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1. Introduction

The lepton angular distributions in the Drell-Yan process potentially carryritapbinforma-
tion on the dynamics of the reaction and on the partonic structures of the cglhdairons. In the
naive Drell-Yan model[[1], it was predicted that quark and antiquarkfalat into a transversely
polarized photon, leading to aflcos 0 lepton angular distribution. While this prediction was
soon confirmed by the earliest Drell-Yan experimefits [2], a more geargailar distribution ex-
pression is expected when the intrinsic transverse momentum of the partiosthe QCD effects
are included, namely][3],

do . v .

o 1+ A cos 8 + psin28 cosp + ES|n29c052p, (1.1)
where 8 and ¢ refer to the polar and azimuthal angle, of thein the dilepton rest frame. The
azimuthal symmetry in the collinear naive Drell-Yan model is lost due to the fins\yese mo-
mentum §r) of the dilepton. WhileA = 1, u = v = 0 for the naive Drell-Yan model, the finite
value ofgr leads toA # 1 andu, v # 0. Nevertheless, it was pointed out by Lam and Tung that the
deviation ofA from 1 is related to the deviation effrom zero through the relation,-1A = 2v [B].
This “Lam-Tung" relation was also predicted to be insenstive to QCD cioref].

First measurements of the lepton polar and azimuthal angular distributioescaeted out
by the CERN NA10[[p] and the Fermilab E61% [6] Collaborations. Surprigitegge violations of
the Lam-Tung relation were observed, prompting many novel interpretatiorgarticular, Boer
showed that the presence of the Boer-Mulders function, can explauidtag¢ion of the Lam-Tung
relation [J]. Results from a Drell-Yan experimefi [8] using proton beagnevalso shown to be
consistent with this interpretation. Interesting recent developments incledegasurements of the
lepton angular distribution é&-boson production ip— p collision by the CDF Collaboration at the
Tevatron [P] and inp — p collisions by the CMS Collaboration at the Large Hadron Collidle} [10].
Both the CDF and CMS data show strikigg dependencies fok andv. Moreover, the high-
statistics CMS measurement clearly shows that the Lam-Tung relation is violetedethe large
transverse momentum regiopr(up to~ 300 GeV) where effect from the Boer-Mulders function
should be negligible.

We present an interpretation for the CMS and CDF results orgthdependencies of the
angular distribution coefficients andv, as well as the origin for the violation of the Lam-Tung
relation. A more detailed discussion can be found in a recent publicétifpn [11

2. Dréll-Yan angular distribution

The angular distribution of the leptons is usually expressed in the rest shpi¢Z. In the
Collins-Soper (C-S) fram¢g [12], theahdZ axes lie in the hadron plane formed by the colliding
hadrons and the dxis bisects the momentum vectors of the two hadrons (see Higure 1). Anothe
plane, called the quark plane, is formed by the axis of the colligeadq which combines into the
y*/Z and thez’axis. The momentum unit vector qfis defined ag’; which has polar and azimuthal
anglesf; and ¢, as shown in Fiq] 1. Finally, the back-to-bdckandl ™, together with the axis,
form the lepton plane. The leptdn (e~ or u~) from they*/Z decay have polar and azimuthal
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angle in the C-S framé and g in the C-S frame, as shown in Fig. 1. For any given value8 of
andg, 6; andg, can vary over a range of values.

Quark Plane

Yy p lang

N>

Figure 1: Definition of the Collins-Soper coordinates, the hadromelahe lepton plane, and the quark
plane.

