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Brief review of the Collins TMD evolution



A brief review of the Collins tTmd evolution

» The Collins tmd evolution equation can be written[*] as:

F(z,br;Crypyp) = RE (b Gy pis Cpy iy ) F (2, 013 Gy 1)
{ F
Output function at the scale T_,u. Input function af the scale T.p,

in the impact parameter space in the impact parameter space

Evolutor between final and initial scales

>C is the scale introduced to regulate the rapidity divergences, usually:

(=p*=Q°

[*JAybat, Collins, Qiu ,Rogers, PRD85, 034043 (2012), Collins, Foundations of perturbative QCD(2011)



A brief review of the Collins tTmd evolution

» The Collins evolutor can be easily rewritten in this form:

H f dﬁ

H —D(br,pi)
RC(bT; Giy My Cfy pf) = €XD {f‘u ;T;JVF (as(ﬁ,);ln%)} (%>

[*JAybat, Collins, Qiu ,Rogers, PRD85, 034043 (2012), Collins, Foundations of perturbative QCD(2011)



A brief review of the Collins tTmd evolution

» The Collins evolutor can be easily rewritten in this form:

RC Hdp —D(br, i)
R (brs Giy i, G 1) = exp {f Ti’YF (as({); In =5 G ) } (?>
Hi .i

> Anomalous dimension of F 412 F((;lj briGm) _ Vg (as(ﬁ):ln : )
n (i H

For instance at first order in the coupling constants:

2 2
TE (“3(“)=an—2) = *-%(;ua)ﬁ (% —In Q_)

L T u?

[*JAybat, Collins, Qiu ,Rogers, PRD85, 034043 (2012), Collins, Foundations of perturbative QCD(2011)



A brief review of the Collins tTmd evolution

» The Collins evolutor can be easily rewritten in this form:

- HE dp —D(br,ps)
RC(bT§ Gis iy Gf s Jf) = €XP {f ﬁ’}“}? (as(ﬁ,);ln %)} (C_f)
e P Z C/‘

—

dD(br, 1 1 -
) Peusp = 57K D(br, p) = —5 K(br, p)

dln p
Hodn
D(bT:PJ) — D(b*.ub*) T TFcusp +(}K(bT)
.
b C 1
0= e =y, Ci=2er kb =gab

7

[*JAybat, Collins, Qiu ,Rogers, PRD85, 034043 (2012), Collins, Foundations of perturbative QCD(2011)




A brief review of the Collins tTmd evolution

» The Collins evolutor can be easily rewritten in this form:

pC Hr dt : X _D(b'f:#i)
Hi fH H y

1 -~
=30k Dlbr,p) = —5K(br, )

_Fcusp @ ch—:p (J,U) ~ (C'pag (pﬂ) + ...

» A scale to control the non-perturbative part: one parameter b,
» A non-perturbative function: at least one parameter g2

[*JAybat,, Collins, Qiu ,Rogers, PRD85, 034043 (2012), Collins, Foundations of perturbative QCD(2011)
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TMD evolution

»Our main tmd evolution equation is:

F(z,br; Qr, pus) = R(br; Q, ﬂft'A:QfeP:f) EF(x,br; Q4 ;)

Output function at the scale Q .y, Input function at the scale Q..
in the impact parameter space in the impact parameter space

Evolutor between final and initial scales

Wi = Qi

»We always set:
Y py = Qp

10

Echevarria, Idilbi, Schafer, Scimemi, Eur.Phys.J. C73 (2013) 2636



The evolutor

) K di ;
R(bTQQiuu'infﬂﬂf) :exp{/ ;FYF (as(ﬁ):]n%)} (
i

Echevarria, Idilbi, Schafer, Scimemi, Eur.Phys.J. C73 (2013) 2636

Q;
Q7

)D(b'r}m)
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The evolutor

Hi Q7
;w (as(m,ln _;:‘)

Hei H

R(bTa Qi: iy Qfﬂuf) —\EXP {/

> As in the Collins case

e

Echevarria, Idilbi, Schafer, Scimemi, Eur.Phys.J. C73 (2013) 2636
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The evolutor

R(br; Qi, i, Q, pry) = exp {/,u E'}’F (Q{s(,u'):lﬂ —ﬁ-z ) } ( 3

dD
= Icus
dln p P

> As in the Collins case

>Notice that if ¢ = p? = Q? this approach is identical to the Collins' one

13

Echevarria, Idilbi, Schafer, Scimemi, Eur.Phys.J. C73 (2013) 2636



The evolutor

- Kf dii / AT
R(bT,Qz,.ui?Qf?#f) = exXpP {/ EP‘JF}’F (Qfs(ﬁ) In Q)} (82)

T

»However the RG evolution is treated differently, obtaining:

[y
DR(br;p) = —=—In(1 — X) + =

! ( s ) [— ilr**{x+1u(1 — X)) + 5;{]

25, 2\1T-X 32 By
2 .
1 (e I's 1y B2ly .o
_ 2d5(0 X(2-X X(X —2)—2n(l — X X
#5 (125 ) |20+ g2 - x0) + S (- 2) - 21 - ) + 2
H?F{} 2
In?(1 — X) — X?)| .
C s
1 _ _
0 — f.]'."fg{lu} Ly = — L, =1In ( 2) X = QS/BULJ_
8 A b Hy
14

