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“Offline” appendix: polarization basics, invariants and the Lam-Tung relation



n Almost all the visible matter is made of hadrons

The dynamics of hadron formation is not well understood

How do quarks combine into a bound state?

The ideal case study is Quarkonium,
bound state of a heavy quark and its antiquark

%‘armonium

Bottomonium




Studying quarkonia we can see the bound-state formation
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With Ilght quarks, we cannot set
with sufficient prec15|on the
starting time of our experiment:
the final meson may be formed
much before we even realize that
the g-g interaction has started!




Theory of quarkonium production

* Nonrelativistic QCD (NRQCD) is the most complete approach

* In the “factorization” hypothesis, cornerstone of NRQCD, a variety of production
mechanisms is in principle foreseen for each quarkonium state
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1) short-distance partonic process
produces neutral or coloured QQ pair
of any 2S*1L , quantum numbers:

2) in the long-distance evolution to the
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What is produced in the hard scattering

(and determines kinematics and polarization)
isa QQ state

with its own quantum properties



Theory of quarkonium production

* Nonrelativistic QCD (NRQCD) is the most complete approach

* In the “factorization” hypothesis, cornerstone of NRQCD, a variety of production
mechanisms is in principle foreseen for each quarkonium state
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of any 2S*1L , quantum numbers
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2) in the long-distance evolution to the
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: 1) short-distance coefficients (SDCs):
| p;-dependent partonic cross sections

GA+B—> Q +X)=2 S{A +B—(QQ) L]+ X} - £{(0Q) L] > @)
S, L C Y
P A e T e TP
QQ angular momentum | 2) long-distance matrix elements (LDMESs):

and colour configuration ! constant, fitted from data



NRQCD hierarchies

Approximations (heavy-quark limit) and calculations induce hierarchies and
links between pre-resonance contributions
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NRQCD hierarchies

Approximations (heavy-quark limit) and calculations induce hierarchies and
links between pre-resonance contributions

1) Small quark velocities v in the bound state — “v-scaling” rules for LDMEs
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NRQCD hierarchies

Approximations (heavy-quark limit) and calculations induce hierarchies and
links between pre-resonance contributions

1) Small quark velocities v in the bound state — “v-scaling” rules for LDMEs

2) Perturbative calculations — some SDCs are negligible:

1g 351 3P0| 12 [351] J/ll), ‘-I’(ZS)
Y(1S), Y(2S), Y(3S)
P, 3, [3P1 ] Xc1 Xp1
°P, S, [3P2 ] Xc2 » Xb2

S, 'S, [150 ] Ny Ny



NRQCD hierarchies

Approximations (heavy-quark limit) and calculations induce hierarchies and
links between pre-resonance contributions

1) Small quark velocities v in the bound state — “v-scaling” rules for LDMEs

2) Perturbative calculations — some SDCs are negligible:

1g 351 3P0| 12 [351 ] J/‘I"; lIJ(ZS)
Y(1S), Y(2S), Y(3S)
P, 3, [3P1 ] Xc1 Xp1
°P, S, [3P2 ] Xc2 » Xb2

S, 'S, [150 ] Ny Ny



NRQCD hierarchies

Approximations (heavy-quark limit) and calculations induce hierarchies and
links between pre-resonance contributions

1) Small quark velocities v in the bound state — “v-scaling” rules for LDMEs

2) Perturbative calculations — some SDCs are negligible:

J/P, Y(2S
. [, $(25)
Y(1S), Y(2S), Y(3S)
3S, X1 Xpa
3S, Xc2 ' Xp2
’S, N, Ny

3) Heavy-quark spin symmetry — relations between LDMEs of different states
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The dominant short-distance cross section contributions
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= negative P-wave contributions,

| g‘;: with large unphysical polarizations,
require proper cancellations
to recover physical result
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Mixture of different pre-resonance contributions, with rather diversified kinematics
and characteristic polarizations

— by fitting the experimental p; distributions it is possible to determine the
coefficients of all terms (LDMEs) and consequently predict the polarizations

...a delicate procedure! Curves from
H.-S. Shao et. al., PRL 108, 242004; PRL 112, 182003;

Comput. Phys. Commun. 198, 238



A journey through anomalies...

In 1995, the CDF experiment

at Fermilab observed J/y and

Y(2S) production yields ~50
times larger than predicted
by the “colour-singlet mode

III
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A journey through anomalies...

In 1995, the CDF experiment 10
at Fermilab observed J/¢ and
Y(2S) production yields ~50

—> NRQCD: colour-octet terms
(with data-fitted normalizations)
seemed to solve the problem

T T T TIITTT

times larger than predicted 1 ]
by the “colour-singlet model” — 35, octet
- CDF (not 3S, singlet)

would be the
main process
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...puzzles

THEORY:

the fits of J/U p; distributions
seemingly indicated a strong
dominance of the transversely
polarized 3S,-octet term

— prediction: Ag(HX)~ +1 at high pT
CDF measurements contradicted it
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...anhd inconsistencies

EXPERIMENT: first polarization measurements,
from Tevatron, mutually excluded each other...

J/P, pp Vs = 1.96 TeV
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The experimental situation has been clarified...

Improved measurement techniques have been adopted by all LHC experiments
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The new measurements
removed existing ambiguities
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... and the theory puzzle consolidated!
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Solution: more rigorous fits of theory to data

New fit method

- treating for the first time correlated
observables and theoretical
uncertainties consistently

- taking into account limitations of the
theoretical ingredients

19

Fasics Lemers B 736 (2Fl4] 98-10

Cantents lists available at ScienceDirect

3

; PR
J\.g ‘I‘ Ll

EI '-\l--‘_| | Tl waanw alaeviercomilacata’phvaleth

Physics Letters B

Quarkonium production in the LHC era: A polarized perspective
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A closer look at fits of the past

A representative example of the theory fits
which, until recently, lead to the prediction of transverse polarization at high p;
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A closer look at fits of the past

A representative example of the theory fits
which, until recently, lead to the prediction of transverse polarization at high p;
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A closer look at fits of the past

A representative example of the theory fits
which, until recently, lead to the prediction of transverse polarization at high p;
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A closer look at fits of the past

A representative example of the theory fits
which, until recently, lead to the prediction of transverse polarization at high p;
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A closer look at fits of the past

Let’s look at the high-p; behaviors, by normalizing the curves to data points for p;/M >3
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2 10° « CDF data J
% The octet IS, term has the shape
= 10 most similar to the data and must therefore be
= the dominating term
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>
5
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do/dp prr(Y(nS)—»,u*',u_} (nb/GeV)

drr,r’dexBr(Y(nS)—»p+p_) (nb/GeV)

The long-neglected culprit

The fact that perturbative calculations for Tevatron and LHC struggle at low p;
has always been “under our eyes”.
Most studies now recognize that NLO NRQCD cannot reproduce the curvature shown by

data below p; = M.

Theory-data comparisons, restricted to high p;, show the “no-turn-down” theory flaw
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New insights
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Phys. Lett. B 773, 476 (2017)
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Unexpectedly simple data patterns

P. Faccioli, C. Lourenco, M. Araujo, V. Knlinz, |. Kratschmer and J. Seixas,
Quarkonium production at the LHC: A data-driven analysis of remarkably simple experimental patterns,

7 TeV —
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Mid-rapidity cross section measurements show a common shape pattern
for p; /M S 2, independent of M and quantum numbers

13 TeV
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Unexpectedly simple data patterns

Scaling all data to match the J/¢ normalization
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A “surprising” agreement with NRQCD

i I/, P(29) P. Faccioli, C. Lourenco, M. Araujo, V. Kniinz,

- 'Sy S, 3'P0|1|2|::> Y(1,2,39) l. Kratschmer and J. Seixas,
B ™ From identical S- and P-wave p, spectra
- S, = Xc1 ' Xp1 to maximally distinct polarizations:
B 3 |:> probing NRQCD with x, states,
31 Xez s X2 EPJ C 78 (2018) 268
H The variety of kinematic behaviours in NRQCD
ﬁ """"'7'-"7'::':'j"“"""f'7'?::.:, _____ seems redundant with respect to the observed
“universal” p; /M scaling and lack of polarization
- |  NRQCD @ NLO —> cancellations are needed to reproduce data....
S R ¥
pM .and they actually happen!
== /Y& yp(2S)-data |\ —y_ -data — ., - data
calc. NLO 1S,(8] calc. NLO 3S,18l+3p [ calc. NLO 3S,l+3p, 1]
of
X ~charmonium data
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Ultimate conspiracy or need for a better NRQCD?

