‘JL-?-*%% 19 ‘??ZJ - d

School of Physics, Peking University

NLO Results With Operator Mixing For Fully
Heavy Tetraquarks In QCD Sum Rules

Ren-Hua Wu (&1=7%<)
Peking University

July 29, 2022

Based on this paper:
R.H. Wu, Y.S. Zuo(% =393 4), C.Y. Wang(x&=5R), Y.Q. Ma(Z:##),

C. Meng(&z2R), K.T. Chao(&#:3x); arxXiv:2201.11714[hep-ph]

F OB ERYIEETED ST



Outline

€ Background

& Fully Heavy Tetraquarks Mass Spectra

» <cccc Mass Spectra
> bbbb Mass Spectra

€ Summary

WN2022/07/29 Heawy Flavor Physics and QCD 2/16



Background

B New Hadron States

gﬁ o . 100F o Hybrid Glueball Tetraquark
3 3 eof S
§j % eof \‘ (e ﬁ Q 4

:: % ; % 40;— + 1T ey ;

- & 207 gty

e ...j:,,, P T T T Hadronic molecule

Max(mtJhy) (GeVic?)
X(3872) Z¢(3900) . ——
[Belle], PRL(2003). [BES I11], PRL (2013) ‘ | €cq19:>

* X( 6 900) 250 LHCb proton-proton collision — Data
L, =9f"'@fs=7,8and 13 TeV —— Total fit
igni — X (6900)
200 Structure significance > 5 o —

My [X(6900)] = 6905 £ 11+ 7 MeVic? T Thweshold BW2

Taw[X(6900)] = 80 + 19 + 33 MeV/c? g3 ops

150 _l_ ‘ —— NRSPS

-

= DPS+NRSPS

Weighted candidates / (28 MeV/c?)

8200 7000 8000 9000

. 2
cccc Maisry MeVIE) 1 Lieh], PRL(2020).
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B Theoretical Works for QQQQ system

® Models and tools

e QCDsumrules W.Chenet.al,(2017); Z.G. Wang (2020); R.M. Albuquerque and S. Narison (2020) ......

e Lattice QCD C. Hughes et. al., (2017)

e Potential Models Y. Iwasaki (1975); K.T. Chgo (1981); Richard J. L_ond, et. al. (2004);
J. Wu, et. al.,(2018); Y. Bai et. al., (2016); M. Karliner, et. al. (2017);
V.R. Debastiani (2019); M.S. Liu et. al., (2019) ......

® cccc System

° Exist bound states below I !!bl !1!, L. Heller, et. al., (1985); Z.G. Wang (2020);...

* Do not exist bound states below | /W] /1) 1. Ader, et. al., (1982); W. Chen, et. AL, (2019)...

® bbbb System
* Exist bound states below ny1n, v Bai, et. al, (2016); W. Chen, et. al., (2019)...

* Do not exist bound states below 1,1, C. Hughes, et. al., (2017):
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B QQQQ System study in QCD sum rules - LO

® Moment QCD sum rules

® Laplace QCD sum rules

My (GeV)

My (GeV)

0+ case A

6.44 +£0.11

18.38 £ 0.11

0"+ case B

6.87 £ 0.10

18.50 £ 0.10

0+t case C

6.52 £0.11

18.44 + 0.10

My (GeV)
urr(0++) 5.99 4+ 0.08
ceec(177) | 6.05+0.08
ceec(27) | 6.09+0.08
BobH(07 ) | 18.84 £ 0.09
bbbb(1+-) | 18.84 = 0.09
bbbb(2++) | 18.85 = 0.09
ceec(177) | 6.114+0.08
bbbb(1~) | 18.89 4+ 0.09

0+t case D

6.96 + 0.11

18.59 £ 0.11

Jre Currents my (GeV) my, (GeV)
0t Jy 6.44 +0.15 18.45+0.15
J> 6.59 +£0.17 18.59 + 0.17
J3 6.47 £0.16 18.49 +0.16
Jy 6.46 +0.16 18.46 +0.14
Js 6.82+0.18 19.64 + 0.14
0" Jy 6.84 £0.18 18.77+0.18
J3 6.85+0.18 18.79 + 0.18
0~ Jy 6.84 +0.18 18.77 + 0.18
| R J’{'P 6.40 +0.19 18.33+0.17
J’;# 6.34 £0.19 18.32 + 0.18
1" T 6.37+£0.18 18.32+0.17
J’;# 6.51 £0.15 18.54 + 0.15
1-* J’{f# 6.84 £0.18 18.80+0.18
J’;ﬂ 6.88 £0.18 18.83 £ 0.18
1 Uy 6.84 +£0.18 18.77+0.18
13, 6.83 +0.18 18.77 + 0.16
AN Ji 6.51 £0.15 18.53+0.15
Jay 6.37 +0.19 18.32+0.17
W. Chen, et. al., 2019

