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Naive TMD approach

i Calculating a cross section which describes a hadronic process
over the whole q_range is a highly non-trivial task

Let's consider Drell Yan processes (for historical reasons):

ui Fixed order calculations cannot describe correctly DY data at small .

At Born Level the cross section is vanishing
At order a, the cross section is divergent...
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Naive TMD approach

& Low energy data
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] The M? dependence is described

by the Gaussian model, and it is

] given by the interplay between the
_ 1/M? born cross section,
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Naive TMD approach

do - - xp(— P2 /{ P2
dP} j/;—z;fq/“(“)f”’”(mz)e p(ﬂ?%{; =

& Considering the same DY process at different energies:

E288 p=200 GeV (Vs=19.4 GeV) E288 p=300 GeV (Vs=23.8 GeV) E288 p=400 GeV (Vs=27.4 GeV)
1 0_33 T T T T T T T E] 1 0_:33 T T T T T T T 1 0-34 F T T T T T T T E
4<M<5 GeV —— | 4<M<5 GeV —— ; 5<M<6 GeV —--- ]
" 5<M<6 GeV - ——- | 5<M<6 GeV ———-- F 6<M<7 GeV - - - - - 1
10 F 6<M<7 GeV - - - - - 1 1034 | 6<M<7 GeV - - - - - ] a5 | 7<M<8 GeV ]
— 7<M<8 Gev __________________ ] — 7<M<8 Gev .................... o 10 ;- 8<M<9 Gev ———— _§
L o35 L 8<M<9 GeV - - ] = 8<M<9 GeV -~ S o x ]
8 N 8 10-35 - | (\.') 6 [ I S e i
e 403 [ TN e = ] e ::_\_:\‘\\ Sg 107 B e Te= 3
IS 3 X — _x o K-
S, X e - ml “x*\\;\\ E O, 10—36 L T e | 2, ES X e o T
Q| 37 ow o 1 Q OO e - o SRR R [
o 1077 b o Tk E ) R e S 10 | e ” E
5 X ] ke X x ° g S
X g Famgo o S L0 e L Ko o 0 .
T 10 E [] - , E © I S | i
L FO¥o-F g L Te-E T |
10% | 5 5 10738 | > > 3 5 (y)=0.08 (k2)=0.71 GeV? E
(y)=0.40 (k7T)=0.47 GeV (y)=0.21 (kT )=0.57 GeV i y)=0. T)=0. e
1 0_40 L L ! L L L L 1 0'39 I I I 1 L L L 1 0-39 L L L L L : L
0 02 04 06 08 1 12 14 0 02 04 06 08 1 12 14 0O 02 04 06 08 1 12 14
ar [GeV/c] q7 [GeVi/c] qr [GeV/c]

Each data set is Gaussian but with a different width
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Drell-Yan phenomenology

w Does the q_distribution behave like a Gaussian 7

do . _ xp(—P2 /(P2
arz ™ 372 S Farn @1) Fayng (22)= p(ﬂ;%/)( )
q

1 Clearly this is not
.~ a Gaussian tail !

(1/0)do/day
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Drell-Yan phenomenology

Fixed order calculations
cannot describe correctly

DY/SIDIS data at small g.

DY/SIDIS cross sections do not show
a Gaussian behaviour at large q_
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Resummation/TMD evolution

w Fixed order calculations cannot describe correctly DY/SIDIS data at small q_

1 do 2CF M? 3
5 = 5 Qg In e
oo dqz  2mq% 1.

i These divergencies are cured by TMD evolution/resummation

The cross section is written in b_space:

Resummed term Finitekterm

1 d{}" / dngEiqT’bT > o Ve ~
= e;Wj(z1, 2, b1, Q) + Y (21, 22,91, Q)
oo dQ?dydq? (27)2 ; e
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Resummation/TMD evolution

i We lose the direct connection with q_. Instead we have to deal with b_ ...
Example in the CSS resummation scheme:

At large b_the scale 1 becomes too small!

