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Extraction of pion transverse momentum distributions from Drell-Yan data
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We map the distribution of unpolarized quarks inside a unpolarized pion as a function of the quark’s
transverse momentum, encoded in unpolarized transverse momentum distributions (TMDs). We extract the
pion TMDs from available data of unpolarized pion-nucleus Drell-Yan processes, where the cross section
is differential in the lepton-pair transverse momentum. In the cross section, pion TMDs are convoluted with
nucleon TMDs that we consistently take from our previous studies. We obtain a fairly good agreement with
data. We present also predictions for pion-nucleus scattering that is being measured by the COMPASS
Collaboration.
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TMD factorization

do 4 small gr large gr
dqr
TMD matchin collinear
factorization 5 factorization
> qr
Aocp S ar < Q0 Aocp < qr < Q AQCD <0< qgr
+ 0(g7/0Q%)  W-term Y-term Y(gz, Q%) Fixed-Order (FO.) + O(M?*/g2)
such that

O «— Y~F.O.—-W) — F.O.
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TMD factorization

>

do
dqr

small gr large qr

TMD
factorization

collinear

matching factorization

Aocp S ar < Q0 Aocp < qr < Q AQCD <0< qgr

+ 0(g7/0Q%)  W-term Y-term Y(gz, Q) Fixed-Order (F.O.)
such that

0 «— Y~ (F.0.—W) — F.O.

fat low Q (SIDIS), these cancelations
ido not occur: where is the limit for
'f TMD factorization (W) to be valid?

tour analysis is in this regime!
{where W-term dominates.
Y-term is not included

> qr

+ O(M?*/q2)



TMD factorization: Drell-Yan

2 2 Pg ar ok +Kip—4ar)
M- < :

? Q2 proton convolution upon
s Q0 e Ly S transverse momenta

W-term dominant

do
dqrdydQ

~ W(xy, xg, qr, Q) ~ %DY(Qz) [flq(an kiA§ Qz) 03¢ flq(xB, k%_B; Qz) ]

hard factor ~ TMD PDF anti-q TMD PDF q

TMDs depend on two scales p, C; can be chosen as {=p2=Q)2



TMD factorization: Drell-Yan

2 2 Pg ar ok +Kip—4ar)
M- < :

? Q2 proton convolution upon
s Q0 e Ly S transverse momenta

W-term dominant

do
dqrdydQ

~ W(xy, xg, qr, Q) ~ %DY(Qz) [ff](an kiA§ Qz) 03¢ flq(xB, kiB; Qz) ]

hard factor =~ TMD PDF anti-q TMD PDF q
Fourier Transform:
from convolution to
simple product

e o !
= 7""(0%) EJ dby by Jo(br, ar) [ b7 Q%) f{(xg, b 0%
0

TMDs depend on two scales p, C; can be chosen as {=p2=Q)2



TMD factorization: SIDIS

—2qr ~ Ppr =2k + P

s Zlﬁ_
W = @ Lol i R e
p2 t Sk, +P,/z+qy)
47 =— < 0 .
R O\ O\ O\ O\ convolution upon

W-term dominant transverse momenta

nucleon

do
gy WX,Z, : 3] %SIDIS 9 qx,k2; 2 Dq—>h ,PZ; %
yrrmrmr SRLCEX R ©) |30 ® DI P 0Y)
hard factor TMD PDF TMD FF

Fourier Transform:

from convolution to

' [l i . i

simple product = & SIDIS(QZ)z—J dby by J(br, q7) ?(x,bz; 0?) D?_)h(z,b%; 0?)

T Jo

TMDs depend on two scales p, C; can be chosen as {=p2=Q)2



Normalization problem in SIDIS

increasing perturbative accuracy
increases agreement with Drell-Yan
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Normalization problem in SIDIS

increasing perturbative accuracy

worsens agreement with SIDIS !
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0.8

MNLL/ MNNLL ~ 2

increases agreement with Drell-Yan
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Normalization problem in SIDIS

increasing perturbative accuracy

worsens agreement with SIDIS ! increases agreement with Drell-Yan
e s ) NLL  NNLL N3LL ~
M"(x, 7, O, PhT) NINEL INLE Q@ ~ 100 GeV
5 £ ] i, 00| ATLAS 8 TeV, 1.6 < |y| <2  mm NLL' |
+ ;}' T g;;)red ||||||| N3LL _ : . NNLL :
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discrepancy is Ppr-independent:  Mypp/Mynip ~ 2 My /My ~ 1.5

tensions observed also at larger gqr  Gonzalez et al., PR. D98 (18) 114005 but not in SV 2019 fit
and aISO In Dl‘e”-Yan at IOW Q Bacchetta et al., P.R. D100 (19) 014018 Scimemi & Vladimirov,
and also in e+e- annihilations Moffat et al., PR. D100 (19) 094014 arXiv:1912.06532

