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�¥É¥·¡Ê·£¸±¨° ¨´¸É¨ÉÊÉ Ö¤¥·´μ° Ë¨§¨±¨ ¨³. �. �. Šμ´¸É ´É¨´μ¢ 

� Í¨μ´ ²Ó´μ£μ ¨¸¸²¥¤μ¢ É¥²Ó¸±μ£μ Í¥´É·  ®ŠÊ·Î Éμ¢¸±¨° ¨´¸É¨ÉÊÉ¯, ƒ ÉÎ¨´ , �μ¸¸¨Ö

�·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨Ö, ¶μ²ÊÎ¥´´Ò¥ ¢ Ô±¸¶¥·¨³¥´É¥ ATLAS ¢ ¶·μ-
Éμ´-¶·μÉμ´´ÒÌ ¸Éμ²±´μ¢¥´¨ÖÌ ¸ Ô´¥·£¨¥°

√
s = 8 ’Ô‚, ¤²Ö ¶μ²´μ£μ ´ ¡μ·  ¶μ²Ö·¨§ -

Í¨μ´´ÒÌ Ê£²μ¢ÒÌ ±μÔËË¨Í¨¥´Éμ¢ A0−7, ±μÉμ·Ò¥ μ¶¨¸Ò¢ ÕÉ Ê£²μ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö
²¥¶Éμ´μ¢ ¶·¨ · ¸¶ ¤¥ Z-¡μ§μ´μ¢. ’¥μ·¥É¨Î¥¸±¨¥ · ¸Î¥ÉÒ ¤²Ö · §´μ¸É¨ ±μÔËË¨Í¨¥´-
Éμ¢ A0−A2, ¢Ò¶μ²´¥´´Ò¥ ¢ Ë¨±¸¨·μ¢ ´´μ³ ¶μ·Ö¤±¥ Š•„ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨Ö O(α2

s),
¤¥³μ´¸É·¨·ÊÕÉ §´ Î¨É¥²Ó´μ¥ μÉ±²μ´¥´¨¥ μÉ ·¥§Ê²ÓÉ Éμ¢ ¨§³¥·¥´¨°, ÎÉμ Ê± §Ò¢ ¥É
´  ´¥μ¡Ìμ¤¨³μ¸ÉÓ ÊÎ¥É  ¶μ¶· ¢μ± Š•„ ¡μ²¥¥ ¢Ò¸μ±μ£μ ¶μ·Ö¤± . ‚¶¥·¢Ò¥ ¶·μ¤¥³μ´-
¸É·¨·μ¢ ´μ μÉ²¨Î¨¥ ±μÔËË¨Í¨¥´Éμ¢ A5,6,7 μÉ ´Ê²Ö, ± ± ÔÉμ ¨ μ¦¨¤ ²μ¸Ó ¢ ¸μμÉ¢¥É-
¸É¢¨¨ ¸ É¥μ·¥É¨Î¥¸±¨³¨ · ¸Î¥É ³¨, ¢Ò¶μ²´¥´´Ò³¨ ¢ ¶·¨¡²¨¦¥´¨¨ O(α2

s). ˆ§³¥·¥´¨¥
¶μ²Ö·¨§ Í¨μ´´ÒÌ Ê£²μ¢ÒÌ ±μÔËË¨Í¨¥´Éμ¢ Ai Ö¢²Ö¥É¸Ö ¢ ¦´Ò³ Ô²¥³¥´Éμ³ ¤²Ö ¶μ-
¸²¥¤ÊÕÐ¨Ì Ï £μ¢ ¢ ¶·μ¢¥¤¥´¨¨ ¶·¥Í¨§¨μ´´ÒÌ ¨§³¥·¥´¨° ¶ · ³¥É·μ¢ Ô²¥±É·μ¸² ¡μ°
³μ¤¥²¨ ´  LHC: ¸¨´Ê¸  Ô²¥±É·μ¸² ¡μ£μ Ê£²  ¸³¥Ï¨¢ ´¨Ö ‚ °´¡¥·£  sin2 θW ¨ ³ ¸¸Ò
W -¡μ§μ´ .

