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Introduction: DY process at small ¢% /Q*:

m Hadronic tensors from TMD factorization.
m (No) EM gauge invariance of leading-twist hadronic tensor.

TMD factorization from rapidity factorization:

m Rapidity factorization for particle production.
2

m Classical fields from retarded propagators at ’;—% < 1.
I

m Leading-N, power corrections.
m Gauge-invariant result for EM hadronic tensor.

Results for Z-boson production:

m Hadronic tensor for Z-boson production
m Comparison of angular asymmetries with LHC results.

Conclusions and outlook
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DY hadronic tensor

The hadronic tensor W,,,, is defined as

Waslpnona) = 5 3 [ e o pald, (01O pa. )

= (2;)4/d4x e*iqx<pA,PB|JM()C)JV(O)|pA7pB>

pa

Y
Y

PB

pa,ps = hadron momenta, ¢ = the momentum of DY pair, >, = the sum over full set of
“out” states and J,, is the electromagnetic current.
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DY hadronic tensor

For unpolarized hadrons, the hadronic tensor W,,,, is parametrized by 4
functions, for example in Collins-Soper frame

Wi = — (8w — qggy)(WT + Waa) = 2X,X, Wan

+Z,2,(Wy, — Wy — Wan) — (XuZy + X, Z,)Wa

where X, Z are unit vectors orthogonal to ¢ and to each other
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TMD representation for W;

The hadronic tensor in the Sudakov region ¢> = Q* > ¢* can be studied by
TMD factorization. For example, functions Wy and Waa can be represented
as

Wi = 3 ¢ [ @Dk D omas — k1)Cila: k)
flavors

+ power corrections + Y — terms (1)

m Dy (xa, k1) is the TMD density of a parton f in hadron A with fraction of
momentum x4 and transverse momentum & ,

m Dys/p(x,q1 — ki) is a similar quantity for hadron B,

m Ci(q,k) are determined by the cross section o (ff — ™) of production
of DY pair of invariant mass ¢? in the scattering of two partons.
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TMD representation for W;

There is, however, a problem with Eq. (1) for the functions W, and Wa.

Wr and Wana are determined by leading-twist quark TMDs,

but W and W, start from terms ~ % and ~ "Q% determined by
quark-quark-gluon TMDs.

The power corrections ~ % were found more than two decades ago but
there was no calculation of power corrections ~ ‘gg until recently.
Also, the leading-twist contribution is not EM gauge invariant.
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Rapidity factorization for particle production

Sudakov variables:

p=api+Pp+pL,  Pi1~pa pr~pp pi=pi=0

Xy = x = E)c+ Xe = x = Ex_
* = P2 = R « =D = )

“Projectile” fields : |8] < o,

“Central” fields

“Target” fields : |a| < oy

We integrate over “central” fields in the background of projectile and target fields.
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¢ in the tree approximation

Projectile fields: 8 =0 = A(xe,x1), a(xe,x1)
Target fields: o = 0 = A(x,,x1), ¥p(xe,x1)

Tree approximation for central fields:

¢ = sum of tree diagrams with retarded propagators in external A, 1), and
A, 1y fields with sources

Jyp = (P +m)(s + ¥p), J, = DMFFY(A + A)
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Classical fields in the leading order in pi/pﬁ ~ q3 | Q?

The solution of YM equations in general case (scattering of two “color glass
condensates”) is yet unsolved problem.

Fortunately, for our case of particle production with % < 1 we can use this small
parameter and construct the approximate solution.

At the tree level transverse momenta are ~ ¢° and longitudinal are ~ Q* =

P,A = series in % : Y= Lf;(O) + z;‘b“) +o A=AO A0 4 |
NB: After the expansion
I 1 1 1,

P tiepo  pt—pitiepy  pt pitiepo pi+iepo
the dynamics in transverse space is trivial.

Fields are either at the point x, or at the point 0, = TMDs

Gauge:

2 [Xe
A, =0 = A= —/ dxy Foi(x,,xy)
s/

2 [
Ae=0 = Ai:*/ dx, Fu(x,x1)
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Expansion of quark fields

Expanding it in powers of p? /pj gives:

U(x) = 0O 400 4o 9@ 4

where
‘ 8y, . 1

O = 4T, Z = —224A )y,
A Va + 21 1 e ot VA

= - = - -1 .8
\I/(O) — b = = = () ig, 2
A VA + 21, 1 (lma_l.e)’Y P

1/ 1

o0 — Z,, Eip = — Il

B Vg + 2o, 1B p Y 54‘1'61/)3’
- - - - -1 .8y
v = S, I = — AL
B VYp+Zs, (1/)Bﬂ_l.6)7 p

v, ¥ lead to next terms in series in ‘ZQ%
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Leading-N, power corrections

