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TMD evolution: Fourier transform

1 | _
fi(z, kysp?) = %/d%wﬂb*mff(%bgﬁ)

Rogers, Aybat, PRD 83 (11)
Collins, “Foundations of Perturbative CD” [11)

possible schemes, e.g.,

Collins, Soper, Sterman, NPB250 (85)
Laenen, Sterman, Vlogelsang, PRL 84 (00)
Echevarria, Idilbi, Schaefer, Scimemi, EPJ C/3 [13) 5
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TMD evolution

fi(a, brs p?) =) (Cayi ® f1) (@, bs3 pp) e Oritns ) I TIMGG fa (0 b

7
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TMD evolution

Choice Choice

fi(a,br; 1?) = Y (Capi ® f1) (2, bs; ) e ritiosi) 9K OTIINGG fa (4 b

7

Friday, 15 April 16



TMD evolution

F(z, br; p?) = Z(éa/i ® ff)(flfab*;Mb)eg(b*;“b’“)egK(bT)lnﬁfﬁp(flf, br)

7

1wy = 275 /b, b, = \/1 Ty Collins, Soper, Sterman, NPB250 (85)

vt \ 1/4 Bacchetta, Echevarria, Mulders,
up = 2e” 12 /b, by = Dmax (1 —e b?nax> Radici, Signori
arXiv: 1508.00402

. ho— b D’Alesio, Echevarria, Melis, Scimemi
Hy = Qo +4qr «=br arXiv-1407.3311
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TMD evolution

4o

fi(a, brs p?) =) (Cayi ® f1) (@, bs3 pp) e Oritns ) I TIMGG fa (0 b
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TMD evolution

i/

Fi(abrip?) =3 (Capi @ F1) (@, bas ) e brite) g OTINGG fa (0 by

7

B @ Collins, Soper, Sterman, NPB250 (85)
92 9
| b2, Aidala, Field, Gamberg, Rogers
—2g2In | 1+ - arXiv: 1401.2654

0 )02 arXiv: 1412.3820

s b3 Collins, Rogers
g0 (b (1 ~ exp [_ Cras(up, )br ]) , g
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TMD evolution: example

1 . , /
fl (CC, kT; Q) — 2— /d2bT6_ZkT'bT [C 024 fl](ZIJ, bT) G_S (br,Q) e_SNP($7bT7Q704i)
v

I TTI
1 111

— Q=v24GeV
— — - Q=50GeV
. == Q=91.19 GeV

] IIIIIIII

0.1 E
> 0 T~ ]
S T
< 00l | ! | Tt =
Ny 0 4 5 6
N
@] T | T | T | T 3
] ] _
s by = 1.5 GeV 1
) E

N = i
L s | | | | | | =
3 4 5 6

k. (GeV)

I. Rogers, M. Aybat, PRDE3 (11)
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TMD evolution: example

1 . , /
fl ('CC7 kT; Q) — 2_ /d2bT6_ZkaT [C ® fl]($7 bT) 6_5 (bT’Q) e_SNP(xabT7Q7ai)
s

.\.
\.
s.

L

0.15— N T~ =

001 = | | | | LA | | | | | =

I. Rogers, M. Aybat, PRDE3 (11)
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Matching with fixed-order calculations

The W term I. Rogers's talk
Good approximation
If
gr < Q)

The Y term
Good approximation

If
qr > M

The Y term guarantees that the calculation at high
Pnt agrees with perturbative calculation done with
collinear tfactorization
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db3

Fyur(z, 2 PhT7Q2 - CUZHUUT QQQMQ) /4—J0(|bT||PhLD ~f’<$722b2¢3u2> D%_)h(z,bi;;f)

+YUU,T(Q ,Pir) +0(M?)Q?)
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Good approximation
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Matching with fixed-order calculations

G. Ferrera’s talk

30 T T T T T T T T T T T T ‘ T T T T ‘ T T T I | I T T T T T T T T T T T ‘ T T T T ‘ T T T T
[ T T T ]
pp ~Z°+X-1 174X pp »Z°+X-1T 174X A
- Vs=1.96 TeV T Vs=1.96 TeV A
25 \ | ]
o 20 i NLL+LO — NNLL+NLO —
S H N N e NLO
>0 N N
CISP Y term (x1 D] | Y term (x1 D]
& i
T
N
b
S 10 —
5 p—
0 E \ Tt

qr (GeV)

