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Introduction

1. Introduction

e e ) e Doubly heavy hadrons:

23 213 23 ,

12 w 112 g 112 \y i .~ —

=g J e J ol J ® Heavy quarkonia: cc ,bb (J/¥, Y---)
S [ e ® Doubly heavy-flavored mesons:

12 Q 172 § 1/2 y — ( . )

. down J - strange J bottom J cb Bc’ Bc o

® Doubly heavy baryons =, =, .5, -

» Production: perturbative, non-perturbative QCD

» Decay: weak interaction

The study of doubly heavy hadrons can test the NRQCD.
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Introduction

Advantages of the production at e*e colliders:
® The center-of-mass system of the process is known

Angle distributions and forward-backward asymmetry
of doubly heavy hadrons have proper meaning in
understanding the production.

® There are less backgrounds at an e*e” collider
An e*e” collider is a good platform for precision measurements.

Running at the Z pole:

® Z-resonance effect

® CEPC
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Production of doubly heavy hadrons at ete— colliders

2. Production of doubly heavy hadrons

® LO calculation

(2. )(m)

AB.(Br) ()

do(e”"+e" —> Bc+b+0)

= an&(e+ +e” —>cb[n]+ b+6)<OBC(n)> NRQCD factorization
I

Short-distance Long-distance
coefficients matrix elements
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Numerical results

Production of doubly heavy hadrons at ete— colliders

Phys. Rev. D 93, 034019, (2016),
X.-C. Zheng, C.-H. Chang et al.

States o(pb) Events/year States o(fb) Events/year
B. (1S,)| 273 2.7 X 10° B. (1S,) 0.47 4.7 x 102
B:(35,) 3.82 3.8 X 10° B:(3S,) 0.72 7.2 X 102
Bx('p, )| 0.27 2.7 x 10° BX*( P, ) 0.05 50
B:*(3p, )| 0.16 1.6 x 10° B:*(3P,) 0.03 30
B:*(3%p,)| 0.34 3.4 x 10° B:*(%P,) 0.07 70
B*(%pP,)| 037 3.7 X 10° BX*(3P,) 0.07 70

Cross sections at the Z pole

with L=10¥cm2s™

Cross sections at /s = 250GeV
with L=10*cm™s™

® The Z-resonance effect is important for studying Bc and its excited states

® The luminosity of the e*e collider should be 103>73°cm
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Production of doubly heavy hadrons at ete— colliders

do/dcos0(pb)

do/dcos6(pb)

05F

do/dcos6(pb)

Phys. Rev. D 93, 034019, (2016),
X.-C. Zheng, C.-H. Chang et al.
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T

The angle distributions are forward-
backward asymmetric.
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Production of doubly heavy hadrons at ete— colliders

15

do/dz(pb)

do/dz(pb)
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Phys. Rev. D 93, 034019, (2016),
X.-C. Zheng, C.-H. Chang et al.
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Production of doubly heavy hadrons at ete— colliders

Production of doubly heavy baryons

I X Non-perturbative part

Perturbative part

1) Production of diquark

2) The diquark fragments into the doubly heavy baryon
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Production of doubly heavy hadrons at ete— colliders

Phys. Rev. D 93, 034019, (2016),
X.-C. Zheng, C.-H. Chang et al.

0.7

States o(pb) Events/year —_(ars],
0.6 _ - _(ba's,l, e
= 5 . bos ), ,_.r'
Ecc 0.52 5.2x 10 | s
ch 1.37 1.4 x 10° 8
¢ 8 04
—_ 4 S
Epb 0.05 5.0 x 10 g |

Cross sections at the Z pole
with L=10*cm™s™

0.2

cos6

Differential angle distributions

The angle distributions are also forward-backward asymmetric.
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Production of doubly heavy hadrons at ete— colliders

Forward-backward asymmetry:

0.098 -

0.096
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0.08

X.-C. Zheng, C.-H. Chang et al, 2019.

— Bc

- et
(ce)’s,]
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————— (be)(®s, ]

0.2

sinzegff can be determined through measuring the forward-backward

1
0.21

asymmetry of the doubly heavy-flavored hadrons.
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Production of doubly heavy hadrons at ete— colliders

Left-right forward-backward asymmetry: X.-C. Zheng, C.-H. Chang et al, 2019.
AFB — O —Og —Ogr T0gg
LR — '
O TO0g T Opp T 0pg
[ e T 0.7
oeol —— e
oesk | e Ebh1[331] i 0.65+ === ==
e T —— — oS,
067 "'--n--..._____ ____________ - -
----- —— T —-—-=(be)®s,] 0.6 —
----- Bc*
@ (co)’s;]
o 0.55f i
< ——(be)'s,)
T (00)[°S,]
0.45
0e ' ' ' ' ' 0.4 : : ' ' '
02 o021 022 Sir?'f;b 024 025 026 0.2 0.21 0.22 0.23 0.24 0.25 0.26
eff

. 2
sin Ggﬁ

sinzegff can be determined through measuring the left-right-forward-
backward asymmetry of the doubly heavy-flavored hadrons.
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Production of doubly heavy hadrons at ete— colliders

® NLO calculations for Bc and Bc*

» To see the changes of the physical observables from the LO
calculations to the NLO calculations.