Echevarria, Idilbi, Schafer, Scimemi, Eur.Phys.J. C73 (2013) 2636



The evolutor

D(b, }L) — Zdn(LJ_) (2_;)” Fcusp — Z 1_‘—n,—l (
n=1 n=1
. dD J
‘»dlnu Fcusp

Echevarria, Idilbi, Schafer, Scimemi, Eur.Phys.J. C73 (2013) 2636
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The evolutor

D(b} }Jﬂ) — idn(LL) (%)n Fcusp — irﬂ_l (%)n
— n=1
\_ dD J
»d]ﬂu — Fcusp _
b e
n=1

n—1
1
d(L1) = 5Tno1+ ) mBn1-mdm(L1)
m=1

Echevarria, Idilbi, Schafer, Scimemi, Eur.Phys.J. C73 (2013) 2636
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The evolutor

TS SYATRICT) R S wE MY ()

\ —p D =FCUSP<J

dlIn p ,
J 5:—2@32@1—1 (Z—;)n

1 —
d(L1) = 5Tno1+ ) mBn1-mdm(L1)

nfTol n—1 [ Tob (1) 'y
(Li)=(BoLy) (ﬁ“ n) + (BoL ) ( 32 ( + 1) >3 + ﬁn‘ >9
I r
+ (ﬁ[)LJ_)n_z ((n - 1)2d2(0)‘fr322 + (n — 1)2;0 ‘n,>i + B}g[] . n‘nZél + B;(] Ut ‘n>5 + ﬁ;ﬁ[)(]( 3)‘?;24)
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The evolutor

D =S () o= 3o (2)'

\ —p D =FCUSP<J

dlIn p ,
J 5:—2@32@1—1 (Z—;)n

1 —
d(L1) = 5Tno1+ ) mBn1-mdm(L1)

nfTol n—1 [ Tob (1) 'y
(Li)=(BoLy) (ﬁ“ n) + (BoL ) ( 32 ( + 1) >3 + ﬁn‘ >9
I r
+ (ﬁ[)LJ_)n_z ((n - 1)2d2(0)‘fr322 + (n — 1)2;0 ‘n,>i + B}g[] . n‘nZél + B;(] Ut ‘n>5 + ﬁ;ﬁ[)(]( 3)‘?;24)
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Echevarria, Idilbi, Schafer, Scimemi, Eur.Phys.J. C73 (2013) 2636



The evolutor

'e
b :u Zdn LJ_ (4ﬂ) Fcusp — Zrn—l (E)
n=1 n=1
dlnu cusp
B (b; ) Zdn L )a" =
n=1
Il =, (Tol 1 (Top 1) Iy
5,&_1{)( (Bun)+ax (B (1 H2) s+ Fhoe)
2vn—2 81 1 /81 0 /82FU
+a* X ((ﬂ - 1)2d2(0)‘?322 + (n — 1)25[)‘n>% + — ﬁ[) gn‘n>4 + —= ,8(] —1n ‘n>5 + 26(2] (n_ 3)‘?‘.&24) + }

»>For | X|<1 the series can be summed...

M ty = ﬁ LJ_ = Iln (
47 br

Echevarria, Idilbi, Schafer, Scimemi, Eur.Phys.J. C73 (2013) 2636

c}-:m‘tm

) X = as/@ULJ_

(g =
19




The evolutor

RIS RTRICS SR )
n=1 n=—
\ — PcuspJ

dlnp

r 1{ a. 8,T r
DR(brip) = ——2In(1 — X) 4 = ( ¢ ) [— PLO(X +1n(1 — X)) + _IX]

280 2\1-X 32 Bo
2 .
1 g ]._'2 ,51 I’ 1 ,l']f;g Fn 9
- 2do(0) + —=(X(2— X X(X —2)—2In(1 - X X
. (1_x) [fg( )+ 5 (02 = X)) + Bt (X(X = 2) — 21 - X)) +

32T

L2 (% (1 - X) —XE}] .

2,&[‘«]

»For | X|<1 the series can be summed and analytically continued for X—> -

2
as(p) Ci =1 (” ) -
e 4 o br P’g Polin

Echevarria, Idilbi, Schafer, Scimemi, Eur.Phys.J. C73 (2013) 2636
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The evolutor

RIS RTRICS SR )
n=1 n=—
\ — PcuspJ

dlnp

r 1{ a. 8,T r
DR(brip) = ——2In(1 — X) 4 = ( ¢ ) [— PLO(X +1n(1 — X)) + _IX]

280 2\1-X 32 Bo
2 .
1 g ]._'2 ,51 I’ 1 ,l']f;g Fn 9
- 2do(0) + —=(X(2— X X(X —2)—2In(1 - X X
. (1_x) [fg( )+ 5 (02 = X)) + Bt (X(X = 2) — 21 - X)) +

32T

L2 (% (1 - X) —XE}] .