No normalization problems for MAPFF1.0 (Map Collaboration)
collinear SIDIS do/dxdzdQ Abdul Khalek et al., arXiv:2105.08725



Normalization problem in SIDIS

at NLL, #°PB~1

the integrated W-term reproduces [qu - d‘fla o [quW‘ o f9(x, Q) DIz, Q)
the SIDIS collinear do at LO, xdzdqrdQ NLL

which reasonably describes data
De Florian et al., P.R. D75 (07) 114010

e do ‘
~ dxdzdO Lo
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Normalization problem in SIDIS

at NLL, #°PB~1

the integrated W-term reproduces [qu - d‘if o [quW‘ o f9(x, Q) DIz, Q)
the SIDIS collinear do at LO, xdzdqraQ NLL

which reasonably describes data
De Florian et al., P.R. D75 (07) 114010

e do ‘
N dxdzdQ 'Lo

at higher orders, Z#°°" =1+ cag+... ¢, <0 spoils agreement

the integrated W-term contains [ do

only some terms of the SIDIS Ar Vi S dxdzd0 ‘NLO
collinear do

Y-term -5 0

We define the normalization factor

do.. . .
.z, a2 nomix d W :1 I__I__
w(x,z, Q) dxdza’Q/,[ qr at N

includes all NLO terms where PR

x- and z-dependence can be factorized
— includes W + part of the Y term...

Does not depend on fit parameters,
precomputed



Scale dependence of TMD

matching collinear PDF
at small br

| 106 b7 u G = |

Z |Cym i b7 1y,) ® £ (6, 13,

Sudakov: evolution in u scale; contains :
X €Xp [S(ﬂf» ﬂb*)] : Al perturbative
anomalous dimensions Yr, Yk
- 9 Kb )2
Cf evolution in C scale; contains
X U2 Collins-Soper kernel K

- n
perturbative g

accuracy % and C K and yr Yk PDF and as evol. FF

___________ e T R R e
DAL U ¢ e e AR et O el LO

NLL’ 1 1 2 NLO NLO B
---------------------------------------------------------------------------------------------------------------------------------------------------------------- orsa et al.,

NNLL 1 2 3 NLO NLO PR.L. 129 (22) 012002
---------------------------------------------------------------------------------------------------------------------------------------------------------------- FF at NNLO  arxiv
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NBLL > 3 4 NNLO NNLO NLO . Y D e
s s e I s implemented - (22)

N3LL’ 3 3 4 N3LO N3LO arXiv:2204.10331



Scale dependence of TMD

prescription to smoothly
connect to large br,
avoiding Landau pole.
Introduces
nonperturbative part

- n
perturbative g

accuracy J and C K and yr Yk PDF and as evol.

Z |Cym i b7 1y,) ® £ (6, 13,

X €Xp [S(:ufv :ub*)]
K(b*,//tb*)/Z

=
..

&
9
><.fNP(xa bT9 QO)

gx(bp)/2

X

matching collinear PDF
at small br

Sudakov: evolution in W scale; contains
anomalous dimensions Yr, Yk

evolution in C scale; contains
Collins-Soper kernel K

nonperturbative Collins-Soper kernel
(arbitrary Qo=1 GeV)

nonperturbative TMD at initial

(arbitrary) scale Qq
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LL i 0
NLL 0
NLL’ 1

NNLL 1
NNLL’ 2
NSLL 2

s 1
1 2
1 2
Z 3
2 3
3 4
3 4

perturbative

non
perturbative

FF
LO LO
NLO NLO Borsa et al.,
NLO NLO PR.L. 129 (22) 012002
e e FF at NNLO  41xiv:2202.05060
Nnot yet Abdul Khalek et al.,
NNLO NNLO NLO implemented PL: B834 (22) 137456
NSLO NSLO arXiv:2204.10331



Most recent extractions of unpolarized TMD f;

