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TMD factorization & SIDIS (for T« 1)

do
dQ d®qr dz dz

(N

= H(Q/nq) / A*k17d%kor [ /p (2, Ka7s 110, @) Din (2, 2kars g, Q%6 (ar + kit — kar)
Y,

e

X \ R
/ \
\

: \ o)

do
dQ d*qr dz dz

(2m)?

Well-defined operators for all TM
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“While significant effort has been put into the study of W(b) at large b [36, 42, 43, 44],
none ... adequately describe the observed Z boson distribution without introducing free

Nonperturbative structures in pheno
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Nonperturbative structures in pheno GTMD(z, ky, A)

JAM: Barry, et al (2302.01192)

Interpretations

br fuyn(br|2)

Charge St oI G b B}

27
“Importantly, we have checked that the differences between /

the proton and pion (bT [x)are completely due to the These integrals are often
nonperturbative TMD structure, independent of the collinear 5

PDFs” 77 divergent




The conventional organization

1)

Solve evolution equations to relate overall
SIDIS hard scale (ugp = Q) to input scale

(Ug, = Qo)

dlnfj/p(xv bT;,uv C)
dlnp

= (s (p); ¢/ 1”)




The conventional organization

1) Solve evolution equations to relate overall
SIDIS hard scale (ugp = Q) to input scale

(.UQO = Qo)

2) How to use small by < 1/Ag¢p collinear
factorization?

*  Partition small (by < byax) & large (br >
b, ax) regions with a b,

. Define hard scale u,,, ~ 1/b,

3) Evolve again to relate Qg to iy,
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The conventional organization

1) Solve evolution equations to relate overall
SIDIS hard scale (ugp = Q) to input scale
(.UQO = Qo)

2) How to use small by < 1/Ag¢p collinear
factorization?

*  Partition small (by < byax) & large (br >
b, ax) regions with a b,

. Define hard scale u,,, ~ 1/b,
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4) Place remaining NP parts in an exponent:
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The conventional organization

1)

2)

3)
4)

5)

6)

Solve evolution equations to relate overall
SIDIS hard scale (ugp = Q) to input scale

(.UQO = Qo)

How to use small by << 1/Ay¢p collinear
factorization?

*  Partition small (by < byax) & large (br >

b, ax) regions with a b,

. Define hard scale u,,, ~ 1/b,
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Place remaining NP parts in an exponent:
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The conventional organization

1) Solve evolution equations to relate overall
SIDIS hard scale (ugp = Q) to input scale

(g, = Qo)
2) How to use small by < 1/Ag¢p collinear
factorization?

*  Partition small (by < byax) & large (br >
b, ax) regions with a b,

. Define hard scale u,,, ~ 1/b,
3) Evolve again to relate Qg to iy,
4) Place remaining NP parts in an exponent:
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9 (br) = K (be; p) — K (br; p)
5) Perform small-b; expansions & drop
O(Agcp bmax) errors

6) Ansatz for g-functions

/dele2k2Tfj/p(‘r7 ki7; 11, Q%) Di i (2, 2kors o, Q%)6 (ar + kir — kar)
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The conventional organization

1) Solve evolution equations to relate overall
SIDIS hard scale (ugp = Q) to input scale

(.UQO = Qo)

2) How to use small by < 1/Ag¢p collinear
factorization?

*  Partition small (by < byax) & large (br >
b, ax) regions with a b,

. Define hard scale u,,, ~ 1/b,
3) Evolve again to relate Qg to iy,

4) Place remaining NP parts in an exponent:

J@/pm,bT;qu,@@)

fj/p(ma b.; HQo s Q[2))

g (br) = K(be; ) — K (br; )

—9;/p(z,br) =In <

5) Perform small-b; expansions & drop
O(Agcp bmax) errors

6) Ansatz for g-functions

/d2k1Td2k2Tfj/p(x7 ki7; 11, Q%) Di i (2, 2kors o, Q%)6 (ar + kir — kar)

¥

2br . _
/(%)2 et FORE (whg, bus i, 1) Dy (2 s i, 13,

el 2
X exp {2/ Tﬁf [v(as(u’); 1)—In 37[((065(#/))} +1In /igzK(b*HLb*)}

Hby b«

Q2
X €Xp {_gj/p(xbja br) — Jh/](zh br) — 9k (bT) (Q + O (bmaxAqcDp)
0

Foo s 1,C) = / f o(@/E,b75 Gy 0 (42)) (5 1) + O (brAaen)
J

e

Y
]O/I;E(x bT):u C)



How to test consistency

o /d2k1Td2k2Tfj/p($, Kir; g, Q*) Dy )i (2, 2kor; pa, Q%) (ar + kir — kar)

is uniquely determined by its operator definition
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Conventional organization & complications

a2 do / dx dy dz dgt2 [GeV 4] x 104

(An example typical of conventional approach)
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Conventional organization & complications
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) + power suppressed
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Dia gnosis Well-defined operators for all TM

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

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

3) 3 noregion atinput scale Q = Q¢ where
Agep K qr K Qo

4) Backwards evolution...

