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Ancient History

Quarkonia always found to be interesting
Large mass == hope of perturbative calc

mgqg > AQCD
Early calculations used Color-Singlet Model
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Ancient History

Quarkonia always found to be interesting
Large mass == hope of perturbative calc

mgqg > AQCD
Early calculations used Color-Singlet Model
S/

Again, If one of the gluons is soft?



Review of NRQCD

e Effective Field Theory based on non-relativistic
expansion v < 1

® [ntegrate out modes with p" 2 mg, mqu

® EFT has soft quarks and gluons, low-frequency
components of heavy quarks p" ~ mqv”

® New channels for production/decay

* Color-octet processes included
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Factorization In NRQCD

Decay 0

e Fully inclusive decay factorization presented In
Bodwin, Braaten and Lepage, PRD51, 1125 (1995)

e Based on “topological factorization”

['(H — light hadrons) ZQImF WH|On(N)|H)
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Factorization In NRQCD

Production
® |[nclusive production factorization argued In

Bodwin, Braaten and Lepage, PRD51, 1125 (1995)

e Made bunch of assumptions

o(H+ X) =) dé(ce, + X)(O})
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Short distance

\

inclusive cross section Non-perturbative
calculated perturbatively NRQCD matrix elements

trpA T
<O|X 1 waw

a Y T4 x|0)

Used without modification for all production



0.8F

0.6
0.4
0.2

-0.2
-0.4
-0.6
-0.8

Fallures of NRQCD?

® J/v polarization at the Tevatron

® /v with associated c¢ at ete~ machine
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Factorization In NRQCD

Recent work

® Nayak, Qui, Sterman series of papers
hep-ph/0501235, hep-ph/0509021, hep-ph/0608066, 0707.2973, 0711.3476

® Importance of Wilson lines

® Breakdown of EFT for .J/ + c¢

® Bodwin, Tormo, Lee (next talk)

® double charmonium production
0805.3876



Quarkonium in SCET

Just like with HQET and B mesons,
combine NRQCD with SCET for quarkonium

Important when collinear quanta are present
Radiative T and J/« decay (inclusive and exclusive)

hep-ph/0106316, hep-ph/0211303, hep-ph/0212094, hep-ph/0401233,
hep-ph/0406121, hep-ph/0407259, hep-ph/0411180, hep-ph/0507107,
hep-ph/0511167, hep-ph/0701030, hep-ph/0702079

ete™ — J/y+ X at Y(45) energy

hep-ph/0306139, 0705.3230

J /v photoproduction

hep-ph/0607121

Double charmonium production

0805.3876
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Quarkonium Factorization in SCET

ete” — J/ip + X as an example

Kinematics 1
Pee = MoP 4 0F vH = — ( x\[ )
A NG
Residual momentum
/ of charm pair
I _ By +py . zM
M = 2m, T = N T = M,

= (12 oy ]

ST

® ASy — 1, v" ¥, p o n*

® Need collinear d.of. = SCET
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ete” — J/i 4+ X as an example

Lowest order
+ crossed diagram < IN Ol g B
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Quarkonium Factorization in SCET

Write differential cross section as

do e2

d3py " 16733
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do e2

d> Dy " 16733

62

T 16733 LE T

Match QCD current onto SCET + NRQCD
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Quarkonium Factorization in SCET

Write differential cross section as

do e?
d3py  16m3s3

62

T 16733 LE T

Match QCD current onto SCET + NRQCD

i(Mv—Pn/2)- 1S
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Quarkonium Factorization in SCET

Write differential cross section as

do e?
d3py  16m3s3

62

T 16733 LE T

Match QCD current onto SCET + NRQCD

) ”U—_TL . ,150
Ji(y):e(M P/Q)y[wTFg(VS )BJB_X_|_...i|

2B, Iz / dty =00 S (OLT )|/ + X) (/6 + X17,(0)]0)

X

giving
Ty = / dty e~ IVARU=RmYpESTES 50N 03 B v (y)| T/ v+ X) (T /+ X6 BY x(0)|0)
X

_ 1(8,180) (8, S0) B
—Fau 01“51/ OTeﬂ:

and do standard decoupling of usofts
vIBYx — Y B vy



Quarkonium Factorization in SCET

So far have
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Quarkonium Factorization in SCET

S0 far have
Ty = / dty e VRO N OpdY BT Y Y (y) | /04 X) (T /X |6 TY BE Y Ty (0)[0)

X

J /1 does not contain collinear quanta

Toy = / dty e VRO ORTYTAY Top(y) Y T/ 0+Xu) (I [+ Xu |0 TY TAY TX(0)]0)
Xu
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Quarkonium Factorization in SCET

