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the existence of a fourth quark

> ] particle discovered at BNL

* Inp+Be—-et+e  +X

« 3.1 GeV, about three times heavier
than the proton

e With ¢ =1~

Nobel Prize in 1976
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' Discovery of the J/: y particle
> 1 particle discovered at SLAC

het+e »nt+n~

Burton Richter following the announcement
of co-winning the 1976 Nobel Prize.
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Heavy quarkbnium

> Bound state of QQ pair under strong interaction

Eg: I/Y l/JIJXc]; Y(nS),Xb](nP)

Electron

X

& ;
S \Q’} < D

-
, »
NPT AN
- N
\-
Aw
T

<

v" The simplest system in QCD: two-body problem
v “Hydrogen atom in QCD”, “an ideal laboratory in QCD”
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Velocity of heavy quarks

» Coulomb potential between color singlet
as(1/7)

r

as(1/7)
r

heavy quark pair: V(r) = —Cr

> Virial theorem: mv? ~ V(r) ~

> Uncertainty principle: r ~ —

mv

> Velocity is determined by quark mass

a,(mv) ~mv?r~v
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! Property

> A non-relativistic QCD system: v* « 1
Charmonium: m~1.3GeV, v? = 0.3

Bottomonium: m~4.5GeV, v? = 0.1

> Multiple well-separated scales :

——

Quark mass: M
Momentum: Mv = M >> Mv >> Mv2~Aqp
Energy: Mv?

—

> Involving both perturbative and nonperturbative
physics

» Production: ideal to understand hadronization,
to study QGP
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Space-time picture for produ.ction

» Hadronization followed by production of an off-
shell heavy quark pair

| Coherent soft interaction

A.\\
i Quarkonium
B' S—— - o’
Perturbative Non-perturbative
Ar ] 1 1
" 2m’ mv’ m v?

« Time scale for producing heavy quark pair: ﬁ

. . 1
« Time scale for expansion: —

« Time scale for forming bound state: —
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Approxima‘tion

» On-shell pair + hadronization

d6(Q*)
OAB-H+X = E f AT(0q)n [dr —| Fo@)n-t(Pa:Pg: Pr)

 Corrections are at higher order in v

» Different assumptions/treatments on how the heavy
quark pair becomes a heavy quarkonium: different
factorization models
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Historical theories for quafkonium 'production
1. 1974 - Discovery of / /1, CSM and CEM

CSM: IR divergence, i’ surplus g‘;;g‘;;j';,g:fg;’gf){’_?“ang (1980),

CEM: wrong for ratio Fritzsch (1977), Halzen (1977), ...

2. 1 994 - N RQCD Bodwin, Braaten, Lepage, 9407339, ...

No divergence up to now, solving many puzzles

Plain NRQCD fails when p > M or p; < M, leak all order proof

3.2014 -
Kang, Qiu, Sterman, 1109.1520

|-||gh pr- collinear factorization Fleming, Leibovich, Mehen, Rothstein 1207.2578
Kang, YQM, Qiu, Sterman, 1401.0923, ...

LOW pT. CGC"'NRQCD Kang, YQM, Venugopalan, 1309.7337

Qiu, Sun, Xiao, Yuan, 1310.2230, ...

O o of o o

IHEP, June 16%, 2016 Yan-Qing Ma, Peking University 10




| NRQCD Factorization -

Bodwin, Braaten, Lepage, 9407339

> Factorization formula

do, =Y [dxdx,[G,,Gy;s

Lj,n -

J

/D

Parton distribution function

X

6Tij — ce[n] + X]

X

Oy

. / J

i J

'

M

A

m.V

Hadronization (LDMES)

Production of heavy quark pair

]

- n: gquantum numbers of the pair, spectroscopic notation ZS“LBC :

« Color, spin, orbital angular momentum, total angular momentum
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Definition of hard part " \

* o(cc[n]): production of cc with quantum number n

« Expansion of relative momentum at origin

Momenta of the pair: p.=p+q,p:=p —q

1 1 1 ——
M= (189 () — — NSNS (LL; S8 <§s;§s|ssz> (32 31|(1, 8¢))

L..S. 85 i

Aff;_ﬁ(p, 0), if kis S-wave,
>< bt
5 (L)M 2 (p.0), it K is P-wave,

88:11

rE.B N IF
A[S§;?j€(p’ O) o W‘A‘fss;ﬁ(p’ Q) )q:O

» Subtraction of IR divergence based factorization is needed (no

discussed in the following)

IHEP, June 16%, 2016 Yan-Qing Ma, Peking University 12 ‘




. Differences between traditiohal LI

» Complicated pole structure

 Dependence of external momentum
* High power of propagator denominators
« Coulomb singularies: linear divergence

« Light cone singularities for fragmentation functions

> No efficient numerical method available
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Momentum expénsion VS Io'op iniegratioh

» Loop integration:

d [ a4 1
dq® P[(l+p+q)?—m?][(I—p+q)*—m?]

« Expansion after loop integration: correct, but complicated

« Expansion before loop integration: correct only for [ > g
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|| The method of region

Beneke, Smirnov, 9711391

» Find out all relevant regions of loop integration

» Doing allowed expansion in each region

 Dimensional regularization is crucial!
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R I e e e

Ma, Qiu, Zhang, 1401.0524

.+ With 5 « 1

To perform the y integration, we introduce a parameter
A > [ and rewrite the y integration as

1 __,dev ._,2}’( d\-“
/ ( _/)72 1+s o (/ / ) /))2 )1+e

del
-I-!/ ( /}2 )H—E' (A13)

Since y* > A? > f#? in the first term above, we can expand
/* before performing the y integration and obtain

2k 2k 2k

y ) y
(2 = —ie) 22 +(1+¢) VA2 B+ =E(y?)
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.

| E)iérriple cont.

