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OUTLINE

* CSS formula & Potential issues in pheno
applications.

X Constraints on TMD models and HSO approach.

* Standard treatment vs HSO approach.

“Hadron structure oriented approach”



XCSS formula & Potential issues in pheno

applications.




Take the SIDIS cross section as an example
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Operator definitions:
Universality, predictive power, true properties of

hadrons.

These definitions imply a behavior at small bT
(large kT), calculable in pQCD.
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Precise definitions for g functions, b:(br) 1s a transition
function bounded by some bnax. Note that b dependence cancels
exactly. It is really unimportant which b: we choose.
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Precise definitions for g functions, b«(br) 1s a transition
function bounded by some bmniax. Note that b« dependence cancels
exactly. High sensitivity to bs or bmax signals an 1issue.
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Use of OPE introduces errors. Must keep bmnax reasonably small.
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Definitions:
Smooth transition
to small-br region

by construction

Typical choices:
generally unconstrained
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Issues:

Note the large-qr
(small-br) region should be
determined by the OPE.
Small mass parameters can’t
really compensate for this
bnax dependence.

Typical choices:
generally unconstrained
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Issues:

Typical choices:
generally unconstrained
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Issues:

Asymptotic term
does not approximate
well the TMD term,
even at a scale of
00=20 GeV

Typical choices:
generally unconstrained

1
gn)i(z,br) = @M%) b
199
gj/p(ajvbT) — ZMF b

g2
2 M2

gK(bT> = ln (1 + M?{b%)
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Issues:

No region of “overlap”
between TMD term and FO.
This means smooth
matching i1s not possible

Typical choices:
generally unconstrained

1
gn)i(z,br) = @M%) b
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gj/p(,b1) = 1 M5z b5

- In (1+ M7b3)

2 M
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No region of “overlap”
between TMD term and FO.
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X Constraints on TMD models and HSO

approach.
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X*These issues can be resolved by carefully
constraining the TMD models.

XWe work in momentum space
*Constraints are ultimately equivalent to those

that one attempts to implement by means of the OPE
(although, as we saw, this i1s not automatic):
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X*These issues can be resolved by carefully
constraining the TMD models.

XWe work in momentum space

*Constraints are ultimately equivalent to those
that one attempts to implement by means of the OPE
(although, as we saw, this i1s not automatic):

1) pOCD tail

Q5
(CE‘ IUQO) —|_B1,/p(3j :qu)ln k20 T 5 A{/f)(CE;MQo)a

1 1
Af
27 k2

pert
d or k2 |/

inpt,i/p

(CE7 kT7 HQo s Qg)

Note collinear function

defined with a cutoff in
2 the kr integral. This

f%xﬂﬂzﬂi/ Akt fi/p (2, ki ps €) retains a parton model
’ interpretation.

2) Integral relations

NOTE: No b« prescription
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X*These issues can be resolved by carefully
constraining the TMD models.

XWe work in momentum space
*Constraints are ultimately equivalent to those

that one attempts to implement by means of the OPE
(although, as we saw, this i1s not automatic):

0) Define the input scale Qo:

smallest scale where perturbation theory
can be trusted

18



Model in the HSO approach

1 1 Q3
: 2\ f : f : 0
finpt,i/p(xa anqua QO) - 27 ]{72 4+ mQ. Az'/p(xv :LLQO) + Bz'/p@jano) In ]{72 + m2.
T f’L,p T f’L,p
1 1 f9

=+ Ozf/p fcore,i/p(xa kT; Q%) ’
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Model in the HSO approach

1 1 Q3
: 2\ f : f : 0
finpt,i/p(xa anqua QO) - 27 ]{72 4+ mQ. Az'/p(xv :LLQO) + Bz'/p@jano) In ]{72 + m2.
T f’L,p T f’L,p
1 1 f9

v)

+Cf/pfcore,i/p(x,kT;Q§), <«—— Any “core” model here

1

examples:

e~ kr/My 6ME, M2 + k2

G SN2\ Spect M2\
COEIa‘Jél,S?:S/p (’CB? kT) QO) — fcore,i/p(x7 kT’ QO) _ T

Mg (2Mg + Mgp) (Mg + k1) *
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Model in the HSO approach

mfi,p

1 1 2
inpt,i k: 0) = Al (z; B!, (x; 1 .
f pt, /p(.’ﬁ, T7MQ07QO> 27Tk’_2[‘+m?ip I z/p(xnu’QO)—'_ z/p(xanO) nk%_'_ 2
1 1
/5 :
+ I kQ m?c_Az/zgg(xano)

z/p fcore z/p(x kTa Q())

Behaves as the pQCD tail,

11 [

pert ) 2\ _
finpt,i/p(aj’kT"uQO’QO) o QWE Al/p

Transition between

— small and large Kkr

for large Kkr
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Model in the HSO approach

