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Motivation

TMD evolution
18
a double-scale evolution

F(x,b;1,C)

TMD evolution must be taken into account with a great care ]
More freedom More ambiguity
o Relations between anomalous o Many scales to "tune"
dimensions e Violation of transitivity in "naive"
e (-prescription formulation (see [1803.11089])
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NNLO fit and extraction of (unpol.) TMDPDF
[Scimemi, AV;1706.01473|

o The largest number of data point (DY)
o The largest energy separation
o Consideration of various orders (NLO,NNLL,NNLO)

o Studies of theory error-bands

Included data (at gr < 0.2Q)

reaction Vs Q comment points
E288 p+Cu— v* — pp 19.4 GeV 4-9 GeV norm=0.8 35
E288 p+ Cu— " = pp 23.8 GeV 4-9 GeV norm=0.8 45
E288 p+Cu— " = pp 27.4 GeV 4-9 & 11-14 GeV norm=0.8 66
CDF+DO0 p+p— Z — ee 1.8 TeV 66-116 GeV 44
CDF+DO0 p+pP— Z — ee 1.96 TeV 66-116 GeV 43
ATLAS pP+p—Z = pp 7 & 8 TeV 66-116 GeV tiny errors! 18
CMS p+p—Z — pp 7 & 8 TeV 60-120 GeV 14
LHCb ptp— Z > pp 7 & 8 & 13 TeV 60-120 GeV 30
ATLAS | p+p— Z/v — pp 8 TeV 46-66 GeV 5
ATLAS p+p— Z/y — up 8 TeV 116-150 GeV 9
[ 1 [[ Total 309
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Motivation

3x103
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5-6 GeV

Drell-Yan at Q =5 — 6GeV

The main difficulty is to
make parts of factorized

Drell-Y; .
expression work together
0.05 Abllblf(\mt
= model 4 . .
" e It is much more difficult
g for large energy separation
= 0.02 .
T and in SIDIS + DY
0.01 l ——
1.1
H 1
Ev 1
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evolution is a key
element
Xglobal
G0 f 1.25

-loop evolution

-loop coefficient
unction

o 2-loop matching
o (-prescription
plots from [1706.01473]
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TMD evolution

TMD evolution is used for two practical purposes

e Compare different experiments
o Modeling TMD distribution

do .
ix N/deEZ(qu)Hff’(QaN)Ffﬁh(xlvb;NaCI)Ff’eh(l'%b;HwCQ)

@
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TMD evolution

TMD evolution is used for two practical purposes

e Compare different experiments
o Modeling TMD distribution

do .
<~ / d?b eI Hyp 1 (Q, 1) Fy (1,65 11, 1) Fyr iy (w2, b5 1, Go)

@
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TMD evolution

TMD evolution is used for two practical purposes

e Compare different experiments
o Modeling TMD distribution

do .
<~ / d?b eI Hyp 1 (Q, 1) Fy (1,65 11, 1) Fyr iy (w2, b5 1, Go)

Typical model for TMD includes matching
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e Compare different experiments

TMD evolution is used for two practical purposes

o Modeling TMD distribution

do .
<~ / d?b eI Hyp 1 (Q, 1) Fy (1,65 11, 1) Fyr iy (w2, b5 1, Go)

F(x, b5, Cr) = RIb, (g, Cr) — (i, G F (2,05 i, Gi)

F(z,b; 1,¢) ~ C(,b; p, ) @ PDF (, )
Typical model for TMD includes matching

o
TMD evolution

= =
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TMD evolution: theory

TMD evolution equations

d ! (u,

W Frenebime = PR o), @
d

C—Fpen(@bip¢) = =D (u,b)Fsn(z,b;p,0), (2)

d¢

Solution:  F(z,b;uys,Cf) = R[b; (g, Cr) = (s, o) F (2, b5 14, G)

e vr — TMD anomalous dimension

o D - rapidity anomalous dimension (= —%[Collins’ book|, = K[Bacchetta, at
al,1703.10157))

e Anomalous dimensions are universal, i.e. depend only on flavor (gluon/quark).

