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Top-quark mass theory
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Outline :

e |ntroduction : recent interests, current status

e Top-quark mass : theoretical definition

e New methods (leptonic observables)



Introduction

e Top-quark is still the heaviest elementary

particle
me = yi (P)

* y,~1 = strongly coupled to Higgs field

TOP QUARK l

® Only the Fermion with natural mass scale

¢ Related with EWSB and BSM? e
ﬁPARTICLEZ 0

e Top-quark decays before hadronization

G pm?
[ ~ hall i |%b|2 ~ 1.5 [GeV] > /\QCD

W+
e No time to form color-singlet hadron with light quarks

e Decay as a (free) quark, preserving spin information



Ranking up interests to the top mass value

after the discovery of Higgs boson

with m,=125.5GeV =
e SM vacuum at the Plank scale %
dA
16m2u— = 24X\° — 6y; + - --
dp
Precision input of m, is crucial to the
scale at which the SM breaks down.
e Higgs mass in the MSSM
3y4,02 mg X4
Sm2 = "2L7_ ||n 1 X2 _ 2t
"TT1er2 | m? T
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Top-quark mass in the EW fit

o, 10 | LI L IR ¥ L NN
o . > F 1 p : [
e Top-quark mass in the EW fit S g [sustwompessuenent____________ i JeT ek,
g E_ SM fit wio m, I"\_d M, measurements _E
= mkin ATLAS mepsurement [arXiv:1203:5755] 3
2 12 TE g -mincMS meas fement [arXiv:1209:2319] E
5 p ~ 3yt 39 In mh 6 E— mkn Tevatron av 'a‘ge [arXiv:1207.1069] ; —f
2 2 5 EL % =0=m{°* obtained fro ".‘Tevatron O [arXiv:1207.098.p' =
327w 327 myz - \ ' E
N e (CORCECPURTEEPEPREEPECRE | “EFECECEEPEELEEEERCERREEY SECERERRERPERERPLIP.C — 26
Theoretically clear interpretation: 2F k_' =
pole mass or MS mass depending on L e EL
= L | .‘1._“«(/..|...|...:
the scheme you use 160 165 170 175 180 185 190
m, [GeV]

1. Inputs of m, and m, give an indication for new physics.

2. Assuming no new physics and input of m, =125.5 GeV

— indirect observation of the top-quark mass



First Tevatron & LHC combination result

my = 173.34 + 0.27(stat) + 0.71(syst) GeV
arXiv:1403.4427

Tevatron+LHC m,, combination - March 2014, L_=351b"-8.7 fo”

.i_::j;?i!‘” ljets ATAS :.(iE).F_: EMS oo Preli;T%,igé.agfs +1.12(052+049+0.86) ¢ Ve ry go Od a CC u ra Cy b a S e d O n
5 ot mainly Template method.

DO Runll, H+jets

DO Runll, di-lepton

e However, the obtained mass
is not well-defined theoretically.

World comb. 2014 % /" =21¢ .
(54 Tevaon sz " 173205087 parsoseson e There must be a difference
E‘-ﬂ LHC September 2013 0 =t 173.29+0.95(023+026+0.88)
. . ‘ btw the measured mass
165 170 175 180 185
Myop [GEV]

and the pole mass.

* The problem is how much the differenceis. mpc — Mpole =7



Top-quark mass definitions

e Short Distance Masses

2
pole sd — 7 1672 q2 — Ms o S
lq] < psd
e Because of color confinement, pole of MSbar mass: = My

the quark propagator can not be seen.

1S mass, PS mass,,,: M — MiXs
e SD mass removes IR gluon effects

from the definition of pole mass. Jet mass, (MC mass): M = I’t

e Perturvative calculation in the pole mass scheme has Renormalon ambiguity,
but those in the short distance mass scheme do not.

e MC mass should be close to the Jet mass scheme where cut-off scale is near [,
but we don’t know the exact coefficient. [if the MC describes QCD correctly.]