SIDIS

Accuracy | HERMES | COMPASS DY Z production | N of points X2/Npoints
arXivF:)Y 7%(:)31. : 0157 e v v v v 8059 1.5
arXivS:‘\I/ 7%%15 1473 NNLL X X v 4 309 1.23
|| N & X v v 457 147
arXivS:Y 921(;896532 b v v v v 1039 1.06
arXivF:)Y 9'?(;(?7550 e ® X 4 v 353 i1.07
ot e o T X X v v 309 <1.08>
axvosonoreos | VL v v | v v 2031 1.06
arXivéggg.%M?S NS X X v v 627 0.96

Increasing precision & accuracy


http://arxiv.org/abs/arXiv:1703.10157

Most recent extractions of unpolarized TMD f;

SIDIS
Accuracy | HERMES | COMPASS DY Z production | N of points X2/Npoints
» arXivF:)Y 7%(:)31.17 0157 e v v v v 8059 1.5
arXivS:Y 7%%1(? 1473 NNLL X X v 4 309 1.23
axvisozopers | N R X x v v 457 117
» e S S v v v v 1039 1.06
arXivF:)Y 921(;37550 e ® X 4 v 353 i1.07
g b X X v v 309 <1.08>
) | .ozcorss | VL | ¥ v | v 2031 1.06
arXivé§g§%7473 NS X X v v 627 0.96

Increasing accuracy & precision

only three global fits


http://arxiv.org/abs/arXiv:1703.10157

Main features of MAPTMD22 fit

e global fit of Drell-Yan and SIDIS data with
- largest number of data points: 2031
- highest perturbative accuracy: N3LL
(with FF currently only at NLO)

e prescription to fix SIDIS normalization problem beyond NLL
(effectively introducing part of Y-term)

e number of fitted parameters: 21

e extremely good description: X2 / Ndata = 1.06

e account of correlated (exp. and th.) errors with nuisance
parameters, including PDF & FF uncertainties

v N\

MMHT2014 DSS14 (), DSS17 (K)



The MAPTMD?22 data sets

Ndata after cuts

Drell {233 fixed target
el 251 collider
1547 SIDIS

2031 data points

kinematic cuts

(Q) > 1.4 GeV
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Scale dependence of TMD

prescription to smoothly
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avoiding Landau pole.
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Data-driven nonperturbative TMD
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Data-driven nonperturbative TMD
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Q [GeV]

Data-driven nonperturbative TMD

at given (x,Q?),

__—different slopes for different z

at given z,
different slopes for different x

we model nonperturbative TMDs

with Gaussians, we need

x- and z-dependent widths!
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Parametrization of non-perturbative TMD

nonperturbative TMD PDF i p(x, by Qp)
Fourier Transform of sum —k2/g ) ) —k2/g ) —kz/g )

. : — F : T . < 1 1A 1L 1B 1 1C >
of 3 Gaussians with “ g1 e

x-dependent widths e e o (1 — x)™ x%

£=0.1 11 param.
(1 — R)™ Rox




Parametrization of non-perturbative TMD

nonperturbative TMD PDF i p(x, by Qp)

Fourier Transform of sum _F T (e—kf/gm(x) o kze—ki/gm(x) i e—kf/glc(x)>

of 3 Gaussians with ' iy 4

y . 1 = aX xGX

x-dependent widths I e El _)’;a)% — s 11 param.

nonperturbative TMD FF Dyp(z, br; Qp)

Fourier Transform of sum p2 >
_ —P1 [ 834(2) 2 —Pi [ 8p(2)

of 2 Gaussians with = AL (e / tapPie / )

z-dependent widths (1 = 2y (P + 62) 9 param.
with  g3v(2) = N3y £=05

(1 = 2% (2Px + 63)



Parametrization of non-perturbative TMD

nonperturbative TMD PDF i p(x, by Qp)

Fourier Transform of sum -k2/g ) —k2/ ) —kz/ ()
: : =F.T.<e LLSWH L Ap kre e e )
of 3 Gaussians with = g
y . 1 {2 Oy 1Oy
x-dependent widths I e ( Jf) I 11 param.
(1 — X)% Xxox
nonperturbative TMD FF Dyp(z, br; Qp)
Fourier Transform of sum p2 >
= —P7 [ 834(2) 2 _—P1 /[ 8p[)
of 2 Gaussians with =180 (e / +ApPre Ji, )
z-dependent widths (1 = 2 (P + 62) 9 param.
(1 — £)% (8Px + 82)
) r C 1 8x(bp)/2 b2
nonperturbatlve part of 20 ) 1 param.
Collins-Soper kernel Q3 4

Total 21 param.



