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I follow the request of Harut, and will present the description of
» how modern TMD phenomenology works.
» how impact studies for future colliders are done.

Also I will present some superficial (due to lack of time) studies of pseudo-data from
JLab22.
Hope to have live-full discussion afterwards!

Outline
» Present state-of-the-art in TMD phenomenology

» Features and problems of TMD phenomenology
» TMDs at JLab22 (first look)
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Main scales:
The invariant mass of photon: |¢?| = Q2
Transverse component of photon momentum: g

R
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Present state-of-the-art (unpolarized)

104 103 102 .
150 150 Unpolarized sector
ATLAS(116<Q<150) ATLAS
e [ j CMS » Data
<Y » High-energy=DY
100 100 » Mid-energy =
S SR fix-target DY
» Low-energy = SIDIS
» Joined fits
% Thon i 50 » SV19 [Scimemi, AV,
§ CDF, D0 1912.06532]
=2 ATLAS(46<Q<66) » MAP22 [Bacchetta, at
al, 2206.07598]
30 30
HERMES » Theory
» N*LO evolution (!)
» N3LO coeff.functions
10
Total:
457 DY points Present unpol.fit are LHC-
582 SIDIS points <l
. riven.
1074 10 There are issues with SIDIS
x description.
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Combines expression for cross-section and performs integration over bin-size:
Ao= / dQ*dyd*qr o0(Q, v, -) H(Q. uu) Wlgr,z1,2,Q, par) Pleuts)
bin
A 4 1

TMD theory is complex
mixture of elements of
T LeptonCutsDY different origins

Calculates correction factor for leptonic
tensor due to fiducial cuts

Provides agep, gv, Mz, etc.

Combines expreskion for “structure functions”, and evaluates Hankel integral

Wiloran,n Q)= sy [ S dobar) P (o, Q) Fyr iy o, i @)
! t

Combines expression for evolved TMD distribution
Fren(@,b 1,.0) = RI[b. (1,¢) = ()] Fren(x.b)
A

I

picture from artemide’s manual

Evaluates TMD evolution kernel
RI(b; (g, Gp) = (s G) =

T dp d¢
ew| [ (hr—Dhrg)
[/p " f A < ]

Evaluates optimal TMD distribution
Yen(@,b) =

/ L6 (5 1) 1 nore) e,z b)
A A 1

wTMDPDF_model
QCDinput

Provides a., and collinear PDFs.
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Combines expression for cross-sectigff and p&Norms integration over bin-size:
8= [ dgduar ou(@u HEG ) Y (ar .22, @) Plonts)
be
4 [ 4

TMD theory is complex
mixture of elements of
T LeptonCutsDY different origins

Calculates correction factor for leptonic
tensor due to fiducial cuts

Provides agep, gv, Mz, etc.

» Perturbative elements

Combines expresh

Wigr,z1,22,Q, p) =

ion for “structure functions”, and evaluates Hankel integral

S [ )y (016 @y o b, @)
’ ¢

Combines expression for evolved TMD distribution
Fren(@,b 1,.0) = RI[b. (1,¢) = ()] Fren(x.b)

picture from artemide’s manual

QCDinput

Provides a., and collinear PDFs.
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cture from artemide’s manual

Combi

A= /mn dfl;iyd’qr 0(Q.v, - H(?#u) (gr. @1, 72, Qd-tfi) P(cuts)

ines expression for cross-sectigfl and peNprms integration over bin-size:

TMD theory is complex

Provides agen

Wigr, o1

Combines expres

mixture of elements of

T LeptonCutsDY different origins

Calculates correction factor for leptonic

L gv, Mz, ete.

tensor due to fiducial cuts

» Perturbative elements

sion for “structure functions”, and evaluates Hankel integral

o %J“(WT)?M%“ P lenlnte) » Models/parametrization
>0 fy

122, Q 1) =

Combines expression for evolved TMD distribution
Fyn(@,b; p,¢) = R [b, (1,€) = (--)] Fren(z,b)

imal TMD distribution

e

(2 ptore) fnr(w,2,b)