» To see how the dependence on the renormalization scale

changes after including the NLO QCD corrections.

o
)
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Production of doubly heavy hadrons at ete— colliders

Numerical results Sci. China-Phys.Mech. Astron. 61, 031012,(2018),

X.-C. Zheng, C.-H. Chang et al.

p as(p)  ovo(pb) exvo(pb) onvo/oLo
2my 0.180 1.58 2.38 1.51
m, /2 0.132 (.85 1.58 1.86

Cross section of Bc

a(u)(pb)

I oLo(pb) enLo(pb) oxLo/oLo

2myp 2.20 2.93 1.33 05, 1'0 1I5 2|o 2'5 slo 3|5 4'0 4|5
m,/2 1.18 2.06 1.74 w(GeV)
Cross section of Bc* The dependence on p is weaken

significantly due to NLO corrections.

The NLO corrections are significant!
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Production of doubly heavy hadrons at ete— colliders

Sci. China-Phys.Mech. Astron. 61, 031012,(2018),
X.-C. Zheng, C.-H. Chang et al.
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Differential angle distributions
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Differential energy distributions

® The K-factor changes very little with different 9;

® The NLO corrections change the energy distributions significantly.
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NLO fragmentation functions for doubly heavy mesons

3. NLO fragmentation functions for doubly heavy mesons

Fragmentation approach

» NRQCD factorization Energy scales:

do(e"+e" > Bc+b+7) LA
=Y do(e’ +e - (cb)[n]+b+T) (0% (n))

Log-terms appear in short-distance coefficients:

al> alln"(s/m3) Collinear gluon emission
n=0

Spoil or weak the convergence of the series

ln(p?/mé) appearing in the production at a hadron collider
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NLO fragmentation functions for doubly heavy mesons

» Perturbative QCD factorization
Involving In(s/p2) ur = 0(y/s)
do(e” +e — Be(p)+b+7) /
=Y dé(e" +e > i+ X)(p/z, 1) ® D, (Z, 11z ) +O(MS 1 5)

NRQCD factorization: \ Fragmentation function

D ec (20 Heo) = ani_)cg[n](zi /uFo)<OBC (n)> Hro = 0(mg)

Involving In(pge/mg)
Evolution of fragmentation functions

d
dIn z

Di—)Bc (21 :uF) = Z Pij (Z / ys s (/uF )) ®Di—>Bc(y1 :uF)

R (2 a1 ) = R (2) ) Pi“)(z)( (”F)j +O(e)

27

Collinear log-terms have been resumed through the DGLAP
evolution.
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NLO fragmentation functions for doubly heavy mesons

» LO fragmentation functions for the Bc production

® Extracting from the LO calculation of process Z° — Bc+b+C

C.-H. Chang, Y.-Q. Chen, Phys. Rev. D 46, 3845, (1992);

® Calculating from the definition:

J.-P. Ma, Phys. Lett. B 332, 398, (1994);

@ There were no NLO results for D_.(z, 1) before our
calculation.
@ In order to obtain the theoretical predictions under the

fragmentation approach up to NLO QCD accuracy, the

NLO results for D._ . (z, z.) are needed.
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NLO fragmentation functions for doubly heavy mesons

Based on the definition of FFs by Collins
and Soper.

Nucl. Phys. B 194, 445, (1982).

Fragmentation function
calculation

LO cut diagrams: LO fragmentation functions:

_ 207z(1 — 2)’|Rs ()
© 81ar2(1 — ryz)oMP
—2ry(6 — 197, + 18,92 + 3r2(1 — 2r. + 2r7)2%],

[6 — 18(1 — 2r.)z + (21 — T4r. + 68r0)7

D25 )
2a3z(1 — 2)*|Rs (0)]*
T 27nrX(1 — rp2)°M?
“2r(4 — 1. + 2,2 + ri(3 = 2r. + 267"

[2-2(3 -2r)z+3(3 - 2r, +4r})7
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NLO fragmentation functions for doubly heavy mesons

NLO corrections

Typical NLO cut diagrams

54 virtual cut diagrams, 72 real cut diagrams.
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NLO fragmentation functions for doubly heavy mesons

> Virtual corrections

Tensor reduction, IBP reduction
Many integrals containing an eikonal line, e.g,
j d®l
[(1 = p)* —m +ig][(1 = p,)* —m; +iel[(I - py)* —mg +ig](l-n+ie)

> Real corrections

UV and IR divergences!

