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Motivation

@ The theory of TMD made huge progress in recent years
o Evolution at N3LO |[Li & Zhu,1604.01404; AV,1610.05791]
o Coefficient function at NNLO [many]|
e Matching coefficients at NNLO [many]|
o Structure of power suppressed terms on small-b OPE [Scimemi & AV,1609.06047]

o Not widely used in phenomenology!

We have made the global fit of Drell-Yan data, that include high and low energy
measurements, and the extraction of unpolarized TMDPDF with the use of latest

theory achievements.

additionally we made

Study of (perturbative) theory converge.
Study of limits of TMD factorization (Y-term).

o Evaluate theoretical uncertainties.

o Consider multiple NP inputs, and favour/disfavour particular structures.
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are used

o High-energy = precise fixation of asymptotic
o Low-energy = better access to NP structure
o To start with we considered only "well-established" data

o In the final fit 309 = 163 + 146 points used.
-~ =~

high low
Included data
reaction NG 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 p+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/7" — pp 8 ToV 16-66 GoV 5
ATLAS | p4+p— Z/v* — pp 8 TeV 116-150 GeV 9
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|
unpolarized Drell-Yan=- unpolarized TMDPDF
Theory input

d%b
(2m)?

do
dQdy d2qr

— HQ.p) / =T Bz 4, b iy O F (2, bs 1 C) + Y

F(z,b;1,¢) = R[b; (11, ¢) = (10w Cu)] Flg™ (23 b)

1
FloV(z,b) = /

T

@Ckel(yv b; ) fi (E,u) fnp(y;b)
) )
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unpolarized Drell-Yan=- unpolarized TMDPDF
Theory input

do d?b b
_ f —tgr @ b: F b: Y
dQdy dqr /(27r)2 ‘ (e bt QF (e, b, O

F(xz O; [y C) = R[b7 (lu‘7 C) — (“low:gﬂ)}Flow(m;b)

evolution kernel

cusp ADs
NLO LO

NNLO NLO

N2DO NNLO

x
i (;,H) fnp(y;b)
MHHT2014

small-b mach.

NLO
NNLO

‘We can define four successive orders
Name H |Cv|? [ Crepr H P [ v [ D H PDF set [ as(run) H Bx
NLL a0 a0 a2 al al nlo nlo NLL
NLO ai a; ag ai ai nlo nlo NLO
NNLL al al a’ a? a? nnlo nnlo NNLL
NNLO (L? (Lz a’ a’ a% nnlo nnlo NNLO

uTMDPDF from DY July 21, 2017

4/ 14



unpolarized Drell-Yan=- unpolarized TMDPDF
Theory input

do d?b :
—1ib . .
72: 26 ’LqTF(IA7b7/'L7§)F(IB7b7/'L7<)+X
dQdy d2qr (2m) —
pure TMD factorization
= small g7
. — . 1 .
F(x,b; 1, ¢) = R[b; (1, €) = (B1ow, Cu)F"¢™ (w3 b)
evolution kernel
cusp ADs
NLO LO
NNLO NLO
N2DO NNLO
object of the fit
7# ZNEQH;bE minory restricted
small-b mach.
MHHT?2014
NLO
NNLO
‘We can define four successive orders
Name H |Cv|? [ Crepr H P [ v [ D H PDF set [ as(run) H Bx
NLL a9 a9 a? al al nlo nlo NLL
NLO ai a; ag ai ai nlo nlo NLO
NNLL al al a’ a? a? nnlo nnlo NNLL
NNLO (L? (Lz a’ a? a% nnlo nnlo NNLO ).  Regensburg
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unpolarized Drell-Yan=- unpolarized TMDPDF
Theory input

do _
dQdy d2qr

b
/(27r)2 eI (x4, b; 1, O F (25, b; 11, ¢) + XK
{pute TMD factorization}

= small g7

evolution kernel

cusp ADs
NLO LO

NNLO NLO ¢- rescr1pt10n
N3LO NNLO It)o handle

large logs

(2 ) Lyp (i) | min

MHHT2014

small-b mach.

