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Topics and outline

We have finally factorized cross-sections with TMDs (Collins °11, EIS °11-13).

How do we know TMDs?

* Spin dependent observables and transverse momentum dependent observables need factorization
theorems with TMD’s

*  TMD’s are the fundamental non-perturbative objects fo be used in factorization theorewms in
(un-lpolarized Drell-Yan, SIDIS, e*e- to 2 jets (multi-jets?). What about LHC?

% Properties of TMD's:
1) The evolution of all TMP’s is universal (alike POF and FF it is process independent)

2)The evolution of all TMP’s is spin independent and it is the same for TMPPDF and TMDFF

* We know the evolution completely at NNLL...

% Extraction of unpolarized TMUPPDF from Vrelll—l\xsm awn(l{l ﬁ—fl?son oroduction using completely
resummed s at g1 sy
Preliminary




M.G. Echevarria, A. ldilbi, 1S, 20112014 J. Collins, 2011

Outline of Factorization theorewm

‘ SIDIS as a study case:
— both PUF and FF
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Origin of factorization
and EFT
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oty / Prawing from J. Preskill lectures
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In Green function, when the momenta q” of sowe fields are much larger then the others
we can “factor out” the hard momenta onto Wilson coefficient and effective matrix

elements and use RGE on coefficients to resum large logs (Wilson, Zimmerman, Callan,
Symanzyk '70-72)

Wilson coefficients and hard factors depend only on the high scale
the factorization scale ” 1" : no other (IR-sensitive) scale.

Sawme philosophy in the construction of EFT: identification of
modes, effective field theory Lagrangians, factorized cross
sections, Wilson coefficients, ... ¢
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Energy scales: DY example

Fundamental condition for factorization

=0Q*>q

M = H(Q?/p?) Fy(%n, b; Q°, 12) Fi(zs, b Q%, )
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M = H(Q?/ 1) CL(b% 12, QF /%) Colt?p? ) QP I 12 Fra (s 1i2) (s 1)
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p ,Q2/2)

- = - , — e -
Matching (Wilson) coefficients are extracted regulating consistently two theories above and below

a7 > AZQCD

the (matching) scale

Processes with different energy scales are more easily treated with EFT: same resuvlts with Pert. QCD

2 2
a7 > A2QCD qr AQCD

QCD :{> SCET,, .:> SCET



Energy scales: DY example

Fundamental condition for factorization

=0Q*>q

ar ~ Agop —} M = H(Q*/p?) Fo(2n, b Q% 4?) Fr(za, b Q% p?)

V7 # M = H(Q?/ 1) CL(b% 12, QF /%) Colt?p? ) QP I 12 Fra (s 1) (s 1)

In the construetion of TMPPDF we take iﬁ’ro account these limits

AQCD ~ 1GeV



Evolution kernel for TMP’s
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For consistency the A.D. of the TMD is the opposite of the one
of the Hard coefficient
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V-resummation

dlnp = Fcusp(as)
LL NLL NNLL
4 (D) [ ) )
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The perturbative expansion of the [ is valid in limited
(but large, using resumwmation) portion of lmpact Parameter
Space



Plots for evolution kernel (fixed scale example)

* Very good convergence up
to b=4-5/GeV in all cases

........ DLl R : * The region sensitive to the
o DpuNiL : - §2 E ﬁlﬁh Landau pole is strongly

0,= V27 Gev | suppressed b>5/GeV

0/ =91.19GeV R G p NGy

* For M=Mz we are
sensitive only to b<1.5/GeV

20 25 30MCeVTH region
R 2.5ie -------- DR atLL * For M=3-5 GeV we are
T DR atLL i o DpaNlL sensitive only to h<4/GeV
----- - DR atNLL VT '
2'0;: T DRANNIL -+ gy e region
150 5}
: 0;=V24 Gev [._k 0y =V3 GeV
10: 0;=10GeV B A * For M <2 GeV we can be
ost N 2 sensitive to the Landav
12""3'"""';-------75---...6b(GeV_1) e e e EEnoooo-ETEsEl polereglon

* Studying processes at different energies one explores different regions in IPS .
* The Landav pole problems appear there where also the Factorization fails (or starts
to fail). This is a QCP general problem!



