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Motivations
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Motivations

e Spin carries important information about the
fundamental interactions.

- cannot be measured directly.

- can be Iinferred from angular distributions of
decay products with respect to spin quantization axis.

» Accessibility of the information depends on the
choice of the spin quantization axis.

e An additional complication in hadron collisions.

- Involve collisions of partons with varying
longitudinal momentum.



Motivations

* In principle, the information can be obtained by
measuring the complete angular distributions.

* In practice, not enough data.

» Which spin quantization axis will maximize
that information?

» Address this question for the simplest process.

Production of a dilepton from decay
of a virtual photon.

* Then extend to production of quarkonium.



Spin quantization axis (SQA)

* Most general longitudinal polarization vector €y,

ﬂ- X
(_L — —,
\/ _JYQ
~ Qr Q" () : dilepton momentum
XH — (_g,-'w 1 QQ ) Xu-

e The physical interpretation of X Is

- In the rest frame of @, the SQA is the direction of
the 3-vector —X.

- if X* > 0, the projection of the spin along the
SOQA is identical to the helicity in the rest frame of X.
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Spin quantization axis (SQA)

 SQA In collision plane of colliding hadrons

X/ue — a P iu, + b P éu . a.b : scalar functions

P; : hadron momentum

- €1, is determined by the ratio a/b.

e c.m. helicity axis
Xt =PI+ Pl

cmh

?- : \/
Y 2
> %

*
+
X cmh ,o°

Py P £
hadron c.m. frame rest frame of ()
spin = helicity



Spin quantization axis (SQA)

o C()”inS-S()per axis Collins, Soper, PRD16, 2219 (1977)
X“‘ o Piu B P‘éf |
@ Q-P QP
P \ P
..... s -
Xcs

rest frame of ()

e perpendicular helicity axis x4, = (fpl + QP
P1 PQ
.. ’
o F P
X b 1 - -

perpendicular frame of ()
rest frame of () spin = helicity



Spin quantization axis (SQA)

* The differential cross section for a dilepton
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e Our question can be restated:

For which SQA is the virtual photon
most strongly polarized?




Drell-Yan process

 Production of a dilepton with large invariant mass.

Drell, Yan, PRL25, 316 (1970)

]

s
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e Collinear parton model:

4miela
2 T_§(a1295 — QF).

- virtual photon is transversely polarized for any SQA.

A

&IJT
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Drell-Yan process

e Arigorous QCD calculation requires resumming the
effects of the soft gluon emission from the colliding
partOnS, Collins, Soper, Sterman, NPB250, 199 (1985)

- gives transverse momenta to the colliding partons.

e Parton model with Iintrinsic transverse momentum::

B 87T€30«:<]{i>(a,2:z;§ + b*a?)

TI = c : S(x1205 — O2).
oy, 3@2(&:.[;2 - b:’l;‘-l)z (w1298 %)

- longitudinal cross section depends on the ratio a/b.
c e . a X
- minimized by choosing o
i)
.. . a £z
- maximized by choosing = 4+t
) To
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Drell-Yan process

e Determine 21/72 from parton kinematics
1 Q- s
L2 Q - Py

- at leading order in the intrinsic transverse momentum.

e The maximal and minimal SQA’s are

" Py Py
Xes =735 — )
Q-P QB

P,{.L R,U
Xjfh — ! + : '
QP QP

- the Collins-Soper axis maximizes the transverse polarization.

Lam, Tung, PRD18, 2447 (1978)
- the perpendicular helicity axis minimizes the transverse polarization.
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Tevatron

Optimal SQA's for dileptons at large Q; |=""™"

CTEQ6L
. . . Q =3 GeV
* Production of a dilepton with Q7 > Aqep. |- oo
* A convenient polarization variable is o=
O-T_QO-L /“O :\HHHHH\HHHH\HHHHH\HHLH _____
o = - ____—._-__-__',.'..‘.--.'. ......... 2
arT + QO_L 0.8 ; /,*/ ........... é
e Polarization depends ~ os| 7
on choice of SQA. 0.4 F \ 4 :

---- 1 helicity

: S BN icity
 LO parton processes 02 p o ggﬂ{ﬂze_‘gfger

L 0.0 :
- 47— 7"y \\ :
—0.2F E

-4qq — W*C] 04 R R .