2,&[‘«]

»For | X|<1 the series can be summed and analytically continued for X—> -

2
as(p) Ci =1 (” ) -
e 4 o br P’g Polin

Echevarria, Idilbi, Schafer, Scimemi, Eur.Phys.J. C73 (2013) 2636
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The evolutor
> Alternative derivation at LO:

dD >

— 1_\acus - _

dlllpb P Fcusp ;Pn 1
Qi J5

D (b; Qi) = D (b; pu) +/ —T
T

e

Echevarria, Idilbi, Schafer, Scimemi, Eur.Phys.J. C73 (2013) 2636
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The evolutor
> Alternative derivation at LO:

dD >
— 1_\acus = _
dlllpb P Fcusp ;Pn 1(
Qi J5
D (b; Q) :D(bEﬂb)‘l‘/ —T
T
o
FU (IS(Q*E)
D(b;Q;) = — In
( ) 200 as(up)

e

Echevarria, Idilbi, Schafer, Scimemi, Eur.Phys.J. C73 (2013) 2636
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The evolutor
> Alternative derivation at LO:

dD >

= I'cus = —
dlllpb P Fcusp ;Pn 1(
Qi J5
D (b; Q) :D(bEﬂb)‘l‘/ —T
T
o
FU (IS(Q*E)

ﬁ D(b;Q;) = — 25 In )

as(pp) = as(Qi)/(1 — X)

as(Q;)
4

X = Bo n(Q7 /1)

Echevarria, Idilbi, Schafer, Scimemi, Eur.Phys.J. C73 (2013) 2636

1
Hb = by
12
LJ_ — 111 (2)
Hy
X = asﬁULJ_




The evolutor
> Alternative derivation at LO:

dD o5 o

b

ﬁ D(b;Q;) = — 25 In )

as(mw) = as(Qi) /(1 — X) k'

D(b;Q;) = —%ln(l — X)

Echevarria, Idilbi, Schafer, Scimemi, Eur.Phys.J. C73 (2013) 2636

—

e T S

dln p — 47r4)
Qi J5
D (b: Qi) =D (b: /J'b) ‘|‘/ E‘urcusp

1
Hb = by
12
LJ_ — ln (2)
Hy
X = asﬁULJ_




The evolutor

> The resummed series is valid up to X=1. At first order this correspond to

b ge:>{ ( 27 )
ST Boaus (i)

»In practice the convergence of D deteriorate approaching X=1, however appearing
with a minus sing in the exponent of the evolutor, R goes to zero enough fast
provided the final scale is enough bigger then the initial scale.

26



The evolutor

b, ~6.8 GeV
DR
<J O LL !
..... - NLL ;
5l NNLL /
.l
4
| Q:=v24 GeV 7
0 e Sey-!
5 6h(CeV )
-1 -1
(a) (b)

Resummed D at Qi = v2.4 GeV with ny =4 (a) and Q; =5 GeV withny =5 (b).

> The convergence deteriorate approaching b,
»>Increasing Q;, by increases and a good convergence is obtained at larger b

b —gexp( 2m )
T Bocrs (pi)




The evolutor

3 R 3
2 Y N D aiL
pRarNNLL | 4 - DfatNLL
2.0 2.0 — D* at NNLL
), =24 GeV

L3 € L5 0= V24 Gev

\ QI='\I'TG¢V E Q=5ch
1.0 P 1.0 i
05 05F TN

. . . Soma . o
0 i 3 0 AT s o PGeVT)
(a) (b)

R

25, s e PR ar LL
........ DY at LL meme= DR AUNLL
o0 | - D%t NLL — DY atNNLL
’ ——— DT arNNLL
15 O =24 GeV
E 0 =24 Gev 0 =91.19 GeV
1.0 07 =10GeV
05
I e LT T LT -1 . f - . -1
0 i 3T a5 el b(GeVTH 00 05 10 15 20 25 3ghGevT)

(e) (d)

Evolution kernel from Q. = 2.4 GeV up to Q= {v/3.5.10,91.19} GeV
»The evolutor vanishes rapidly at large b if Q»Q,

28




The input function

»The input function is the product of a perturbative function times
a non-perturbative function :

ﬁq{N(mrbT:Qi:ﬂ’i) FP;;;(T bT Qi /J“l) X quN(qj?bTiQi)

» The perturbative function can be written as usual as the convolution of
Wilson coefficients times the collinear pdfs

t QQ —DR{bT:Ht} ~
Fy (. b, Qi i) = (E) > Cojl@,br, 1) @ fiyn (s i)
)

»The Wilson coefficients contains logs: L. = In(u®/u;) = In(1b7/CF)

- 3 2
Coej =0(1 =) 4+ 2a,Cp [—I—l —x—0(1 —ux) ( L3 — —Ll T ?ITZ) Pq{_jLL}

29




The input function

»We can resum these logs using the same trick used for the D

dé ‘(mabTaﬂ) ~ B
qjd In H - (FCUSPLJ‘ o F}/V)C‘-lj (.’}3, bT: .lu') o Z: G‘Q'j ('Ta bTa 'u‘) @pz? (35)

» Obtaining:
éﬁi‘j (mr br, #) — e}{p(hr — hﬁrv)éﬁ (xﬂ br, ,LL)

R du
hit (bp; ) = he(br; ) —I—/ — I cuspLt
uy H

" dp
hf(E}T; 1) = ho(brs ) —I—f T!’TV

p, M

30



The input function

»We can resum these logs using the same trick used for the D

dé ‘(‘f?bTaﬂ) ~ B
qjd In H - (FCUSPLJ‘ o F}/V)CQJ (.’}3, bT: .lu') o Z: G‘Q'j ('Ta bTa 'u‘) @pz? (35)

» Obtaining:

éqj(ﬁ?a br, ) = exp(hr — hﬁrv)éqj(ﬁj: br, 1)