This paper presents a measurement of the complete set of angular coefˇcients A0−7

describing distributions of DrellÄYan charged lepton pairs from the Z-boson decays. The
data analyzed correspond to 20.3 fb−1 of pp collisions at

√
s = 8 TeV, collected by

the ATLAS detector at the CERN LHC. The measurements are compared to the most
precise ˇxed-order calculations currently available O(α2

s), and with theoretical predictions
embedded in Monte Carlo generators. A signiˇcant deviation from the O(α2

s) predictions is
observed for A0−A2. Evidence is found for nonzero A5,6,7, consistent with expectations.
The measurements of the Ai coefˇcients are an important ingredient to the next steps in
precision measurements of electroweak parameters at the LHC, both for the effective weak
mixing angle sin2 θW and for the W -boson mass.
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ˆ§³¥·¥´¨¥ Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ²¥¶Éμ´μ¢, μ¡· §ÊÕÐ¨Ì¸Ö ¢ · ¸¶ ¤ Ì
± ²¨¡·μ¢μÎ´ÒÌ ¡μ§μ´μ¢ Z → ��, ±μÉμ·Ò¥ ·μ¦¤ ÕÉ¸Ö ¢ ¶·μÉμ´-¶·μÉμ´´ÒÌ
¸Éμ²±´μ¢¥´¨ÖÌ ¢ ¶·μÍ¥¸¸¥ „·¥²² ÄŸ´ , ¶μ§¢μ²Ö¥É ¤¥É ²Ó´μ ¨§ÊÎ¨ÉÓ ³¥Ì ´¨§³
¥£μ ·μ¦¤¥´¨Ö,   É ±¦¥ ÔËË¥±ÉÒ ²¥¶Éμ´- ¤·μ´´ÒÌ ±μ··¥²ÖÍ¨°. �  ¶· ±É¨±¥
ÔÉ¨ ±μ··¥²ÖÍ¨¨ μ¶¨¸Ò¢ ÕÉ¸Ö ´ ¡μ·μ³ ¤¥¢ÖÉ¨  ¤·μ´´ÒÌ ®¸É·Ê±ÉÊ·´ÒÌ ËÊ´±-
Í¨°¯, ¨²¨ ¶μ²Ö·¨§ Í¨μ´´ÒÌ Ê£²μ¢ÒÌ ±μÔËË¨Í¨¥´Éμ¢, ±μÉμ·Ò¥ ³μ£ÊÉ ¡ÒÉÓ
¢ÒÎ¨¸²¥´Ò ¢ · ³± Ì ¶ ·Éμ´´μ° ³μ¤¥²¨ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶¥·ÉÊ·¡ É¨¢´μ°
É¥μ·¨¨ Š•„. ’¥μ·¥É¨Î¥¸±¨° Ëμ·³ ²¨§³ ÔÉ¨Ì ¢ÒÎ¨¸²¥´¨° ´ ¨¡μ²¥¥ ¶μ²´μ
¨§²μ¦¥´ ¢ · ¡μÉ¥ [1]. ‚Ò· ¦¥´¨¥ ¤²Ö ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö É ±μ£μ
¶·μÍ¥¸¸  ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

dσ

dpZ
T

2
dyZ d cos θ dφ

=
3

16π

dσU+L

dpZ
T

2
dyZ

{
(1 + cos2 θ) +

1
2
A0(1 − 3 cos2 θ)+

+ A1 sin 2θ cos φ + 1/2A2 sin2 θ cos 2φ+

+ A3 sin θ cos φ + A4 cos θ + A5 sin2 θ sin 2φ+

+ A6 sin 2θ sin φ + A7 sin θ sin φ

}
, (1)

£¤¥ Ai = Ai(pZ
T , yZ , mZ) Å Ê£²μ¢Ò¥ ¶μ²Ö·¨§ Í¨μ´´Ò¥ ±μÔËË¨Í¨¥´ÉÒ, ±μ-

Éμ·Ò¥ ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° μÉ´μÏ¥´¨¥ ¸¥Î¥´¨° ¸ μ¶·¥¤¥²¥´´μ° ¶μ²Ö·¨§ Í¨¥°
Z-¡μ§μ´  ± ´¥¶μ²Ö·¨§μ¢ ´´μ³Ê ¸¥Î¥´¨Õ ¨ Ö¢²ÖÕÉ¸Ö ËÊ´±Í¨Ö³¨ ±¨´¥³ É¨-
Î¥¸±¨Ì ¶¥·¥³¥´´ÒÌ Z-¡μ§μ´  Å ¶μ¶¥·¥Î´μ£μ ¨³¶Ê²Ó¸  pZ