DI (2) = [ NesUfhen (A = A) + [ N A

Calculated in Calculated in
4 dimensions d dimensions

Various types of subtraction terms need to be integrated!
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Xu-Chang Zheng(CQU)

> Renormalization

Renormalization of QCD:

. o, 1 2 4 p?
6295 = —Cp s(1r) { + —39g+3n iﬂ +4] :
4 Erry ErR T
: » 1 drpd, 4
5205 = _3 ¢, LR [ — e+ IR ,—} ,
4 eV m 3
os _ slpr) [ o 1
623 o dar l{ﬁﬂ ECA} (EUV Er R
4 1 Amp?
——Tg| — —9+In MR
3 €UV 12
2
—ilTF L—’]fE+ln W'“;I :
3 €y Ty,
s Boaspr) [ |
02" = 2 dr |ifuv ve +In (47)| , (71,

Renormalization of the operator:

uperatur( }

E‘—bﬂs['ﬂ.]
as(pr) [ 1 57
= — — In (4 In—=
5 |if-uv v + In (47) + n#FF

1
i1
< [ LB /).
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NLO fragmentation functions for doubly heavy mesons

NLO results Phys. Rev. D 100, 034004, (2019),
X.-C. Zheng, C.-H. Chang, X.-G. Wu.

NLO fragmentation functions

10 %107 ‘ . . . . ‘ . . . 18 %107 .
LOGs=2m ) LO{ug=2m )
- = =NLOG=2m ) 161 |2 o o NLOgum2m )
- ) — LOg=m,, +2m ) LOGig=m,+2m,)
.......... NLO(z =m, +2m ) NLO(u =, +2m )

O
[:n'- ........
|£4‘
a

2t e

0 T

- ‘ ' 0 01 02 03 04 o‘.s 06 07 08 09 1

0 0.1 0.2 0.3 0.4 05 086 07 0.8 0.9 1 7

Z
D5 e (2, 1o =M, +2m, ) DE—)B: (2, g =M, +2m; )

These fragmentation functions can be studied at the CEPC.
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NLO fragmentation functions for doubly heavy mesons

NLO results

Initial fragmentation functions

16
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NLO fragmentation functions for doubly heavy mesons

NLO results

Fragmentation probability and average value of z

1
pf Jy dz2D()

dzD(z), (z)=
0

1 7
|, dzD(z)

5 1< *

b — BC b — BC

UiR Px 10%L0O) Px10*(NLO) {(zMLO) {(z}NLO) Ur P x 10YLO) Px 10%NLO) (z}LO) (z)(NLO)

2m, 3.82 3.14 0.68 0.70 2m, 5.36 291 0.73 0.77
my + 2m, 2.05 2.73 0.68 0.69 mp + 2m, 2.89 3.25 0.73 0.74

k

¢ = Bc c = B,

Hr Px 105%LO) Px10%NLO) {(z)(LO) (z)(NLO) Hr Px 10%LO) Px10%(NLO) (z)LO) (z)(NLO)

2my, 4.95 8.07 0.51 0.51 2my, 4.28 5.75 0.55 0.54
2my, + m, 4.63 1.72 0.51 0.51 2my, + m, 4.00 5.57 0.55 0.54
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NLO results

The fragmentation functions at the scale of m,
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® Obtained through the DGLAP evolution from the fragmentation functions at

the initial factorization scale.
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NLO fragmentation functions for doubly heavy mesons

Phys. Rev. D 100, 034004, (2019),

. .
Bc and Bc™ production at the Zpole ‘= 71eng ‘¢-H. Chang, X.-G. Wu.

6 8
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do /dz(Bc) do / dz(Bc¥*)

LO,NLO: fixed-order approach
LPO: fragmentation approach, no DGLAP evolution
LP: fragmentation approach, evolved with DGLAP equation
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NLO fragmentation functions for doubly heavy mesons

Phys. Rev. D 100, 014005, (2019),
NLO results X.-C. Zheng, C.-H. Chang, X.-G. Wu.

NLO fragmentation functionsfor c=>J/y and b—> Y

w10 %107

5 T T T T T T T T T 5 T T T T T T T T
| [—— Ok 2my) ] LO(ug=2m,)

- = —NLOu=2m ) ST = = =NLOW =2m,) _
af === LO: g=3m, ) - -

c—>J/w(Z Mo =3M,)
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Conclusions

Conclusions

» The production of doubly heavy hadrons at an e*e” collider running at

the Z pole is studied;

> sin? Hl;ff can be determined through measuring the asymmetries of
the production of the doubly heavy hadrons at the Z pole;
» The fragmentation functions for a heavy quark to a doubly heavy

hadron can be studied at the CEPC running at the Z pole.
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Thank youl
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