Color Reconnection

Skands,Wicke (07); Argyropoulos,Sjostrand(14)

e Unavoidable since top has color charge.

e Hard to calculated by perturbative QCD.
— modeling to fit the data.

e Dijet from W decay form color singlet
q — — less CR effects to dijet.
t M.Mangano

e Uncertainties of CR modeling within exp. constraints
give an error in top mass determination;  §yp, = + O(0.5 — 1 GeV)

e Expected to be more constrained by using LHC data,

however, theory development must be required as well.



Mass from the Total Cross-Section

Langenfeld,Moch,Uwer (07), Alekhin,Djouadi,Moch(12)

O-tf(mpole Or 1) known up to NNLO

Barnreuther,Czakon,Mitov (12),
Czakon,Fiedler,Mitov (13)

e Inclusive observables closely related
to the operator matrix elements.

e Can be described independently from
kinematical parameters. (cf. R-ratio)

e Direct comparison to the QCD prediction

in the MSbar mass scheme, etc.

* Involve PDF, O, uncertainties, and estimation of

total CS from fiducial CS needs kinematical mass.

Dg, L=5.3fb "’

| —=— Measured o(pp—s tt+X)
[ = Measured dependence of ¢

| =—— Approximate NNLO

NLO+NNLL

L | 1 ] 1 ]
150 160 170 180

Top quark pole mass (GeV)

CMS, Vs =7 TeV, L= 2.3 ', NNLO+NNLL for oz
T T

_____ S With C‘s{'“zl' of PDF set

e L e

CT10
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Top-Quark Pole Mass

direct measurement 173.3 GeV *+ 0.8 GeV

_ uncertainty from definition

171 (GeV) 172 173 174 175 176 pole
my
167.5 GeV =* 5.4 GeV (DO0) 0, measurement (CMS, except ABM11)
EW fit w/ m, measurement 176 GeV =+ 2.5 GeV

stable vacuum meta stable vacuum

e Direct measurement : possible shift by theoretical definition
and errors from color reconnection.

e 0, method, EW fit have clear connection with theoretically well-defined mass.
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New Methods for the Top Mass Observation

e Avoid to use jet momenta to determine the well-defined top-quark mass.

e Good for cross check by various methods which has different syst. errors.

( * Kinematical Endpoint (M)

Tevatron,
m; = 173.9+0.9 (stat)f}E (syst) GeV

CMS, EPJC73,2494
e B-hadron lifetime (ny) Hill,Incandela,Lamb (05)

< my = 173.5 + 1.5 (stat) + 1.3 (syst) £ 2.6 (pP) GeV

CMS-PAS-TOP-12-030
 J/U method Kharchilava (00)

e tt + 1-jet invariant-mass distribution Alioli et. al (13),

e Boost invariant energy peak Agashe,Franceschini,Kim (13)

Kawabata,Shimizu,Sumino,HY (14);
Frixione,Mitov (14)

\ o Leptonic observable methods
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Leptonic Observable Methods

e Lepton momentum can be measured very accurately.

e Lepton momentum is not affected by hadronization effects,
and less affected by color reconnection etc.

e (Note:) Missing momentum is affected by hadronic activities
such as JES, pile up, etc.

- *J/Y methods : M, 10 )/ frag fnc from b-quark
Kharchilava (00)

e Mellin moments of E,, p,,, :

Frixione,Mitov (14), Biswas,Melnikov,Shulze (10),

e Weight function methods :

Kawabata,Shimizu,Sumino,HY (14)
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Weight Function Method

D(E,) : energy distribution of lepton.