NLO

NNLO
‘We can define four successive orders
Name H |Cv|? [ Cf<—f’ H [ v [ D H PDF set [ as(run) H Cu
NLL a0 a0 a2 al al nlo nlo NLL
NLO ai a; ag ai ai nlo nlo NLO
NNLL al al a’ a? a? nnlo nnlo NNLL
NNLO (L? (L? a’ a’ a% nnlo nnlo NNLO
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(-prescription

In(u?b?),

o There are (potentially large) logs of b. Some prescription is needed to handle it.
e Typically, b*-prescription used = induces power corrections (difficult to control)

@ (-prescription does not introduce any artificial dependence

@
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(-prescription

mn(*b%),  In(¢b?)

o There are (potentially large) logs of b. Some prescription is needed to handle it.

e Typically, b*-prescription used = induces power corrections (difficult to control)

@ (-prescription does not introduce any artificial dependence

(-prescription in a nutshell

{ b=0.1
O]

‘(ﬁf,g‘) b=0.9
u ~b=L1 Cp defined perturbatively

TMD evolves by a pair of equations.

b=1.3

b=0.5 Let logs cancel each other exactly.
o7 9 d
v 12— F (2, b; 1, Cu) = 0.
du?

2
NLO: ¢ = ﬁe—VEe3/2+-‘~

v

dimirov

uTMDPDF from DY

July 21, 2017

5 /14



Non-perturbative input

i = = v
28 3t 3
i S £
- 2% g
| S 58 5
! ) S &
EE R
| on
g 3 £ z |
‘_13 n=0 i b ’ B
b< Q1 Perturbative Not observable, deebly 1nY—term domlnated reglon
b< B Perturbative Leading twist contribution F(z,b) ~ C(z,b) ® f(z)
T
b~ B Perturbative Higher twist F(z,b) ~ >, (%) Cr(x,b) ® fn(z)

but not calculable  the main scale parameter is xb? [[.Scimemi, AV, 1609.06047]
n = 1 term can be estimated.

b>A"T Non-perturbative Nothing is know. Exponential? Gaussian?

@
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Non-perturbative input

Perturbative
> Higher order OPE
on—Perturbative

b<<1/Q

b

n:

b< Q1 Perturbative Not observable, deebly 1nY—term domlnated reglon

b< B Perturbative Leading twist contribution F(z,b) ~ C(z,b) ® f(z)
T

b~ B Perturbative Higher twist F(z,b) ~ >, (%) Cr(x,b) ® fn(z)

but not calculable  the main scale parameter is xb? [[.Scimemi, AV, 1609.06047]
n = 1 term can be estimated.

b>A"T Non-perturbative Nothing is know. Exponential? Gaussian?

Additionally, there can be non-perturbative contribution to the rapidity evolution
only even powers can appear

D(b) = DP*™P(b) + gicb? + ... ﬁ
Theory prediction: very small or zero gg = 0.01 £ 0.03GeV? [I.Scimemi, AV, 166 560/17] i
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Limits of application of TMD factorizaiton <> size of Y-term

do d?b ;
= H(Q, T Pz, b, Q) F (g, b, () + Y
Gy oy = 1@ [ 55 e Fwa, b OF wp b )
TMD factorization derived at small g1
the leading correction ~ q%/Q2
do_
dqr

: o @
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Limits of application of TMD factorizaiton <> size of Y-term

do
dQdy d?qr

d?b
(2m)?

={H(Q,u) e™ T Pz 4, b, Q) F(xp, b1, )|+ Y

We include all points with g7 < 07 Q
To find the value of 1, we check the stability of the fit

e Make fits with increasing d7 (0.1—0.3) (165399 points)
e The value of x?/d.o.f. should be indepent on §7 in allowed region

orQ
do_ ‘ R T
dar @ <O |Pr < Ty /
L Kk
No
i T™D |
factorization
- ‘..\ p
‘ : - 4r R
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Example: fyp =e *?, no E288

x*/dof.  fup=eMP NNLL Y dof.  fup=eM? NNLO

3.0 3.0

25 25

20 20 .__’_‘_'_'/
1.5 o« 1.5

1.0 1.0

05 0.5

0.0 § 0.0 5
010 015 020 025 030°7 010 015 020 025 030°T

0.28A FA

il I

8:%(2)1 LR A 2 0.10 Loy I

018 g 0.08 I

0.16 5. | 006 5
0.0 015 020 025 030°F 010 015 020 025 030°r

@

Universitit Regensburg

uTMDPDF from DY July 21, 2017 8 /14



Example: fyp =e *?, no E288

x*/dof.  fup=eMP NNLL Y dof.  fup=eM? NNLO

3.0 3.0

re
I's Le* 15/ 8=0—g—gg-lo—®

1.0 1.0

05 0.5

0.0 § 0.0 5
010 015 0200 02§ 030°7 010 015 020 02§ 030°T

0.28 A 0.14 A

026 : L

024i1 < o211

IRNE

018 T 0.08 I

0.16 5. | 006 5
010 015 0200 02§ 030°F 0.10 015 029 02y 03007

e 67 < 0.2 save region,
e 67 < 0.25 un-save region,
e 07 > 0.25 TMD factorization does not work.

