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Introduction
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Why measure the Top Quark Mass?

. Present vacuum "'.

e input parameter of the Standard Model | | / _———==_ ;
e input for global electroweak fits \ o}
e determination of electroweak vacuum stability THnneling procesy (vany o
ow) % ,'l

[S. Abel et al. 2008 ]

[ J. Erler, M. Schott 2019 ]
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How to Measure the Top Quark Mass?

Had rOn COl | |derS [PDG averages]

e direct reconstruction: 172.9 GeV = 400 MeV ( Monte Carlo mass )

e cross-section measurements: 173.1 GeV £ 900 MeV ( pole mass )

160.0 GeV *#800 Mev

e  cross-section measurements: 4300 MoV

(MS mass)

Future Lepton Colliders [Abramowicz et al. 2019]

e direct reconstruction: £ (50-100 MeV ) (Monte Carlo mass )

e cross-section measurement:
(threshold)

t(<75MeV) ( short-distance mass )

e cross-section measurement:
(radiative events)

+ (105-150 MeV ) ( short-distance mass )
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Top Quark Mass Determination
at Lepton Colliders
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Overview

Lepton Colliders

CLIC (CERN)
ILC (Japan)
FCC-ee (CERN)
CEPC (China)

07/11/2019

350, 380, 1500, 3000 GeV [CLIC collaboration 2016]
250, 350, 500 GeV (+ 91.2, 1000 GeV) [LCC Sept. 2019]
91.2, 161, 240, 350, 365 GeV [FCC collaboration 2019]
91.2, 161,240 GeV [CEPC study group 2018]
e CLIC
o0 ° °
o o ° o |[LC
FCC
° * - e CEPC
91.2 161 250 350 500 1000 1500 3000
CM energy
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Overview

top quark mass measurements (main methods)

e threshold scan 350 GeV olete” — tt) < 75 MeV precision [simon 2019]
e radiative events 380, 500 GeV olete” — tty) ~ 105 - 150 MeV precision [Boronat et al. 2019 - in preparation]
e direct reconstruction 380, 500 GeV invariant mass ~ 50 - 100 MeV precision [Abramowicz et al. 2019], [Seidel et al. 2013]
o ° e CLIC
° ° o [LC
FCC
350 (380 500
CM energy
e t
e’ t
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Threshold Scan

® top mass: precision < 75 MeV  [simon 2019]
(now: m;'* =172.9+ 0.4 GeV [PDG] )

® top width: precision < 100 MeV {[simon 2019]

(now: Ty =142"012 Gev  [PDG])

e threshold also sensitive to top Yukawa coupling, strong coupling constant

uncertainties for top quark mass determination

QCD scale variation ~ 40 MeV

parametric ~ 30 MeV
(for Ao, = 0.001)

statistical ~ 20 MeV

systematic (experimental) ~ 25 -50 MeV

[Abramowicz et al. 2019]
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Radiative Events (380 GeVv, 500 GeVv)

[Boronat, Fullana, Fuster, Gomis, Hoang, Mateu, Vos, AW 2019 - to appear soon]

invariant mass of top quark pair: (q’)2 —s' =3 <1 — %)

factorization (in ISR approximation): d\/? = f(Ev) Utt‘(sl)

L B e e L L B B B
+Pseududala

i Theoretical calculation
600 |-

L - Systematic scale varlation

Events

— I/, can be measured with high precision

N

o

o
T

— measurements of different F, give a scan over the pair
production cross section

N

o

o
I

— radiative return to threshold gives high mass sensitivity CLICdp ]

Pin=1ab" 7
0 NP PPN PR W
330 340 350 360 370 380
/s’ [GeV]

measurement points
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Radiative Events (380 GeVv, 500 GeVv)

[Boronat, Fullana, Fuster, Gomis, Hoang, Mateu, Vos, AW 2019 - to appear soon]

invariant mass of top quark pair: (q’)2 —s' =3 — %
/s
factorization (in ISR approximation):
dozy Qlem , 9 2¢/(1 — 2z) 2 ) .2 _ by
— x,0)o0(s") + O(a , g(z,0) = ————|1 22+ (1 + cos”O)z”|, == —
dcosfdvVs’ W\/Eg( Jouls) (erm)  sin® NG
t
I e large photon energy E., > 5 GeV
e 0Ointegrated from 8° to 172°
+ —
€ Q > < € e highest mass sensitivity for collinear top quarks
o) s~ 4 m}z
7 o radiative return to threshold
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Radiative Events (380 GeVv, 500 GeVv)