T , ¡Ò¸É·μÉÒ yZ ¨
³ ¸¸Ò mZ . ‡ ¢¨¸¨³μ¸ÉÓ Ê£²μ¢ÒÌ ±μÔËË¨Í¨¥´Éμ¢ μÉ pZ

T ¨ yZ μ¶·¥¤¥²Ö¥É¸Ö
¢Ò¡μ·μ³ μ¸¨ ±¢ ´Éμ¢ ´¨Ö, É. ¥. μ¸¨ z ¸¨¸É¥³Ò ¶μ±μÖ ²¥¶Éμ´´μ° ¶ ·Ò. ‚ ¤ ´-
´μ° · ¡μÉ¥ ¶·¨³¥´Ö² ¸Ó ´ ¨¡μ²¥¥ Î ¸Éμ ¨¸¶μ²Ó§Ê¥³ Ö ¤²Ö ¨§³¥·¥´¨° ¸¨¸É¥³ 
¶μ±μÖ Šμ²²¨´§ Ä‘μ¶¥·  [2].
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�μ²Ö·¨§ Í¨μ´´Ò¥ Ê£²μ¢Ò¥ ±μÔËË¨Í¨¥´ÉÒ ¨§¢²¥± ²¨¸Ó [3] ¨§ ¤ ´´ÒÌ ¶Ê-
É¥³ ¶μ¤£μ´±¨ ¨§³¥·¥´´ÒÌ ¤¢Ê³¥·´ÒÌ Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ¢ ¶·μ¸É· ´-
¸É¢¥ (cos θCS, φCS) ¤¥¢ÖÉÓÕ Ï ¡²μ´´Ò³¨ · ¸¶·¥¤¥²¥´¨Ö³¨, ±μÉμ·Ò¥ ¸μμÉ¢¥É-
¸É¢ÊÕÉ ¶μ²¨´μ³ ³ ¢ Ëμ·³Ê²¥ (1). Š ¦¤μ¥ Ï ¡²μ´´μ¥ · ¸¶·¥¤¥²¥´¨¥ ¨³¥²μ
μ¤¨´ ¸¢μ¡μ¤´Ò° ¶ · ³¥É·, ±μÉμ·Ò° μ¶·¥¤¥²Ö² ¨§³¥·Ö¥³Ò° ±μÔËË¨Í¨¥´É Ai.
„μ¶μ²´¨É¥²Ó´μ ¢¢μ¤¨²¸Ö ¥Ð¥ μ¤¨´ (μ¡Ð¨° ¤²Ö ¢¸¥Ì Ï ¡²μ´´ÒÌ · ¸¶·¥¤¥-
²¥´¨°) ¶ · ³¥É· ¶μ¤£μ´±¨ σ, ±μÉμ·Ò° ¸μμÉ¢¥É¸É¢Ê¥É ¢¥²¨Î¨´¥ ´¥¶μ²Ö·¨§μ-
¢ ´´μ£μ ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö, ¶·μ¨´É¥£·¨·μ¢ ´´μ£μ ¶μ ¶¥·¥³¥´´Ò³
cos θCS ¨ φCS. �μ¤£μ´±  μ¸ÊÐ¥¸É¢²Ö² ¸Ó ¶ÊÉ¥³ ³¨´¨³¨§ Í¨¨ ËÊ´±Í¨¨ ¶· ¢-
¤μ¶μ¤μ¡¨Ö, ±μÉμ· Ö μ¶·¥¤¥²Ö² ¸Ó ± ± ¶·μ¨§¢¥¤¥´¨¥ ¶²μÉ´μ¸É¥° ¢¥·μÖÉ´μ¸É¨
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�Ê ¸¸μ´  ´ ¡²Õ¤ ÉÓ Nn
obs ¶·¨ μ¦¨¤ ¥³μ³ Î¨¸²¥ ¸μ¡ÒÉ¨° Nn

exp(A, σ) ¶μ ¢¸¥³
¨§³¥·Ö¥³Ò³ ¡¨´ ³ pZ

T :

L(A, σ|Nobs) =
Nbins∏

n

{
P (Nn

obs|Nn
exp(A, σ))

}
. (2)

—¨¸²μ μ¦¨¤ ¥³ÒÌ ¸μ¡ÒÉ¨° ¢ ¨§³¥·Ö¥³μ³ ¡¨´¥ j ¶μ ¶μ¶¥·¥Î´μ³Ê ¨³¶Ê²Ó¸Ê
Z-¡μ§μ´  μ¶·¥¤¥²Ö²μ¸Ó ¸Ê³³¨·μ¢ ´¨¥³ Ï ¡²μ´´ÒÌ · ¸¶·¥¤¥²¥´¨° ¤²Ö ¸¨£-
´ ²Ó´ÒÌ tij ¨ Ëμ´μ¢ÒÌ T n

