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What do we know?

a 2% in AA-collision:
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Very small centrality (or A) dependence

< Final-state: No strong interaction
< Initial-state: Not too small x ~ 0.03 (weak antishadowing in EPS09)



Transverse momentum distribution

a Z°-PT distribution in pp collisions:
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Cross section of two very different scales

4 Interesting region: p;<<M,~91 GeV

1 Fixed order pQCD calculation is not stable!
VA < z0 <
e > - - - - 1
CqT i CqT X " — 00

d Large logarithmic contribution from gluon shower:

----- = )

Resummation is necessary!




Early approach to resummation

Q LO Differential Q;-distributionas @;—0: 5 <
i (d—a) x2C,. ( ) ( Z/QT) = o CqT
dvd0; o \ dv )y, T 0; <
o do , (do
l _ QTz(—) +0(a,) with Q> =M,
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Or o> ¢
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0 dy dp T real+virutal 0 Q% dy dp T real+virutal 1
0? ll’l 2 2
AT 1—fzc,,“s (Qz/pT)d; _(4e ll C. Z1n*(Q 2/Qﬁ)]
dy Born Q% T pP dy Born T
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~ = —C _51 2 2 2 : :
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Resummed Q; distribution

U Differentiate the integrated Q -distribution:

do do a, ln(Qz/Q;) A \v 2( 2 )2
dydgiz(d_y)mmxz@(n) 0; Xexp[_CF(?)ln (Q/QT)}:O

as QT_>O

L compare to the explicit LO calculation:

2 2
do _ do x2C. [ & ln(Q /QT) » | Q-spectrum (as Q;—0) is
I 0> completely changed!

> = =
ddeTLO 7T

1 We just resummed (exponentiated) an infinite series of
soft gluon emissions — double logarithms

e—aSL'- ~ - L+ (a,L7) _ (L) + .. L ocln(Qz/Qi)

2 ." 3."

>""V\' MV MV 'Vy Soft gluon emission
treated as uncorrelated



Still a wrong Q-distribution

 Experimental fact:
do

dydQ;
 Double Leading Logarithmic Approximation (DLLA):

=> finite [neither « nor 0!] as O, — 0

< Radiated gluons are both soft and collinear with strong
ordering in their transverse momenta
< lgnores the overall vector momentum conservation

< Double logs ~ random work ~ zero probability to be Q=0

DLLA over suppress small Q; region

Resummation of uncorrelated soft gluon emission
leads to too strong suppression at Q=0




Importance of momentum conservation

d Vector momentum conservation:

Particle can receive many finite k; kicks via soft gluon radiation,
but, yet still has Q=0

mmms) Need vector sum! { }

Tl

?\"

4 Subleading logarithms are equally important at Q=0

J Solution:

Impose 4-momentum conservation at each step of soft gluon
resummation



CSS b-space resummation formalism

d Leading order K,-factorized cross section:
do,, deAszkBszks,T
d0*dO> dQT Zf s.ds | (27)°
/A(Ea,k ) f/B(§b,k VH ;(0*)S(k, ;)
X5 (QT Ar By ST)

520, - ﬂ 2 e"”'QTHe-fg"?r
do ; No large log’ s
T T fdzbebQTV%JB(b Q>+YAB<QT,Q>//‘ S
' ™~ resummed

| 0
- ) { db J,(bQ,) bW, (b,0) + d0*dQ>  dO*dQ’

(Pert) (Asym)
[daAB _dogy ]

The Q-distribution is determined by the b-space function: »W,5(b, Q)



Role of each term in CSS formalism

GTOT= GR.ESUI\I +GPERT -GASY.\I
Ogrpsing fOr qp— O
TOT o SR o ke IS

cross section da/dg,*

fransverse momentum q..



b-space resummation

1 b-space distribution:
Wap(b,Q) = ZWZJ (b, Q)6

4 Collins-Soper equatlon.

0
mWij(b, Q) = [K(bp, as) + G(Q/p, )] Wi (b, Q) (1)
d Evolution kernels satisfy RG equation:
alfﬂz K (bp, cus) = —%WK(OJS(H)) (2)
311?;1,2 G(Q/pn,as) = %’YK(OJS(,U)) (3)
d Solution - resummation: Sudakov form factor
Wi (b.Q) = Wi (b, 1 /by Su@ | Alllarge logs
7

Boundary condition - perturbative if b is small!




