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Drell-Yan is probably theoretically best explored process in
hadronic scattering:

* in pp, pN: probe of anti-quark distributions
* in TIN: probe of pion structure
 important spin phenomena
e interface of QCD and QED/el.weak interactions
« LO is color-singlet annihilation qg — ~*
* higher-orders under control

* higher-order computations “easier”

 techniques relevant for gg — H
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Introduction:
Factorized hadronic scattering



hard scale Q

do = Z/dxa/d:cb fa(@a, i) fo(p, pt) dbap(XaPay o Ps, Q, as(pt), 1)

\/ \

universal pdfs partonic hard scatt.
perturbative QCD
L ~ () factorization scale doap = daab + Qs d&aNbLO

up to power corrections 1/Q?



LO:

NLO:

Collinear singularity

Yony



e introduce “factorization’ scale 7
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e factorization allows to systematically do this to all orders
n Og:

do = q (%,Ozs(u)) ® do (%%(M)) ® q (%,as(u))
e do isphysical : do
p—— =70
dp

* gives evolution equations for parton distribution functions

q(to) — M\_’ q(1)

resums terms Oz? lng(,u/,LLo)

* choose u~ Q. Dependence on scale p decreases order by order
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Fixed-order calculations



dap = do° + agdod© + a2 deiNO +
Unpol. Long. pol. Trans. pol.
NLO Kubar et al. Ratcliffe Weber, WV
Altarelli, Ellis, Martinelli| Weber wvVv
Harada et al. Gehrmann Contogouris et al.
Kamal Barone et al.
de Florian, WV

NNLO

Hamberg, van Neerven,
Matsuura

Harlander, Kilgore
Anastasiou, Dixon,
Melnikov, Petriello
Catani et al.

Smith, v.Neerven|
Ravindran




NLO:
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e DGLAP evolution:

(o) -

Qg
T oog

I

Ahmed,Ross
Altarelli,Parisi,...

/1 d_( Pag  Pag
x < qu P

PO + (

) I+
ij

2T

Curci, Furmanski,
Petronzio
Antoniadis,Kounnas,
Lacaze

Mertig, van Neerven
WV

Kumano et al.

Koike et al.

WV

Qg

T

)

3

PgNLO + ...

1

Moch,Vermaseren,
Vogt, Rogal



NLO quite successful
overall for inclusive DY:

E605 (800 GeV pC)
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Alekhin, Melnikov, Petriello:

NNLO important for improving precision of sea quark
distributions in pdf fits:

E-605 (Y=0)

Mdo/d(M)/d(Y)/(1-x,)** (nbGeV*?)



Note: also a lot of interest in DY process with measured
photon transverse momentum q

Here LO already has one gluon:

LO:

_|_

NLO: Gonzalves, Pawlowski, Wai; Mirkes, Ohnemus
Berger, Coriano, Gordon
de Florian et al.



also: NLO correction to DY single-spin asymmetry Yuan, WV

Real emission:

Plus virtual



Final finite result .. WV Yuan

Ac(S1) dx dx
‘”ng L) /__TF (, ;3 p)g(2'; )
dz dx’ Q?
ronge [ U a(@) [10% (CoPag+ Prgmay © Tr(.22)
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Resummation



* LO partonic cross section :




e NLO correction:

2 ds'Y In(1 —
asQEz—>1 qqoc@sn( Z)+.

S dQ? 1—z

(same for unpolarized, long. & transv. polarized)

* higher orders :

~ (k) 2k—1
dd 5 ok In (1 —z) N
102 Y -

“threshold logarithms”



What’s the origin of the logarithms ?

virtual corrections

z=1

real emission

z#1

For z—1 real radiation is inhibited,
only soft emission is allowed: affects IR cancellations



e of course, one doesn’t really measure partonic energy

* nevertheless : r=Q2/S

1 1
dx, dx .
oPY E / - fa(xa) / b fb(Xb) Gab(z = 7/XaXp)
a.b T a T

/xa *b

| z~1 emphasized,

in particular as t—1

Eab(y)

