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What is the structure of the nucleons?
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Is this structure explained by QCD?




Where does the spin of the nucleon come from?




VWe need to map
the structure of nucleons
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TMD distributions

quark pol. quark pol.
U L T U | L T
S|U| f, h, D, H,
3 | L giL hy
é T | fir | Gt | h1, hyp

“Amsterdam Notation”

TMD Parton Distribution Functions TMD Fragmentation Functions
(TMD PDFs] (TMD FFs]

TMDs in black survive transverse-momentum integration
TMDs in red are T-odd
Mulders-Tangerman, NPB 461 (96)

Boer-Mulders, PRD 57 (98]
AB, Diehl, Goeke, Metz, Mulders, Schlegel, JHEPOS3 (07/)
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TMD distributions

helicity
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TMD distributions

TODAY: only "unpolarized”

TMD Parton Distribution Functions TMD Fragmentation Functions
(TMD PDFs] (TMD FFs]
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Semi-inclusive DIS

[(0) + N(P) = 1(0)) + h(P}) + X

)
h (x. 2 p2 Q2) _ daf{,/(d:cdzdPdeQQ) N WFUU,T(x,z,P%LT,QZ) K
Ny e dopis/(dxdQ?) Fr(x,Q?) /
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Semi-inclusive DIS
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Semi-inclusive DIS

TMD PDFs




Semi-inclusive DIS

TMD PDFs
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Semi-inclusive DIS

TMD FFs

TMD PDFs
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Structure functions and TMDs

hadron

Pyr

proton

TMD Parton P TMD Parton |
Distribution Functions Fragmentation Functions

Fyur(z, 2, Pip, Q%) =Y /dkL dP | fi(z, k%) Dy™"(2,P7)0(zkyL — Ppr + PL) + O(M?/Q?)

“Parton model” or  Phase 1”

e.g., Pavia 2014, Torino 2014
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Structure functions and TMDs

hadron

P
P
[ .
proton
TMD Parton F TMD Parton |
Distribution Functions Fragmentation Functions
Fyur(z,z, Py, Q%) ZHUUT L /d/.cL dP | fi(x,k%;p%) DY™" (2, P3;u?) 6(2k. — Pur + PL)

+ YUU,T(Q 7PhT) + O<M2/Q2)

With QCD corrections or  Phase 2
e.qg., DEMS 2014 for D-Y
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TMD evolution

1 | _
iz, kys ) = %/dszE_ZbL'kaf(flf,bL;MQ)

see, e.g., Rogers, Aybat, PRD 83 (11)
Collins, “Foundations of Perturbative GCD” [11)
Collins, Soper, Sterman, NPB250 (85)
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TMD evolution

fla(aja kJ_; MZ) —

1

oo [ e f by

f1 (z,bp: 1 ) a/z ®f1 2, by 1p) S(b*,ub,u) gK(bT)ln—fNP (2, by)

collinear PDF
nonperturbatlve part

of evolution
nonperturbative part

pRCD of TMD

see, e.g., Rogers, Aybat, PRD 83 (11)
Collins, “Foundations of Perturbative GCD” [11)
Collins, Soper, Sterman, NPB250 (85)
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Drell-Yan processes

TMD PDF

TMD PDF




Drell-Yan processes

TMD PDF

N @

A+B — 7 =171

Ps

Analogous process for

Z boson production TMD PDF
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Avalilable data

PSS Z production

Drell-Yan@
10} 3¢ Fermilab

S
0 (GeVie)
®
®
o
ﬁ:\

1074 1073 1072 107 10°

)
\’/ future data of EIC?

small-x, high Q2
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Published and soon available fits