[Boronat, Fullana, Fuster, Gomis, Hoang, Mateu, Vos, AW 2019 - to appear soon]

invariant mass of top quark pair: (q’)2 —s' =3 ( — %)
S

factorization (in ISR approximation):
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Radiative Events (380 GeVv, 500 GeVv)

[Boronat, Fullana, Fuster, Gomis, Hoang, Mateu, Vos, AW 2019 - to appear soon]

invariant mass of top quark pair: (q’)2 —s' =3 < — %)

factorization (in ISR approximation):

doz « 2¢/(1 — 2z) 2 ) .2 _ by
il = — g(z, D|ow(sH|+ O(a?,), 9(x.0)=——"F—|1-2z+ (1 +cos"O)z"|, == NE
dcos@dVs' s  sin”0
2 AR AR RS cms energy CLIC, /5 = 380 GeV [ILC, /5 = 500 GeV
Eeoo B -* L luminosity [fb~']| 500 1000 500 4000
i statistical 140MeV  90MeV |350MeV 110 MeV
400 - ] theory 46 MeV 55 MeV
lum. spectrum 20 MeV 20 MeV
200 - -
1 photon response 16 MeV 85 MeV
CLICdE 1
0 AT I I A total 150MeV  110MeV |360MeV 150 MeV
330 340 350 360 V170 380
: Vv
& [GaV] uncertainties for top quark mass
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Radiative Events (380 GeVv, 500 GeVv)

[Boronat, Fullana, Fuster, Gomis, Hoang, Mateu, Vos, AW 2019 - to appear soon]

currently missing / possible improvements:

e parametric uncertainty from o

e final state radiation

e including forward calorimeters (higher statistics)

e {t cross section: axial vector current

e tt cross section: higher order electroweak effects

07/11/2019 9/32
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Inclusive Top Quark Pair Production Cross
Section from Threshold to Continuum

Vs [GeV]
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Inclusive Cross Section - Theory Overview

C ey threshold
non-relativistic QCD resho

(NRQCD) Inclusive QCD Cross Section a(e*e™ - y* - ti)
1.4} -
[ | | NNLLthreshoId ]
N N LLthreshoId 1.2 F v. 5 ]
I ] ]
[Hoang, Stahlhofen 2013] [ ]
- QCD + LO electroweak ]

(double-resonant)
- vNRQCD
- resummation of
velocity-logarithms
- complete for all practical
purposes
- 1S mass

NNNLOthreShOld 0-0 I " L 1 L 1 L 1 1 " L 1 1 1 1 1 " 1 1 " 1 1 1 1 1 1 L 1 1 L L L L 1 1
[Beneke, Kiyo, Marquard, Penin, 340 350 360 370 380 390 400

Piclum, Steinhauser 2015]
[Beneke, Kiyo, Maier, Piclum 2016] Vs [GeV]
- QCD + EW + Higgs
- pNRQCD
- PS mass

07/11/2019 11/32 Angelika Widl



Inclusive Cross Section - Theory Overview

T threshold continuum
non-relativistic QCD full QCD
(NRQCD) Inclusive QCD Cross Section a(e*e™ - y* - ti)
1.4 . ] N N N Locontinuum
[ J NNLLthreshold ] [Hoang, Mateu, Zebarjad 2009]
[ s — ) ] Kiyo, Maier, Maierhofer,
NNLLthreshol ; 1.2} N3LOcontinuum ] {\/Ielayr(c)]uarzlleOOQe]“er oter
[Hoang, Stahlhofen 2013] [ ]
- QCD + LO electroweak 1.0p ] - QCD corrections
(double-resonant) [ I
- VNRQCD o 0.8f ]
. o L
- resummation of 5 [ ]
velocity-logarithms 0.6] 7
- complete for all practical i
purposes 0.4] .
- 1S mass . ;
0.2} ]
NNNLOthreshold 0.0 [ L L 1 L 1 1 1 1 1 1 1 1 1 1 1 " 1 1 " 1 1 1 1 1 1 1 1 L L L L 1 1
[Beneke, Kiyo, Marquard, Penin, 340 350 360 370 380 390 400
Piclum, Steinhauser 2015]
[Beneke, Kiyo, Maier, Piclum 2016] Vs [GeV]
- QCD + EW + Higgs
- pPNRQCD
- PS mass
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Inclusive Cross Section - Theory Overview