In these conditions, the matching works.
Almost the full range i1s dominated by resummation

20 30 40 50

@) — L=n(@**+1) = exp{al’}], ;=1 = / qu<d0>_3(tot)

qu
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In bt space

4350
(0) Q=M,
360
270
180
N f Z-production
Ll | | |

0 02 04 06 08 1
b(GeV"')

Vs =18 TeV

The cross section 1Is dominated
by the low-bT region

J. Giu's talk

11
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In bt space

430
(o) Q=M,
360
270
180
d f Z-production
Ll | | |

0 02 04 06 08 1
b(GeV"')

Vs =18 TeV

The cross section 1Is dominated
by the low-bT region

J. Giu's talk

10 r (0) Q=6 GeV
80

60 -

40 -

20 Drell-Yan
- L | | |

0 02 04 06 08 1
b(GeV")

Vs = 27.4GeV

The situation is sharply different
at lower energies 11
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Matching with fixed-order calculations

N. Sato's talk

Issues with the standard recipe:

10%

— FO _
—— ASY(no 2) |
— ASY

m FO is too small. The NLO calculation e — Y3 |
needed. (A. Daleo et al.) | ' b cowpass
10"}

B Y =FO — ASY is too big.

100 - o0,

[do /dzdQ?dzdp%)/|do /dxdQ?]

m Incomplete cancellation between W |
and ASY at large qr —new definition 1012_
of THS, (T. Rogers talk)

10*2 ! ! N ! ! !
0.0 0.5 1.0 1.5 2.0 2.5 3.0
dar

Q? = 1.92GeV? z = 0.0318,z = 0.375

12
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One of the possible ways out

I. Rogers's talk

~

2 ~
Wi (a0, Qi 1, Cs) — :(q—T n) [ SR O b, (. (51), Q)W b))

Q’ (2m)?
o+ o N
. _ max AL__
b*(bc(bT)) \/1 n b%‘/b?nax + C%/(M?naxb?nax) b*(bc(bT)>

Use in OPE

Y new — X (qr/M)Approx. 2 [ ['(qr, Q) — Approx. 1 { I'(qr, Q) ] ]

A = hadronic mass scale : Q = 20.0 Gev
(ResBos = 0.5-1.5 GeV) 10f g m e

08r I

Blue Curve ooft ‘o
A\ Corresponds 0. (ar/Q)
to Q;™" in 02 ':
CSS, 1985 e Geey)

13
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Effect of evolution parameter choices

J. Giu's talk

d Aybat, Prokudin, Rogers, 2012:

g 0.15 TMD evolution 2” 0.04
T - r Huge Q
e e ¢ 3£ 0.03 HERMES, COMPASS d d
S = o1l COMPASS ¢ £ = ' epenaence
® o . ®» D
< < o0.02\ BHIC
0.01}
0
1 1 4 1 L -o‘o‘. 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 20 40 60 80 100
P, (GeV Q7 (GeV?)
. L
[ Sun, Yuan, 2013:
— 1 T | T T T = 0-08 N ‘(¢, q) ) T T T T
» = n sSin - ]
0.04— AlsJ'_:(‘I’h""s) COMPASS —: T vr 'S RHIC L !
0.03[ . 0.06!- —
B . - Smaller Q Q-5 aGev
0.02 . B |
i h* + X ] o.04| dependence .-
0.01{— —]
o B 0.02f= ... -
0.01}— 1 *e+p—>lh'+X — ]

102 107" x

No disagreement on evolution equations!

Issues: Extrapolation to non-perturbative large b-region
Choice of the Q-dependent “form factor”

Friday, 15 April 16
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Intricacies of \Wilson lines

P Mulders's talk

1(A 1(B1 1lg(B2
o il

17
?—»—{i 1 1 1 0
>W“’< %ii 1 1 Nfc;’il
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olgn change of oivers function

Old prediction, no evo

0.25_AT

_______ *

' P I AR
6 -04 -02 0 02 04 06 08

Xg =KX, 0

Sun-Yuan, with evo

0200——————————T7 T T T Z

New

predictions, with evo

O -----------------
~o S~
005 F = T Tmemmmeeeee==—
<
£ 01}
c
wZ
< 4<M<9GeV e
0<q7<1 GeV
Piap=190 GeV
-0.15 F
DGLAP - - - - -
9,=0.20 GeVi, Brmax=1-5 Gev-1 _——
o L 0,=0.68 GeV?, by, =0.5 GeV'! .
-0.4 0.2 0 0.2 0.4
XF

COMPASS Drell-Yan

< 0f
0.01]
0.02]
0.03 ]
10.04]
- 06-04-02 -0 0.