Power corrections are ~ leading twist x (% or qu2> X (1+ 5 + %)

(Pleasant) surprise: most of the terms not suppressed by Ni are determined

-

by the leading-twist TMDs due to QCD equations of motion
Leading twist:
s [ e O (10 (xux1) pd(O)lp) = fr(an k)
Power correction:
%/dx.d)@ el tilthn) L
X (palt? (v0,51) PalAiCxa, x1) = PAiCa, 5] (0) pad)

= —kifi(ag, ki) + agki[fi(ag ki) + g (g, k1)],

(Mulders & Tangerman, 1996)
At small o, = x4 one can drop the second term
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Result for W, for unpolarized hadrons

Result:
Wi(a) = Wy, (q) + W, (q)
The first, gauge-invariant, part is given by

Wi (@) = Wy(a) + W, (q).

1
Wik = L awiie. Whio = 5 [P koW k).

Cc

1 .
Wi(g) = Zefwfﬂ W) = /deLHf(%knwﬁ’V(q,kl)

where F/ and H' are (oy = x4, B4 = xp)

Flqk1) = fllagk)f (B (a—K0)1) + A o ff
H (q,ky) = hlf(aq kJ-)hlf(Bq (q—k)1) + hlfﬁhﬁf
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Gauge-invariant structures  ¢*W! = g¢g*W? =0

nv nv

W:u ((1 kL)

7 quqv
= —gn+ = (ql‘,q,, +qlay) + Qﬁ qlal + ‘Q{ 4% — 4(k,q —k).]
i I

~ I
qu qvqi i -
. {7/2 (gi . 'Q2/>((/ =2k, +puev q = agpy — B2
Il Il

mZWZII/ (qa kL)

1 1 1 1 1 quqv l]‘;‘ﬂ]u ) 2
—ki (g — k), — k(g — k), fg,w(kvqfk)LH”Tk 1(g—k)1

4
I

I

*(q” k(g —k)y + k(g =)L) + ﬁ[kz(q k) k#(qfk)i}JruHV)
I i

I I |

- \
_ M[ 2(k q-— k)L](k q-— k) _ M(Zk q.q9 )L(k,q—k)L
I II

W’ part coincides with parton Reggeization result  (Nefedov, Saleev, 2019)
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Non-gauge-invariant corrections

W2, () = —Zef g s skt = 05+ o vl B
— k(g — k)i (g —k)y — (g — ko) kky + g (kg — k)7 — g k3 (g — ku)*] }

+ {Ia = 0% + 1o vt gl (kg — )11 (g k)

c
N2 -1
Q4
Q4 )
H, and J; , terms involve twist-3 quark-quark-gluon TMDs which do not reduce to
leading-twist distributions.

gk — ) K gk} + O(Nz)} + 0( 5

Gauge invariance should be restored after adding sub-leading power corrections. For
example,

1.2 1 2 1.2
qz/QqZL and q/1 % (qMquv %) o qVQZL
They are of the same order so one should expect that gauge invariance is restored after
calculation of all such terms.
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Power corrections for total cross section

If 02 > k% > m} we can approximate TMDs by perturbative tails:

fl(azaki) ~ f(az)7 hf_(amki) ~ mlz\/h(az)

51 a1

For the total DY cross section

= iZef-/f’z’” =28 o k) + g,

"o
~ _ = 2 k an Ff(aqvﬁq) 27””2 Hf(aqwgq)
T Zef/d 0 ]k2 g =k T ki(qfk)i}

1

(k q— k)J_ Ff(a 7/6 )
_ﬁL Ze]%/dzlﬁ_ Q2 ]ki(qq kl)l

With logarithmic accuracy

Wila) = - 2_¢

47 N [
N,

—1 71 / / o f
c/i“ L+ qJZfaf ) +F (e ()]

= power corrections reach 10% level at ¢, ~ ﬁQ
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Z-boson production at LHC

The relevant terms of the Lagrangian for quark fields ¢/ are

['Z = e/d4x JHZV‘(X)7 \7/1, = Ceé(ae - ’75)6 - Z Cf”vl;fr)/u(af - Vs)wf

flavors
where
1 8 1 4
2 2
Cue = a,. = 1 —=s Cgs = — ags = 1 —=s
u,c 4CWSW u,c 3 W ,5 4CWSW’ 8 3 Wo
1 .
C, = , a, = 1— 45%‘,7 cw = cos by, sy = sinfy.
4cwsW
4 2
e dQ
do

2 U
= m@‘“’d q1d W(g, 1,1

I, - lepton momenta
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Angular coefficients of Z-boson production

In CMS and ATLAS experiments s = 8 TeV, Q = 80 — 100 GeV and
Q, varies from 0 to 120 GeV.