To be on the save side we used 1 = 0.2

There are 309 data points e
R
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S
Asymptotic of fyp

Large-b < small-gr

The é7 scans are very instructive!

The smaller-67 the better (not worse!) the fit should be. Unless fxyp is wrong.

v
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S
Asymptotic of fyp

Domination of fyp — Large-b < small-qp < Very precise at HE

fnp at large-b is nicely fixed from high-energy measurements.

The é7 scans are very instructive!
The smaller-67 the better (not worse!) the fit should be. Unless fxyp is wrong.

Exp: 1.4 — 1.6 vs. Gauss: 1.7 — 2.3

W)

~S
a
[=}
o)

SO
SDNOUNOND

OO NN
OLIIOLIIO&IIOE

Sfwp=e 16, NNLO

°
=

fwp=e M NNLO

0.10 015 020 025 03007 0.0 015 020 025 03097
0.14f {1 4
o2t T I 022
olo I 1 ool T T T T T1D1TI
0.08 Iy 0.15
0.06

0.10 0.5 020 025 030 0r 010 015 020 025 03007

v
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Perturbative uncertainties

¢1 — uncertainty of

RAD definition co — uncertainty of

hard matching small-b matching the maximum of
i
pert
/E WD DE ean0) - H(eap)F(ezm)Fezi)  Cleapion) € f(catiion) ci €(05,2)
110
High-energy example: ATLAS 8 TeV (best precision)
0.07f
ATLAS 8TeV ATLAS 8TeV ATLAS 8TeV ATLAS 8TeV
0.06|
NLL NLL NLL NLL
— 0.05 ¢ variation ¢ variation c3 variation max uncertanty

o' do/dqs{GeV™

c3 — uncertainty of

Total uncertainty is

three
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Perturbative uncertainties

¢1 — uncertainty of

or c2 — uncertainty of c3 — uncertainty of Total uncertainty is
RAD definition hard matching small-b matching the maximum of three
i
t
/ DD ) Hicop) PleamF(eam)  Cleation) ® Sleapios) € € (05,2)
110

High-energy example: ATLAS 8 TeV (best precision)

ATLAS 8TeV ATLAS 8TeV ATLAS 8TeV ATLAS 8TeV

NLO NLO NLO NLO

]

o
=Y
b3

1 variation c2 variation 3 variation max uncertanty

o' do/dqs{GeV™

6 24

0.2 0.2

. ). = = 0.1
; : + 00
% -0.1

4
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Perturbative uncertainties

¢1 — uncertainty of

or c2 — uncertainty of c3 — uncertainty of Total uncertainty is
RAD definition hard matching small-b matching the maximum of three
i
t
/ DD ) Hicop) PleamF(eam)  Cleation) ® Sleapios) € € (05,2)
110

High-energy example: ATLAS 8 TeV (best precision)

ATLAS 8TeV ATLAS 8TeV ATLAS 8TeV ATLAS 8TeV
0.06|
NNLL NNLL NNLL NNLL
— 0.05 ¢ variation ¢ variation c3 variation max uncertanty

o' do/dqs{GeV™

4
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Perturbative uncertainties

¢1 — uncertainty of

RAD definition co — uncertainty of

hard matching

/M T+ DP" (c100)  H(cop)F(cop)F(cap)

1H0

High-energy example: ATLAS 8 TeV (best precision)

]

ATLAS 8TeV

NNLO

¢ variation

ATLAS 8TeV

NNLO

¢ variation

ATLAS 8TeV

NNLO

c3 variation

c3 — uncertainty of
small-b matching

Clespiow) ® f(estiow)

c; € (0.5,2)

ATLAS 8TeV

NNLO

max uncertanty

Total uncertainty is
the maximum of three

o' do/dqs{GeV™

015 6 12 18 24 6 12 18 24 12 18 24 6 12 18 015
0.10

0.05

1 e =S X/-J._/ 3 jow
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Perturbative uncertainties

¢1 — uncertainty of

or c2 — uncertainty of c3 — uncertainty of Total uncertainty is
RAD definition hard matching small-b matching the maximum of three
i
t
L TP ) e Flewn)Fle) Cleson) © Sespin) <0 € (05,2
110

Low-energy example: E288 /s =19.4 GeV, Q =4 — 5 GeV

1500+ T E288(200) - E288(200) - E288(200) T E288(200)
1 5-6GeV 1 5-6GeV 1 5-6GeV 1 5-6GeV