Echevarria et al., with evo

X

I BN
04 0.6

F

/l |

Friday, 15 April 16




TIMD extractions:
phenomenology Issues
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Bessel weighting

L. Gamberg's talk

0.45

o
. —— BW Input '*§ e BW (k;) /BW (P, ) Generated
BW (k) 1 05:_ " BW(k) /BW (P, ) Sm+Ace
BW (Phj.) Generated R - BW (P, ) Generated / BW inpu
BW (P ') Sm + Acc I 4
041 1 e N= N DDD !
1;4_;.‘#—'_?_?—'—&_’_@_?_?_3_
gml
®
0.951 . .
- Deviations, but
0.351
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII 09IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII apparently Small
0O 12 3 45 6 7 8 910 "0 1 2 3 45 6 7 8 910
b (GeV™) b(GeV™)

Compare w/ the Monte Carlo generated distribution using
Eq (full red points) labeled “BW(Ph L) Generated”,

J | J | ’l 8
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Comparison

Transverse momentum

In FFs

)(2=0.4)

2
L

{

0.24——

0.22

0.20

0.18

0.16

0.14}

0.12}

£l

. 8: ‘x.

01

0.2

03 04 O
(kf)(x=0.1)

05 0.6

0.7

Transverse momentum

in PDFs

, D Signori, Bacchetta, Radici

. Schweitzer, Teckentrup, Metz
Anselmino et al., HERMES
Anselmino et al., HERMES, high z

Anselmino et al., COMPASS

my ey

Anselmino et al., COMPASS, high z, norm.

19
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Evolution of TMID fragmentation funct.

Mult (z,25,P5r)/Mult (z1,25,0) — e*e™ =T X @
New CSS flav. dep., b*, Gauss BELLE

10° ~ Q?%=100 GeV?, z;=0.5, z,=0.5 -

o A

bmax=1.5 ~~~~~~“ ~~~~~ j
gz=0.18
Drax=1.0
g2=0.41

b =05 Est. exp. error #
""" " g,=0.64
10—1 L L L 1 L L L 1 L L L 1 L L L 1 " " " 1 " " "
0.0 0.2 0.4 0.6 0.8 1.0 1.2

P2 [GeV?]

Bacchetta, Echevarria, Mulders, Radici, Signori, arXiv: 1508.00402

0
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Evolution of TMID fragmentation funct.

Mult (z,25,P5r)/Mult (z1,25,0) — e*e™ =T X o
New CSS flav. dep., b*, Gauss BELLE
Q?%=100 GeV?, z;=0.5, z,=0.5

109+

-~

-
~

SSSsaiiues Mult (24,25 ,PﬁT)/MuIt (21,25,0) — e"e > X
New CSS flav. dep., b, Gauss
N 100 Q®=14.6 GeV*, =05, z,=0.5
gz=0.18 I =
bue=1.0 N SSs ee
02=0.41 SSSsaol TSR
bmax=1.5 NNNNNNNN
Domex=0.5 — S
""" " ,=0.64 ' 92=0.18 e
2=V. <
107 e D =1.0
0.0 0.2 0.4 0 - oo 41
P2 [(
. b. =05 Est. exp. error
""" " §»,=0.64
10—1 N L L 1 L L L 1 L L L 1 L L s
0.0 0.2 0.4 0.6 0.8

P> [GeV?]

Bacchetta, Echevarria, Mulders, Radici, Signori, arXiv: 1508.00402

0
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Evolution of TVID fragmentation funct.

Mult (z,25,P5r)/Mult (z1,25,0) — e*e™ =T X

New CSS flav. dep., b*, Gauss
Q2=100 GeV?, z;=0.5, z,=0.5

Part B mex =0.5 Est. exp. error ®
'''' T g,=0.64
10" S
0.0 0.2 04 0.6 0.8
PEr[GeV?]