1 1 Q2
' ' kr: 2) — Af : Bf . | 0
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1 1
f .
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Determined by the
integral relation

Integral relation

12
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2
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Model in the HSO approach

1 1 Q2
' ' kr: 2) — Af : Bf . | 0
flnpt,z/p(xa T,,LLQO,Q()) o ]{T% —|_m??i7p Z/p(xalqu) T Z/p(SU NQO) n ]{7% +m?i’p
1 1
L :

g,p

+ Ozf/p fcore,i/p(xa kT; Q%) ’

Determined by the
integral relation

Integral relation (using MS functions)

2

n
fe(xs ) EW/O Akt fi/p(2, kr; 15 )

1 [ == s (1o, . |
Cin = [ O (@5 1g,) + e > 6551007 @ diyjr) (23 1qo) + [CX @ dinygl (25 Qo) ]

N/ 27 —
i/p Jj’
2
foqo HQo \  nf /.. 1Qo Q5 . Qo
- Al i) n (49 ) — Bl (o igy)n (0 Y () Ai/p@,m)ln(mfg’p)]
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Model in the HSO approach

1 1 Q2
: 2\ _ f : f : 0
finpt,i/p(xa kTa HQo QO) _ I ]{T% i m?cz ] Ai/p(xv /‘LQO) + Bi/p(xv NQO) In k% 1+ m?cz ]
1 1
£9(,..
27_‘_ k% _|_ m?’g’p @/p(x? ILLQO)
- Ozf/p fcore,i/p(xa kT; Q%) )
In br space
- brQ2er®
: 2\ _ f : f : T%0
finpt,z'/p(ﬂfa br; ug,, Qy) = Ko (bTmfi,p) Ai/p(x”uQO) + Bi/p<x’MQ0) = ( 2my, )]

+ KO (bTmfg,p) Ag/p(x7 MQO)
+ Cif/p fcore,i/p(ica bT; Q%) ;

from this expression one can recover the OPE
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Model in the HSO approach

1 1 Q2
: 2\ _ f : f : 0
finpt,i/p(xa kTa HQo QO) _ I k?[‘ i m?cz ] Ai/p(xv /‘LQO) + Bi/p(xv NQO) In k% 1+ m?cz ]
1 1
£9(,..
27_‘_ k% _|_ m?’g’p @/p(x?ll’bQO)
- Ozf/p fcore,i/p(xa kT; Q%) )
In br space
- brQ2er®
: 2\ _ f : f : T%0
finpt,z'/p(ﬂfa br; ug,, Qy) = Ko (bTmfi,p) Ai/p(x”uQO) + Bi/p<x’MQ0) = ( 2my, )]

+ KO (bTmfg,p) Ag/p(x7 MQO)
+ Cif/p fcore,i/p(xa bT; Q%) ;

Expressions useful for pheno at Q = Qo
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Scale setting for evolution to large Q

@O(bT) = @y GeV [1 — <1 _ %! ) 6—a2 b?r]

Qobt
QQ = 2GeV
i Cy/br 1
B HQo _
a=2GeV
15 10t L a =4GeV _
S :
101 10°

* goes as 1/br for small br
* approaches input scale Qo at large br
* analogous to bs in usual treatment
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Model in the HSO approach

Need RG improvements for pheno at Q >> Qo

AJaS@&ﬁ”hf”<?E;> Wider range of gT available
Qo upon evolution to large Q

Firp(x,b13 pg, > OF) .
y 2 2 3] — —a? b3,
— finpt,i/p(xabT;,uQO, Q%)E(QO/Q()’ bT) QO(bT) o QO GeV [1 o (1 - QObT) € ]

Ho d//l,

E(QO/QOa br) = exp {/ —
Hoy M

(a0 1) =10 22 ()| + 10 Kb, |
H Qo

The usual evolution factor
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Scale transformation not really needed for pheno at Q = Qo

Work with 0=Qo for now
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Standard approach
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HSO approach

(TMD only)

10_2 E \ I

1031 \\

|do / dx dy dz dg72| [GeV4]

— TMDyso
ASYsT
FOst

=
<
(o]

|do / dx dy dz dgt?| [GeV4]
-
=
(o]

=

<
-
o

=

e
=
=

o
o
Ul
o

20.0



Asymptotic term

1072 g T T T T T T T
. \ -
The usual asymptotic A\ T jeDHso
103F\\ Q=Qg=4 GeV ST
term I
>
Q
S 104k
&
. F T .
lim F¥O n 10
qT/Q—0 3
5 10°F
E
Still not a good 107k
approximation to the :
10- | | | | | | |
TMD term at large (r 00 05 1.0 1.5 2.0 25 30 35 40