Building a TMPU: Inputs from Pert.QCP

The asymptotic limit of TMPs should be included in the
construction of TMDs: The Standard TMP form

) T Q2h? —Dr(b,p) 2 o ? £}
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J =S
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OPE o PUE valid for qr»> Agop  |POF Nonir:::jfbl:’gi(\z/%e:orerzztion

Comwon to all analysis:
Calculated at 2-loops
Florence (S. Catani et al.’08), Zurich (T. Gehrmann. et al ‘13-14)

Ci(z, by, p) = exp(hr = hy)Cyji(z, b, -
( dhf) i i e o Exponentiation of part of the

dln = Leuspliy coefﬁCie“f (Kodaira, Trentadue 1982, Becher, Neubert Wilhelm
dh,y :7‘/ 2011)
dln i : .
N EERanaCEimenRaCes o Cowmplete resuymmation of the logs in
hR(b ,LL) :/ da/ I‘cusp(O‘ ) / da _l_h ‘r f _l,h d V
e e e ey v emme e e exponent, as for the resumme
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Building a TMP: Inputs from Pert.QCP

The asymptotic limit of TMPs should be included in the
construction of TMDs: The Standard TMP form

Q3

462’7E
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Fq/N(xa ba Q’ia /*L) = (

_DR(ba:u) 8] I3 1
) Zcq%j(xabmﬂ) ®fj/N(37§,u) ® My(z,b,Q;)
J

OPE o PUE valid for qr»> Agop  |POF Nonz)r:::jfbl:’gis%e:odrerzztion

Mg expected to correct
{ resummed 0 and OPE

The splitting between coeff. and PUF can generate large logs:
a wise choice of factorization scale can avoid this problem.

Becher, Neubert, Wilhelm 12

ldeally: »~ar Inpractice: »~ Qi =Qo+ar

Qo is the scale where PUF are better defined: Qo ~ 2 GeV



Building a TMD: lnputs from Pert.QCD

A e e R T

Hard coeff. using T-resummation wnrensatal.-0s:evolution of H from -Q°2 to Q"2

2 _ .2
Ky = Mz

2 _ 2
Hp = —MyzZ

NLL  1.0007389
NNLL 1.08710:83
N3LL  1.119+0:9%

0.201
1.3347 074
0.001

0.001
1.130% 5601

Better convergence of the
perturbative series



Theoretical settings

* Matching scale of TMPPDF to PPF at Qi=2 GeV+qT

* Hard coefficient with w2 resummation

* Checked both NLL and NNLL

* Several sets of POF checked (MSTW, CTEQ)

* Checked several form of non-perturbative models: gaussian, exponential, Q-dependence (D), ...

* Non-perturbative input (*adiabatic model): corrections from moderate to high values of b,
M, (2,b,Q;) = exp[-A1b](1 + %Az +...)

asL; ~O(1 T — .
EEEI-_
tree -
NLL - ah2  tree -
NNLL A2 aA3

o [ o [ o

* Ahmad suggestion



Experimental Data

CDF Run I DO Run I CDF Run II DO Run II
points 32 16 4 9 Z. run |: Becher, Neubert, Wilhelm 2011
NG 1.8 TeV 1.8 TeV 1.96 TeV 1.96 TeV

