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Testing the SM at Percent Level Accuracy

Astonishing level of precision in experimental measurements of

key benchmark processes.

Example: normalized differential distributions in Drell-Yan

measured with few per-mille level accuracy
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...and plethora of very precise differential distributions from LEP,

future EIC measurements, possible future colliders, etc...

70 20 30 45 60 80 120 200 350 1000
pi [GeV]

With percent level
measurement of Higgs
distributions, theory errors
are projected to be a major
limiting factor for Higgs
precision program
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Standard Model Phenomenology at percent level

We should aim at comparable precision from the theory side!

Non Perturbative Perturbative
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N3LO corrections (or at least
good estimates of them) Will be
necessary for percent level
phenomenology

“The Path Forward to N3LO”

Snowmass Whitepaper

CAVEAT!

Often times convergence turns

out to be slower than naive

estimate

—> N3LO gives few percent
(not per-mille) shift
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https://arxiv.org/search/hep-ph?searchtype=author&query=Mistlberger%2C+B

Predictions for Differential Cross Sections:

IR singularities

U:flonO/d@|M|2

Cross sections require integration over phase space
Complexity of infrared singularities grows with loop order
Extremely challenging to systematize their treatment order by order

Use EFT methods to systematize study of collinear and soft

radiation at the cross section level

Obvious applications: building universal counterterms (e.g.

EFT-based subtractions) and improve resummation



Differential Distributions via Slicing

e EFT-based subtractions (AKA slicing methods)

q subtraction N-Jettiness subtraction

9T cut do®h8( X) do(X)
O'(X) = dQT d qud— AJ<X7 chut)
O QT QTCUt qT
Below the cut region: Above the cut region: Residual:
e Singular distribution e Resolved extra radiation Non singular terms
e Contains most complicated e No events in Born configuration from below the cut
cancellation of IR divergences e Lower number of loops (power correction).
e Control it analytically via e Calculate numerically and/or with ~ Minimized by going
factorization theorems lower order subtraction schemes to very small ¢,

e [Extremely successful program for many color singlet (and top) processes at NNLO
[Matrix collaboration]

With N-Jettiness ability to tackle also processes with jets in the final state

Very CPU intensive. Efficiency can be improved by calculating residual power corr. analytically

Note also recent work on extending q,, to processes with jets 5



Differential Distributions via Slicing

e EFT-based subtractions (AKA slicing methods)

q subtraction N-Jettiness subtraction
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Singular Region of LHC Observables

e Singular region (i.e. below the cut) can be understood at all orders via

Leading power factorization for Transverse-Momentum Distributions in pp

liHHIHIHi

Soft Funetion

do S
— Hz 2 de qu~bT
dQQdezq—»T 0—0 ZJ[ j(Q ,,LL)]/ T€

Hard Function

Bean1FuncU0ns

e Perturbatively: H, B, and S take generic form in terms of logs and

-
F=Y alp Z m 108" (1/ pF)

e For N3LO slicing we need Hard, Beam and Soft functions at N3LO
e For H and S, are constants: e Beam function are full
known at N3LO since 2010 (H) and functions (of the collinear splitting

2016 (S) variable)



Beam Functions

e DBeam Functions can be understood as generalization of Parton Distribution Functions (PDFs)

N
PDF: fQ(m) — <pn‘Xn§ Xn] ‘pn>
Beam Function: B, (z,qr) <pn‘Xn% [
L

n thrust, ete...)

Xn]|Pn)

Additional observable (g, beal

e Beam functions are non-perturbative objects!

However, in perturbative regime of the observable 7 > Aqcp, they can be matched

perturbatively onto PDF, via an observable dependent mateching kernel Z;;(z, T, p)

Bi(z, T, pu) = zj:@q;x [1 + O(AQCD/T)]



Beam Functions

e Beam Function
s can be u
nderstood as generalization of Parton Distribution F
ution Funetions (PDF
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Beam Functions at N3LO

Collinear expansion of the
partonic cross section for
Drell Yan and Higgs at N3LO
differential in (Q,, 7, z)

O
%
~ B 1%
Bulta o, 11) Bi(af brin )
“N-Jettiness Beam Functions “Transverse Momentum Dependent
at N3LO” PDFs at N3LO”
M.Ebert, B.Mistlberger, GV M.Ebert, B.Mistlberger, GV
[2006.03056] [2006.05329]
o Quark 7 beam functions o Quark TMDPDF
(Quark N-Jettiness Beam Function) (Quark q,, Beam Function)
o Gluon 7 beam functions o Unpolarized Gluon TMDPDF