We

which satisfy .;,:

independently of velocity distribution AR

<

S.Kawabata, Y.Shimizu, Y.Sumino, H.Y. (11,13,14)

I(m) = /dEED(EE) W(E;, m)

4

small velacities
can construct a weight function W(E,m)

large velocitief
I(m = mytrye) = 0 -2

true

of top-quark. my
m (GeV)

e Free from production mechanism (top has to be unpolarized)

e Free from the PDF uncertainty, initial-state radiation

_ * Free from hadronization modeling (because it uses only lepton)
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Weight Function Method

dE

ep:Eg/E

e Any odd fnc. of p - we could define many kinds of weight fnc.

e D,(E,) : Lepton energy distribution in the top-quark rest-frame
— Predictable in pQCD (incl. HO corr. with pole mass/MS scheme)

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

1_ |— The rest fran}.e of X [\
1ar F A boosted ffame 1 :
tE) £ N

‘“é p=]11 {E;HED}_li- ]

O E S W N - y _

E | Ey T -10 -05 00 05 10
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Simulation analysis in LO

* In real experiments, pure entire lepton energy distribution can not be

available, due to background, acceptance cuts, selection cuts etc.

e Estimation on these effects often involves the production mechanism,

PDF uncertainty, hadronization model dependence, etc.

e Simulation study in lepton+jets channel:

For the events lost by lepton cuts, we compensate with MC events.
— Mass choice in the MC can be solved by self-consistency.

Event selection cuts 250000 -
[ * 1 muon with p; >20GeV, |n| <2.4

observed D(E,)

%
* At least 4 jets - with cuts §
1 *Atleast 1 b-tag ok g
¢ pT(jl) > 55, pT(jz) > 25, i
i2) > 15, p-(j,) > 8 GeV o[ 50 100 150 200 250 300 166 168 170 172 174 176 178 180
pT(JB) pT(J4) MC e\/ents E; (GeV)

m (GeV)



Simulation analysis in LO

e Stat. error ~ 0.4 GeV for 100fb!

16

Uncertainties [GeV] (100 fb™, e+p)

e Dominant syst. error comes from Signal stat. error 0.4 =
compensating events [scale choice,,] U scale +1.5/-1.6 <
F . .
e Hadronic ambiguity remains small. Jet energy scale +0.0/-0.1
[JES) b_tagn]
: BG stat. error 0.4
e Successful mass reconstruction
within those errors.
185,
Prospects: _180¢ P
- 3 _—
: 2 175 -8

e NLO analysis should reduce errors. o : L)

e NLO correction to the weight function &_1707 g
gives direct measurement of pole mass = ;450 @ 1=5
/MSbar mass at NLO. : n=15

160

e Finite width effects can be incorporated 16
as a correction to the NWA.

th

70 175 180
Input top mass (GeV)
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Summary

e Top quark mass has been determined in 0.5% accuracy, but there
should be still O(1 GeV) uncertainties due to the definition
of the measured mass.

e Various new methods have been proposed which have different
systematic errors.

e Some of them can access to the pole mass/MS mass directly.

e Leptonic observable methods seem attractive, since
lepton mom. can be measured accurately, and is not

affected by hadronization effects (less affected by CR.)

e Goal at the LHC may be the O(1 GeV) determination
of the well-defined top-quark mass (pole, MS,,,).

[At ILC, 1S mass can be determined in 50 MeV, MS mass in 100MeV]
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r-~ -~ - - - - - - T - T 1 1]
|_ ft threshold - 1s mass 174.0 GeV _

o)
0.8
Th reshold Scan at the ILC % - —TOPPIK NNLO +ILC350 BS + ISR
0 | I simulated data: 10 fb/point
Fujii, Matsui,Sumino 94, Martinez, © 0.6 ~ —top mass + 200 MeV P
Miquel 03, Seidel,Simon 12 3 I ﬁgjﬁ’}
g 0.4 - /] —
v/ QCD calc. up to NN(N)LO © ol Y4
ran &/ 7
- 7
v’ Beam spectrum, ISR effects : H&f%
v’ Beam polarization reduces BG events. 345 330 '53[5(359%!]
|||

v’ Higgs-exchange effects - y, measurement  Horiguchi et al. 13

omy = 16 MeV [ & PS-mass (can be converted to MS mass)
5|_t — 21 MeV another 5m~40MeV by conversion

oyr = 4.2% < overall normalization rather uncertain

. -Fivnj
S 1T17%C




SM vacuum stability

e RGE of Higgs quartic coupling 167 u—

2

d\
dp

Top-quark mass is crucial for higher-scale behavior of the SM vacuum
Is it accidental or not? We need more accurate input of the top-quark mass