NLL ) NLL NLL NLL

T c1 variation T c2 variation

1

T 1000+

do/dqr[GeV™

v

S

S
T

*—qr[GeV]

0.37-0.74 -1.11 - 1.48 0.37-0.74 -1.11-1.48 0.37-0.74 -1.11- 1.48 0.37-0.74 -1.11- 1.48__

410

405

0.0

4-05
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Perturbative uncertainties

¢1 — uncertainty of
RAD definition

co — uncertainty of
hard matching

c3 — uncertainty of
small-b matching

Total uncertainty is

the maximum of three

m
t
L TP ) e Flewn)Fle) Cleson) © Sespin) <0 € (05,2
1H0
Low-energy example: E288 /s =19.4 GeV, Q =4 — 5 GeV
15001 E288(200) E288(200) E288(200) E288(200)
5-6GeV 5-6Gev 5-6GeV 5-6GeV
NLO NLO NLO

N\ 1 variation

variation

uncertanty

_‘> 1000+
3
=
3
z
500+
. . . . . . . . . . . . . . . [GeV]
w3t 037 074 111 148 037 074 111 148 037 074 111 148 037 074 111 1487 %0,
02f = — Jo2
(R g 1 N @ Ty | Jo4
éO-OIIXl ]]Iﬁﬂ—l—i—kx\yvv 11 11|1]]]00
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Perturbative uncertainties

¢1 — uncertainty of

or c2 — uncertainty of c3 — uncertainty of Total uncertainty is
RAD definition hard matching small-b matching the maximum of three
i
t
/ DD ) Hicop) PleamF(eam)  Cleation) ® Sleapios) € € (05,2)
110

Low-energy example: E288 /s =19.4 GeV, Q =4 — 5 GeV

1500+ T E288(200) . E288(200) T E288(200) T E288(200)
1 5-6GeV 1 5-6GeV 1 5-6GeV 1 5-6GeV
NNLL NNLL ) NNLL
— | variation 3 Xariation ncertanty
% 1000+
3
=
g
3
500+
. . . . . . . . . . . . . . . ——g1{GeV]
037 0.74 1.11 148 0.37 0.74 1.11 148 0.37 0.74 1.11 1.48\ 037 0.74 1.11 1448\
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Perturbative uncertainties

¢1 — uncertainty of

or c2 — uncertainty of c3 — uncertainty of Total uncertainty is
RAD definition hard matching small-b matching the maximum of three
i
t
/ DD ) Hicop) PleamF(eam)  Cleation) ® Sleapios) € € (05,2)
110

Low-energy example: E288 /s =19.4 GeV, Q =4 — 5 GeV

1500+ . E288(200) x E288(200) . E288(200) T E288(200)
L 5-6GeV 1 5-6GeV 1 5-6GeV L 6GeV

NNLO NNLO

ariation T cNvariation

1

T 1000+

do/dqr[GeV™

v

S

S
T

0.37 0.74 1.11 148 0.37 0.74 1.11 148 037 0.74 1.11 148
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Convergence of theory

We have selected 3 main models (all with 2 parameters)

Model 1 Model 2 Model 3
A1b 2 Inp=e"
— e Mb(1 4 b
fnp=e (1 4+ A2b7) ; geb DNP g p?
= exX
[D’Alesio, et al,1407.3311] NP = exp N 2202
q
1+ 24,
1

+ renomalon correction XA
[Scimemi, AV,1609.06047]

@
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Convergence of theory

Model 1 Model 2 Model 3
A1b 2 fyp=e Mt
=e M7(14 A2b
fap = e A0 ; “Agzb DNP = —gycb?
=ex
[D’Alesio, et al,1407.3311] e P Ag22b2
q
1+ 2
1

+ renomalon correction X Ag
[Scimemi, AV,1609.06047]

All models show similar behaviour

lim fyp(z,b) ~ e 1 fnp(@,b) ~ 14 Agb? ' (2,0) + ...
b— oo
A1 = 0.156(6)GeV A1 = 0.162(5)GeV A1 = 0.174(6)GeV
A2 = 3.7(2) x 1072GeV?2 A2 = 1.3(8) x 1072GeV?2 gr = 1.5(2) x 1072GeV?2

We cannot distinguish NP evolution from a power correction.
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Convergence of theory

Model 1 Model 2 Model 3
Arb 2 fnp=e
=e M7(14 A2b
Syp = e E 20 ; ~Agzb DNP = —gicb?
=ex
[D’Alesio, et al,1407.3311] e P Ag22b2
1+ 2
1