Fit results for SIDIS
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Fit results for SIDIS
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Fit results for fixed-target Drell-Yan

data set Ndata )(12) ){% )(2
SIDIS total 1547 0.59 0.28 0.87
Drell-Yan fixed target toté 233 0.84 0.4 1.24
Drell-Yan collider total 251 1.86 0.2 2.06

Xp2 = uncorrelated error
X»2 = correlated error

XZ — XD2 + X)\Z

good agreement

th. error band =
68% of all replicas
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Fit results for collider Drell-Yan
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Fit results for collider Drell-Yan
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Fit results for collider Drell-Yan
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Visualizing MAPTMD22 TMD PDF

zfi(@ k2, Q, Q%) unpolarized up quark in the proton
Q:2 Gev oz =0.1
3.51
z = 0.01
T x = 0.001
Q =2 GeV

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

k1| [GeV]

fap(r, k5 Q) ~ Gauss + Ag kZ Gauss + Ac Gauss
effect of x-dependent widths

(k¥)(x=0.1,0=1)=03%0.05 GeV?2



Visualizing MAPTMD22 TMD PDF

zfi(@ k2, Q, Q%) unpolarized up quark in the proton

Q=2 GeV 25 B oz = 0.1

x = 0.01
x = 0.001

Q =2 GeV

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

k1| [GeV]

oz =0.1
z = 0.01
.21\ x = 0.001

effect of x-dependent widths S TR\ Q =10 Gev

(k¥)(x=0.1,0=1)=03%0.05 GeV?2

—g5 bz/4
e 827 o —0.248 +0.008 GeV

effect of nonperturbative evolution
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Visualizing the Collins-Soper evolution kernel

Collins-Soper kernel  K(by, p,) = K(bs, ) + 8gx(br)

drives evolution in rapidity C perturbative  non-perturbative
(fitted)
081/2 Kb, 2 GeV) | o s; -1/2 K(b, 2 GeV)
- ;) ) :
0.6 '
04| "
0.2}

_0.2! b(GeVTH) L CASCADE MAP22
— CASCADE o SVZES — SVI19 — ART23
— 1%4\/A1}9) + ETMC/PKU
- Pavia21%) : ISJ\I%QO lattice Moss ctal., arXiv:2305.07473

- Pavial7 - LPC22

Bermudez Martinez & Vladimirov, arXiv:2206.01105



Kinematic cuts and validity of TMD region

L e e L E R e — — — — — .
- ® Nominal cut
1.5 F dr
y i
3 i
Z"@ 1.4 .
g : o
S Likc]| »
X O [ é&y& ,\by
TU I &// A
Lo 12} N RN
S - 7
i X
O 1 - ¥
; baseline fit :
R —
] | | ] | -

PR T O 0 o

configurations

P, < min [min [cl 0, ¢ Qz] + 3 GeV, zQ]
a) c1=2=0.4,c3=0 gr<0.4Q
o @=0.15, c;=0.4 , c3=0.2
c) c1=0.2, c»=0.5, c3=0.3  Dbaseline fit
d) ¢1=0.2, c2=0.6, c3=0.4 canbe gr> Q

I more conservative

)
)
)
)

e) c1=0.2, c2=0.7 , c3=0.5 canbe gr>Q & less conservative



Kinematic cuts and validity of TMD region

16T 71 T T T 1 .
[ e Nominal cut
1.5 F dr
3 :
1.4 -
Z [ &0
g - Q
NX 1.3 F o)’“// b,bib :
s L 2 better X2 with less
< - & N ;
2 12f S o : conservative cuts
R o +— allowing for gr > Q
: baseline fit :
S - , R
S N S S Where is the limit for

(a) (b) (c) (d) (e) TMD factorization??

configurations

P, < min [min [cl 0, ¢ Qz] + 3 GeV, zQ]
a) c1=2=0.4,c3=0 gr<0.4Q
o @=0.15, c;=0.4 , c3=0.2
c) c1=0.2, c»=0.5, c3=0.3  Dbaseline fit
d) ¢1=0.2, c2=0.6, c3=0.4 canbe gr> Q

I more conservative

)
)
)
) ;
e) c1=0.2, c2=0.7 , c3=0.5 canbegr>Q -rg.;. less conservative



Kinematic cuts and validity of TMD region

cut of
baseline fit

P, < min [min [0.2 0, 0.5 Qzl + 0.3GeV, ZQ]