QCDinput

Provides a., and collinear PDFs.
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cture from artemide’s manual

Combines expression for cross-sect
Aa:/ dQ*dyd*qr o0(Q. v, ..
bin T

and pNorms integration over bin-size:

(g, 21,32, @, urr) Pleuts)

Combines expreskion for “structure functions”, and evaluates Hankel integral

Wigr,z1,22,Q, pt) =

LeptonCutsDY

Calculates correction factor for leptonic

TMD theory is complex
mixture of elements of
different origins

tensor due to fiducial cuts

S [ )y (016 @y o b, @)
’ ¢

Combines expression for evolved TMD distribution
Fren(a,b; 1,¢) = RI[b, (1,¢) = ()] Fren(x,b)

MD phenomenolog;

» Perturbative elements
» Models/parametrization

» External input (PDF, as, ...)
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Combines expression for eross-sectigfl and pNorms integration ove
ar= dq’dvdzqf 70(@.4. 6 (Qu ) W (ar. .0, sy .
I A 4 A TMD theory is complex

N'LO mixture of elements of
- LeptonCutsDY. different origins

Provides agep, gv; Mz, etc,

Calculates correction factor for lepton

D » Perturbative elements

Combines expression for “structure functions”, and evaluates Hankel integral
. > bdb
Wiar,z1,20,Q0) = 3210 / B Jo(bar) a1, b, @) g (02,0, @)
A1 ),

» Models/parametrization

» External input (PDF, as, ...)

» Phase-space, cuts, etc.

Combines expression for evolved TMD distribution
Fren(a,b; 1,¢) = RI[b, (1,¢) = ()] Fren(x,b)

cture from artemide’s manual
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Combines expression for eross-sectigfl and pNorms integration ove
Aa dQ*dyd* 4t oo(Q. . - H(Q. ns) W (ar, 21,22, Qs .

[/b A ] 6 A A TMD theory is complex
NILO mixture of elements of
different origins

Provides agep, gv; Mz, etc,

Perturbative elements

Combines expreskion for “structure functions”, and evaluates Hankel integral
o

W (ar..20,Qu) = D apsr [ S olbar)Fycn, o1, Q) Fir . (0 @)
G

Models/parametrization

| 2
| 2
» External input (PDF, as, ...)
| 2
>

Phase-space, cuts, etc.

Non-trivial numerics

Combines expression for evolved TMD distribution
Fren(z,b; p,¢) = RI[b, (1,¢) = (--.)] Fren (z,b)

cture from artemide’s manual
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cture from artemide’s manual

Combines expression for eross-sectigfl and pNorms integration ove
Aa:i/ dfz’dw’]lt 70(Q.u. 6 (Qupar) W (ar, 1,2, Quiiss
bin ‘ * *

Provides agep, gv; Mz, etc,

Combines expreskion

N4LO

TMD theory is complex
mixture of elements of
different origins

for “structure functions”, and evaluates Hankel integral

W (ar..20,Qu) = D apsr [ S olbar)Fycn, o1, Q) Fir . (0 @)
G

o

Combines ex;
Fren(z,

pression for evolved TMD distribution
1.0) = RI[b, (11,€) = ()] Fren(x,)

Perturbative elements
Models/parametrization
External input (PDF, ag, ...)
Phase-space, cuts, etc.

Non-trivial numerics

imal TMD distribution
e

(2 nore)fur(x, 2,b)

1) Each element is a product of
hundreds of
investigations/papers and could
not be simply changed.

2) A tiny modification in any of
elements could lead to significant
difference in the output.

