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DY hadronic tensor for electromagnetic current

DY cross section is given by the product of leptonic tensor and hadronic tensor.
The hadronic tensor W,,,, is defined as

1 —igx
W (pa,pB,q) = W/d“xe “(pa, pBlJ,.(x)J,(0)|pa, pB)

pba

1S
Y

PB

pa,pe = hadron momenta, ¢ = the momentum of DY pair, and J,, is the
electromagnetic or Z-boson current.
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DY hadronic tensor for electromagnetic current

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

Wi = (g = 44) (W + Wan) = 26,5, Was

+Z,Z,(Wp — Wr — Wana) — (XuZ, + 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 ¢> = 0% >> ¢34 can be
studied by TMD factorization. For example, functions W and Waa can
be represented as

Wi= > ¢ / kD)), (xa, k1) D}y (¥, 91 — k1 )Cilg, k1)

flavors

+ power corrections + Y — terms (1)

® Dy/4(xa, k) is the TMD density of a parton f in hadron A with
fraction of momentum x4 and transverse momentum k|,
m Dy/p(x, g1 — k1) is a similar quantity for hadron B,

m Ci(q, k) are determined by the cross section o (ff — u* ™) 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 Waa are determined by leading-twist quark TMDs,
2

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

The power corrections ~ % were found more than two decades ago
2
but there was no calculation of power corrections ~ ‘fQ—g until recently.

Also, the leading-twist contribution is not EM gauge invariant.
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TMD factorization from rapidity factorization

Sudakov variables:

—to
Il
!
(SN
|
]

p = api+pp2+pi, P12~ pa, P2 =pp, P

pA

“Projectile” fields : |8] < o,

“Central” fields

pPB

“Target” fields : || < oy

The result of the integration over “central” fields in the background of projectile
and target fields is a series of TMD operators made from projectile (or target)
fields multiplied by powers of é = power corrections
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Leading-N, power corrections

Power corrections are ~ leading twist x ( 5 or ’Q—i2> < (1+ 5+ 52)-

(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:
1 . s . Fa ~
3/ dr_dPxy e DL (1) (e xy) pady(0)|pa) = fig(enk?)

8ms

Power correction:

8735 dx_dx, e iorg /3~ ilkex) L
7T

X (palt! (x—,x1) PalAi(r,x1) — ivsAi(x—, x1)]0 (0)[pad)

= 7kif1(aqakL) + aqki [fL(aqvkL) + gL(aqvkl)]a

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

Result:
W(q) = Wy (9) + Wi, (q)
The first, gauge-invariant, part is given by

Wi (q) = Wih(q)+Wii(q),

1
Wil = Y Gwiie, Wi = [ @)Wk

1
Wil (q) = Z Wila), Wikla) = - [ @ kWi k)
f (&
where F/ and H' are (o, = xa, 8, = x)

Fla,k1) = flagk ) (B (a—K) 1) + f < f
Hf(q’kJ—) hlf(afﬁkl_)hlf(ﬁcﬁ( - ) ) + hlfﬁht‘
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Gauge-invariant structures  ¢"W/, = ¢" W/, =

W[jl/ (‘]* kL)

1
— (gl gt + gl gt |l 4 Dedv 2
- g/u/ + (quu + [ll/q’u) + 4[1/1(/1/ + [ 4“‘ q— k) }
0] 9 9
~ I
qvq ~
*[%(&i* IIQZII>( —2k)| +p v q = xap1 — Xgp2
I l
ZWH (qa kl)

1 1 1 1 1 Gudv — qlqulH/ 2 2
_k,u (q_k)l/ _ku (C]—k)# _g;u/(kaq_k)l_ +2Tk ( k)L

l ~
(g‘[kz( — %+ k(g = R3] + D[R — 0 — k(g — R3]+ o v)

Il || H
—M”Tﬂ“"”[q 2k, g — k)1 (kg — k)1 — W(Zk 4,41 (k,q — k).
! H
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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 analysis is validat 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 (c, = cos ¢,
54 = sin ¢ etc.)
do 3 do A() A2
99 _ 2% I 2 2001 2362y 1 A A2 2
d0%dydSy 167 dQ%dy [( teg) + 5 (1= 3eg) + Arsapcy + Zrspe26
+ A3S@C¢ + Aqcy + A5S§S2¢ + A6S295¢ + A7S9S¢}

10/16
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Result with w,largeN and “f,” accuracy

/ 22 o
W(qvlvl) = Ce (‘f| 2 Q2|2+F

X Z {(aﬁ +1)(af + 1)([%/“2 %(WFf, W] (1 + cos® 0)

Qi W1 = 3cos?0) + QLwFf 20 cos 6+ 2 W sin® 0 cos2

2Q2 —3cos”0) + il sin 26 cos ¢ + 202 W sin” 0 cos qﬂ)
0. Wi Ef

+ Saeaf[ 0 sin @ cos ¢ + W,” cos 9] }

Ff 2 f Ff (‘I*Zk)i f
W (q) = [dk F(q.ki), W' (q9) = dkLTF (q,k1)
1
g — 2k
W (q) = /dz/uwﬁ(q,h)
a1
: g — 2k
W (q) = / dzkj_(qqqizhff(%ki)v w(q) = / d*k ' (q,kL),
L

Fg.k1) = f(og kO)f By (q—K)1) — f < F
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Comparison with LHC results

W~ ZwFf{(a3+1)(q%+1)([1 7£+ 0 WFf](lJrcos 0)

Zmz Zm2 W

QZ WFf QL Q2
+2’—2W(173 s20) + —Wblnwwsaﬂr%bm 6‘@052(;5})
WFf WFf
+ 8acay {Q—W sinf cos ¢ + —= P 0059}}

Ff
We can easily estimate Ay and A, which depend on %

Logarithmic estimate of X W if K2 > m% we can approximate

fit k) = 10 o pg k) o
J_

flag)f (By) +f —f
1 (q— k)%

Performing integration over k, in logarithmical approximation, one
obtains )

WiL” - zlnmf/Qi

L In Q% /m?
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Comparison of A, with LHC results

Logarithmic estimate of A

Inm?/Q%
Wff lnmg/Qi o~ A = Qi 1 +21nQ2L/m2 N
wH = T @2 Jm? 0T w2 @ mo ()
i f 14 Gl
mz InQ? /m?
/
020}
015+
010
005 e
%
10 1‘5 2 2‘5 EY 3‘5 (o

Figure: Comparison of prediction () 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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Comparison of A, with LHC results

Logarithmic estimate of A,

W ~ 1_,_2% = A = [ S (+%)
WE In Q% /m? mZ q 4 Q4 lnm/0]
m? In Q% /m?
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Figure: Comparison of prediction (xx) with lines depicting angular coefficient
A, inbins of 0, and Y < 1 from CMS (arXiv:1504.03512) and ATLAS
(arXiv1606.00689)
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Qualitative checks

2 WFf
WNZ/‘WH{ + cos 9+Q7 (I—SCos 0)

2m 2 WL
0, W Q2
== sin 26 cos —1— sin? 0 cos 2
mz WF f f ¢ mzr f (ﬂ
Bacar on 3 ‘WFf
+ : [— sin 6 cos ¢ + cos 9} }
(a2 + 1)(a}% + 1) Lmz wW¥ ¢ W
2 2 wFf
7=

Qualitative checks:

= A, is smaller than A,
m A4 does not depend on O, and increases with rapidity
m Aj is smaller than A4
m As,Ag, A7 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% > ¢} in the tree approximation with 5, 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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