[o(X — (X —1D)In(1 — X)) = Bilo (2X +In*(1 — X) +2In(1 — X)) — 28,1 (X + In(1 — X))
Q2 + Q3
2a35 455

(B5T2X? — Bo(BiT1(X(X +2) +2In(1 — X)) + B2l ((X — 2)X +2(X — 1)In(1 — X)))

hff (br; p) =
ag

46%(1 — X)

+8iTo(X +1In(1 — X))?) . (2

+

31



The input function

»We can resum these logs using the same trick used for the D

dé ‘(‘f?bTaﬂ) ~ B
qjd In H - (FCUSPLJ‘ o F}/V)CQJ (.’}3, bT: .lu') o Z: G‘Q'j ('Ta bTa 'u‘) @pz? (35)

» Obtaining:

éﬂi‘j (xr br, ﬂ’) — e}ip(hr - h?v)ét}j ($: br, p&)

Yo 1 s B170 T
1y (brs 1) Qﬁgn( )+2(1X)[ ﬁ;‘;( + In( ))+ﬁn }
2 .
1 Qg Y2 B1im B270 12
— X(2-X X(X—-2)—-2In(1 - X X
3 (125) |22 X=X+ 2 (X(X ~2)—2(1 - X)) + 2

Bivo ,, o 2

In“(1—-—X)—X

32



The input function

»We can resum these logs using the same trick used for the D

déﬁi’j (ﬂf? bT: P")
dln p

= (PeuspLL =) Cyj (b, 1) = > Cyj(w,br, 1) @ Pyj ()

» Obtaining:
éqj(ﬁ?a br, ) = exp(hr — hﬁrv)éqj(ﬁj: br, 1)

)

Oqj =0(1— 2)04 — as [’P(l) (2)

g1

L,
2

1+ 22
q-’rq('z) — 4CF ( 1 — »

PP (2) =4Tp (Z° + (1-2)%) ., R (2) =4Tpz(1 - 2) .

33




The input function

» The input function is the product of a perturbative function times
a hon-perturbative function :

St

Fq/N(jj:bTuQi:ﬂi) — ﬁgf;t(mﬂbT:Qi:#i) X ﬁg{}rﬁ(ﬁ?bTJQi)

ij;(ﬁﬂ'a br, Qi:#z‘) — ©eXp [—LLDR(E’Ts Hi) + hr — h”‘rv]
Z Coj (2, b7, 1) ® fi/n (3 1)

J

34



Phenomenological analysis of Drell-Yan data
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DY cross section

»We want to test our tmd evolution studying the Drell-Yan process at low and
high energies. Our cross section reads:

do ".r“fzu 2 dzb o —iqr b1

qul(ﬂ?l br,Q, 1= Q) Fy/n, (z2,br, Q. pu = Q)

36



DY cross section

»We want to test our tmd evolution studying the Drell-Yan process at low and
high energies. Our cross section reads:

do L ".r“fzu 2 dzb —1qT-bT

Fo/n, (21,b7, Qi = Q) Fyynv, (22, b7, Q, = Q)

Born cross section

37



DY cross section

»We want to test our tmd evolution studying the Drell-Yan process at low and
high energies. Our cross section reads:

- ZJ*’Z“ Cv(Q/u=Q [ Lleiare
dQ?dydq7 AN Arr

Fq/Nl(ﬂi'l br, Q, 1t = Q) Fy/n, (z2,b7,Q, n = Q)

SCET hard matching coefficient

38



DY cross section

»We want to test our tmd evolution studying the Drell-Yan process at low and
high energies. Our cross section reads:

do ".r“qu __ 2 d*b —iqp-br
1Q2dyd? fo Cv(Q/1n= Q) EP

Fq/Nl(//VﬁH = Q)Fyn, (72,b7,Q, = Q)

Fourier transform: our TMDs are defined up to b,

d?b
4T

! Ch ( 27 )
= — exp
* i /80 g (,u,@')

bx
2 Y e—tqpbr __ / dbrbr Jo(brqr)
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DY cross section

»We want to test our tmd evolution studying the Drell-Yan process at low and
high energies. Our cross section reads:

do /20 2 [P igyns

qul(ﬂ?l br,Q, 1= Q) Fy/n, (z2,br, Q. pu = Q)

/

F(mabT;QFaﬂf) — E(bTQ’MMLQf/—Lf)F(T:bT:QEI-LE)

Evolved TMDs =

Fyn(x,bp, Qi i) = Fgfﬁ;(ﬂ“ br, Qi, i) X ENN (@,br, Q;)

40




DY cross section

»We want to test our tmd evolution studying the Drell-Yan process at low and
high energies. Our cross section reads:

do /20 2 [P igyns

Fq/Nl(ﬂ?l br,Q, 1= Q) Fy/n, (z2,br, Q. pu = Q)

/

F(mabT;QFaﬂf) — E(bTQ’MMLQf/—Lf)F(T:bT:Qif-Li)

Evolved TMDs =

FQ/N(mrbTaQiﬂui) — qu;jirt(qn bT Q1 /—L’l) Fq/N(maijQi)

41




DY cross section

> Two free parameters, no x or Q> dependence, exp form

FNN (@, br, Qi) = FN(br) = exp(—hybr)(1 + hab7)

»Another important choice is the choice of the initial scale Q;:

Qi = Q(] + qr with Q(} = 2 GeV

42



Drell-Yan data selection

»>Z production at Tevatron (98 points)