Not trivially connected to the physical region: (2% > q% ~ Aécﬂ

& All TMD evolution schemes require a model
to deal with the non-perturbative region
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Non perturbative region

& This is a perturbative scheme.
All the scales are frozen when reaching the non perturbative region:

bT Cl le / b*

by —» b, = =2 —» jp =
\/1_|_b /bﬂ’lﬂl:

br

And then we define a non perturbative function for large b._:

Wj (331, o, bT: Q)
LVJ (3313 €T, b*? Q)

= FNP(.’II:[,-’BE: br, Q)

Wi(xy, 22,07, Q) =ZBXP[S (bs, Q)] le®f1 Ty, !Lb) Cir @ fr (w2, pp ]FNP r1, T2, by, Q)
" \% / /
b*a Hb

Collins, Soper, Sterman, Nucl. Phys. B250, 199 (1985)

Cy = 2exp(—E)
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CSS for DY processes

To perform phenomenological studies we need a non perturbative function.

Fﬁrfj(jj]: ra, E‘;.T! Q)

Q
Davies-Webber-Stirling (DWS) exp| —g;—&»In ﬁ”sz
. 0/
Ladinsky-Y LY R 2
adinsky-Yuan (LY) expl | —g;—g,In 20, b?—[g,85In(100x,x,)]b | ;
<o

Brock-Landry-

Nadolsky-Yuan (BLNY) exp b?

—g1—&2In

: 0 )
—| — In( 100x,x
70, 2185In( 1X2)

Nadolsky et al., Phys.Rev. D67,073016 (2003)
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CSS for DY processes

Parameter DWS-G fit LY-G fit BLNY fit
Nadolsky et al.* analyzed successfully
: g 0.016 0.02 0.21
low energy DY data and Z_production data : e g o
using different parametrizations 8 000 150 060
CDF Z Run-0 1.00 1.00 1.00
Ny (fixed) (fixed) (fixed)
— B::Er:'la\ized LY-G Fit CDF Z Run 1
EgeE Data |- i 800 |+ R209 1.02 101 0.86
i S B G O R S [ - R e e O e . « Data 3 E for
Normalized LY-G Fit
— — Normalized DWS-G_Flt
————— Normalized BLNY Fit E605 l 15 107 100
. Niir
I
5 E288 1.23 1.28 1.19
g LS: B Nir
i DO Z Run-1 101 101 1.00
o Nrir
o CDF Z Run-1 0.89 0.90 0.89
Niir
' P_ (GeV) ° p ”’G " ' R . 416 407 176
T r (GeY) ¥*/DOF 347 3.42 1.48

bpar=0.5 GeV~!

*Nadolsky et al., Phys.Rev. D67,073016 (2003)
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SIDIS
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Resummation in SIDIS

i1 As mentioned above

> fixed order pQCD calculation fail to describe the SIDIS cross sections at small g_

> the cross section tail at large q_is clearly non-Gaussian.
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Anselmino, Boglione, Prokudin, Turk, Eur.Phys.J. A31 (2007) 373-381 Anselmino, Boglione, Gonzalez, Melis, Prokudin, JHEP 1404 (2014) 005

ZEUS Collaboration (M. Derrick), Z. Phys. C 70, 1 (1996) COMPASS, Adolph et al., Eur. Phys. J. C 73 (2013) 2531

Need resummation of large logs and matching
perturbative to non-perturbative contributions
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Naive TMD approach

w Simple phenomenological ansatz can reproduce low g_ data

£ (kL) = )e—kimki) el = Bl )e—pi/w
T,R))=J\Z)—F5v— h/ig\Z,PL) = Up/g\2
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Airapetian et al, Phys. Rev. D 87 (2013) 074029
s
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Fyy = Z 8621 fa/p(@5) Dpyq(2n)
q
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Naive TMD approach
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Anselmino et al. JHEP 1404 (2014) 005
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(Pr)

0.60 & 0.14 GeV?
0.20 &+ 0.02 GeV?

Xdot = 342

N, = A+ By

“The point-to-point systematic uncertainty in the measured
multiplicities as a function of p% 15 estimated to be 5% of
the measured value. The systematic uncertainty in the over-
all normalization of the p:?r-intf:gratad multiplicities depends
on 7 and vy and can be as large as 40%".