-+ renomalon correction XA\g
[Scimemi, AV,1609.06047]

x?/d.o.f
H Model 1 [ Model 2 [ Model 3
NLL 9.21 9.07 8.90
NLO 2.62 2.64 1.90
NNLL 1.43 1.46 1.16
NNLO 1.84 (1.40) | 1.79 (1.39) | 1.94 (1.42)

Main source of "problems" is ATLAS Z-boson eR

Universitit Regensburg
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0.06

0.05

0.04

0.03

o~ 'do/dqr[GeV™']

0.02

ATLAS 7TeV
model 2 NNLO
x*/points=8.79
N=0.953

CMS 7TeV
model 2 NNLO Bl
% /points=1.98

=382 pb Bl

s
=

k1

2 _I

1
g -~ T . > _
= = i - t
i
0.06 1 1
ATLAS 8TeV CMS 8TeV.

— 0.05 model 2 NNLO 4 model 2 NNLO 4
; x*/points=7.08 x*/points=1.59

3 o N=0.916 =439 pb Bl
=

£ o0 q
1)

3
7002 B!
b

0.01 El

o M .

3 B

=l

%- = i ===
= — 1 I T } 5

0 s 20 s Sl e s R
q7(GeV]
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x2
0 LHCb 7TeV LHCb §TeV LHCb 13TeV
model 2 NNLO model 2 NNLO
s X fpoints=0.76 2 fpoints=0.31
N=1.008

T D O S S 1 1.1 FE—
T - =
- - I
R ] T
4qrlGeV]
0.05] ATLAS 8TeV ATLAS 8TeV

46-66 GeV/ 116-150 GeV

- model 2 NNLO model 2 NNLO
T o lpoints=0.70

3 N=1.008

2 o0

g

5 oo

'

theory/data

rlGev]

R
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jonsesY s
4 H
! I
) lpins=265 oins=170 oo
: z
“ /\
2 lpoints=0.71 1.5 X /points=0.96 X fpoints=3 44
CDF run | DO run |
_— model 2 NNLO model 2 NNLO 5
1 X points=0.63 X /points=0.51 ¢
ot ¥ points=1.08 15 2 fpoints=0.61 2 2
T T
{ _Ths ST [ oo iomeczo
- T om I
H 1) L
T I 3 I
L T e )
0. i N
o e N 3 o fpoints=1.03 A lpoints=0.97
CDF run 2 DO run 2 alGevl '
_— model 2 NNLO model 2 NNLO [ 3
L X /points=1.28 ¥’ /points=0.93 [ H
Xy | H
5 004 e 1 oy
 on model 2 NNLO H
Nezw=08 i
1
s a0
ER H
£ H B
= os o
T T TS | PR 1 : !
5 1 is 2 2 o is ) i s
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Conclusion

arTeMiDe
e Code available : https://teorica.fis.ucm.es/artemide/
o Optimized (but not limited to) ¢-prescription.

e Evolution (up to N3LO), unpolarized TMDPDF (with up to NNLO matching), DY
cross-sections.

o Flexible structure: input PDFs, fyp.

More to come...

Results of global fit
e Exponential TMD is preferable ({-prescription) fyp ~ exp(—A1b)
Natural large-distance scale A1 ~ 0.14 — 0.17 GeV (~ mx).
o The TMD factorization works at ¢ < 0.2Q
o Theory uncertainty is significant at small-Q (10-20% for @ ~ 4 — 9GeV)

o We cannot distinguish NP evolution from NP corrections.

e NNLO ingredients significantly reduce the theory uncertainties and prediction power.

Universitit Regensburg
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Normalization
LHC normalization
ATLAS _ ATLAS | ATLAS  ATLAS
order Z-boson Z-boson 46-66 116-150 STNI\S/ 8C'I1Y[\S/ L%I;C\E) LSI;C\;) {-‘;
7TeV 8TeV 8TeV 8TeV © € © ©
NLL 0.80(1) __0.79(1) | 0.86(1) 0.74(0) | 0.83(1) 0.84(1) ]| 0.86(1) 0.87(1) 0.5
NLO 0.89(1) _0.87(1) | 0.96(3) 0.81(1) | 0.91(2) 0.93(2) | 0.95(2) 0.95(1) .
NNLL 0.95(2) _0.93(2) | 1.04(4) 0.86(1) | 0.98(2) 1.00(2) | 1.01(2) 1.01(2) 1.
NNLO 0.94(1) 0.92(1) 1.01(2) 0.85(1) 0.97(1)  0.99(1) | 1.00(1) 1.01(1) p.9
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