Our analysisisvalidat 9, =10—-30GeV and Y ~ 0 (x4 ~ xg ~ 0.1) so that
power corrections are small but sizable.
Angular distribution of DY leptons in the Collins-Soper frame (¢4 = cos ¢,
54 = sin ¢ etc.)
do 3 do Ay
—_— = — 1- A
00 — 16rdedy | T D) +3 7 (1= 365) + Awsancs + 2 shezs

+ Azsgcy + Agco + A5s5sz¢ + Ags2054 + A759S¢
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Result with w,largeN and “f,” accuracy

Q4
LR )

< Y@ 1)(a} + 1)([wFf - 2%Z(wﬁ — W] (1 + cos? 0)

2
+ TlewFf(l —3cos?0) + %mesin29cos¢+ ZQ—QLZWFfsiHZHCOSZ(bD
+ 8a.ar [% %/3Ff sin 6 cos ¢ + MFf cos 0]}

(g —2k)%
2

1

W (g) = / Pk (g k), W) = / dk F(g,kL)

-2k
W) = [ B2 k)
1

q-20). .
W (q) — / dsz(qqqiz)Lff(%kL% W (q) = / Pk (g, kL),
1

Fa.k1) = fllagk)f By (@ —K)1) — f < F
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Comparison with LHC results

W~ ZwFf{(a§+1)(a_%+1)([1_ﬁ+ 0 WH](HCOS 0)

2mZ ' 2m2 W

2 ,WFf 2
+2QjW7LH(1—3 cos? 0) + gWst@cosqﬁ—i-zQWLzsinzecosZgzb])
z
WF WFf
+8a¢,af[Q P sinf cos p + —= T COS@]}

We can easily estimate A, and A, which depend on %:

Logarithmic estimate of x@, if ¥4 > m3, we can approximate
f) fle)f (B) +f & f
KB ~ = F(q,k) ~ 4, 19
fl(x7 J_) ki (q7 L) kﬁ_(‘] — k)i_

Performing integration over &, in logarithmical approximation, one obtains

Wit Inm?/Q%
W In Q3 /m?
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Comparison of A, with LHC results
Logarithmic estimate of A,
Ff
Wy
qyF

lnmf/Qi
+21nm§/Qﬁ_ oA o 1+21anL/mz )
Q2 /m? O T 2y ¢ /o
N m? 1In Q% /m?
0.20
0.15
010+
0.05+
—
e

e
25 30

35 QL
Figure: Comparison of prediction (x) with lines depicting angular coefficient Ay
in bins of 0, and Y < 1 from CMS (arXiv:1504.03512) and ATLAS
(arXiv1606.00689)
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Comparison of A, with LHC results

Logarithmic estimate of A,

()

Ff 2 /02 2
/AN 1+21nmz/QL Ay = o1 !
WEE T In Q% /m? m? 4 @ Inm/0
N m2 In Q% /m?
012[
010[ I
008[
006
0041
0021 -
—
r— L L L L L L
10 15 20 25 30

35 QL

Figure: Comparison of prediction (+x) with lines depicting angular coefficient
Ay inbins of 0, and Y < 1 from CMS (arXiv:1504.03512) and ATLAS

(arXiv1606.00689)
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Qualitative checks

0t W

~ f a4 )Ff 2 91 - 5

W zf:rw {l—l—cos 0+ Zm%‘WFfrf(l 3 cos” 6)

Wt 2
<. WFlf +sin 26 cos ¢ + Qzlf sin® 6 cos 2¢)]
mz r
8a€af QJ_ g WFf
(a2 +1)(a7 + 1) [mz WL sinfcos¢ + _ 5z qyFt,f €08 9} }
f_1—7+Q2LWLFf

2m 2m§ WH

Qualitative checks:
m Factorization of TMD f; (x,k3) ~ f(x)f(k}) = W’ (¢) =0
= A, is smaller than A,
m A, does not depend on @, and increases with rapidity
m Aj is smaller than A4
m As,Ag, A; are order of magnitude smaller than Ay, A, A4
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Conclusions

Conclusions
m The Drell-Yan hadronic tensor is calculated in the Sudakov region
s> 0% > ¢4 in the tree approximation with é accuracy.

m In the leading order in N, the higher-twist quark-quark-gluon TMDs
reduce to leading-twist TMDs due to QCD equation of motion.

m The resulting hadronic tensor for unpolarized hadrons is (EM)
gauge-invariant and depends on two leading-twist TMDs: f
responsible for total DY cross section, and Boer-Mulders function
hi-.

m Results for angular coefficients of Z-boson production seem to
agree with LHC measurements at corresponding kinematics.

Outlook
m Rapidity factorization at the one-loop level.

Thank you for attention!
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