Zhi-Gang Wang, 2018

JEC T M (GeV)|[T]
07t | 5.99+0.08
17~ | 6.05+0.08
277 | 6.09+0.08
177 | 6.11+0.08

Zhi-Gang Wang, 2020

Bo-Cheng Yang et. al., 2020

0% casel 6.441312
0** case 2 6.45731¢
0" case3 6.461013
0** case 4 6.47%313

Jian-Rong Zhang, 2020
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B QQQQ System study in QCD sum rules - NLO

i . - EtT.C.Y. Wang, et. al., PRD(2019
 NLO corrections are non-negligible { ce 9 (2019)

Q900: R.H. WU, et. al., CPC(2021)
« NLO corrections with QQQQ System

Only factorized diagrams!

D

C

H H
c .a
— R.M. Albuquerque and S. Narison, (2020)
Cl LO CGG — LO
My [MeV]
0™ Molecule
U 6029 + 198 19259 + 88
C c JId W, T | 6376 +£367 19430 + 145
XqlXql 6494+ 66 19770 = 137
X 40X g0 6675 £98 19653 + 131
HH H
0** Tetraquark
< < Eq.25
¢ ¢ S,S, 6411 +83 19217 + 120
_ AA, 6450 =75 19872 + 156
C; —NLO V,V, 6462 + 175 19489 + 79
PP, 6795 £268 19754 £ 79
. Eq.26
Lack of complete NLO correctionsto C; ! A, 6471467 19717+ 118
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QCD sum rules

> Correlation function:

H(pz) = lj d4X eip'x <Q| :T1(X)T2+(O) |ﬂ) T = (Eirlci)(EjF2Cj)
» Kallén — Lehmann representation
oo S (s) =246 _Miz + Peont(s) 0(s —
H(pz):J ds P(Z) | p(s (s 2)~P t(s) 0(s —sn)
0 S—p~ —1€ ~ Ay 5(3 — My ) + Peont(s) 6(s — sp)
> The mass of ground state D (OPE, , er)

Js,, ds Im[C(s)] s e s/ + fso; dsIm[C;:(s)] s e /""" (GG)

Mf =
! J;,, dsIm[C;(s)] e=*/""" + fsc: dsIm[C;c(s)] e s/ {GG)

> Borel Platform

The point where the parameter dependence of M, is weakest within Borel windows

oM\  [OMy\°
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cccc Mass Spectra

H ]PC — O++

® Meson-Meson type Operators

® Diquark- Antidiquark type Operator

® Diagonalized operator

Iv-m = (Q:[10)(Q,3Q))

Jpi—pi = (Q;" €I Q;)(Q; L€ (_?jT)

Jdpia = T.Im-m

Reducing renormalization scale u dependence

(<6 =2 -12 -12 0 )

-2 -6 12 12 0
60 0 26 6 3
0 0 6 26 —%
\0 0 -40 40 -%
The anomalous
dimension matrix of Jy_y T

Diagonalization
L0 0 0
55 5 10
0o o0 I ! 0

15 15 1 8
0 0 3" B
0 0 .

0

(<6 0 0
0 -3 0
0 0 24
0 0 0
\0 0 0

" v
"y, vuy>)
(I, ;) = (1,1)
(iy>, iy®)
(", o)
0 0
0 0
0 0
—1 +241 0
0 -1 - V241

The anomalous
dimension matrix of Jp;q
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B The Borel Platform Curves - ¢ccc

— — LO-[MB?=3 GeV?] — NLO-[MB*=4 GeV%]
7.0F

S4
[_ — LO-[S0=4% GeV?] — NLO-[S0=55 GeV?]