Bacchetta, Echevarria, Mulders, Radici, Signori, arXiv: 1508.00402 s
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x-behavior of TMDs

Signori, Bacchetta, Radici, Schnell JHEP 1311 (13)

\ (k2 )(x)
0. : : :

A

- Anselmino et al., PRD 71 (2005)

' HERMES gmc_trans

0.02 005 010  0.20 050  1.00

| Schweitzer, Teckentrup, Metz, PRD 81 (2010)

=
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x-behavior of TMDs

Signori, Bacchetta, Radici, Schnell JHEP 1311 (13)

\ (k2 )(x)
0. : : :

N\

| Schweitzer, Teckentrup, Metz, PRD 81 (2010)

- Anselmino et al., PRD 71 (2005]

1 HERMES gmc_trans

0.02 005 010 0.0 050  1.00

0.05

Still difficult to say, but possibly a
widening at lower x
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x-behavior of TMDs

Signori, Bacchetta, Radici, Schnell JHEP 1311 (13)

\ (k2))
0. : : :

N\

| Schweitzer, Teckentrup, Metz, PRD 81 (2010)

- Anselmino et al., PRD 71 (2005])

' HERMES gmc_trans

0.02 005 010 0.0 050  1.00

X
I u—quérk
0.4 F e= = == d-quark
g ]
& 03 ¢ -
Bl Sm e ——-— -
= - . .| diguark model
’ <]{7%> (x) _ fd ]ZT_)kT Q(xva) |
J #hr a(w, k7) |. Cloet’s talk

‘k 0 L 1 L 1 L 1
0 0.2 0.4 0.6 0.8 1

Friday, 15 April 16



Flavor structure of TIMDs

Signori, Bacchetta, Radici, Schnell JHEP 1311 (13)

~N g 1.8 .
@ O y
(0p] 16 * .
GJ L
qC_J TU ¢ . .‘0 .
c > 1.4 ALY
5 5 — Jiu e DISes
; - § 3 12 P .' ." b
y— o N-{- N'{ .. :. “
o C x| = 1.0 *.-’ ’
i) - , ee 23
D -O ™ .._: . .O"
B3 0.8 I
o 0.6
0.4
02 04 06 08 1.0 1.2 14 16
(k%.q,)
(K2 ..)

Ratio width of down valence/
width of up valence
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Flavor structure of TIMDs

Signori, Bacchetta, Radici, Schnell JHEP 1311 (13)
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c > 14

5 9

R 3| 312

w« O oA |

0O C x| 10
)

O ©

4(__70 § 0.8

o 0.6
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02 04 06 08 1.0 1.2 1.4 16
(K2 4,)
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Ratio width of down valence/
width of up valence
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Flavor structure of TIMDs

Signori, Bacchetta, Radici, Schnell JHEP 1311 (13)

~N 4 1.8 .
@ O .
7p)] 16 i ™
GJ L
B © .
c > 14
5 9
e gl 312
w« O oA |
0O C x| 10
oG
B S 0.8
o 0.6
0.4
0.2 0.4 06 08 1.0 1.2 1.4 1.6
(k2 4,)
(kS )

Ratio width of down valence/
width of up valence

Indications that width of down < up < sea
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Chiral quark soliton model

e pp) MY

i

10 ¢

001 f

0.001

P Schweitzer’s talk

M =035 GeV

valence u+d-u-d — —

sea u+d

0

5 10
p% [M?]

Schweitzer, Strikman, Weiss, JHEP 1301 [13)

24
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Chiral quark soliton model

e pp) M

i

10 ¢

0.1 |

001 f

0.001

valence u+d-u-d — ]

sea u+d

L M =035GeV ™
f f f f ]

0

5
p% [M?]