So far have
T = / dly e VSPUTDRYONTY TAY Tap(y) Y [T/ o+ Xu) () p+ X [ TY TAY TX(0)]0)

u

<O [TPBO ()] 32 X0 (T [72 B2 (0)] 0)
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Completeness of states in usoft and collinear sectors
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So far have
15 = [ dtyen VRO Y TAY T(y)al g YTAY Fx(0) 0

x%mm [TBBTW (y)} Tr [TBB@“(O)} 0)

Define jet and shape functions

o A A
(O[Tx |72 B ()| Tr [ T2 B (0)| 10) = —— / gy M k)
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get (n -y) and 6%(y )
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Quarkonium Factorization in SCET

So far have
15 = [ dtyen VRO Y TAY T(y)al g YTAY Fx(0) 0

x%(O\Tr [TBBTW (y)} Tr [TBB(LO)O‘(O)} 0)

Define jet and shape functions
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XG0000000® get 5(n-y)Tand 6 (y1)
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Combine everything to get ...
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Quarkonium Factorization in SCET

... after some change of variables

do (3" 5o)
dz

— o> Pl 2] [ deSBII€)T(6(1 - 1)(€ - 2)

s
/ M?
Kinematic factor S

\/(1+7°)2z2 — 4
1 —7r

Plr, z| =

® Rate factorized

e QOctet °P; similar



Quarkonium Factorization in SCET
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eTe” — J/YX
After resummation and model of shape function

1 aa,b k-l-
_ 1 ab—1_—a(x—1) v
) = Xt Ve YT R
BaBar Belle
' | 1 | 600 1 | ] |
1000 | _ | | | - | HTH
| | | |
| 400 | | |
Z | Z !
500 | I _ : —— ] T
—_I_I_ 200 n . _I_I_I_ I—
I_ - — __
| I__ — [ ‘ I
OO ..:IL....é....é....A....S OOF..i....zl....é....A..h
Py Py



eTe” — J/YX

Singlet + resum octet,

LO singlet
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Open Questions

® Factorization in hadroproduction

® Endpoint resummation, soft functions
® |arge number of exclusive processes
® How important are color-octet channels
® Treating charm quarks as collinear in SCET

® Can we solve all of NRQCD's problems






Color-octet vp — J/Y X
hep-ph/0607121

Start with

do Ot CH o
3 wl w) o (277)4()(4)(1)“ T PP — Py — Ps — pn)
(1 Do 32735 —

<o S (el (wr, O/ + Xk X} (/6 4 X X T (@2, 0)lpp)

spin

where the J<¢ are the matched SCET+NRQCD currents



Color-octet vp — J/Y.X
hep-ph/0607121

After decoupling soft and collinear

lo —C ‘t Ca
(1(3]% / (13(4.)1/ ([30-’2 9 ‘ 3 S Z 2 7- O l — ) — N pPp—nN- pS)

S \[2 - 5(2)
X — @ I — w
C (:\/: 2) (Pi A)

x 2 (pp|Te[TAB5(0)] 6(P' — wa)| Xn) (Xu|0® (P — wi) Te[TP BT (0)]|pp)
spin

X <O|,.\j_p/ yT4 }}T’I#{"’I)’ (0) | ]/L + Xs> <]/L + Xs-I"l;'f..’z)}}TB}}f,\—D (0) |0>




Color-octet vp — J/Y.X
hep-ph/0607121

Use delta function to shift position, and use completeness

_ /2
do _ )66(’J CU+ (11 i /s(1—z)x~ S Wi B i\[‘.ﬁ:’ ) O()) (pj_ o t.""’-I-_L)
dzd?p | 1652 Q /5 5
1

X TZ(PP|T1[B' r”) P+—w+>Bi,<>]|pp>

‘—n

spin

< (0T YTAY Wy (27) Pyl YTAY T (0) |0)

Defining functions (soft and “jet”)
and Integrate over everything possible

AV AV
§(E10) (¢+) = / dz™ _ipte- (0] x" o YTAY Yy (2 iP VLY TAY T, (0)]0)
4”‘_ 2M (Ox L(lb()»

+ (h/ i’ v * B 2\[1.2
Telk) = [ eSS (el B )6 (P = =2 ) B (0)] )

spin




Color-octet vp — J/9X
hep-ph/0607121

® Factorization formula for the endpoint, z — 1

where » = ¥ PP Gluon pdf
P~ " PP M

o 1 d
Z—Z = 00p|Cy (j1)|? /dk+5(8’ SO)(—\/§(1—2)+'Z€+)/ gcﬂ (§7k+> fg/pP(&)
Je,
_—
Same shape function
_ how this b
as eTe” — J/Y+ X taiir?gvmolrier%ts

/ oKy /2 p’Tr[B\i(y_)S (f_’ — W) B1v(0)]|p)

s pzn



Color-octet vp — J/Y X

® Resummation of logs leads to

&= —p“‘)/ W S G (‘“%{@“‘%u —g(<;>+() @) forr Mm>}>

/

p=" Logs are here Convolution with pdf