7.0

B.5F
\
\
- AT
A AT l'i‘,.‘,** .
A TOODOAAA IO AR
AOARAERAIATA ‘l;l‘i‘i:t:t*.‘,“*‘j*l‘!ii‘ O

6.0 SO0 L3k
AR AR
o :#:!:‘:i:q:‘:.i‘i 1]1#:‘-:1:;:*‘ " i“i:t:i*:i:t:i:.:g:.
A XK
R )
& L) Lhey Ty
WA NRSAAA RIS AR N

myf GeV

2.0 2.5 3.0 35

- Lq-[hm‘:a GeV?] — NLO-[MB*=1.75 GeV¥]

\ N
T.5F 3y T.5 1
'v.‘\ o
§ |
E 7.0f \ E 7.0 :
] i X I
63 T 6.5
il |
[
6.0 (i . AW sl / W2
1.0 1.5 2.0 2.5 3.0 a5 4.0 40 a0

MBiGeV®
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> JPC = 0** Diagonalized Operators

]Dla
Dia
S,2

Dia
S,3

Dia
S,4

]Dla

;

Dia
S,1

Dia
S,2

Dia
S,3

Dia
S,4

]Dla

6.1875:9%
6.19%397
5.931997
6.0210:92

6.331012

7.3615:97
7.31%095
7.06193:97
7.161008

7441312

4 LO VS NLO

NLO corrections are significant.

7.81101%
6.95%019

6.351998

« MY — ME°| > 0.5 Gev

* Below orabove n.n.?

6.56+010 & MS VS OS
7. 72+8 %i The scheme dependence is reduced
observably.
.|MM_S,LO os LO|>1GeV
6.60+0-09 H
0.12 -
6.58+008 o |MIS N0 — MOSNO| ~0.5 Gev

6.4710-98
6.4973:97

6.621993

€ Before VS After
(Diagonalization)

* The problem that Oversize NLO

corrections are improved
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B The renormalization scale u dependence

8.5;
8.0

=75
o 7.0

g 6.5
6.0

5.5

6.6;
6.4
6.2}

6.0
QL
058"
X
£56

The NLO contributions significantly
improve u dependence of

..... LO . NLO ]SDiza
08 10 12 14 16 18 20
k (u=k Mg)
..... LO _._ NLO Dia
S,3

hadron mass my

..... LO —— NLO Dia
S,4

el
_____

~aa
el P
~ -




B cccc Mass Spectra

€ Do not exist bound states below [ /] /.

]W,N LO
Dia
4 ]D“"1 with JP¢ = 0** may be assigned to be
@ JDIa < JDIa B JDIa i JDIa Y JDIa X JDIa &) JDIa ! JDIa X(6900) )
10 _ @ JDIa © JDla o JDla e ng‘a ¥ JDla * JDIa ® JDla _
Dia Dia
14 s A Dia with JPC = 2+*may also be a candidate for
95 dw JDIa |
Dia
. 1® % I the X(6900) :
e < f . i 4 ]D‘a and ]Dla may explain the broad structure
3 5. t . '
g2 5] = g ; (6.2~6.8 GeV)
w1 ¢ . 1
&8 7.5+ ** = espE T J T T~ T [ T
s i > - g i L LHCb proton—proton collision —} Data
- . o i | = L, =9f"' @/5=78and 13 TeV — Total fit
_ @ - _ X(6900) 020 200 Structure significance > 5 & -l
v . 4 Q My [X(6900)] = 6905 + 117 MeVi¢? T Lhreshold BW2
6.5 £ . 2 150 [ TawlX(6900)] = 80 £ 19 £ 33 MeVi? @3}3“
" Pt i - {Jhwdhy = { —— DPS+NRSPS
St % i A if kot i 1T %t Rt = o
] Inene
S
55 T T T T T T T T g
2
%
(2]
=

00 7000 8000 9000
M 4.5, (MeV/c?)
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bbbb Mass Spectra

B The Borel Platform Curves - bbbb

Dia _—
15,4 e MS 19
19.
. 19.
ﬁw
NLO contributions |=
improve the 18.
quality of Borel 18
platform evidently "
20.0
e OS

% 19.5

S

=

E
19.0+

777
O'N‘Q’c’#ol
SN m:o:u‘

QRN
KRN
AN

OO
SN
OO
n‘o“o:&o‘.”"“
0

A\
YR
RN
OO OO0
AR *.*.Ofﬁﬁofo?q?o?é&:&
10 15 20

MB?/GeV?