Taking into account the contribution of parity-violating coupling involving theéoson, the
general angular distribution for /Z production is given ad[]L0]

gg 0 (1+co§6)+%(1—3c056)+Alsin26c05(p+%sin26c032p

+ A3sinB cosp+ A4 cos8 + Assin? 8sin2p + Agsin 20 sing+ Azsinfsing.  (2.1)

We show now how this expression can be derived. First, helicity coasenvin theqq — 171"
reaction implies that the angular distributionlofmust be azimuthally symmetric with respect to
theZ axis with the following polar angular dependence:

do

i [0 1+ acosfy + cos 6. (2.2)
The forward-backward asymmetry coefficientomes from the parity-violating coupling to tie
boson, andj is the angle between thie momentum vector and, as shown in Fig]1. To go from

Eq.[2.2 to Eq[ 2]1, we note that dssatisfies the relation:

c0s6p = cosO cosb; + sinBsinB cof @ — @r). (2.3)
Substituting Eq[ 2]3 into E{. 2.2, we obtain
g—g 0 (1+cos6)+ sire 61(1—300§ 0) + (%SinZB;LCOS(pl)SiHZQCOSZP

+ (asinBy cosy ) sin@ cosp+ (acoshy ) cosh + (% sir? 6, sin 2q,) sir? 6sin 2

+ (% sin20; singy) sin 20 sing + (asinBy singy ) sin@sing. (2.4)



Interpretation of angular distributions Jen-Chieh Peng

From Eq[2]JL and Eq. 2.4 one can exprBgs$o A; in terms off;, ¢y anda as follows:

Ao = (sir? 6y) A= %<sin 26 cosgy)

A, = (sir? B1cos2p;) As = (asinB; cosg)

A, = (acosb) As = %(sin2 B1sin2p;)

As = %(sin 20, singy) A7 = (asin6y)(sing ). (2.5)

Equation[ 2 is a generalization of an earlier wdrK [13] which consideredplcial case of
@ =0anda=0. The(--) in Eq.[2.b is a reminder that the measured valuek,afre averaged over
the event sample. A comparison of Eq]1.1 and[Eq. 2.1 gives
C2-3A. 2 28
T2ia P oAy VT 2rar
Equatior[ 26 shows that the Lam-Tung relation; 1 = 2v, become#\o = A,.
In the “naive" Drell-Yan theq — g axis coincides with the axis of the Collins-Soper frame,
hencef; = 0 andA = 1. The deviation ofA from the “naive" Drell-Yan prediction of unity is
due to non-zerd@,, which reflects the mis-alignment between the q axis and thez axis of the
Collins-Soper fram¢[33, 114]. Itis important to note thafor Ag) does not depend om, which is
a measure of the non-coplanarity betweengheq axis and the hadron plane. In contrgsandv
(or A; andAy) depend on botlf;, and ;.
Equatior] 2)6 also shows that the Lam-Tung relatiy= Ay, is valid wheng, = 0, i.e., for the
co-planar case. Violation of the Lam-Tung relation is caused by the presénhe(cos2p) term
in A (or v), and not due to thég (or A) term. Moreover, the non-coplanarity facteps 2p; ), can
be extracted from the data via the ratig/ Ao.
In perturbative QCD at the order of;, ignoring the intrinsic transverse momenta of the col-
liding partons, theq — y*/ZG annihilation process give§ [1L5,]16] 17]

(sir? By) = sirf 61 = of /(Q° +F) (2.7)

in the Collins-Soper frame, wherg andQ are the transverse momentum and mass, respectively,
of the dilepton. One notes thét given in Eq[2]7 is identical to the angle betwe&n(or Pr) and
theZaxis in the Collins-Soper frame.

For theqG — y*/Zq Compton process, it was showh [5] [8, 19] tsit? 6;) is approximately
described by

(2.6)

(sin” 1) = 5a7 /(Q* +507 ), (2.8)
Using Eq[2]6, the above two equations imply
2Q° - of 202
A pr— = ——
2Q? + 30f R @
2Q% — 5¢% 102
_ e | N _ 2.
2Q2 + 1567 YT 21 (e 29)

We note that for both processes= 1 and6; = 0 atgr = 0, whileA — —1/3 and8; — 90° as
gr — . Moreover, Eqr_2|9 shows that the Lam-Tung relationr, L= 2v, is satisfied for both the
gq andgG processes at ordet.
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Figure 2: Comparison between the CMS da@ [10]y811Z production at two rapidity regions with calcula-
tions for (a)A vs.gr, (b) v vs.ar (c) 1— A —2v vs. gr. Curves correspond to calculations described in the
text.

