on g,

e Corrections to differential cross-sections generated for different values 3

of Y, as function of M,; and Ay,; Y, = —

e Multiplicative corrections applied to gen-level tf events
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Top Yukawa coupling ‘st
[ e |

e Partial kinematic reconstruction in dilepton channel

* Improved sensitivity achieved with proxy variables: _. CMS HATHOR Preliminary
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2016 data

o b @13 TeV: 35.8 fb-1
1€ o b-tagged jet

Jet 35.8f" (13 TeV)

] ] ] ] . —  CMS e/u+jets, > 3 jets + Data @it © Single t [1V+jets WQCD multijet EgFit unc.
e Full kinematic reconstruction in lepton+jets o000 [ iehamets combned TRyt Py =2
Channel E 008 0.61?15.2 2 0-06 o.sl-e1s.z »12 | 008 (;.6!(:; 12
* novel technique for events with 1 missing ¢ o~ First analysis to

measure Yukawa
coupling with top pair
production!

jet = experimental sensitivity enhanced
in low invariant mass region 10000
o 2D likelihood fitin (M,; Ay,;) to constrain Y,

Data
Fit yields
Yield ratio

e Upper limit extraction on top quark Yukawa
coupling

* Results in agreement . 35817 (13 TeV) 6 137 fbo™! (13 TeV)
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5 - (Channels combined) — Observed 2 : :_ / - - SMexpected
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‘ 2016 data @13 TeV:

[ | | | [ |
multidifferential
» Normalized 3D cross sections vs m,;, y,7 N(extra jets) in CmMs_ 35917 (13TeV)
dilepton channel [N M),y (2]
P ) See G. Bakas’s —#— ag(m,) with total unc.
° EX’[I’aC’[IOI’l Of O{S and mtpOIe: talk for details —— data unc.
* cross sections compared to NLO predictions on analysis — PDF unc.
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* |nclusive cross section in emu channel

e Extraction of ag(m,), mtin MS scheme, and m: in pole mass scheme:

e Simultaneous fit of aﬁ+mlMc

CMS

Mass from inclusive
measurement

EPJC 79 (2019) 368

2016 data
@13 TeV: 35.9 fb-1

See D. Muller’s
talk for details

35.9fb™ (13 TeV)
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Top-quark pole mass measurements March 2018
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ATLAS, CDF, CMS, DO

arXiv:1403.4427, standard measurements

——

169.50+330 , , - GeVv
—@—— 17280340 5, GeV
—@— 172.90+250 , . GeV

—@— 173.707228 , .. GeV

—@— 173.80*170 _ o GeV

@ 1733471076 . Gev

|
150 160

| |
170 180

CMS 35.9 fb' (13 TeV)
g2

O E &

N
MMHT14nnlo | ° \\
my(m,) = 163.47 GeV N
CT14nnlo : °
my(m,) = 163.30 GeV
NNPDF3.1nnlo , . N
m,(m,) = 162.56 GeV N\
ABMP16nnlo , o
m,(m,) = 160.86 GeV

| | | k |
0.105 0.11 0.115 0.12
og(my)

PDF set ag(mz)
ABMP16  0.1139 + 0.0023 (fit + PDF) T00037 (scale)
NNPDF3.1  0.1140 =+ 0.0033 (fit + PDF) *0005; (scale)
CT14 0.1148 + 0.0032 (fit + PDF) *0-000% (scale)
MMHT14  0.1151 + 0.0035 (fit + PDF) *0:90%0 (scale)

"PDF set my(my) [GeV]
ABMP16  161.6 & 1.6 (fit + PDF + as) T7 (scale)
NNPDF3.1 164.5 & 1.6 (fit + PDF + as) *{; (scale)
CT14 165.0 = 1.8 (fit + PDF + ag) T7} (scale)
MMHT14  164.9 & 1.8 (fit + PDF + ag) 7% (scale)

13

m, [GeV]
PDF set mP'® [GeV]
ABMP16  169.9 + 1.8 (fit + PDF + ag) 173 (scale)
NNPDF3.1 173.2 + 1.9 (fit + PDF + ag) 193 (scale)
CT14 173.7 & 2.0 (fit + PDF + ag) 79 (scale)
MMHT14  173.6 + 1.9 (fit + PDF + ag) 199 (scale)



https://link.springer.com/article/10.1140/epjc/s10052-019-6863-8
https://link.springer.com/article/10.1140/epjc/s10052-019-6863-8

Phys. Lett. B 803

First experimental R u n n | n g Of to p m aSS (2020) 135263

investigation!