3) You are free to modify only
models/parametrizatons but
also within certain limitations

MD phenomenology
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© 0023 <x <0085
© 0085<x<0.100

S

RPN

A

osf AT, A
‘minimization 02 hl ;
i
n%gﬂég ,p,;};,;,,;,
Values of parameters ‘ 07 O4Os os Tz uaae e

Interaction with data only
through x2.

\
ncertanty on extraction ‘

4 L
This is only one step out of
[ MANY!
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e —————————

Universality & the chain of extractions

Low-energy

High-energy

E228, E605,... >R x F| x F| | ATLAS, LHCb, ...

PHENIX

Unpolarized DY
CS kernel

Vladimirov

Dholbry = 1GY)

CDF, DO

uTMDPDF

NI e

[V.Bertone,I.Scimemi,AV;1902.08474] 7/
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Universality & the chain of extractions

Low-energy High-energy

E228, E605,... >R x F| x F| | ATLAS, LHCb, ...

PHENIX
Unpolarized DY /

1
1
1
1
:
1
: CS kernel
1
1
1
1
1
\

Dholbry = 1GY)

NI e

7
_________________ -

~

HERMES

E compass | 7| X F1 X Dy
. Unpolarized SIDIS

[I.Scimemi,AV;1912.06532]

e
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Universality & the chain of extractions

PHENIX CDF, D0
Unpolarized DY / \

CS kernel uTMDPDF

Dby = 1G8Y)

tone,l.Scimemi,AV;1902. 08474] 7

HERMES
COMPASS

Unpolarized SIDIS

[I.Scimemi, AV;1912.06532]

P
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. Unpolarized SIDI

\ [L.Scimemi, AV;1912.06532]

’

[AV;1907.10356]

Universality & the chain of extractions

HERMES > R x Fp x fi |« COMPASS
COMPASS RHIC
JLab 17 x?/Npt = 0.8
x?/Npt = 0.9 Sivers

[Bury,Prokudin,AV, 2103.03270]

Transverse SSAs

SIS eI
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Universality & the chain of extractions

1
1
1
1
1
| [AV;1907.10356]

’

HERMES COMPASS
COMPASS RHIC
JLab X% /Npt = 0.8
X2/ Npt = 0.9

Transverse SSAs

\
1
1
1
1
1
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[Bury,Prokudin,AV, 2103.03270]
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[l Further observables ]
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All the structure is rather shaky.
Modification in any element (could) lead to significant modification in the output

LATEST EXAMPLE: PDF-bias and flavor dependence

W HERA20 W MSHT20 mCT18 W NNPDF3.1 m SV19
T T T

T
14r u-quark b=1./GeV 1.4

0.8

0.6

1.6
14

2 [2201.07114]

0.8
0.6
0.4

! ! I
10 10 02 0.1 10 107 1072 0.1 1.
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All the structure is rather shaky.

Modification in any element (could) lead to significant modification in the output

LATEST EXAMPLE: PDF-bias and flavor dependence

W HERA20 W MSHT20 mCT18 W NNPDF3.1 m SV19

T T T T T T
u-quark x=0.1

102
102

[2201.07114]

Unpolarized TMDPDF.

It is the foundation of
all other extractions.

July 20, 2022

2

NS

o

Ky

8 /22



®

» No single group can explain
SIDIS-data plainly ©

» TMD factorization is valid in a small

corner of phase space » Perturbative parts are very well

known (most simple problem
» Many sources of uncertainty which ( plep )

accumulate fast » There is some agreement in-between

extraction in the unpolarized sector
» Many hidden problems, which we are P

not aware yet » Predictions of TMD factorization

work quite well (in the range of

» Data are imperfect applicability)

» Cannot confirm sing-change (need
better DY data)

o’

Still I am very optimistic regarding the future of TMDs

R
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EIC:
» SIDIS (!)

» Large number of
wl data-points in totally
g unexplored region.

» High precision.