3. Comparison with data

The dashed and dash-dotted curves in [{ig. 2(a) correspond to théatale using Eqf 2]9 for
theqq annihilation and thgG Compton processes, respectively. Bothgh@ndqG processes are
expected to contribute to thep — y*/ZX reaction, and the observeg dependence of must
reflect the combined effect of these two contributions. A best-fit to the @M8& is obtained with
a mixture of 58.3-1.6%qG and 41.5-1.6%qq processes. The solid curve in Fiyj. 2(a) shows that
the data at both rapidity regions can be well described by this mixture @fGhendqq processes.

In pp collision thegG process is expected to be more important thamtherocess, in agreement
with the best-fit result. While the amount @& and gq mixture can in principle depend on the
rapidity, y, the CMS data indicate a very weak, if apyglependence. The good descriptioniof
shown in Fig[R(a) also suggests that higher-order QCD processeslatively unimportant.

We next consider the CMS data on th@arameter. As shown in Eds.]2.5 gnd 2:@lepends
not only on@y, but also org,. In leading ordens where only a single undetected parton is present
in the final state, thg — q axis must be in the hadron plane, implyipg= 0 and the Lam-Tung
relation is satisfied. We first compare the CMS data, shown inFig. 2(b), vétbatculation forv
using Eq[2)9, which is obtained at the leading orderThe dashed curve uses the same mixture
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of 58.5%0qG and 41.5%qq components as deduced from thelata. The data are at a variance
with this calculation, suggesting the presence of higher-order QCD sseséeading to a non-zero
value of . We performed a fit to the data allowing a non-zero value @f. The best-fit value
is Ap/Ao = 0.77+0.02. The solid curve in Fig]2(b), corresponding to the best-fit, is in better
agreement with the data. The non-zero valuappfilso implies that the Lam-Tung relation is
violated. This violation is indeed observed at CMS and shown explicitly in[[ig). Z'he solid
curve obtained with, /Ag = 0.77 describes the observed violation of the Lam-Tung relation well.
The violation of the Lam-Tung relation reflects the non-coplanarity betwessn-thg axis and
the hadron plane. This can be caused by higher-order QCD pracedsere multiple partons are
present in the final state in addition to the detegteZ. To illustrate this, one considers a specific
quark-antiquark annihilation diagram at ordef in which both the quark and antiquark emit a
gluon before they annihilate. The hadron plane in this case is related todtoe sam of the two
emitted gluons, and thg— q axis is in general not in the hadron plane. This would lead to a non-
zeroq, and a violation of the Lam-Tung relation. Similar consideration would also explajrthe
intrinsic transverse momenta of the colliding quark and antiquark in the “hBikall-Yan could
also lead to the violation of the Lam-Tung relation, since the vector sum of thenaorrelated
transverse momenta would lead in general to a non-zero valge of

1
L, a
C ® CDF ()
< osk
oF
. e
-OIS_IIIIIIIIIIIIIIIIIIIIIIIIIIIII
e (b)
> 05:_ """"""""""""""""""""
0fas
_O.S_IIIIIIIIIIIIIIIIIIIIIIIIIIIII
e ©)
@ 0.5_—
< C
— O_ ‘ ‘ ‘
_O.S_IIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 50 100 150 200 250 300
g, (GeV)

Figure 3: Comparison between the CDF daﬂa [9]wn Z production with calculations for (&) vs. gr, (b)
vvs.gr (c) 1—A —2v vs. gr. Curves correspond to calculations described in the text.

