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Abstract

 The production of heavy flavor quark pairs, including top-anti-
top, at the LHC proceeds primarily through gluon fusion. The
correlation between the gluon spins affects various spin
correlations between the produced quark and anti-quark.
Both single spin asymmetries and double correlations of the
quark pair spins will be manifest in the subsequent
hadronization and decay distributions. For top pairs this is
most pronounced. Dilepton, single lepton, and purely
hadronic top pair decay channels allow for the extraction of
gluon spin information as well as providing a window into
possible interactions Beyond the Standard Model. Spin
related asymmetries and polarizations will be presented. The
implications for experimental determination will be discussed.
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S PN OUTLINE

e pdf’s, TMD’s, GPD’s, in Model- Reggeized
spectator “flexible parameterization”

* Valence quarks: electroproduction

 Gluon distributions Polarized Gluons?
Transversity & GPDs

* t+t-bar production & decay can measure
Gluon polarization in p+p @ LHC

 Some Observable quantities
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%ﬂ GPD definitions — 8 quark + 8 gluon (twist 2)

Momentum space nucleon matrix elements of quark field correlators

Chiral even GPDs see, e.g. M. Diehl, Eur. Phys. J. C 19, 485 (2001).
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Normalizing & constraining quark
GPDs - Chiral even

Form factor, Forward limit

1
qu(x,f,f)dx — Eq(t)a Hq(x,OaO) — Q(x) Integrates to charge
0

3
b
A= 7 -
1
F
.

1
JEq (x,&,t)dx = F (1) > Anomalous magnetic moments
0

[ B,(x.e.0dx=gi(1), H,(x.0,0)=Ag(x)=q2(x)- g5 (x)

Integrates to axial charge

KR _X-g/2 o, A7 s

1
JEq(x’g’t)dx = gli]’(t) { = (Aq)/(Pq) = Q*/2(Pq) = xp;, t= A]
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The Model for valence quarks— Reggeized Diquarks

The Model — first for Chiral Even —
Reggeized Diquark Spectator
Diquark: Color anti-3, scalar & axial vector
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Chiral even GPDs

From GPDs
with evolution
to Compton
Form Factors

CFFs to helicity
amps

helicity amps to
observables
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Some r‘esul‘rs GG, Gonzalez Hernandez, Liuti, PRD84, 034007 (2011) . . .(2016);

Beam spin asymmetry
Beam charge asymmetry (CLAS data -DeMasi, et al. )

HERMES A ; coefficients
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Gluon GPDs
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90

Gluon GPDs
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Even t-channel parity & Gluon helicity conserving
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Odd t-channel parity & Gluon helicity conserving
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Gluon & Sea quark distributions
Spectator Model

— generalize Regge-diquark spectator model

e N—> g+ “color octet N” spectator (898D 1)
(could be spin % or 3/2)
* (N-> anti-u + color 3 “tetraquark”uuud)

* How to normalize?

Ho(x,6,t)q> 2H,(x,0,0)* =xG(X) o°
Evolution & small x phenomenology
* Sea quark distributions H_ .. ,(x,0,0) . ..

e Use pdf’s to fix x dependence

e Small x ~ Pomeron

G. R. Goldstein DPF Fermilab 2017
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%ﬂ Gluon ‘vertex functions’ G,, . Ag, A
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GG & S. Liuti, QCD Evolution 2014, IJMP: Conf. 37, 1560038 (2015);
GG, Gonzalez Hernandez, Liuti, Poage, in progress
7/30/17 G. R. Goldstein DPF Fermilab 2017



After pdf’s vs. @ > fix x dependence
Regge behavior determines t dependence
Spectator determines { dependence
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Extension to Gluon “Transversity”

A=+1 g % A =F1
S

1 dZ™ ioPtz=/ 1 \/ +if 1 +j/1
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4 GPDs: see M.Diehl, EPJC19, 485 (2001)
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Gluon “transversity”?
Double helicity flip does not mix
with quark distributions

