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Based on

-

\_

- The resolution to the problem of consistent large transverse momentum i

TMDSs (PhysRevD.107.094029)

e (J. 0. Gonzalez-Hernandez, T. Rainaldi, T. C. Rogers )

evolution (PhysRevD.106.034002)

e (J. 0. Gonzalez-Hernandez, T. C. Rogers, N. Sato )

0 )

- Combining nonperturbative transverse momentum dependence with TMD

/



PhysRevD.107.094029.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.034002

Why TMDs? { Drell-Yan ]

(SIDIS |

Studying the role of intrinsic or (e e -->H, H, |
nonperturbative effects in hadrons

Predicting transverse momentum distributions in
cross sections after evolution to high energies

[Factorization theorems]

[ Universality }

[ Evolution equations ] )




SIDIS

do Waipis + Yarpis +O (m2> 0 coll
— VYV SIDIS SIDIS —5 collinear
dCEddedq% — Qz factorization

qT < Q qT ~Q
FOsipis — ASYsipis

[H/kolezkﬂfj/p (337 kit; 1, \[C) Dpy; (z, zkar; 1, \/C) 6*) (qp + k1T — kar) 1

v
PN




Drell-Yan
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Pertubative and nonperturbative TM

(0% =1.25 (GeV/c)
(x)=0.006
(z)=0.25

“the two exponential functions in our parameterisation F1 can be attributed to

two completely different underlying physics mechanisms that overlap in the

region Ppr2 =1 (GeV/c)*”

Plle (GeV/c)
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Is there a way to
be consistent and,
at the same time,
use all the
information that
we know about
the TMDs?


https://arxiv.org/abs/1709.07374
https://arxiv.org/abs/1709.07374
https://arxiv.org/abs/1709.07374

The net of distribution functions
GTMD(z, k., A)

4 N
Most of these integrals

are divergent.
A more careful
treatment is necessary

- /

Credits: Lorcé, Pasquini and

Vanderhaeghen



https://arxiv.org/pdf/1102.4704.pdf

Conventional approach : @

{H/d%mdzkﬂfj/p (xa kiT; \/E) Dy (Za zkar; 1, \/C) 6 (qp + ki — k2T)J

Fourier Transform

{H/ gTb)l;eibT-qTfj/p (CB,bT;M \/Z) Dh/j (z,bT;u, \/Z)J




Solve evolution equations @
relating input scale with SIDIS scale

alnfj/p (337 bT;/'L7 \/Z)

= K (br; p) din fyjp (@ bri s V) ZV(QS(M);M/\/Z)

0ln+/C dln
dK (br:
)
Same for FF
w=1/C
po = /o
- N

fi/w (w,bT;,ua \[C) = fi/p (377bT§,u07 \/g) X
X exp {/}: dﬂ—/”f/ [7 (as(u');1) —In (ﬂ) VK (Ozs(u’))] +In (

s

m K (br; Mo))}
\ / 8




Separate|b; < b, &by > b, regions @

with a b« prescription

~

J

?j/p (z;b71; 1, Q)\
\fj/p (5 by HQ s Q)J

e ian@bn} ) Same for FF

’ {Nonpertu rbative}

LQK(bT) =K (by; ) — K (bTW)J

/Pertu rbatively A

calculable with fixed
order collinear
Q‘actorlzatlon Y




Choose ansatzes for g functions @

1
qu'/p (z,br) = ZM%’Z"QI‘}

1
z

[gh/j (vaT) A QMDbT}

N
K

)

i (br) = MR
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Relate Hs. with input scale Qo and @
get OPE expansion
fj/p (5’75 bT;MQvQ) :: ;(}?E (x§b*§ﬂb*aﬂb*)]x

><iexp {/:2 %f/ [7 (as(p');1) —In (%) VK (Oés(u’))] +In (M%) K (b*;ﬂb*)E

(

exp {_gj/p (@,br) = gx (br) In (%> H

(&

, Perturbatively
Nonperturbative
calculable Drop this
[~OPE

i/p (va*3ﬂb*aﬂb*):5j/j’ (gj/gab*;,ub*mub*)®fj’/p(§3ﬂb*)+0(m ax)

