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Transverse momentum of Drell-Yan pairs

- No transverse momentum at O(a?)
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Transverse momentum of Drell-Yan pairs

1.x107%- ¥
35| #
5.x10 : .
g
1.x107%5 $
5 %1 0—36 N $ .
I A {
|
L ' ®
1.x107%6 ¢ ;/ 1 [’
5.x107%7 ¢ \/g/ng GeV ”
: j'{'ieV<Q<8 GeV ’\
7. S

-3 R R
1.X10 /0/ 1 2 3 4 5
qr [GeV]

Transverse momentum .
Fixed order

resummation ) . .
1 m 47 collinear factorization
(ar-logs) arn™

+ non perturbative
effects



Transverse momentum of Drell-Yan pairs
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Transverse momentum of Drell-Yan pairs

Can we describe
data here?
Transverse momentum .
. Fixed order
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Matching resummation and fixed order
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do

dq7

Arnold & Kauffman'’s rule

d d d
(matched) = —Z(resum)NLL -~ %(empanded) —I—% (LO)
dqs dqs o) dq;

When W < 0 switch to fixed order!

(usually happens at gr= Q/2)
Arnold & Kauffman NP B349 381

Collins et al PRD94 034014



Transverse momentum of Drell-Yan pairs

NLO collinear factorization: O(Ozg)
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Asymptotic =
expansion of resummed result
at fixed order

here collinear factorization
should be reliable



low energy DY data

TMD

Experiment Reaction Year fits

R209

E288 p-Cu, 1081 v X
o-Pt

E605 -Cu 1991 v Vv

E866 P-P, 2003 X v
p-d

20 GeV < /s <60 GeV



data-NLO

Ed30/d®q [pb/GeV?]
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E866/NuSea

pp = pp” X

/5 = 38.8 GeV

E866, V's=38.8GeV, Q=4.2-5.2 GeV

0.15<xF <0.35

----- - asymptotic
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scale variations

/5 = 38.8 GeV

NLO O(er)
+PDF uncertainty
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pion-nucleus Drell-Yan

Q=4.05-4.50 GeV

NLO O(a?)

Q=4.50-4.95 GeV

oW — =X

Vs =21.8 GeV




threshold resummation
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- x af log?*(1 —y7) + ...

 threshold logarithms
d6NLO

” x as [Alog®(1 —y7) + Blog(l —y3) +C]
T

W. Vogelsang @Transversity 2017
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threshold resummation

10° «  E866 pp
— o
Tﬁ 10 —nlo
5 —— nll matched
< of ~ - - - nll expanded
S 10 o pa
C\F -—0—_’—
Lo 107! —
Q —_—
O S —
B2 107 e
O |
s
wlT 10 3
~ 0.15 < zp < 0.35
104 (Q) = 6.62GeV -~
6

qr [GeV]

W. Vogelsang @Transversity 2017

15




KNnown similar cases

pion production

pp o> T+X  Exd’o/dp> (nb/GeV?) § E pp > 1'+X  Exd’o/dp> (nb/GeV?)
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KNown similar cases
prompt photon
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INtrinsic kKt smearing

- take collinear factorization formula

171~

do = Z / dxg dxbfa/A (xa) fb/B (xb) d6ab_>
ab

give the incoming partons a small kr

do = Z / dx, d*kr, dxy d*kry,
ab

S daab—>l+l_

X fasa (2, Kra) fo/B (2, KTp)

TaLhS
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INtrinsic kKt smearing

intrinsic kt has a long history...
(for prompt photon and pion production)

Owens RMP59, 465 (1987)
Sivers PRD41, 83 (1990)
D’Alesio Murgia PRD70, 074009 (2004)

give the incoming partons a small kr

do = Z / dx, d*kr, dxy d*kry,
ab

A

S dgab—>l+l_

X fasa (2, Kra) fo/B (2, KTp)

