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of lepton pairs shown in Figs, 2 and 3. Our proce-
dure” predicts normalization as well as the shape
of the p ., distribution, and therefore the agree-
ment with the data for large values of p, is a
definite success of the theory and a detailed ex-
perimental study of the large-p , behavior for dif-
ferent values of m constitutes the most direct

and meaningful test of the theory. Notice the
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Fact check...
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PDFs from 1978 (physrevD.18.3378)

u,(x) =2.99(1 =x)*(1+ 5.99x = 2.63x/2)x~1/2
d,(x)=1.02(1 =x)5(1 +5.75x)x Y2,
s(x)=0.44(1 —x)%~1(0.8760 + 3.087x — 4.408x2

- T74.07x% +209.9x* — 102.3x5) .
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Gluon distributions are fixed by assuming that
the gluons carry approximately half the hadron
momentum and by dimensional counting.'® This
results in the momentum distributions
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PDFs from 1978 (physrevD.18.3378)

u,(x) =2.99(1 =x)*(1+ 5.99x ~ 2.63x2/2)x V2

d,(x) =1.02(1 —x)3(1 +5.75x)x /2,

s(x) = 0.44(1 —x)%~*(0.8760 +3.087Tx — 4.408x2
—74.07x® +209.9x* - 102.3x5) .

GPlx)=3(1-x)%x,

so that indeed

Gluon distributions are fixed by assuming that
the gluons carry approximately half the hadron
momentum and by dimensional counting.'® This
results in the momentum distributions

1
f XGP(x)dx =0.5
0
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do/dQ/dy/dp% (nb GeV~—?)
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Data from Phys.Rev.Lett. 40 (1978) 1117
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Data from Phys.Rev. D23 (1981) 604-633
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SIDIS 1L

Ph

Lab fl’ame outgoing lepton I'*

Current fragmentation

incoming lepton /* . L
incoming lepton Collinear factorization

target PH

Current fragmentation Soft region Target region
TMD factorization 707 Fracture functions

identified hadron pj, yh

Breit frame

identified hadron pj, outgoing lepton "

m Key question : How is pﬁ generated at
short distances?

incoming proton P* q=1-1

m Different regions are sensitive to distinct
physical mechanisms

exchanged photon

incoming lepton {*
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Nucleon structures accessible in SIDIS

18
F; | Standard label Bi do
2 2

F Four 1 5 E Fi(x727Q 7PhT)/8i
B Fuu c dx dy d¥ dz dop dPpp

F3 _FLL SH/\Q\/l — 52

Fy FZ’?’?‘(MMS) 1S [esin(én + és) Name Symbol meanin

B FISZ‘Y;%::S; ‘fﬂsmwhié’q) upol. PDF . 1 U. pol. quarks in Ug ol. nucleon
Fs FE‘;L" S |S ] |esin(¢n — ¢s) pol. }] - POl 9 - - POl

7 FEon & cos(2n) pol. PDF g1 L. pol. quarks in L. pol. nucleon
Fs | Fonoo—7s) 151 | sin(3n — o) Transversity hi T. pol. quarks in T. pol. nucleon
Fy | F0n=0s) [SLIAV1 — €2 cos(dpn — ¢s) Sivers ,/ﬁ: Do, pol. quarks in T. pol. nucleon

sin 2¢p, .

Fo | Py __ Syesin@én) Boer-Mulders hf“)q T. pol. quarks in U. pol. nucleon
F Fios [S1|Aey/2e(1 =€) cos ¢

1 LT Lide ) I(M)q .
Fig FEsn SiPey/2e(1 — 2) cos o Boer-Mulders | h; T. pol. quarks in U. pol. nucleon
Fig | Fip@o=08) 118 |\, \/22(1 — 2) cos(20h — o) : : :
Fiy oo S v/2e(1 + &) sin gy, 7
i Fine VI (T2 sin o, FF Dj U. pol. quarks to U. pol. hadron
Fug Fson 2%(1 1 2) cosdy Collins T. pol. quarks to U. pol. hadron
Fir F[:};:d)s ‘S‘l\ 2e(1 +€) sin ¢pg .
Fis | Fgpo ) | |Su1y/2e(+ o) sin(26n — ¢s)
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Regions in SIDIS

small transverse
momentum

Curyent fragmentation

MD factorization

detected
hadron

outgoing
quark

1

. . :

Incoming *
quark

aka W

Yn
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Regions in SIDIS

large transverse .
outgoing
momentum quark

detected
hadron

incoming - L SAAAAAANANA
quark

Current fragmentation
Collinear factorization

aka FO (=fixed order)