Catani et al. 2009
o 248 + 11 pb | 221 £11.2 pb | 256 £ 15.2 pb‘\255.8 i{6.7 pb

<\EH\\

al cross section 1improved from run I to run II

[2288 200 | 15288 300 15288 400 R209
points 35 35 49 6
NG 19.4 GeV | 23.8 GeV 274 GeV 62 GeV
Epeam 200 GeV | 300 GeV 400 GeV -
Beam/Target p Cu p Cu p Cu pp ! e .
M range used | 4-9 GeV | 4-9 GeV |59 and 10.5-14 GeV | 5-8 and 11-25 GeV |<ffmmms g:cpfeoclfiii't?oaelr:;';g?a:g);li\:;ehmdla"dau pole region
Other kin. var y=0.4 y=0.21 y=0.03
Observable | Edc/d*p | Ed*c/d*p Ed*c/d*p do /dg}
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(1/c)do/dqr

(1/c)do/dqr

Prellmmary resul’rs at NNLL
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Z-hoson data are (fairly) sensitive to
functional non-perturbative form
(gaussian vs. exponential) and
(poorly) sensitive just o A;.

In order to fix it we need the global fit

Avoiding systematics
Pata: ‘k’>

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

ar [GeV]

qt [GeV]

do

<___

dqr

Oth

Theory:

1
Oexp
> th

dqr
PYNNLO: Catani, Grazzini ‘07 Catani, Cieri, Ferrera, de Florian, Grazzini 09
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Preliminary results at NNLL

1 0-34 L

do/day?

107 b

I

-+ -

1

R209 pp V=62. GeV

<<<<<<<<

Exp. Normalization
NE288 NR209

deduced from the fit.

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

<<<<<<<<

1039 |

<<<<<<<<

<<<<<<<<

E288 pN E,= 400 GeV, V=27.4 GeV, y=0.03

-
———

<<<<<<<<

Total: 4 parameters




Preliminary resuvlts at NNLL

(1/0)do/dar

T Prediction for Z production with CMS data.
208 | Binwidth not shown
0.06 | . CMS 7 TeV pp _ X2
SN ~ 0.9 E288 pN E;= 200 GeV, V=19.4 GeV, y=0.4
o041/ ‘ 1 points 109 |
0 5 . [1GOeV] 15 20 N%E .
Scale dependence (work in progress) © ..«

me ~ 1.3 GeV < Qg < 2.7 GeV 10740 |

1st bin energy 0O 02 04 06 08 1 12 1.4
qr [GeV]

* Pata are not sensitive to: the Landau pole region in IPS, non-perturbative Q-dependence. The study
of flavor dependence needs to include also W-production data....

17



SIDIS analysis

SIPIS analysis can be performed with the same level of
(perturbative) precision:

The evolution kernel is the same for PPF’s and FF's to all orders
in PT (EIS’'14)
Hard coefficient also known at N'3LL
We can rely on integrated FF and matching coefficient also
known for NNLL analysis
Input model should have a similar structure

Pata: Small photon energ(y vsu?y fetllkl)'il’e higher twist analysis
see Stetanos ta



ES'14

Evolution for TMPFF and TMUPDF: Resume

y=0

dIn CF i FJg]]V(x7 bJ-? S7 <F7 MZ) i _D(bT7 :U’Q) 9
d 51T > >
dlnCD lnDh/f(ZabJ_aSh;CDmu ):_l)(bT§:u )
Gam e
* Each sector is linear in logs of the rapidity cut (p=a@’

* Each collinear sector depends solely on the corresponding collinear momentuw. It is not possible
that a Q dependence arise in a pure collinear sector, @ dependence arises only in the soft sector.

* The soft function is linear in the logs of rapidity requlator to cancel the corresponding logs in
collinear sectors (In QCP there are no rapidity divergences)

* The soft function is Hermitian, so it is the same for DIS, DY and ee to 2 jets

* The soft function dictates the evolution for all TMDs at all orders in PT

more in Miguel falk ..