‘ 2016 data

e Extracted by comparing NLO predictions @13 TeV: 35.9 fb-

to differential cross section measured vs

. CMS 9fb”
m,; in emu channel & 350" BRI
. = -
e Simultaneous measurement of do,;/dm,; N = }  Data unfoided to paron level
and mMC by means of maximum- = ) _
. . . . . . — NLO predictions in MS scheme
likelihood fit to multi-differential Based on EPJC 79 5 250/ ¢ n=p=m
distributions 12019) 368° S’Erategy S 200 ABMP16_5_nlo PDF set
(see D. Muller’s talk) -
. . . " 160 ) - 164 Gev
e Running of m; in agreement with prediction - m(m') = 166 GeV
‘ _— 100~ t
of corresponding RGE within 1.1 ¢ :
* No-running scenario excluded at above R —
95% C.L. 400 600 800 1000 1200 1400 1600 1800 2000
Mg [GeV]
e —
CMS 35.9 b (13 TeV) CMS 35.9 b (13 TeV)
2 1.051 ABMP16_5_nlo PDF set E ABMP16_5_nlo PDF set
£ - =476 GeV S C u_ =476 GeV
= 1: Mo =M = 1.05F u, = mi(mt) = 163 GeV
B R
- 1
0.95— B .
N 0.95
09 [ NLO extraction from differential ¢ * . (] NLO extraction from differential o, °
B it 0.9 o Reference scale = 1
B © Reference scale Mo - NLO extraction fromr?nclusive Oy
0.85 - One-loop RGE, n = 5, ocs(mz) =0.1191 085 ] One-loop RGE, n = 5, ocs(mz) =0.1191
B 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 B 1 | 1 1 1 | 1 1 1 | 1 1 1 I 1
400 500 600 700 800 900 1000 400 600 800 1000
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Phys. Lett. B 808

First direct model-independent TO p C K M e I e m e ntS (2020) 135609

measurement in single top
t-channel events

e Processes directly sensitive to [Vuwl, [Vidl, and |Vis| are considered at both the

production and decay vertices of the top quark:

STob signal SThq signal

Category Enriched in
2j1t STy b

3j1t STh,q, STq b
3j2t STy b

e BDT discriminant trained for each category to separate
signal and background processes

e Multivariate discriminators used in a simultaneous fit to
the 3 event categories to discriminate between
STho, SToq, and STy
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NEW

2016 data
@13 TeV: 35.9 fb-1

STqb Signal

04 x10° 35.9fb™" (13 TeV)

v =L D e L B

g 22 z_ CMS é] &)ata ; \ZVE?g';STb'q (x 1000) =

— tw D =

5 fg = + 31t = Z+jets EI t, s-ch E

e = 1 J v . ST, =

> :llg = wy, Fit unc E
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W 10E =
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Phys. Lett. B 808

Top CKM elements (2050) 155609

CKM matrix elements extracted by signal strengths:

55"%,.1, X (BR(t — Wh))°™
A = b % (BR(t — Wb))

¢ X (BR(t = Wd,s))*™ + 0%, 4 x (BR(t = Wb))*>* _ [Vin[*** - ([Vis|® + [Vial?)*™® - ™ - Thop

B Ivtbldobs . rgbs ) rtop
Ve [T - Tgbs

top

Hsd = Ot—ch.b X (BR(t = WA,s)) + 0¢—ch.s.a X (BR(t = Wb)) [Vin|2 - (|Vies|? + |Veal?) - Tq - Toos

In SM:
e assuming CKM unitarity (@ 95% C.L.):

BSM scenario 1:
e additional quark families with m > mt
* no CKM unitarity

BSM scenario 2:
* additional, undetected decays

All results are consistent with each other
Best determination of these parameters w.r.t.
latest measurements of single top quark in Run2

V| > 0.970
[Vial? + [Vis]* < 0.05

|Vip| = 0.988 £ 0.027 (stat+prof) + 0.043 (nonprof)
Vg 2+ Vs I = 0.06 + 0.05 (stat+prof) fgjgg (nonprof)

|Vip| =0.988 + 0.011 (stat+prof) £ 0.021 (nonprof)
IVegl? + |V, |* = 0.06 + 0.05 (stat+prof) + 0.04 (nonprof)

Ry =0.99 + 0.42 (stat+prof) + 0.03 (nonprof).
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. Top Forward-Backward
t Asymmetry

e Asymmetry in tf production due to NLO interference terms between
qq initial states
e Search for anomalies in the angular distribution of produced ¢7 pairs:

do

(QQ) fsym(c )+ [/ fsym(x)dw] A%‘%(mtt*

anomalous chromoelectric (di) +
chromomagnetic (u+) dipole moments

o(c" > 0)—o(c" <0)

AFB —

o(c* > 0)+o(c" <0)

» Lepton+jets events with “boosted” and “resolved” topologies

JHEP 06 (2020) 146

2016 data @13 TeV:
35.9 fb-1

e Multi-dimensional template fit for each

category, lepton flavour and charge to

Type 3 u+1ets (SR)

35.9 fb (13 TeV)

N i Kbl L L L] L B rrrrTT e rrrT rerrrT rrrr rerrrT rrrr prrrrTT rrrrTT L b L L] L L
— Q n Data qq — tt - gg S -
c* s Myzs Xp = 2p L / \/_ %5000 —_ Other t quark & Z/y+jets [ W+jets Multijet =
o u XX MC uncertainty — Ix |1 bin edges ---- m, binedges
o T w - --—- ¢,*=0 points ]
B 5 4000 |— . . —
S 0.03;- CMS = - : :
% . Simulation i - .
20.025[ _ f 3000 E
8 —‘1 _qq J:: - .
I 0.02F ---q9 r-% 2000 E
- -99 ;- : :
0.0151- 7y - 1000 AL
0 01k ‘/’/”? 0 ?s'm'nnrmhﬂ 'mn%h#»‘LA !‘lh’l M nm-.-sh- i!rnn nﬂ"!l! Flln” lllr]'ﬂ
Ui = H ] O T
'I“_ - 1