CDF Run I D0 Run I CDF Run II DO Run II
points 32 16 41 9
— NG 1.8 TeV 1.8 TeV 1.96 TeV 1.96 TeV
o 248 + 11 pb | 221 £11.2 pb | 256 = 15.2 pb | 255.8 £ 16.7 pb

»Low energy Drell-Yan experiments (125 points)

E288 200 | E288 300 E288 400 R209
points 35 35 49 6
VL 19.4 GeV | 23.8 GeV 27.4 GeV 62 GeV
Eveam 200 GeV | 300 GeV 400 GeV -
Beam/Target p Cu p Cu p Cu PP
M range used | 4-9 GeV | 4-9 GeV | 5-9 and 10.5-14 GeV | 5-8 and 11-25 GeV
Other kin. var y=0.4 y=0.21 y=0.03
Observable | Ed*c/d*p | Ed®c/d*p Ed®c/d*p do /dg>
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Drell-Yan data FIT

»>Z production at Tevatron + low energy DY (223 points)

»MSTWO08 PDFs (but we also tried CTEQI0 with similar results)

»NNLL and NLL fits
»>2 free parameters + 2 normalization parameters and Q=2 GeV+ q_

*@tevatron to reduce errors (important only for the run I)

1 ( do ) 1 ( do )
Texp dQT exp Tteo qu teo

® For E288 and R209 two normalization parameters

NEoss Nraog

44




Results

NNLL

223 points

x2/d.o.f =1.12

hy = 0.33 £ 0.05

ho =0.13 =0.03

NEgogg = 0.85 = 0.04

NRQ[]Q =1.5+0.2

45



Results

NNLL

223 points

x2/d.o.f =1.12

Npogs = 0.85 +=0.04

j\'TR;gm} — ].G - {]2

0.12 +
01} . 1
= - N
g 008 _JI; DO Run | : DORunll-e*e
o) t EE\E //\
S 006 % 17 %
2 [ L8 he
N 0.04 'i i\,\i\ + \‘:
0.02 . 1 i}
(¢ ¥ S IS TR NI IPUINS AP § TN P (NP P PR S
0.12 +
01} = 1
= ﬂl =
g 008} ﬂﬁ CDF Run | i ;;1&% CDF Run Ii
S 006t & S
L ' I %_ I
= 004 )F‘%, T
0.02 |/ S
O [ EFEPEPEP EPEPENEPE EPEPEPEPE PEPEPE PR [P N I PP B PRI IR Lo

0O &5 10 15 20 25 O &5 10 15 20

at [GeV]

gt [GeV]
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E d°s/d® p [cm?/GeV?]

Results

NNLL

223 points

x2/d.o.f =1.12

hy = 0.33 £ 0.05

ho =0.13 =0.03

NEgogg = 0.85 = 0.04

ﬁTRgng = 1.54+0.2

1 0-34 : : . : : . . . : . . : . . :
E288 pN E;= 200 GeV, v=19.4 GeV, y=0.4 E288 pN E= 300 GeV, ¥=23.8 GeV, y=0.21 E288 pN E;= 400 GeV, v=27.4 GeV, y=0.03
103 ¢ T-
e, B R )
—%. “'5"-,_“ . ; ih""ix o, .
1 0'36 | [ In— " . T~o x + . * E- _— * Mo I S
g ) [ o . e *. -
n —m n . . . - . . g e u B O . R
37 . Y T acMcS RV — — — — 1 - R A5 GEV — — — — = r P e Selbeh GaY — — — — -
10 2 -8 . —_ . \"i Sl GEY o - B ] . i : s 1 O R = ‘r - . BehheT BN comrereeeree
z ) - W . BcMecT QBN —omomememen S | BT GEN  —ommemimns FuhlcB GEN - omomomemm
N i TMBOEY = mmm TMB O —ommm BMITEY — — — —
10'38 - H [ B e BcMF BV — — — — + BB GV — — — — . — Hebbel 28V — — — —
T f =~ E 7 . 1213 GeV — — — — -
f" § Rt S T E 13l 4 GeV — — — —
- T T -
1080 | E S ; -F - T
Lo T
1040 ¢ :
0.5 1 1.5 2 0 0.5 1 1.5 2 0.5 1 1.5 2
ar [GeV] ar [GeV] ar [GeV]
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Results

NNLL

223 points

x2/d.o.f =1.12

hy = 0.33 £ 0.05

ho =0.13 =0.03

j\rgggg = 0.85 £0.04 ﬁTRgng = 1.54+0.2

10734 ¢

do/dar?