Higgs quartic coupling A(y)

my, = 126 GeV

0.06 T

0.04 -
0.02

0.00

my = 173.2 GeV
C}.’_‘;l{i\cfz} =0.1184

171.4 GeWV

;=

—0.02

—0.04 |

—0.06 :

102

1
1o

1
10°
RGE scale u in GeWV

Top pole mass M; in GeV

22

= 24)% — 6yt4—|—.
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124 128
Higgs pole mass 4, in GeW
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Top-quark mass

e Kinematical measurement

Tevatron : 173.2+0.5+0.7 GeV
LHC :173.3+0.3%+0.9 GeV

LHC September 2013

v’ Fit the observed distribution (m:...) g oor T e ]
1 JJJ S 7002_ | + jets =

Wlth TemplateS. % 6002— Ldt=104fb" =

v In principal, it could not be the true ~ °© e E
Y/ 400;— e Data _E

“pole mass” but “Pythia mass” my; # m i Mo 750105, GoV

OF/ e —;

v Uncontrollable non-pert. QCD effects oo e E
~0(1 GeV) 090680 200 20 300 . 880 - 400

ms [GeV]
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Pole mass vs. MS mass

Pole mass: pole position of the propagator
but, quark can never be free, on-shell pole is not well-defined,

bad convergence (IR sensitive) 9

Sp() ™ = —m =) =¥ — mpore ﬂ

Short-distance mass (MS,PS,1S):

just a parameter of the Lagrangian, better convergence
9 uv

_ ! 566 @52
5mM—S — Z( OOp) (ﬁ”%_ny_Hn 4 ;

Conversion between them is known perturbatively

5 Hoang,Teubner 99
Mpole = m(u) (1 + as(pn)dy + oz (p)do + - ) Kiyo,Sumino 02,,,
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— GO0
MaSS from CrOSS-SeC‘Uon: T [ oM Preliminary, is<7 Te, L=1.14 fb"
© approx. NNLO x MSTWOBNNLO:
Z [ Langenfeldetal.
Compare theoretically calculated cross- w (D aonais
section in the MS/pole and the '
observed cross-section at experiments.
OMt , 0.0 07tE| 5% measurement G ey
mt O— — :) 1% accuracy |n mass o — I.lleiailsl..lrel:ll:rt:ls'.sl.?.vectlt:ln|:Iept|en1:lenoel::nll'n:"C
tt 1&|i:lI I15fl'I = I‘lﬁl‘.‘I — Iﬁ'ﬂl — I1Bﬂl — I19ﬂ
m:“‘“* (GeV)

MS scheme is better convergence than pole mass scheme

Tevatron : M, = 163%3 [GeV]
LHC : Mg = 1663 [GeV] | (MSTW PDF)

Langenfeld,Moch,Uwer 09
Alekhin,Djouadi,Moch 13

S.Alioli et al. 13, Dawling,Moch 13

e Similar analysis may be studied by using distributions , ttj process, etc



NNLO cross-section completed

at Hadron Colliders

O o (PO]

ol NNLO (scales)
NLO (scales) i
300 | LO (scales) ===

CMS, 7TeV e
| ATLAS+CMS, 7TeV ~—a— ,
290 | ATLAS, 7TeV mtmme ol 0
CMS, 8TEY wmemms g o GRS

200 | LR

-

100 NN S ati
\ ; . We p varation

k\»\- PP — ftsX: m,2173.3 GeV

- MSTW2008(68¢.1) LO; NLO;NNLO
6.5 7 7.5 8 8.5

vs [TeV]

26

...,Bernreuther,Czakon,
Fiedler,Mitov 12, 13

NNLO
Collider |yt [pb]| scales [pb] | pdf [pb]
+0.259(3.7%) | +0.169(2.4%)
Tevatron 7.009 | "5 57405.3%) | —0.121(1.7%)
16.7(4.0%) | +4.6(2.8%)
LHC 7 TeV 167.0 —10.7(6.4%) | —4.7(2.8%)