» Extreme pt-resolution

0 07

0.04 8fi(ax =107 k) 8file =107 ky) Sfilx=10""kp)/4

0.04
A
kr[Gev]
I T
L’b 3D (= = 0.05, kr) 5Dy(= = 0.25,kr) 5D (2 = 0.45, k)

0, 02 01 06 08 0 02 [ 06 08 0. 02 01 06 08 1

MD phenomenolog; July 20, 2022 10 /22



’ EIC:
" " » SIDIS (!)
----- : » Large number of
wl o data-points in totally
g unexplored region.
¥ sc NI » High precision.
" Do not trust it!
Based on the 2-years-ago understanding...
\ Lk

0 07

8fi(ax =107 k) S ffl=10"2 ky) Sfilx=10""kp)/4

oot
0.02
0
0.02
0.04
A
kr[Gev]
I T
L’b 3D (= = 0.05, kr) 5Dy(= = 0.25,kr) SDy(z = 045, kr)

0, 02 01 06 08 0 02 [ 06 08 0. 02 01 06 08 1
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I want the same
picture but for JLab22

OK... Let’s try

R
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Values of parameters MC-generator
determined in previous fit + 777

o e <0085
03| Ailp Aia o 0oss<x<o100

ey : {fgggf [

BT ety !

03| Al Aia

t
, a,fht,iéé:ﬁéi NN
Does not work!
X2/Npt > 1

20| 0255203
0.0156489<x<0.0251189

0 56.2341<02<100. priGev]
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Values of parameters
determined in previous fit

uncertainty
-0t
03| Al Ala
0z
o1 )g ﬂ g i
(]
02503 oS ERTY Befet ¢
00158485:5c0.0251189
56.2841<2<100 oo -4
[ R TR VR AT L T T FA O LN

MC-generator

+ 777
o3 ATy Ay o omsscx<ormn

b

----g§--;-----;4;’£g..:’.




Values of parameters MC-generator
determined in previous fit + 777
oaf Al Al o omsscxcomo
. {{ ; ~ ot om
.
il .,
?
uncertainty| | ﬁ_%-"”f“gg"ﬁ
osf 45, AL
02| h *
o ‘s
- o %éﬂé § & n'}!}l} ;
56.234102<100. DrlGev] w01

This is minimal scheme

variation | X2 =0 » +extra d.o.f.
of pa- » +existing data
rameters

» +other sources of
uncertanties

Estimation of the impact ‘

>
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First look at JLab22

SDy(z = 0.45,b N 5Dy(z = 0.75,b)

gt
0.0 0.5 1.0 1.5 2.0 2.5 3.0 .O.I] 0.5 1.0 1.5 20 25 3.0 .ﬂ.D 0.5 1.0 15 20 25 3.0
b[GeVT!] b[GeV!] b[GeVT!]
08
ot ﬂ‘m.(z = 0.0, kr)
0.4 '\09
0.2

0. 0.2 04 0.6 0.8 0. 0.2 0.4 0.6 08 0. 0.2 0.4 0.6 0.8 1
kr[GeV]

This is a minimal study. What must be included
» Variation of other parameters (so far only 4 parameters of TMDFF)
» Extra terms to be sensitive for different regions

» More systematics (correlated uncertainties...)
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The modern TMD phenomenology is cumbersome and indirect.
Is there a way to directly probe TMDs?

Direct extraction of Collins-Soper kernel

and

direct tests of TMD factorization

0.8+

0.6

0.4}

0.2}

-0.2

[A.B.Martinez, AV, 2206.01105]
D(b,2GeV) /

5
b(GeVh)
— CASCADE e SVZES
— SV19 + ETMC/PKU
=== MAP22 SV7Z
-=-- Pavial9 v  LPC20
Pavial7 - LPC22

Vladimirov TMD phenomenology

CASCADE does not have CS-kernel.
It is build on different principles, but
nicely predicts TMD cross-sections.
Still one can extract CS-kernel and
text agreement with TMD
factorization.