T —

Z

Framework| HERMES |COMPASS DY . |N of points
production
KN'2006 NLL X X v v 08
hep-ph /0506225
Pavia 2013
(+Amsterdam,Bilbao) No evo v X X X 1538
arXiv: 1309.3507
Torino 2014 v v 576 (H)
N No evo X X
aPX,-V_.(fBL?g)_ 6261 (separately) | (separately) 6284 (C)
DEMS 2014 NNLL X X v v 223
arXiv:1407.3311
FKV20T4 1 NLL |1 x@) bin|1 )@ bin| v v 500 (7)
arXiv:1401.50/8
Pavia 2016 NLL v v v v 8156

Friday, June 17, 2016




“Eight-thousander”
fit

Nanga Parbat, Pakistan, 8126 m
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HERMES (some selected bins)

e z=015

z=0.24
e z=0.28
e z=034
e z=043
e z=54
e z=0.70

10
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X2/ dof = 4.20 for proton

HERMES mult, proton, *

HERMES mult, proton, *

HERMES mult, proton,

HERMES mult, proton, *

HERMES mult, proton, *
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1 14t
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x =0.15, Q% =2.9 Ge /? ]
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P

hT
+
T

(other /7 channels are better]

00 02 04 06 08810

cut on Pr< 0.2 Q +0.5

P

1 14
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1 10
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I ]

x =0.24, Q° =5.2 Ge

14

A

12+

10r

2+

0]

(17

x =0.41, Q* =9.2 GeV? -

00 02 404 06 08 10

Phr

stronger cut on Phrt at low z

However, normalizing the theory curves to the first bin, without
changing the parameters of the fit, X=/dof = 1.94
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Compass (some selected bins)

x =0.007, Q2 =1.5 GeV? x =0.01, Q? =1.8 GeV? x =0.015, Q? =2. GeV? x =0.015, Q? =3. GeV?

. 2023 6 /r/“‘“ﬁ:\; 6 % K /"m%
S ﬁhﬁ | % | %
i ﬂﬂ”‘mﬂ% | m | IIII?III
2t 1 2t 1 2F IH
VAR | /’M‘“‘% | ﬂ%

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Phr Pht Pht

First points are not fitted, but used as
normalization to avoid problems related
to data normalization

Compass deuteron h*
X2/ dof = 1.49
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Drell-Yan data

Ed 2 Ed Ed Ed
E288, 55 [ /GeV?] £288, —— [cn’/GeV?] E288, —— [cn’/GeV?] E605, —— [cn?/GeV?]

T dp dp d3p
e o A 35 e o A
S = . e 10— T T

105 Vs =23.8GeV J<=194Gey| 10% I Vs =388GeV
10 36| |
e Q=A4.5GeV rn\[\i\kl\kx 1036} ] I
e Q=55Gev 10%| 103 ’ I
o Q =6.5GeV
10—37 |
e Q=85GeV | | .
1 u L ]
o Q=11.0GeV 0
] r 1 10 38| |
) p § 10738} |

e Q =11.5GeV
10 39|

Q =12.5 GeV

e Q =13.5GeV 107 38|

I T T T T T T 1 T L A SO S S T T T T T T T T T N A T e Y AN S S S | T YT T T T T [ B

00 05 1.0 15 20 25 3.0 0.0 05 1.0 15 20 25 3.0 00 05 1.0 15 20 25 3.0 0.0 05 1.0 15 20 25 3.0
qrlGeV] grlGeV] qrlGeV] grlGeV]

X2/dof =1.57 X2/dof =048 X=/dof =042 X2/ dof = 0.97
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Z Boson production data

d
d_ _ ~ — [pb/GeV], V's =1.896 TeV
o PO/GeVL Vs =18Tev (Q ~ MZ) P

ar

e CDF
e DO

qr(GeV] q7r[GeV]
x2/dof = 1.36 x2/dof = 2.00
x2/dof = 1.11 x2/dof = 1.73
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Conclusions
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Conclusions

e \\/e showed how useful is to fit the TMD FFs and PDFs to different different
processes to test their universality.
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Conclusions

e \\/e showed how useful is to fit the TMD FFs and PDFs to different different
processes to test their universality.