10

P Schweitzer’s talk

wider tall

Schweitzer, Strikman, Weiss, JHEP 1301 [13)
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Chiral quark soliton model

P Schweitzer’s talk

W .
' valence u+d-u-d — ]
sea u+d
L F
— .
= . .
- wider tall
SV 0.1
)
=
+
=
e
0.015'
:M=0.35GeV ~
0001 b — 0 1L
0 5 10
N P% [M]

Schweitzer, Strikman, Weiss, JHEP 1301 [13)

In chiral quark-solition model,
sea quarks are expected to have a wider distribution

24
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Chiral quark soliton model

P Schweitzer’s talk

e valence quarks = (v +d) — (u + d)
(p2)vai~ 0.15GeV? ~ 1/R? (“bound state”)

hadron

no Gauss, but also no extreme disagreement
e sea quarks =g = (u+d) !

pr ~ 1/p power-like behavior

quasi model-independent:

_ - C, M?
q ~ fd
fi(z,pr) = fi(x) M2 _i_p%
2N, ) S
C, = (2m) 2 <— cChiral dynamics! ProtOn

<pT>Val M

PR g

Iand ~y —

—92 _

’
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Statistical model

20

Xu(X,Qz,kT)

12

Down slightly narrower than up,
magenta (what x value?] larger than red
(different qualitative behavior for helicity TMD)]

0.8

J. Soffer’s talk
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TMDs at LHC

/ transverse momentum
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G. Ferrera, talk at REF 2014, Antwerp, https://indico.cern.ch/event/330428/

INntrinsic transverse
momentum effects

2/
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TMDs at LHC
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TMDs at LHC

/ transverse momentum

NNLL
[ T [ T T T T [ T T T T [ T T T
I CMS 7 TeV
— 0.06 - .
'> N
)
S
l_ -
O
2 0.04 - -
o
E -
@)
=
0.02 .
l l L1 l l

ar [GeV]

D’Alesio, Echevarria, Melis, Scimemi, JHEP 1411 [14) 2 8
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TMDs at LHC

/ transverse momentum

NNLL _
| Perturbative
_ CMS 7 TeV transverse momentum
— 0.06 only
S
()]
o
o
-g 0.04 n n . »
5 With intrinsic
N transverse momentum
0.02

ar [GeV]

D’Alesio, Echevarria, Melis, Scimemi, JHEP 1411 [(14) 2 8
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Gluon TMDs

C. Pisano’s talk

|deal process: e(0)+p(P) — e(#)+ Q(K1) + Q(K>) + X

» the QQ pair is almost back to back in the plane L to g and P

» g=/¢— /" four-momentum of the exchanged virtual photon ~*

Heavy quark pair production in DIS
Angular structure of the cross section ;
£ +1 » \S\S::

A : Y
y1 (y2) rapidities of Q (Q) in the v* p cms; xg, y: DIS variables 1
. +1 i 1
qr = K11 + Ky = |qTl(cos ¢7,sin 7). ‘
KL =(Ki1L — Ky )/2=1|K [(cos¢p ,sing ) hio
do {A + A b1 +A 2¢ } i
X 1 COS cos

dy; dys dy dxg d?2q7 d?2K | 0 - 2 L[ ’qT| < ‘KJ_|

2

q

+ M—Tz hy- g{BoCOS 2(¢ 1— ¢ 7) + By cos(¢p |— 2¢7) + Bicos(3¢ |—2¢7) + By cos 241 + Bj cos 2(2¢ | — </5T)}

p
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Transversity and tensor charge




Comparison of extractions

001 0.03 01 03
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Comparison of extractions

Torino 2015 & 2015 Radici et al & Kang et al. 2015
D
<
X s
>
-0.2 — . . . . .
0.1
Kang et al (2015) —
0.2 = Radici et al (2015)
0 0.2 0.4 0.6 0.8 1
X
0.2}
0.1
0.0
0.1}
 — ~0.2}
047501 003 0.1 0.3 1 0.01 003 01 0.3 1
X X
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LaMIET results

M. Radici's talk
and X. Xiong's talk

0.8- — 1 - 1 T T | T | T I T T T
- - xQSM :
0.6l - KPSY15 b
-~ RCBG15

- —— Lattice

X (0u — o6d)

\-~
e
-~

-04 -0.2 0 0.2 0.4 0.6 0.8 1.0
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Comparison between extractions

2 _ y .
Q° =10 GeV M. Radici’s talk
Radici et al (2015) [~ o o ® I
Kang et al (2015) — |_.-| In I @ I
0 0.2 04 -04 -0.2 0
0.0065,0.35 0.0065,0.35
Sul ] 5d ]
Anselmino et al (2013) —eo— - o
} Q?=0.8
Anselmino et al (2013) [~ —eo—] - Fo—]
Radici et al (2015) - —o— = ® | Q%=1
Kang et al (2015) [~ I o—| - Fo— Q2 =10

5 u[O,l] S a[O,l] . 8 3
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Comparison to lattice

1) Radici et al. 2015

g4 9 = su-6d (Q* = 4 GeV?)