There remains the question why the CPp Z-production data are consistent with the Lam-
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Tung relation [P]. Fig[]3(a) showa versusqr in pp collision at 1.96 TeV from CDF. Ther
range covered by the CDF measurment is not as broad as the CMS, astdttbiécal accuracy
is somewhat limited. Nevertheless, a strikiqg dependence ok is observed. The dashed and
dash-dotted curves are calculations using [Ed. 2.9 forghannihilation and thegG Compton
processes, respectively. The solid curve in fig. 3(a) shows thatDfed@ta can be well described
with a mixture of 72.5%gq and 27.5%qG processes. This is consistent with the expectation that
the gqq annihilation has the dominant contribution to thp — y*/ZX reaction. The CDF data
on thev parameter, shown in Fi] 3(b), are first compared with the calculation ¢(dotteve)
using Eq.[2]9 with a mixture of 72.5%q and 27.5%qG deduced from the data. The solid
curve in Fig.[B(b) results from a fit allowing,/A to deviate from unity. The best-fit value is
Az/Ap=0.85+0.17. The relatively large undertainties The quantityAL—2v, which is a measure
of the violation of Lam-Tung relation, is shown in Ffg. 3(c). The solid curveii B(c) is obtained
usingAz/Ao = 0.85. The CDF data is consistent with the solid curve, and the presencenef so
violation of the Lam-Tung relation can not be excluded by the CDF data.

4. Conclusion

We have presented an intuitive explanation for the obsegyedependencies of andv for
the CMS and CDR/*/Z data. The violation of the Lam-Tung relation can be attributed to the
non-coplanarity of thej— q axis and the hadron plane, which occur for QCD processes involving
at least two gluons. The present analysis could be further extendeel athidr coefficientshy, Az
andA, [RQ]. It could also be extendefl [21] to the case of fixed-target Drati-&periments, where
the non-coplanarity at lowr can be caused by the intrinsic transverse momenta of the colliding
partons in the initial stateg [R0]. The effects of non-coplanarity on otheyuality relations, as
discussed in Ref[J22], are also being studied.

References

[1] S.D. Drell and T.M. Yan, Phys. Rev. Lef5, 316 (1970); Ann. Phys. (NY86, 578 (1971).
[2] I. R. Kenyon, Rep. Prog. Phy45, 1261 (1982).

[3] C.S. Lam and W.K. Tung, Phys. Rév18, 2447 (1978).

[4] C.S.Lam and W.K. Tung, Phys. RéD21, 2712 (1980).

[5] NAL1O Collaboration, S. Falcianet al., Z. Phys.C31, 513 (1986); M. Guanzirokt al., Z. Phys.C37,
545 (1988).

[6] E615 Collaboration, J.S. Conwayal., Phys. RevD39, 92 (1989); J.G. Heinrichkt al., Phys. Rev.
D44, 1909 (1991).

[7] D. Boer, Phys. Re\D60, 014012 (1999).

[8] Fermilab E866 Collaboration, L.Y. Zhet al., Phys. Rev. Lett99, 082301 (2007); Phys. Rev. Lett.
102, 182001 (2009).

[9] CDF Collaboration, T. Aaltonegt al., Phys. Rev. Lett106, 241801 (2011).
[10] CMS Collaboration, V. Khachatryast al., Phys. LettB750, 154 (2015).



Interpretation of angular distributions Jen-Chieh Peng

[11] J.C. Peng, W.C. Chang, R.E. McClellan, and O.V. TeryBé&ys. LettB758, 384 (2016).
[12] J.C. Collins and D.E. Soper, Phys. RB\L6, 2219 (1977).

[13] O.V. Teryaev, Proceedings of XI Advanced Research \&look on High Energy Spin Physics, Dubna,
2005, pp. 171-175.

[14] P. Faccioli, C. Lourenco, J. Seixas, and H. Wohri, PRRes.. D83, 056008 (2011).
[15] J.C. Collins, Phys. Rev. Le#2, 291 (1979).

[16] D. Boer and W. Vogelsang, Phys. Rev/B, 014004 (2006).

[17] E.L. Berger, J.W. Qiu, and R.A. Rodriguez-Pedraza,sPhegtt. B656, 74 (2007).
[18] R.L. Thews, Phys. Rev. Lei3, 987 (1979).

[19] J. Lindfors, Phys. ScR0, 19 (1979).

[20] W.C. Chang, R.E. McClellan, J.C. Peng, and O.V. Teryaapublished.

[21] M. Lambertsen and W. Vogelsang, Phys. R293, 114013 (2016).

[22] J.C. Peng, J. Roloff, and O.V. Teryaev, ProceedingsS®PIN 2012.