-_mTn
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TMD evolution: theory

TMD evolution is two-dimensional

o d T VF = EBF
du? 2 D
F = F
Cél E is 2D evolution field
d¢ -D in 7 = (Inp21n¢)

coordinates

@
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TMD evolution: theory

TMD evolution is two-dimensional

s d T VF = EF
du? 2 —
F = F
¢ ét E is 2D evolution field
d¢ -D in”7 = (Inp2,1n¢)
coordinates

Aln¢ NLO b=0.5GeV-!

Solution

R[(pf,Cr) = (i, Gi)] = exp </P dv - ﬁ)

NN
NN
\\\\\\\\\\\§§§}5,§ QR
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TMD evolution: theory

TMD evolution is two-dimensional

?F:EF

E is 2D evolution field
in”7 = (Inp2,1n¢)
coordinates

Solution

R[(pf,Cr) = (i, Gi)] = exp </P dv - ﬁ)

The integration path
is unimportant!

@
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TMD evolution: theory

Examples
¢ Solution 1
(1s,C5)
ny q ¢
1HR:/ b (. Cf) = D(s, b) In (l)
Wi 13 Cz
(113, Ci) [Collins’ textbook]|,[Aybat,Rogers,1101.5057],...
'u) 99% popular

@
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TMD evolution: theory

Examples
N
¢ Solution 1
(mg:Cr)
“t dy ¢
1nR:/ —F (1 Cr) — D(pi; b) In
i M Gi
(113, Ci) [Collins’ textbook]|,[Aybat,Rogers,1101.5057],...
i 99% popular
’ v
T¢ (ks Cr) Solution 2
du ¢
In R =/ —r (1, Gi) — D(pg, b) hl( f)
wi M Gi
(13, Gi) b

@
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TMD evolution: theory

Examples
N
¢ Solution 1
(mg:Cr)
ny ¢ f
InR= *W’F u@) —'D@ b) In
(113, Ci) [Collins’ tcxtbook],[Aybat,Rogcrs,l101.5007],.,.
i 99% popular
’ v
T¢ (ks Cr) Solution 2
fd
InR= / —”wy —D@,b)ln(%)
(13, Gi) b

@
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TMD evolution: theory

Examples
¢ G Cr) Solution 1
KfsGf
i od
1nR:/ oy p (1, ¢p) — D (m,b)ln(gf)
i M ¢
(113, Ci) [Collins’ textbook]|,[Aybat,Rogers,1101.5057],...
> 99% popular
T¢ (ks Cr) Solution 2
d
1nR=/ B (1, Gi) — (Hﬁb)ln(Cf)
wi M Gi
(wis G) "
AC (ﬂf, ¢ Solution 3
M4
InR = / vy ), ¢(t) —————
PO T "
~D(u(t), b) 1 )dt
(15 i) u (Cr *Ci)tJrCi)

A.Vladimirov

TMD evolution May 20, 2018

8 /21



TMD evolution: theory

Unique solution

~ Solution exist only if YxE =0
integrability condztw% holds
CE — 20" E is conservative field
d¢ du?
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TMD evolution: theory

Unique solution

~ Solution exist only if YxE =0
integrability condztuzg)holds
CE — 20" E is conservative field
d¢ du?

Integrability condition is trivially satisfied due to
collinear overlap of divergences

d d
g O = —T(w), quTQD(u, b) = T'(1)

@
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TMD evolution: theory

Unique solution

~ Solution exist only if YxE =0
integrability condztuzg)holds
CE — 20" E is conservative field
d¢ du?

Integrability condition is trivially satisfied due to
collinear overlap of divergences

¢S (.0) = =T 25D b) # T ()

In fixed order PT integrability condition is violated.
The restoration procedure is ambigous
(large impact at large-b)
See extended dicussion in [Scimemi,AV;1803.11089)|

Mz — 1/b*
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TMD evolution: theory

Z[GeV?]