E
o>
"1' "
F
~

Transversity for on-shell gluons or photons : no |0> helicity

1+1),  ={+1>+1-1>}/2 =1-1)
)m_{|+1>—|—1>}/\/_
helicity [£1>={-/ +x—ly} /2

N
x=- O)trans pamllel Linear polarization in the plane

trans

/\ /_
=iV2 | +1)trans — L normal  Linear polarization normal to the plane

GG&M.J.Moravcsik, Ann.Phys.195,213(1989).
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Construct helicity flip amps
Spectator Model, then GPDs

to—t/ ~ ES + ES
— _ 2 g _ T T
A++,+— - 1 5 4M2 (HT + (1 é.) 2 )
to — t ES — E¢
= — £2 g T T
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» Vo —1 to—1t -~ ¢ §
Apy__ = 4e i9(1— g2 O—(Hg 0~ 'he S _gg Eg)
++, +e ( 6) 2'M T+ M2 T 1_&-2 T+1 §
3
Vig—1 ~
A 4- = _ez¢(1 62) 8(}\43 H%,
Compare to spectator model results ﬁ[g, =0
(1-X)A°, _=(1-X)A%, ,
ES =0.

As in Hoodbhoy & Ji, PRD58, 054006 (1998)
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Using the Reggeized Spectators Model

How to Measure? What Processes? Long standing question.

M. Diehl, T. Gousset, B. Pire, and J. P. Ralston, Phys. Lett. B411, 193 (1997).
X. Ji and J. Osborne, UMD PP#98-074, hep-ph/9801260.

P. Kroll, M. Schurmann, and P. A. M. Guichon, Nucl. Phys. A598, 435 (1996).
P. Hoodbhoy & X. Ji, PRD58, 054006 (1998)
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Ap 4. n4+1 CONtributes to DVCS ~ a

+1
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See Hoodbhoy & Ji, PRD58, 054006 (1998)
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Measuring Gluons in Nucleons
DVCS

d°o ‘ 2

a:
. - T
T dQPdl0dpd0s ~ 16n2(s — MOTT 7

T(ks D, kla ql3 p’) = TDVCS(k7 P, k,a q,apl) + TBH(kypy kl: q,7 p,):

IT|* = |Tsu + Toves|® = |Tsul* + |Toves|* + T .

1= TéHTDl.’CS -t TE)VCSTBH'

For unpolarized e+p->e’+y+p’ cross section depends on azimuthal angle ¢.
cos3¢ modulation in interference do measures gluon transversity GPDs (CFF’s)

3
Vig—1 ~ i ,
w Tg ~ J‘ dx Hg_l_ /(X-E)(X+§) CFF’s See Diehl, et al. PLB411, 193 (1997);
Diehl, EPJC25, 223 (2002);
But ¥ _I_g ~ may need EIC Belitsky, Mueller, PLB486, 369 (2000).
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%’ﬂ Alternative measurements of H;9
p+p 2 heavy hadron processes at LHC
favor gluon production mechanism
Particularly p+p—2> t+tbar +X
via g + g2>t+tbar
xg(x) = Hggx,0,0) for unpolarized gluons
XAg(x) = Hy(x,0,0) “helicity polarized” gluons
in longitudinally polarized target
x 0g(x) = H+8 (x,0,0) “transversity polarized” gluons
in transversely polarized target
Requires gluon helicity double flip amps
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What is known production of polarized tops?
Top Single Spin Asymmetry and Double Spin Correlations

— Measurements
ATLAS PRD93, 012002 (2016) & ref. PRL114, 142001 (2015)

** SSA: B, or Ay =-0.035 +\- 0.040. (syst & stat)

*** Double: C =0.315 +\- 0.07 vs. NLO QCD =0.31
(Bernreuther, et al., PRL 87,242002 (2001) QCD corrections but unpolarized gluons)

helicity.