P. Faccioli, C. Lourenco, M. Araujo, V. Kniinz,
I. Kratschmer and J. Seixas,
From identical S- and P-wave p;spectra

to maximally distinct polarizations:

Ao [ . HX frame probing NRQCD with y, states,
g We | | EPJ C 78 (2018) 268
05+ o—

. Cancellation: X1 +Xc2 — /Y The seeming success of NRQCD
~ : uncovers a strong prediction:
rompt data’
0 ___z__a_s_gk_)_sga_ry_e_qj[‘_F_)____P -------------- the unmeasured x_, and x,,
_ ' \f\caﬂ"\ \ polarizations must be very
[ X2 s\igh different from one another
OO E A4, [~ 1 . |
- A potentially striking exception
- to the uniform picture
_-I-III|IIII|IIII|IIII|IIIIIIIII|IIII|IIII|IIIIIIIII Ofmid_rapidityquarkonlum
2 3 4 5 6 7 8 9 10 E/IV}Q production!
T

X, polarization analysis ongoing in the CMS quarkonium group

Will we find

... a large x_, —x., polarization difference? = smoking gun!

... weak x., and x, polarizations as for S-wave states?
= need of improved (simpler?) NRQCD hierarchies
or better perturbative calculations



Long-distance scaling: another universal pattern?

P. Faccioli, C. Lourenco, M. Araudjo and J. Seixas,

Universal kinematic scaling

as a probe of factorized long-distance effects
in high-energy quarkonium production,

Eur. Phys. J. C78, 118 (2018)

Plotted ratio:
measured cross sections

!
@pﬂquarkoni@

do/dp,[M=M(QQbar)]

defined by extrapolating

do/dp(M) to
2mq =M, (15) OF My 15)

=7

) for pTIM

Q

o(yY)Yo(2m

10°

-

-

The QQbar—bound-state “transition probabilities”
show a clear correlation with binding energy,
— common to charmonium and bottomonium,
— identical at 7 and 13 TeV:

7 TeV 13 TeV
n 1
: I i I
I Y(3S
I Oy oC E‘S. . 39
I GQC_Z binding
6=0.63+0.02 6=0.63+£0.04
- (2 o (29)
s e maE i aad Cma e e g
binding = 2M(DIB) - M(y[Y) [MeV] Epinding = 2M(DIB) - M(y[Y) [MeV]

— an experimental confirmation of the “factorization” ansatz of NRQCD



LHC summary

Long-lasting experimental and theoretical polarization puzzles have been solved:
NRQCD can describe well the data.

Unfortunately, available finite-order perturbative calculations are not suited

to the p;/M < 3 domain

At the current level of experimental precision, mid-rapidity LHC pp data
for charmonium and bottomonium are well described by a simple parametrization
reflecting a surprisingly universal (=state-independent) scaling with two variables:

1. shapes of the p; distributions in pp collisions — p;/M

2. pp cross-section scaling with mass — Ey; g0,

This parametrization mirrors well the general idea of factorization of NRQCD.

The observed simplicity is in seeming contradiction with the variegated structure of
subprocesses composing the NRQCD expansion.

Coincidental cancellations ultimately enable NRQCD to succeed in describing the data...
But does this point to the existence of a simpler (more natural) hierarchy of processes?

Next:
- more precise S-wave polarization measurements: how “fine tuned” are the cancellations?

- first P-wave polarization measurements: will they upset the “simple” picture?



Thoughts about quarkonium production at low p;

The fundamental physics concepts of NRQCD and the factorized shortxlong-distance
description of quarkonium production can very well be valid at any p; and, in particular,
for quarkonium production at COMPASS.

However, as the polarization puzzle taught us, fixed-order calculations of the
short-distance QQbar production cross sections (SDCs) have a limited validity domain.

In particular, SDC calculations used for LHC analyses are unreliable below p,/M =~ 3,

where they do not even reproduce the natural turn-down of do/dp; towards zero for p;—0.
This is actually not surprising: they explicitly target the case where the quarkonium p;
reflects the particle’s recoil in a 2—2 process, i j — Q@+ X.

Moreover, they neglect parton-k; effects, small at high quarkonium momentum.

For low-p; studies, the factorized NRQCD description, including colour octet and singlet
processes, should be adopted as the most viable and general method currently known.
Specific short-distance calculations including 2—1 processes with parton-k; effects
should be considered — S. Baranov et al.

In any case, as the LHC experience taught us, calculations of quarkonium production must
be handled with care! Because of the lack of proper theoretical uncertainties, by blindly
relying on calculations we risk to incur in new “puzzles”!

— Always maintain a data-driven approach: look for patterns, differences and similarities
(different states, different conditions) in advance of any “theory fit”.



Thoughts about quarkonium production at low p;

From high-p; data we learned that, for /Y production,

a) colour-singlet production is negligible

b) lack of polarization — the dominating colour-octet channel is 1S,

c) the production kinematics is (also thanks to b) surprisingly independent of final state

d) the observed mass scaling of cross sections strongly indicates that the bound-state-
formation process really factorizes out of short-distance QQbar production

Without detailed measurements, none of these very strong physical indications would

have been reached!

We do not expect identical observations in low-p; data.

For example, colour-singlet production may be important in the 2—1 regime,
leading to a less “universal” kinematic scenario.

Detailed measurements, not theory, will tell us if this is the case!

Measurement of:

- p; and x; distributions

- polarizations

- for all states in the family: not only J/, but also x4, X, (if not n_and x,)

do not exist at low p; and theory cannot replace them or integrate missing parts.
— an unmissable occasion to build from scratch our knowledge of an unexplored domain!



Thoughts about quarkonium production at low p;

Cross section ratios and the search of mass/momentum scaling patterns
provide physical indications with minimal use of theory assumptions.

Polarization remains the cleanest probe of the production mechanism.

It is determined by angular momentum conservation and other fundamental symmetries
(parity, chirality...).

Just as energy conservation, these symmetries are not affected by perturbative “truncations”.
Polarization measurements are likely to give strong physical indications without any
numerically calculated (and approximated) theory input.

As an example of a possible “workflow” from measurement to understanding,
| will consider the existing low-p; measurements from fixed-target experiments.

They form a rather complex picture...



A low-p; polarization puzzle?
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J/Y polarization in the CS frame

Collins-Soper
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J/Y polarization in the GJ frame
Gottfried-Jackson
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J/U polarization in the HX frame

centre-of-mass helicity
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Y Polarization in the CS frame
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Indications and motivations from existing data

Picture to be observed “with a grain of salt”:
* most of these measurements were obtained from 1D analyses
(with risks discussed in [P. Faccioli, Mod. Phys. Lett. AVol. 27, 1230022 (2012)])
* for some of them systematic uncertainties were never evaluated
* some of them exhibit suspicious fluctuations, even reaching unphysical values
* we are mixing different energies and target nuclei (nuclear effects may exist)
provide accurate (multidimensional) measurements!