: ROy 5 S

0.005— i - =
Z i 0o 0 10 20 30 40 50 60 70 80 90 100110120130140 150160170180190200210220
O_I 1l | | - | L1l I |- I L1 1 | L1l | L1l I |- I L1 1 | |- I_ Template bln

-1 -08-06-04-02 0 02 04 06 08 1
C*

———————————— 17
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First measurement TO p FO rwa rd - B a.C kwa rd
Asymmetry

@LHC !

e Parameters independently extracted from a linear combination of the 3D templates fitted to data

359fb(13TeV) “008”_”“]'I”359fb(13TeV) ""6""I""I""I'"'I"3'5'9f;b"("|3:r'e\‘/)
= I B — (::___— —1 6 -
V<ELL0 gL Median MC values CMS . 1= RN Median MC values CMS € | CMS — Likelihood scan ]
OO B 1o £ 0.06" B 10 D 68% CL E
06 42 = o - [ Jz*20 : SV ) ]
L - =<0 ] 0.04 Fitted d E l - — 95% CL
0.4F Fitted data ] - tted data b k
¥ ] 0.02[ - -
0.2 - [ i
Qe ] Of B 3 -
- ] -0.02% . 25
0.2 — - ] [ B
E E -0.04¢ . : -
—0.4_— 7] C ] B ]
' . ~0.06 . L ! E
-0.6F . N . i : 1
L A -0.08 .y i i 0 il | P
-04 02 0 02 04 0-(?) ~0.06 -0.04 —0.02 0 | 0.02 _ 50,005 0.01 0.015 0.02 0.025 0.03
Input A__ nput W ja
N
1 +0 095 +0.020 | A +0 013 +0.016 7

e Values consistent with SM expectations and in good agreement with previous measurements
like CMS spin correlation measurements in dilepton channel
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Summary

e Several measurements of top quark properties with new Run2 data presented:
e Spin correlations in ¢ production
* new ATLAS+CMS comparison @13 TeV
ATLAS+CMS Run1 combination of W polarization
Top quark Yukawa coupling with full Run2 dataset
* new decay channel + new reconstruction technique
Top quark mass:
* from boosted quarks
* new jet clustering technique
* from multi differential cross sections
* from inclusive cross sections
First investigation of top quark mass running
First direct measurement of CKM elements in single-top production and decay
First Forward-Backward asymmetry measurement in t¢

e Increased precision (up to NNLO+NLO EWK level) allowed by huge number of
produced top quark events:
e better understanding of top quark properties
e constraints on new physics

* New results with full Run2 data coming soon!

Focus on a selection of recent results..
for other CMS results you can look here
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Phys. Rev. D 100

Spin correlations: (2019 072002
basis of spin quantization axes

B and C coefficients:
e functions of 4/ s and of the top quark scattering angle
e written in terms of orthonormal basis {k, 7, 7}

e helicity k-axis: top quark direction in ttbar rest
frame

e transverse 71-axis: transverse to production (ttbar
scattering) plane

sign(cos®)

A= X k
sin® (P> k)

e /-axis: orthogonal to the other 2 axes (normal to k
in ttbar scattering plane)

e  p =direction of the incoming parton, i.e. direction
of the proton beam (z-direction in the laboratory
frame)

o« O =top quark scattering angle in ttbar rest frame
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Phys. Rev. D 100

Spin correlations: (2015 072002
extraction of fsm

e fsm = strength of the measured spin correlation relative to the SM prediction

fsm = 1 for SM, 0 for uncorrelated events

values derived using the measured coefficients and NLO calculations
allows easy comparison of results between different variables (and between

different experiments)

Coefficient

fom * (stat) & (syst) & (theor) Total uncertainty

0.90 4 0.07 £ 0.09 £ 0.01 +0.12
1.134+0.32+0.33 513 0
1.01 £0.04 +0.05+0.01 +0.06
0.94 4+0.17 £0.26 £0.01 +0.31
0.97 £0.03+0.04 T .0 +0.05
0.06 0.24
0.74+0.07+0.22F 008 + 025
1.10 £0.04£0.09 T {1 017

D coefficient:
most precise

measurement
to date (5%
uncertainty)

CMS 35.9 fo'' (13 TeV)
—e— Data Standard model
Ci et 0.90 + 0.07 £ 0.09 + 0.01
C, R . —i  1.13+0.32:0.32+0.12
Cin p— 1.01+0.04 £ 0.05 + 0.01
c,+C, +— - T 0.94+0.17 £ 0.26 + 0.01
D et 0.98 + 0.03+ 0.04 = 0.01
AL’& o P 0.74+0.07 £ 0.19+ 0.07
Am; et 1.05+0.03+0.08 £ 0.11
i
foe T (stat) = (syst) = (theo)
1 1 I 1 1 L 1 1 1 1 1 I 1 1 1 1 l 1 1 1

0.5 1 15 2
SM spin correlation fraction f o
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Spin correlations: (2015 072002
uncertainties

Table 3: Summary of the systematic uncertainties in the extracted top quark polarization coefficients.