(Gluon N-Jettiness Beam Function) (Gluon q,, Beam Function)
10



(Ebert, Mistlberger, GV)

Beam FHHGtiOIlS caleulation at NSLO [2006.05329], [2006.03056]

e Calculation of the collinear expansion of the partonie cross section for DY and Higgs

@N3LO differential in (Q, 7, z)
o ~ 100k Feynman diagrams

o Reverse unitarity for phase space integrals

o Collinear Expansion at the XS level

“Collinear expansion for color singlet cross sections”  [Ebert, Mistlberger, GV]

o Reduction to basis of Master Integrals via
Integration By Parts (IBPs) using Water

1 P3
T (-2
1 ) o w n

b3
=T TR

o RVYV: known in full kinematics

[Duhr, Gehrmann] [Duhr, Gehrmann, Jaquier] [Dulat, Mistlberger]

P2

Expanded diagrams
admit (simplified)
IBPs identities

o RRV: 170 Collinear
Master Integrals

o RRR: 320 Collinear
Master Integrals

o Derived system of Differential
KEquations for the Master Integrals

o System has 2 non trivial scales with
algebraic dependence on the variables
(not something solvable algorithmically)

o Algebraic sectors: constructed dlog
integrand basis via calculation of
leading singularities of candidate
integrals on maximal cut surface

o Boundaries from soft integrals [4nstsion. bunr.

Dulat, Mistlberger]

and constraints on singular behavior



Slicing at N3LO:

Enabling N3LO differential predictions for the LHC

* (, beam functions at N3LO were last missing ingredient for:
O qy subtraction for differential and fiducial Drell-Yan and Higgs production at N3LO
o (g resummation at N3LL"

e Many new exciting phenomenological results at N3LO employing them!
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Collinear expansion of cross sections: Applications

“Collinear expansion for color

A it ¢ singlet cross sections” _
pproximation o Ebert, Mistlberger, GV Fixed order QCD

differential

distributions
(e.g. Higgs rapidity at LHC, DY, ...)

beyond leading power
(Data for subleading power RGEs,

Collinear . "
improvement for slicing methods, ...)
expansion of
Cross

sections

Differential
Anomalous
di : T counterterms
<sl$§?§£iss ' Universal objects of QCD / tor local
collinear, rapidity) ; IR at hlgh perturbative : Subtractions

/ order \
Observable dependent initial state Observable dependent
radiation dynamics final state radiation dynamics

(TMD PDFs, Beam Functions, double differential Beam Funec, ...) i E (TMD Fragmentation Functions, EEC, thrust jet functions, ...) %3



Going Beyond N3LO:

Rapidity Anomalous Dimension to Four Loops
and Resummation at N4 LL

C.Duhr, B.Mistlberger, G.Vita

[2205.02242]
= 3O (_ #1)64@‘ 3 %Cz(x 4258(4@5 i 2732@_ . 120;7144(3 i 772;14();)g 822&@ - 181;);54(5
- 63287% 0 110;1@*7 - zsi)g(;m - by ¢4 (o ) + i (1();)@ - 1(;4, . 1;)14837.3)
+ CrCin, ( 85;%4 o '2(;8() o — 247:..152@, - 182214:4g " 43(;2;(4 - 17.(;&7()(5 y 15;';(;6 i 10;81279
L S o =By )+ OuCon (S5 4 10 gy, 100)
Ok (()()88@ 4 3584CaCa + T36CaCo 4 16168 _ 224G 43526, o000 o 3680Cs  6952Gs _ coco
dr 3 9 3 3 9 9
e ke Gt i B I O AT OB

£ ((,_], . ( 24;42 &2 — 986¢ats 1()63443 B 903‘;8@‘2 i 16(;0@ i 435;.;0(.»—, ~ 23(;8&; i R 4,)3'(‘“)
+O2Can; (41)3‘““.,; —736(2 + “: 442@ 2 22:%‘ — 648(2 + 668C4 — 774{* 4 293;6‘;“ == 27;1”) .



The Rapidity Anomalous dimension

e Key ingredients for the resummation of large logarithms for transverse observables
is the rapidity anomalous dimension. It appears in many contexts under different
names: Collins Soper Kernel, Anomaly Exponent, piece of B coefficient in Sudakov
Exponent, TMD anomalous dimension, etc...