1) The magnitude of the polarizations is systematically bigger in the CS frame and follows
the hierarchy CS — GJ — HX

0.5

HERA-B, EPJ C 60, 517 (2009)

Ag O

-0.5 -
CS
_1 | ‘ | ‘ | ‘ | ‘ | \ | ‘ | ‘ |

0 0.5 1 1.5 2 25 3 35 4
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The CS > GJ > HX hierarchy and the “natural” frame

Hierarchy clearly seen in HERA-B measurement

in the three frames
(where uncertainties are ~100% correlated).

It reflects the geometrical difference between
the three frames:

the GJ polarization axis has always an
intermediate direction between CS and HX.

The CS axis shows a larger polarization effect

0.5

29
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HERA-B, EPJ C 60, 517 (2009)
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= It more naturally reflects the alignment of the J/{ angular momentum.

Moreover, the almost maximal Y(2S)+ Y(3S) polarization seen by E866

would appear “smeared” in the HX frame:
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PRL 91, 211801 (2003) 1113
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Physical meaning of “CS = natural frame”

As illustrated in the discussion of individual processes contributing to Drell-Yan

production (— Appendix), 2 — 2 processes (t-channel or s-channel) naturally
lead to polarizations along the GJ and HX axes.

At the lowest order, DY production is a 2 — 1 process, as such characterized by a
“natural” polarization along the direction of the collision, approximated by the CS axis

q /\ _ helicity conservation
N\, g-grestframe o) (1)) (fumm)
= Vrest frame g —) +1/2 ) g 7 ~ CS axis
_____ é. = h —_———_— - —>
=|V)=1]1,+1)or|1,-1)
|1, 0 ) forbidden
=> transverse polarization

ooo.‘?’“\ .{}l V=y* 27 W

The produced object inherits by direct angular momentum conservation

the polarization state of the system of the colliding partons,

which is polarized along the direction of the collision.

In 2 — 2 processes, instead, the polarization legacy of the partons is shared
between the two final objects. The angular momentum balance is more complex
and depends on the coupling of the final states to the intermediate virtual particles



Quarkonium polarization in 2 —> 1 g-gbar scattering

Fully analogous to the DY case, replacing the virtual photon with
one or gluons:

g-qg rest
q ) fra rT_]e helicity conservation
@X\\"\ g _ : QQ rest (: ) (-1/2) (: )
% Q ——p frame q +1/2 7 7~ CS axis
L r//é'// k | |:>____é__b_q_____>
N SUBEESY ! _
£ o =1a0) = |1,+1)or|1,-1), THQ
00& {}\ — transverse polarization
q

This transversely polarized state transforms to /Y
by emitting two low-energy gluons (to neutralize
colour and maintain the 3S; quantum numbers),

a process analogous to the {(2S) — J/Y rr decay.

As indicated by BES data on (ete™ —) Y(2S) — J/Y it~ [PRD 62, 032002 (2000)],
in such a transition the c-cbar system maintains its polarization

= the rrr system (= the emitted gg) has J=0: it does not “carry away” angular momentum
= directly produced §/Y inherits the fully transverse polarization of the 35, QQbar

- Different octet states (e.g. 1S,, 3P,) require two gluons — relatively suppressed



Quarkonium polarization in 2 —> 1 g-gbar scattering

Fully analogous to the DY case, replacing the virtual photon with

one or gluons: _
g-q rest

frame helicity conservation

q9 O _
/5>\'\\/ - QQrest () (—1/2) ()
/O/("}

L e frag g = 12 =-> g 2~ CS axis

l e 2
©  JEEEEEY _; B
& e —1QQ) = |1,+1)or|1,-1), THQ
& {}\ => transverse polarization
> q R

Colour singlet /Y production requires 3 gluons
for colour neutralization and correct quantum numbers (2 gluons could produce x states)

The /Y is produced as an already observable
colour-neutral state, without further gluon emissions,
and remains, therefore, transverse

In summary, the /Y produced directly in 2 — 1 g-gbar scattering,
via the colour octet or colour singlet mechanisms, should be transversely polarized



Quarkonium polarization in 2 — 1 g-g scattering

Until recently it was believed that 2 — 1 g-g quarkonium production is one of the
cases forbidden by the Landau-Yang theorem preventing (J=1) — yy decays and,
therefore, yy — (J=1) production (if the initial photons are on shell).

This is true for colour-singlet production: with colours “switched off”,
gg — (J=1, singlet) is fully analogous to the LY-forbidden yy — (J=1)

However, in gg — (J=1, octet) the additional colour degrees of freedom are not
contemplated in the symmetry properties used by the LY theorem.

It has been recently shown that 2—1 production is indeed possible in QCD at NLO
[W. Beenakker et al., arXiv:1508.07115], in particular through processes like these:

e o
=Y 3/'

Here the final state comes from a gluon and is therefore a 3S,; octet
These are NLO processes, while 2—1 g-gbar production happens at LO
— 2—1 gg production may have some penalty

[Even before this result, the k;-factorization method (S. Baranov et al.)
considered off-shell scattering gluons, automatically immune to the LY theorem]



Quarkonium polarization in 2 > 1 g-g scattering

In 2 — 1 g-g scattering quarkonium is produced via the colour-octet mechanism.
The transverse nature of the colliding gluons allows only for a subset of the possible
angular momentum states of the produced colour-octet state:

== -2 ¢ transversely
g \\ g_g_rest frame q +2 q plolarized
- QQrestframe = 8 = gluons
g = - g z % CS axis

et
o

Ol

—

®
transversely e
polarized : |:> ----- — A — - - - -
slion: “ - ~1QQ) = |2,%2)or|J,0)(=0,1,2)
g /} | J, £1 ) forbidden

—> polarized state if ] >0

The polarization of the observed quarkonium will depend on
which octet state is produced:

1S, , dominating high-p; 2—2 production at the LHC, is an isotropic state producing
exactly unpolarized (directly produced) J/{

35, with J, = 0 means fully longitudinal (directly produced) J/:
a good starting point for describing HERA-B and NA3 data



Indications and motivations from existing data

Picture to be observed “with a grain of salt”:
* most of these measurements were obtained from 1D analyses
(with risks discussed in )
» for some of them systematic uncertainties were never evaluated
* some of them exhibit suspicious fluctuations, even reaching unphysical values
* we are mixing different energies and target nuclei (nuclear effects may exist)

provide accurate (multidimensional) measurements!

1) The magnitude of the polarizations is systematically bigger in the CS frame and follows
the hierarchy CS — GJ — HX

= probable dominance of 2—1 g-gbar and g-g scattering processes, where the
produced state is strongly polarized, directly inheriting the angular momentum state of
the system of the colliding partons — we see the partons’ natural polarizations

always measure in more than one frame!

2) The J/Y polarization magnitude, 05

but not the Y one, seems to decrease 2, Y/¥ IS EICE0SY < T S
quickly with increasing py: 0 ——— 3 |

does this indicate that in HERA-B, : ++ 1 ! 0.5

but not in E866, we start seeing2 —> 2 s _+ o [(2+35) Colins-Soper
processes “smearing” the polarization? ‘ cs Eifil 211801 (2003)
Rather, what about the parton k? s s s s s as e T Tos s 3 23

(p;) (GeVic) P, [GeVic]



Effect of the intrinsic k; in 2 — 1 processes

The intrinsic transverse momenta of the partons cause an event-by-event tilt
between the “natural” polarization axis (relative direction of the colliding partons),
and the polarization axis used in the experimental analysis (CS).

2 2
2kT by

2 T a2 2
m# M—i—pT

. . . 9
The tilt angle & satisfies sin” 0 & [P. Faccioli et al., Eur. Phys. J C 69, 657 (2010)]

A — 3\ sin? §
L+ 5A%sin? 6

and the relation between observed and natural (*) polarizations is )\19 =

This description approximately

accounts for the p; dependence ...and for the lack of a corresponding
observed for the cc... observation in the bb case
0.5 ®
HERA-B, assumed
do T I EPJ C 60, 517 (2009) < 1 _+_ = _%_ ——% natural
. ~ T =k -tilted
0 R k-tilted ! T
] T 0.5
sl T Y(2+3S)  CSframe
o ................................................
| CS frame E866,
‘ ‘ ‘ . ‘ ‘ ‘ PRL91, 211801 (2003)
_1 | | | | | | | | -0.5 —
0 05 1 15 2 25 3 35 4

05 1 15 2 25 3
(P (GeVic) p_ [GeVic]



The ¢ dimension

The tilt tends to create an azimuthal anisotropy, but not in a straightforward way as in usual
frame transformations (see Appendix).