Source Uncertainty
Bf B% B! Bb, B By B B Br* By

ER 0.001 0.002 0.001 0.001 0.001 0.001 0.000 0.001 0.001 0.001
C}éﬁ_@ 0.011 0.012 0.007 0.009 0.003 0.003 0.009 0.008 0.007 0.007
nclustered energy 0.001 0.002 0.001 0.001 0.000 0.001 0.001 0.000 0.001 0.002
Pileup 0.000 0.000 0.002 0.002 0.000 0.001 0.001 0.001 0.000 0.000
Trigger 0.001 0.001 0.001 0.001 0.000 0.000 0.001 0.001 0.002 0.002
Lepton ID/isolation 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Kinematic reconstruction  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
b taggi 0.003 0.004 0.003 0.003 0.000 0.000 0.002 0.002 0.001 0.001
0.008 0.008 0.005 0.008 0.001 0.001 0.004 0.005 0.002 0.002
0.005 0.004 0.004 0.009 0.003 0.004 0.003 0.004 0.006 0.005
0.009 0.009 0.004 0.005 0.000 0.001 0.001 0.001 0.001 0.001
mi-lep. BF 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

olor reconnectio 0.005 0.003 0.003 0.004 0.008 0.005 0.006 0.008 0.006 0.008
W 0.001 0.003 0.001 0.003 0.002 0.003 0.003 0.002 0.004 0.004
C gE /PS matching™> 0.006 0.006 0.004 0.001 0.003 0.004 0.003 0.003 0.004 0.004

Oop quark mass 0.006 0.007 0.000 0.001 0.001 0.002 0.002 0.001 0.002 0.002

PDF 0.002 0.002 0.000 0.000 0.000 0.000 0.004 0.004 0.002 0.002
Top quark pr 0.003 0.003 0.001 0.001 0.000 0.000 0.001 0.001 0.000 0.000
Total systematic 0.021 0.021 0.013 0.017 0.010 0.009 0.014 0.014 0.013 0.014
Data statistics 0.009 0.008 0.009 0.009 0.007 0.008 0.010 0.010 0.010 0.009
MC statistics 0.003 0.003 0.003 0.003 0.003 0.003 0.004 0.004 0.004 0.003
Background MC statistics 0.005 0.005 0.005 0.005 0.004 0.004 0.006 0.006 0.005 0.005
Total statistical 0.010 0.010 0.011 0.011 0.009 0.009 0.012 0.012 0.012 0.011
Total 0.023 0.024 0.017 0.020 0.013 0.013 0.018 0.019 0.018 0.017
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Phys. Rev. D 100

Spin correlations: (2019 072002
uncertainties

Table 4: Summary of the systematic uncertainties in the extracted tt spin correlation coefficients.

Source Uncertainty
Crk Cr Cm Cu+Ch Ci—Cy Cuwr+Cm Cur—Cm Cu+Cop Cu—Ciw D AR, A|Agy|
JER 0.001 0.001 0.001  0.004 0.002 0.001 0.001 0.003 0.001 0.000 0.000  0.000
@ 0.012 0.009 0.005  0.022 0.011 0.011 0.009 0.012 0.007  0.002 0.000 0.001
Clustered energy 0.001 0.001 0001  0.004 0.001 0.001 0.002 0.001 0.001 0.000 0.000 0.001
Pileup 0.002 0.000 0.001  0.004 0.001 0.001 0.002 0.001 0.001 0.001 0.000 0.001
Trigger 0.001 0.001 0.000  0.002 0.000 0.000 0.000 0.000 0.000  0.000 0.001 0.000
Lepton ID/isolation 0.001 0.001 0.000  0.001 0.000 0.000 0.000 0.000 0.000  0.000 0.000 0.000
Kinematic reconstruction ~ 0.000 0.000 0.000  0.000 0.000 0.000 0.000 0.000 0.000  0.000 0.000 0.000
b tagging 0.004 0.001 0.002  0.005 0.001 0.001 0.001 0.001 0.001 0.001 0.000  0.000
0.017 0.009 0.008  0.025 0.006 0.004 0.004 0.007 0.003  0.004 0.008 0.002
0.012 0.006 0007  0.026 0.011 0.007 0.014 0.011 0.007  0.003 0.002 0.003
: 0.014 0.002 0.005  0.017 0.001 0.001 0.001 0.002 0.001 0.003 0.000 0.001
emi-lep. BF 0.000 0.001 0.001  0.002 0.000 0.001 0.000 0.000 0.000  0.001 0.000 0.000
0.005 0.013 0.006  0.013 0.011 0.014 0.017 0.009 0.008  0.002 0.001 0.001
Underlying event 0.008 0.002 0.002  0.004 0.010 0.007 0.005 0.007 0.002  0.003 0.001 0.001
ME/PS matching 0.004 0.003 0.001  0.009 0.016 0.011 0.001 0.012 0.009  0.002 0.002 0.004
0.001 0.002 0.006  0.006 0.009 0.002 0.002 0.009 0.001 0.002 0.001  0.000
0.005 0.005 0.001  0.004 0.001 0.001 0.001 0.001 0.001 0.002 0.007  0.002
0.008 0.010 0.005  0.019 0.000 0.001 0.000 0.001 0.000  0.004 0003 0.005
> 0.031 0023 0017  0.053 0.029 0.024 0.025 0.026 0.016  0.009 0.011 0.008
Data statistics 0.018 0019 0010  0.029 0.029 0.024 0.025 0.025 0.020  0.006 0.003 0.003
MC statistics 0.007 0.007 0.004  0.011 0.011 0.009 0.009 0.010 0.008  0.002 0.001 0.001
Background MC statistics  0.011  0.010 0.005  0.018 0.017 0.012 0.010 0.015 0012  0.003 0.002 0.002
Total statistical 0.022 0023 0012 0035 0.035 0.028 0.028 0.031 0.025  0.007 0.003 0.003
Total 0.038 0.033 0020  0.064 0.046 0.037 0.038 0.041 0.029  0.011 0.012 0.008
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W polarization

arXiv:2005.03799
submitted to JHEP

e Limits on anomalous right-handed vector (VR), and left- and right-handed tensor
(gL, gR) tWb couplings set while fixing all others to their SM values:

Lthz_%Bw(vaﬁﬁpR)tw; gb"’ q"’P -+'P )t W, +he.

Oin SM
95% CL interval
Coupling ATLAS CMS ATLAS+CMS combination
Re(Vg) [ 0.17,025] [ 0.12,0.16] [ 0.11,0.16]
Re(gr) [—0.11,0.08] [-0.09,0.06] [—0.08,0.05]
Re(gg)  [—0.03,0.06] [—0.06,0.01] [—0.04,0.02]
e Limits on corresponding Wilson coefficients:
f _ pSM Cy 1
—L =L +ZxAzO +0<A3)+ .
95% CL interval
Coefficient ATLAS CMS ATLAS+CMS combination
C(;¢ [—-5.64,7.68] [—3.84,492] |[-3.48,5.16)
Cow [—-1.30,0.96] [-1.06,0.72] [-0.96,0.67)
Ciw [—0.34,0.67] [-0.62,0.19] [-0.48,0.29]
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W polarization: uncertainties

e Uncertainty treatment harmonized between 2 collaborations arXiv:2005.03799
« Correlations between observables and between CMS & ATLAS studied in detail ~ JENLICEROEISS
e drastic variation of correlation assumptions resulting in deviations covered by
uncertainties of combined measurement

ATLAS+CMS combination
Fy F
Fractions 0.693 0.315
Uncertainty category @ Correlations within the same measurement
Samples size and background determination e ATLAS: from covariance matrix of each systematic uncertainty category
Stat+bkg 0.009 0.006 A (Fe) - 2(Fo] - 02(Fy]
. i * CMS: pFo,Fym T8 7 20027 7L
Size of simulated samples  0.005 0.003 2o(Folo{Fi]
Detector modelling
]ES 0.004 0.002 @ Correlations between the ATLAS and CMS experiments puuc(Fi,F))
JER 0.004 0.002 ® Assuming: purc(Fo,Fo) = puic(FLFL) and puic(Fo,Fu) = -puic(Fo,Fo)
. ‘ ' e Detector modelling, JER, data-driven background estimation and method-specific uncertainty
b tagging 0.001 0.001 =» uncorrelated, puic(Fo,Fo)= 0
JVE ) 0.001 0.001 ® Radiation & scales, JES =» partially correlated, puc(Fo,Fo)= 0.5, 0.2
Jet reconstruction <0.001 <0.001 e All other sources =¥ fully correlated, pLric(Fo,Fo)= +1
Lepton efficiency 0.002 0.001
Pileup <(0.001 <0.001 @ Correlations between measurements within the CMS experiment
Slgnal modellmg ° Assuming powms (Fi,Fi)ist, e«iets) = poms (Fi,Fi)ist. musiets) = poms (FiFi)st 1+jets)
® |n all cases: assuming pcms (Fo,Fo) = pems (FuFL) and powms (Fo,FL) = - powms (Fo,Fo)
Top quark mass 0.00 0.004 e Data statistics, background estimation, lepton efficiency, MC statistics =» uncorrelated
Simulation model choice 0.006 0.005 ® All other sources =» fully correlated
Radiation and scales 0.005 0.004
Top quark py 0.001 0.002
PDF 0.001 0.001
Single top method 0.001 <0.001
Total uncertainty 0.014 0.011
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Top Yukawa coupling:
multiplicative corrections

o The full expression for the EW multiplier Rgyw used in the fit, including the
associated uncertainty, it

REW (Ye, ) = (14 g (Y1) x (14 63epdnm (V)%

where 58813531\?\, represents the cross term arising from the difference in

multiplicative and additive approaches. Specifically,

bin bin
NLO bin __ MHATHOR — MLO
opw = (Kpw (Y3)—1) —  dpw = bin
nLo
bin bin
) _ ZpowHEG~>LO QCD y 5bin _ NpOWHEG — "LO
QCD 2 POWHEG QCD ntI;iSWHEG

o The uncertainty term is included only in the sensitive region where virtual
Higgs exchange enhances tt production.
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Phys. Rev. D 100