1.2}
1.0f '} r ¢
o8 ® |

0.6} o

1

¥

*

1 2 3
2) Kang et al. 2015

2=10
3) Anselmino et al. 2013
Q2 = 0.8

oal | | |<—Iatt|ce—>‘
4 5 6 7 8 9

M. Radici's talk
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Comparison to lattice

. M. Radici's talk
1) Radici et al. 2015

g4 9 = su-6d (Q* = 4 GeV?)

1.2}
3 ' ¥
1.0F * ! ¢ *
: . +
08 =»
0.6f s 1 O O
oab | | |<—Iatt|ce—>‘
1 2 3 4 5 6 7 8 09
2) Kang et al. 2015
2= 10
3) Anselmino et al. 2013 ,
Q2= 0.8 |. Cloet’s talk

Friday, 15 April 16

34



Comparison to lattice

1) Radici et al. 2015

g% 9 = 6u-6d (Q° = 4 GeV?)

1.2
: ¥
1.0F % ' K 4
[ x
08 =
0.6} s 1
0.4f |<—Iatt|ce—>‘
1 2 3 4 5 6 7 8 9

2) Kang et al. 2015

=0

3) Anselmino et al. 2013

Q?=0.8

S

. Cloet’s talk

o ul®"] o,
—eo— e
—eo— o——
—e— °
—e— Fo—
O O
/ o
L > o]
/ | § |
1 0.5 0

Hadici's talk

Extraction from Experiments:
Anselmino et al. (2013a)

Anselmino et al. (2013b)
Radici et al. (2015)
Kang et al. (2015)
Lattice QCD:
Alexandrou et al. (2014)

Gockeler et al. (2005)

Bhattacharya et al. (2015)
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Comparison to lattice

1) Radici et al. 2015

1.0}

0.4

g% 9 = 6u-6d (Q° = 4 GeV?)

1.2|

0.8}

0.6}

RIS Y T
x
.A
|<—Iattice—>‘
2 3 4 5 6 7 8 9

2) Kang et al. 2015

Q2 =10
3) Anselmino et al. 2013
Q2 = 0.8

. Cloet’s talk

M.
o ul®"] o,
—eo— e
—eo— o——
—e— °
—e— Fo—
O O
/ o
L > o]
/ | § |
0.5 0

S e

Gao et al., The Universe, vol. 3, n. 2, April 2015

Hadici's talk

Extraction from Experiments:
Anselmino et al. (2013a)

Anselmino et al. (2013b)
Radici et al. (2015)
Kang et al. (2015)
Lattice QCD:
Alexandrou et al. (2014)

Gockeler et al. (2005)

Bhattacharya et al. (2015)

34
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Comparison to lattice

. M. Radici's talk
1) Radici et al. 2015

g4 9 = su-6d (Q* = 4 GeV?)

[ [0,1] [0,1]
r 6Tu 6Td Extraction from Experiments:
1.2 i —eo— o Anselmino et al. (2013a)
1.0 [ % Y ; 4 ¥ —eo—| Fo—| Anselmino et al. (2013b)
I 1 * L ] .
0.8 : i) —e— | ® | Radici et al. (2015)
: )\ ) —e— o—— Kang et al. (2015)
0.6 i [ . . Lattice QCD:
: |0| Alexandrou et al. (2014)
R h - Gockeler et al. (2005)
1 | 1 1 1 1 1 1 | H / H
1 2 3 4 5 6 7 8 9
H Bhattacharya et al. (2015)
I I I

2) Kang et al. 2015 C T 05 0
3) Anselmino et al. 2013 Gao et al., The Universe, vol. 3, n. 2, April 2015