We can define two extreme cases corresponding to two subcategories of events:

1) events for which é represents a rotation in the production plane:

% j; sin? §

= A\ as in a usual transformation between two frames, e.g. CS — HX

© = 9 ~
0 These events preserve the invariant A (while A4 is reduced)

1+ A% sin
2) events for which 6 represents a rotation in the plane L to the production plane:

= A, =0 Because the azimuthal anisotropy is created with respect to the production plane
and is therefore unobservable (smeared in the sum over all events)

As a test of the hypothesis of a natural constant polarization “tilted” by a k; effect,
we should therefore observe a Acp included between the two cases above, as indeed we see:

0 e A positive or larger negative A, would
o '++*{<~—\{~7 _ tell us that the observed p; dependence
o1 T Ly is not due to k; smearing (only)
~~~~~~~~~ maximum effect
02 I (extreme case 1) At the same time, we should
observe that the invariant A
03 CSframe o 51;1555\(;; is less affected by the k; smearing
N e than A3 and does not show an

0 05 1 15 2 25 3 35 4 opposite “antismearing” effect
(py) (GeVic)



Indications and motivations from existing data

Picture to be observed “with a grain of salt”:
* most of these measurements were obtained from 1D analyses
(with risks discussed in )
» for some of them systematic uncertainties were never evaluated
* some of them exhibit suspicious fluctuations, even reaching unphysical values
* we are mixing different energies and target nuclei (nuclear effects may exist)

provide accurate (multidimensional) measurements!

1) The magnitude of the polarizations is systematically bigger in the CS frame and follows
the hierarchy CS — GJ — HX

= probable dominance of 2—1 g-gbar and g-g scattering processes, where the
produced state is strongly polarized, directly inheriting the angular momentum state of
the system of the colliding partons — we see the partons’ natural polarizations

always measure in more than one frame!

2) The decrease in longitudinal J/U polarization with increasing p;,

as observed by HERA-B, is consistent with the tilt effect induced by the

parton k; on the angular distribution (the effect is negligible for the Y, as found by E866).
The p; — 0 limit gives, therefore, the most interesting (untilted) polarization
measurement. Moreover, the invariant A is less sensitive to the tilt effect than A4

measure down to the smallest possible p.!
measure the invariant polarization!



Indications and motivations from existing data

3) We seem to recognize possible trends towards longitudinal polarization
for J/ data points approaching x; =0 and x; = 1...
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Map of data in the parton/proton x space
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Map of data in the parton/proton x space
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Map of data in the parton/proton x space
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Map of data in the parton/proton x space
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Map of data in the parton/proton x space

What about the “very different” Y(2+3S) result?
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Map of data in the parton/proton x space

What about the “very different” Y(2+3S) result?
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(Longitudinal vs transverse) = (gg vs gqgbar)

qggbar
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e
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By measuring quarkonium polarization in the low-p; 2 - 1 domain

(and comparing with corresponding theoretical predictions for the gg and ggbar cases)

we can probe the identity of the colliding partons!

59



Indications and motivations from existing data

3) A consistency can be recognized in the perplexing scenario of J/{p and Y
polarizations vs x; = x; — x, when we correlate the observed

longitudinal polarizations with the dominance of gg processes and

transverse polarizations with the dominance of ggbar processes.

This correlation is in agreement with the corresponding expectations for polarizations
in 2 — 1 processes, hinting at gg production via 3S,-octet (the longitudinal case).

olarizatio '
rpT)] n measmirc?ments are aunique probe of elementary partonic processes!
€asure as much “differentially” as possible vs | x.|! |



Indications and motivations from existing data

3) A consistency can be recognized in the perplexing scenario of J/{p and Y
polarizations vs x; = x; — x, when we correlate

observed longitudinal polarizations with the dominance of gg processes and
transverse polarizations with the dominance of ggbar processes.

This correlation is in agreement with the corresponding expectations for polarizations
in 2 — 1 processes, hinting at gg production via 3S,-octet (the longitudinal case)

olarizatio '
51 n meaSlir(?menjcs dré a unique probe of elementary partonic processes!
€asure as much “diffentially” as possible vs |x.|! |

4) In all previous considerations we neglected a crucial detail:
the feed-down from yx states,
~20% for the J/ (HERA-B"), probably larger for the Y(1S).

1 | 1
In fact, the Y(2S)+Y(3S) measurement by E866 stands apart Ao | +++
as the strongest transverse polarization, 05 L
while Y(1S) is almost unpolarized. : -
Feed-down from x states must be the culprit... 0 -+
I E866 p-Cu @ 38.8 GeV
05 ® Y(15)
© Y(25) + Y(3S)
*PRD 79, 012001 I T I T

-0.2 0 0.2 04 0.6 0.8 1

<XF$



The role of feed-down decays

As long as heavier and lighter S-states have the same production mechanism,
feed-down from heavier S-states is “invisible” from the polarization point of view,
as shown by the mentioned BES {(2S) — J/ m*rr result.

Feed-down from x is more complex:

a) P-wave states can have different production mechanisms with respect to S waves

b) they decay to J/{ and Y with the emission of a transversely polarized photon, which alters the
spin-alignment of the QQbar

As a result, we can expect different polarizations for /Y from x decays
with respect to the directly produced ones



All polarizations are referred to the parton-parton collision direction (~CS)

X polarization in 2—1 ggbar production

Colour-octet:

a(3s,)

Colour-singlet:

The coloured 3S, QQbar has J, = £1.

It transforms to x, by emitting one low-energy gluon
(to neutralize colour and produce a 3P, state).

The x, then decays radiatively to /Y

The resulting /Y has: 1
e resulting Y/ has Ay =+21/73  (X,)

(directly produced {/Y has A, = +1)

Two gluons are sufficient to produce a colourless 3P,
already with the x, quantum numbers.

The x, has J, = +1 and decays radiatively to Y/Y

Ae = _1/3 (Xl)

Ae = _1/3 (Xz)

(directly produced {/Y has A, = +1)

The resulting Y/Y has:

—> expect a strong reduction of the transverse /Y polarization

from direct to prompt if x feed-down is large



All polarizations are referred to the parton-parton collision direction (~CS)

X polarization in 2—1 gg production

Colour-octet:

Q5(351) //"'7'.)‘

Colour-singlet:

1

£ P,

- 1
\\:3 I.

3S, is the favoured octet for x, production

(only requires one emitted gluon to give 3P))

