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Role of top quark in the SM vacuum structure

Tree+1-loop Higgs potential

1-loop corrections

{loop

\/ Higgs loop




Definitions of top-quark mass in pert. QCD

Pole mass e MS mass i = mI\/I—S(mM_S)
0 < Ag < o0 O<Ag < 1/m
Mpare Mpare
Not defined beyond pert. theory Conceptually close to
Perturbative uncertainty Yukawa coupling at scale u~m

O(AQCD) < 1GeV



‘ Top quarks in collider experiments
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Precise m, determination near tt threshold at e*e™ collider

After decades of endeavor, e*e~ — tt cross section near threshold

was computed.
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Particle Data Group 2018

1Py = ozh

t-Quark Mass (Direct Measurements)

Charge = % e Top = +1

VALUE [GeV DOCUMENT 1D TECN COMMENT
173.0 4+ 0.4 OUR AVERAGE | Error includes scale factor of 1.3. See the ideogram {
below.
172954 0777 997 lSIRUNYAN  17L CMS  t-channel singl ducti
. 7 _ po3 -channel single top production
172.84+ 0.34+ 0.61 2 AABOUD 16T ATLS combination of ATLAS
172.44+ 0.13+ 0.47 3 KHACHATRY..16aK CMS  combination of CMS M
174.30+ 0.35%x 0.54 4 TEVEWWG 16 TEWA Tevatron combination !

* o » We do not use the following data for averages, fits, limits, etc. » ® »

173.72+ 055+ 1.01 2 AABOUD 17AH ATLS > 5 jets (2b) W~
17495+ 0.40+ 0.64 6 ABAZOV 178 DO f + jets and dilepton channels
170.8 + 9.0 . 7 SIRUNYAN 17w CMS  jet mass in highly-boosted tt

t-Quark Mass from Cross-Section Measurements

The top quark MS or pole mass can be extracted from a measurement of a(tt) by
using theory calculations. We quote below the MS mass. See the review “The Top
Quark” and references therein for more information.
VALUE (GeV) DOCUMENT ID TECN COMMENT . PDF

lwut:g 1 aBazov 11s DO o(tt) + theory

- hadronization

* o ¢ YWe do not use the following data for averages, fits, limits, etc. & » »

t-Quark Pole Mass from Cross-Section Measurements

VALUL_!GEVI_' DOCUMENT 1D TECN COMMENT

173.1+0.9 OUR AVERAGE i
173.2+£0.9+£0.8+1.2 1 AABOUD 178C ATLS e + ju + > 1b jets All masses measured in
170.6+£2.7 2SIRUNYAN 17w CMS £+ >1j hadron collider exp.
172.8+ 1.1-’__3'? 3 ABAZOV 16 DO €, f1-jets channels

17387 14 4 KHACHATRY.. 16AWCMS e + ji + B + > 0j

17377573 5 AAD 15BWATLS /+Fp+ > 5 (2b-tag)

172.9‘_"3-2 6 AAD 14ay ATLS ppat /5 =7, 8 TeV

* & ¢ We do not use the following data for averages, fits, limits, etc. » » »

=
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Particle Data Group 2018

1Py = ozh

t-Quark Mass (Direct Measurements)

Charge = % e Top = +1

VALUE {GeV DOCUMENT ID TECN _ COMMENT WEISHTED AVERAGE
. A (Error scaled by 1.3)
173.0 4+ 0.4 OUR AVERAGE | Error includes scale factor of 1.3. See the ideogram ¢
below.
172954 0777 997 lSIRUNYAN  17L CMS  t-channel singl ducti
. 7 _ po3 -channel single top production
172.84+ 0.34x 0.61 2 AABOUD 16T ATLS combination of ATLAS

172.44+ 0.13+ 0.47 3 KHACHATRY..16aK CMS  combination of CMS
174.30+ 0.35%x 0.54 4 TEVEWWG 16 TEWA Tevatron combination
* o » We do not use the following data for averages, fits, limits, etc. » ® »

173.72+ 055+ 1.01 2 AABOUD 17AH ATLS > 5 jets (2b)
17495+ 0.40+ 0.64 6 ABAZOV 178 DO f + jets and dilepton channels xz
170.8 + 9.0 7 SIRUNYAN 178 CMS  jet mass in highly-boosted tt |  [—t— { SIRUNYAN ~ 17L CMS 0.0
. - - —_ ... . AABOUD 16T ATLS 0.1
. — KHACHATRY.. 16AK CMS 15
t-Quark Mass from Cross-Section Measurements —\ TEVEWWG 16 TEVA _ 38