CMS PRL112, 182001 (2014): Different kinematics & selection criteria

** SSA:  A,=0.005+\- 0.01.
*** Double: Ao =0.113 +\- 0.01. vs. 0.110 +\- 0.001 (MC & QCD)
A_ ., =-0.021 +\- 0.03 vs -0.078 +\- 0.001

l d’c
o d cos 6;d cos 6

1
— Z(l + Bl COS 91 + B2 COS 92 — Chelicity COS 91  COS 92)

0, 0, decay product angles w.r.t. t+tbar CM
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Polarization
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Lo

Direct measure of hard process - top polarization SSA
Top decays weakly before hadronizing
= decay “self-analyzing”

7 <
Top polarization @ 3.5 TeV=pCM
| 0.00E+00 ' 1 ' 1 | Q\
‘ 500 1000 1500 2000 2500 k5
|| -1.00E-02 - Qo
'. -2.00E-02 - —"yF=.0.412"
-3.00E-02 —F=-0.788
e F=-0.262
-4.00E-02
-5.00E-02
-6.00E-02

&é Contributions to order
Analyze t--> W+ b Q ag Imaginary Part

(Dharmaratna & GG 1990,1996)
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How is actual top polarization determined?
Its decay is good analyzer.

A Us = Y B;, B
As

" X (I + P - Ge/p)ei(e - po).

t Calculated in top rest frame

Dalitz & GRG, PLB287,225(1992); PRD45, 1531(1992)

25 G. R. Goldstein DPF Fermilab 2017



Tree-level QCD
g+¢e (Tevatron)
or g+g (LHQ)

ptransverse

“

7/30/17

—_— e == ==

= |

- 8
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all—helicities—not—tops

« The gluon spin correlations are transmitted to (determine the spin of)
the decay products.

The correlations between the lepton directions and the parent top spin
(in the fop rest frame) produce correlations between the lepton
directions.

The gluon fusion mechanism gives rise to a higher order (wrt quark
antiquark) angular distribution due to the combination of two spin 1

gluons.

1/20/14
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Gluon fusion tree level mechanism
(Color gauge invariance)

g oF
94

oy t
% t 9 9

t—l-l

ds, 9, carry helicity A, A, =1
t, t-bar carry helicity 1, 1y, =t %

Introduced in:
G.R.Goldstein, "Spin Correlations in Top Quark Production and the Top Quark Mass” in Proc.
12th Intl Symp. High Energy Spin Physics, Amsterdam, ed.C.W. deJager, et al., World Sci.,
Singapore (1997) p. 328.

R.H. Dalitz, G.R. Goldstein and R. Marshall, “Heavy Quark Spin Correlations in e+e-
annihilations”, Phys. Lett. B215, 783 (1988);

R.H. Dalitz, G.R. Goldstein and R. Marshall, “On the Helicity of Charm Jets”, Zeits.f. Phys.
C42, 441 (1989).
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= J Gluon linear polarization
B ‘with like and unlike t-tbar helicities

(work in progress S.Liuti, 66, Gonzalez-Hernandez,Poage)

F~GytGyy , H~ Gyy-Gyy Or linear polarization

p,... FF HH FH HF
2 2
) 2 .4 | ) 2 .4 | ﬁ 2 | 2
++++ ¥ 1+ B (1+sin 8) 1y (-1+ B (1+sin 0)) —2—2$in 0 ~sin 6
14 14
+-+- B sin B(2 —sin 0)) | — B sin" 0 | 0 | 0
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- f’,}nnglﬂlll,m -

&) Top spin correlations & gluon polarizations

P Bt UP,UP LP,LP UP,LP + LP,UP
o, 44| v 20+ B+ sin®0)) |7 2(—1+ B2+ sin0))| 4y 2Bsin’
+—,+—| B%sin?0(2 — sin?0)) —B2%sin*0 0
++, —— |7 2(=1+ B2(1 + sin’0)) [y *(+1 + (1 + sin®0))| +4772B%sin?0
+—, —+ B2sin0 —B%5in20(2 — sin?0)) 0
++, +— —27_1ﬂ2sin300039 —2’)/_1B23in390089 —4’7_152sz’n00089
++, —+ 27~ 1825in30cosb 27~ 132sin30cosh 4y~1B2%sinbcos

TABLE I. Values of double density matrix elements p for combinations in Eq. 11 using values of

helicity amplitudes from Eq. 13 , evaluated in the ¢ + ¢ center of mass.