In short: if you want to do anything involving transverse momentum logs beyond
NLL, you need this ingredient.

15



The Rapidity Anomalous dimension

e Key ingredients for the resummation of large logarithms for transverse observables
is the rapidity anomalous dimension. It appears in many contexts under different
names: Collins Soper Kernel, Anomaly Exponent, piece of B coefficient in Sudakov
Exponent, TMD anomalous dimension, etc...

In short: if you want to do anything involving transverse momentum logs beyond
NLL, you need this ingredient.

e Non cusp term vanishes at LO and NLO.
e NNLO: known for a long time.
e N3LO: determined in 2016 via bootstrap methods

e N4LO: C.Duhr, B.Mistlberger, GV [2205.02242]  (see also )
16



Rapidity Anomalous Dimension to Four Loops

The calculation of the Rapidity anomalous dimension to 4 loops by brute force would require
calculation of some differential object (e.g. p,, soft function) to 4 loops

This is beyond the current technology for fixed order calculations (more difficult than 4 loop
splitting functions)

Anomalous dimensions known at 4 loops:

o Hard/Collinear Anomalous Dimension to 4 loops

B/ 2y _ _r 2 2 B/ 2 Hard anomalous dimension
Hy ('UJ ) o ’}/H(Ozg(u )’ H )Hij (/“L )’ (2 x collinear anomalous dimension

Q2 1 of form factors)
ieas(2): 1) = Chplars(m)n % +

o Virtual Anomalous Dimension to 4 loops

o d
2_ gth 2, 2) = A" Z,08 = 69 f-th 2 2 g DGLAP at threshold
duz’i / T H i H

F(z10s0)) = Thaplas®) [11] + (1 ~)
4

1%

17



Rapidity Anomalous Dimension to Four Loops

e There is a Rapidity/ correspondence for conformal theories, which holds at the
critical dimension of QCD

’V:ri' s, €] + ’thh[a& €] =0

Blas, e] = —2a, [6+_60+(47r) B1+ .. ] 5[06376*] =3

¢ = {( > Bo + ( ) B+ . ] Critical dimension of QCD
4

° is part of RGE of soft function

d 7 7 )
/vl’@ lnSi(bThu’ )_4Fcusp[ ( )] ln:u/l/ T fYth[aS]

d - B du
v—InS;(br, p,v) = —4/ Féus W —I—
S =4 [ Er e

e Via SCET I consistency relations, relate to Virtual and Collinear anomalous dimensions

i (05 1)) =-—
18



Rapidity Anomalous Dimension to Four Loops

e Difference between and rapidity anomalous dimension comes from higher
orders in dimensional regularization evaluated at critical point!

N4LO N4LO N3LO[,_ _ _x . Qs Qs 2
Tr Tth T Yy [6_6] € —_[<E)BO+(E) 51‘*’---]

e To obtain these terms it is necessary to calculate
the TMD Soft Function at N3LO to higher orders in dimensional regularization

e We obtained this in

“Soft Integrals and Soft Anomalous Dimensions at N3LO and Beyond”
C.Duhr, B.Mistlberger, GV [2205.04493]

e Key point: Use method of differential equations and fix boundaries by relations
between differential and inclusive threshold integrals

19



Rapidity Anomalous Dimension to Four Loops

4.L00p 1 Ifoop Generalized
Virtual Collinear Casimi 3 Loop
o B asimir
An. Dim. An. Dim. Threshold Soft Function

at higher orders in €

\ /

[ 4 Loop Rapidity Anomalous Dimension J

20



Resummation at N4 LL

21



Energy-Energy Correlation

[Basham, Brown, Ellis, Love, PRL 41, 1585 (1978)]

e Interesting TMD observable is the Energy-Energy Correlation (KEC)

E;E;
EEC(x) = — = Z/dae+e i X Q2J d(cosB;; — cos x)

2¥}

e Measures angle y between pairs of colored particles, weighted by energy
e Ton of interest in this observable: arg extraction, precision QCD, related

to correlators in CF'T, playground for A/'=4 and QCD connections, ...