Yn
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Regions in SIDIS

small transverse
momentum

L
Ph

Curyént fragmentatign
'MD factorization

detected
hadron
outgoing

quark

incoming *
quark

W

Yh

large transverse FO
momentum

Current fragmentation
Collinear factorization

outgoing
quark

detected
hadron

incoming eocooeeenon.. _
quark
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Regions in SIDIS

small transverse \A/ large transverse FO
momentum

momentum
i

rentation
rization

matching region

aka A SY (=asymptotic) !

quark

Curyént fragmentatign
'MD factorization

detected
hadron

outgoing
quark

hadron

,,,,,,,,,,,,,,,,,,,,,,, incoming
: quark
incoming *

quark
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What is large or small transverse momentum?

m Scale separation

1
Ph
qr/Q
Current fragmentation
P- DPh 1 / Collinear factorization
z = ) qr =P /= '
P q ‘
. . . Current fragmentation Soft region Target region
u Merg|ng faCtorlzat|on theorems TMD factorization 7777 Fracture functions
Yn
dU 2 2
dxdQ=dzdp;,

~W forgr < Q@
~ FO forgr~Q
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Small transverse momentum Collins, Rogers PRD91 (2015)

d2b
W= ZHf Q, 1 /(2 )T e 0T Fy (@, by, 1, () Diy (2, b1, 1, Cp) + O(07/Q7)
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Small transverse momentum Collins, Rogers PRD91 (2015)

d2b
W= ZHf Q,p /(2 )TeﬂqT T Fy/n (2, b, 1, () Diyp (2, b1, 1, (D) + O(q7/Q%)

m CSS evolution equation

alan/N(vaT7CF7:u)
Oln/Cr

+ Related to vacuum matrix elements of
products of Wilson Lines

= K(br, p)

-+ Independent of flavor, target and spin
+ Independent of z

+ Universal across TMDs and processes
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Small transverse momentum Collins, Rogers PRD91 (2015)

d2b
W= ZHf Q,p /(2 )TeﬂqT T Fy/n (2, b, 1, () Diyp (2, b1, 1, (D) + O(q7/Q%)

m CSS evolution equation = RG equations
Ol Fr/n(x, by, (F, . dK(br,p)
p/n (. br, G, ) = K(br,p) g =~k (as(n))
Oln VCF dl
n Fy n(br, 1) 1 95
. —ama = wlas(u), 1) = Syr(as(p)n g
+ Related to vacuum matrix elements of np s ,
products of Wilson Lines ﬁln H(Q,p) = —2v¢(as(p), 1) +7K(a5(u))ln%

-+ Independent of flavor, target and spin
+ Independent of z

+ Universal across TMDs and processes
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Valid for 0 < g1 < Q

Small transverse momentum Collins, Rogers PRD91 (2015)
d? br e tar-br
2m)?

W= ZHf Q, p /(
— 0 (2 b b dz
x e~ 9r/N( 7b1,bmx)/ - ff/N(l Lo, Cf/p(a:/x b*vub* as(ip,))

T

—an (2 dz
X e gh/f( 7bT,bmax)/ Agdh/f(z b, )Ch/f(z/z b*?”b* aS(Mb*))

Q2 —0JK (bT7b!D"iX Q2 K(b*,ub*)
(%) (u)

2
X exp l/:Q dﬂ l%(as(ﬂ) 1) —In (22,)271((045(#’))

b

Quantities in pink are non-perturbative
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Large transverse momentum

1 d
FO =3 e /* - fm H(&) £4(&, 1) dyfC(€), 1) + O(a) + O(m*/g?)
q Q2 1—=z

2
+ Attention: (Z;lmz + :r) <E<1
+ large gt probes large ¢ in PDFs

-+ Can be useful in collinear global fits

Valid for ¢t ~ Q
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Matching region

Valid for 0 < ¢ < Q

ASY ~ d(ein) [ % (e Plase) + i) [ Sl Pe/0)

¢
+2CF f (z; p)d(z; ) (ln <Q2> - 3>
gr 2

+ Interpolates between W and FO
+ FO-ASY =Y
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Toy example: how we expect the W+FO-ASY to work

10°

do L0~k

T

FO
[AY]
Y

W]
W+Y

Q =2.0(GeV)
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Existing phenomenology

