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Motivation

Transverse momentum dependent distributions (TMDs) give
access to detailed 3D picture of hadron insides.

Leading Twist TMDS () ncunson (=) cuasin . .
m— + 2-8 TMD Fragmentation Functions

*+ gluons TMD distributions

o o c
. 0s@-- @ |heen- @~ P non-perturbative evolution kernel

Each of them is an independent function
with rich structure that describes
a particular aspect of hadron structure

@

Universitit Regensburg

Extraction of TMDPDFs April 9, 2019 2/ 14



Extraction of TMDs is a cumbersome task
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Motivation

[

Extraction of TMDs is a cumbersome task

©® Numerically complicated calculation

dgr

do TMD factorization
77 acrorlzaton,

TMD factorization is “ naturally” formulated in b-space

ao/d2be—i(b‘qT>F1(x1,b)Fg(xz,b)RNp[b]

# In the integrand all functions multiplicative.
# Simple form of evolution factor.

% Slowly convergent Fourier integral.

% On top of it there are 2 — 5 integrations.
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[ Extraction of TMDs is a cumbersome task

©® Numerically complicated calculation

M “Too much freedom”

TMD is a function of 2 Variables?gc7 b)

Collinear momentum fractich \ Transverse distance
z € [0,1] b>0
typically z > 10~3 all values involved

% Difficult to find a good parametrization.

d?b ;
F(x, kr) =/WF(x,b)eﬂ<b'kT>

Actually the transverse momentum appears
only after Fourier tranformation
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Motivation

[ Extraction of TMDs is a cumbersome task

©® Numerically complicated calculation

M “Too much freedom”

® All TMDs + NP evolution are correlated in the data

TMD factorizable cross-section has a pair of TMDs

do  TMD factorization
—)

— Uo/d2b67i(b'qT)F1 x1,b) Fa(z2,b) Ry p[b]
dqr

[Extraction is correlated]

® Global analysis is requred to decorrelate TMDs
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Motivation

[ Extraction of TMDs is a cumbersome task

©® Numerically complicated calculation

M “Too much freedom”

® All TMDs + NP evolution are correlated in the data

Unpolarized TMDPDFs are best object to begin with

o The best avalible theory input (complete NNLO+-)
@ Source cross-sections: Drell-Yan/vector boson production

o Large amount of data
o A lot of presice data
o Span huge range of energies
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Inputs

Synopsis of theory input

do
W Uo/bdb]o(qu)H(Q,M) E sz’Ff<—h($17b HyCI)Ff’eh(x%b H,62)
ff

’—>[F<w, bi11,C) = Ribi (1, OV F(,b))
(-prescription and

“optimal” TMD definition

b=15GeV-
‘HM.\

#[Gev]

[I.Scimemi,AV,1803.11089]

[ We use the best available theory input: complete NNLO ]

W'R
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Synopsis of numeric evaluation

Evaluation of DY cx tion by artemide

prrpm——
PRI 3 A (L T TAE R A N

picture from [artemide manual]

To reach the required data precision one has to
include extra numerics:

o Finite bin-size effects
o Fiducial cuts
It make calculation very numerically intensive:
@ 3 bin-size integrations
o + Hankel transform
o + 2 NNLO Mellin convolutions
o + 7 integrations for evolution
~ 10% — 107 calls of PDF for a single data point
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Synopsis of numeric evaluation

Evaluation of DY cross-section by artemide

picture from [artemide manual]

ARTEMIDE
https://teorica.fis.ucm.es/artemide/

Package for TMD phenomenology
o Flexible definition of factorization scheme
o Variety of evolutions
(CSS,¢-prescription, etc.)
o All available PT: LO, NLO,
NNLO,resummed
o No restriction for NP models
o Fast code
o Constantly expanding
o (unpol.)DY cross-sections
o (unpol.)SIDIS cross-sections

e Various theory tools.

repository:

https://github.com/VladimirovAlexey /artemide-ifliBlic
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Synopsis on data

TMD factorization = small-g7/Q

2 do
G <025 & (F)" < e
10 10- 10 107! 1
150 150
2
_ Q _+y a7
100 100 r1,2 = \/ge 1+ oz
H
66 66
=
]
<A
(=3 e, doldq [pb/GeV]
37 37 Ao byartemide 200
16 16
oD STy X(aX)
Fevatron rahs
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Synopsis on data

TMD factorization = small-g7/Q

ar ar\2 _ do
& <025 & e
104 1073 1072 10 1
150 150
‘»\'ll;\5(1113<()<150)[ j \TLAS >
CMs — Q ty ar
T2 = e 1+ 02

100 100

66 66

3 LHCb
<
c ATLAS(36<Q<66)
37 37
X E288
16 E605 16
E77
Total: PHENIX

457 data points O O
4 1

104 1073 1072 10 1
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High-energy: CDF, DO,
ATLAS, CMS, LHCb
194 points