— - 54
The top quark MS or pole mass can be extracted from a measurement of o (tt) by (Confidence Level = 0.143)

using theory calculations. We quote below the MS mass. See the review “The Top | L | |
Quark” and references therein for more information. 170 RE 174 176 178 180
VALUE (GeV) DOCUMENT ID TECN COMMENT

t-Quark Mass (Direct Measurements) (GeV)

lwut:g 1 aBazov 11s DO o(tt) + theory

* o ¢ YWe do not use the following data for averages, fits, limits, etc. & » »

t-Quark Pole Mass from Cross-Section Measurements

VALUE (GeV) DOCUMENT 1D TECN COMMENT

173.1+0.9 OUR AVERAGE i
173.24£0.9+£0.8+1.2 1 AABOUD 178C ATLS e + ju + > 1b jets All masses measured in
170.6+£2.7 2SIRUNYAN 17w CMS £+ >1j hadron collider exp.
172.8+ 1.1-’__3'? 3 ABAZOV 16 DO €, f1-jets channels

17387 14 4 KHACHATRY.. 16AWCMS e + ji + B + > 0j

17377573 5 AAD 15BWATLS /+Fp+ > 5 (2b-tag)

172.9‘_"3-2 6 AAD 14ay ATLS ppat /5 =7, 8 TeV

* & ¢ We do not use the following data for averages, fits, limits, etc. » » »



Particle Data Group 2018

1Py = ozh

t-Quark Mass (Direct Measurements)

Charge = % e Top = +1

VALUE [GeV] DOCUMENT 1D TECN COMMENT

173.0 + 0.4 OUR AVERAGE Error includes scale factor of 1.3. See the ideogram
below.

172.95+ O.T?i 83; LsIRUNYAN 17L CMS  t-channel single top production
172.84+ 034+ 0.61  2AABOUD 16T ATLS combination of ATLAS

172.44+ 0.13+ 0.47 3 KHACHATRY..16aK CMS  combination of CMS
174.30+ 0.35%x 0.54 4 TEVEWWG 16 TEWA Tevatron combination
* o » We do not use the following data for averages, fits, limits, etc. » ® »

173.72+ 055+ 1.01 2 AABOUD 17AH ATLS > 5 jets (2b)
17495+ 0.40+ 0.64 6 ABAZOV 178 DO f + jets and dilepton channels
170.8 + 9.0 . 7 SIRUNYAN 17w CMS  jet mass in highly-boosted tt

t-Quark Mass from Cross-Section Measurements

The top quark MS or pole mass can be extracted from a measurement of o(tt) by
using theory calculations. We quote below the MS mass. See the review “The Top
Quark” and references therein for more information.

VALUE (GeV) DOCUMENT ID TECN COMMENT

lwut:g 1 aBazov 11s DO o(tt) + theory

* o ¢ YWe do not use the following data for averages, fits, limits, etc. & » »

t-Quark Pole Mass from Cross-Section Measurements

VALUE (GeV) DOCUMENT 1D TECN COMMENT

173.14+0.9 QOUR AVERAGE

173.24094+0.8+1.2 1 AABOUD 178C ATLS e + p + > 1b jets
170.6£2.7 SIRUNYAN 17w CMS ¢+ > 1j

172.8+ 1.1-’__3'? 3 ABAZOV 16 DO €, f1-jets channels
17387 14 4 KHACHATRY.. 16AWCMS e + ji + B + > 0j
17377573 5 AAD 15BWATLS /+Fp+ > 5 (2b-tag)
172.9‘_"3-2 6 AAD 14ay ATLS ppat /5 =7, 8 TeV

* & ¢ We do not use the following data for averages, fits, limits, etc. » » »



mP°'® determination at LHC using lepton distributions in dilepton channel

Q

r Wes Vv \Js =8 TeV
b
‘ b mP®=173.2409+ 0.8+ 1.2 GeV
W n = 173.2+1.6 GeV
7

The pole mass is extracted from a fit of NLO predictions to
8 lepton differential distributions in dileptonic tt events,
while simultaneously constraining uncertainties due to
PDFs and QCD scales.

Largely indep. of jet profiles
(e.g. Missing p; cut is not used)



Leptonic observables vs. MC predictions
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Pert. QCD prediction for tt cross sections at LHC

NNLO+NNLL predictions Czakon, Heymes, Mitov (prod)

Gao, Papanastasiou (prod+decay)

More to come soon.
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How to ideally compare with pert. QCD?

Model dependences should be largely eliminated.
hadronization, PDF

» Hadronic inclusive obs. )’ |had.) (had.| = Y"|q,9) (g, 9] = 1

(More accurately, OPE formulation desirable.) > Leptonic obs

« Uncertainty due to PDF can be eliminated (in principle).
Iﬁ) Weight fn. method Kawabata, Shimizu, YS, Yokoya

 Roles of MC simulation needs to be reconsidered.