TaLhS
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INtrinsic kKt smearing

non-perturbative kr

| quark
kr |k

nucleon

- give the incoming partons a small kr

do = Z / dx, d*kr, dxy d*kry,
ab

S daab—>l+l_

X fasa (2, Kra) fo/B (2, KTp)

TaLhS
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INtrinsic kKt smearing

non-perturbative kr

give the incoming partons a small kr

do = Z / dx, d*kr, dxy d*kry,
ab

S dgab—>l+l_

X fasa (2, Kra) fo/B (2, KTp)

TaLhS
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INtrinsic kKt smearing

do = Z / dx, d*kr, dzy d2 kT
ab

S do_ab—>l+l_

><fa,/A (33', kTCL) fb/B (CC, ka) T, TS

parton momentum:

k2 k2
La 7kTa733aPA_ La >

po (0 KT 3) P
Pa = (pavpa7pa) (Qja A+4$aPA 433aPA

this enforces: Péfpau =0 Lq = pi/PX
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INtrinsic kKt smearing

do = Z / dx, d*kr, dzy d2 kT
ab

A

S do_ab—>l+l_

><fa,/A (337 kTCL) fb/B (CC, ka) T, TS

parton momentum:

kT, e p k7
aaxa _
dx, Py L 47 Yr, P4

Pt = (ph,pe,ps) = (:vaPA +

this enforces: Péfpa

must make sure
- quark energy < proton energy
- quark direction = proton direction

k1, < \/.Cl?a (1 — xa)\/g

better to stay far from the bounds!

kTa < xa\/g
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INtrinsic kKt smearing

do = Z / dx, d*kr, dzy d2 kT
ab

A

S do_ab—>l+l_

><fa,/A (337 kTCL) fb/B (CC, ka) T, TS

parton momentum:

k2 k2
La 7kTa733aPA_ La )

po (0 KT 3) P
Pa = (paapa7pa) (Qja A+4afa,PA 437aPA

~ 2 . o
t=(¢y —pa)” = Q° —2¢pf —2¢7 p, +2qr - Pra

make sure

A
A

t, u
not too small

Fixed Order must be valid!
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INtrinsic kKt smearing

do = Z / dx, d*kr, dzy d2 kT
ab

S do_ab—>l+l_

><fa,/A (l’,kTa)fb/B x,ka)w I

k2

Tmax

/ rdk7

0

check independence from cutoff!
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INtrinsic kKt smearing

fa/A (CCa, kTa)
fa/A (CE‘a)

Q evolution from TMD extraction:
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Bacchetta et al JHEP 1706 081
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0.1, k7)

f(x

INtrinsic kKt smearing
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KT [GeV]
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fa/A (CE‘a)
choice of shape:
—— TMD fit rER N
Gauss, <k72>=0.81 GeV? the gaussian gives
iInsensitivity
i to Ktmax cutoff
00 05 10 15 20 25 30



INntrinsic kKt smearing

_E866, V's=38.8GeV, Q=4.2-52GeV
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<k%> = (0.81 GeV? same for any x and flavor
...and for gluons!!
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summary

- fixed-order pQCD largely underestimates low-energy DY
data at high gr

- nor threshold resummation nor intrinsic-kt model seem to
help

+ more high gr data needed (Compass ?)
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... kt-factorization” formalism?

A~ L B B L B |
B Vs = 62 GeV :
O 10 Q* = (25-64) GeV? ~
@ —4<y< 4 E
N\ . = .Oth order
O 1 _ _ annihilation 1st order
C F----- Compton 1st order :
~— —1 sum 1st order i
~ 10 _ sum Oth and 1st order
q 2f
T 10 F
o -3
—4
10
—5F |
10 L .
0 8 10

Pts (GeV)

Szczurek, Slipek PRD 78, 114007

.

do = Z / dx, d*°kr, dxy, d2kTp
ab

A

S d6ab—>l+l_

XF;L/A (xaakTaaﬂF) F(;L/B (mbakThﬂF)

N

“unintegrated parton distributions”
(from extension of CCFM equations)

Lalp

almost all of the cross-section
given by soft gluons +
Intrinsic kt



... kt-factorization” formalism?