OO0
mn‘o’
RS

) ()
LUK
N XY

- — LO-[S0=408 GeV®] — NLO-[S0=366 GeV?]
]

A

-

- u

— — LO-[MB2=19 GeV?] — NLO-[MB?=9.5 GeV?]
19.4f
19.2f
19.0F
18.8f

myl GeV

18.6}
18.41
18.2f

20.0




> JPC = 0** Diagonalized Operators

- ws [T e 0 vs wo

Dia 18. 51+0 17 19. 01+0 .05
S’_l +z i: +g zz NLO corrections are significant.
S].),lza 18.51%526 18.97%511 |MNLO MLO| 0c
: . ~ 0.5 GeV
Dis 18.50+018 18961995 "
: * No oversize NLO corrections
oE 18.50+917 18.9710:9¢ NLO—I i
: . results are above nyny
o 18.51+217 18.95109%
MS VS OS
- 03 wowos) [
The renormalization scheme
Dia +0.04 +0.07
51 19.68Z910 1898 0223 dependence is reduced.
Dia 19.67t0.04 18. 98+0 .07 o
S'.Z 0.10 0.28 M%S,LO _ Mgs, L0| ~1 GeV
e 19.6473:92 18.98193:97 o
. o My~ -—M;” ~0.1GeV
B 19.611972 18.981033 i )
25 19.6619:98 18.98%93:97

@ Problem
Perturbative Convergence




B bbbb Mass Spectra

]M_S,N LO € According to current results,
Dia
there may not exist bound states
B2 @ 2R p JDE x DR o DB X D e JOB m JOP
20 @ & o B e - KR xS e below MpMp.
A A g
v J322 . .
P - € The perturbative convergence is
S5
19.5 - _ bad in bbbb system.
’>\ | 4
® . T @ The errors are large.
O @
@ 19- _
CEU ? . a Y(lS)Y(lS) 1210710 B
R R R U i Sk SN S S S R e S :nbnb 1enm10 L
Em g L
18.5 - T - T
E g e L
o
r -~ r -~ 1 1+ T T+ T * T T zoeto R
0++ O-- 0-+ 1 ++ 1 +- 1 - 1-+ 2++ N
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Summary

€ NLO corrections and operator mixing are important and non-negligibel

- Large corrections to hadron masses M,  (|MJ° — M}P| > 0.5 GeV).

« Improving the quality of the Borel platform evidently. (bbbb system)

* Reducing the renormalization scale u dependence.

. MS, LO 0S, LO
* Reducing the scheme dependence. |MH — My | >1GeV
|M,1;45' NLO _ MgS,NLO| ~0.5 GeV

€ Cccc Mass Spectra
* Do not exist bound states below [ /Y] /Y

« ]2 and]2% with JP¢ = 0** may explain the broad structure

o ]2 with JP€ = 0** and JR'? with /°¢ = 2** may be candidates of the X(6900) .

® bbbb Mass Spectra Thanks !

» Bad perturbative convergence and large errors . (near-threshold resummation?)

« There may not exist bound states below n,n;, (Based on current results without resummation ).

WN2022/07/29 Heawy Flavor Physics and QCD 16/16






QCD sum rules

Correlation function: M(p?) = ij d*xe'?* (Q| T;(x)T,7(0) |Q)

T = (¢;iI1¢c;)(cilzcj)
1. Kallén — Lehmann representation
p(s) : physical spectrum density

N(p?) = joods p(s)

0 S — p2 — i€ P(S) = Zili 6(5 - Miz) + pcont(s) H(S — Sh)

~ AH 5(5 — MHZ) + pcont(s) 9(5 _ Sh)

2. Dispersion relation

1 ImI(s+ie
IHﬁ)=—jck ( 2)
o SP L
_a% SN WVWWW—>
g 1 (% Imll \\\m ;
fds ,0(25). _ _f " mz(s).
0 s —p?%—ie w)s, S—p?—ie

WN2022/07/29 Heawy Flavor Physics and QCD 18/16



3. Borel Transform

« Why?