Q2= 0.8 |. Cloet's talk
P Schweitzer's talk
g4 = [dx (h¥ — h¥)(z) more positive with hi(z) <0
gt = [dz (h{ — h)(x) more negative with hf(z) > 0
(97 + 97) okay

(g% — g%) underestimated
— tensor “charge” extractions 34

“valence result” for {
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Impact of SOLID data

H. Gao’s talk and

SOLID proposals
) ' Impact on
| transversity
-0.2 '
00 02 04 06 08 10
X X
AUTD”I WRTYS)
0.00 i _
—0.02:- 1*\ -
=\
_0.04:- \IT'I\\
~0.06} 1 :
ol ] Impact on dihadron asymmetry
—0.103- I
—0.123—
[ ! ] :
0160 01 02 03 04 05 06 3;.)
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Orbital angular momentum




Jaffe Manohar

1

5=5A2+[q+AG+[g

1

S. Liuti's talk

Ji

5
2

1
=§A2+Lq+‘]g

£q¢ Lq

J g¢£g + AG
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J. Qiu’s talk

Orbital angular momentum

OAM: Correlation between parton’s position and its motion
—in an averaged (or probability) sense

d Jaffe-Manohar’s quark OAM density:
£3 =} [# x (-id)] v,
d Ji’s quark OAM density:
=} [#x (-iD)| v,

] Difference between them: Hatta, Yoshida, Burkardt,
Meissner, Metz, Schlegel,

< generated by a “torque” of color Lorentz force
dy~d*yr SR S -
3 3
£ -y [P, 07 [ a a0
< 2| % FH ()] (27, ) ()| P)yi—o

1,7=1,2
\ J
1

“Chromodynamic torque”

Similar color Lorentz force generates the single transverse-spin asymmetry
(Qiu-Sterman function), and is also responsible for the twist-3 part of g,

38
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| attice calculation

M. Engelhardt's talk

Quark orbital angular momentum in units of the number of valence quarks

Y 2ijonany . (P51 O(=b/2y U=b/2,0/20(0/2) | P.S) |y o0, Ap=0, bp—so

n (P.S [ h(=b/2)y U[=b/2,b/2(b/2) | P, S)| p+—p-—y, Ap=0, bp—0
O‘O, ‘
[ auarks PRELIMINARY
Cop=(0,0,-1) RAW SAMPLE
- my =518 MeV . DATA, NO
o ' SYSTEMATIC
n I E ¥y ANALYSIS |
03 s
| . Ey F (] . Jaffe-Manohar
—04r{{{{iii }{{{
0 ‘—‘10”"—‘5””0””5‘””1‘0‘

Staple extent 7 (lattice units)
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Measuring Ji's OAM

S. Liuti's talk

| 1 1 1 ‘
FY = — / dy(Esy + H+ E) = —L, = / doF'}) = / dzzGo
x 0 0

k; moment of a GTMD twist 3 GPD

Friday, 15 April 16




Measuring Ji's OAM

S. Liuti's talk

| 1 1 1 ‘
FY = — / dy(Esy + H+ E) = —L, = / doF'}) = / dzzGo
x 0 0

k; moment of a GTMD twist 3 GPD

do =2 [ dezgi(z) + 3 [ dxz’gs(7)
dy = 2//daz v (H(z) —I—é(az)) + S/dx 22 Eor(z)
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Measuring Ji's OAM

S. Liuti's talk

| 1 1 1 ‘
FY = — / dy(Esy + H+ E) = —L, = / doF'}) = / dzzGo
x 0 0

k; moment of a GTMD twist 3 GPD

do =2 [ dezgi(z) + 3 [ dxz’gs(7)
dy = 2//daz v (H(z) —I—é(x)) + S/daj 22 Eor(z)

Twist 3 Is a lot of fun!
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More twist-3 stuftf

M. Schlegels talk

Example: Single-Inclusive Hadron Production {
in e-p collisions [e(l) + N(P) = h(Pn) + X] ’
theoretically simple, measured at HERMES, JLab 6

Transverse single spin asymmetry Aut (LO):

(4 (4

f !

Ayr ~ Kl — x(%)FFT(x,x) ® D1(2) ® 61}

+hi(z) ® {Hf(l)(z) ® Go + (z%)ﬂf(l)(z) ® 65+ H(2) ® 64+ S[Hpy] ® &5}

Partonic Coefficients differ in various frames (!?)