Evolution potential

Solution exist only if
integrability condition holds
_ 290

du?

dyr

(—— =

d¢

?xﬁzo

<—
E is conservative field

10

Conservative field is determined
by a potential

E=-VU

Evolution is a difference
between potentials

Rl(pg,Cr) = (i, ¢i)] = exp (Uy — Uy)
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TMD evolution: theory

Z[GeV?]

Evolution potential

Solution exist only if

integrability condition holds
5 dD

>

10?

10

?xﬁzo

E is conservative field

Conservative field is determined

by a potential

E=-VU

Evolution is a difference
between potentials

Rl(pg,Cr) = (i, ¢i)] = exp (Uy — Uy)

This absolutely standard picture
contains an important message.

TMD evolution
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TMD evolution: theory

The TMD distribution is not defined by a scale (i, ¢)
It is defined by an equipotential line.

102 \ X/ // | \' The scaling is defined by
| :

PREet e e

\ \ )

a difference between potentials

{[GeV?]
\

0 7

1 10 102

1 [GeV?] QR
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TMD evolution: theory

The TMD distribution is not defined by a scale (i, ¢)
It is defined by an equipotential line.

NSO

LA !
10?1 rj { L The scaling is defined by

A% T -difference between seales
T\ v \ '\ *\ a difference between potentials

N f 1 'l

?5 A \ ] \ \1 \%\ Evolution factor to both points

NS 10 .~ B v\ \ \ \ is the same

\* \ \ although the scales are
\\ \ 0 different by 102GeV?2

N ; t\\‘\\ \
AN X \\ \\\\\\\

1 10 102

1 [GeV?] QR
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TMD evolution: theory

[ TMD distributions on the same equipotential line are equivalent. ]

WS e TMD (e b, 1)
_//‘/////‘/H U U e TMD(s,b,2)
10%¢ r‘/://”j’///¢i L i l ;‘ ¥ & l \v(__ TMD(J?,(J,3)
H///“"H EnP BB
& /"/'/l l lv \ﬁ \ \ & x' \v \V \‘ We can enumerate them by a lines
3 710 = o gul ¥
3 (B S g \ VA \ not by (p,¢)
w100 LA AT AT .
/\‘ \ \ \ \ \ﬂ \ \ \‘ \~ \\ \ F(x,b; 1, () — F(z,b;line)
/| \\\\\\\\ \ A
N2 P2 a3t ag!
\
1 SO XK O AT
FARRKN N X \\\\\x
i 1‘0 102
2 [Gev?] @
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TMD evolution: theory

[ TMD distributions on the same equipotential line are equivalent.

{1GeV?]

— b1
——— TMD(z,b,2)
— b,3

- TMD(z,

) )

L TMD(z,

) )

We can enumerate them by a lines
not by (i, ¢)

F(x,b;p,¢) — F(z,b;line)

Initially in [Scimemi,AV,1706.01473]
we call it (-prescription

NS N
AT
1020 [
,//r*/,//\\\\‘ l&\\
7—/’///1+*¥%¥\¥ ~'*\
//// T U
AT
U T U g s
AT
/N A T
et et ey .
IR SS e et astiast’s
i 1‘0 102
1 [GeV?]

A.Vladimirov
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which is misleading.
There is nothing to prescribe.
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In (-prescription we set

¢ = CGuv)

e TMDs are "enumerated" by v (the number of line)

e TMDs are "naive" scale-independent

d
ud—F(az, by, Cu) =0 = No double-logs in the matching.
m

@
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Singularities of E

In (-prescription we set

¢ = CGuv)

e TMDs are "enumerated" by v (the number of line)

e TMDs are "naive" scale-independent

d
ud—F(J:, by, Cu) =0 = No double-logs in the matching.
m

TMD distribution depends only on the "number" of equipotential line

F(z,b;p, () = F(z,b;v)

dF(z,b;v)  dU(b; V)F
dv - dv

)

F(x,b;v) = eU(b;V)fU(bWO)F(:E, b; 1)

(z,b;v)
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Best way to measure the difference between potentials

Aln¢

L3

-

Integration, |'difficult!
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TMD evolution

R— (%)*D(w,b)

o Numerically simple (and fast)
e puy = @ thus as is small

@ Does just the same job as the
Sudakov exponent

€=
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Z[GeV?]