B ¸μ¡ÒÉ¨° ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

Nn
exp(A, σ) =

⎧⎨
⎩

23∑
j=1

σj × L ×
8∑

i=0

Aij × tnij +
bkgs∑

B

T n
B

⎫⎬
⎭ , (3)

£¤¥ i = 0, . . . , 8 Å ¨´¤¥±¸ Ê£²μ¢μ£μ ±μÔËË¨Í¨¥´É  Ai.
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„²Ö ¨§³¥·¥´¨Ö Ê£²μ¢ÒÌ ±μÔËË¨Í¨¥´Éμ¢ ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¤ ´´Ò¥, ´ ¡· ´-
´Ò¥ ¢ Ô±¸¶¥·¨³¥´É¥ ATLAS ¢ 2012 £. ¶·¨ ¸Éμ²±´μ¢¥´¨¨ ¶·μÉμ´μ¢ ¸ Ô´¥·£¨¥°
¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ 8 ’Ô‚, ±μÉμ·Ò¥ ¸μμÉ¢¥É¸É¢ÊÕÉ ¨´É¥£· ²Ó´μ° ¸¢¥É¨³μ-
¸É¨ 20,3 Ë¡−1. ˆ§³¥·¥´¨Ö ¢Ò¶μ²´Ö²¨¸Ó ¢ Ô²¥±É·μ´´μ³ ¨ ³Õμ´´μ³ ± ´ ² Ì
· ¸¶ ¤  Z-¡μ§μ´ . ‘ Í¥²ÓÕ Ê³¥´ÓÏ¥´¨Ö ¢±² ¤  ¢¨·ÉÊ ²Ó´ÒÌ ËμÉμ´μ¢ μÉ¡¨-
· ²¨¸Ó ²¥¶Éμ´´Ò¥ ¶ ·Ò ¸ ¨´¢ ·¨ ´É´μ° ³ ¸¸μ°, ´ Ìμ¤ÖÐ¥°¸Ö ¢´ÊÉ·¨ Ê§±μ£μ
¤¨ ¶ §μ´  ³ ¸¸ ¢¡²¨§¨ ¶μ²Õ¸  ³ ¸¸Ò Z-¡μ§μ´  80 < m�� < 100 ƒÔ‚. ˆ§³¥-
·¥´¨Ö ±μÔËË¨Í¨¥´Éμ¢ ¢Ò¶μ²´Ö²¨¸Ó ¢ § ¢¨¸¨³μ¸É¨ μÉ ¶μ¶¥·¥Î´μ£μ ¨³¶Ê²Ó¸ 
Z-¡μ§μ´  pZ

T ¨´É¥£· ²Ó´μ ¶μ ¢¸¥³Ê ¤¨ ¶ §μ´Ê ¡Ò¸É·μÉ Z-¡μ§μ´  yZ ¨ ¢ ´¥-
¸±μ²Ó±¨Ì ¡¨´ Ì ¶μ yZ [3].

‚ μ¡² ¸É¨ ¶μ²Õ¸  ³ ¸¸Ò Z-¡μ§μ´  ¢±² ¤ Ëμ´  ¸μ¸É ¢²Ö¥É ³¥´ÓÏ¥ 0,5 %.
�¸´μ¢´μ° ¢±² ¤ ¢ Ëμ´ ¤ ÕÉ ²¥¶Éμ´´Ò¥ ¶ ·Ò, μ¡· §ÊÕÐ¨¥¸Ö ¢ ¶·μÍ¥¸¸ Ì
¶ ·´μ£μ ·μ¦¤¥´¨Ö Éμ¶-±¢ ·±μ¢, ¢ ¶·μÍ¥¸¸ Ì ·μ¦¤¥´¨Ö ¤¨¡μ§μ´μ¢ ¨ · ¸¶ ¤ Ì
Z-¡μ§μ´μ¢ ¢ τ -²¥¶Éμ´Ò. „·Ê£μ° ¨¸ÉμÎ´¨± Ëμ´ , É ± ´ §Ò¢ ¥³Ò° Š•„-Ëμ´,
¢μ§´¨± ¥É Éμ£¤ , ±μ£¤  ¶μ ±· °´¥° ³¥·¥ μ¤¨´ ¨§ ²¥¶Éμ´μ¢ ·μ¦¤ ¥É¸Ö ¢ · ¸¶ -
¤ Ì  ¤·μ´μ¢, ¸μ¤¥·¦ Ð¨Ì ÉÖ¦¥²Ò¥ ±¢ ·±¨ (b, c). ‚±² ¤ Š•„-Ëμ´  μÍ¥´¨¢ ²¸Ö
¨§ ¤ ´´ÒÌ Ô±¸¶¥·¨³¥´É .