UP = unpolarized, LP = Linearly polarized gluon distributions
assuming g+g—> t + t-bar in single plane CM

Y& B

0 = top production angle in CM relative to (t+tbar) momentum direction in lab

for top & antitop in CM.

Taking X-Z plane for p+p—2>(t+tbar).,+X gives ¢ dependence to
t+tbar plane for opposite helicities: Re(e*(10r2)i¢ . gt(-i(lor2)¢))
leading to cos2¢ for UP,LP and LP,UP and cos4¢ modulations

30

for LP,LP.
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q+q-bar — t + t-bar

* The light quark-antiquark annihilation mechanism gives rise to
the angular distribution between opposite charge lepton
pairs, more information than Cp ¢ty OF At

W(0,p,p5p1) = {1 + [sin® O([p* + m®](Br)o (Br)z + [p* — m?](B1)y (1))

- 2mp COSQSIHO((pl)m(pl)z + (ﬁl_)z(ﬁl)f:) + ([p2 - m2]

+[p® + m?] cos? ) (57)(Pr)z]/[(p* + m?) + (p° — m?)cos?0] }
= 1+ {2~ ) sin? 0(p)a(00)s + 600y 51

+[8% + (2 — B) cos® 0] (p1)(F1)=

~2 cos Bsin (90 0 + (3.5 ))}/{(2 52) + B2 cos? ]

m =top mass, 6 =t production angle in g+g-bar CM
p= light quark 3-momentum in CM
Unit vectors p-hat are anti-lepton* and lepton- 3-momenta

directions in the top and anti-top rest frames.

See G.R.Goldstein, "Spin Correlations in Top Quark Production and the Top Quark Mass”
in Proc. 12th Intl Symp. High Energy Spin Physics, Amsterdam, ed.C.W. deJager, et al., World Sci., Singapore

(1997) p. 328.
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g+tg, — t + t-bar
Spin correlations

Correlations expressed as a weighting factor first for unpolarized gluons.

* The gluon fusion mechanism gives rise to a higher order angular distribution
(sin“0) due to the combination of two spin 1 gluons.

W(0,p.p1,00) = & — + {Ip"sint 0+ m¥J(3). (5)s + (725" — 2m?)sin® 0 — mi] ), ()
+ [p4 sin*§ — 2p*(p?* — m?) sin? 6 + m?(2p® — m?)|(57).(91)»
+ 2mp*/p? — m2 cos O'sin® 0[(pp) o (B1)z — (Bp)-(D1)z]}
/ [192(2m2 p2) sin 0 + 2p*(p* — m?) sin® @ + m?(2p* — m?)] (20)
= 1 — 3 {10 - 5% +sin* )]0 ()
+[— ( - 6%)? - (1-2p )Sln 01(Pr)y (D1)g
+[(1 — B*) — 28%sin® 0 + sin® 0] (pp).. (D)
22 in® 0 cos ()4 — (05

/[(1—B*) +2B°sin* 0 + (1 — 28%) sin* 0] (21)

Use these to test SM vs. BSM - Integrated version agrees —
with big errors
GG -see also Mahlon & Parke
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% g.+g, — t + t-bar
S PN Spin correlations

Correlations expressed as a weighting factor first for polarized gluons.

* The gluon fusion mechanism gives rise to a higher order angular distribution
(sin“*0) due to the combination of two spin 1 gluons.