T threshold continuum
non-relativistic QCD full QCD
(NRQCD) Inclusive QCD Cross Section a(e*e” - y* - ti)
1_4-— T S .—- NNNLOcontinuum
[ J NNLLthreshold ] [Hoang, Mateu, Zebarjad 2009]
NNLLthreshol ; 1.2:— = — NPLOgontinuum {\’/Tzoh ’;”rzi'z%c’;g?‘erh"fe“
[Hoang, Stahlhofen 2013] [ — NNLL + A3LO : ] ‘
- QCD + LO electroweak 1.0¢ ] - QCD corrections
(double-resonant) [
- vNRQCD a 081 ]
. o L
- resummation of 5 [ ]
velocity-logarithms 0.6 7
- complete for all practical i
purposes 0.4} 8
- 1S mass [ intermediate region ]
0.2 -
NNNLO, 0.0 Matched NRQCD + QCD
[Beneke, Kiyo, Marquard, Penin, 34(
Piclum, Steinhauser 2015] . . .
(Boneke. Kivo, Maier, Piclam 2016] LL, ... ¥ NLO_ . (differential cross section)
[Bach et al. 2017]
- QCD + EW + Higgs
- pPNRQCD
- PS mass NNLLthreshoId + NNNLOcontinuum thls talk
- photon-induced cross section
- QCD + LO EW at threshold
- 1S + MSR mass scheme
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Inclusive Cross Section -

Threshold

Inclusive QCD Cross Section g(e*e™ » y* - tf)
T 1 ‘ 'l —r 71T +rrr+~r rr v+ ¢ 1 ¢ 1 T r [ Tt T T T T[T __
14: threshold

opb]

NNLLthreshold

0.0}

340 350 360 370 380 390 400
Vs [GeV]
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Threshold - Coulomb Resummation

At threshold: v ~ a5, a; log(v) ~ 1
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Threshold - Coulomb Resummation

At threshold: as log(v) ~ 1

— ladder diagrams are enhanced

1

S

v

e t
+ + +
et t
«a

(%)

— resummation of ladder diagrams with Schrodinger equation

— numerical solution with Toppik [Hoang, Teubner 1999]

07/11/2019
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Threshold - Coulomb Resummation

At threshold: as log(v) ~ 1

— ladder diagrams are enhanced

e t
+ + +
e’ t
1 0 (%)’

— resummation of ladder diagrams with Schrodinger equation

— numerical solution with Toppik [Hoang, Teubner 1999]

— upgraded version of Toppik

| original Toppik version
B upgraded Toppik

- precision now 10~* 0.8}

- 10 - 50 times faster than original version

320 340 360 380 400

Vs
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Threshold - Coulomb Resummation

At threshold: as log(v) ~ 1

e resummation of ladder diagrams gives toponium resonances

e large top quark width smears out the top quark resonances

Mo =107 Gev f=1.5Gev

1.4 1.4

1.2 1.2

1.0 — 1.0 e
gos8 508
5 0.6 —> 5 0.6

0.4 0.4

0.2 L —— Mpole= 172.6 GeV 0.2 —— Mpgle= 172.6 GeV

0 : . A 0_% : . . Lo

42 343 344 345 346 347 348 42 343 344 345 346 347 348
Vs [GeV] Vs [GeV]

1S resonance

— inclusion of width by the replacement +/s +ie — /s +iI'; (gives LO electroweak

contributions at threshold) [Fadin, Khoze 1987]
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Threshold - Large Logarithms

At threshold: v ~ Oés,[as log(v) ~ 1]

— resummation with vNRQCD (velocity non-relativistic QCD) [Hoang, Stahlhofen 2013]

Contributions to the cross section at threshold :

Oy =V Z (%) (s logv)™ LL
2 Qs \" m
+ v Z — (aslogw) NLL
+o Y (%) (s log v)™ NNLL
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Threshold - Large Logarithms

At threshold: v ~ as,[(l’s log(v) ~ 1]

