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Qutline

The different expansions

Fragmentation: single and double

Matching, running, matching...

Conclude




Expansions

® QCD - expansion in arg

® SCET - expansion in .29
pP1




Problem with CSM

(expansion in o)
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Problem fixed?

(expansion in v
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Problem fixed?

(expansion in v)
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Quarkonium Fragmentation

Braaten & Fleming

 J /v Production at large p. in hadronic collisions

5(a—+b— ce(*Si) + X)(0]077Y 3580 is special

14
Fragmentation: —U(ij — J/w -+ X)octet
dp 1

- dz—— (15 — g(p.L/2) +X)Dg—>J/¢(Z)

dp
fmmm<

2




Quarkonium Fragmentation

Sum logs: run fromp.1to 2m,

dDgy as(p) [ dy z
- C (2, 1) = / —ng(y)Dger(;M)

H dy T Y

1 33—2?1]0
-7 1 — 1 —
+ ; +y(1l—y)+ 36 o( y)}
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Improved Factorization Approach

Kang, Qiu & Sterman; Fleming, Leibovich, Mehen & Rothstein

Improved NRQCD factorization:

do .
7 in powers of (2me)

dp | pL

49 i powers of v
dp 1

FIrst organizes —

Then organizes —

Systematic perturbative expansion In as(py1) and as(2m.)

Then we have to consider to what
order we work In for each parameter




Need for SCET w
* NRQCD doesn’t contain correct d.o.f. %

.

+ crossed diagram

— At endpoint need both soft and collinear modes

—NRQCD only has soft d.o.f
* SCET couples collinear and soft d.o.f.

— Was created to sum Sudakov logarithms

—Expansioninogand A ~ p | /p~

* Couple NRQCD and SCET for corners of phase space




SCET Intro = P~ WP »pu)

» Systematic expansion in A ~ p; /p~

» Degrees of freedom:
—Collinear particles with p = Q(\?, 1, \)
—Soft particles with p = Q(\, A, A)
—Ultrasoft particles with p = Q(\%, A%, \?)

* By using gauge invariance, operators
constrained

* Field redefinition allows leading order
factorization theorems




Gauge 1invariance restrictions
W =P exp (z’g /33 dsmn - An(Sfr‘z)>

X'D1vp — xTWD, Wy

Factorization
1

Only coupling to ultrasoft sector

| 7
ip; } §5n,p

Introduce usott Wilson line: Y, (z) = Pexp [ / ds n - Aus( Sn)]

Field redef: &, , = Yoeu. Al -—YV AN

n,p?’ n,p n,p *n?’

Wn = Y’n W'r(LO) YtrI

_ 1 n
Ultrasoft decouples: L — En {zn - De+ 0+ 1D =D ip; } gfn,p




In Pictures

X'WD Wi — x'YWD, Wiyt

Heavy/soft modes
do not interact with
collinear modes

= Rate factors!




Quarkonium Factorization in SCET

Quarkonium production at large p.1 in hadron collisions

pL ~ V35> mqg

|. At it ~ p1 match QCD onto massive SCET

Expansion in ag(p )
Power counting in A ~ (2mg)/p.

2. Factor rate

3. Run to p ~ mqg
4. Match onto NRQCD

EXpansion in as(2mg)

Power counting In v



Quarkonium Factorization in SCET

We have multiple directions
n* =(1,0,0,1),7" = (1,0,0,—1),n"* = (coshy, 1,0, sinh y)
~ Q A M

n~ —MN
Pn =75

X

Integrate out X



Quarkonium Factorization in SCET

We have multiple directions
n* =(1,0,0,1),7" = (1,0,0,—1),n"* = (coshy, 1,0, sinh y)

Pl
Pn' =~ 7 n/,u

Gives fragmentation
functions

X

Gives proton PDF Gives antiproton PDF

Integrate out X




Matching

Example: ¢7 — QQ

O(1) \/ O(\?)

Give different fragmentation functions

d?o

dp? dy

X /dﬂ?ldai‘gfq/p(l’l)fq/p(CEQ) [6ﬁ(CL’1,CL’2,pJ_,y) ®DQQ/5]




Matching
Example: ¢ — g at O(1)

e,

<0‘T1’{( n’ wl)PT (pL,y)Pu(pL,y }‘0

'2 1
— Yt %5@/ ) (w

2 Jo Z -




Matching

Example: g7 — QQ at O(\?)
(DPFF)

q ¢ q 0
MQ MQ
_I_

7 7

<O‘Xn wérz(u){l TA}Xn W PH,QXTL Wy M){l TA}Xn w3|0>

/o
= 0(w; — wy + wg — /—dudv5 /n r )

/
Wy — Wy

n’-p u—zn )D??S}(u v, 2)

< > i — iy )

Note: Usoft Wilson lines cancel




Running

@> <> <>

Essentially Efremov-Radyushkin-Brodsky-Lepage evolution in u, v

d ! 1
s e D[Q]Qﬁﬂ(uav,zm)zfo de(u,w;u)D[Q—

DGLAP in z




Matching onto NRQCD

At scale ~ 2m integrate out heavy quark mass

® Use boosted NRQCD

Decompose momentum in quarkonium frame

SCET scaling
pt=p*+r* =n"-p— mgn v

rb =t 4l =78 + EF




Matching onto NRQCD

At scale ~ 2m integrate out heavy quark mass

® Use boosted NRQCD

® NRQCD inherits Wilson lines (cancels for
color-singlet)

Xt wo DAL T X o, = Cad(mon - v — wi)d(moi’ - v — wo)x, W, I'*{1, T*YW 4, + h.c.




Matching onto NRQCD

At scale ~ 2m integrate out heavy quark mass

® Use boosted NRQCD

® NRQCD inherits Wilson lines (cancels for
color-singlet)

Xt wo DAL T X o, = Cad(mon - v — wi)d(moi’ - v — wo)x, W, I'*{1, T*YW 4, + h.c.

N

NRQCD fields




Matching onto NRQCD

At scale ~ 2m integrate out heavy quark mass

® Use boosted NRQCD

® NRQCD inherits Wilson lines (cancels for
color-singlet)

Xt wo DAL T X o, = Cad(mon - v — wi)d(moi’ - v — wo)x, W, I'*{1, T*YW 4, + h.c.

Wilson lines with
NRQCD gluons




Matching onto NRQCD

At scale ~ 2m integrate out heavy quark mass

® Use boosted NRQCD

® NRQCD inherits Wilson lines (cancels for
color-singlet)

(1,0, 2) — C;6(1 — 2)9 (u_ %) s <v_ %>

< (0T WTH{L, TYW T, PHepTWT{1, T YW Ty, |0)

® |f ignore running, recover NRQCD results




Conclusions

Can prove factorization using SCET

Power suppressed fragmentation functions

Interesting running

Maybe important phenomenologically
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Anomalous Dimensions
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Anomalous Dimensions
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Anomalous Dimensions

asCF
T
asCF yA

d(u—u)d(v—2")6(1 —z/2)
1

T 2!

g (v —2)0(1—-=) [9('&' - u):;, =1L,

aSCF 1

™ Z

= o(u—u")o(1 — i,) l@(v’ = v):)),

-

~2e9(1 - 2/2) (Z) { [(W S pATEE

2 1—2/2), 212!

[ ut’ + v’ 1—2z/2"
U—2/7): " 27
[ wt’ +ou 1 —2z/2
T=2/2)s " 27
aw' +va 1 —z/2]

- o+ 5o

+

S 3 IR STRES 3 I

N\l N
Sl




Anomalous Dimensions
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