WUEBER G, p,opr o) = —i + i {11 = 8) + B%sin® 6(—2 + (2 — B*) sin” 6)] (57 (1)
+[(1 - B8*) + B*sin® 6(2 — 8% sin® 0)] (), (1)g

+[—(1 = B%)* 4 B%(2 — %) sin® 0] (p7) (D)=
42

42 450 008 01(p). (1) — (mz(mz]}

"(

/ [(1'— 3% + B'sin" 6

Use these to compare with unpolarized to extract the Gluon transversity
or linear polarizations G,,-G,,
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Comparing lepton directional correlations

Weighting factors for lepton* lepton~ when 0=m/8

1
\
1.51
UP W,
: LPW,,
0.5 0 i i i . X
0.1 0.2 0.3 0.4 0.5
b
0 T T T T |
0.1 0.2 0.3 0.4 0.5
b 0.5
UP W,, LP W,
/ ,
-1

Each event has @~ p* momenta 2 p* (x,y,z) aswellas0 &
Probability for given event configuration is given by

G(UP) W(0,p,p"l,pl) +G(LP) WP (6,p,p I,pl)

Quite distinct! x & y components are aligned for LP, anti-aligned for UP
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9.Q

" Separating polarized gluons

* Each event has &= p* momenta 2 p* (x, y, z)

in t & thar rest frame
* t+tbar CM determines 0 direction as well as [ for t & tbar
* Probability for given event configuration is given by

G(UP) W(0,p,p"I,pl) +G(LP) W'P (B,p,p I,p!l) (ignoring light quarks)

* Quite distinct! x & y components are
e aligned for LP, anti-aligned for UP
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Summary

« Flexible parameterization for chiral even valence
quarks from form factors, pdfs & DVCS R%Dqg

« Extended R%Dqg to R% Spectator
« New Extension to gluons & the sea

« Considered Gluon sector
— Helicity conserving & Helicity »>gluon Transversity

« Measurements? Top polarization
via lepton decays

« More phenomenology to come
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ﬂ

“Flexible” covariant
model for e+p

Gonzalez, 66, Liuti PRD84, 034007 (2011)

1-2¢/2
N - X
[(m+MX)(m+M )+kl'kl]
% [ ks (k2 — M2)2 (k™ — M2)?
{2
v <
1— {/2[ ’
2k,
—2M(l — )[(m + MX)'g—zf —
§ (€ = M3V = M3
(28)
- 1=7/2
H=N-——y
[(m + MX)(m + M*X=%) — k| -k, ]
* [ o (k2 — Mg)z(kiz - M2)?
£ P
2
T 29)
. 1=
E=N——+ [del
— SO (m + MX)E + (m+ M=) %]
X . (30)

( M2 )2(k12 M2 )2

7/30/17 G. R. Goldstein DPF Fermilab 2017



9.

Reggeizing diquark model

Diquark+quark & fixed masses (e.g. at €=0)

g _ /‘ d*k [(m, + Mx)(m, + Mx) +k, -k_]

Mim, =X [M2(x) - K2 /(1 = ) [M2@) = B2 /(1 = 0]
£V _N, d*k; —2M[A% [(my + Mx)k, - A, — (m; + Mx)k, - A ]
M"m,a f]_x 2 2 _ - 2 2 _ -

[Mq(x) K /(1 - x)] [Mq(x) K /(1 - x)]

Diquark mass “spectrum”

as in Brodsky, Close & Gunion Fi(X,(,t) = ,N'q/ dM%p(M%)F; et ¢t M),
Phys. Rev. D8, 3678 (1973) 0
(M%)~ M5 — oo

p(M%) ~ .
S(M% ~My) M2 few GeV?

F(X,(,t) m N, X ~oatae(X0t pme MO (x ¢ 4 37 ) = REV(X,¢,1) G (X,¢,8)

Mx m

R%Dqg
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Procedure to construct Chiral Even GPDs & observables

e Spectator color anti-3 diquark model & Reggeization

A kxp soor1 NN KEOCOP

/\ - +
P/‘PX*:(I-X)P+ %\P =(1- 0P

Product of diquark |.c.w.f’'s —A.a-x =

v
[A/\)\;/\'}\ —> chiral even GPDs + Evolution}

!