* \\We demonstrated for the first time that it is possible to fit simultaneously
SIDIS, DY, and Z boson data
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Conclusions

e \\/e showed how useful is to fit the TMD FFs and PDFs to different different
processes to test their universality.

* \\We demonstrated for the first time that it is possible to fit simultaneously
SIDIS, DY, and Z boson data

* \We extracted unpolarized TMDs using several thousand data points.
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Conclusions

e \\/e showed how useful is to fit the TMD FFs and PDFs to different different
processes to test their universality.

* \\We demonstrated for the first time that it is possible to fit simultaneously
SIDIS, DY, and Z boson data

* \We extracted unpolarized TMDs using several thousand data points.

* \We are working on uncertainty studies and Y terms still to be implemented.

=
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YU and b. prescriptions

Fi(,brs %) =Y (Cupi @ fi) (@, bes pap)e® Ot I8 OTII GG o (2 br)

7

32
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YU and b. prescriptions

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

7

32
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YU and b. prescriptions

N/ .

Fi(,brs %) =Y (Cupi @ fi) (@, bes pap)e® Ot IKOTII GG o (2 br)

Ly = Qe VB /b* by = 5 Collins, Soper, Sterman, NPB250 (85]

B 7 1/4 Bacchetta, Echevarria, Mulders, Radici, Signori
py = 2”7 /b, b = bmax (1 — € Pmax arXiv:1508.00402

up = Qo + qr by = br DEMS 2014

32
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http://arxiv.org/abs/arXiv:1508.00402
http://arxiv.org/abs/arXiv:1508.00402

YU and b. prescriptions

N/ .

Fi(,brs %) =Y (Cupi @ fi) (@, bes pap)e® Ot IKOTII GG o (2 br)

br
— 2¢ TE /} by = Collins, Soper, Sterman, NPB250 (83]
" /b VI 0 /B
ba& 1/4 : . .

B B — Bacchetta, Echevarria, Mulders, Radici, Signori
py = 2”7 /b, b = bmax (1 — € Pmax arXiv:1508.00402
o = Qo + gr by = br DEMS 2014
Complex—b pr‘escr‘iption Laenen, Sterman, Vogelsang, PRL 84 (00]

32

Friday, June 17, 2016


http://arxiv.org/abs/arXiv:1508.00402
http://arxiv.org/abs/arXiv:1508.00402

Nonperturbative ingredients

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

7

33
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Nonperturbative ingredients

V

Fi(,brs %) =Y (Cupi @ fi) (@, bes pap)e® Ot I8 OTII GG o (2 br)

33
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Nonperturbative ingredients

V

192 A

Fi(,brs %) =Y (Cupi @ fi) (@, bes pap)e® Ot I8 OTII GG o (2 br)

_ T
o (62) almost everybody
___ b7
<b2 (;c)> .
e T a Pavia 2013, KN 2006

DEMS 2014

33
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Nonperturbative ingredients 2

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

7

34
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Nonperturbative ingredients 2

.

Fi(,brs %) =Y (Cupi @ fi) (@, bes pap)e® Ot I8 OTII GG o (2 br)

34
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Nonperturbative ingredients 2

i/

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

7

b2, Collins, Soper, Sterman, NPB250 (85)
2
b2 Aidala, Field, Gamberg, Rogers
—2g21n (1 T ) arXiv:1401.2654

o) (1 exp [ - Croelin o 1) o g

Xiv:1412.3820
790 G s | ) 2

34
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http://www.arxiv.org/abs/1412.3820
http://www.arxiv.org/abs/1412.3820
http://www.arxiv.org/arXiv:1401.2654
http://www.arxiv.org/arXiv:1401.2654

Low-bT modifications

e ————————

see, e.g., Bozzi, Catani, De Florian, Grazzini

log (Q%b7) — log (Q%b7 + 1) hep-ph/0302104

see talks by Collins, Boglione, (Rogers?)
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http://arxiv.org/abs/hep-ph/0302104
http://arxiv.org/abs/hep-ph/0302104