Same for FF [ Fixed order collinear factorization] 11




Consistency checks

TMDs are uniquely determined by their operatorial definition

.
H/ko’le2k2T[fj/p (33'7 kit; i, \/E)IDh/j (Z, zkot; 1, \/E) 52 (gr + ki1 — ko)
J

At large q;~ Q the cross section is determined solely by fixed order
collinear factorization

Similarly, at large TM (k;) the TMDs are uniquely determined by an
OPE expansion in terms of collinear PDFs/FFs - ;
o)
=0
dbmax Ag7 - . . }

Any auxiliary parameter cannot change the Physics (b, /bin)

12



|do / dx dy dz dg2| [GeV4]

1077 :

108

[Large D hax dependence}

TMDg7
. Q=Qp=4Gev ~~ -~ min{TMDsr}
; - \‘\ - max{TMDST}
\\\\‘
N 0.1 GeV'l < byax < 1.5 GeV1l -
e Mg=0.25 GeV

‘ TN Mp/z=0.25 GeV |

00 05 10 15 20 25 3.0 35 4.0

|do / dx dy dz dg2| [GeV4]

(Some) Issues with conventional approach

Large q; inconsistency




Common Issues

Unconstrained g functions Large b, dependence (Yukawa)

. %107

—— Unfactorized
- = True g, /p(:z:bj,bT) |
Linear ansatz

~ — Quadratic ansatz

T

T

T

T

T

T

—— Unfactorized

= = bypar = 0.25 GeV!
baw = 1.5 GeV 1

= by = 2 GeV1




Other issues

1) Consistency tests will generally fail for a g-function ansatz unless constraints are imposed

2) Fixed order perturbation theory should work fine for qgr = Q,, but evol. factors have a large effect.
What is going on?

3) 3 noregion atinput scale Q = Qg where
Agcp K qr K Qg

4) Backwards evolution...

No large, perturbative ln% :
T

5) /d2kaj/p($akT§UQvQ2) ~ fi/p(T5 Q)

Very badly violated at moderate scales

15



Hadron Structure Oriented approach (HSO)

ﬂixes TMDs parametrization at input scale QO

e Uses uniquely determined TMDs for all transverse momenta

* Interpolates perturbative (large k;) and nonperturbative (small ky) TM regions

e Can swap NP models easily

°\Exp|icit (approximate) probability interpretation

~

/

No need for b« prescription |

16



Conventional approach results for SIDIS

Matching region ? Aqgcp < g1 < Qo
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Conventional approach results for SIDIS

Matching region ???
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Matching region in SIDIS cross section?
QCD (conventional)

kT

0.00090 -

Yukawa
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|do / dx dy dz dgt2| [GeV-4]

Conventional vs HSO - SIDIS cross section

Conventional

=

<
o
I

=

<
~
I

=
<
(o]

Q=Qu=4 GeV

s TMDot
- - - - ASYgr
- FOst

brmax = 1.0 GeVv-1
0.1 GeV < Mg < 0.4 GeV
0.1 GeV < Mp/z < 0.3 GeV

o
o

=
<
o

|do / dx dy dz dgt?| [GeV4]

=
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~

=
<
(00]

0

HSO (Gaussian)

s TMDyso(Gaussian)
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o o o
By (o)) (00]

o
N

qr? do / dx dy dz dgt? [GeV4] x 104

Conventional vs HSO - SIDIS cross section

Conventional HSO (Gaussian)
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The HSO setup

 Start with the perturbative expansion of the TMD and CS-kernel

° 1 . 77 H ' 2 2 2
Regularize” with mass (fit) parameter k’T — kT +m

* Add “core” model (small k; / large by )

* Make sure RG equations, OPE limits and integral relations are satisfied

 RG improvement at the input scale via @(bT) prescription

e Evolution to higher scales {This is usual CSS }

22



TMD from collinear factorization

MS OPE

rOPE
f'i ( coefficients

£ bTa /%C — :LLQ)

oo 2N

=) akLECT (2) @ fi(wi )

n=0 k=0 l \
QCD running MbT
coupling QQ—WE

MS PDF

23



Map to k; space

Ly — FT{L{} (kr)

— 7 (k) (k)

(kr,m) = F¥) (k3. + m?)

