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What is this talk about

» WHAT do we study:

TMDPDFs:

(naively) an extension of (collinear) PDFs that captures the total
momentum distribution of the hadron among its constituents
(partons).

(8 hadron with large momentum P
< carries quarks with momentum fractions x
and transverse momenta k;
naive picture: f(z) — f(x,k.) are
probability distributions.
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Types of (leading) (quark) TMDPDFs:

quark polarisation
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extraction of pion PDFs

» theoretical approaches via model calculations

» determination in LQCD with

» computation of Mellin moments from local operators
highly boosted hadrons (LaMET)

short distance factorisation

v

v

» phenomenology from experimental data:
problem : pion cannot be used as target / primary beam
» pion as secondary beam:
» Drell-Yan (DY)
» direct photon
» J/¢ production

» pion as virtual target : p > n+a"* (Sullivan process)
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TMDs in scattering processes:

There are three channels to access the (quark) TMDs (PDFs & FFs):

Drell-Yan SIDIS SIA
q ol 1 r l 1 ol q
e G SOy
q ! q q ! q
PDF ® PDF PDF ® FF FF ® FF

» TMDPDF for initial quark states
» TMDEFF for final quark states
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The Drell Yan process

Drell-Yan reaction: boson production in hadronic background
hi(py) + ha(p2) — ¥/Z/W(q) + X — 1(k) + I'(K) + X

Two colliding hadrons — two parton distribution functions necessary.

Kinematics:

g=k+k& Q2=q2

2
T1o N 5 qr = |q L {p1, p2)|
q-p1,2
1 T1
Tp =171 — 22 y=sln|—
2 T2

time
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The Drell Yan process: TMD factorisation

In case of small transverse boson momentum (g% < Q?):

dopy ~C(Q) L ¢f [ dbbo(bar)fi(an, b ) fug (a2, b,11,G2)
f

where (1( ~ Q*

'cross-section = convolution of two TMDs!!

Extract the non-perturbative functions by assuming a functional form
and extracting the parameters from experimental data.
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Double scale dependence: evolution equations

e 9

f(rc b €)= D p0 b0y (1)

f(@, b5 11, C)
Cd_cf(x7 b;/% C) = _D(b7ﬂ)f($a b;/h C) (2)

» define TMDPDF at reference scales:
saddle point where (1) = (2) =0

» evolve (,M, C)saddle - (Q) QQ)Cross-section

n? [GeV?]
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Form of TMD

frp(z,b) = (; Cropr ® Qf’) (,0) - flp(z,0)

v

TMDPDF ~ perturbative if transverse distance b <« AQICD is small

v

perturbative part is expansion and convolution with PDFs

v

Fit simpler AND relation TMDs < PDFs satisfied by construction

v

total TMDPDF is product of perturbative expression
and NP parametrisation
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Form of TMD S:

frp(z,b) = (; Crop ® (Jf’) (2,0) - flp(x,b)

2
flgg z,b) = exp —(Al(l—x)+)\2x)( 1+b_—1)

.I')\g

1.0 T )0 rE——

= ion roton

= P P z=0.1

S osh 4 o0s

)

sz z=0.5
0 2 4 6 8 10 12 14 02 46 8101214 ,_gg

b[GeV ] b[GeV 1]

features an exponential decay at large-b!
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7+ W — DY — data review

Extraction is challenging — because data are rare.

0.1 0.3 0.7 1

Phase space covered by z - differential
data selected for the fit analysis

E537 : 40 data
E615 : 42 data

Q[GeV]

0.1 0.3 0.7 1

» single observable (DY)
» exclusively access valence region z 2 0.2

» normalisation uncertainties
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7+ W — DY — data review

Extraction is challenging — because data are rare.

Q[GeV]

0.1 0.3 0.7 1

T T T T
Phase space covered by z - differential
data selected for the fit analysis

E537 : 40 data
E615 : 42 data

0.1 0.3 0.7 1

single observable (DY)
exclusively access valence region z 2 0.2
normalisation uncertainties

analysis of kinematic binning
+ normalisation uncertainties (d@ vs dzp)
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7+ W — DY — data review

Extraction is challenging — because data are rare.