The QQbar has J, = 0 (transverse colliding gluons)
The x, then decays radiatively to {/Y

i Ao=-1/3  (x,)
The resulting /Y has: °° 1
Ag=—-21/47 (X,)

= —1 (from 3S, octet)

. Ag
directly produced /Y has A, = 0 (from 1S, octet)

X, (like n and x,) can be produced directly as
colourless QQbar, with  J,=0 or J, =2,
This decays radiatively to Y/Y

The resulting /Y has  A,=-3/5 or +1 (x,)
(no x, or direct Y/Y in this channel)

(x, allowed from off-shell gluons — A, =+1?)

= longitudinal prompt-/Y polarization scenario favoured

with minimum smearing from x feed-down



X feed-down and the E866 “puzzie”

! +++ ! 1S, 2S and 3S states should have the same polarization
Ao | when directly produced — A5 =~ +1
05 Mg~ 0.8 (or when coming from heavier Y)
I —4— To justify the large difference between 2-3S and 18,
0 ++ we must assume that x feed-down:
- E866 p-Cu @ 38.8 GeV a) is negligible for 2-3S states and large for 1S
05 ® Y(19) b) tends to be longitudinal
i e Y(2S) + Y(35)
_1 L ‘ | . L ‘ L1 ‘ L1 ‘ | . L

-0.2 0 0.2 04 0.6 0.8 1

x)

No measurements of how many Y come from yx, exist for low-p; quarkonium production.
X production may be large with respect to Y production, since, for example,
it is easier to produce a singlet x (2 intermediate gluons) than a singlet /Y (3 gluons).



X feed-down and the E866 “puzzie”

! +++ ! 1S, 2S and 3S states should have the same polarization
Ao | when directly produced — A5 =~ +1
05 (or when coming from heavier Y)
I : B : : _l_ _ : : To justify the large difference between 2-3S and 1S,
0 ++ we must assume that x feed-down:
- E866 p-Cu @ 38.8 GeV E) is nggllglglelfor %-3Z.staltes and large for 1S
05 ® Y(19) ) tends to be longitudina
i e Y(25) + Y(3S)
_1 L ‘ | . L ‘ L1 ‘ L1 ‘ | ~ L

-0.2 0 0.2 04 0.6 0.8 1

x)

No measurements of how many Y'come from yx, exist for low-p; ggbar production.
X production may be large with respect to Y production, since, for example,

it is easier to produce a singlet x (2 intermediate gluons) than a singlet /Y (3 gluons).
Note: sum rule for
polarizations of

jf:; different samples:

'>\a ')\a.
- 50-60% of the Y(1S) come from ¥, é‘ikﬁj + :{ixﬁj
- X states are produced in the colour-singlet channel - Ay = -1/3 Aa(l+2) = —¢ 7

3+/\19_’1 + 3+)\1971
= the observed Y(1S) would have A4 in the range 1/13 — 1/4 =0.08 — 0.25 a=1,p,0¢



Indications and motivations from existing data

3) A consistency can be recognized in the perplexing scenario of J/{p and Y
polarizations vs x; = x; — x, when we correlate the observed

longitudinal polarizations with the dominance of gg processes and

transverse polarizations with the dominance of ggbar processes.

This correlation is in agreement with the corresponding expectations for polarizations
in 2 — 1 processes, hinting at gg production via 3S,-octet (the longitudinal case)

polarization measurements are 3 unique probe of ele

: - mentary partonic processes!
Measure as much “diffentially” as possible vs | x| ! i -

4) E866 data clearly show how sensitive the observed polarizations of J/{ and Y can be
to the feed-down from y states.

So much that strong hypotheses on the (unknown) feed-down fractions and polarizations
of x, states are required to describe the striking difference between Y(2S)+Y(3S) and
Y(1S) observations.

X production is not a second-order correction for J/{ and Y yields and polarizations
and it is equally interesting for the understanding of the fundamental processes

Measure production properties of x states
(feed-down fractions, polarizations)!



“Offline” appendix:
polarization basics, invariants
and the Lam-Tung relation
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Polarization basics

Measure polarization of a particle =
measure the (average)

angular momentum composition

in which the particle is produced,
by studying the angular distribution
of its decay in its rest frame
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Example: polarization of vector particles

J=1 - three J, eigenstates |1,+1), |1,0), |1,-1) wrta certain z

The decay into a fermion-antifermion pair is an especially clean case to be studied

The shape of the observable angular distribution is determined by
a few basic principles:

e } 2) rotational covariance
/1) elementary coupling properties % L of angular momentum
: o . ” : ! N 1
. E.g.: “helicity conservation 4 ©&  elgenstates
i ' -+ |
/ = |
=1 117 1y_1
i i 1 |1’+1>+2|1' 1) \I2|1’0>
YES | | ---F------= >
N z
NS e
______________________________________________________________________ 3) parity properties

I-v



1: elementary coupling properties

Relevant property for cases considered here:

EW and strong forces preserve the chirality (L/R) of fermions.

In the relativistic (massless) limit, chirality = helicity = spin-momentum alignment
— the fermion spin never flips in the coupling to gauge bosons:

YES

YES



example: dilepton decay of J/

J/ rest frame:

72
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example: dilepton decay of J/

J/ rest frame:

J/Wb angular momentum component along the polarization axis z:

MJ/tb = -1, 0, +1 (determined by production mechanism)
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example: dilepton decay of J/

J/Wb angular momentum component along the polarization axis z:

MJ/tb = -1, 0, +1 (determined by production mechanism)
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example: dilepton decay of J/

J/Wb angular momentum component along the polarization axis z:

MJ/tb = -1, 0, +1 (determined by production mechanism)
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example: dilepton decay of J/

J/Wb angular momentum component along the polarization axis z:

MJ/tb = -1, 0, +1 (determined by production mechanism)

The two leptons can only have total angular momentum component

M’+,- = +1 or -1 | along their common direction z’

0 is forbidden
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example: dilepton decay of Z (or DY)

Z angular momentum component along the polarization axis z:

M, =-10, +1 (determined by production mechanism)

The two leptons can only have total angular momentum component

M’+,- = +1 or -1 | along their common direction z’

0 is forbidden




2: rotation of angular momentum eigenstates

& 7 4 change of quantization frame:
({;@“ﬁ RIO,0): 2 > 7
éj@%\@// y 2>y
. ' X >x
M \// \ﬁ’cp z
"""""" W > +J
M) 4, M) = 3 D (0) |4 M)
e jz eigenstates o - Me_J v G,@) |,
e —oA

Wigner D-matrices
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2: rotation of angular momentum eigenstates

& 7 4 change of quantization frame:

X s

({;@‘\ o R(Gp): z >7

éJ\QgJ\QI/ y 2>y

A4
\'\:’ \// \ﬁ/(p z X >x
----------- ®--------==-->

2 |.I, M)

+J
, J
|, M) = 2 Dyplde) |4 M)
p M=-J 4

’ |

Wigner D-matrices

Example:



2: rotation of angular momentum eigenstates

& 7 4 change of quantization frame:

X s

({;@‘\ o R(Gp): z >7

éJ\QgJ\QI/ y 2>y

A4
Ve N \ﬁ"p z XX
----------- ®--------==-->

2 |.I, M)

+J
, J
|, M) = 2 Dyplde) |4 M)
p M=-J 4

’ |

Wigner D-matrices

A 4
Example: =
< 90°
AN
S I R Ny
L1 1 1
: i|11+1>+?|11_1>_‘5|110>
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example: M =0

V(My=0)> 28 (M, =+1) A

J

V=J/y |z