Which line is the best?
b=1.5GeV~! b=3.5GeV~!
H SO
: | B! /// e
10° 10 “ X vYvy vy
v / ! T Yy l‘ )
LA LA
10 £ 1 K VAT i
1 1
1 10 107 10 102 1 10 102
H [GeV?]  [GeVv?] 1 [GeV?]

e Some non-interesting singularities at u,{ — oo

o Landau pole at p = A
e Saddle point (blue dot)

D(psaddle, b) =0,

Y (saddle; Csaddle; ©) = 0

v

universitat kegensourg

TMD evolution

May 20, 2018

14 / 21



Universal scale-independent TMD

There is a unique line which passes though all u’s

The optimal TMD distribution
F(z,b) = F(x,b; 1, )

where (, is the special line.

b=1.5GeV~!
[

10% 10*

{1Gev?]
¢[GeV?]
{1Gev?]

) ] 3 ] " Pe=3e! X
2N < \ BV ( $Sees
AR FAAAX \ v O
1 10 10* 1 10 10% 1 10 !
1 [GeV?] #1GeV?] 1 [Gev?] R
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TMD cross-section

d d2b - - N
é =00 Z/ﬂeﬂb‘QT)Hff'(Q){Rf[b; QY Frn(1,b)Fprp(x2,b),
f
with ¢y = u2=Q?
Rp:Q) = (@) PRe(@ exp{~DL Q.60 (Q.0)}

e v is given perturbative series, v = % +as...

o Fis TMD in the "naive" ¢-prescription

e There are no approximations (ala high energy expansion of integrals).
o There are only (u¢,(y) scales and no solution dependence.

o Clear separation of TMD evolution from the model for TMD
distribution.

'R

Universitit Regensburg
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VZ[Gev]

102+

Evolution with b-dependent scale (CSS-like)
(Q, Q%) — (b, 13)

b=0.1GeV! b=1.5GeV! b=3.5GeV~!

F— a——a e ————e

7 - A ) T2 e — — " e e L Y

o1 /
A
1o &
1 10 102 1 10 102 1 10 10?
H[GeV] HIGeV] H[GeV]

C
Here pup = b_*o with bmax = 1.2GeV 1

Scale depends on paremeter > do = C(Q)R[Q — ch(z)]f(x,ch(z))

Analogy in DIS

PDF f(z,ch(z)) has no interpretation, no sense, and
depends on the order of evolution in use.

A.Vladimirov
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Optimal version
(@,Q%) — (Q,¢q)

b=0.1GeV"! b=1.5GeV! b=3.5GeV!

102 L
=
)
9
I; 10

|
1
1 10 102 1 10 102 1 10 10?
u[GeV] H[GeV]

H[GeV]

Analogy in DIS
Scale (potential) is fixed > do = C(Q)R[Q — 2GeV]|f(z,2GeV)

PDF f(z,2GeV) is just a model and
is dependent on the order of evolution in use.
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Test uncertainties

Uncertainties of TMD cross-section

Less number of scales = less theory error

o The variation of ¢; is the variation of the evolution path (only).

o The variation of c¢3 is the variation of the evolution path (almost).

We found significant reduction of theory error band.