24
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Back to b, space

£(n) — / 2l peikrbr )

Examples:

L(()) — K() (mbT) mor _>O — In (ﬁ>

LY = Ky (mby) In (

102

Ty

b

mbT—>O
) —  —In (—

m
b

)

12

Ty

)

26



The input HSO TMD pdf

fz'mPUt (SL’, kT; s :u2 — Z (AEZJ] & fj) Mlpq)(p) + Cfi,core

[=1
00

Enput (x) bT§ H, ,u Z ( - X fj) MZPL(P) + sz core

[=1

Fixed power of log

A (w,as(w) = Y a0 ()
n=0

Cis not just a normalization

[Cutoff Collinear PDF}

{At small b; the OPE expansiorj

is recovered 27




Choose “core” models (examples)

Gauss 2 e_kgr/M%
So, (o ors Q) =
[Gaussian “core” models}
D(C:}auss/j (Z, ZkT’Qg) _ e_z kTgMD
ore, T M7,

6 MSy M2z + k2
(2MZ + Mgp) (M2, + k2)*

Spect N2\
fcore,j/p (CE, kT’ QO) T T

2MA, M2 + 22k2
(MB + Mgp) (M3, + 22k3.)"

[Spectator-like “core” models}

core,h/j

DSpect (Z, ZkT; Q(Z)) _ -

28



d’(z)

()

Pseudo-probability distribution property saved

ke
B oo o i s ey 1 @ ED =T [ AL (i1
_mgi gd(fQ(S : ;}Oe\(;)eV) - -ggév?wié?@ iGz?)V();eV) = fi+Cia® fj+ps.
1 |—--UP I (le 20 GeV) DBAR ff (Q = 20 GeV)
N |§ |
R Il T aeT T
: e T MS PDF
: /"’ : e
s e Completely
Ao determined by OPE
."i Vs i expansion coefficients
0.85 ’ ' —
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 1

T,z It might make a BIG difference 23



Collinear Evolution
e _ope o g o]
dlny — # < J3 TEE

= @Pz'j @ fj]+ [Ci,ij 2 2Pj @ fi

! !

Usual evolution Additional term
suppressed
(scheme change) 30

Note: lim CR =0

as—0

dCRA 4,
dIn u

Power



More on C

Important: C does not depend on the cutoff

s . 2
C =i+ | AT 0 5 - 15 -3 (4] @ £5) MLy
[=1

\ J
-~

CA,ij@fjl-VI_S )

\u

Cutoff Collinear PDF Necessary to satisfy

(no p.s. and only p dependence ) integral and OPE relations
31
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Paper notation (LO)

A more familiar notation

Q% ] ]‘ ]‘ Af,g

Gormt) T o iz me e )

1 1
finpt,i/p(makTQ,qu;Qg) — o k‘% + m?2 [Azf/p(mhqu) +Béf/p(x;:qu)ln

—+ Cif/pfcore,i/p (x7 kT; Q%)

_(af oafe) L1 P (k%ﬁ—gm?) o
_\< i/p—l_ ’L'/p)JQﬂ- k%+m2+ \2,/-8 2 k%+m2 i/pfcore,i/p
MigAl@f ol " Mo AR f A g
Leading Log terms (LL) Next-to-Leading Log terms (NLL)

at order a, at order a, 32



Up-quark from Proton TMD pdf

j. | | | | | |
102 J\ 0.1 GeV < Mg=mg < 0.4 GeV i
F
L f
1L\ HSO i
10° -~ T 1:pert :
\
100 ) E
— Q Qo=4 GeV x=0.1
% 10-1 | \\ -
e N
= BN
— 102k \ ]
\ 7
\‘ /'
103k \y E
/
104 ¢ E
10—5 | | | | | | |
0.0 05 10 15 20 25 3.0 35
kT [GeV]