/
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L validity of TMD factorization seems to extend well beyond Pni/z << Q! |

107" A

fitted I
~ predicted D

0.02 < x < 0.032

i C0.3 <z< 0.4)

1.3 < Q < 1.73 GeV b "

[
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excluded bins
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The MAPTMDPion22 fit

Extracting TMDs for the pion

Framework DY N of points %2/Npoints
Z\r/;a(?vg 1e7toa7|'.’02522)77 NLL 4 96 1.61
A R e | v 80 1.44
Y Xveriootias | ML v 138 1.54
arXi:J/:Azl\g()zz().(Z)?1 92 ML 4 93 il.87

MAPTMDPion22: - best theoretical accuracy: N3LL
arXiv:2210.01733 - largest number of included data: 138

- same consistent framework of MAPTMD22

(1 = x)% x°

(1 — £)% 37

x=0.1

i 2
ff\rIP(X, br; Qp) = e S0 O 81(%) = Ny,

3 param.



The MAPTMDPion22 data sets

”_W_)ﬂ_l_//t_X 10%r — I
E615: | /s =21.8 GeV 0<xr<] | |
4.05 < Q < 13.05 GeV —
ine eial 1003 > £ /
2102 |
E537: | /s =153 GeV -0.1<x<1 & | =
4 <Q<9GeV j 1/ — /- //
Anassontzis et al., 1988 ' L 4 £ - // //
10! R —
102 10~1 10°
£Xr

Kinematical cut ¢,<030+0.6

Ndata after cut: +

E615: stat. 5% syst. 16% (normalization)

Many sources of (large) errors:  ceao. 15 900 syst. 8%
Th.: 5-8% on PDF from xFitter20



The MAPTMDPion22 data sets

”_W_)ﬂ_l_//t_X 10%r — I
E615: | /s =21.8 GeV 0<xr<] | |
4.05 < Q < 13.05 GeV —
ine eial 1003 > £ /
2102 |
E537: | /s =153 GeV -0.1<x<1 & | =
4 <Q<9GeV j 1/ — /- //
Anassontzis et al., 1988 ' L 4 £ - // //
10! R —
102 10~1 10°
£Xr

Kinematical cut ¢;<020Q

Ndata after cut: +
E615: stat. 5% normalization)
Many sources of (large) errors: oo 2 15 500 syst. 8%

Th.: 5-8% on PDF from xFitter20



Fit results

arX1v:2210.01733
70
} E537 60 E615
— 60 1 4.0< Q <4.5 GeV S I I I 4.5< Q <4.95 GeV
| | 50
% 50 1 I % I
U 404 U 40 [ []
= Q0
B ) =
RN Ngﬁ'zo : I b § [
= Q <SS
=S E =S 20 I
10 ) L )
1.25 I ¥ I g 10
£1.1
2 1.00 1R [) = T T i1 0 ? L) £}
% 0.75 1 i 4‘.::: 0.9 i I I I I
A : : : : : : : : : : : : :
0.0 0.5 1.0 1.5 2.0 2.5 8 0.25 0.50 0.75 1.00 1.25 1.50 1.75
q%[Gev2] qT[GeV]

MAPTMDPion22: - good agreement in shape ]
- large normalization errors (for E615)

%) 54 9
dataset | N
L AD : A : /4 Xp? = uncorrelated error
_________ E5376410057157 XA2 = correlated error
E615 ST T 0.31 ol 2 2 R 1.53
X2 == XDZ + X)\Z
total 138 0.63 0.92 1.55




Visualizing MAPTMDPion22 TMD PDF

zfi(@, k2, Q, Q%) : .
S unpolarized down quark in 11 -

x = 0.2
Q:2 Gev gl 0 =03
o \ oz =04
O: Q =2 GeV
@
]
B
\8: _
~5
iy
8
R
@\
0.00 025 0.50 0.75 1.00 1.25 1.50 1.75 2.00
k1| [GeV]
_gZ b2/4 - L 2.00 |
e 527" same nonperturbative evolution as oo
for proton =0
Q =10 GeV
u 0.0 0.2 0.4 0.6 0.8 1.0