Top Yukawa coupling:
systematic uncertainties

(2019) 072007

e JEC split into 19 independent sources — dominant experimental uncertainty
e QCD shape uncertainty derived by b-tagging inversion — larger and higher

impact uncertainties for 3 jets channel

Uncertainty 1t Single ¢ V + jets QCD multjet
Integrated luminosity 2.5% 2.5% 2.5% 2.5%
Pileup 0-1% 0-1%
Lepton identification/trigger 1.9% 1.9% 1.9%
JEC 0-5% 0-5% e
JER 0-0.6% ‘e e
b tag scale factor 3% 3% 2-3%
b mistag scale factor 0.5% 1% 3-6%
Background normalization .o 15% 30% 30%
QCD multijet CR definition ‘e “e 0-60%
Factorization and renormalization scales 0-6% 2-5% 0-15%
PDF 0.5-1.5% 0.5-1.5% e
ag(my) in PDFs 1% 1.5%
Top quark mass 1-5% ‘e
Top quark pr modeling 0-0.5%
Parton shower

-NLO shower matching 1.5-5%

-ISR 2-3%

-FSR 0-9% 0-12%

-Color reconnection 0-3% “ee

-b jet fragmentation 0-3% 0-5%

-b hadron branching fraction 3% 2.5-3%
Weak correction dgcpdy 0-0.2% (Y, = 2)

28



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.072007
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.072007
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.072007
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.072007

Top Yukawa coupling:
systematic uncertainties

Very similar to those of previous
measurement
Main differences:
e lack of QCD multijet background
e use of full Run 2 data

Correlations
e full or partial correlations are imposed
on nuisance parameters between
data-taking periods where appropriate

Dominant uncertainties:
 EW correction uncertainty
e ISR, FSR
* ME scale variations (RS, FS)
e JES

Uncertainty:

type

EW correction uncertainty

signal shape modifier

signal & background cross sections

normalization

ME scale variations shape

b fragmentation, b decay shape

pdf uncertainties mostly shape
ISR, FSR shape

top mass shape
hdamp, MC tune normalization*
btag SFs, lepton SFs shape

lumi shape

pileup shape

prefire corrections shape

JER shape

JES mostly shape
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* Novel jet reconstruction technique, 2-step XCone jet
clustering procedure:
* find 2 jets with large radius R=1.2 (corresponding to 2
boosted top quarks)
* calculate AR(lep, jet) for both jets
* lowest AR — leptonic jet; other = hadronic jet
* find subjets using R=0.4
* four-momenta of subjets combined to form final jet
* Procedure results in:
e 2 large-radius XCone jets (pT > 400 GeV) with 3
XCone subjets each (pT > 30 GeV)
* narrow particle-level width and excellent mjet resolution
* high performance reconstructing the top quark decay
* XCone on detector level:
* no JEC for XCone available
* derive additional correction on top of AK4 JEC in all
had t t
* correction applied dependent on pT and n of subjets
* improvement:
* better statistics
* no mass shift (peak around mt)
* less pile-up effects (mjet stable against PU)
* better mass resolution (~6%)
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Boosted mass:
uncertainties

Experimental uncertainties:

Phys. Rev. Lett. 124

202001 (2020)

e JEC, JER, XCone additional correction, lepton ID, lepton Trigger, b-tagging, PU
Model uncertainties: scales ur, uf, ISR, FSR, hdamp, UE, choice of mtop, pdf

Other uncertainties:

e statistics

e background rates

e |luminosity 2.5% on every bin
Limiting uncertainty: jet mass scale

source uncertainty [GeV]
Total uncertainty 2.47
Statistical uncertainty 0.44
Experimental uncertainty 1.57
jet energy scale 1.52
jet energy resolution 0.48
XCone jet correction 0.45
Model uncertainty 1.55
FSR 1.17
CR 0.66
UE tune 0.51
choice of mtop 0.48
Theoretical uncertainty 1.02
CR 0.74
FSR 0.51
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Mass from O
multidifferential

e Simultaneous fit of PDF+aS+mtpole CMS

N CM: - 359fb (13TeV) CMS I 359fb (13TeV)
at NLO + HERA DIS data x i [N01 M(tf) y(tf)] dof = 23 data and PDF unc.| | x :[N M(tt) y(tt)], dof = 23, data and PDF unc.
e extraction of aS, mtpole as i ay(m.) = Aag(m ) PDF (¢, | 300:%’1“5:“0*5“‘5:; ‘;:‘:4”;’;}‘* J i
minimum of parabola modelling 200;T -5-0.1144 +-0.0025 CT14 [ 30] 7 | -5 171.12 +- 0.68 MMHT2014 [ 34] 1
7 0.1200 +- 0.0015 HERAPDF20 [ 33] i | |4~ 170.81 +- 0.68 NNPDF31 [ 33]
X2 bfetv_veen data and NLO I ~~-0.1169 +- 0.0013 ABMP16 [ 26] _ F| 7 170-83 +- 0.66 HERAPDF20 [ 28]
predictions as a function of the i 200 |+ 17095 +- 0.6 ABMP16 [ 21]
. R i 170.38 +- 0.66 JR14 [ 23]
input aS(mZ) or mtpole value 100 | 17117 +- 067 Cut5 [ 27]
using different PDF sets and 100\
scale values i
e uncertainty estimated from the . I . _ | .
Ax2 =1 variation "% o012 o013 Y10 5

PDF set ws (my) PDF set mP"® [GeV]
CT14 0.1144 + 0.0016(fit) & 0.0019(PDF) 99920 (;;)+0.0019 (,,Poley CT14 171.1 4 0.7(fit) + 0.2(PDF) 24 (1) ¥ (ag)
HERAPDF2.0  0.1200 = 0.0014(fit) & 0.0007(PDF) F0-0011 (5, +0.0007 (;, poley HERAPDF2.0 170.8 £ 0.6(fit)  0.1(PDF) 43 () *2 0 1(ag)

