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Introduction

e h.(1P) experiments 2" - |
e The last member found below \ | gl ‘
open charm threshold SN

O | - 1 1 1
3522 3523 3524 3525 3526 3527 3528 3529 3530
Ecml MeV]

——

e First hintin 1992, established in

¢ ¢ MESONS
2 O O 5 (including possibly non- g g states)
h.(1P) 1°JP) =7"(1*)

Quantum numbers are quark model prediction, € = established by 7.y decay.

h.(1P) MASS 3525.38 + 0.11 MeV
he(1P) WIDTH 0.7 + 0.4 MeV

. NOW We knOW more e oo Decay Modes ~ Collapse all decays

Scale Factor/ P

Mode Fraction (T; /T) Conf. Level  (MeV/c)
I Jhy(18)7° 382
I Jhy(18)zm not seen 312
I3 PP <15x107* CL=90% 1492
| A atrn° <22x1073 1749
Ts 272+2 7770 @255% 1716
Ts 37237 x° <2.9% 1661
Radiative decays

I, m 47+21)x107 1720
s ' (958) (1.5+04)x 107 1633
Iy M. (18) (51 +6)% 500



Introduction

e h.(1P) theory

e decay: quark potential models, NRQCD

e Production (in NRQCD)

e [LHC: large rate but severe background

contamination in the major decay channels

Sridhar, Qiao et.al., Wang and Zhang

e B factory: lower rate (@ LO, but cleaner
signals expected, color octet dominant

Jia et.al,, Wang and Zhang



h. production at B factory

® NRQCD Caswell and Lepage, Bodwin, Braaten and Lepage

doleTe”™ — he+ X]| =

CS (LO) CO (LO)

O (P = (~5B) 0 L lhe+ ) e+ X14" (~3B) x
X

O (*So) =X"T% > " |he + X) - (he + X| T,
X



h. production at B factory

® NRQCD Caswell and Lepage, Bodwin, Braaten and Lepage

doleTe™ = h.+ X] =

h

i

Q 4
N I e

Short distance coefficients ~ O(m.), perturbative, producing ccbar pair

LO in the v expansion

could contain additional large logs (enough room for scale evolution, operator mixing --- )

example:

polarization attempts by
Kang, Ma, Qiu, Sterman,
Zhang




h. production at B factory

e [.O already known for both color singlet and octet

dolete” > h, + X| = dFl(fA) “("P1)) >"’W‘€P(l) M(S)
mC
dF

- ( ("So) (1)) CS (LO) CO (LO)

mc

LO in v expansion

Jia et.al,, Wang and Zhang

e But NLO corrections for charmonium could be

large

Our Goal: NLO color octet



h. production at B factory

e [.O already known for both color singlet and octet

dolete™ > h,+ X| =

2,22

dF(pn)

(O

h,
1

("Py))

CS (LO)

Sharp peak at the threshold, will be

dFgt  32m%elo’asm,
dz 352 modified dramatically at higher orders.
FO is not reliable! Soft |
dFLH Are2o? 2m, ( 2 1 — 1
L ('u) = 6 e C};asm { (— In a 5 +21In \/F + —) X 412 2 PO
dz |33 \ 4m? 1++r 3 r= ¢ r=
/T 1N 22 —4r ° i
(1—-r)(1+r—=2) po—— +\/z2—4r)
PV 3 d§ . . i
22 _2-2 c 40t Color singlet mixed with color octet
z—2r l+7r—2 6N, dz ’

Color octet channel is crucial to absorb all

poles



h. production at B factory

e [.O already known for both color singlet and octet

F
da[e+e‘ — h, +X] d l(fA) <(9 lP1 >~/\M/\§p(l) M@)
mC
L

- = (Og(1S0) (ua)) S (LO) CO (LO)
64mea?Cra’m 2 65 — 84r
FLH _ c 1 — ] 1 — _
1 . 9N 52 =) 4mZ (=) 12(1 =)
| (14 — 15r) In {2Y=~ Collinear!
8(1 — r)3/2 ’

Could break down the perturbative expansion

FO is NOT reliable!

Same feature happens for pT distribution in
other charmonium productions
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h. production at B factory

e NILO for color octet

Virtual: FeynCalc, FeynArts,

18(8) 13(8)
$Apart, IBP by FIRE, MI
calculated analytically CO (NLO Virtual) CO (NLO Real)

Numerically by Zhang, Ma, Wang, Chao

Real: Follow the strategy for
color singlet for phase space
integration, more diagrams
though

Sun, Jia, XL, Zhu, 2018

10



h. production at B factory

e NILO for color octet

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

15

- color singlet (LO)
color octet (NLO)
—— total

-
(=]
T

1/08 do/dz

o
T

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

ALL poles cancel !
Check against known results

FO could be break down in the

threshold, more severe than CS.