[ g ® A — exclusive process helicity amps }
|

[ pdf’'s, FF’s, da/dQ & Asymmetries: parameters & predictions }
|

v
[A,W\/;\é all chiral even GPDs->DVCS, DVMP }
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1.2
1;

0.8

0.25 |
0.2 -
0.15 |
0.1 -
0.05 |

2
t'F,

=2

K-l

EM Form Factors (t dependence)
precision mesurements—2>tighter parameters

Diquark
L - - - Regge
[ —— Totalu
Total d

15 2 25 3 35 4 45 5
-t (GeV?)

O.Gonzalez, GRG, S.Liuti, K.Kathuria PRC88, 065206(2013)
data: G.D. Cates, et al. PRL106,252003 (2011).
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Reggeization

P, A

A — ‘\,/ dk? dk* p(k%, k%) x (spin structure)
- (k2 — m? — ie)(k'2 — m? — ie) (k% — M% — ie)

Landshoff, Polkinghorn, Short ‘71
Brodsky, Close, Gunion ‘71 Regge
behavior required for Compton
Ahmad, Honkanen,Liuti,Taneja ‘07, ‘09
Gorshteyn & Szczepaniak (PRD, 2010)
Brodsky, Llanes-Estrada ‘07

Brodsky, Llanes, Szczepaniak ‘08

Gonzalez, GG, Liuti, arXiv:1201.6088 [hep-ph] J. Phys. G: Nucl. Part. Phys. 39 115001 (2012)
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LHC AT polarization
ATLAS at 7 TeV (phys.rev.091,032004 (2015))
very small x;  P(x,p, S)

G. AAD et al. PHYSICAL REVIEW D 91, 032004 (2015)
T T T | 1 1 1 1 1 1
0.04 -ATLAS L=760pub" ] 0.04 |-ATLAS L=760pb" ]
r Vs=7TeV ] - Vs=7TeV ]
0.02}- 1 . 0.02 )

o

0 J%T%r ___________ 00 %+ v

0.04 [ ® A ==stat. uncertainty — total uncertainty ] 004 ® A ==stat. uncertainty — total uncertainty _|

| [0 X ==stat. uncertainty — total uncertainty | [ O x ==stat. uncertainty — total uncertainty |
0- .0.0;)05‘ 0.(;Oi 0‘.0615 ] 0.0102. 0.0025 05 ; ' 1%5‘ é . 2.15 ' :li 315 ' - T T——r—rTTTrTY T Ty
Xe p: [GeV] C .
‘ 01 -
(a) (b) C : N
-vwv‘vw ................................................. _:
: _¢‘P$-*« ]
-0.1 _— :’l‘ " ]
<P,>=-0.010£0.005%0.004 o F $ *
L -
'5 02 4: - ™
0.8<p;<1.5 GeV, 5x10~<x<0.01 E wATLAS (5 7TeV | TE
03E © HERA-B {s=42 GeV & .
“F 2 E799  {s=39GeV I .
i ¢ NA48 {@: 29 GeV ]
041 * M2 s=27 GeV =
P(Xe,Pp, S)=-P(-X;,Py, 5) > P(0,py, 5)=0 e P —

Xg
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Construct Gluon helicity amps from

Spectator Model, then GPDs

Alpre = A(k};f (1= XM = My)((1 = X)M - MX)) AC: Unintegrated (k;) Helicity
£, = Ak};} (1 - X)(1 - X)) Amps not yet GPDs

A% = A= X)((1-X)M — MX)I:JGc ;,ﬁcy

A%y = A= X)((1 - XM — M) B2 R)

withA = N ! ! _ V1-¢ 1

VI—XV1-X'(1-X)(k*—M3)2(k? —M3)?  (1—X)2 (k? — M3)%(k’> — M3)?