EEC has two singular limits with very different

x—0 : C oxo T
. 20 o= Yooy | #L | structure (no symmetry between them)
i Collinear/Forward/ : 2 i Back-to-Back !
i susllansie iy . Limit 7 e Single logarithmic series in small angle limit
1.5_' III TT | TTTT | TTTT | U L ‘ TTTT | TTT1 I TTTT I | B LS I TTED I_
i e OPAL data d . da =0 log" z
1.2 P g g c
B ete™ — hadrons i f - L’m 2
= 0.9 . Q=91.2GeV * —
L & .
= o6l . 1 o Double logarithmie series at z — 1
R 0.6F !. R oo 2L-—1 m
L 2 - - da 21 ( )L log™(1 — 2)
0.3~ % ] E E ;
i "\\ P ] b (1—=2)
L i L=1 m=0
0.0 llll]IllIllll]llllll[llllllllllllllllllllllll[

0 20 40 60 80 100 120 140 160 180 ¢ We have factorization theorems at both ends in SCET

x(°) for resummation 22



EEC in the back-to-back limit

B o OPAL data d .

121 e X =T Back-to-back region of EEC has Sudakov
= ook’ 0_ozcey - .1 peak and obeys TMD-like factorization
S L] . theorem and resummation
g 0.6 T Back-to-Back ] ,

oo 5] e (“crossed version of Qrp )

0 20 40 60 80 100 120 140 160 180

x(°)



EEC in the back-to-back limit

i e OPAL data d
1.2 ¢ [
F ete™ — hadrons . [
—_ r o3
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ES o
] 3
2 _
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theorem and resummation
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Logarithmic Accuracy for Resummed Predictions

e Resummation accuracy is
determined by the perturbative
accuracy of ingredients entering
resummed cross section

e For NALL resummation:
o 3 Loop Hard Function

o 3 Loop KEC Jet Function
0 4 Loop Collinear Anom. Dim.

o 4 Loop Rapidity Anomalous

Dimension NEW!

o 5 Loop Beta function

o 5 Loop Cusp (approx)

Resummed cross section to all orders (at LP)

do (3'() =
PR ) d(bTQ)2 J()(bTQV I Z) Hoq(Q, 1)
0
Qbr U [%vﬁ(bT,uJ)]
qu(bTalu'Jv )jq(bTaluJ QbTvn>< T_L)
n n
i dy p
<enp [4 [ Lrfa ()] 25— 2o
P Q
Accuracy HE ’72](048) ’yﬁ(as) B(as) FcuSp(OQS)
LL Tree level — - 1-loop 1-loop
NLL Tree level | 1-loop | 1-loop | 2-loop 2-loop
NLL' 1-loop 1-loop | 1-loop | 2-loop | 2-loop
NNLL 1-loop 2-loop | 2-loop | 3-loop 3-loop
NNLL' 2-loop 2-loop | 2-loop | 3-loop 3-loop
N3LL 2-loop 3-loop | 3-loop | 4-loop 4-loop
N3LL/ 3-loop 3-loop | 3-loop | 4-loop 4-loop
N“LL 3-loop 4-loop | 4-loop | 5-loop 5-loop

25



EEC in the back to back limit to N4LL

Implemented the

resummation of this
event shape at N4LL in M0
new numerical 1.4 A
framework: pySCET %< 194
~—
Nice convergence of -—g 1.0
perturbative result 2081
\ 0 6 .
Uncertainties obtained —
N——
by 15 point scale 0.4 7
variation in SCET 0.2 -
n event

First rest .
ghape at this a¢

mmation for 2

curaGY'-

ete” — ~* — hadrons

as(my) =0.118

I
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I I I I I I
168 170 172 174 176 178 180

X[’
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Conclusion

> Introduced motivations and techniques for theoretical predictions at N3LO

> Discussed the calculation of

TMDPDEF and N-Jettiness Beam

Funections at N3LO via collinear

expansion of cross sections

By(ta a7, 1)

at N3LO”

M.Ebert, B.Mist]

ger, GV

[2006.03056]

Collinear expansion of the

partonie cro:

Drell Yan and Higgs at N3LO
differential in (Q,, 7, )

“N-Jettiness Beam Funetions

> Presented computation of quark and gluon

Rapidity Anomalous Dimension at N4ALO

“Collinear e:
singl

pan ion for color
0S| ctions”
Bher, Minberger, G

Fixed order QCD

Approximation of
differential

butions

apidity at LHC, DY. .)

Collinear
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EEC in the back to back limit to N4LL

Implemented the
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event shane at N4LL in
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Rapidity Anomalous Dimension to Four Loops
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More things towards percent level predictions...

o= f10fy0 dCI)|M‘2 a0 O(AQ/QQ)

1. Accessibility and User Friendliness: Creating frameworks that make N*LO (and
NNLO) predictions easily accessible for comparison to experimental data.