k.| [GeV



Visualizing MAPTMDPion22 TMD PDF

zfi(@, k2, Q, Q%) : .
S unpolarized down quark in 11 -

0.00 025 050 0.5 1.00 1.25 1.50 1.75 2.00

k1| [GeV]
21,2 : .
e~8291/% same nonperturbative evolution as Cemoz
for proton e
Q =10 GeV
N,,=047+0.12 0,,=450+225 a, =4.40+1.34
(kf)(x =0.1,0 = 1) larger than in the proton
data not very sensitive to nonperturbative | | . .
) 0.0 0.2 0.4 0.6 0.8 1.0

parameters => need new data! k1| [GeV



Summary and Outlook

e MAPTMD22: a global fit at N3LL of SIDIS and Drell-Yan data from LHC,
Tevatron, RHIC; 2031 data pts., 21 parameters, X2/Ndata = 1.06 : the
current most robust and precise extraction of unpolarized quark TMDs
in the proton, accuracy comparable to modern PDF fits

e surprisingly, MAPTMD22 performs well in SIDIS well outside TMD
factorization limit gr << Q



Summary and Outlook

e MAPTMD22: a global fit at N3LL of SIDIS and Drell-Yan data from LHC,
Tevatron, RHIC; 2031 data pts., 21 parameters, X2/Ndata = 1.06 : the
current most robust and precise extraction of unpolarized quark TMDs
in the proton, accuracy comparable to modern PDF fits

e surprisingly, MAPTMD22 performs well in SIDIS well outside TMD
factorization limit gr << Q

e MAPTMDPion22: extraction of unpolarized quark TMDs in the pion
from Drell-Yan data, consistent with MAPTMD?22, at highest accuracy
(N3LL), including largest set of data (138)




Summary and Outlook

e MAPTMD22: a global fit at N3LL of SIDIS and Drell-Yan data from LHC,
Tevatron, RHIC; 2031 data pts., 21 parameters, X2/Ndata = 1.06 : the
current most robust and precise extraction of unpolarized quark TMDs
in the proton, accuracy comparable to modern PDF fits

e surprisingly, MAPTMD22 performs well in SIDIS well outside TMD
factorization limit gr << Q

e MAPTMDPion22: extraction of unpolarized quark TMDs in the pion
from Drell-Yan data, consistent with MAPTMD?22, at highest accuracy
(N3LL), including largest set of data (138)

e introduce flavor-dependent ki distributions (ongoing...)

* include upcoming Compass data for pion-induced Drell-Yan

e improve perturbative accuracy (very precise ATLAS data...)
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Drell-Yan observables

Exp: normalized cross section differential in gr in each bin

i collider |

dr y )
Th: for each bin [i f] : 1 J quT[fdyJ fdQ i
Ofiducial (Aqr)if ), l. ,.

DYNNLO
with MMHT14 PDFs

E288: cross section differential in average gqrand'y

Th: for each bin [i f] : JQfdQ L
2nqr 0) dqrdydQ Y=Y, 4r=dr

E772: cross section differential in average qrand xr = xa - xg bins
JQf 2F do

dQ ;
0, ,,\/g dqrdxpdQ

Th: for each bin [i f]

Xpf
[ dxp
(AxF )’f XFi q9r=qr

E605: cross section differential in average qrand Xr

0
Th: for each bin [i,f] J fdQ <t 2
0) JZ'\/; dqzdxpdQ

XF=Xp, qr=41



SIDIS observable

Exp: differential SIDIS cross section divided by DIS one

d GSIDIS d GDIS
M 2 9 P 2 e
Sl T L il

i

Th: for each bin [i f]

1 1 1 Pyry doSIDIS

O 1 Xy %
SR —[ do J dx J dz [ dpP,
(AQ)ir Jp (AX)ir ), (A2, (AP lp dxdzdPy;dQ

i

Qf 1 xf d DIS
@DIS=—J d0 J e
(AQ)zf 0 (AX)lf X, dXdQ

i

@SIDIS

h
Mt (xi aZifﬂPhTif’ Qlf) 3 @DIS



Error treatment

bootstrap method: fitting 250 replicas of fluctuated exp. data
quality indicator: y; of central replica (fitting not ~ “ N
MAPTMD22 at N3LLO : Ngaw=2031, 21 parameters, y;5/Ny,, = 1.06

2 2
Ao~ <)( >replicas

(exp. / th.) errors can be uncorrelated or correlated
ot penalty for
A / o] @A correlated errors

exp — th \2 2L NSO
=1 ; ] th=th+ Y 4o £ Za:a

bZinS . A e nuisance
0" = Oy, t+ O params.