79.2(3.9%) | +6.1(2.5%)
LHC 8 TeV | 239.1 —14.8(6.2%) | —6.2(2.6%)

+31.8(3.4%) | +16.1(1.7%)
LHC 14 TeV| 933.0 —b51.0(5.5%) | —17.6(1.9%)

Concurrent uncertainties:

Scales ~ 3%
pdf (at 68%cl) ~2-3%
X (parametric) ~1.5%
M., (Parametric) ~ 3%
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Alternative methods at Hadron Colliders

e ttj system invariant-mass,
e trilepton inv. mass using J/U,

e Endpoint distribution (My,),

e B-meson decay length

—/

Aiming ~ 1 GeV accuracy,

> but the problems are always

systematics (JES, ISR, PDF,,,)

e Weight function method using lepton energy distribution

Kawabata,Shimizu,Sumino,HY in progress

Define a convolution integral of lepton energy distribution and a weight function

(M) = /dEgD(Eg)W(Eg, M)

which satisfy I(M = m;) =0

e Lepton energy is accurately measured
e Suppress systematic uncertainty

e Effects of cuts are studied by MC



by TOA—0BERIFE

M, [GeV]

200
150 A

100 A

® Tevatron
B SM constraint -
68% CL

The LEP EWWG,
Phys. Rep. 427,257 (2006) "

Direct search lower limit (95% CL)

50

1990 1995 2000 2005
Year

28



uncertainty [GeV]

Total m, op

CMS preliminary projection — - oo

4 — ——
o - 11 Lol
3.5F E
4l CMS PAS-FTR-13-017 ;
2.5E E
2k 5
1.5F E
0.5F :
ok :







T F—5 !

Top-quark :

Discovered at Fermilab in
1995, the TOP QUARK

e 19954 [ZTevatronEEE THR

s HEMNUD Y +—VI[CHEARTEREIZTELN

me >~ 173 GeV > my, mc éPARTICLEHZWO
CAROALT BEICERET S (1 — bW T) ’
t
GF’ITL3
r, LIVip|? ~ 1.5 [GeV] > A -
8\/_7'(" tb| [ ] QCD

« EVTRIBEDRELBIES (v,~1) > EWSBIZEERAHS?
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Definitions of quark mass

Polemass: Sp(p) t=y—m—Z(¥) ~ ¥ — mpole

TJANT—2—DBDMEL LTEEIND. MENLGEEDER.
LHAL. 47— FFALCLAHONTWNNT, ) —HI+—0IXEEMIZIE
FELGZLDT, poleBEICCEHDHBEIEELY,

(poleBEEZAWV-EEEHELX., IERENBEWN ENMSNTILNS, )

MSbar mass : dm = Z('Oop)(zé)ll_ﬂym_“,]47T

€

REIE+R AR F)OAZEIZE L TEET S, unphysicdl FBEEDTEE.
BHLEHDINTA—2—, YIAHRT—ILIZIKTFT 5,
SRWEDSEIZITEL TS,

Threshold masses : s+—4sxOE@BRELZRRTIDICELI-TE,

c HREYVRAAICE > T, EHEFHOFRATOXRICERIEIHON TS,
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First Tevatron + LHC combination result (arXiv:1403.4427)
m; = 173.34 + 0.27(stat) £ 0.71(syst) GeV

Tevatron+LHC m,,, combination - March 2014, L =35fb"-8.7 o’
ATLAS + CDF + CMS + DO Preliminary

CDF Runil, kjets -t =t 172.85+ 1.12 052+ 049 +0 86)
CDF Runil, drlepton o 170.28 £3.69(195  =3.3)
Cor Rl a'r'j_":ts b S — 172.47 £ 2.01(1.43£0.95 + 1.04)
COF Runll, & 4jets bot——t——t-s  173.93+ 1.85(126+105+0.386)