10736 |

10%° |

T

R209 pp V=62. GeV

5<M<8 GeV
11<M<25 GeV - -—-—
;
|
x T
e X
| \“t\\ .
1 -~
1
0.5 1 1.5 2
ar [GeV]

2.5
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Results

NNLL | 223 points

x2/d.o.f =1.12

hy = 0.33 £0.05

NEgogg = 0.85 = 0.04

j\'TRQ[]g = 1.54+0.2

»Prediction CMS

0.1
0.08 r
CMS 7 TeV pp
_ _
g 006} Ao
B // NG
S Y, A
b S
= o004} / -
i R
~i
0.02 + TP
?
0 1 1 1
0 5 10 15
ar [GeV]

20
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Results

NNLL | 223 points x2/d.o.f =1.12
hy = 0.33 £0.05 ho =0.13 +0.03
Npogg = 0.85 = 0.04 | Npogg = 1.5 £0.2

NLL | 223 points x?/d.o.f =1.51

hy = 0.26 £0.05

ho =0.13 £ 0.03

Npogs = 0.89 £ 0.04

Arﬁgng =1.31x£0.2
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Conclusions

» The approach illustrated here tries to maximize the
perturbative content of the TMDs

» We are able to fit successfully the low and high energy
DY data with few parameters

»Low energy sector suffers many uncertainties
(experimental and theoretical)

»High energy sector more under control (see pred. CMS)
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appunti
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points | y? /points Nexp hy, ho
NNLL 223 1.10 0.33 +0.05, 0.13 £0.03
E288 200 35 1.53
E288 300 35 1.50 NEogs = 0.85 £ 0.04
E288 400 49 2.07
R209 6 0.16 Npgogg = 1.5 +£0.2
CDF Run I 32 0.74 -
DO Run I 16 0.43 -
CDF Run II 41 0.30 -
DO Run II 9 0.61 -
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points | x?/points Neap hy, ho

NLL 223 1.48 0.26 =0.05, 0.13 = 0.03

E288 200 35 2.60

E288 300 35 1.12 Ngogg = 0.89 &+ 0.04

E288 400 49 1.79

R209 6 0.25 Nproogo = 1.24+0.2

CDF Run I 32 1.31 -

DO Run I 16 1.44 .
CDF Run II 41 0.62 -

DO Run II 9 2.40 -
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E605

1035 L | | 7<M<8 GéV — i
i 8<M<9 GeV ~—=—
' 10.5<M<11.5 GeV - - x - -
11.5<M<13.5GeV &~
13.5<M<18 GeV + =
36 | |
10 L E T + B 1
- . : : - Can be fitted with
o x = = - +— N
5 _ . < L a common hormalization
w37 | ]
I T |
- . . ) é * | <«——These two bins largely overlap
. _
10738 L . . . .- In general last 3 bins
_ _ have a different normalization
_ compared to first two
10-39 L | | | 1 | | g

0 02 04 06 0.8 1 1.2 1.4
Or

Data seem not to scale as 1/M?
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(1/o0)do/dqy

Scale Error

E288 pN E= 200 GeV, V=19.4 GeV, y=0.4

0.09 &= I I I2 GeViqT - 10'34 . r r . . . .
0.08 | 1.3+ GeV+qp ---— | -
: 27GeV+gqr - - - - -
35 | i
0.07 — 10
' CDF Run i >
¢ 1036 ¢ .
0.06 | . =
5 . a7
0.05 f . S 1077 F <
c")'C)
0.04 . 5 1038 | __
% .
0.03 | 7 - 10739 | -
0.02 i .
10'40 1 1 1 1 1 1
0.01 & : : : : : 0O 02 04 06 08 1 1.2 14
0 5 10 15 20 25 a7 [GeV]

a7 [GeV]



DCSS VS DR

DER‘HLL} DH{LLI

2.0 Bat 1-loop 20¢ A3 1-laop

_——— Hur2-d _——— Ful-k
1.5 ! ; s . A R—u::
Lok e a1 d—laep
1.0 s .f:ﬂf
1 L T o T P S zeV-!
I T S S S— LA 2 b(GeV

-0.5 -05L
-1.0 -l.0t

Resummed Db = +/2.4) al LL .
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EIKV phenomenology

Z and W-Boson Production

~ 2500 ~ 800
> I S i L~ 008
g I ptp Vs=1.8 TeV ) - p+p Vs=1.8 TeV > p+p Vs=7 TeV
"2 2000 2 - S/ - e CMSZ
= r * DOW % 600 e CDFZmunl £ 0.06 - o
<) & - 0 D0Z 3 :
8 1500 |- B I =
= - =] L P |
r 400 - = 0.04 |- s
1000 I [ s
C 00 o .
500 |- 200 1 0.02 .
0 | | | | 0 _I | L | 0 | | | |
0 5 10 15 20 5 10 15 20 0 5 10 15 20
pr (GeV) py (GeV) pp (GeV)

MSTW2008 PDF
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Edo/d’p (pb/GeV?)

Edo/d’p (pb/GeV?)

10

10

10

10

10

10

EIKV phenomenology

Low energy Drell-Yan

E288 Vs=19.4 GeV

0 02 04 06 08 1 12 14
pr (GeV)
3 E288 Vs=27.4 GeV

Edo/d’p (pb/GeV?)

/_

Edo/d’p (pb/GeV?)

10

10

10

10

—
[==]

2

I‘I
S [T

E288 Vs=23.8 GeV

|

5 oionnn ] EKS98 Cu PDF

0 02

04 06 08 1 12 14
pr (GeV)
i E605 Vs=38.8 GeV
[
] [}

]

v v b b v by s
02 04 06 08 1
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EIKV phenomenology

HERMES SIDIS data

~ 10 ¢ « 10
% g HERMES E : HERMES
= [ . Proton w ~— i . Proton T
FJD‘T Nﬁ? I
3 1 3 \\ —U .
N - N 1
A >
Z - ? z L ]
] - L = B * * .
[ ]

_1— \ :
10 F . . . ;
= . _1
- ‘\4 10 E * .
B (x5)=0.117 : (xg) =0.117 .