OPE formulation (idea)

1 do(pp - tt > X)
o d® () B

1

o)

1

o)

f d®(had) (pp|lvX){lvX|pp)

[ dd(had) H*V L,

|

[ d®(had) H* (pp — X) = Identify OPE in terms of EFT

by integr.-by-region method

* Precise treatment of IR contributions

« Simplification by EFT and inclusive calc.
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Summary and Conclusions

« Accurate view on current status of top mass determination is important.
def./assumptions w.r.t. pert. QCD

« MS mass determination at ete~ — tt near threshold is ideal. 0(107%) acc.

« At LHC Am; much below 1 GeV is currently challenging.

Color charge distribution around octet tt introduces
unsuppressed/uncontrolled IR physics.

» For determination of well-defined top mass at LHC, use of leptonic obs.
combined with NNLO prediction analysis is optimal.
PDF indep. property can be exploited in addition. (\Weight fn. method)
OPE is desirable to control IR contributions precisely.

L) Model indep. analysis
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Slides from S. Kawabata’s talks

Kawabata, Shimizu, YS, Yokoya TopWG@CERN2014,TopWS2015

Weight functions and the weighted integrals

Weight function
I(m) = jdEI D1£E;)|W(E;,m)|

Lepton energy distribution in the lab. frame

There exist an infinite number of weight functions which satisfy

[ (m=m/"®) =0 for an arbitrary velocity distribution of top quarks

4""I""I"

small velocity

large velocity

I ,' ' t-r*ﬁ.e IIIIIIIII
Ty

m (GeV)




Construction of weight functions

For a two-body decay: X = £+Y (Xis scalar or unpolarized)

——————————————————— 77T
14f [
12} — The rest frarjwe of X
1£;: /A boosted ffame g
Dk of
04 1e? = E¢/Eo1f
0.2f \ r
ool | o
0.0 05 1.0 1.5 2.0 2.5 [ ]
E | Ey U0 <05 00 05 10
Lepton energy distribution P

14 /11



Construction of weight functions

For a two-body decay: X —= £+Y (Xisscalar or unpolarized)

12f — The rest frarjwe of X of
10
1dT o /A boosted ffame 1t
”Efn_ﬁi n.;
04t .;eP — EE/ED —12-
N ': N :
Y| S N Y I of
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E; ] Eo
Lepton energy distribution P

de;D(E;) W(E;,my") = 0 <= /dp(even func. of p)(odd func. of p) =0
dp < e PdE,

W(E;,my"¢) = e P(odd func. of p)‘eP=E;/En

15 /11
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Possible OPE formulation (idea)

do(pp - tt > vX) |
dd (1) B

d®(had) (pp|lvX){lvX|pp)

—

— [ do(had) H* Ly

|

[ d®(had) H* (pp — X) = Identify OPE in terms of EFT
by integr.-by-region method

—

similar to DIS in ep collision
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Y Plan of Talk

1. Introduction

2. Top mass determination at ILC

3. Top mass determination at LHC: Use of leptonic observables

(4. A future direction for precision QCD)

5. Summary and Conclusions
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Pert. QCD prediction for tt cross sections at LHC

NNLO predictions
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= Direction for Precision QCD: OPE with

renormalon subtraction

2

0.

Consistency check

Takaura, Kaneko, Kiyo, YS

§ : VO /Ay +const.
@ : (V5o —VRF) /Agpg +const.
using Ayg = A';,I[;G

Ays

as(M,) determination

- Our analysis
— e——  PDG[1]

— e FLAG[2]

/ e—e—a-—a___
1 L " i i M " i
0 0.2 0.4 0.6 0.8

— | Toia

0118 0120 0122

as(M°)

0.116

Ays?

1.0

1.4

Vocep (1) [JLQCD: nf = 3, {64°x128, 48°x96, 32°x64}] consistent with OPE

at rAyg < 0.8 after renormalon subtraction.

First time to confirm
the OPE structure

VQCD(r) = VgF(r) + SEﬁg(r)
NNNLL

fit fn: Ay + Apr2
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Summary and Conclusions

Need to understand current status of top mass determinations
def./assumptions

MS mass determination at ete~ — tt near threshold would be ideal.

At LHC Am; much below 1 GeV would be difficult to achieve.

Color charge distribution around octet tt would introduce
unsuppressed/uncontrolled IR physics.

For measurement of well-defined top mass at LHC, use of leptonic observables
combined with NNLO prediction + model indep. analysis is ideal.

Steps taken towards high precision QCD (results in foreseeable future)