) : 2 3
- 49 — 7'q W/l
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Optimal SOA's for dileptons at large C)T

|" / k q, 4, (j|

e Optimal ¢y axes: minimize/maximize oy, for ij — ~v*k.

e at Tevatron and LHC, dominant parton process Is

9 — 7 +q
 Longitudinal cross section
P (axg — bx1)? + b?af wr = Q- P,
oL (awy 4 bun)? — ab@QQ?*s wy = Q - Py,

- minimize/maximize with respect to @/b.
a 2.1'?3!% — ,l‘ifc“::)) + 712
b qg—y*q N .3'2(2.1'1{1"? + 2.1'2“‘1 Wwo — .3'2(225).
7 = (Q.I'fu'f + Cju:i + 2010w W9 — .I'L.I'Q(JES)E — .:'f.f'§(22.5(43f'1 wy — Q°s).

- a/b depends on x1 and 2.
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Optimal SOA's for dileptons at large QT

e Optimal ¢gg axes depend on the longitudinal
momentum fractions x; and xs.

e Determine x; and w2 from parton kinematics
201 Py - Q + 209 P - Q = x1w95 + QF
and from direction of jet with balancing pr
vy (Qo+ Qp)sinbi + Qr(1 + cos i)

Ty (Qo— Qp)sinbie + Qr(1 — cosbie)

P // Py
Ojet

hadron c¢.m. frame
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Optimal SOA's for dileptons at large C)T

 Polarization from LO parton cross sections.
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- difference between maximal and minimal qg axes increases more rapidly.
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Optimal SQA’s for quarkonium at large Q-

e Tension between measurements at Tevatron and
NRQCD predictions for polarization of quarkonium.

« NRQCD with LO parton cross sections:

-adirect J/¢ or Y should be increasingly
transversely polarized as () increases.
- at asymptotically large (), gluon fragmentation (g9 — g9.9 — c¢) dominates.
- predominantly transversely polarized for almost any choice of SQA.

- heavy-quark spin symmetry implies binding effects do not change spin states.

« CDF and DO collaborations:
- unpolarized or longitudinally polarized at large (.
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Optimal SQA's for quarkonium at large Q.

| eading order parton processes are
44 — (cc)g, qg9 — (cC)q, qg — (c6)q, g9 — (cc)q.
« Dominant parton process at large () IS

g9 — ces(®Sy) +g.

S, t. 1 parton Mandelstam variables

u = (2 . Pl, Wy = (2 . P_)

 Longitudinal cross section

X a?x20® + V22t + (awy — bay)?82
&1 X
. (awy + bwq)? — abQ?s

« Maximal and minimal gg axes:

- minimize/maximize &, with respect to a/b.

- determine 1 and w2 from parton kinematics and

vy (Qo+ Qp)sinbie, + Qp(1 + cos bier)

T (Qo — Qp)sinbie, + Qr(1 — cosbier)
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Optimal SQA's for quarkonium at large Q. Tevatron
Vs = 1.96 TeV
 Polarization from LO parton cross sections. |
Q =3 GeV
/I,O :\HHHH‘H\HHH‘\HHHH‘\HHHHHHH\H: I‘J’:\/m
- — maximal gg - e
0.8 F---- L helicity E :
06 E"" c.m. helicity _
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0.4 F---- minimal gg -
S E E
0.2 ? E
0.0
—0.2 [ e _
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9 1 2 3 4 S
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- difference between L helicity and C-S axes increases with ().

- difference between maximal and minimal gg axes increases more rapidly.
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Conclusions

e Pairs of SQA’s (such as I helicity and C-S axes)
give more information about spin.