— resummation with vNRQCD (velocity non-relativistic QCD) [Hoang, Stahlhofen 2013]

Contributions to the cross section at threshold :

Threshold Cross Section

15} ' -

1 — LL — NLL — NNLL A
"é 1.0.‘
o L

(@]

O L
€ |
S 05}

mis=171.6 GeV |
0.0l

340 350 360 370 380 390 400
Vs [GeV]

(error bands from variation of renormalization scales)
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Inclusive Cross Section -

Continuum

Inclusive QCD Cross Section ag(e*e™ » y* - tf)

1.4} -
: continuum

1.2 .
[ —

1.0} -
L - NS I-Ocontinuum
00 L L 1 L 1 L 1 1 L L L L 1 L 1 L L 1 L L 1 1 1 1 L L L L L L L L L
340 350 360 370 380 390 400

Vs [GeV]
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Continuum Cross Section

The inclusive cross section is related to the vacuum polarization by the optical theorem:

W\Q\/\A = W@M + m@@m 4= awe
(4mar)?

= QT [II(V/s + i)

drrer)?
th:( s) Qflm

In the continuum:

2
OO — (4ma) Q2 - Im {Hm) +a, TV 4 a2 1 4 o3 H(i%)}
S

, I ... known analytically

m® 11 ... reconstructed with Padé approximations [Hoang, Mateu, Zebarjad 2009]
[Kiyo, Maier, Maierhofer, Marquard 2009]

(validity of Padé approximations for T1(2) shown by comparison to exact numerical
result in [Maier, Marquard 20171 )
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Continuum Cross Section

The inclusive cross section is related to the vacuum polarization by the optical theorem:

(4mar)?

= QF Im
S

In the continuum:

07/11/2019

[II(+/s +il'y)]

Jacp [pb]

Continuum Cross Section

340 350 360 370 380 390 400
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Theory Error for NNNLO

continuum

the cross section at NNNLO__ . shows a difference between the pole scheme and the MSR scheme:
oo9sf ]
0.96L ] e cross section in the pole scheme and the
| ] MSR scheme are incompatible (error bands do
= 0.94¢ ; not overlap)
=" ]
a 092 C 1

Q _ e scale variation seems to underestimate the
g 0.90¢ 1 error

. r 3
0.88;  m pole scheme, N°LO ] e difference corresponds to 1 GeV difference in
0.86f M MSRscheme, N°LO 1 the top quark mass

0.970
= 0.965 M pole scheme, N3LO
o B pole scheme, N3LO e (known) O(ai) mass scheme corrections
a 0.960 4 . seem to favor MSR mass scheme
8 + Olag] mass scheme corrections
S 0.955 ] [ MSR scheme, N3LO
B MSR scheme, N3LO
0.950L% L + O[a‘s‘] mass scheme corrections

380 385 390 395 400
\/;[GeV]
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Inclusive Cross Section -

Mass Schemes

pole mass scheme
1S mass scheme
MS mass scheme

MSR mass scheme

19/32

renormalon
for the threshold
for the continuum

for all regions
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Mass Schemes - Pole Mass

l

. SO —
Full propagator: F ¥ —mo + S(p, mo)
Pole mass: P — mo + X(p, mo) ’pzzmiole =0

Renormalon at threshold:

ONRQCD

pole mass scheme

1.4 Mpole= 172.6 GeV

1.2

1.0
o
£038

0.6
0.4

0.2
338 340 342 344 346 348

\/; [GeV]
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X(p, mo) = éé@(fbb% + ...

— pole mass renormalon leads to bad convergence
of the cross section already at lower orders

ONRQCD

1340

1S mass scheme
mys=171.6 GeV

342 344

J; [GeV]

346

348
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Mass Schemes - MS Mass

7

Full propagator: 51 = s ) S0 o) = 566?5% T

& @)
Conversion: Mipoe = T + T Z an(n, ) v (7)™

(m=m"+ (@) )

— works only in the continuum

Breaking of non-relativistic power counting in the MS scheme:

o \/g - 2 mpole
Upole =

Mypole

m-+majg og

L 2 o L1, 3 4 3
— Unis — A1 (Um> <1+§'Um> +a1 (Uf/[_s> <_§+§Um+ gvm +O(O&S>

-1

\/\f (m+may as)