(0]

0

p(s)

(p?) =f ds

s —p?—ie

T

1 ImII(s
st (s)
Stn

s —p?—ie

O To suppress the contributions from high excited states and continuum

O To suppress the great circle contribution in contour integral

« Borel Transform

Blt, M2 F(¢t) = lim

—t,n—oo

t
—_—
n

M

(_t)n+1

n!

d\" -
(&) o

Spectral Function

J— phad(t] R phad(t)eflr

| B2 M3 M(p?) = [ ds pls) e/ =2 [ ds Im[T(s)] e~/
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4. Operator Product Expand (OPE)

¢ 7~'(P2) = ifd4x elP* T1(X)Tz+(0)

lim F@H) =) 6?0
n, l

p2->
= Cl + qu C_Iq +CGG GG -

2
Aocp

. l'I(pZ) _ (Qljw(pz)lm Power suppression: 2
= C1 + Cgq (Q|qql) + C6 (QGG|Q) + Chq{QqqG|Q) + -+
~ Cl + CGG (.QlGGl.Q) Up to dimention 4




5. Quark-Hadron Duality (QHD)

QHD :

JoodS Pcont (S) _ lJoodS Im[Cy(s)]

s — p? T s — p?

Sh

oo

- 1
g B 4 | s p (e = = [ ds (Im[€1(9)] + Im{Cag(S)KGGY) eV

Sh Sth

| B

Yy 1 _ 2 1 oo — 2
Aye Mia/Mp — ;fsi‘; ds Im[C(s)] e 5/Ms +;f5'th ds Im[C;c(s)] (GG) e™5/M5

6. Hadron Mass

= S
M3 fssz:(,)l dsIm[C,(s)] s e Mp® 4 fs(:, dsIm[Cs(s)] s e M5*(GG)
H pr—

S

_S_ S
fssf: ds Im[C,(s)] e Ms" + fs(: ds Im[Cs6(s)] e M5°(GG)




S S

fsst(,)1 ds Im[C(s)] s e M5” + f:; ds Im[Cge(s)] s e M5°(GG)

6. Calculation of C; M3 =

S

S
fsi: dsIm[C,(s)] e M5" + fso;, ds Im[Cgg(s)] e MB*(GG)

(1). To get amplitudes of C; and Cgg [FeynArts] i kublbeck, etal, (1990); T. Hahn (2000)

(2. To simplify spinor structures of €; [FeynCalc] R. Mertig, etal, (1991); V. Shtabovenko,(2016)

@). To reduce all loop integrals to a linear combination of master integrals (I;):

Int = Zi a; Ti [REDUZE] A. von Manteuffel, et al, (2012)

4). To calculate master integrals: Defferential equation (DE)

. m2 A. V. Kotikov, (1991); Z.Bern, etal, (1993);
[;(6,s,7=—) = sd Z Cabm ratbe n E. Remiddi, et al, (1997); T. Gehrmann, et al, (2000)
S a,bn X. Liu, et al, (2017)

(5). Renormalization (for €; NLO)

WN2022/07/29 Heawy Flavor Physics and QCD 2/16



S S

7. Borel Windows vo _ d @S TmICI(] 5 € M5" 4 [ ds ImICog(s)] s e M5(GE)
-

S S
fss;(:, dsIm[C,(s)] e Ms" + f:,, ds Im[Cgg(s)] e M5"(GG)

* the validity of OPE

_ _ To constrain the range of s, and M3
» the ground-state contribution dominance - 0 2

(called Borel windows)

S
[ZdsIm[Ci(s)] e M5 - s
Teont = |[—> ——| < 30% B fsthdSIm[CGG(S)] e Ms*(GG) < 300
[Z dsIm[C{(s)] e M5’ 66 = - _s_ = 2U70
Sth fsth dsIm[C,(s)] e Ms

8. Borel Platform

The point where the parameter dependence of M, is weakest within Borel windows

oMy \>  [(OMy\°
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B cccc Numerical results

> JP¢ = 0** Meson-Meson type operators (¢;I1¢;)(¢;Tz¢;)

6.161098

’S‘{;M 6.3810:92
s 7214832
o 5902358
o 62823

NLO(MS)

7.32109%
8.3310 13
7.91%918
6.3613:9¢

7.781513

4 LO VS NLO

NLO corrections are significant.

« |MJ*© = Mg°| > 0.5 Gev
Worst: ~2 GeV

* Below or above n.n.?

os I T I T, ¢ ¥ VS oS

s 7.35%03%%
s 7.44101%
s 8.43%014
sa 7.0525:05
JHM 7454019

T ——

6.6010:99
6.601092
7407338
6.44%3:05

6.622573

The scheme dependence is
reduced observably.