0.04
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e large logs will spoil perturbative series, unless taken into
account to all orders

= (Threshold) Resummation !

e particularly relevant for fixed-target regime

 work began in the ‘80s with Drell-Yan process

Sterman; Catani, Trentadue

various new techniques: Forte, Ridolfi; Becher, Neubert
van Neerven, Smith, Ravindran
Laenen, Magnea



Resummation relies on two things:

 simplification of QCD matrix elements in
soft/collinear limits

 factorization of phase space when integral
transform is taken:

sc. variable of
the process

/.
- (1_’2_227) = om | Ve V(e =)
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(111 (1 z)) o 2k N
+
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o typically leads to exponentiation of large logs



e General structure ?
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Drell-Yan:

MS scheme:

1
Oqq X exp[2/
0




* role of parton distribution functions and
factorization scheme:

DIS:

 would in principle need "resummed” parton distributions,
but effects in DIS smaller



Large logarithms also appear in transverse-momentum
distribution:

mass QQ, transv. momentum q-

(Va3

* LO partonic cross section :

d25.(0_)
>‘““’“ 52— ~ o(dr)
dQ<“d=“qr




- first-order correction :

~(1
Poeq . In(ar/Q) |

as ™ — 0 g
9 dQ2d2qry a2

* higher orders :

(k) -
Poqg 0™ (ar/Q)

dQ?d?qr  ” 9

“recoil logarithms"

+ ...



» can be resummed with similar techniques:

s 1 _iB-(& i
52 (ﬁT+Zk}r) — (27r)2/d2be b(qT+ZikT)

In**~*(qr/Q)
qrT

— In*(bQ)

Collins, Soper, Sterman; Altarelli Ellis,Greco,Martinelli;
Davies, Stirling;...
Weber; Kawamura,Kodaira, Tanaka:; ...



Kulesza, Sterman, WV
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Why non-perturbative piece ?

exp /
Jo

Q* dk?2 2C Q
L _ F o 1.2)\1
2 (Jo(bkL) 1) { - as(k?)In (

T/

Contribution from very low k

Cr

exp !—bz — [ dk? as(k?)In (—>]

T

g1 + g2 In(Q?/Qjg)



Relevant for TMD studies | ”+_
L u
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do o

_ 2 2
10d = PSR {Wr(1 + cos?0) + W, (1 — cos*0)

+ Wy sin26 cosé + Waasin?6 cos2¢}

Lam, Tung: Collins

lepton plane (cm)

1—-A—2v =0 Lam-Tung relation
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Threshold resummation:
some phenomenology for COMPASS
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Pion parton distributions:
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L e 2nd order expansion

+  NLO
Resummed NLL
1st order expansion

e 3rd Order expansion

6 8 10 12 14 16



M® do/dM (pb GeV?)
o

M/2 <u < 2M

m | O/2
s NLO
1 Resumrped*Z
6 8 10 12 14

M (GeV)




do/dM dn (pb/GeV)

60

50

40

30

20

10

+ LO

X NLO
Resummed NLL
1. order expansion

05 1
5 r LO T T T T T T
.+
*  NLO
Resummed NLL
---------- 1. order expansion
4 +
X XK X
o N =,
'«
; e -’:
> ‘." "’
G 3t 3
1% b
2
=
o° g ;
X g 5
% 2 r ® " + ‘(
8 p K + +, ks
"." Wt .'\.
% +7 5
1 B .3" ++ * \"
S *,
X4t 5
o +++ ++
L] - + *
0 == o Ftt 1 1 . ' l
06 04 02 0.2 0.4 0.6




Any evidence for large effects in Drell-Yan ?
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Conclusions



understanding of higher-order QCD corrections

in Drell-Yan cross section very advanced:
NLO, NNLO, resummations to NLL, NNLL

QCD corrections important, in particular in
fixed-target regime

some open ends: resummation for angular
dependence <-> TMDs

many opportunities for fixed-target DY experiments:
pion structure
nuclear pdfs?
test of higher orders in pert. Theory
TMDs