Z-boson production at CDF run 2

0.10 cl variation c2 variation \—\ ¢3 variation c4 variation envelope 010
005 /\J 0.05

0 5 10 15 2 25 a0 5 10 15 20 25 a0 5 10 15 20 25 a 5 10 15 20 25 3@ 5 10 15 2 25 30
0.10 cl variation ¢2 variation ¢3 variation c4 variation envelope 010
0.05 & 0.05
el oS ot
2\ B o s
-0.10 -0.10
T I I I R Q R
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ATLAS 7TeV
model 1 NNLL/NNLO
A /points=2.01
N=1

CMS 7TeV

X /points=136

=387,

ATLAS 7TeV
model I NNLO
¥ fpoints=2.40

ATLAS 8T

model 1 NNLL/NNLO
X /points=2.69
97

Optimal evolution
‘model I NNLL/NNLO

CMS 7TeV
model 1 NNLO
lpoinis=137

model | NNLL/NNLO
X /points=1.54

=428 5pl

ATLAS §TeV
model | NNLO
fpoints=2.21

CMS 8TeV
model | NNLO
¥fpoints=1.57

Update of the NNLO DY fit,

significant reduction of theory uncertainties.

TMD evolution

X2-values practically the same (a bit better), parameters within (previous) error-bars

TITETTT
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arTeMiDe v1.3

Text file that contains the definitions and o
puts nesecary to define the TMD scheme to

User pravided code which provides o, PDFs O e

FFs, et

Default version is interfaced to LHAPDF,

N
TMD optimal optimal [ l
evalution, unpolarized unpolarized
TMDPDF TMDFF
R4 h

Combines TMD distributions, and interfaces to
lower modules.

DY¥-like cross- SIDIS-like cross-
sections. sections.

TMD evolution

Variety of evolutions

LO, NLO, NNLO

No restriction for NP models
Fast code

e DY cross-sections

o SIDIS cross-sections (not tuned
yet)
@ Theory uncertainty bands

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

@
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Conclusion

Conclusion

Main message:
TMD evolution is a double scale evolution.
Therefore, it should be considered with care, and then it grants many simplifications.

Message 1:
TMD distributions on a same equipotential line are equivalent. Enumerate them with lines!

o Universal for all quantum numbers
o Very simple practical formula (no integrations!)
o Guarantied absence of (large) logarithms in the matching coefficient

o TMD model is independent on evolution order.

E.g You can use NNLO unpolarized and LO Sivers together, without theory tensions

Message 2 (unpresented):
In truncated PT there is the solution-dependence of evolution (see [1803.11089])

e It could be strong.

o There is no unique way to fix it.

Double-scale evolution is not unique for TMD case. It also appears in k7-resummation,
joint resummation, DPDs, etc.
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Problem 1: Violation of transitivity

Rb; X - Y] Rb;Y — X] =1

LO F/F LO

Mz— 50 GeV - My

Mz- 50 GeV -» My

08

06

04
GeV], b[GeV]
1 2 3 4 5 6 0 1 2 3 4 5 6

NNLO F/F NNLO

Mz 50 GeV - My

Mz- 50 GeV -» My
08

06

04
eV], b[GeV

v
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Problem 1: Violation of transitivity

R[b; X = Y] Rb;Y — X] =1

10 LO
Mz—5GeV - Mz

1

1.0

09

0.8

07

06

05

0.4

1.0 NNLO
Mz—5GeV - Mz

0.9

08

07

0.6

05

04

F'/F
/ LO
Mz—5GeV - My
b[GeV]:
2 3 4 5 6
F'/F
NNLO
Mz— 5 GeV - My
b[GeV]
2 3 4 5 6

There is a VERY strong violation of transitivity, which seems worse at NNLO

v

TMD evolution
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The difference between solutions is ~ aN'HLH or ~ a]\”"lL#LLV0

N—_——
main b large b
biGev-'), POR biGeV ] _HInR biGeV.'\]
0 15 20 25 30 . 1.0 15 20 25 3.0 10 15 20 25 3.0
improved D improved D
o8 LO ——improved D NLO —improvedy NNLO improved y
—improved y fixed i fixed

fixed y

@
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How strong is modification of the field?

Ing NLO b=0.5GeV~!

i
+ QX\\@@\\\E

=
7
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