4.0

4 N
tt from Up-quark TMD ff
p | | | | | | ]
103 ; 0.1 GeV < Mp/z=mp/z < 0.3 GeV_;
] :
t Dhso
02y T Dpert .
: '\‘ :
\
Ts- ]_01 — ‘\‘ Q0=4 GeV z=0.3 3
= \
3 \
' 100F N -
O \
— ‘\‘
1L A a
10 ) et E
\/  TTTTmeee— 3
L \/
1072 3 \l 4
; i
10-3 [ | | | | | | |
00 05 10 15 20 25 3.0 35 4.0
\ kT [GeV] A/




Higher orders -
GRIDS of these coefficients

What do we need? are/will be available
input | Const. LL NLL N2LL N3LL
LO (AF®f; A efi Al f;,-J i 4

No | ASes| Aes ABeg\Ales Aler

\/

[HSO input TMD pdf/ff 1

HSO input CS - Kernel

34



qu/P(x7 kT7 /JL)AC)

LO vs NLO (example)

LO inpt

——NLO inpt

The shift of the TMD node
seems consistent with what
is extracted from fits, i.e.:

The true node is to the right
of the “perturbative” one

However, a better investigation is
necessary before drawing any
rushed conclusions

35



HSO Collins-Soper Kernel

NP parameter

KOPF (bryp) = > Y abLikep t Large b; model

oo n [
~ NP parameter

Kinput(bT7 aS) — >: >: a'nglﬁ(l)l%(n,k) + CK + bK[?core

n=1 k=1 \i.g.: [
2

2
~ e tTMr ]

Such that OPE limit and RG equations are satisfied

36



RG improvements (LO example)

K (br; 1)

- - LO inpt (RG imp)

Qo (br,a) = Qo [1 — (1 — Q(;;T) 6—a2b2T]

~

K(br; pq,) = K(br; pg;) —

o~ 'uQO d'u/
/ W (as(u))
u U

LO inpt \ ]
--LO OPE \

107"

by (GeV)~!

A good approximation even

NO b. and/or b /b, necessary

for by < 1/Q,

37



fu/P(x7 bT7 s C)

Input scale RG improvement

LO inpt

R INPUT SCALE 4 GeV

- - NLO inpt C
as . 1 —a2b2
—NLO inpt (RG imp) QO (bT7 a’) — QO [1 — (1 — QobT) & T]

\

ﬁ(l’y bTa HQo > Qg) - fi,input(xy bT; M@, mz)x
| H2o d / / ’ =
exp {L K [’Y (as(y’)) —1In %’YK (as(p ))] + In %Kmpm <bT; “@)}

M = 0.6 (GeV) dp’

m = 0.3 (GeV) o M 0
HQy, — Q() =4 (GeV)

z=0.1

e T e
br 38



fu/P(ma bT; 122 C)

M = 0.6 (GeV)
m = 0.3 (GeV)
po = Q = 20 (GeV)
z=0.1

LO

—NLO

br

Evolution to higher scales

Evolved to 20 GeV
with

HSO Collins-Soper
Kernel

39



Check: the RG equations are satisfied

40



|do / dx dy dz dgt2| [GeV-4]

Conventional vs HSO - SIDIS cross section

Conventional

=

<
o
I

=

<
~
I

=
<
(o]

Q=Qu=4 GeV

s TMDot
- - - - ASYgr
- FOst

brmax = 1.0 GeVv-1
0.1 GeV < Mg < 0.4 GeV
0.1 GeV < Mp/z < 0.3 GeV

o
o

=
<
o

|do / dx dy dz dgt?| [GeV4]

=
<
~

=
<
(00]

0

HSO (Gaussian)

s TMDyso(Gaussian)

Q=Q0=4 GeV - - - - ASYHSO E
- |H|? FOsT :
3 0.1 GeV < Mg=mg < 0.4 GeV =
0.1 GeV < Mp/z=mp/z < 0.3 GeV ]
\ \*\’.\: -]
n \ "~ _
I x=01 2203 -
! y=0.5
] ] ] ] ] ] ]
.0 05 10 15 20 25 3.0 35 4



Summary

(Consistent TMD parametrization for large TM at input scaD

* No need of b, .,

Qmproved TM behavior in matching region

QEXT/SOON:

o Check with data (SIDIS, DY, DIA, ...)
o Add higher orders
ancorporate NP calculations (lattice, EFT, ...)