Examples of (partly) correlated errors :
- exp.: some normalization systematic errors
- th. : uncertainties of PDFs ~ MMHT2014
FFs DSS14 for z*
DSS17 for K+



MAPTMD22 N3LLO global fit /N, = 1.06
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ol $ET O FT O EETTRE € et dataset {Naaa! Xp ' X3 | Ko
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lgr|[GeV]

Tevatron total 71 0.87 0.06 0.93
PHENIX200 | 2 | 221 | 088 | 308
STAR510 7 i 105 NG for =ENIc
LHGB total =21 i {15 NS S s
ATLAStotal | 72 @ 456 | 048 = 505
CMStotal | 78 | 053 | 002 | 055
colidertotal i 251 | 1.86 | 02 i 206

fixed target tot 233 0.85 0.4 1.24

th. error band =
68% of all replicas
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Examples:

L B attas ll ®= = atLas || | . | ATLAS
V5 =17 TeV V5 =7 TeV V5 ="T7TeV |
i 0<|yl<1 | L . 1<lyl<2 ][ 2 < |y| < 2.4
. Worst case * 1L § = 1L I
- B 10
: ZO/Ndata _— 13-5 —~ -
L I - |
g : : ’E-””’; : o e e :
_ = - = _ _ 9 - - - = _ _ E [} ¥
* BT e s 0 12 0. 2. 4 6 s 10 iz 0 2 s
lgr|[GeV] lgr|[GeV] lqr|[GeV]
extremely small exp. errors ; g g ) > >
W : ata set i
— very sensitive to small th. corrections Sy D A A0
ATLAS7TeV . 18 6.43 0.92 7.35
ATLAS 8 TeV . 48 3.7 0.32 4.02
- numerical implementation of lepton cuts
: ATLAS 13 TeV: 6 5.09 0.5 6.4
- power corrections Chen et al., g
. X1v:2203.01565 5
- effects of matchlng Y term C:Irnalr‘clla R ATLAS total 72 4.56 0.48 5.05
a2 PP | collidertotal | 251 | 1.86 0.2 2.06

Buonocore et al.,
arXiv:2111.13661




Backup: chi2 breakout

N3LL™
Data set Naat | XD | XA | Xo
CDF Run I 25 | 0.45 | 0.09 | 0.54
CDF Run II 26 |0.995 | 0.004 | 1.0
DO Run I 12 | 067 | 0.01 | 0.68
DO Run II 5 | 0.89 | 0.21 | 1.10
DO Run IT () 3 | 396 | 028 | 4.2
Tevatron total 71 0.87 0.06 | 0.93
LHCb 7 TeV | I e
LHCb 8 TeV 7 | 078 | 036 | 1.14
LHCb 13 TeV 7 | 142 | 0.06 | 1.48
LHCb total D IR PR
ATLAS 7 TeV 18 | 6.43 | 092 | 7.35
ATLAS 8 TeV e et R S oD
ATLAS 13 TeV 6 59 | 05 | 64
ATLAS total 72 | 456 | 0.48 | 5.05
CMS 7 TeV AT e ) e
CMS 8 TeV 4 [1.938]0.001 | 1.94
CMS 13 TeV 70 | 0.36 | 0.02 | 0.37
CMS total 78 | 053 | 0.02 | 055
PHENIX 200 2 | 221 | 0.88 | 3.08
STAR 510 7 | 1.05 | 0.10 | 1.15
DY collider total | 251 | 1.86 | 0.2 | 2.06 |
E288 200 GeV 30 | 035 | 0.19 | 0.54
E288 300 GeV 39 | 033 | 0.09 | 0.42
E288 400 GeV 61 | 05 | 011 | 0.61
E772 53 | 152 | 1.03 | 2.56
E605 50 | 1.26 | 044 | 1.7
DY fixed-target total | 233 | 0.85 | 04 | 1.24 |
HERMES (p — 7™) 45 | 0.86 | 0.42 | 1.28
HERMES (p > n~) | 45 | 0.61 | 0.31 | 0.92
HERMES (p — K™) 45 | 0.49 | 0.04 | 0.53
HERMES (p > K~) | 37 | 018 | 0.13 | 0.31
HERMES (d —»«) | 41 | 068 | 0.45 | 1.13
HERMES (d > «~) | 45 | 0.63 | 0.35 | 0.97
HERMES (d —» K*) | 45 | 02 [ 0.02 | 0.22
HERMES (d —» K~) | 41 | 0.14 | 0.08 | 0.22
HERMES total 344 | 048 | 0.23 | 0.71
COMPASS (d — k™) | 602 | 055 | 0.31 | 0.86
COMPASS (d —»h~) | 601 | 0.68 | 0.3 | 0.98
COMPASS total 1203 | 0.62 | 0.3 | 0.92
| SIDIS total | 1547 | 0.59 | 0.28 | 0.87 |