Conclusions

The analysis of current data coming from experiments run at different energy require the use of
evolution of TMD’s and full resummation techniques:

Reduction of model dependence
Recovery of the complete perturbative limit (we have to connect to pQCD results)
Improved Convergence of the perturbative series
We have tested all this in DY and Zboson qT spectra: agreement with data with

v ldiof el

—— R

Fits for unpolarized TMPPPF in DY and Zproduction, performed with data which fulfill fundamental conditions
{gﬁl lfgc’roriza’ri)on, allow to fix the non-perturbative parameters. More data and wmore processes are welcome
, 28 jj,e
TMPs can be used to fix the final precision at LHC, fixing the amount of non-perturbative QCPD effects: all
knowledge from PQCD studies must be used.
Features of TMP’s:
The evolution for TMPPUF's and TMPFF's is the same and spin independent
TMPD’s are universal (they can be extracted from DY, SIDIS, ee->2 jets,...)

Analysis of spin dependent observables including evolution is starting now: Belle, Compass, LHC, RHIC, JLab,....

Continves in the next slide.....



THE BEAUTY OF €VOLUTION
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THE BEAUTY OF €VOLUTION

§ LL.. mandatory
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NNLL... fantast




THE BEAUTY OF €VOLUTION

LL... mandatory

NLL... great

fantastic!l

N"3LL?*

Stay tuned!!
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EIS vs 0SS

R Evolution Kernel R Evolution Kernel
2.5 2.5
DR at NNLL — DRatNNLL
20 s Pinax=0.5GeV ™! 20 e Pimax=0.5GeV !
-------- Pmax=1.5GeV™! cmememen Dy =1.5GeV™!
1.5 1.5}
Lo Qi =V24 GeV 10; 0: =24 GeV
Or = V9 Gev
0.5 050  w TS
0.0 00T LT T ~eleelodd L | 1
0 0 1 2 3 4 T5Te 7 bGevT)
(b)
R Evolution Kernel R Evolution Kernel
2.5 25
. i DR at NNLL
20 DR at NNLL N 20 s bimax=0.5GeV ™!
| R . ZE3X=O.5GeV_1 I U P bmax=1.5GeV™!
150\ | | x=1.5GeV 1.5¢F
100 ;= V24 GeV 1.0} Gi= s Ge
0.5- 0.5
0'0 ; nn ol - ﬁ i -1 O. ; R R R S ‘..‘.."!----.- T y -1
0 5 6 P(GeV ) 00 05 10 15 50 25 30PGeVT)

: EIS and €SS agree, complete perturbative region. Model for TMP bulk Z
:EIS: Model Independent Evolution (Completely Resummed Kernel). Model for TMP bulk

CSS:Model Vependen’r Evoluﬂon (lyax and g2). Model for TMP bulk+wore cooklpg (see
Stefano talk)

:Landau pole region: Modeled%o'rh in EIS and 0SS o A AV

&y -




Modes in EFT

Using power counting we have
. collinear, anti-collinear, and soft secetors
H(Q?) JO (110) 8(1hn, 1) I (0a)

In EFT each mode belongs to a Hilbert space
separate from the others.

»—»- 10 each mode correspond a different Lagrangian
=20 Boosts mix soft and collinear modes (same
invariant mass)
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Definition of TMP's

Positive and negative rapidity quanta can be collected into 2 different TMDs
because of the splitting of the soft function
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Soft function: structure
and properties

In the high qT limit: @ > ¢r > Agcep the hadronie tensor is
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and PDE f. and FE dv, have single log dependence on UV/IR

cU ‘I'Off (Korehemsky, Radyushkin 1987)
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Splitting of the soft function
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Q-dependence of TMD’s
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The Q-dependence of the TMP is dictated by the soft function:
spin independent
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Soft function: structure and properties

All this implies that each pure collinear and soft sectors are of the form
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* Each sector is linear in logs of the rapidity cut
* Each collinear sector depends just on 1 IR rapidity regulator

* Each collinear sector depends solely on the corresponding collinear momentuw. It is not possible
that a Q dependence arise in a pure collinear sector, @ dependence arises only in the soft sector.

* The soft function is linear in the logs of rapidity requlator to cancel the corresponding logs in
collinear sectors (In QCP there are no rapidity divergences)

* The soft function is Hermitian, so it is the same for DIS, DY and ee to 2 jets
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