Erratum Eur.Phys.J. C75 (2015) 2, 94
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@’ dependence of the data...

o—P2/(P3)

m(Pf)

Fyy = Z 83 fq/p(xB) Dh/q(zh)

q i
HERMES M,
107 (k%) = 0.57 + 0.08 GeV?
B<z>=0.15 2 2
O (p7) = 0.124+0.01 GeV
v<z>=0.34
;<z>i0.42 9
100_5 <z>=0.53 Xdof — 1_69
107 | All four bins have
| been overlapped
| in the same panel
0!1 I I Of4 I I 0.I7 I I 110
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Anselmino et al. JHEP 1404 (2014) 005
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Resummation of large logarithms

i To ensure momentum conservation, analyse the cross section in the Fourier
conjugate space

2
62(qT _k]_T _kZT_ ...... _knT+_.,) = ] we_ibTo(qT—le—kgT— ...... _k’nT+)
(27)
1 do d2bpeidr-br
oa — X X)) b Y're
oo dQ?dydq? [/ (2m)2 div(br) | + Yreg(qr)

Xgiv(br) — W(br) = exp [S(br)] x (PDFs and Hard coefficients)

dgtotal d? bTeiQT'bT
DIS/ WIS (3 » b, Q) + YIPR (2, 2. qr, Q)

dx dy dz dg3. - a0 (27r)2

Resummed part Reqgular part
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TMD regions d

TMD evolution Matching region: Y factor  Fixed Order QCD

q1<¢Q

Intrinsic Soft gluons

April 12, 2016 M. Boglione - DIS 2016 18



TMD regions

i TMD regions are defined in terms of gq_ and noot in terms of P_

2
10 10
10" F
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P = ° £ 100k
T = @ =
10 ¢ -
,/‘/’—‘\‘\\ 10-1kF
-2 ! 1 L I —2
10700 0.2 0.4 0.6 0.8 1.0 107 1.0
10 102
1L
q =P /Z ti?‘ y ks 100 ¢
T T = S =
10-1E . i
\ 10~k
-2 1
10755 A 1 2 3 4 5 6 102 6
qr
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SIDIS - Y factor

Vs=17 GeV, Q°=10 GeV?

-30
10 T — T Tt T T [ T Tt T T
NLO ——
ASY ----
W NLL+Y - - - - -
[aN|
=
o)
9
NE 10—32 i
L
=
(on
2 33
§ 10 77
1073

dO’NLO dO’ASY

drdydzdg?  drdydzdg

2+Y

The Y factor is very large and could be
affected by large theoretical uncertainties

Boglione, Gonzalez,Melis, Prokudin, JHEP 02 (2015) 095

See also: Sun, Isac, Yuan, arXiv:1406.3073
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Fit of HERMES and COMPASS data
Attempting “Resummation” in SIDIS ...

=
HERMES M,

J. Osvaldo Gonzalez Hernandez, work in progress

N ~ 2 (One overall normalization parameter is required)

. 91~0.5
1g2~05
g3 ~-0.03
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Drell-Yan and SIDIS global fits

v Next step on the road is to attempt a global fit of Drell-Yan and SIDIS data

v These fit will test the robustness of the TMD evolution scheme
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Theoretical uncertainties and dependence
on the C, C, C, parameters in the CSS

formalism in Drell-Yan and SIDIS
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Theoretical uncertainties in pQCD

&1 Perturbative, fixed order, calculations are affected by theoretical uncertainties due,
for instance, to the choice of the factorization scale,
The cross section depends on logs like:

In(Q/pr)

Ll To “optimize” the expansion the factorization scale is set to be equal to the hard scale

In(Q/pp) - g = ()
Li The theoretical error is built changing the value of the factorization scale.