» No parametrization

» No need for large coverage in @

» Ultimate test of universality

» Works with SIDIS better than
with DY
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-
How does it work? (theory)

W(Q, a2 k1) = /O

= W(Q,I,Z, kJ.)
13

do o, (Q) y?
dQ?dxdzdk? QF 1-
< bdb kb

(2m)?

o

z

Evol.factor
our goal!

Alexey Vladimirov

TMD phenomenology

) R0, = Wiy QP 3 o i (i)
\ f v

TMDs
trash

2

NS

bt
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-
How does it work? (theory)

: do a2 Q) 2
_ nad, o
dQdedzdki Q4 1_¢ (Q,z,2,k1)
> bdb kb
@@ aki)= / 20 (i> R, Q@ — /‘]‘CV(QN2 Zeﬁfl(x,b; w)di(z,b; )
0 ’ ~ f 7
Evol.factor TMDs
our goal! trash
i i do kL
D im Fourier 5@,z = [ dararsn(urt) oz =
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-
How does it work? (theory)

s do maln(Q) y?
_ modn W(Q, a2,k
dQ2dwdzdk? o1 1 V@wzkl)
_[% bdb kb 2 2 . .

W(Q,CE,Z,kZL)— 2 o\ — R[b7Q_>M]‘CV(Q)| Zeffl(x7b7y’)d1(zvbvu)
o (2m) z \ f \/
Evol.factor TMDs
our goal! trash

. . do k:J_
1) inv. Fourier 3(Q,x,z,b) = /quqTJg(qu)m, qr = -
2 ratio Z(QuT ) _ (@)4 a2, |Cy (QU)[2 RIb, Q1 = p ¥ ) f1(m.bpeyer(@,b, 1)
%(Q2,,2,b) Q1 a2, |Cv(Q2)1? R[b, Q2 — p] Zf fi(z (7, b, )
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-
How does it work? (theory)

s do maln(Q) y?
_ modn W(Q, a2,k
dQ2dwdzdk? o1 1 V@wzkl)
% bdb kib
W(@Qazh) = [ g (M) BbQ WOV @P 26t b
o (2m) z \ f \/
Evol.factor TMDs
our goal! trash
. . do k:J_
1) inv. Fourier 3(Q,x,z,b) = /quqTJg(qu)m, qr = -
2) ratio S(Q1,z,2,b) (@)4 a2,,|Cv(Q1)[2 RIb, Q1 — 4l ZW
%(Q2,,2,b) Q1 a2, |Cv(Q2)1? R[b, Q2 — p] Zf fi(z (7, b, )

3) recall that R[b,Q1 — u] = exp <2/
P

(Q1—n) Iz ¢
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How does it work? (theory)
do Tagm(Q) v

= % k
dQdedzde Q4 1—¢ (Q,,2,k1)

> bdb kb
W(QﬂC,Z,kL):/O (27r)2‘]0( L )R[bé)\—> u]|Cy( )|22f:e?f1(€,\b;i)'d1(z,b;u)

Evol.factor TMDs
our goal! trash
. . do k:J_
1) inv. Fourier 3(Q,x,z,b) = /quqTJg(qu)m, qr = -

2 ratio Z(QuT ) _ (@) a2 ICv QU7 BIb, @1 = 1] 30 fi (e beyerts b 1)
E(Qg,l',z, b)

Q1/ | 2nlCv(Q2)A R, Q2 — 4 > iz

1(Z, b: ILL)

3) recall that R[b,Q1 — u] = exp < /(Q ’YF(N,C)(L: — D(b, u)dg))

In (g( 1)
4) After some manipulations D(b, u) = (Q2)

) InZ(Q1,Q2) — 2AR(Q1,Q2, 1)
41n(Q2/Q1) %

accurate expressions see in [2206.01 105]

Alexey Vladimirov

TMD phenomenology
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How does it work? (practice)

(must have!)