 With optimal SQA's, the dilepton or quarkonium will
be significantly more strongly polarized.
- guantitative predictions require NLO calculations.

 For large ();, the optimal SQA’s require the

measurement nf the directinn nf a recol ilina 1t

11T INVAWUUA TINGITIU Wi LIV UL wilivIl Wi IN\JI11 Iﬂ J\ll.o

- does not dramatically decrease the size of the data sample.

e Similar methods could be used to derive optimal
SQA’s for the production of heavy SM patrticles or

new particles at LHC. Thank you!
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Back up
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Optimal SOA's for dileptons at large QT

e NntiMal q_ avic

VPL“ 1 1CAI CANITO
QO dJL a’xs + b2ag
Q (awy 4 bwy)? — ab(Q)?s

- minimize with respect to a/b.

a viw? — viwd + Z1/2

.
/

b lgg—~+g 25 (2w we — Q25

7 = (zjwi + v3w3)? — 2125Q7s(4wiwy — Q7).

e Optimal gg axis
(axe — b1)* + U]
(awy 4+ bwy)? — abQ)?s

- minimize/maximize with respect to a/b.

d(AILOC

1/2
a 2vtwt — xiwi + ZY

blog—req — T3(w1we2Towwy — £9Q2S’

wu = Q . Pl_._
wy = Q- Py.

7 = (20°w? + w5ws + 201 Towiwe — 1109Q%s)? — 2 x3Q% s(dwiwy — Q%s).
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Optimal SOA's for dileptons at large QT

* Fractions of the dilepton cross section from
various parton collisions.

OOS :\HHHH‘HHH—\H‘H\HHH‘\HHHH \HHHH:
- d9,99 =
z—gg,qg .

@04; ........ qq —
- —d9 E

0.3

b

0.2 | =
- B— E

0.1 “

@O EHH E
0 5

Tevatron

Vs =1.96 TeV
CTEQGL

Q =3 GeV

p=4/Q*+ Q7

| <1

Best optimal axis is
expected to be the
optimal qg axis.
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Optimal SQA's for dileptons at large Q..
e needs calculations to next-to-leading order in &.

e Beyond leading order in &, there can be more
than one parton in the final state.

- multijet T
-if reasonably large 1" ——  ZEECT
value is chosen forthe  §.[ T
cone size, most of events ¢ ‘
will contain a singlet jet -
with large transverse o1e
momentum. : e e %
é 1.21;_ 1 2 3
=N

je

66 GeV < Q% < 116 GeV.,Qp > 30 GeV.
CDF, PRL100, 102001 (2008)
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Optimal SOA's for quarkonium at large Q+
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Optimal SQA's for quarkonium at large Q- Tevatron
Vs = 1.96 TeV

CTEQ6L

1‘@@ - rrrrrrrrprrrrrrrrrprerrrrrrrrprrrr e T T

Q =3 GeV

jn=1/Q*+ Q7

yl <1

(Os(*S1)) = 0.0039 GeV*,

(05(150)) = 0.066 GeV?.

do[ces(?Sy)]
(}?(27“
o

A 50)]/

dQr
@

do[ces (!

Oo/“ \\\HHH‘\HHHH‘\\H\HH‘H\\H\\\‘\\\H\\H _dilutionfromlso
0 l 2 3 - S  octet contributions.

Qr/ My
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Optimal SQA's for quarkonium at large Q- LHC
Vs =14 TeV
CTEQG6L
Q=9 GeV
p=1/Q*+ Q7
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0.8 |- g
0.6 F £
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& 0.4 B /7 === Lhelicity -
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0.2 3 —_ Collins—SoperE
5.0 - --- minimal gg 7
~0.2F /T -
=O'4= g\\\\\\\\\‘\\\\\\\\\‘\\\H\\H‘\H\\\\\\‘\\\\\\\\\E

0 1 2 5 4 S
QT/M’T’
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