2. Corrections beyond QCD: EWK and masses.
3. Factorisation Violation at N°LO: tops, PDFs.

4. Parton Showers: Consistent combination of parton showers with fixed order pertur-
bative computations at N°LO.

5. Resummation: Complementing N°LO computations and resummation techniques for
infrared sensitive observables.

6. Uncertainties: Deriving / defining reliable uncertainty estimates for theoretical com-
putations at the percent level.

7. Beyond Leading Power Factorisation: Exploring the limitations of leading power
perturbative descriptions of hadron collision cross sections. 31



Bare Beam Functions and Renormalization

N-Jettiness Beam Function q, Beam Function

Collinear oxpansim project to qT

partonic cross section for > B B b l

Drell Yan and Higgs at N3LO AL Y o w
differential in (QM a

e Poles in dimensional regularization e Y
(up to 1/€5)

project to T

Ba(tavx{gaﬂ)

e Poles in dimensional regularization

e Rapidity divergences regulated by

e Logs/Plus Distributions in ¢ Bare exponential regulator

Result
e [terated Integrals up to weight 5, with OSUs

alphabet

gqofroroor o1 1
= Z’1—2,2—Z71+Z)Z’ /—4_2:\/5

e C(Constants to weight 6

e Logs/Plus Distributions in b,/q,,

} e HPLs in 2 up to weight 5

e C(Constants to weight 6

()
e Coupling renormalization
* Coupling renormalization e Zero-bin subtraction via calculation of
e SCET, renormalization bare q,, Soft Function at N3LO
e IR poles subtracted via NNLO PDF e SCET, renormalization
counterterms e IR poles subtracted via NNLO PDF
counterterms




Checks

N-Jettiness Beam Function q, Beam Function

Collinear (‘xpansim project to qT

partonic cross section for > B B b i

Drell Yan and Higgs at N3LO A BLUEY W
differential in (Qy a

Checks

project to T

Ba(taa 37}19’ N)

6 orders of poles cancel in all channels e Allrapidity divergences regulated

Terms involving <i> .. vs ROE prediction ~ ® 3 orders of € poles cancel for all channels
v

Eikonal limit vs threshold consistency e Log terms vs RGE prediction

Generalized leading color approx e [Hikonal limit vs threshold consistency

e Quark channels vs
(found small discrepancy)

Confirmation of our results

in later independent calculation Confirmation of our results
in later independent calculation
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Slicing Power Corrections

e Krror due to higher order terms in slicing observable expansion

QTcut da (X )

A (X QTcut qu

z>0
o In principle: made negligible by pushing cut to small values

o In practice: tradeoff between numerical stability and size of power

corrections

e Interesting prospects of improving them by computing power corrections

analytically

10_1= AT 10_15 L R L T AL — \IHH}E: - 10'35 ----- CEELTS o Y L) |._“|“| TTTTT L—— |||||§
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— / o — ! -4 = =
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5 Eese 1 5 F 5 R > !
s F---ail+ta / & = & qg8f—u= ::i +co 3
q 4| — full nons. 57 = 1073 ~ S— i3
L 10 E / = l:) s r u (8] | ]
> E full—a; L // 3 — >~ A full — ¢; L — ¢ 1 7
9 F— full—alL—ag// ] <bl & 107 E
L o1 P 4 =10 S =
= 107 % : 2. sl — H (13 TeV)
o E P ] : e ¢ e 107F pp ( eV) E
_5_ | HJ-/\// | | 7 10—5 AN L7 0l Lo E E | gg NLl()OS Y:2 ]
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Analytic cross sections for collider observables

o Important! Analytie (not numerical)
computations of eross sections (not amplitudes)

e Integral over phase space of final state
particles

e Sum over all Real and Virtual corrections

e Analytic control of IR divergences

/ Trade phase space integrals for loop \

integrals with reverse unitarity

/ ddp 5y (p2) . See phase space constraints

as “cut” propagators

|

See this as a [ ) ] ]

loop integral 54 (p%) ~ lim

P2 +ic  p2—ic

Example:
Higgs production at N3LO in gg

-

\A'AY

“Pure amplitude” ¢

contribution

>

P

3
<

1“
q

<
<

>
Pho
Yr
>
Yr
0%

More measurements, more cut
propagators, more difficult integrals
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KExpansion for Color Singlet Cross Sections

e Consider production of a color singlet state h in proton-proton collision
Reverse Unitarity:

° : total momentum of radiation, color singlet Q and Y fhink ‘&fs ot
measureme

A tors!
K fikm propag® :
nt = (170701) Y:llog (’I’L'ph>

2 n - Ph
2 2
Q°=p
A= (1,0,0,~1) \k 7

e Limit where total momentum of radiation is soft compared to Q

‘mé‘““
’ M \6 e$9\\ef A
- n’LL + n,u’ M .®$\\0 <\\w‘\\'\“\
n n kM~ Ak~ — + AT — + /\kJ_ , Akl AW
2 2 Qe
p? ~ 2202
e Limit where total momentum of radiation is collinear to proton axis
Q N
Q _ é\o
> B~k — + R 0 A< et O
2 - e 36



Collinear Expansion for Matrix Elements

e Kinematic limit expansion of Feynman integrands appearing in

the calculation of partonic cross seetions

e Take for example double real emission (RR) scalar integral

» n-p2
P2— P3 : x:(ﬁ%l;(n-k):l_(ﬁ-k];@k)
1 B NPy LT 1
RR = = -
) i dwydwadz (p2 + p3)%(p2 + ps + pa)?
| 1

P1 I

In the collinear limit:

o Differential double real
article phase space // AP+ — )\2_46/ dPhr2
P dwidwodx dwidwodx

scales homogeneously

O Propagators can 1 coll 1 B Z 2y 25 - pa)”

be expanded easily (p2+ps+p)?  2p2-(p3+pa) + 220300 = [p) (p3 +p)]""
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Collinear Expansion for double real graphs

e We can perform a collinear expansion of the integrand

cO ' d@ ]. ¢ _2 *
IRR, _11> )\2 .1(/ h+2 — = +)\2 ( P3 p4) 5 _|_(/)()\3)
dwidwade | (p2 +p3)®[ps (05 +p1)]  (p2 +ps)?[p3 (5 + 7))
e Collinear expansion admits diagrammatic representation!
G ps ! Hi—= ps ! Pa— ps !
by P2 _ )\2_1( e P2 _ AQ 021)3-1np4 P2 + O(}\3)
h : p1 h | p1 h . p1
p1— ! p1— ' p1— !
e Same procedure can be applied for mixed loop/radiation integrals
(like RV integrals at NNLO)
P1 g |1 g |
I sccd ke I p P1 | P1
o e B 46[ o, i + (9()\3)]
2, TR N— I P2 b2 s ! Pz
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Collinear Expansion and IBPs

P2 P3

I
Pa 1—2¢ P2 P2

Key Point! - T )
Expanded diagrams admit P | w
(simplified) integration by m

parts (IBPs) identities o o
b/

e We can make use of modern technology IBPs Canonical
Differential Equations

for multiloop calculations with simplified
kinematic dependence! Reverse Unitarity

e Simplifications w.r.t. full kinematics are huge and enter at each step:
o IBPs (smaller set of MI, smaller coefficients)

o System of DE (e.g. ~ 10 MB for differential N3LO in collinear limit
vs ~ 10 GB in full kinematics)

o Space of functions (e.g. @N3LO: Elliptic functions for inclusive color singlet
production in full kinematics vs only HPL for q,, distributions in collinear limit)
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SIDIS at small q,,

e Factorization for SIDIS at small q,, contains TMD Fragmentation Functions (TMDFFs)

do rpr2 actorizgyj,
HP) | dzpd®qp ) ctem Q2F ZHff ¢ 1) ";SIDIS ;
/><\ all q
=

by igr-br i = ~ - N
X/(27T)26qT {Bf(ilfB,bTy.uaV/WQIDH/JF(J?F,I)T,l//wb)]Sq(bT,u’y)

OO0
"..gy“ i

TMDPDF TMD Fragmentation
(q, Beam Functions) Function

e TMDFFs are final state (time-like) analog of TMDPDF's

e TMDFFs can be OPEd onto longitudinal Fragmentation Functions (FF) for ¢r > Aqcp

DH/](uﬁF qT Z /ng TF, QT) ®zp Ay (vr) + O(Aqep/ar)
~ L -
TMDFF 7’ Perturbative Kernel FF

/ LP Collinear expansion of SIDIS

C 1 dn- 5
K (C) CIT) ~ /0 dz dwo 5[(]% _ Q2(1 — Pyl — l)] fiee B by

strict coll. dwldwgdx — B
=