30



Asymptotic term

1072 T T T T T T T
: \ _
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Asymptotic term

The usual asymptotic We compute i1nstead
term
lim F¥© lim FTMP
qr/Q—0 m /qT—0

1l 2 /12
=0 (oz?+ m* /@ ]
If using different schemes

for collinear functions

O(ay)
[ lim FFO] ——[ lim FMD
qr/Q—0 m/qr—0

]Cﬂa?)
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Asymptotic term

The usual asymptotic We compute i1nstead
term
lim F¥© lim FTMP
qr/Q—0 m /qT—0

O(ay)
[ lim FFO] ——[ lim FMD
qr/Q—0 m/qr—0

O(ay)
| —ofartfme)

T

From two places
(fixing the scheme
for collinear functions)
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Asymptotic term

The usual asymptotic We compute i1nstead

term
lim FY¥O lim FTMD
qr/Q—0 m/qr—0

=0 (ol m?/Q?)

O(ay)
[ lim FFO] ——[ lim F™MDP
qr/Q—0 m/qr—0

]CKa?)

1) Additional terms in the
bracket

er C 1 er C
DP™ (2, zq7; ug; Q) f (w3 1Q) + /7 Yz, —qr; ng; Q*)d (2 1g)

/ Pkt { P (z, kr — q1/2; 1o; Q°)DP*™ (2, 2 (kT + q1/2) ; s Q)
—DP"Y (2, 2qr; pg; Q%) [P (z, kr — q1/2; po; Q%)O(ug — |kt — gr/2|)

2
—Dpert(Z,Z(kT 4+ QT/2)§MQ§ QQ)quert(CE, —q; 1O; Q2)@(/~LQ — |k3T + QT/2|)} + O (m_

(\¥)

FaNRS



Asymptotic term

The usual asymptotic

term
lim FFO
qr/Q—0
O(ay)
[ lim FFO] ——[ lim FIMD
qr/Q—0 m/qr—0

We compute instead

lim FTMD

m/C_IT—>O

]Cﬂa?)

term

2) Hard coefficient in TMD

FPM2 =22 Y [|HIZ [ f/p Dhyj]

35

TMD
F2

dzx E Mfﬂ?

J

=0 (ol m?/Q?)

fi/p> Dhyj)



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

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

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

HSO approach
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Consistency of the band with the asymptotic term means

the models for TMDs have been made consistent with collinear

factorization. In the usual approach, this is the aim

when embedding the OPE.
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*Standard treatment vs HSO approach.
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brax sensitivity

b+ prescription not used in HSO. It is instructive though
to construct g-functions from HSO approach

f' .T,b y 7@2 [) 'va y [ 7Q2
;7/19( T Qo 0) 7 _gh/j(z7bT) — In h/J( T Qo O) 7

—gj/ (:U,bT)—ln< B
T fj/p(ﬂi‘,b*;MQOan) Dh/j(zab*;MQoaQ%)

~ ~

gr (br) = K(by; ) — K(b; 1) -
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b+ prescription not used in HSO.

bnax sensitivity
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It is instructive though
to construct g-functions from HSO approach
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Some other comparisons
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Final Remarks

Theoretical constraints are important to really assess/study
hadronic structure

We propose an approach to treat TMDs in full consistency
with collinear factorization.

We call it HSO “Hadron structure oriented” approach. A
framework to embed models of nonperturbative behavior
into the CSS formalism

No bs prescription

Effectively, imposes constraints to models, like g-functions.

Pheno applications to come.
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Back up slides
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|do / dx dy dz dg72| [GeV4]
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Standard approach
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With explicit constraints
1.0 ! I T T T
\
% ‘\ - TMDHSO
— \ =Qp=4 GeV ---- ASY
< 08l y T JHsO _
I N T |[H|< FOsT
> \
¢ \
206_ '\ Mg = mg = 0.1 GeV
Ng' \‘\ Mp/z = mp/z = 0.1 GeV
© N
N N
© _ ‘
> 0.4} ;7 N _
©
Pa
©
O
©
o
|_
O

|do / dx dy dz dg72| [GeV4]

0.0
0.0 0.2 0.4 0.6 0.8 1.0
ar [GeV]
102 T T T T T T T
TMDyso(Gaussian)
1073 Q=Qp=4 GeV ---- ASYuso .
- [H|? FOsT :
104 0.1 GeV < Mg=mg < 0.4 GeV 3
: 0.1 GeV < Mp/z=mp/z < 0.3 GeV ]
10_5§ \Q\’\ _E
10-6 L \‘ I/ ~ \~\. |
M I x=0.1 z=0.3\-\'\-\_\:
O '.'
| y=0.5
10—8 I | | | | | | |
0.0 05 10 15 20 25 3.0 35 40