.. HY9 + HY 2 B9 4+ 9
Invert Helicity amps | Ait++ = V1- 52( § )

to obtain GPDs

2 1-€£ 2

7/30/17

H9 — HY £2 FE9—F9
e )
oo —t E9—EE9

s = et (PSS

++,—+ € oM 2
y B ew\/to_—t(Eg +§E9>

_+,++ - 2M 2 )
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E
et
LN ! -
2 )
F
~

Construct Gluon helicity flip amps

Spectator Model, t

nen GPDs

9
Ali o =

g —
AT, =

g _
Al =

g _
Ao =

Invert Helicity amps
to obtain GPDs

7/30/17

/thg
/fmAg
/thg

ky + iky) (ky + iky) |
XX’
ki1 + ikz) (l~€1 + ’le‘z)
XX’
(ky + iky)
X/

(=D( —X)(

(—1)(1—X’)(

((1 ~X)M — MX)

G. R. Goldstein DPF Fermilab 2017

- ((1 ~X')M — MX)

to—1t/~ ES — ES

— _ £2 g T T

Vi€ 4o (i + 1+ =5 =F)
» Vig—t to—t ~ £2

= +e - )Y (M + S B - o B
. Vio—t -

= —€ ¢(1_§2) 8M3 H%,

(k1 + ik)

X

(5.15)

£ -
E7 + E{,’,)

1-¢2
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Preliminary: x and t dependence of Hy(x, O, 1) for input scale

0.8 N

Hg(X 0,0 o4 ~

Hg(X 0,1

0.6

|l 1 1

0 02 0:4 . 0.6 038 _t 1
. [—— X=0001 — X=001 — X=0.1]
0 T T T X
0 02 0.4 ) 0.6
X Figure 10: The plot above displays the distribution Hy(X,0,t) as a function of t, for several

[—i1=0——1=-02

1==05 ——1=-1]

‘igure 9: The plot above displays the distribution Hy(X,0,t) for a range of t values.

GG, Gonzalez Hernandez, Liuti, Poage, in progress
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pdf's fix x dependence

Gluon anti-u

Hg{X,0,08,25 Gey"2) XH_ubar{X,08,0,25 Gev*2)
45 . 1.4 :
[\ af2n_lo half Error Band ™ af2n_lo half Error Band
a#2n_lo Central Value —— N ad2n_lo EentralAVall:le
a8 | Q*2_Bsea = 0,5 Ge¥"2 fit — | l]hz_asea f 0.5 EeUA2 f.}t
Q*2_8sea = 0,7 Gev"2 fit —— 1.2 a~2_8sea = 8.7 Gev"2 fit
35 F W -
H,(X,0,0) y
30 - \ ] i ( )
QZ=25 Gevz o | XHant|—u X,0,0
- h Q2=25 GeV?
-
2 20 . .
Alekhin pdf fit
15 |
10 | 0.2
5 ol
a =
-8.2 L . .
6.0801 0.881 8.01 8.1 1
-5 L " " 1 " L N % X
8.0001 8.0801 0.01 0.1 1X
X Figure 3: The plot above shows the distribution XH;(X,0,0,25 GeV?) for the two fits.
. L ) . L Alekhin’s distribution X@(X) used in the fit procedure is included with an error band of
Figure 6: The plot above shows the distribution H,(X,0,0,25 GeV*) for the two fits. Alekhin’s one half of the error for the set a02m_lo. The X points used in the fit procedure are indi-
distribution Xg(X) used in the fit procedure is included with an error band of one half of cated by black dots.
the error for the set a02m lo. The X points used in the fit procedure are indicated by black

dots.