Q[GeV]

0.1 0.3 0.7 1

T T T T
Phase space covered by z - differential
data selected for the fit analysis

E537 : 40 data
E615 : 42 data

0.1 0.3 0.7 1

single observable (DY)
exclusively access valence region z 2 0.2
normalisation uncertainties

analysis of kinematic binning
+ normalisation uncertainties (d@ vs dzp)

extract TMDPDF of valence flavours
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definition of the test function — what to minimise

x>2-test function:

X2 =(t-d)" ¢ (t-d)

Covariance matrix

_ 2
Cij = 5ijo-uncorr7i + Ocorr,iOcorr,j

The source of correlation is the normalisation uncertainty:

Valentin Moos

Ocorr,i = Onorm * d;
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Data selection: (kinematic cuts)

Eb37 + E605 in dzp binning, and:

64 5 @

uncorrelated fit < )

0 Il Il 1 Iy
L5 W correlated fit

005 000 0I5 020 025 030 035 040 TMD valid if (S -0
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15 : ‘ correlated fit
T
04 0.5 0.6 0.7 0.8 0.9 1.0
o

1lts on pion TMDPDF Pacific



Issues: kinematic binning and normalisation uncertainty

Phase space coverage by four data points

I~ at the boundaries of accessible kinematics.
8 ¢ The binning is indicated A 46
5 for each of the four data points. W
4+ -4
1 1 A 1 1
0.1 0.7 1
E615-dQ E615-dxp
Niar =57
dQ vs. dxp
T s » zr bins cover smaller z regions
) ’ — better choice to determine
6
s F(:E? b)
‘ » z is a stronger constraint in the
3
fit
5 2
' » — use drp data
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fit characteristics: x? distribution

300

200

100

1

X2/ Nyap = 1.627933

Nay =82
2
Nieplica = 2000 X°/Ngat = 1.40

(average prediction)
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fit characteristics: parameter distributions

A1 /Ag - 102 =0.357552 [GeV] Aa/A3-10=4.0170%2 [GeV]

300 - 300 -
200 200 -
100 ~ 100 |

—0.05 0.00 0.05 0.2 04 0.6

A1/ As [GeV] A2/ A3 [GeV]
£ (2, b) M= a)+ A P
5 (z,b) =exps - -z T — -
NP P 1 2 (1_)\3)2

for large b: Iégr(:r, b) » exp{-A2/A3b} (because A\; ~ 0)
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pion TMDPDFs: Results (A)

valence flavour (u) compared with other extractions

=028
T T T
this work
MAPPion25FI
JAMpion23

TF g (2,01, Q)

b[GeV] b[GeV] b[GeVY] b[GeVY]

differences in
proton TMDPDFs, CS-kernel (rapidity scale evolution)

kinematic binning of data (Q or xp)

v

v

v

fit strategy and (resulting) normalisation

v

perturbative order and technicalities
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pion TMDPDFs: Results (B) data description
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pion TMDPDFs: Results (C)

valence combination (7 — u) compared with LaMET

z=0.4 x=0.6 r=0.7
T P =1.83Gev T " UANL-BNL25
243GevVAL | ]] I L this work |
304Gev it 151!
! Hily
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zFl,ﬁ,(—’!r (w,b;u,é)
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b[GeV™!] b[GeV™!] b[GeV ! b[GeV !

v

Large Momentum Effective Theory needs to extrapolate to large
hadron momenta P,

» Promising complementary method to phenomenology (this talk) to
determine pion distributions!

v

large b trend ~ overall similar, agreement good for small z
small b difference can be due to collinear PDF (normalisation)

z behaviour different (normalisation/other pheno)
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Summary on a technical level: =-TMDPDF

7

data input

perturbative input

qr _
> UT =0< 025 1—‘cusp v Dpert Cf—>f’ Ch
(TMD regime: § < 1) N‘LO | N°Lo | N°Lo | N°Lo | NiLO
> TF = Tx — Ttar. < 0.7 a; | af | o of | o
— 82 data
r )y
r human footprint (1)
non-perturbative input: b parametrisation
» ART25 (TMDs:target > £t strate
(PDFs:MSHTPDF20) v
and CS-kernel)
» xFitter (NLO) CgPI;
(PDFs:pion) unpolarised 7= TMDPDFs
X2/ Npt = 1.40
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Inputs to the determination of the / =~ - TMDPDFs

assumptions

nucleon TMDPDF,
TMDFFs,CS-kernel

2609.15168
7 -TMDPDF
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Summary & Outlook

Summary
» valence flavour unpolarised TMDPDFs for charged pions v
» reliable for "moderate z": 0.2 <z < 0.8 v
» good description of the data: v

both kinematics binnings & normalisation

Outlook:
» We have to understand systematics (=input distributions) better

» Agreement with COMPASS measurement to be tested (data are
not yet published)
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E615 data
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E537 data
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Predictive power of data: () binning

E615-dQ E537-dQ total dQ

Nyay =57 Ngat = 52 Ngar =109

.

XQ/Ndac
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Predictive power of data: zp binning
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