Ma, Qiu, Zhang, 1401.0524

1 y*dy
|7 ‘+f_(/ /)E""
+/ de‘b
! ( /))2 )I—I—E'
This i1dentity can also be written as
1 y2kdy 1

2V v
/ 0Z - - )1+f_./_1 Ex(7)dy

A y2kdy AE g
e e R
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" Examplecont.

1 vk dy 1 Ma, Qiu, Zhang, 1401.0524
/ 2 - 2 - - \+e _ / Ek(yz)dy .
Jo1 (Y7 = p~ —ie) J-1 ——, Hard region: |y| > f

o /e (}_,2 _/}2 . fé.)lJrE

+o0 \-—‘de\-’
ﬂzk—l—ZE/ R . (A17)
. 2 1 — Je l+e€ .
. (O “K’ Soft region: |y| ~ 8

In deriving the above simplified identify, we used

+0o0 ) +00 1..'2;(
Ek (}1 )d}‘ — 2+42¢
J —00 J—00 y

2k
F (4 e) e+ ~de = 0. (A18)
- Hard region, soft region, potential region, usoft region

* Only hard region is needed. All other regions can be

subtracted by factorization |
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Tensor integral to scalar integral

1N o (Di{1i}) = (1) Dfﬁf AUyl
. (2m)D A AT AT

Iyeop (D3 1)) = Z gl [l [P}

zr;c+Ej1
Arp2) Pk (LT vi + 7;) : | .
~ | (ig)}k [H (F(rz-)] ' If;\(D +2(P — k)i {v; + Ji})

Davydychev, PLB (1991)
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" Integrate by part

Duplancic, Nizic, 0303184

0= dPr 0 [ zl* + Z;‘il Zirt! [
~ ) @emPom \ T AT AR A
1 0 192
SN
1. det(Sn) # 0, det(Ry) # 0 Lorp 0
2. det(Sy) # 0, det(Ryx) =0
\ 1 ™MnN Toan
3. det(Sy) =0, det(Ry) # 0
4. det(Sy) =0, det(Ry) =0
/ 0 "2
E.g. for case 1: P rig 0
1 N
I3 (D: = C 1) (D — 2:
o (D: i) 4rp2(D — 1 — Z;\rzl Vi) [ o ( )
N ] \ "IN TN
_ Zi:l ziIS\F(D — 2:{w — Oki})] .
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Further reading

» Dealing with IR divergence in real corrections

Phase space slicing, dipole subtraction, SecDec, ...

» Generate Feynman amplitudes

Offshell recursion, onshell recursion, ...

» Numerical power expansion

Recursively construct derivative of current
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! Further reading cont.

» High pr > m: QCD factorization up to NLP

dOJ/w
d3P

> Factorization correct to all order

Kang, YQM, Qiu, Sterman, 1401.0923

» Calculate hard part to high order in a;

To be done.
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Xej@hadron colliders

» Xy Production: ao,, ~ da. 0 (P)) + @+ Dds o 0 (*s1)

(0 ( 3P£,1])): can be determined by potential model

« (O ( 3S£8])): a number, the only free parameter, fit do, ,/do,  data

T o T _

0.8 F
§ L ]
3 3 ]
< 06 i
< :
S 045x:jE1:;;:i:L#_,,_ﬂ———-*-*""'——_——' 1 yam, wang, Chao, 1002.3987
20 — ]
o) I L ]
= o2l r=0.27 LO NLO CDF Data
: — : ]
0-0 ||||||||||||||||||||||||||
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pr of I/ (GeV)
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i'?rédictid.n

» Comparison with new data

-

c1

Bxdo(y )/dp_ [nb/GeV]

ATLAS, 1404.7035

= ' ‘ 3 < ET ' ‘ =
- ATLAS Prompt Jy"¥| <0.75 3 ?‘g’ - ATLAS Prompt |y'| <0.75 -
1 ;_ Vs=7TeV J Ldt=45f " Xer Isotropic Decay _; :g 1 ;_ Vs=7TeVv J Ldt=45fb" Xes Isotropic Decay _;
L I
107 X 10" =
= ] = = ]
— — b — ‘.‘.“' —
10%E = ¥ 107 IR
- = m = =
10_3§—¢—Data = 10'3§ —e— Data “'-..__ * =
E - -~ k; Factorisation = = --- k; Factorisation : ]
10% | == nLonRacD 10 |~ NLONRQCD S.o ]
£ F= Locsm E --- LoCSM R
10 20 30 10 20 30

e e
P [GeV] P [GeV]
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H l:lisfory of high order calculation: pp collision

+ 0703113: Campbell, Maltoni, Tramontano

NLO, cross section, S-wave

+ 0802.3727: Gong, Wang

NLO, polarization, S-wave

+ 0806.3282: Artoisenet, Campbell, Lansberg, Maltoni, Tramontano

NNLO*, S-wave NOT fu"¥ "
+ 1002.3987: YQM, Wang, Chao comprehens“le' °°

+ 1009.3655: YQM, Wang, Chao
* 1009.5662: Butenschoen, Kniehl

Complete NLO (S- and P-wave), cross section

* 1201.1872: Butenschoen, Kniehl
*+ 1201.2675: Chao,YQM,Shao,Wang,Zhang
+ 1205.6682: Gong,Wan,Wang,Zhang

Complete NLO (S- and P-wave), with polarization
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Summary

> High order contributions are crucial for
quarkonium production

> Methods discussed here can also be used
for other cases

« Twist three/four contribution
« Exclusive processes using light cone wave function

Thank you!
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