| Total | 2031 | 0.77 [ 0.29 | 1.06




Backup: N3LL(-) fit parameters

Parameter | Average over replicas
g2 [GeV] 0.248 + 0.008

N; [GeV?] 0.316 4+ 0.025 1
a1 1.29 + 0.19 '
o1 0.68 £ 0.13

A [GeV] 1.82 4 0.29

N3 [GeV?] 0.0055 =+ 0.0006 o5
B 10.23 £ 0.29
51 0.0094 + 0.0012
o 1.406 + 0.084

Ar [GeV™?] 0.078 £ 0.011 1o

N3p [GeV?] 0.2167 4 0.0055

Nip [GeV?] 0.134 &+ 0.017

Nic [GeV?] 0.0130 4 0.0069

A2 [GeV ] 0.0215 =+ 0.0058 | os
2 4.27 £ 0.31
o3 Ak 2 (Tl
02 0.455 4 0.050
03 112,71 2= Gl »
B, 417 + 0.13 g2 Nia; 01 A N3 B1 61 71 ArNiyNsNic XAy o a3 02 03 B2 62 7o
b2 0.167 £ 0.006
V2 0.0007 & 0.0110




Backup: NNLL and NLL fits

NS NNLL NLL
Data set Nelaet oG A Naae | Oy 002 Naa e =2 e ey
ATLAS 72 | 5.01 £0.26 i 7 / j
PHENIX 200 2 3.26 = 0.31 2 0.81 & 0.11 / /
STAR 510 7 1.16 4+ 0.04 7 0.99 & 0.03 / /
Other sets 170 | 0.83 + 0.01 | 170 | 2.37 £+ 0.11 / /
DY collider 251 | 2.06 +£ 0.07 | 179 Py meal UL / /
E772 53 | 2.48 £ 0.12 | 53 | 2.05 £ 0.22 i /
Other sets 180 | 0.87 £ 0.04 | 180 | 0.71 = 0.04 | 180 | 0.81 £ 0.04
DY fixed-target | 233 | 1.24 + 0.04 | 233 | 1.01 £ 0.05 | 180 | 0.81 4+ 0.04
HERMES 344 | 0.71 = 0.04 | 344 1.1 = 0.06 344 | 0.51 £ 0.02
COMPASS 1203 | 0.95 £ 0.02 | 1203 | 0.6 £ 0.06 | 1203 | 0.41 £ 0.01
SIDIS 1547 | 0.89 4+ 0.02 | 1547 | 0.71 & 0.05 | 1547 | 0.43 + 0.01
Total 2031 | 1.08 + 0.01 | 1959 | 0.89 £ 0.01 | 1727 | 0.47 4+ 0.01

data sets requiring higher pert. accuracy need to be excluded.

Still, these fits useful for polarized situations with less available accuracy




Visualizing MAPTMD22 TMD FF

/

0.00 0.25 050 0.75 1.00 1.25\ 1.50 1.75 2.00 0.0 O. 10 15 20 25 3.0 35 4.0

|Py| [GeV] |Py| [GeV]

Dyp(z, P13 Qp) ~ Gauss + Ar P? Gauss

A =0.078 £0.011 GeV >



Backup: avg. transverse momenta
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PV17 (NLL ) & MAPTMD22 ( N3LL(-)) — less anticorrelation



TMD impact at the LHC
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see also later for potential impact on W mass extraction

G. Bozzi, 1. Scimemi (eds.) et al.,
Resummed predictions of the transverse momentum distribution of Drell-Yan lepton pairs in p-p collisions at LHC
Yellow Report of CERN EW Working Group, in preparation



The EIC impact
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The JLab20+ impact
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The Nanga Parbat fitting framework

All material available at the Nanga Parbat github site

Nanga Parbat: a TMD fitting framework

Nanga Parbat is a fitting framework aimed at the determination of the non-perturbative component of TMD
distributions.

Download

You can obtain NangaParbat directly from the github repository:

https://github.com/MapCollaboration/NangaParbat ‘