171 o AT 23 N T 67
+[ 1 ] 2ln2—z+ z2—4'r_1 z—z2—A4r
I+r—z], 2 24+ /22 —4r

_2\/z2—4r+\/z2—4r(6+2r—6z+z) [ +r—2)
1—r 12(1 —r)3 l+r—z | |

R o (o) (Am\ ng [ 1 vr_ 5 _
o Lo~ ) +2In n d(1+4+7r—2=2)

S

+ [1 n 71~ — z] N (1(z_2r—)(427')_3f)2 }

dsy’ _&<8>%(1—r)“2€7‘ drp2\" [ Ca  2Ca+bo LB Hy
dz Orn T(1-¢ s 2¢2 4e 4 m2
L Call—1) —2Cp2+7) 21—\/1—7- 3(Ca—20p) 1-vI-7
8(1—r) +Vior | 2/i-r 1+vI—7
LT (l 2—r+2L122—
n —2CA(2 — ’I") +4CF(3 — 2’]”) + (2 — ’l") Bo In r n Ca (9—|—47r2)
2(2—1r)2 2(1—1) 6
Cr [7?(2—7) +6(1 —7)(9 — 57)]
- 62— 1) }‘5(1”‘2)’
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cross section (fb)

h. production at B factory

e NILO for color octet

2 — - — —
FNLO :F§40+F§Jo%{@m Pr | Ca(6 —5r) 4CF(2+7‘)1 ol —v1—r

1 m2 16(1—7) Y iiVior

Ca(28—27r) —36Cr(1—7) —4ny . 1—+/1—7r , 1—r
+ 12(1 — r)3/2 iy Gl (_ )

Ca(l—r)4+2Cr [, 4 T R Ca(l—6lnr) nf(20—8r—9Inr)
LTCRS (ln 2—r+2L122—r)+ 6(1—r) 18(1— 1)
n —2C4(2 —7) +4Cr(3—2r)+ (2 —17)%8 1 r

22 — )2 o1 —r) Both double and single logs in t -

Cp[n?(2—r)+6(1—r)(9—57)] Ca(289+ 972)

— PRI + = } >(), occur for CO.

Do harm to the FO predictions if r

400—

,,,,,,,, (010 P 8)y=0.7%102 GeV? | s too small
—— (OF-(0P(15,))=0.98x1072 GeV® -

300L (OFOP(150))=1.6x10"2 GeV® |

Scale uncertainties are relatively small.

2001

Very sensitive to the CO matrix

P

element. Future B factory could help

/ (105 already produced, expected 100 if
3 4 5 6 #T(Gez/) 8 &K 10 I ~ 50 O.b'1)
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1/08 do/dz

h. production at B factory

15

p—t
(=]
T

o
T

e Decal with logs, z spectrum as an example

1 588) 1 S(()8)

.........

~...... color singlet (LO)
color octet (NLO)
—— total

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

CO (NLO Virtual) CO (NLO Real)

A

1 1 1 k

1_2/_];N1—z’+1—z’1—z’+”'

In NRQCD, z' ~ O(1) and 1- 2" ~ O(1), and

.........

allow to truncate the khat series.

However when z” -> 1, this assumption will not hold
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1/08 do/dz

h. production at B factory

15

[
(=]
T

o
T

e Decal with logs, z spectrum as an example

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

-.. color singlet (LO)
---- color octet (NLO)
—— total

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

CO (NLO Virtual)

d_a
dz’

S(t) =

1 S(()S)

1
1 — 7 1 —

1 i
- 61(48(% H[/'LHa/*L] /, de[x7l'l’S nur] X J[S(l —I—T)(:E o zl)a,u‘Jalur]

(Ox'T*¢ a),_an.6(£+ — in - D)p! Tx |0)

dm. (O} (1S,))

14

Not a constant anymore but sensitive to

the soft activities



1/08 do/dz

h. production at B factory

e Decal with logs, z spectrum as an example

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

15

......

-.. color singlet (LO)
color octet (NLO)
—— total

p—t
(=}
T

o
T

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

do

A=AQCD: A=5, B=3

0.6 07 0.8 09 1.0

z

—

1
dz’ - 61(48(% Hlpw , pl /, dzS|z, ps ,pr] X J[s(1+7)(z — z,)a,u‘Jalur]

Remove the divergence and shift the peak.
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Conclusions

e NLO results for color octet h. production at B

factories

e See in several cases (threshold, large COM
energy---) that resummation is crucial to obtain

reliable results

e Further investigation on color singlet production is

interesting and demanded.
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