VAN

42



i Thank you

43



iBackup s\ides:
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Asymptotic term

HSO Conventional
ASYHSO — lim WHSQ ASYST — lim FOST
q—T—>~1,g—§—>0 %%0,8—3%0

T

1
ﬁD]ASY = DP*" (2, 2q7; po, Q°) € (w5 ug) + z_prert (z, —qr; po, Q%) d° (2; o) \

+ /koT{fpe” (z, k1 — q1/2; pg, Q%) DP* (2,2 (k1 + q1/2) ; 1o, Q)

o Dpert (Zaqu;:uQa Q2> fpert (iC, kT o qT/27:uQ7 QQ) © (MQ R ‘I{:T - qT/QD

L = DP (2,2 (kr + q0/2) s 10, @) P (2, =g 1o, @°) © (1 — lkr + g /2)) }
45




NOTE: Collins-Soper kernel at large b

46



Two possibilities

Do not choose even polynomials Choose even polynomials

* The Collins-Soper kernel has a * The Collins-Soper kernel is only
meaning also in k; space meaningful in b; space

* Perturbative and nonperturbative ¢ Perturbative and nonperturbative
b./k;parallel is preserved b./k; parallel is not preserved

 CS kernel and TMDs are physical ¢ Only TMDs are physical 47



Some examples

Such that the OPE
expansion is recovered at

small b

o

K(bT7 CLS

n=1 k=1

0.5

-1.5 -

LO
~NLO

----N2LO

~,
\.~
e Y e Ll

1078

1072

S‘ S‘ CLSMklﬁ( )k(n k) + CK + bKKcore

107"

10° 10



Some examples

Such that the OPE
expansion is recovered at

small b

o

K(bT7 CLS

n=1 k=1

0.5

-1.5

1078

S‘ S‘ CLSMklﬁ( )k(n k) + CK + bKKcore

"\.\ mg = V.
\\\ n = 5) (GGV)
A
o
\\
\\
N\,
LO
X
1
~-.NLO
%
\
----N2LO )
.
2
i\
W\
\\
\\
“‘\Q
R T
‘\,
------------------ -
L L il I
107 107" 10° 10
br



Vanishing Soft factor/CS Kernel?

ke
/ d2kTKinput(kT; :u) = X T+ D.S.
0

k.2

Q~1GeV

(l) l
X = Z a’S [k(n 0) — Z Mkl ( - (I)g )/JC) k(n,k)]

r Solutionto y =0

— LO
NLO
— N2LO

50



New numbers

— 0" K, a" .

7O _ an) = lim () = [ lim Ka(at)]

01 =0 oa” a=0,r=2e”"E dam =0 a=0,r=2e™"E
£l =0
_ 2!
Ly = -5¢0)
o They come from here:
—(4) 2, 4!
Ly =—5m¢(3) — =¢(5) 0, p odd
_(()5) ’ ° Mlpq)(()z,?/)i + Ly, — Mlpﬁg)p) — { M. TP
£0 — 0 - lp 0 p cvern
_ 3 6!
Ly = —5m%C(3) - 120%¢(5) — =¢(7)
Ly =
£ = —6—917r6g(3) _ ?#c(m — 48072¢(7) — = (2240¢(3)® + 81C(9))
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Examples: b; space to k; space

1
27Tk2 (=1)

Lb '%./_"(1) —

1 | -
2 2) _
Ly — F) 27Tk2 In (—

2

T
1 | 3,5

—1
27Tk2_4n<

1 | 1 0=\ |
20(3) — ~In® [ £
omi, |28 gl (/@% _

L3 FB) =

L FW =