Perturbative solution

d Boundary condition — collinear factorization:

Wz'j (b, Q) — Z Oij—Z [¢a/A %Y Ca,—m'] ® [¢b/B & Cb_ﬁ}
a,b

. o \ o
A Perturbative solution: Collinear PDFs
ngt(b7 Q) — Z Oij—Z [¢a/A ® Ca—m’] 024 [be/B & Cb—)j} X e_Sij(b’Q)
a,b,i,j

 Extrapolation to large-b?

< Non-perturbative sResum / db Jo(qr b)b W (b, Q)
< Predictive power? 0



Phenomenology

. Qiu, Zhang, 2001
1 Resummed cross section: :

bW(b,0)!
d resum (©.¢]
VEVEN / db Jo(qrb) bW (b, Q)
dqt 0

ert

R B

Wpert<bmaxaQ)FQZ (b Q bmax) b > bmax

: b b bGeV)
J Resummed cross section: - P

2b2

FQz (b,Qibmaz) = exp{ In( % 52 (91 (%)% = (Bnan))
Leading twist

Intrinsic power 92 (b - bmaw)]

corrections T~
g (b2 — b2 ) } \ Dynamical power

— g2 max ]
corrections

d Predictive power:

v Larger Q e smaller b,, === Better prediction
< Larger S




do/dQ, (pb/GeV)
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No free fitting parameter!



Phenomenology — Higgs

Berger, Qiu, 2003
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Effectively no non-perturbative uncertainty!



Phenomenology - Z° @ LHC

Kang, Qiu, 2012
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Nuclear dependence in pA

1 Resummed partonic hard parts are insensitive to A:

ngt(b’ Q) — Z Oij—Z [¢a/A & Ca—m:} ) [(/55/3 04 Cb_>j] X e_Sij(b’Q)

a'7b71:7j

Only source of A-dependence is from nPDFs

4 Large-b non-perturbative parts are sensitive to A:
WNonpert(b, Q) — Wpert(bmaa:7 Q) FgZP(ba Q, bmaac)

ngp(b,Q; bmaz) = exp{ — ln(Q et [91 ((52)0‘ — (bfnam)a\

2b2

c2

Intrinsic power
corrections

+g2 (b7 — b2,

T~

— g2 (52 —bas

I_/eading twist

)]

TR

Dynamical power
corrections

4 g, = Power correction to evolution of K and G:

92O<Q§

>

g2 = g2 Al/3



Expectations - pA @ LHC

O Strong gluon shower mm) <p*>>>Q,°

S 100 o i
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1 Dependence on nPDFs:
C, 1 Cover nPDFs for a much
p= - R >bnge >1-2GeV wider range of Q (or 1 )!

Strong shadowing effect for Z° — production!



Predictions - pA @ LHC

d “Cronin” effect for Z° production?

EPS09

= CTEQS6

Antishadowing
OB -
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A13-type power correction has “no” effect!



Transverse momentum broadening for Z°

. Kang, Qiu, 2008
Q Broadening: ang, Qiy

Algr)pa = (a7)pa — (a7)pN
 Much weak broadening:
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Z2° — Rapidity distribution

d R, of Z° is determined by nPDFs:
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Summary

4 Rapidity distribution, do/dy , clean probe of nPDFs at M,

0 Gluon shower dominates the p; distribution of Z°

4 R, vs py could probe both shadowing and
antishadowing at a scale << M.:

d Z° production in pA is an excellent benchmark:

Theoretical calculation is insensitive to non-perturbative physics
other than nPDFs!

Thank you!