4
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Constraints on angular momenta

0.8

0.6

0.4

0.2

-0.2

-0.4

-0.6

-0.8

S. Liuti's talk

Mazous et al. PRL (2007)
DVCS + VGG

S—

| | | | "' |
75 /2
- 4"( -
I i / GPD model !
| r Lattice: GPD moments |
/ - DVCS data
4 ]
i Lattice: F14
<€
-0.8 -0.6 04 -0.2 0 0.2 0.4 0.6

4 M. Engelhardt

40

Friday, 15 April 16



Constraints on angular momenta

08 | | | |

S. Liuti's talk

A.'Rlajan elt al, atI'Xiv:1601.06117

0.4 F l - i/ GPD model

Mazous et al. PRL (2007)
DVCS + VGG

= ~0.23+x0.02

Radici, Bacchetta, PRL 107 (11)

0.2 F / | Lattice: GPD moments |
7
g 0
u—d / DVCS data
v/
-0.2 F -
-04 | -
Lattice: F14
-0.6 &
_08 | | | | | | |
-0.8 -0.6 -04 -0.2 0 0.2 0.4 0.6

0.8

M. Engelhardt
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g2 measurements

N. Sato’s talk

0.008] (a) == p| | [ (b)  — Eisx
== JAMI5 n —=— RSS
0.006 —e— lattice 1t :+g —— E01-012
\ - —e— E06-014 |.
d2 0.004 + T 17 + ....... JAMI15 {V

o ks

—0.002} . '
?

n do(Q?) = [ doa? 2973 (2, Q%) + 3933 (x, Q)]

Friday, 15 April 16

43



g2 measurements

N. Sato’s talk

0.008] (a) == | {f (b)) o Ex Y

— JAMI15 n —=— RSS

0.006 —e— lattice 11 :+§ —— E01-012

L —e— E06-014 |-
d, 0004 LS B IS {
0.002} . H :
0.000 1195 }{» +<> }% .
—0.002} I + o
1 2 3 4 5 1 2 3 4 5

Q* (Gev?) Q? (Gev?)

| [ Impact of JLab data on
S JAM twist-3 determination
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Two claims to observe GMTDs

Y 4
Ale® |k, |e® (A, —iA, ) (k —ik,) — ik, X A,

photon-proton plane

4/14/16

S. Liuti's talk
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Two claims to observe GMTDs

J. Qiu during discussion

TT

W Q High invariant mass
%) T

%Q

>




Two claims to observe GMTDs

J. Qiu during discussion

TT

W Q High invariant mass
%) T

%Q

>

| am personally skeptical, but let’'s walt for a publication A
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Can QED be helptul?

Unpol. electron in long. pol. dressed electron

L. Mantovani's talk

1 + + 1 0
PLU = 5 [p»[p//r ] —pil ]:| = ——= (k_L X 8_b> FT [F1’4]

1.5F m——
x=0.1
1.0t _ .2 2 _
lz —/d.l,(l b_Ld kJ_(b_]_ XkJ_)ZpUU—O
0.5
. 1.0\ — Se
Q 0.0 0.5 — 5
< b=0.1/M e
-0.5 -0.5
~1.¢f — Ly
-1.01 -1.58
-1.5 -1.0 -0.5 00 05 1.0 15
Mb,
b=10/M
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Can QED be helptul?

‘ L. Mantovani's talk
Unpol. electron in long. pol. dressed electron

1 + + 1 0
PLU = 5 [p%?% ] —p[& ]:| = —W (k_L X 8_b> FT [F1,4]

1.5F; m———
x=0.1
Lol .= [ ded*b d’k, (b, xk =0
.= [ ded®b d’k, (by XKy ), pvv =
0.5+ o
. ! - 1.0\ — Se
Q 0.0 0.5 — 5
< b=0.1/M e
-0.5 -0.5
~1.¢f — L
_1.0" -1.¢
o - s rer————— e ———————
-1.5 -1.0 -0.5 00 05 1.0 15
Mb,
b=10/M

Wigner distribution and GTMDs can be computed in
QED, but can we define a way to measure them?
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Conclusions

Theory Is In good shape, we are waiting for more data to challenge 1t
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