ABMP16 0.1169 4 0.0009(fit) = 0.0010(PDF)*0-0008 ;) +0.0006 (,,jpole ABMP16 170.9 + 0.7(fit) £ 0.1(PDF) 04 (4)* o 02(y)
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Mass from s in B L
- multidifferential

e significant on gluon PDF at large values of x
e areduction of uncertainties is observed for the gluon distribution, especially at x ~ 0.1 where the

included tt data are expected to provide constraints, while the improvement at x . 0.1 originates
mainly from the reduced correlation between aS (mZ) and the gluon PDF
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i X X
1072 1072 1 Figure 23: The relative total PDF uncertainties in the fit using the HERA DIS data only, and the

X HERA DIS and tt data.
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Running of top mass

* Beyond leading order in
perturbation theory, the
fundamental parameters of the
quantum chromodynamics (QCD)
Lagrangian, i.e. the strong coupling
constant aS and the quark masses,
are subject to renormalization

e As aresult, these parameters
depend on the scale at which they
are evaluated

 Numerical values of extracted
masses:
e experimental uncertainty only

running of ag is described by
renormalization group equation (RGE)

)
&
as(p) = aslg)—— (NLO)
as(po) —q57—— In ﬁg
typical procedure to measure ag running:

e extract ag(myz) from some final state
observable in limited scale range
(e.g. p = jet pr)

e convert ag(mgz) to as(p) using RGE,
w. appropriate choice of p in each bin

N.B. this is equivalent to extracting ag(u)
directly (RGE implicitly assumed)

Phys. Lett. B 803 (2020)

135263

CMS summary plot
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well-established procedure

experimentally verified on a very wide
range of scales, at different experiments

scale u [GeV] my(my) [GeV] my(u) [GeV]

384.0 164.41707>  155.4470 7
476.2 161.9+39 150.9+2%
644.3 162.074 1 148.27%9
1024 153.61%% 136.41%2

e similar procedure can be used to extract
running of heavy quark masses

short distance MS mass can be expressed in
terms of pole mass

1 4
mq(mq) = mg®° [1 — g-as(mq) + O(a3)]
and evolved to an arbitrary scale p

ma(i) = ma(mq) [1 = 25 1n 25+ 0(c3)|

e running of m. has been experimentally
determined at HERA experiments

® running of my, determined with data from
different experiments

— goal: determine running of my
using LHC data at 13 TeV

Phys. Lett. B775 (2017)

;, 14 . NLO fit of HERA data (this work)
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Phys. Lett. B 803 (2020)

Running of top mass s

Source Uncertainty [%]
Jet energy scale 1.0
PDF 1.1
Lepton ID/isolation 2.2
Electron energy 0.5
b quark fragmentation 1.1
b tagging 0.2
. .y . Colour reconnection 0.7
* Dominant uncertainties in the measured o tt iy k are Kinematic reconstruction 0.4
associated with the integrated luminosity, the lepton }z:(e‘;ffr e o
identification efficiencies, the jet energy scales and, at Muon e%l};rgy scale 0.1
: Pile-u 0.5
large mtt, the modelling of the top quark pT ‘W ESR scale 0
tW ISR scale 0.2
T : _ 40 ‘ot tW ME scale 0.2
» Additional uncertainty (= 1%) due to statistical | MC 05
t :
fluctuations in templates Top quark py 0.7
Trigger 0.3
b hadron BF 0.1
* Total uncertainty ~4-5% tt FSR scale 07
tt ISR scale 0.3
ME/PS matching 0.2
tt ME scale 0.3
UE tune 0.3
DY background 0.9
tW background 0.6
W +jets background 0.1
Diboson background 0.6
tt background 0.3
Integrated luminosity 2.6
Statistical 0.7
MC statistical 1.5
Extrapolation uncertainties
tt ISR scale +0.2
tt FSR scale +0.1
tt ME scale +0.1
UE tune Fod
PDF +2%
Top quark py +5901
35 Total at(f’“) uncertainty T



https://www.sciencedirect.com/science/article/pii/S0370269320300678?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269320300678?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269320300678?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269320300678?via=ihub

Top CKM elements

e Multivariate discrimination between signal and
background processes
e BDT discriminant trained for each category

2-jets—1-tag
@ j' defined as the non b-tagged jet
o QCD sample depleted with m}Y > 50 GeV requirement
o BDT training: single top t-channel (7)) vs tt and W + jets

Rank ‘ Variabl ‘ Rel. imp. [%] SCI;"aI' tion to BDT
T [ W-boson transverse mass | 20.70 2000 | -025
2 [n] light jet 1455 4060 | 4047
3 lepton + b-jet mass 11.95 -0.28 -0.38
4 no. extra jets 104 048 | -045
5 top-quark mass 104 031 | -043
6 [ 8.9 2000 | -018
7 | lepton + light jet mass 8.7 4035 | 4006
8 <0503y 82 4005 | +0.05
9 cos 6.2 4004 | 4001