ME> 10— Mp® 0| > 1 Gev

[ MYSNEO — MESNIO] ~0.5 Gev
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> JPC = 0** diquark - antidiquark type operators (c;" €Ty ¢j) (€;T€c;")

D1 Di 6. 07+8 8?
?,‘{D‘ 6.1925:%7
g 6.961511
Vi 6.17%397
I9 607355

NLO(MS)
4 L0 VS NLO
6.6073:93
NLO corrections are significant.
6.90*313 :
NLO LO
9.25+014 MY —M}°| > 0.5 Gev
7361019 Worst: ~2 GeV
6.6912-19 * Below or above n.n.?

s T o 7 s os

7235388
7.27:8%
B 8.17X013
7315308

2 7.224358

6.5473:9¢ .
010 The scheme dependence is
557 ¢ reduced observably.

7.19%52¢
6.597393

6.512513

¢ [MYS O - MPP 0| > 1 Gev

MMSNLO _ Mgs'NL°| ~0.5 GeV
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M Error

Current  Order

My (GeV) so (GeV?) MZ (GeV?)

Error from Error from Error from

sp and M3 mg m

LOMS) 6195535 51(£10%) 3.50(£10%) 5] To1s Toa

o NLO(MS) 6.957021 61(£10%) 5.00(x10%) 919 A B
~ LO(0S) 731703 64(£10%) 3.75(£10%) 0 e
NLO(OS) 6.58702%  48(+10%) 2.00(x10%) 9% o

Current  QOrder

My (GeV) s (GeV?) M3 (GeV?)

Error from Error from Error from

sp and M’g mg 7

LOMS) 5931931 45(+£10%) 3.00(x10%) 007 1018 o

o NLO(MS) 6.3579% 51(£10%) 3.50(£10%)  *0.08 B oo
' LO(0S) 7.067932 60(£10%) 3.00(x10%) 907 ol
NLO(OS) 6.47102  46(+£10%) 1.75(x10%) 008 B

Error from Error from Error from

Current  Order Mgy (GeV) so (GeV?) M3E (GeV?) o and M2 mg .
LO(MS) 6.02%03 49(£10%) 3.00(x10%) 00 o i
o NLO(MS) 6.56703 55(+10%) 4.00(x10%)  *919 15 +0.03
LO(0S) 716702 66(+10%) 3.00(£10%) 00 B
NLO(0S) 6.497020  46(+10%) 1.75(x10%) 007 2

WN2022/07/29 Heawy Flavor Physics and QCD
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B Perturbative Convergence—4c

. -
- \
]Dla '.‘ ]Dla
¢
S’Z ‘I S 4' »
Il A 2 # v
0.00001 - A ' . 11070 b k )
I “ “
i

(] ' o~ 1
] N [x)] .
= =

T 9

QL & QL

- S T

m e

— il

Q, Q

0.00000
1 1 1 1 1 1 1 1 1 1
oo 0z 0.4 0.5 o.s 1.0 oo 0z 0.4 05 0g
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B The renormalization scale u dependence

]pC:: ott o) e [ie e LO __ NLO ]PC — 0+
9 > .
. Dia
sl _ e P5
QL [}] -
o o
=7 6.5 ~-
g £ .
6 e ] 6ol T
08 10 12 14 16 18 20 08 10 12 14 16 18 20
k (u=k Mpg) k (u=k Mp)
A LO __ NLO
]PC._ 1770 LO _._ NLO = ]PC _ ot
Dia _— 70»(///rf’”"’ :
]A4 A&5’//’ _ %?
> 6.5
® . Q .
:6.0 ~ -
E 860 Tl
ssf T b T e
55 -
12 14 16 18 20
k (u=k Mg)
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B JPC = 0% Meson-Meson type operators

AR NLO(MS) €10 VS NLO
s 18.51+337 19.00+393 © RISKHMEERE
sz 18554032 18.92+010 |MYL0 — ME°|~ 0.5 GeV
55 19.21%932 19.66+9.95 « ML FAKRREILREE
s 18.50+9:17 18.97+0.95 + BIEZJE, fEneny MEZ F
JEs ™ 18.51%032 18931393

os TN T 75 vs os
4 7

,Sv,l_M 13 ngfz 1: jszj RN B RN BEER
ZZ_M - :,g (1)2 : 1(;272 . |MF,L0 _ MgS,L0| 1 GeV
S,3 20.51%573 19.51 *%-Z2
Sa 19.64%30% 18.98%0:3: o[ MffS L0 — MEINEO| ~0.1Gev
s 19.7113:83 18.98%397
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B The renormalization scale u dependence

Dia
S,4

..... LO . NLO

08 09 10 11 12
k (u=k Mg)
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