Usually:
Q/2 < pp <20

April 12, 2016 M. Boglione - DIS 2016
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Theoretical uncertainties in resummation

& Similarly, in resummation several scales appear.
For instance, using the standard CSS nomenclature we have;

Cl / bT CQ (L;) C‘j / bT

L Studying the theoretical uncertainties in resummation is important,
as it gives us a measure of how much we know of the perturbative part
of the cross section and, correspondingly, how much we have to model.

i This is particularly important for low energy SIDIS data that, contrary to
Drell-Yan data, are difficult to describe with resummation.
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Cross section with scales in the CSS formalism

! Drell-Yan cross section

do d?bpetdr br
szdydq% s JU{] (27)2 ZFEW TI’TE‘ @‘)FNP s b Q)}
+Y (21, %2, Q'T Perturbative resummed part Non-perturbatlve

of the cross section function

/

~
Y%

Y-factor
(matching function)

Wj(z1,22,Q,C1/be, C2Q,Cs/bs) =Y " exp [S(ba, C1 /bs, C2Q)]

ik

31®f1 j,l;@fk

— o o / N %

N

Perturbative Sudakov Convolutions of PDFs

'/J and Wilson Coefficients
g bd C C
S(br,Q,C1,Ca) = — A de {A(as(ﬁ)@) In @) +B(as(ﬁ),@@)] [Cji @ fi] = / 50@# 2@%02)@/@: 73)
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Evaluation of the theoretical errors

& Our choice:
we change the value of C;, C,, C; at fixed values of the parameters in the ranges

bg/2< C1 < 2bg
12 2l <2
b0/2< C3 < 2bg

NLL BLNY parametrization, b, .,=0.5 GeV*

PRI = exp{ {—%1 — 92In(Q/(2QoL)) — 9193 111(10117)] b%“}

g1 =0.21GeV? g, =0.68GeV”® g3 =—0.6
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Drell-Yan

NLL BLNY parametrization, b_..=0.5 GeV™

max

L b0/2<C1 <2 bo
0.1 - 1/2<Cp<2 —
I b0/2<03<2 bo

o

0.12

0.08 |

CDF Run I
(High energy exp)

(1/c)do/do [GeV ]

0.06 | :
0.04 | -
0.02 | ]
0 [ TR TR TN TR AN TN SN SN TN NN TR TN SN TN [N SN SR SN SN N T TR S 1
0 5 10 15 20 25
gt [GeV]

N

We explore the correlation
between the scales.

Warning: the band is an envelope
of all possible curves in that range.
It overestimates the errors

Theoretical uncertainties are under
control in the perturbative region.
However, they become large as we enter
the non-perturbative region.
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Dre"-Yan o

NLL BLNY parametrization, b, .,=0.5 GeV™
3-5 T T I I T I
W by /2<C,<2 b, E288 Vs=23.8 GeV
3t 1/2<Cp<2 . (Low energy exp)
C\l; o5 L b0/2<03<2 bo | Q=5 GeV
o)
©
Yo 2o L _
Q
o 4\
s 1.5 r S Warning: the band is an envelope
© ——— of all possible curves in that range.
“o 1t i It overestimates the errors
L
0.5 . : :
As we enter the non-perturbative region,
the theoretical uncertainties grow larger
0 1 1 ] ] 1 ]

0 0.2 04 0.6 0.8 1 1.2 14
ar [GeV]
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HERMES BLNY (b, =0.5 GeV?)

T T T 3.5 T .
by/2<C;<2 by 1/2<Cy<2
3 1 3
- ] o
kS K
© b ©
S =3
D J [}
[a) a
2 ] 2
Cy=1; Cg=b, I Cy=bg; C3=by
0.5 g 0.5
Ndata/theo=2-2 ' ’\ldata/theozz-2
K 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
P P
35 T T T
by/2<C3<2 b, 35 \ . . .
3 i ] b0/2<C1<2 bo
ST 1/2<Cp<2 ] )
535, [ by/2<C5<2 by | We explore the correlation
. j
c 2 between the scales.
= o . .
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Summary

& High energy processes are affected by reasonable theoretical errors.

I Low energy processes are instead affected by large uncertainties.
Different choices of the scale would give very different sets of parameters.

i It is possible that a NNLL calculation could help to shrink the bands.
i For low energy SIDIS experiments (HERMES/COMPASS) the Y factor is large... but
in principle it could be affected by the same uncertainties which affect the

resummed cross section.

1 Is a simultaneous fit of Drell Yan and SIDIS data possible within this picture ?
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