Low-bT modifications

e ——

see, e.g., Bozzi, Catani, De Florian, Grazzini

log (Q%b7) — log (Q%b7 + 1) hep-ph/0302104

- b2, + b2 /(C2Q2) o ~bo 1
el = \/1 R + R/ (CRQPR) T )= CSQ\/l + 00/ (C5 Q% o)

Collins et al.
arXiv:1605.00671

see talks by Collins, Boglione, (Rogers?)
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http://www.arxiv.org/abs/1605.00671
http://www.arxiv.org/abs/1605.00671
http://arxiv.org/abs/hep-ph/0302104
http://arxiv.org/abs/hep-ph/0302104

Data selection

e

Q? > 1.4 GeV?
0.2 <2z <0.7
Pyr,qgr <0.2Q + 0.5 GeV Prr < 0.8 GeV (if 2 < 0.3)

36
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Data selection
e —— e

Q? > 1.4 GeV?
0.2 <2z <0.7
Pyr,qgr <0.2Q + 0.5 GeV Prr < 0.8 GeV (if 2 < 0.3)

Total number of data points: 87156
Total X2/dof = 1.45

36
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Pavia 2016 perturbative ingredients

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

192 A

A (O(a%)) A3(0O(a))
v/
B, (O(ad)) B (0(a))
v/
Ch ((2/(04%)) C1(O0(ay)) C2(0O(ag))
Ho(0(02)) Hy (0(ak)) H, (0(ag))
v/
Y1 (O(ag)) Y2(0(a3))

37/
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Pavia 2016 other ingredients

fi(w,brs ) =Y (Cupi @ f1) (@, s; pp)e” Bttt I8 0TI Mg fa (1 by

1

38

Friday, June 17, 2016



Pavia 2016 other ingredients

[, brs i) = > (Cagi @ f1) (@, b )5 Crite ) eI OO fo (3, br)

1

1 e b4 /b4 1/4
Uy = 2e TF /b* B* — bmaX ( 1 — e—b%ﬂ/b‘l, ) bmax = 2e” 7"
De  TE
bmin — 6—
@

38
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Pavia 2016 other ingredients

[, brs i) = > (Cagi @ f1) (@, b )5 Crite ) eI OO fo (3, br)

1

1/4

—VE jA— 1—e b7 /P —VE

Uy = 2e /b* b* — bmax 1 _ 6—1)%/()4. bmax = 2e
2 —YE
bmin — 6—

@
b — 1GeV
IK = ~927 fo = 1%€

38
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Pavia 2016 other ingredients

Fi( by p?) = (Cayi @ f1) (@, by )5 Ot x0TI fo (0 )

1

—~E — 1 — e_bf_]lz/bf:nax 1/4 g
ty = 2e /b* b* —_— bmax 1 —b4 /b4 bmax = 2e
De  TE
bmin — 6—
Q
2 .
Ix — _gz%T Ho = 1GeV g> = 0.14 Gev?  from fit results

38
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Pavia 2016 other ingredients

Fi( by p?) = (Cayi @ f1) (@, by )5 Ot x0TI fo (0 )

1

_ 1 — e~ b7/bmax b

Ho = 2e” " /b* b* = bmax 1 _ —b4 /b4 bmax — 2¢ F

De  TE

bmin — GT

b3 B _ 5 .
9K = g2t 1o = 1GeV g2 = 0.14 GevV*  from fit results
_ 7
fﬁp = (7O

38
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Pavia 2016 other ingredients

ra « b, Kk (bT)In
fl (CB?bT;lL[/2):Z( a/@®f1)( *,,Lbb) S (Buis ,u) 9z (b7) M fNP(x bT)

1

—~E — 1 — e_bf_]lz/bf:nax 1/4 g
Uy = 2e /b* b* —_— bmax 1 —b4 /b4 bmax = 2e
De  TE
bmin — 6—
Q
2 :
gk = —gz%T o = 1GeV g2 = 0.14 GeV® from fit results