At threshold: ~ g ~ Oz(s) ~ Qg
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Mass Schemes - MS Mass

7

Full propagator: Sr = §— 00 e ) X(p, mo) = égsicbb% 4o

Conversion: Mpote = T + T Z o (ng, ) cus (7)"
n=1
=m-+masay +... (m=m"™)(m (m+1)) )
~ v

— works only in the continuum

Breaking of non-relativistic power counting in the MS scheme:

o f — 2Mpole
Upole —

Mpole

\/\/52 (M +may ay)

m-+may O

1 2
b 3 & 1 o 1 1 3 "
— . S 1 —’2_ 2 S | — 2_ oy E O( < ,2_ )
Unvis ((q;&) aq (?)1\2/18> ( =} 2UMS> +Cl1 <'U%Ib> ( 9 o 2'UMS e 3 U ) + (Oé /UMS)

In the intermediate region: power counting breaking for vf/[—s S ag
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Mass Schemes - 1S Mass

[Hoang, Ligeti, Manohar 1998]

Mass of 1S resonance: M%Sl = FEhin + 2Mpole

1S mass: My =

1.4
1.2
1.0

go.s

5 0.6

0.4
J —— Mpoe= 172.6 GeV

o |

08,5343 3424 345 346 347 348
Mt s [Gevi

other low-scale short-distance mass schemes:
PS mass [Beneke 1998] , RS mass [Pineda 2001], Kinetic mass [Czarnecki, Melnikov, Uraltsev 1998]
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Mass Schemes - 1S Mass

[Hoang, Ligeti, Manohar 1998]

Mass of 1S resonance: Mf’tﬁl = FEhin + 2Mpole

1 1
. 1
1S mass: myg = 2M3S = Mpole + §Ebin
oo n—1
Conversion:  m; g = myee + (Cr s () Mpore) Z Z Cn, ks (1
n=1 k=0
_ 2 .2
— Mpole — 9a5 Mpole + ...
~ mv?
no breaking of the non-relativistic power counting at threshold:
Upole =
Mpole
VS = 2(mys — mys 10 @)
— M5 C1,0 O‘
02 4
5 o
—U1S+Clo( )<1+ 1>+Cl,0(38)<
V1S 2 Uis
~ O ~ O ~ Qs

07/11/2019 22/32

1
2

0

]
= <CF g (M)mpole>

1 3,
+ 21}18 + 8?)18

> + 0(ah)
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Mass Schemes - MSR Mass

[Hoang, Jain, Scimemi, Stewart 2008], [Hoang, Jain, Lepenik, Mateu, Preisser, Scimemi, Stewart 2017]
Conversion:  myeie =M +m E a, as(m)"=m +masal + ...

Mpote = Mysr(R +RZ an as(R)"= mysr(R)+ Rasa + ...

— no breaking of the non-relativistic power counting at threshold

\/g —2 Mpole

Mpole

o \/\/7 mM%R + Ray Oés)

myse + R a1 as

R U2 ~ 0{2 R 2 1 1 3
= Unysr — 01 Qg | —————— 1+—M5R>+a2 : ( > (——+—v2, + vl )+(’)
MR <7nMSR,UMSR,> ( 2 L UMSR Mysr UMSR 9 2 MSR ) I\ISR ( )

~ Qg ~ Qg ~ Qg

Upole
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Mass Schemes - MSR Mass

[Hoang, Jain, Scimemi, Stewart 2008], [Hoang, Jain, Lepenik, Mateu, Preisser, Scimemi, Stewart 2017]

Conversion:  mypole =M +m E a, as(m)"=m +masar + ...

Mpote = My sr(R) + R Z an as(R)"= mysr(R)+ Rasa + ...