(Q7)=2.45 GeV”

(Q%)=2.45 GeV?
I AN E AT S A ST AT AT S A SN AT AT S AT A AN AN SN

10 &
N T N T A AN A N O MO B B O O
0 0.1 0.2 0.3 04 0.5 0.6 0 0.1 0.2 0.3 0.4 0.5 0.6
pr (GeV) pr (GeV)

MSTW2008 PDF and DSS
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EIKV phenomenology

(some...) COMPASS SIDIS data

r\r\ 10 C Nﬁ ]'0 r
% C COMPASS :>v - COMPASS
& a Deuteron b’ & Deuteron h"
= I =
f'\io L N"U
) N
= =
Z 1 = <
- - =
- L F
-1 . L
10 ¢ COOOO
= L] & OOOO -1
B ®, - L
L oo o 10}
- II! C
- (xp) =0.093 @ 5%@@@
107 (Q)=7.57 GeV? L (Q)=757GeV =
:III|||||||||||||||||||||||||||||||||||| |||||||||||||||||||||||||||||||||||||||
0 0.1 02 03 04 05 0.6 07 02 0O 01 02 03 04 05 06 07 08
pr (GeV) Py (GeV)

MSTW2008 PDF and DSS
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CSS Phenomenology

Parameter DWS-G fit LY-G fit BLNY fit
2 0.016 0.02 0.21
I 0.54 0.55 0.68
21 0.00 -1.50 -0.60
CDF Z Run-0 1.00 1.00 1.00
Ny (fixed) (fixed) (fixed)
R209 1.02 1.01 0.86
Nadolsky et al. Analyzed low energy N,
DY data and Z boson production data 603 15 o7 100
Using different parametrizations Ny
E288 1.23 1.28 1.19
Nfr'r
DO Z Run-1 1.01 1.01 1.00
Niit
CDF Z Run-1 0.89 0.90 0.89
N_fr'r
X* 416 407 176
x2/DOF 3.47 3.42 1.48

b,..=0.5 GeV !
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CSS Phenomenology

E288 Data |-----

Data
Normalized LY-G Fit

— — Normalized DWS-G Fit

Normalized BELNY Fit

I ! T T

0.1

b,..=0.5 GeV !

CDF Z Run 1

Data
Normalized LY-G Fit

----- Normalized BLNY Fit

— — Normalized DWS-G Fit

See Nadolsky et al., Phys.Rev. D67,073016 (2003)
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CSS Phenomenology

R209 Data
1400 ——7T 7 T
\ « Data
r ——— Normalized LY-G Fit
120 — — Normalized DWS-G Fit
Fl % | === Normalized BLNY Fit
100
80 -
60 -
40
20 -
0
0

b,..=0.5 GeV !

J aty=0.03

0.1

pb GeV*?
nucleon

(

0.01

E605 Data

Normalized LY-G Fit
— — Normalized DWS-G Fit
fffff Normalized BLNY Fit
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dG/dpfdy

ds/dpfdy

Yuan-Sun phenomenolgy

»Gaussian parametrization for the PDF and the fragmentation function

at the scale of HERMES.
»Parameters g, and g, as in Schweitzer et al, Phys. ReV. D81,094019 (2010)

1

i 5<Q<6(GeV)

E288

035

015

04f

0.3f
0.25)

0.2F

7<Q<8(GeV)

E288

T 1T
115

= =

0.9
0.8
0.7

0.6~

do/d pfdy

0.5

0.4

0.3

6<Q<7(GeV)

E288

Roger-Aybat

Yuan-Sun

G — — (CSS

do/d pfdy
o
T

8<Q<9(GeV)

E288

Sun and Yuan, Phys. Rev. D88, 034016 (2013), Phys. Rev. D88, 114012 (2013)
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TMD Collins
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TMD evolution formalism

> The simplest version of the Collins TMD evolution equation
can be summarized by the following expression:

2 F(a.br: Q) = F(a.br: Qo) R(Q. Qu.br) exp {_QK(bT) " QQ}

0

Corresponding to Eq. 44 of Ref [*] with K=0 and : pr=(p=C(p=Q"

* [*]5. M. Aybat, J. C. Collins, J.-W. Qiu and T.C. Rogers, arXiv:1110.6428 [hep-ph]
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TMD evolution formalism

»At LO the evolution equation can be summarized by the following expression:

S

(v, br: Q) = F(2,br3 Qo) R(Q, Qo, br) eXP{_QK(bT)IDA%}

Output function at the scale Q
in the impact parameter space

Input function at the scale Q
in the impact parameter space

Evolution kernel
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TMD evolution formalism

»At LO the evolution equation can be summarized by the following expression:

> ﬁ(flﬁ, bTS Q) — ﬁ(ﬁ}, bT§ QO)(E(Q: QO? ij exXp {_gK(bT) n QQ}

0

»Perturbative part of the evolution kernel
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TMD evolution formalism

»At LO the evolution equation can be summarized by the following expression:

A\

Fla b Q) = F(x. bT,Qo)( (Qon,ij exp{—gK(bT)ln QQ}

0

»Perturbative part of the evolution kernel

,.,_, Ho Qq 2
R(Q,Qo.br) = exp {lﬂ—/ ﬁf Ve (1) / IM’YF (Ma %)}
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TMD evolution formalism

»At LO the evolution equation can be summarized by the following expression:

A S\

In —=

F(z,br; Q) = F(x, by QU)E(Q,Qoaij eXp{_gK(bT) go}

»Perturbative part of the evolution kernel

s -nlnl L4 [T

2CF
2 &
il e ) = () (5—111—)

Vi (p) = as(p)
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TMD evolution formalism

»At LO the evolution equation can be summarized by the following expression:

> ﬁ(flﬁ, bT? Q) — ﬁ(il?, bT§ QU)[E(Qa QU? ij exXp {_gK(bT) n QQ}

0

»Perturbative part of the evolution kernel

D i Qq 2
R(Q,Qo.br) = exp {lng T‘f%{m’) +/ o (u’ Q_)}

Scale that separates the perturbative region
from the non perturbative one
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TMD evolution formalism

»At LO the evolution equation can be summarized by the following expression:

> ﬁ(flﬁ, bT? Q) — ﬁ(il?, bT§ QU)[E(Qa QU? ij exXp {_gK(bT) n QQ}

0

»Perturbative part of the evolution kernel

- / “d ’
R(Q,Qo,br) = exp {lﬂ < —M,’}’K(Mf) + / —M’YF (Na Q_2> }

QOQOM o M H

! One of the possible prescription
T

[y = ——— — (', = 2¢— & | Yoseparate the perturbative region
b (br) V07 from the non perturbative one
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TMD evolution formalism

»At LO the evolution equation can be summarized by the following expression:

%N

F(CE’,bT,Q) — ﬁ(xabTﬁQU) E(Q:QOabT) eXp{

1

g (br) = 5 92

b

—

»Non Perturbative (scale independent) part of the evolution kernel
that needs to be empirically modeled

Common choice used in the
unpolarized DY data analyses
in the CSS formalism
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Parametrization ot the input functions

F(x,br; Q) {ﬁ(xa br: onﬁ(Q, Qo,br) exp {—QK(bT) [n QQ}

0

»Model/parametrization: Different parametrizations here can give
very different answers!

»Our approach: Let us apply our standard parametrizations i.e. gaussians
factorized among collinear and transverse degree of freedom.
It is not a unique choice or the best onel!

77



Parametrization of the input functions

»TMD evolution equations using a gaussian model::

ﬁ]/p(xabT;Q) — fQ/p(xaQO) E(Q,QO,bT) eXp {_b% (&2 T 922 n go)}

Eh/q(’zﬂ ijQ) = %Dh/q(zaQO) E(QaQOabT) eXPp {_b% (/82 T .922 In 50)}

fi (e, br; Q) = =277 fiz(a; Qo) R(Q, Qo. br) br exp {_b% (””2 + 3 %)}
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Collins TMD evolution of
the Sivers function (PRD85,2012)

-, . ., . 'l|_.' - i E f 'li_.'
Flz (e brsp, Cr) = Fli 7 (2, brs po, Q3) nxp{ln L Kb pn) + f % [?F(Q{;H}; 1)—1In o »}.-I{{g[lef]}}
M )

Qn 0 Iu,’
Podp' L Ve ' vV
-|—_/';“ #Tlﬂ o Yic(g(p')) — g (br)In o ( (44)
L Myby (1 diy dis ~gierer . - o
Fr_f-' ! (z,brip, Cp) = Z i? f %, 2 C;?;j HESPEY fh':ﬂﬁ-. fos 9(4n)) TI*'_;‘,U’{TI , T2, flp)
- L I T
W z t oy I 'h-'z ! i Sivers WV L
X exp {ln — K (ba: pun) +f ad [’:frl[,f;r{ﬂ )i1) — In e (g )}]} X nxn{—ﬂj’-;ﬁ “(z,br) — gx (br)In o } :
Ly [Tos M H C)ﬂ
(47)
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Collins TMD evolution of
the unpolarized PDF (PRD83,114042,2011)

A
e

) r : d_f i} ) ) \
Fy/p(x, brs p, {F) = Z f ?Cj'fj(xfx- bis (i i g(p))fjsp %, pp)
it

B
r - d p : ™\
X exp{lnﬁ K(b.:pp) + f“ if[w(g(#"): 1) - m“’? ?x{g(#"})]]
Mp pmy M M
~
K Exp{g.”f‘u(x. b‘;) + g.ﬁ-(b]‘) In \/E ], (26)'
F,0
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TMD evolution of the Sivers function

i (,07,Q,Q) Pdr
e b 0o 00 exp{ fQ — Ire(r; 1) = i (k) In (Q/ )]

b

QU ﬁ:
exp [— / d?’YK(HJ) In (Q/Qo)] exp [—gx (br) In (Q/Qo)]
= R(Q,Qo,br)exp[—gx (br) In (Q/Qo)]

Notice that:

:{#(fﬂabT,QaCF) _ mfl(mabT:QaCF) _ f}(iﬂahT,Q;CF)
(2,07, Qo,Cro)  fi(x,br,Qou,Cro)  F(x,br,Qo,Cro)

Aybat, Collins, Qiu, Rogers, Phys. Rev. D85, 034043 (2012)



TABLE I. Resummation scheme

order | H |Cyej|lcusp f}f"'r DR hi—q h.f
LL | tree | tree | a! |a?|D" |REY|REC
NLL | tree | tree | a? |al|DEY|pE | REL
NNLL|NLO|NLO| af |a2|D"™ |hf?|hi?
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