Background rejection versus Signal efficiency

Phys. Lett. B 808

(2020) 135609

©

TMVA overtraining check for classifier: BDT
‘ Signdl (fest sample) "+ Signal (raining shmpie) | |
(test nmpl ) | | + Background (training sample) J
imogorov-Smimov test: signal (background) probability = 034 (0.523)

(1/N) dN / dx

'al.a'v-n'alu'o-s-

»©

o

3-jets-1-tag
@ j/ defined as the most forward non b-tagged jet
o signal region myY > 50 GeV & |nj/| > 2.5

e BDT training: single top t-channel with [Viq|* vertex in decay (ST(p,q)) Vs

single top t-channel (ST, )), standard tt and W + jets

3-jets—2-tags
e j' defined as the non b-tagged jet
e BDT training: single top t-channel (ST ) vs tt
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Top CKM elements EEES

e Systematic uncertainties
e Profiled = treated as nuisance parameters and profiled in the fit procedure
e Nonprofiled = estimated as the difference between the result of the fit procedure by varying
the systematic scenario

Table 4: The sources and relative values in percent of the systematic uncertainty in the measure-
ment of the STj, ,cross section. The uncertainties are broken up into profiled and nonprofiled
sources.
Treatment Uncertainty Aogy, /0 (%)
Lepton trigger and reconstruction 0.50
Limited size of simulated event samples 3.13
tt modelling 0.66
Pileup 0.35
. QCD background normalisation 0.08
Froflled Wjets composition 0.13
Other backgrounds ug / g 0.44
PDF for background processes 0.42
b tagging 0.73
Total profiled 3.4
Integrated luminosity 2.5
JER 2.8
JES 8.0
, PDF for signal process 3.8
Nonprofiled Signal g /g 24
ME-PS matching 3.7
Parton shower scale 6.1
Total nonprofiled 11.5
Total uncertainty 12.0
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Top Forward-Backward
Asymmetry: event type

Semileptonic top pair decays:

* use lepton charge to tag top vs. antitop direction b et ‘MET

e greater sensitivity and higher qgbar fraction at higher
momentum (large IxFl)
Type-1: boosted, fully merged
e non-isolated leptons
e 1 fat top-tagged jet (high Lorentz boost in which the
decay products of the hadronic top quark are fully
merged into a single jet)
e hemispheric separation
Type-2: boosted, untagged
e non-isolated leptons
e untagged (but heavy) fat jet
e reconstruction only uses small jets
Type-3: resolved
e isolated leptons
* no hemispherical separation
e only small (low-mass) jets
In total 20 analysis channels:
e 2 lepton flavors, both split based on charge
e 3 decay topologies with orthogonal selections
e 2 boosted topologies include background CRs

merged
top jet

type-2

hadronic W

38 no particular structure beyond objects
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Top Forward-Backward
Asymmetry: uncertainties

Source Uncertainty in Type  Size Affects
Jet energy scale +1o(pp,n, A) N&S 7.6% All

Jet energy resolution +1o(|n|) N&S 32% All
Pileup +1o(npy) N&S 29% All
Boosted p+jets trigger eff. +1o(pr, 1) N&S 04% Type-1/2 p+jets
Resolved p+jets trigger eff. +1o(pr,n) N&S 0.1%  Type-3 u+jets
Boosted e+jets trigger eff. +1o(pr, |n|) N&S 18.6% Type-1/2 e+jets
Resolved e+jets trigger eff. +1o(pr, 1) N&S 25%  Type-3 e+jets
Muon ident. eff. +1o(pr, Inl,npy) N &S 04% All i +jets
Muon PF isolation eff. +1o(py, |7l npy) N &S 02%  Type-3 u+jets
Electron ident. eff. +10(pr, 1)) N&S 1.0% All e+jets

b tag eff., b jets (loose) +1o(pr, 1) N&S 25% Type-1/2

b tag eff., c jets (loose) +1o(pr, 1) N&S 1.2% Type-1/2

b tag eff., light jets (loose) +1o(pr1,1) N&S 6.3% Type-1/2

b tag eff., b jets (medium) +1o(pr, 1) N&S 19% Type-3

b tag eff., c jets (medium) +1o(pr. 1) N&S 0.8% Type-3

b tag eff., light jets (medium) +1o(p1,1) N&S 12% Type-3

t tag eff. (merged) +1o(pr) N&S 1.6% Type-1

t tag eff. (semimerged) +1o(pr) N&S 22% Type-1

t tag eff. (not merged) +10(pr) N&S 28% Type-1
ISR scale +1o N&S 22% tt

FSR scale +lo N&S 2.6% tt
ME-PS matching (hgamp) +1o N&S 25% tt
CUETP8M2T4 tune +1o N&S 24% tt
Color reconnection +lo S 2.8% tt

b fragmentation +1o(xy) N&S 37% tt

b branching fraction +1o N&S 1.0% tt

Top quark pr reweighting +10(p5™, p%e"’t) S 2.5% tt
PDF/ ag variation NNPDF 3.0 S 1.5% tt
Renormalization scale pg Tug = 2ug S 2.6% tt
Factorization scale pp 5HUF = 24 S 1.5% tt
Combined pg/uy scale }—=2(urandpg) S 3.8% tt MC
Integrated luminosity +2.5% N — All

Ryg +1% N&S — All oo/ fams
Ry jets +10% N —  All W+jets MC
RGN (20 params total) +10 (stat) N — Multijet
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