— no breaking of the non-relativistic power counting at threshold

\/g —.2 mpole

Mpole

. \/\/7 mM%R +Ray Oés)

Mysr T Ray as

Upole

2
R 1%1512 2 042 R 1
= Umsr — A1 05 | - ) | 4 —= + a3 / ) == =
MysrVUMmsr 2 Umsr \ MusrVUmsr 2

— no power counting breaking for R ~ muv

07/11/2019 23/32
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)+O( =)
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Mass Schemes - MSR Mass

[Hoang, Jain, Scimemi, Stewart 2008], [Hoang, Jain, Lepenik, Mateu, Preisser, Scimemi, Stewart 2017]
oo
Conversion:  myeie =M +m E a, as(m)"=m +masal + ...
n=1

Mpote = Mpyrsr(R) + R Z an as(R)"= mysr(R)+ Rasa + ...
n=1

— no breaking of the non-relativistic power counting at threshold
— improves convergence of the continuum cross section in the intermediate region:

MSR mass scheme

1.00 M = 1.5 GeV, i, = 163 GeV | R variation (R = m v)
0-8 100_
0.6 = 80
| S
©0.4 x O
| 40}
0.2 NLO N3O 1
NLO N L 3 ] ; ; ; ; . i .
0.0l — %ac — 9aco 9aco _ 20540 350 360 370 380 390 400
. 320 340 360 380 400 \/;[GGV]

Vs [GeV]
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Mass Schemes - MSR Mass

[Hoang, Jain, Scimemi, Stewart 2008], [Hoang, Jain, Lepenik, Mateu, Preisser, Scimemi, Stewart 2017]

Conversion:  my,e =M

+T Y an o (M)"=Tm
n=1

+masal + ...

Mpote = My sr(R) + R Z an as(R)"= mysr(R)+ Rasa + ...
n=1

— no breaking of the non-relativistic power counting at threshold

— improves convergence of the continuum cross section in the intermediate region:

MSR mass scheme

1.0 M =1.5GeV, m; = 163 GeV |

N3LO |

| — N oMMe — olel
0.0-— — R
320 340 360 380 400
Vs [GeV]
07/11/2019

pole mass scheme o
M =1.5GeV, m; = 163 GeV |

N3LO

— 03 — 9. — 9Jch
20 340 360 380 400

Vs [GeV]
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07/11/2019

Inclusive Cross Section -

Matching

Inclusive QCD Cross Section g(e"e” - y* > tf)

intermediate region

0.0=

_> <_
— NNLL + MRLO
340 350 360 370 380 390 400
Vs [GeV]
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Matching

07/11/2019

Omatched — 0QCD + (UVNRQCD — 0double—coun‘ced> ) fs
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Matching

Omatched — 0QCD + (UVNRQCD — Udouble-coun‘ced) ) fs

Nl = v+ as +  a?fv+ o2/ + at/vd +
+ 02+ asv+ a2+ S+ alfu?+
+ v+ asvi+ v+ ad+  al/u+

O_NSLO — v + ,02 + UB —|—U4 _|_

+a,  Fasv +agv?+ a0+
+aZ/v + a2 +aiv +aZv? +

+ad/vP+ad/v+ad +ad o+
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Matching

Omatched — 0QCD + (OVNRQCD — Udouble-counted) ) fs

o NNLO :KU + as + /v + ag/U)—i— al/vd 4+ ..

vNRQCD
+vP+  asv+ a4+ o3S/o ot/ + L
+ 03+ agv? + ozgv—l— ozZ’—i— ozglv—l—...
N : A
O_NSLO — //U + ,02 _|_ /UB\—'— U4 _|_ .

QCD

+as  Fasv +ag v+ asvd+ .

+a/v +a2 +alv |[+atv?+ ..

Qag’/vz—kag/v—kai’/—l—ai’ + ..

Odouble-counted
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Matching

Omatched — 0QCD + (UVNRQCD — Odouble—coun‘ced) ) fs

switch-off function: 1.0
switchoff f.
e variation gives an error estimate of the 0.8 " s
matching 06
2
e introduces scheme dependence S04
e do we get convergence when going to 0.2
higher orders?
0.0

340 350 3 370 380 390 400

60
Vs Gevi

mass schemes: OvyNRQCD 1S mass scheme
0QCD MSR mass scheme

O double-counted MSR mass scheme
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Matching

matched cross section from lowest to highest order:

RGI

— LL — NLL — NNLL |

340 350 360 370 380 390 400

Vs [GeV]
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error from variation of
renormalization scales and the
switch off function

matching smoothly connects
threshold with continuum

overall error reduces from order
to order
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Matching