| 11 +1> = D—11,+1(19/(P) | 11 _1> + D(1),+1(19/(p) | 11 0) t Di1,+1(0/(p) | 11 +1>

81



example: M =0

V (M, =0) > 88-(M’y,, = +1) A
y
V=J/y|Z

| 11 +1> = D—11,+1('-9/<P) | 1; _1> + D(1),+1(l9/(p) | 1; 0) t Di1,+1(0/(p) | 11 +1>

> the J,, eigenstate |1, +1) “contains” the J, eigenstate |1, 0) A
with component amplitude D} 0.+1(0,9) &£

— the decay distribution is
(1,4110]1,0)12 o« [DE,0,)1? = 5 (1-cos?) ===~ B -

e~ &« J/P /’/‘
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dN

dQ

3: parity

oc |D_1:’+1(1?,cp)|2 o 1 + cos?’3—2cos 3

83



dN

dQ

3: parity

'1,-1)and |1, +1)
distributions
are mirror reflections
of one another

-2
Z
oc |D_1:’+1(1§‘,<p)|2 o« 1 + cos?®—2cos & 3—2 oC |D+11*,+1(19,<p)|2 oc 1 + cos?U+ 2cos &

Are they equally probable?

84



85

3: parity

'1,-1)and |1, +1)
distributions
are mirror reflections
of one another

3_('\; oc |DX,1(8,9)|2 o« 1 + cos’F—2cos & j—g o |D} 4(8,9)|2 o« 1 + cos?d+2cos &

Are they equally probable?

A A
| I
— L > - -> -
3 d
1 4 1 £~
|

P(-1) > P(+1) P(-1) = P(H1) P(-1) < P(+1)

3—2 oc 1 + cos?d +2[P(+1)-P(-1)] cos &
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3: parity

'1,-1)and |1, +1)
distributions
are mirror reflections
of one another

- ->
Z
3—('\; oC |D_1:’+1(1?,<p)|2 o« 1 + cos?d—2cos ¢ 3—2 o |D} 4(8,9)|2 o« 1 + cos?d+2cos &

Decay distribution of | 1, 0 ) state is always parity-symmetric:

0.:1(8®)|% o 1— cos?d
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General two-body decay distribution

nz S H H H
reference plane chosen polarization axis

(= production plane, ‘9

or plane of daugher and +
mother momenta for CX) m" e

X

particle
rest frame

dN
- 14\ cos® U+, sin’ 19 cos 20+ Ay, sin 209 cos @

+2Ay cosv +2A,sin¥cos @ + ..
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General two-body decay distribution

nz S H H H
reference plane chosen polarization axis

(= production plane, ‘9

or plane of daugher and +
mother momenta for CX) m" e

X

particle
rest frame

dN
- 14+ Ay cos? 19+)\90 sin® ¢ cos 2(,0+)\19@ sin 2¢ cos
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General two-body decay distribution

nz S H H H
reference plane chosen polarization axis

(= production plane, '9

or plane of daugher and +
mother momenta for CX) m" e

X

particle
rest frame

average average correlation
polar anisotropy  azimuthal anisotropy polar - azimuthal

AN v v v

o) x 1+ M\y cos 19+)\90 sin? ¢ cos 2(,0+)\19@ sin 2¢ cos



General two-body decay distribution

\ Zz < . . .
reference plane chosen polarization axis

(= production plane, ,'9 pp c.o.m. helicity (HX): particle direction wrt pp c.0.m.
or plane of daugher and s -e + Gottfried-Jackson (GJ): direction of one or the other beam
mother momenta for CX)

Collins-Soper (CS): average of the two beam directions

‘/< perpendicular helicity (PX): perpendicular to CS
X cascade helicity (CX): (in cascade decays) decaying particle’s

particle ‘p ' momentum direction in rest frame of its mother
rest frame etc.

average average correlation
polar anisotropy  azimuthal anisotropy polar - azimuthal

AN / v /
- 14+ Ay cos 19+)\90 sin® 19 cos 290+)\1990 sin 2v cos

Ay, Ay, A

90 » €LC depend on the chosen frame [Faccioliet al., Eur. Phys. ] C 69, 657 (2010)],

1+ Mg+ 2\
3+ Ay

(pl

while F = ? (as well as its functions, e.g. A) does not

[Faccioli et al., Phys. Rev. Lett. 105, 061601 (2010)]
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Alternative notation

 Zz < . . .
reference plane chosen polarization axis

(= production plane, ,'9 pp c.o.m. helicity (HX): particle direction wrt pp c.o.m.
or plane of daugher and s -B + Gottfried-Jackson (GJ): direction of one or the other beam
mother momenta for CX)

Collins-Soper (CS): average of the two beam directions
‘/< perpendicular helicity (PX): perpendicular to CS
X ‘p cascade helicity (CX): (in cascade decays) decaying particle’s

particle y momentum direction in rest frame of its mother
rest frame etc.

averase average correlation
polar anisotropy

azimuthal anisotropy polar - azimuthal
/ / A
dN Ay 3 A
- 14— 5 + (1 — —Ao) Ccos” 19+72 sin? ¢ cos 2+ A, sin 20 cos ¢

Ay, AL, A, , etc. depend on the chosen frame,

1 Ay — A
while F = 7 (l + %) (as well as its functions, e.g. A,-A;) does not



Relation to production mechanism

V) = b, |1,+1)+b, |1,0)+b, |1,-1) zZ,
™ !

V production mechanism

prod
V rest frame V

polarization measurement:
dN/dQ(cosS, ¢) — b,,, b,, b,

These amplitudes are frame-dependent!

dN Ay 3 . Ay ) | .
A0 o 1+ 9 + (1 2A0) cos” v+ 5 sin” v cos 2o+ Aq sin 20 cos T -
- 2 B "
for decay AO o 2|bﬂ| AQ — 4Re(bﬂb_1)
to €6 .
Ay = V2Re[bi(by1 — b_1)]

these relations depend on the decay channel

ne
getion P g+
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“Transverse” and “longitudinal”

4

I “Transverse” polarization
J =1, +1 ’

) = | ) — like for real photons.

or [1,-1) The word refers to the
L dN alignment of the field vector,
== o 1 + cos?¥ o

X dQ not to the spin alignment!

y (parity-conserving case)

) =11,0) —— “Longitudinal” polarization

_— | dN

aq < 1- cos?y

| y




Why “photon-like” polarizations are common

We can apply helicity conservation at the production vertex to predict that
all vector states produced in fermion-antifermion annihilations (q-q or e*e™) at Born level
have transverse polarization

g-q rest frame
= V rest frame () (—1/2) ()

II)

The “natural” polarization axis in this case is

the relative direction of the colliding fermions

}\, 15 ¢ | .

Drell-Yan (* ) (Collins-Soper axis)

0o # : : Drell-yan i diemat
= + Y(25+35) E rell-Yan is a paradigmatic case

0.5 E But not the only one
- E866, Collins-Soper frame

00 7
LA 2 B
~ gn * 1 +Acos?d z

-05——- ‘ ‘ L
0

1 2 pr [GeV/c]



The observed polarization depends on the frame

For |p.| << p;, the CS and HX frames differ by a rotation of 902

CQ\\‘mS‘SOpeY $e

=A ,
X
N o 1 cogo A 1+ cos’d — sin“0 cos2¢p
dQ dQ
longitudinal “transverse”
1 1
lw) =0) |W>=$|+1>—ﬁ|—1>

(pure state) (mixed state)
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The observed polarization depends on the frame

For |p.| << p;, the CS and HX frames differ by a rotation of 902

. ’
Colins S0P I j pelic®y

902
x'
IN w15+ cogo A COSZH+1Sin290082(p
dQ dQ 3 3
transverse moderately “longitudinal”
vy =|+1)or |-1) v) =2+ |-Hm—]0)
2 2 2

(pure state) (mixed state)



All reference frames are equal...
but some are more equal than others

What do different detectors measure with arbitrary frame choices?

Gedankenscenario:
 dileptons are fully transversely polarized in the CS frame
» the decay distribution is measured at the Y(1S) mass

by 6 detectors with different dilepton acceptances:

CDF ly| < 0.6
DO ly| <1.8
ATLAS & CMS ly| <2.5
ALICE ete” ly| <0.9
ALICE pHu- 25<y<4

LHCb 2<y<4.,5



The lucky frame choice
(CS in this case)

w .
O g

0.3

dN 2
onc1+cosﬁ

0.2

0.1

6 8 10 12 14 o 2 4 6 8 10 12 14
P, [GeVic] P, [GeVic]

ALICE p*pu~ / LHCb
ATLAS / CMS

DO

ALICE e*e™

CDF

L L B AL I
6 8 10 12 14

P, [GeVic]
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Less lucky choice
(HX in this case)

o | < +1/3
‘<o.3{
0.2
0.1
= 0-
T ! T T T T T i L L L L N N IR I
0 2 4 6 10 12 14 0 2 4 6 8 10 12 14
P [GeVic] P, [GeVic]