L =87
DO Runll. Hjets bttt 174.94 + 1.50 (0.83+047+1.16)
DO Runil, diHepton

S - * -1 174.00+ 2.79 (236 + 055 + 1.38)
ATLAS 2011, ets —_— e = 172.31+ 1.55 (023072 1.35)
AT 2ot ariepton —_— — 173.09+ 1.63(064  £150)
CNIS 2011, ljets b e g 173.49+ 1.06 (027033 +0.97)
CMS 2011, diepton — — 17250+ 1.52(043  +1.46)
'C"_f'fﬁf?c,”- alljets _— 173.49+ 141069  +123)
World comb. 2014 % %7 =2 - 173.34 +0.76 (0 27+ 024+ 0 67)

| 25 TevatonMarch 2013 (Runlsl) p— 173.20 £ 0.87 (0.51:0.36£061)
i‘f LHC September 2013 B B = 173.29 £ 0.95(023+0.26+0.88)
& | | | total  (stat. syst)
165 170 175 180 185

My [GEV]
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fy T +r—0BERE

NFOVAZAEF—TOEERANET. RtBERVOERLITEEEST

tt — bﬁygqgl : lepton + F + 4-jets (2 b-tagged)

b jet charged
lepton
neutrino 250—
5200._ * Data (8.7 fb")
> Signal+Bkgd
E--1 50— _ s
/ n" hl‘ ] t = - [
\.._I|_/' 50 | 5 o //.
l ! ht et \'III ‘Il'l | £ e ﬁ;{fﬁffﬁé{z’%; ..'?' ' L e .. B
gntJet = fo 150 200 250 300 350

m{*® (GeV/c")

(EREDFEATIZIE. Template method, ME method %2 EAH NN TLVS)



by DO+ —OBEAE

¢ biDAEBEEDE—U L.
ry FH+—s0R—ILBEDEMN? No !l

35

> _ > 2 _ .2 __ 2
M, = (pj1 + pj2 +pj3)° % (Pp +Ppg + py)° =P = My,

s WS—ZE-HUWWNFOVOEHEFENT
(TIEFEICREINTI=ELTE., ho—ZHE-o1-
DA—DODE=ITHEBHZ EITRLTAELY,

Hadronisierung

e NFOYOAZA X—TIL, EIZ, Initial-State
Radiation, Underlying Event’Z EDZF S5 HMH 5,

E\ {Z v e m ~/ O /\ 1 G eV Annihilation & E Partonschauer MC-
b‘] ] p O | e — Q ( D Bremsstrahlung feste ( )rdmmg o Modelle
i ne ~puz -
I E
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ENENEZDROFMICERIE, BEOFRYTEHEATEE (AREYAH)

m¢ = M) 1+%d1(u)+-~

di = ——1In

Wl

ol
m

) 0.1 4
HzIE. m(m) =173(1 — — - g) ~ 166 GeV one-loop level
s

e Jagerlehner,Kalmykov,Kniehl (12) 5.0

EWFHIE HMSbar A F— L TEEIT H &,
topM”’MSbarBEE”1&. poleBEEL Y HLELY,

(GeV)

H’if(‘uz) — Z_EM(G]EIS(HE)]_”E}’JE (HE) 1f’”

L. ZNEEDERFEL N

1-loop EW + mixing
total
1-+2-loop QACD
N oop QCD" — " _
1-+2-+3-loop QCD
120 127 124 128 120
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1. EW Precision Measurements CEE &% R 5.,
p/INT A —AANIL, topBEEIF2HRT. HiggsB=lFlogTH<,

2 ,2 o 10 : T T T T | T T i Wl | T T T T | T T T T T T ] T | |l T T T :