RGI
: ‘ ‘
1.3 1 o
1.2
g )
al.l 1
S
o) ]
3 1.0
0.9 ] °
0.8{ — LL — NLL — NNLL
340 350 360 370 380 390 400
\/; [GeV]
LL 1.3 NLL
1.2
21.1
gl.oiﬂ——f —
0.9
0.8
340 350 360 370 380 390 400 340 350 360 370 380 390 400
Vs [Gev] Vs [Gev]
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good convergence from order
to order

matching error smaller than
variation of renormalization
scales

matching error reduces from
order to order

13l NNLL
1.2¢

211

[

S *.:
5 Lo

0.9

0.8
340 350 360 370 380 390 400

Vs [GeV]
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Matching

15+ MSR mass scheme, threshold cross section vs. matched cross section

— matched cross section starts to differ from the threshold
cross section immediately above the peak region

alpb]

— higher order corrections from continuum cross section

Onrocp, NNLL give small shift at threshold

NNLL
| Gmatched

......................

340 350 360 370 380 390 400

Lol continuum cross section vs. matched cross section
e 1S + MSR mass scheme
0.8 — matched cross section and continuum MSR cross section
[ overlap above 365 GeV
= 0.6
S04 ] — MSR mass scheme valid down to smaller
[ 1 center-of-mass energies than pole mass scheme and MS
0.2 m Oqcp, N°LO mass scheme
[ O-NNLL
0.0 7 Umatched

| S S R

340 350 360 370 380 390 400
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Matching

alpb]

1.0

1S + MSR mass scheme

Onrqeps, NNLL
NNLL

ﬁ g
0.0i matched
340 350 360 370 380 390 400
s [GeV]
=0T —
o [ ttthreshold - QQbar_Threshold NNNLO ]
=06 ISR + CLIC LS Nominal _
=TT L — default - m® 171.5 GeV, I, 1.37 GeV ]
.1~ = m, variations + 0.2 GeV ]
0 05 T, variations + 0.15 GeV =
9 [ ]
0.4 .
0.3 .
L I simulated data points ]
02 100 fb™ total =
0.1 =
: CLICdp -
[ L I L 1 | 1 L 1 L ] R
340 345 350
s [GeV]
threshold scan points
07/11/2019

threshold cross section vs. matched cross section

— matched cross section starts to differ from the threshold
cross section immediately above the peak region

— higher order corrections from continuum cross section
give small shift at threshold

— a part of the threshold scan points is in the intermediate
region
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Measurement of the MSR Mass Running
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Measurement of MSR Mass Running

[Boronat, Fullana, Fuster, Gomis, Hoang, Mateu, Vos, AW 2019 - to appear soon]

radiative events for ILC at 500 GeV:

=T ¢ f T T 1 ¢ ¢ ¢t v
[ e*e” > tty, ILC, Vs=500 GeV

Events

1 500 - Theoretical prediction

] Pseudoexperiments

1000 |~ D Stat envelope: +1 ¢ (4000 fb™) .

500

1 1 1 1 1 1 1

450
\'s' [GeV]

. P R
350 400

07/11/2019

31/32

R [GeV]

R profile

160}
140}
120}
100}
80}
60}
40t

20E

350

400

\/: [GeV]

450
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Measurement of MSR Mass Running

[Boronat, Fullana, Fuster, Gomis, Hoang, Mateu, Vos, AW 2019 - to appear soon]

radiative events for ILC at 500 GeV:

— extraction of MSR mass m;"*"(R) from 4 different bins

[ e*e” = tty, ILC, Vs=500 GeV R profile

160} /
140}

120} 7 ’
100t /
80}

Events

1 500 - Theoretical prediction

] Pseudoexperiments

1000 |~ |:| Stat envelope: +1 ¢ (4000 fb™)

R [GeV]

60-%
500 i - 40t
porei T 20t . .
350 400 450
| L L L L | f L 1 L | L L L L ' G V
350 400 450 Vs 1cev
\'s' [GeV]
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Measurement of MSR Mass Running

[Boronat, Fullana, Fuster, Gomis, Hoang, Mateu, Vos, AW 2019 - to appear soon]

radiative events for ILC at 500 GeV:

— extraction of MSR mass m;"*"(R) from 4 different bins

— mass determined at representative R scale of each bin

e*e - tty, ILC, Vs=500 GeV R profile

160} |
140} /
120} / |
100t /
80t

Events

Theoretical prediction

1500

] Pseudoexperiments

R [GeV]