Single Q? value shown --- fit known pdf’s all Q2
from J. Poage

GG, Gonzalez Hernandez, Liuti, Poage, in progress

7/30/17 G. R. Goldstein DPF Fermilab 2017 47



14«

3G

Q Gluon & sea distributions . roage

H_g(X,8,8) at Q"2 = 18 GeV"2

H,(X,0,0)

\ Q?=10 GeV?
N

888888 1 X 8:81

O.ag ’ -qbari{Xx,8, al = e ubar" T T ™ T T 1.2‘ » ubal" T T T T T

ol dbar dbar

0.7 [ \ Sbar Sbar

" \ sea(x 0 O) sea(x 0 O)
5 0.5 | - 2_ 2 . 0.6 - p 2
\Q =3 GeV Sea \Q\ =10 GeV

~ 8.4 “,7 -
1 X

888888

. X

GG, Gonzalez Hernandez, Liuti, Poage, in progress
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Fitting gluon pdf’s

c.f. Alekhin, .. etc.

08 LN  NLO - B}

0.6

X Hq ,g(x,0,0)

04

0.001 0.01 0.1 1

GG, onzalez Hernandez, Liuti, Poage, in progress
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H,(x,0,t) What constrains t-dependence?
Spectator t-dependence w/o Regge small x behavior:
& hybrid Regge-Spectator model combines

0-6 | | | | | | |
QCD Sum Rules
05 L Regge _
‘ Spect. Model e

0.4 PREL / /Vi][

& N
g o3t 1"VARy
=11]
a8
02 | -
0.1 F Q%=1GeV?
0 1 | | | 1 | 1
0 02 04 06 08 1 12 14

-t (GeV?)

Compare Gluon form factor via QCD sum rules
Braun, Gornicki, Mankiewicz, Schaefer, Phys.Lett.B302, 291 (1993)

GG, Gonzalez Hernandez, Liuti, Poage, in progress
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. ﬂ A 1. a+1 Gluon Transversity contributes to DVCS ™~ a,

+1
M _os ezJ’ Ay Ag——lAAg (X, 5 t)

DVCS cross sections: do/dt <5 |I\/I,\.____|2

¢’ (x6Q%)

***Interference with Bethe-Heitler contains cos3¢ modulation
to distinguish from (leading twist) quark contribution ***

“, S

A=+1 /\y=-1
o
/\g +1 /\g=_1
/\ 2 62 :132 _ :172
( )/ d”” [ —e (wg —§2> ]""‘""Tﬂmﬁ |
5 See Hoodbhoy & Ji, PRD58, 054006 (1998)
16 d)\ ‘L T ! (07 A 14 A

THvel — 5 Az (plg!| ke (— gmF f’>(§n)|PS).

7/30/17 G. R. Goldstein DPF Fermilab 2017 51



* (Can we expect SSA A, or B, for top?
o cf ptp&m+p 2 A Z E, A+ X
strongly polarized - long-standing puzzle

do(qq — q'q) —do(gg — g*q) _ Q)™ F0). (1)
do(qq — qq) Vs
Kane, Pumplin, Repko PRL 41, 1689 (1978)
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Helicity structure of polarized
top-anti-top production

~ E S
2 Gx aa A 7 An 5 Oaga,n

g g, b

all-helicities—not—tops
o< _
,0 'ttt

G, Ag, Ng

C':'/\N, Ng, N'g
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Azimuthal dependence

X
t Evaluated g+g = t+tbar
/6 in CM X-Z plane
Jeore/ ooRe z

Rotate b Jqooee,
= Ve 7 op)
t
t

Rotate 2-spinors xa(k,0,0) = e @=ieviegtio:3y (K, 0,0)
Matrix element rotates .

Or gluon x & y rotate. x: (k, 0, o) Mxi(k,m — 0,7 + ¢),
Amplitude phases

[ 12

e zo':oo._Le tio0 :teT‘ZiéU:_.
—>co0s2¢ & cosdp
modulations of t+tbar angular distributions, depending on helicities
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How to get to
hyperon Polz’n?

s quark accelerates toward

yemnant of proton
TR A

Contributions to order

ag Imaginary Part
(Dharmaratna & GG 1990,1996)

0 _% Need¢sea smrk

Box represents loop | light antiquark
contributions to Im part.

Seen as GPD already
have Im part!

55 G. R. Goldstein DPF Fermilab 2017