�  £· Ë¨± Ì ´  ·¨¸Ê´±¥ ¶μ± § ´Ò ¨§³¥·¥´´Ò¥ § ¢¨¸¨³μ¸É¨ · §´μ¸É¨
Ê£²μ¢ÒÌ ¶μ²Ö·¨§ Í¨μ´´ÒÌ ±μÔËË¨Í¨¥´Éμ¢ A0−A2 ¨ (¢ ± Î¥¸É¢¥ ¶·¨³¥· )
μ¤´μ£μ ±μÔËË¨Í¨¥´É  A6 μÉ pZ

T . ’¥μ·¥É¨Î¥¸±¨¥ · ¸Î¥ÉÒ Ê£²μ¢ÒÌ ±μÔËË¨-
Í¨¥´Éμ¢, É ±¦¥ ¶μ± § ´´Ò¥ ´  £· Ë¨± Ì, ¡Ò²¨ ¢Ò¶μ²´¥´Ò ¢ Ë¨±¸¨·μ¢ ´´ÒÌ
¶μ·Ö¤± Ì É¥μ·¨¨ ¢μ§³ÊÐ¥´¨Ö Š•„ ¢ ¶·¨¡²¨¦¥´¨¨ NNLO ¸ ¶μ³μÐÓÕ ¶·μ-
£· ³³Ò DYNNLO ¨ £¥´¥· Éμ·  Œμ´É¥-Š ·²μ POWHEG + MiNLO. ˆ§ £· Ë¨-
±μ¢ ¢¨¤´μ, ÎÉμ É¥μ·¥É¨Î¥¸±¨¥ · ¸Î¥ÉÒ ¤²Ö A0−A2 ¤¥³μ´¸É·¨·ÊÕÉ §´ Î¨É¥²Ó-
´μ¥ μÉ±²μ´¥´¨¥ μÉ ·¥§Ê²ÓÉ Éμ¢ ¨§³¥·¥´¨°, ÎÉμ Ê± §Ò¢ ¥É ´  ´¥μ¡Ìμ¤¨³μ¸ÉÓ
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ˆ§³¥·¥´´ Ö § ¢¨¸¨³μ¸ÉÓ · §´μ¸É¨ ±μÔËË¨Í¨¥´Éμ¢ A0−A2 ¨ ±μÔËË¨Í¨¥´É  A6 μÉ
pZ

T . ’¥μ·¥É¨Î¥¸±¨¥ · ¸Î¥ÉÒ, ¶·¥¤¸É ¢²¥´´Ò¥ ´  £· Ë¨± Ì, ¢Ò¶μ²´¥´Ò ¸ ¶μ³μÐÓÕ

¶·μ£· ³³Ò DYNNLO ¢ NNLO-¶·¨¡²¨¦¥´¨¨ ¨ ¸ ¶μ³μÐÓÕ £¥´¥· Éμ·  Œμ´É¥-Š ·²μ

POWHEG+MiNLO. ‡ ÏÉ·¨Ìμ¢ ´´ Ö μ¡² ¸ÉÓ μ±μ²μ ´Ê²Ö ´  £· Ë¨±¥ ¸¶· ¢  ¸μμÉ¢¥É-
¸É¢Ê¥É ¶μ²´μ° Ô±¸¶¥·¨³¥´É ²Ó´μ° μÏ¨¡±¥

ÊÎ¥É  ¶μ¶· ¢μ± Š•„ ¡μ²¥¥ ¢Ò¸μ±μ£μ ¶μ·Ö¤± . �  Ê·μ¢´¥ É·¥Ì ¸É ´¤ ·É´ÒÌ
μÉ±²μ´¥´¨° ¶·μ¤¥³μ´¸É·¨·μ¢ ´μ μÉ²¨Î¨¥ ±μÔËË¨Í¨¥´Éμ¢ A5,6,7 μÉ ´Ê²Ö, ± ±
ÔÉμ ¨ μ¦¨¤ ²μ¸Ó ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ É¥μ·¥É¨Î¥¸±¨³¨ · ¸Î¥É ³¨, ¢Ò¶μ²´¥´´Ò³¨
¢ ¶·¨¡²¨¦¥´¨¨ O(α2

s).
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