1000 |~ D Stat envelope: +1 ¢ (4000 fb™)

60F /
500 Ha ot - 40F ]
M 25GeV | 94 GeV | 125GeV| 153 GeV representative R
) 20t % . .
. 350 400 450
25 GeV | 94 GeV representative R
0 I 1 1 1 1 I 1 1 1 1 1 1 1 ’ Sl [Gev]
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Measurement of MSR Mass Running

[Boronat, Fullana, Fuster, Gomis, Hoang, Mateu, Vos, AW 2019 - to appear soon]

e radiative events make extraction of MSR mass m;

R, possible

MSR

(R) at different energies, and therefore at different scales

e provides a consistency check of QCD with running MSR mass

e |LC at 500 GeV can test running of MSR mass with over 50 significance

07/11/2019

— [ttt
% e*e” — tty, ILC, Vs=500 GeV
0175 .
3
o
=.A70f )
S
| Prediction (RGE)
165
B { Pseudo-experiments
PR SR T S [N SN TN SN TR NN TR ST TR S A '
0 50 100 150
R [GeV]
[preliminary]
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Conclusions

e Measurements using radiative events can determine the top quark mass with a precision of
110 MeV for CLIC at 380 GeV and 150 MeV for ILC at 500 GeV

e Consistent matching of the cross section at QCD NNLL,, . .+ NNNLO_ . with LO electroweak

corrections at threshold has been implemented.

e The MSR mass provides a consistent mass scheme in all regions from threshold to the continuum.

e Extraction of the MSR mass at different energy scales provides a consistency check of QCD with
the running MSR mass.

e Qutlook:

o differential matched cross section at NLL NLO

+
threshold continuum
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Conclusions

e Measurements using radiative events can determine the top quark mass with a precision of
110 MeV for CLIC at 380 GeV and 150 MeV for ILC at 500 GeV

e Consistent matching of the cross section at QCD NNLL + NNNLO with LO electroweak

threshold continuum
corrections at threshold has been implemented.
e The MSR mass provides a consistent mass scheme in all regions from threshold to the continuum.

e Extraction of the MSR mass at different energy scales provides a consistency check of QCD with
the running MSR mass.

e Qutlook:

o differential matched cross section at NLL NLO

+
threshold continuum

Thank you for your attention!
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Backup

07/11/2019 33 Angelika Widl



Matching - a few Subtleties

e  Full matching for NNLL, + NNNLO _ involves logarithms
reshold continuum
(Expanded terms on slide 25 shown for NNLO,, . .+ NNNLO_ . for illustration)
O = ¥ 0 +aZ/v 4+ a3V o+
+vZ+asv  +a? +ad/v  +
+v3i+asv? +aiv +ad I

+asviL+a2vV?L +advl +
+aZvil?+advl? +

+adv3® 4 ... (L=logv)

e |ogarithms of YNRQCD cross section depend on renormalization scale,
logarithms of QCD cross section depend on velocity

e coefficients of logarithms from QCD cross section and from vNRQCD

cross section can be different, depending on the Padé approximation
used for the QCD cross section
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Matching - a few Subtleties

NNLL 1

e difference from velocity vs. renormalization scale:

small at threshold, large in the continuum

0.2 NR
OvNRQCD UeprCD — 0Oqcp

. . . . ] 340 350 360 370 380 390 400
e different coefficients in the expansion (for a Padé V5 [GeV]

approximation which does not include the exact logarithms):

double-counted terms from vVNRQCD cross section

significant also at threshold

NNLL |

— we use expansions from vNRQCD cross section for
consistent matching

0.2 cD
' OuNRQCD o3 — o

340 350 360 370 380 390 400

Vs [Gev]

double-counted terms from QCD cross section
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Matching - a few Subtleties

e Wilson coefficients can be used in
expanded or unexpanded form, e.g.:

@) = (1= 2 ) ) ex 2% (hv)]

(1= 255 autin) + 00 ) exp [267 1)

e unexpanded form includes higher order
corrections

e higher order corrections small at threshold,
but large in the continuum

e only expanded form gives consistent
matching
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RGI

my 5= 171.6 GeV

340 350 360 370 380 390 400

Vs [GeV]

NNLL cross section with expanded (red) and unexpanded (gray)
squared Wilson coefficients
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