No large, perturbative In 2—0.
T

5) /d2kaj/P<x’kT5”QvQ2) ~ fip(5 Q)

Very badly violated at moderate scales
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Very badly violated at moderate scales
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A hadron structure oriented (HSO) reorganization GTMD(z, ki, A)
B. Pasquini (2014)

1) Use the uniquely determined TMDs for all k¢

2) Smoothly interpolate between nonperturbative TM ,
dependence at small TM (ky = Agcp) & perturbative  TMD(z,

(collinear) TM at large TM (k1 = Q)

GPD(x, A)

3) (Approximate) probability interpretation
TMSDN:
* Parton model: /koTfj/p($7kT;,UJQ7Q2> = fi/p(@; 1Q)

* QCD:
& 2 2
7r/ dkT fi/p(2, krs ng, Q%) = fi/p(w;ng) + A, /p + power suppressed
MS D Cli®fim
j/

19
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A hadron structure oriented (HSO) reorganization GTMD(z, ki, A)
B. Pasquini (2014)

1) Use the uniquely determined TMDs for all k¢

2) Smoothly interpolate between nonperturbative TM ,
dependence at small TM (ky = Agcp) & perturbative  TMD(z,

(collinear) TM at large TM (k1 = Q)

GPD(x, A)

3) (Approximate) probability interpretation
TMSDN:

* Parton model: /koTfj/p(x7kT;,uQ7Q2> = fi/p(@; 1Q)

Ko
. QCD:”/ dkT fi/p(@, kri nQ, Q%) = fi/p(®i Q) + Ajsp
+ power suppressed

4) All should apply at an input scale, Q,

5) Pheno requirement: Must be simple to swap one
model/parametrization for another while still
satisfying 1-4

20



A hadron structure oriented (HSO) reorganization

* We provide a recipe to transform a NP TMD parametrization into an

evolved parametrization at other scales:
— Sec. VI of Phys.Rev.D 106 (2022) 3, 034002 «—

* No b,,., or b« necessary

 HSO approach is equivalent to standard TMD

> Called “bottom up”
approach here

factorization, CSS, etc, just

with additional consistency constraints on the g-functions

 Itis straightforward to translate between standard treatment and HSO

— Sec. IX of Phys.Rev.D 106 (2022) 3, 034002



An 0(a;) example with MS pdfs and ffs

1 1
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An O(a,) example with MS pdfs and ffs

e Parametrizing the very small transverse momentum

A. Gaussian model (very commonly used)

— k2 /M2 — 22 k3 /M
Gauss A2y € TTTE Gauss .2y _ € P
Core’i/p(l',kT,Qo) — 7TMP21 , Dcore,h/j(Z’ZkT7Q0) - WM]?)
B. Spectator model
6 MS, MZ + k7 2M M3 + k%22

DSpect (Z,ZkT;Qg) _ -

fobeet (@, kr; QF) = 52 2 | 2)4] h/j 5+ M§ i+ k12%)?
core.i/p 7w (2M2 + M2 (M2 1 k2) 1 eore/s (MR + Mgp) (M, + k3.22)



Compare standard/unconstrained with HSO (0 (a,))

Typical/conventional HSO (Gaussian)
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Compare standard/unconstrained with HSO (0 (a,))

Typical/conventional
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Compare standard/unconstrained with HSO (0(a,))

at2 do / dx dy dz dg72 [GeV4] x 104

Typical/conventional
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What about the individual TMD pdfs?

Proton pdfs MAP (2023)

Bacchetta et al, JHEP 10 (2022) 127, 2206.07598 [hep-ph]
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What about the individual TMD pdfs?

JAM (2023) 2302.01192 [hep-ph]
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What about the individual TMD pdfs?

+
proton up-quark TMD pdfs ™ from up-quark TMD ff
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Improvements beyond the TMD pdfs

e Cutoff TMD versus renormalized collinear pdfs?
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Summary

Switching to a hadron-structure-oriented approach to pheno with TMD
factorization improves consistency in the large transverse behavior of TMD
correlation functions

Necessary for understanding the shapes of nonperturbative distributions,
separating perturbative and nonpeturbative parts, etc

Necessary for transforming claims about nonperturbative TM physics into
testable/falsifiable hypotheses

HSO is not a new formalism; HSO = “standard CSS”!

Next:

— Applications

— Higher orders

— Incorporating NP calculations (lattice, EFTs, models etc)
— Spin dependent TMDs
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