For fragmentation functions

P2 2

~ L — PJ_ 7 _ PJ_ 77
fip =e VT fi, =F.T. of (e (PE@), 4 Wp2e (PI®), 1 y7pie <Pi<z>>a>
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00!
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20!
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1.01

3.0}
25/

20/

10L

i ] by
— ¢
i — b. (bmin="2: Q=1,2,10)
00 05 10 15 20
by [Gev™
— 1
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00 05 10 15 20
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Pavia 2013 [no TMD evo]

Global %2 /dof = 1.63+0.12

m(x,z, P?r, 02) proton target

o0 0.10<z<0.20
A 0.27<z<0.30 1

Jopeti ] 2.64+0.21

1-_0 -
10" (X)~0.15
Ex A

(@*~2.9GeV? 1,

1.80+£0.27

0.78+015 | .~ | 0.46+0.07

Friday, June 17, 2016



Pavia 2013 [no TMD evo]

Global x2/dof = 1.63+£0.12
Without flavor dep.: global x=/dof = 1.72+0.11

m(x,z, P?r, 02) proton target

FUSSEE

1.80£027 | @rasaer 1 J3masse | 2.64£0.21

1.83%0.25 ¢} | 2.8920.23
100;—

0.78+0.15 | { 0.46+0.07
0—2_ i

0.87x0.16 0.43+£0.0/
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Pavia 2013 [no TMD evo]

Global x2/dof = 1.63+£0.12
Without flavor dep.: global x2/dof = 1.72+£0.11

m(x,z, P?r, 02) proton target

° 9052020 -
1.80+0.27 @296V . Jowz0ie | D BA+(0.21
1.83+0.25 o | 2.89+023
100;—
0.78+0.15 | { 0.46+0.07
0—2_ _
0.87+0.16 0.43+0.07
0.0
first Ph1 excluded from fit A
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Pavia 2013 [no TMD evo]

Global x2/dof = 1.63+£0.12

Without flavor dep.: global x=/dof = 1.72+0.11

1.80+£0.27

1.83+x0.25

0.78x0.15

0.87+x0.16

m(x,z, P77, Q%), proton target

C T T
1[0 o 0.10<z<0.20
10° (x)~0.15 fa A 0.27<z<0.30 ]
(Q%~2.9 GeV? 1, o 0.38<z<0.48 ]
& 0.60<z<0.80 4
0 'k
1005—
0‘2_—

first Pnt excluded from fit

not so low ¥~

2.64+0.21

2.89+0.23

{ 0.46+0.07

0.43+x0.07

Friday, June 17, 2016



KN 2006 perturbative ingredients

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

192 A

A (O(a%)) A3(0O(a))
o/
B, (O(ad)) B (0(a))
v/
Co(O(ay)) C1(O(ag)) C2(0(ay))
o/ 7
Ho(0(02)) Hy (0(ak)) H, (0(ag))
o/
Y1 (O(ag)) Y2(0(a3))

4
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DEMS 2014 NLL

192 A

Fi(,brs %) =Y (Cupi @ fi) (@, bes pap)e® Pt I8 OTII GG o (2 br)

A (O(a%)) A3(0O(a))
v
B, (O(ad)) B (0(a))
v/
Ch ((2/(04%)) C1(O0(ay)) C2(0O(ag))
Ho(0(02)) Hy (0(a)) H, (0(ag))
v/
Y1 (O(ag)) Y2(0(a3))
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DEMS 2014 NNLL

192 A

Fi(,brs %) =Y (Cupi @ fi) (@, bes pap)e® Pt I8 OTII GG o (2 br)

A (O(a%)) A3(0O(a))
v o/
B, (O(ad)) B (0(a))
v v
Co(O(ay)) C1(O(ag)) C(0(ag))
o/ o/
Ho(0(02)) Hy (0(a)) H, (0(ag))
v v
Y1 (O(ag)) Y2(0(a3))
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