Low-energy: E288, E605,
E772, PHENIX
263 points

Total: 457 points
4 < Q < 150GeV
z>107*
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Non-perturbative model for TMD evolution

b2
D (b, 1) = Dresum (b, 1) +c1bb*, b = b/, [14+ ——
BNP

Non-perturbative model for TMD distribution

=~

3 ) = @
i A a 2
d T ! 5
Fi@ o) = [ Yo mbuors) i nore) ey | EE 2 E
z Y Yy 3 o ; K
(A1 (1 = 2) + Aoz + Azz(1 — 2))b? LB < n
fnp =exp | — ol 3 = c
V14 Az 52 3 = =
a1 n=0 1)
e 2|5 parameters

e even function in b (required by OPE)
e b — 0 NNLO perturbative

e b — oo exp/Gauss (depending on parameters)
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Quality of the fit

X2/N =117 Low energy data: 0.90
pt : High energy data: 1.55
Systematic undershooting
nuisance parameters: x2 = X2D + x%\ = d = “systematic shift”
~~ ~~
shape  shift
ATLAS 8TeV 0.0<]y|<0.4 ATLAS 8TeV 1.2<[y[<1.6
1040 ity =1:86+0.33=2:19 av.shift=3.7% XItp=1:24+0.49=1.73 av.shift=4.3%
1.02(
1000w oo g oo mmm$mmm—fmmssgmsana
0.98
0.96/ v
ATLAS 8 TeV 0.4<]y|<0.8 ATLAS 8TeV 1.6<[y[<2.0
LO4G it =241 40.68=309 av.shift=3.7% XItp=0,42+059=1.01 av.shift=4.9%
1.02(
1.000F====¢==== +
09804
0.961
ATLAS 8 TeV 0.8<]y|<1.2 ATLAS 8 TeV 2.0<[y|<2.4
1040 y2iyy - 110240542156 av.shift=3.8% XIEp=1,55+1.21=2.76 av.shift
1.02(
— e — ¥ +
v ———
: arcen} j—e)|
2 4 6 10 2 4 6 8 10
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Quality of the fit

X2 /Npt = 1.17

=1

Low energy data:
High energy data:

0.90
1.55

Systematic undershooting

nuisance parameters: x2 = XZD + XE\ = d = “systematic shift”
~—~ ~~
shape  shift
Data set av.sys. X2 /Npt av.shift.
E288(200) 25% 0.86 41%
E772 10% 1.70 13%
ATLAS (8TeV) |y[<0.4 2.8% 2.19 3.7% .
ATLAS (8TeV) 0.4<|y|<0.8 | 2.8% 3.09 3.7% The undershooting
ATLAS (8TeV) 0.8<|y|<1.2 | 2.8% 1.56 3.8% is mainly due to
ATLAS (8TeV) 1.2<|y|<1.6 | 2.8% 1.73 4.3% PDFs at large @
ATLAS (8TeV) 1.6<|y|<2.0 | 2.8% 1.01 4.9%
LHCb (7TeV) 1.7% 2.95 5.7%
LHCbD (8TeV) 1.1% 5.54 5.7%
LHCbD (13TeV) 3.9% 0.89 6.3%
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NNPDF3.1nnlo

Data set XQ/Npt av.shift.
ATLAS (8TeV) |y|<0.4 2.19 3.7%
ATLAS (8TeV) 0.4<|y|<0.8 | 3.09 3.7%
ATLAS (8TeV) 0.8<|y|<1.2 | 1.56 3.8%
ATLAS (8TeV) 1.2<|y|<1.6 | 1.73 4.3%
ATLAS (8TeV) 1.6<|y|<2.0 | 1.01 4.9%
ATLAS (8TeV) 2.0<|y|<2.4 | 2.76 5.7%
LHCb (7TeV) 2.95 5.7%
LHCb (8TeV) 5.54 5.7%
LHCb (13TeV) 0.89 6.3%
E772 1.70 13%
E288(400) 0.80 27%
E288(300) 0.93 36%
E288(200) 0.86 41%
Xx?/Npt total 1.17

A.Vladimirov
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MMHT14nnlo
Xz/Npt av.shift.
3.98 7.6%
3.87 7.1%
2.32 6.2%
2.04 5.3%
1.55 5.0%
1.37 5.0%
1.70 4.9%
2.10 4.3%
0.80 4.2%