@ e (@ covt
0055 ®

3

Pl

@aa6ev | (@e8Gev|  (@hsscev| (@r4ncev
=003

L
L]
. pm £l A 1A A
. i AR AR ANIAS
R AN /\/\A
a i » (=065, £ /\ /-\
ot | S e iy ooy | | N RS
0.25 050 075 @meev | ehmcer | (arseev| e cer| 03 08 09
8l (0=0015 (x=0.022 0=0.083 (=0.085 Pr(GeV]
22,94 GeV? E 4
C i IRARRIA
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m These analyses used only W (Gaussian, CSS) — no FO nor ASY
m Samples with gr/Q ~ 1.63 have been included
m BUT TMDs are only valid for ¢v/Q < 1!
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FO@LO predictions (DSSO7) Gonzalez, Rogers, NS, Wang PRD98 (2018)

x"’ WWH TWWW
T
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| data/theory(LO) vs. gr (GeV)
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Trouble with large transverse momentum

FO=Y¢ fo 22 sicnd 2) 1 O(m?/g?
- fa (6.1) dg(C(E). 1) + O(03) + O(m2/g?)

5517Z+m§_m

+ FFs needs to be updated?
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FO@LO predictions (DSSO7) Gonzalez, Rogers, NS, Wang PRD98 (2018)
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FO@LO predictions (JAM].B) Gonzalez, Rogers, NS, Wang PRD98 (2018)

T COMPASS 17 h* 12W /”\
= 6 ff
5| data/theory(LO) vs. gr GeV 4] é.” HWH HH ,“.’." } }
PDF : JAMIS FF : JAMIS 12 “m W‘l |‘ ”“ \‘”
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Trouble with large transverse momentum

FO=Y6 fo 22 @ sen a 2) 1 O(m?/g?
- €q 2 .. (& 1) dg(C(€), 1) + O(ag) + O(m*/q”)

5517z+m§_m

+ O(a?%) corrections might be important
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order a% corrections to FO

dc /dp, (pb/GeV)

2<0°<45GeV?
—— KKP NLO

——

Daleo,et al. (2005)
PRD.71.034013

5 6 780910 15

Py (GeV)

m There are strong indications
that order a% corrections are
very important

m An order of magnitude
correction at small pr.

m As a sanity check, we need to
have an independent calculation

26 /32



O(Oé%) calculation (J. Gonzalez-Hernandes, T.C Rogers, NS, B. Wang - PRD99 (2019))

1+ I+ g
WH(P,q, Pg) = / dg/ (g, 2/8,2/CQ) fiyp(€)dry;(C)

v MgHN|2; |MZ;N|2} dIT™) — Subtractions

A 1
Puuﬂr(N P,ul/ ”r(N) =
{ (27‘(’ 4

Born/Virtual

V' Generate all 2 — 2 and 2 — 3 squared
m amplitudes
Real v Evaluate 2 — 2 virtual graphs

(Passarino-Veltman)

W V' Integrate 3-body PS analytically
v Check cancellation of IR poles
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FO @ LO predictions (JAM18)
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FO @ NLO (JAM18)

COMPASS 17 h*
data/theory(NLO) vs. g1 (GeV)
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Understanding the large =
(J. Gonzalez-Hernandes, T.C Rogers, NS, B. Wang - PRD99 (2019))

RO/ PO

(V] W~ (=]
L L f

2=02 qgr=0Q

z2=08 gqr=0Q

z2=0.2 qgr=2Q

— Q=2GeV
— Q=20CeV

z2=0.8 gr =2Q

0.01

0.1

001 01

m Large corrections threshold
corrections are observed

m The z at the minimum can be
used as an indicator of where
such corrections are expected to
be large
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Understanding the large =

(J. Gonzalez-Hernandes, T.C Rogers, NS, B. Wang - PRD99 (2019))

COMPASS kinematics

7 7 7
>
6 61 61 Lot
r <z
> D <es=024 | O] <z>=048 | O] <z >=0.69
¢ 1K 49 41
S g8
3 111K 3 3
EEE 8 &
LUl s Ly
£
1 — o | 1 1
0.01 0.1 €T €T 0.01 0.1 €T

m The blue region might receive large threshold corrections

m This can potential explain why the O(a%) fail to describe the data at

large x
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Summary and outlook (the next steps)

m A new combined PDF/FF (charged hadrons) global analysis
with the inclusion of COMPASS g1 data is on the way
(JAM19+)

m Need to identify regions of kinematics where FO and data are
compatible

m Explore/combined alternative approaches based on power
corrections — Liu, Qiu (arXiv:1907.06136)

m SIDIS region pheno analysis based on tools developed at
Boglione, et al. (arXiv:1904.12882)
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