X o ALICE p*pu~ / LHCb
L 50.5-
<8 ATLAS / CMS
0.4 DO
031 ALICE e*e™
] CDF
0.2
0'13 artificial (experiment-dependent!)
0] kinematic behaviour
o 2 4 & 10 12 14 — measure in more than one frame!

P, [GeVic]
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The azimuthal anisotropy is not a detail

Quarkonium measurements used to ignore the azimuthal component of the
distribution. This is a mutilation of the measurement!

./ Case 2: natural longitudinal polarization,
. observation frame L to the natural one

Z
dN
~ — sin“d cos2p

y I

* Two very different (opposite) physical cases, with same A,

* distinguishable only by measuring A, (no integration over ¢ !)



A complementary approach: 101
frame-independent polarization

The shape of the distribution is (obviously) frame-invariant (= invariant by rotation)

—> it can be characterized by a frame-independent parameter, writeable e.g. as

~ 1+ )
Yo bt3h o g LtAd2h [;: ﬁ}
1_,1¢7 3+ Ay 3+ A

> A=+1

no
° |
(WY

rotations in the production plane!



A complementary approach: 102
frame-independent polarization

The shape of the distribution is (obviously) frame-invariant (= invariant by rotation)

—> it can be characterized by a frame-independent parameter, writeable e.g. as

1+ A
Ay + 32 LT A 2, [IZLJ

N_ 0 _ A
A= 34 Ay 34\

Aﬁz_l

. Ag =+1 S aw A, =0
- A,=0 |

] 5 I(

T ~ -1/3

A Aa=+1/5 > A=+1 \j A =-1/3 > A=—1
"-‘ A, =+1/5 F=1/2 1 F =0
I .
T N.B: \is convenient because it is “homogeneous” to Ay,
| Ay =-1/3 but —1<7\<+oo(no upper bound!),
n ’ Ay = +1/3/ while ‘Fis more conveniently normalized in the range
| B 0<F<1

rotations in the production plane!



Frames for Drell-Yan, Z and W polarizations

 polarization is always fully transverse... V=y* Z, W
Q.;—; 4_:" , Due to helicity conservation at the g-g-V (g-g*-V) vertex,
—  e— > J,=%1 along the g-q (9-g*) scattering direction z

* ...but with respect to a subprocess-dependent quantization axis

. q |z =relative dir. of incoming g and gbar
0 | v o ~ inc-
O(as) >WM (~ Collins-Soper frame)

important only up to p; = O(parton k)

q v q v . z=dir. of one incoming quark
q* ::}ir: (~ Gottfried-Jackson frame)
1 L |
O(as) g
QCD T i
corrections T

- 4a o v z = dir. of outgoing g
;}*{ (= parton-cms-helicity = lab-cms-helicity)
g Q|



“Optimal” frames for Drell-Yan, Z and W polarizations

Different subprocesses have different “natural” quantization axes

q LV For s-channel processes the natural axis is
;}ﬂ{ the direction of the outgoing quark
g q (= direction of dilepton momentum)

. _ .. . ] (neglecting parton-parton-cms
— optimal frame (= maximizing polar anisotropy): HX | oroton-proton-cms difference!)

<
HX example: Z
cS y =+0.5
0.5- Px :

| GJ1 (negative beam)

(positive beam)
0,
—1/3%:

\\\|III|III|III|III|III|\\\|III|III|III

20 40 60 80 100120140160 180200
P, [GeV/c]
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“Optimal” frames for Drell-Yan, Z and W polarizations

Different subprocesses have different “natural” quantization axes
q v q v For t- and u-channel processes the natural axis is

g* :}g the direction of either one or the other incoming parton
g g (~ “Gottfried-Jackson” axes)

— optimal frame: geometrical average of GJ1 and GJ2 axes = CS (p; < M) and PX (p; > M)

< o
| HX example: Z
cS y =+0.5
05_’ PX
a M, GJ1=
I
|
T |
0ol b
1 I
|
13— — S
_|III|III|III|I\|1/||IIII|III|III|III

20 40 60 80 100120140160 180200
P, [GeV/c]



106

Rotation-invariant Drell-Yan, Z and W polarizations

 polarization is always fully transverse... V=y* Z, W

Q.;——" 4_:" Due to helicity conservation at the g-g-V (g-g*-V) vertex,
- - — . — - - - > J,=%1 along the g-q (9-g*) scattering direction z

* ...but with respect to a subprocess-dependent quantization axis

4 i “natural” z = relative dir. of g and gbar \
O(ag) 7 >V\A~Vv — /}:‘9("(:5") =+1

wrt any axis: A = +1

q
q % q z = dir. of one incoming quark ~
/ :jgj: :ﬁ i — A4(“G)”) = +1 > A=+1
O(cl) g g @ any frame
(LO) QCD ‘\“";j:::::::::::::::::::::::::::::::: """"""""""""""
corrections ! i\ z=dir. of outgoing q
\ :}.,{ - A,,("Hx") = +1
N.B.: A +1 in both
_/

+
1 pp-HX and gg-HX frames!

In all these cases the g-g-V lines are in the production plane (“planar” processes)
The CS, GJ, pp-HX and qg-HX axes only differ by a rotation in the production plane



Ag vs A

Example: Z/y*/W polarization (CS frame) as a function of contribution of LO QCD corrections:

_________

Case 1: dominating g-gbar QCD corrections

0 | o b
O A = -
2 1_ .A +1’,

0.5

M = 150 GeV/c?

-0.5

LIS LI L L I I L I Y L L |
0O 01 02 03 04 05 06 07 08 09 1
1:QCD



Ag vs A
Example: Z/y*/W polarization (CS frame) as a function of contribution of LO QCD corrections:

Case 1: dominating g-gbar QCD corrections Case 2: dominating g-g QCD corrections

_________

(7] i ™~ - 84;_; ; i
<
0.5+
0_,
M = 150 GeV/c?
-0.5 -0.5-
IIIIIIIIIIIIIIlIIII|IIII|IIII|IIII|IIIIIIIIIIIIII
0 01 0.2 03 04 05 06 0.7 08 09 1 0 01 02 03 04 05 06 0.7 08 09 1

1:QCD fQCD



Ag vs A
Example: Z/y*/W polarization (CS frame) as a function of contribution of LO QCD corrections:

Case 1: dominating g-gbar QCD corrections

_________

~ j—
1

M = 80 GeV/c? mass dependent! M = 80 GeV/c?
| T

LNLINLINL N LI L L L L L L L L L L L L L LB IR N LANLIN L L L L L L L Y BB |
0O 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 0.7 08 09 1
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Example: Z/y*/W polarization (CS frame) as a function of contribution of LO QCD corrections:

Case 1: dominating g-gbar QCD corrections
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Example: Z/y*/W polarization (CS frame) as a function of contribution of LO QCD corrections:

Case 1: dominating g-gbar QCD corrections Case 2: dominating g-g QCD corrections
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On the other hand,} forgets about the direction of the quantization axis.
This information is crucial if we want to disentangle the qg contribution,
the only one resulting in a rapidity-dependent A,

Measuring A4(CS) as a function of rapidity gives information on the gluon content
of the proton



The Lam-Tung relation

PHYSICAL REVIEW D VOLUME 21,

NUMBER 9 B | MAY<1980>

Parton-model relation without quantum-chromodynamic modifications
in lepton pair production

- C. S. Lam
Wu-Ki Tung

L aore w e gua.
<D modifications in LPP than ju
cgrated Drell-Yan cross-section formula.
tepton angular distributions are controlled by
structure functions which obey parton-model re-
lations®* similar to those between F, and F, in
deep-inelastic scattering (DIS)., How are these
relations affected by perturbative QCD correc~
tions? The answer to this question is quite sur-
prising: At least one of these relations—the ex-
act counterpart of the Callan-Gross® relations—
is not modified at all by first-order QCD correc-
tions, although individual terms in this relation
7 be subject to large corrections, In the r
nte, we spell out explicitly the r-

the contract het

_uss=-section formula [essentially W,
wq. (2)]). This appears to be a rather remarkable
result; we are not aware of any other parton-
model result which is not affected by QCD cor-
rections, For this reason, we sketch in the