5p 3yt 3g In mp 4 9 [ |sMiitwiom r"ﬁeas_ur_e_m_e_m _________________________ i Jel fitter] - 35
~ — E— = ; .
C SM fit wio m, §id M, measurements 3
3272 3272 my o S e E
-9~ mkin ATLAS mepsurement [arXiv:1203:5755] -
7 ;_ - mk" CMS meas! r"x‘ement [arXiv:1209:2319] _;
48 ~ R = [— = R\ 6 = miin Tevatron av 'alge [arXiv:1207.1069] ; -
=T ;h' é ﬁ =NE= 75\ Eﬂ EE a mP®* obtained frojiTevatron o _[arXiv:1207.098f .
(ERHEIE =R F—L) BN L - E
EH:H E S O : - o) o ; ' .

e e £ ittt b - 20
e Pole massd&k Y £ MSbar massD AHY,  s3- =
\ $ 2 —
EHOIRMEMNBRLY, - ]

1 N g g e e — 15
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by DO+ —OBEAE

3. FDMOF L LVFEE EEe0EErBEETEVLDLED)

e Kinematical Endpoint (M,)
me = 173.9+0.9 (stat)"]3 (syst) GeV CMS, EPIC73,2494

e B-hadron lifetime (ny) Hill,Incandela,Lamb (05)

my = 173.5 + 1.5 (stat) + 1.3 (syst) + 2.6 (p7") GeV
CMS-PAS-TOP-12-030

® J/U method Kharchilava (00)

e tt + 1-jet invariant-mass distribution Alioli et. al (13)

e Leptonic observable methods  Agashe,Franceschini,Kim (13),
Kawabata,Shimizu,Sumino,HY (14),
Frixione,Mitov (14)
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Threshold scan at the ILC

ILCEEER T xt & pi W w8 ) I &

Threshold Scan: L @ LMEfTIE TOERBIEEDEILZR S

15| |
o by T —IRMDEBIREDHRIZEL S, 01<wy <04
';H:'u,% |:°—7 O)ﬁ%l_:o - [Hoang, MS, ‘11]

1.0~

cE—VDRE. F6. RESLEDRFEIC 2
F2T. m, [, o, DENEZICRETES,

(EIZ. T BNIFEEDHEL)

0.5

0.0!
. . . . 340
e Multi-parameter fit Martinez,Miquel (03)

¢ _th

a ]
ot decreases to about 2-3% !

(preliminary)

342 344 346 348

s (Gev)

—

Otot

oms ~ 30 MeV, o6l ~ 0.3 GeV, das ~ 0.001

dmi(MS) ~ 100 MeV (BRR#Y A#H@3-loop)

- revised by Horiguchi et al (13)
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[(E +ily) - {—Z—t + Vé‘éD(r)}] G (7, B 4 i) = 63(3)

e QDT U v VL) = C<C>O‘S(fB) [1+— ) + -

GBINRT > ¥ )L = Higgs I FRIBDMR L EEH D)

cHEIRILF—: AL = 2 “Emy a ~ 2 GeV > Ty
fy T —OWERETHETIC. RIEBKREBERERT SRENDLETH S,

e NRQCDIZE DW=V R TI T 14 v EERIE [NNLO(~2000), NNNLO(~2013?)]
25% 10% (?)



41
EPJC2(2000)1

Synopsis of NNLO results (NRQCD) Hoang et.al.
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e LO - NLO -> NNLO o o :
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(R#K)  (BERR) (R#%) « St < OF ;
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- » 0.1<v<0.4
é b fd: é %4 —‘Q : [Hoang, MS, '11]

10: - ~ NNLL (new)

o (pb)

NNLL Resummation : 05|
Hoang, Stahlhofen (11)

th

0' 4
ot decreases to about 2-3% !

Utot (preliminary)
resummation of ultrasoft logarithm %0 s a4 346 348
Vs (GeV)
Cir o\ |
R=—"—=v) (i) > (0 Inv)’ x {I{LL}; o, v (NLL): of, azv, v* (NNLL): }
Op+p- E o\ i
. 1.6
NNNLO calculation : .
| 0% uncetir
Beneke, Kiyo, Schuller (08, 13) 1l
%08 |
Complete NNNLO calculation almost done 0.6 |
04 | u= (25 -80)GeV
Can by improved by NNNLL resummation? 349 350 351 352 353 354
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