» Cross-section in the photon frame gr =p1/z
» Fine binning in g smaller bins larger-b
» As small as possible uncertanties Fourier is uncertainty-hungry
» (At least) two narrow bins in Q Large Q-bin = large systematic

(what helps)

» Integrate over = such that ranges for @1 and Q2 coincides
» Integrate over z in photon frame
» Large-qgr tail is not interesting no TMD-fac.

TMD phenomenology



Why is it interesting?

» Direct extraction of Collins-Soper kernel
» CS kernel is one of the most fundamental QCD functions
» Ultimate test of factorization hypothesis
» Different (Q, z, z) MUST result into the same curve
» Different final states ('n'i, Ki) MUST result into the same curve

0.8

0.6

0.4F

0.2}

[ D(b, 2GeV)

ol D(b:2GeV)

0.6,
0.4r

0.2

-0.2

N / [ N R
b(GeV™) ~02 b(GeV™)

It is a very precise test!

o
8]
I
i
it
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How does it works? (JLab22)

Harut provided pseudo-
data with very fine
bins in (z, 2z, pr)

Q®

I transformed it (pr/z — qr)
and joined bins (integrate)
over z, and x (such dif-
ferently for different Q)

Indo
Indo
o

]

4 “y, -4 o,

xh‘H‘. ’

o 1 2 3 4

:
4r(GeV) ar(GeV)

Huge statistical precision due to wide covarage in (x,z). Systematics?
Empty bins are replaced by 200%uncertanty
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How does it works? (JLab22)

Q = Uncertanties at
small-p | = large-b
15 (and vice versa)
10
5
—_—29GeV —_— 1.3GeV
100 mmem 2.5GeV e

50

b(GeV) b(GeV™)
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I
How does it works? (JLab22)

Uncertanties at
small-p | = large-b
(and vice versa)

Q®

08 D(b, 2GeV) (Q1,Q2) = (2.9,2.5)GeV \D(b, 2GeV) (Q1,Q2) = (4.3,4.06)GeV|

0.6

TMD phenomenology



Comparison with EIC

D(b,2GeV)

In the EIC case I included
(estimation) of systematics,
which is larger than statistics

0.6 10 x 1007+

0.4

02 EIC — Much better small-b

JLab — Much better large-b
-0.2

definite complementarity

ok D(b,2GeV) (Q1,Q2) = (2.9,2.5)GeV -

WARNING!

This estimation uses ex-
act TMD factorization
In reality it will
look VERY different
(the most interesting part)

TMD phenomenology



More realistic picture

8 (@@ =@o25G  ogf | D(0:26eV) (Q1, @) = (2.9,2.5)GeV
06 reality? 0.6
0.4 0.4
0.2
0.2

theory

TMD phenomenology



More realistic picture

(@1,@2) = (29,25)GeV_ 0.8 (Q1,Q5) = (29,25)GeV

reality?

theory

er corrections



A L !
0 12 5 10 20 3040 60 80 120
77(GeV)

TMD phenon:



12 5 10 20 3040 60 80

ar(GeV)

TMD phenom

120




a0 > N oD

Q(GeV)

12 5 10 20 3040 60 80 120
gr(GeV)

Ir(GeV)

The MOST part of
JLab(22) data is in the
power corection region.

It is not bad!
It is an opportunity to
study true QCD, not just
a perturbative component

04 06 08
6=qr/Q
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Conclusions

» TMD factorization for SIDIS and/or low-energy is in a very badly shape
» All extractions (MAP22, SV19, ... ) contains some explicit/implicit feature which make
them suspicious
» The problem is (most probably) due to power corrections
» Impact studies (for SIDIS and/or low-energies) are schematic
» They estimate the uncertainty on the ideal theory.
» Miss many elements (also because they are time consuming, but not interesting)

» JLab22 looks very good

» It will zoom-in different regions in comparison to EIC
Example: small-b vs. large-b in Collins-Soper
» If we will tame power corrections
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