2.4 -0.2%
1.11 2%
1.07 12%
0.62 15%

1.39
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NNPDF3.1nnlo MMHT14nnlo
Data set X2/Npt av.shift. X2/Npt av.shift.
ATLAS (8TeV) |y|<0.4 2.19 3.7% 3.98 7.6%
ATLAS (8TeV) 0.4<|y|<0.8 3.09 3.7% 3.87 71%
ATLAS (8TeV) 0.8<|y|<1.2 1.56 3.8% 2.32 6.2%
ATLAS (8TeV) 1.2<|y|<1.6 1.73 4.3% 2.04 5.3%
ATLAS ( TeV) 1 6<lvl<20 1.01 4 9% 1.55 5.0%
ATLAS (§ 20 NNPDF3.1 — o quark e S
:z MMHT14 — u-quark TMDPDFs are
LHCb (77 equnk very sensitive to
LHCb (87 12 —gluon input collinear
LHCb (13 08 0.02 0.05 0.1 0. 1 PDFS
E772 os! W $I= 10GV 2.4 -0.2%
E288(400 1.11 2%
E288(300) 0.93 36% 1.07 12%
E288(200) 0.86 141% 0.62 15%
Xx?/Npt total 1.17 1.39
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Results
[ Non-perturbative evolution kernel ]
LID(b,u=4 GeV) . | D(b,u=91 GeV)
0.8
0.8 B
Y e
e 0.6 -
04 "
0.2} 0.4
f 0.2
/ 1 2 3 4 5. b(GeV-1)

. 2 3 4 5
Full data set =--- No LHC

Error band by replica method

Bnp = 3.31 £ 0.28 Byp = 1.21 £ 0.50
co = 0.024 =+ 0.006 co = 0.057 £ 0.038 R
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Results

Non-perturbative

evolution kernel

LI D(b,p=4 GeV)
0.8}
0.6t
o LT
0.2 b(Gev)
/ 2 3 4 5

Full data set

LHC
sensitive region

. | D(b,=91 GeV)
0.8F
06— T
0.4
0.2 /
A b(GeV!)
1. 2. 3. 4. 5
-=-=-= No LHC

eplica method

Bnp =3.31£0.28
co = 0.024 £ 0.006
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Results

[ unpolarized TMD PDF ]

fup(x=1073,b) L Aw(x=1072,b) L.

Fur(x=0.1b)

0.8 0.8 0.8
0.6 0.6 0.6
0.4 0.4 0.4
02f N e 0.2 Sl 0.2r RS
T = T A e i
Full data set =-=--- No LHC
Error band by replica method
A1 = 0.26 & 0.02 A1 =0.2140.17
Ao = 8.18 4 1.00 Ao =12.144.40
A3 = —4.7+£1.37 A3 = —3.5+£5.41
g = 300 % 89.0 A4 = 316 £ 196.
A3 =2.4440.12 A3 =2.1140.28 R
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Results

unpolarized TMD PDF

Fopl(x=107b) Fnlx=102) .

ur(x=0.1b)

8r 0.8 o8-
061 0.6 06r
ol4r 0.4 Q4r
d2f NN e 0.2 < ol
R S 2 i R R R R ) e
Full data set =-=--- No LHC
Constraint only Discrepancy
by high energy data| Error band by replica method ?PDF?
A1 = 0.26 £ 0.02 A1 =0.21 £0.17
Ay = 8.18 = 1.00 Ao = 12.1 +4.40
A3 = —4.7+1.37 A3 = —3.5+5.41
A4 = 300 £ 89.0 g = 316 £ 196.
A3 =2.4440.12 A3 =2.1140.28 R
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uTMDPDF in b-space uTMDPDF in kp-space

x=1073 X fi(x,b) uncertainty x=10"3 i
y ¢ = X fi(x,kr) uncertainty
(d+d)i2 20%, (d+ad)/2 20%

: |
x=10"2 ; 15%) x=10-23 15%
! 10%) 1‘ 10%|
5%]

S
L

AT

05 1. 15 2 25 3 > kr(GeV)

xE(xb) atx=102 008 =
d- quark s

X F(x,kr) atx=10"
d- quark

b(GeV) k1(GeV)

05 1 15 2 25 3
v
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Results

x fi(x,b) uncertainty
(d+d)/2 20%
15%

AN

10%]

. a 4 Va //; i
95 1. 15 2 25 3. > bGeV?)

_  A(@)b 4.
fnp =exp ( 7/71_%3(1)1)2_‘_“_)

fnp = exp (—A(x)b?)
B(z) =0

e Narrowiy , — Widej, i, at smaller-x

o Wide;i, 1, — Narrow;, i, at larger-x

similar to [Baccetta, et al,1703.10157]

e g oo A
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Conclusion

[ Conclusion

Now, we know uTMDPDFs and non-perturbative TMD
evolution accurately

o Wide range of Q and =
o Extremely precise data from LHC

o Accurate treatment of experimental errors and their
propagation

e (-prescription at work
Artemide

Now, we have a solid foundation for further expansion

o Input for SIDIS (and further processes)

o Access to PDFs at large-x

e Non-perturbative TMD evolution for other processes (e.g.
jets)

o Artemide

x=10°

X filkr)
d - quark

kr(GeV)

xfilkr)
u- quark
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