1 I 1 1 1 I ] 1 1 I 1 1 L] I T T L] E’

V.
N> Vs = 62 GeV E do = Z / d$a d2kTa diUb d2ka

O 10 Q* = (25-64) GeV* - ab

@, —4<y<4 : 5 N
\ + = (Oth order ] XFC?/A ('CECL?kTCLMuF) Fl;u/B (xbakThﬂF) Ao~

O 1 _ _onnihilotio1n 1st order LaLh
f/ 1B SSJI,‘ %t;’t"orﬁif raer apparently difficult to find
~ 10 Pe_sum Oth and 1st order a formal proof

F A Avsar, Collins arXiv:1209.1675

not clear why
it should differ from “traditional”
formalism at this kinematics
(not small-x)

N | almost all of the cross-section
8 10 given by soft gluons +

Intrinsic K
s (GeV)

Szczurek, Slipek PRD 78, 114007
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Q=5.2- GZGeV xF=0.15-0.35

TMD
parametrizations
Dl Q : :
O [ g - - Pavia 2017
0.010 ——— LY - Fig.11 PRD 58 074012
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data- NLO

Ed30/d®q [pb/GeV?]

E866/NuSea
pp — putpu X Vs =38.8GeV

s\

) \\
b N

ES66, s =38.8 GeV, Q=5.2-6.2 GeV
-0.05<xF <0.15

([
\\\\
~
2Lt e
.
~ ~ o
S& S~
TN ?
-~ S ~
\~ ~Ne ~
~ ~
\x\ \‘ S S~
-~
. N S~ =~
\ . S~
[y \ _~a S~o
~ -~
\\ . -~ —
-~ o
. 1 -~ S~
—
\ . -~
1 =
'

g 1€
°‘> 10
3
0
S 10
fe
-1
0-10
e
S 1072
(4p)
o
L
10
O
—1
Z
I
&
©
o

— —

—h —h
S 2 o o
N - o —_

—
<
W

T
.\
Neee 0.35 <xF <0.55
’*.&\} (]
RS \\\ [ J
D SO [ J
. ~
~ N2 \\N Y
~ S >~
N~ -~
N 0\\\~~ “\5\ )

\ ® SS3 >~

[} \ ~ S~

‘ N~ N~~

. 1 S S~o T

[y S~ ~ o~

1 1 S~o S~
H Ssa S~
1 I =~
[ ]
Pl

10

35

101 .\\\ '
0.15<xF <0.35

100_ \}\ So ®
~\ \\\\ [ ]
SRS [
N ~, >~
1 - S ~o
=1L S NG ~o ®
\ DS S
- \ NN N‘
\ * S< ~ ?
. \‘ S ~ o o ?
\ -~ -~ ?
- \ SN ~
1072} AW IR
K .

10

10’

10°
107"
1072
1073
1074}

10




E288
pCu, pPt =ty X

----- NLO
------ asymptotic
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kTmax = 15 GeV
KTmax = 2 GeV
¢ KTmax = 9 GeV




INntrinsic kKt smearing

Q=5.2-6.2 GeV, xF=0.15-0.35, target=p
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threshold resummation

10 - E288
—lo
= 10° H —nlo
= —— nll matched
= 10-1 - - - nll expanded
_]...
> 1072
Q
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ol & beam = € \
‘|': 10—4 —0.27 < n < 0.33 \\\:
(Q) = 6.4GeV T~
1079 , . -
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

W. Vogelsang @Transversity 2017
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[(pb GeV~'nucleon ']

do

('q"'

threshold resummation
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W. Vogelsang @Transversity 2017
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angular coefficients

Lambertsen, WV ‘16
pp, E =800 GeV ES866
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W. Vogelsang @Transversity 2017
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angular coefficients
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