ndix a derivation of Eq. (5) from the di»

s OL heliclity strucuuic

wtuion takes the form W, =2W,,, Eq. (/.
though for LPP, the helicity structure functions
depend on the choice of coordinate axes® (e.g.,
Gottfried-Jackson, Collins-Soper, etc.), this
relation vemains frame independent—i.e., if the
QCD~quark-parton model is correct, the two
structure functions W, and W,, must be related
by Eq. (7), for any choice of axes in the lepton-
pair center-of-mass frame. This strong resul!
again demonstrates the significance of this re-

lation,
o know the ancular distribution of the 1¢



115

The Lam-Tung relation

PHYSICAL REVIEW D 76, 07400602007

Transverse momentum dependence of the angular distribution of the Drell-Yan process

Edmond L. Berger,"* Jian-Wei Qiu,"*" and Ricardo A. Rodriguez-Pedraza™"*

~ calculate the transverse momentum Q; dependence of the helicity structure functions !

nadroproduction of a massive pair of leptons with pair invariant mass Q. These structure function

determine the angular distribution of the leptons in the pair rest frame. Unphysical behavior in the region
@ — 0 is seen in the results of calculations done at fixed order in QCD perturbation theory. We use
current conservation to demonstrate that the unphysical inverse-power and In(Q/Q ;) logarithmic
divergences in three of the four independent helicity structure functions share the same origin as the
divergent terms in fixed-order calculations of the angular-integrated cross section. We show that the
resummation of these divergences to all orders in the strong coupling strength «, can be reduced to the
solved problem of the resummation of the divergences in the angular-integrated cross section, resulting in
well-behaved predictions in the small Q| region. Among other results, we show the resummed part of the
helicity structure functions preserves the Lam-Tung relation between the longitudinal and double spin-flip

ncture functions as a function of QO to all orders in a;.



The Lam-Tung relation

A fundamental result of the theory of vector-boson polarizations (Drell-Yan, directly
produced Z and W) is that, at leading order in perturbative QCD,
A, + 4%) =1 independently of the polarization frame

Lam-Tung relation

This identity was considered as a surprising result

Today we know that it is only a special case of general frame-independent polarization
relations, corresponding to a transverse intrinsic polarization:

Ag + 34,
1-2,

A= =+1 =1, +41, =1

It is, therefore, not properly a “QCD” relation, but a consequence of

1) rotational invariance

2) properties of the quark-photon/Z/W couplings (helicity conservation)



Beyond the Lam-Tung relation

Even when the Lam-Tung relation is violated,

A can always be deﬂned and is always frame-independent
— any violation, A — 1 # 0, is quantitatively frame-independent

N.B.:
the quantity 44,—(1—-A4,), or 2v—(1-A) in an alternative notation,

often adopted to estimate violations of the LT relation,
is not frame independent!

A, — A, is frame independent:

~

A1
Ay— Ay = 4F -2 = 22—~
3+ A



Beyond the Lam-Tung relation
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Even when the Lam-Tung relation is violated, 14 5\
A can always be deﬂned and is always frame-independent F=—
— any violation, A — 1 # 0, is quantitatively frame-independent 3+ A
A=+1
(F =1/2)

— Lam-Tung. New interpretation: only vector boson — quark — quark

couplings (in planar processes) — automatically verified in DY at QED &
LO QCD levels and in several higher-order QCD contributions

~ (F =1/2-0(0.1)) - same, “ordinary” vector-boson — quark — quark couplings,
A=+1-— O(O-l) but in non-planar processes (higher-order contributions)
with A — +1 forp, — 0 OR
(F —>1/2) smearing due to intrinsic parton k;
~ I
—1<A<<+1
(0< F <<1/2)

> — contribution of different/new couplings or processes
+1 <A<+
(1/2< F <1)

(e.g.: Zfrom Higgs, W from top, triple ZZy coupling,

higher-twist effects in DY production, etc...)

A<-1

S experimental mistake

é(j-'<0 or F>1)



Example 1

+1 <A< +00 — higher-twist effects in DY production
(1/2< F <1)
®  NA10 7-W 194 GeV
0.8— 4 NA10 n-W/D 286 GeV very large effect,
Mo Eets W 252 GeV / progressively approaching the
_ 4 physical limit F=1
0.7 1 —r—
F : ['F =1 represents a very peculiar case:
(in any 0.6 —— fully longitudinal polarization
: : :;: L along the axis
1
frame) o : _c'h_ e s perpendicular to the production plane]
' — not a mere
0.4 “higher-order correction”!

See discussion in
P. Faccioli et al., Phys. Rev. D 83, 056008 (2011)



Example 2

CMS measurement of Z —» £~

, using parametrization of slide 11

19.7 fb™ (8TeV)

L

F ="

CMS
A 1 — Ay — -
A — 14 A — N C
T 3+ My L < 03f¢ yi<1
<o0.25F 4 1<ly|<2.1
Ay — Ao =2 —4F 0.2F
0.15F
AO_A2>O — f<1/2 015_ EE?
1 5
This is the case O'Ogéé
F=1/2-©(0.1) _0.052_

with " — 1/2 forp; — 0

0~ 50 100 150 200 250 300

pr [GeV]

Parton-k; effects are negligible for Z production: partons in the Z rest frame have k, > 50 GeV

[see quantitative description in EPJ C 69, 657 (2010)]

The formulation of the LT-violation in terms of ‘F, with its known physical limits,

allows us to quantify the magnitude of the effect:

A,—A,=0.1 corresponds to F—% ~0.025
relatively small!

— we are “seeing” the contribution of higher-order, non-planar processes



Further reading

* P. Faccioli, C. Lourenco, J. Seixas, and H.K. Wohri, J/psi polarization from fixed-target to collider energies,
Phys. Rev. Lett. 102, 151802 (2009)

* P. Faccioli, C. Lourenco and J. Seixas, Rotation-invariant relations in vector meson decays into fermion pairs,
Phys. Rev. Lett. 105, 061601 (2010)

* P. Faccioli, C. Lourengo and J. Seixas, New approach to quarkonium polarization studies,
Phys. Rev. D 81, 111502(R) (2010)

* P. Faccioli, C. Lourenco, J. Seixas and H.K. Wohri, Towards the experimental clarification of quarkonium polarization,
Eur. Phys. J. C 69, 657 (2010)

* P. Faccioli, C. Lourenco, J. Seixas and H. K. Wéhri, Rotation-invariant observables in parity-violating decays of vector particles to fermion pairs,
Phys. Rev. D 82, 096002 (2010)

* P. Faccioli, C. Lourenco, J. Seixas and H. K. Wohri, Model-independent constraints on the shape parameters of dilepton angular distributions,
Phys. Rev. D 83, 056008 (2011)

* P. Faccioli, C. Lourenco, J. Seixas and H. K. W6hri,
Determination of X, and X, polarizations from dilepton angular distributions in radiative decays,
Phys. Rev. D 83, 096001 (2011)

* P. Faccioli and J. Seixas, Observation of x. and x, nuclear suppression via dilepton polarization measurements,
Phys. Rev. D 85, 074005 (2012)

* P. Faccioli, Questions and prospects in quarkonium polarization measurements from proton-proton to nucleus-nucleus collisions,
invited “brief review”, Mod. Phys. Lett. A Vol. 27 N. 23, 1230022 (2012)

* P. Faccioli and J. Seixas, Angular characterization of the Z Z - 4€ background continuum to improve sensitivity of new physics searches,
Phys. Lett. B 716, 326 (2012)

* P. Faccioli, C. Lourenco, J. Seixas and H. K. W6hri,
Minimal physical constraints on the angular distributions of two-body boson decays,
Phys. Rev. D 88, 031901(R) (2013)
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