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Topics and outline

* At hadron colliders the peaks of transverse momentum spectra for boson production are located
at smau qT or pT: these regions are affected by non-perturbative QCD effects. We need a method to
treat thewm.

* Transverse momentum distributions involve non-perturbative QCP effects which go beyond the
usual POF formalism. New factorization theorem are required. (Collins ‘11, Echevarria-1dilbi-S. ‘12)

* Qther processes: Spin dependent observables and transverse momentum dependent observables
need factorization theorems with TMP’s

* We need to construct both perturbative and non-perturbative parts of TMP’s compatibly with
factorization theorems, maximizing the calculable information at our disposal.

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

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

* We can map all these non-perturbative effects fitting DY, SIDIS, ee data at low M:

* Here results for DY fit and predictions for CM$S
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Landry et al. Phys.Rev. P67 (2003) 072016

We want to describe several energy

S. Melis, arXivi1412.1719, Gaussian model

regimes



Enerqgy scales: PY/Z

Q=M-=dilepton invariant mass
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ar ~ Agep —} M = H(Q?/u®) Fr(zn, b Q%, 4?) Fr(za, b Q% 42)
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All coefficients are extracted matching e,ffeétive field theories. Duri’ﬁg the matching the IR

parts have to be regulated consistently above and below the matching scales

Processes with several energy scales are more easily treated with EFT
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Modes in EFT

Using power counting we have
collinear, anti-collinear and soft sectors
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Evolution kernel for TMPD’s
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We evolve from one M to another

Consistently the A.D. of the TMP is the opposite of the one of the hard coefficient
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P-resummation

dlnp < Fcusp(as)
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The perturbative expansion of the U is valid in limited
(but large, using resumwmation) portion of lmpact Parameter Space.
Is the bulk of the evolution kernel given by the Landau pole region?

If the answer is yes we are almost lost ..

7



Plots for resumwmed evolution kernel

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

2 I DL : H
20 —— D"atNNLL * The region sensitive to the
. 0,= V24 Gev Landav pole is strongly

suppressed b>5/6GeV

Q=3 GeV

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

* For Q=3-9 GeV we are

2By T S R D 1 ) 15 35 1 O O QRO DR at LL 230l

= T RN o DpaNIL sensitive only to h<4/GeV
;: —— D" at NNLL \/_ reglon

151 i=V24 Gev

10":, Qi ig\?e‘f gf =91.19 GeV

LN Zimeby * For Qf <2 GeV we can be

CURRRREL SNuSRES] sensitive to the Landau pole

: 1 . ‘ 3 ‘ 45 =xa : b(GeV™h) e 2_5_ ;Ob(GeV_l) reglon

* Studying processes af different energies one explores different regions in IPS

* The Landav pole problems appear there where also the Factorization Hyp. fails
$



Unpolarized TMDPF:
construction and fits

* Basic test, preliminary to all spin dependent analysis, many ingredients as in standard perturbative
Qcn.

* More or less standard recipe for TMP construetion (CSS, ..): NARSRERESAASERINN
o take the asvmpfoflc limit of the TMPPDF / Florence (Catani et al.), Zurich ( Gehrmann. et al)

QQbQ —Dgr(b,p) I i | B
Fq/N(vainnu) =3 (4627]3) ZCQ%j(vaJ_nu')@fj/N(x;u)@ q(xabaQi)
J /’

OPE to PDF valid for qrss A Process independent
UERELEIe T POF Non-perturbative correction

o Exponentiation of part of the coefficient and complete resummation of the logs in the exponent
(Kodaira, Trentadue 1982, Becher, Neubert Wilhelm 2011)

~

Coijl@,bL, 1) = exp(hr — hy)Cqej(z,b1, 1)

jlzru =T.spli  Same resummation as for the P
flﬁ P =i finally write all/b) in terms of almu) and fix mu=Qi.

Logs are minimized with the choice Qi=Q0+qT

RE (B, 1) = / (“)dfrfusp /a do
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Experimental Data

CDF Run I DO Run I CDF Run II DO Run II
points 32 16 41 9 Z, run |: Becher, Neubert, Wilhelm 2011
NG 1.8 TeV 1.8 TeV 1.96 TeV 1.96 TeV AFk Catani et al. 2(}09: e
o | 248+ 11 pb | 221+ 11.2 pb | 256 + 15.2 pb | 255.8 & 16.7 pb adrnoe assUMpHONSJUS) 5D ttetaig
[£288 200 | E288 300 288 400 R209
points 35 35 49 6
NG 19.4 GeV | 23.8 GeV 274 GeV 62 GeV
Ebeam 200 GeV | 300 GeV 400 GeV -
Beam /Target p Cu p Cu p Cu PP [ ER »
M range used | 4-9 GeV | 4-9 GeV | 59 and 10.5-14 GeV | 5-8 and 11-25 GeV | < FE:cpfeoc:ieziI?oaelr:"sgﬁg‘,‘i\s’: ehiﬁ d"a"da" pole region
Other kin. var y=0.4 y=0.21 y=0.03 Yp
Observable | Ed®c/d*p | Ed®c/d®p Ed*c/d*p do /dg
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Theoretical settings

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

* Hard coefficient with 72 resuMMAation wnrens secher Lin Vang, Nevbert 0
* Checked both NLL and NNLL

* Several sets of POF checked (MSTW, CTEQ)

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

* Non-perturbative input M (2,5, Q) = exp]—ibl(1 620 4 )
T — EEEE——
EEEI-_ Naive attempts
Aybat, Collins , Qiu,
- free B - Rogers; Aybat, Rogers;
NLL - a/\2 tfree - Anselmino, Boglione,Melis
NNLL  aA2 a3 a2 a L ~1

Known pieces: C for unpolarized TMD
- from Catani et al. *12,

ehrmann, Luebbert. Lin Yang 12, ‘14
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Results at NNLL: Z production

NNLL-NNLO
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Zhoson 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

Data:

Theory: i

Oth

PYNNLO: Catani, Grazzini ‘07 Catani, Cieri, Ferrera, de Florian, Grazzini 09
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Results at NNLL
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Exp. Normalization
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deduced from the fit.

Total: 4 parameters



Results: PPF choice
Overall chi”2 good |

MSTWO08

NNLL, NNLO|NLL, NLO
points| x?/points | x*/points
223 1.10 1.48
E288 200 35 1.53 2.60
288 300 35 1.50 1.12 O
E288 400 49 2.07 1.79
R209 6 0.16 0.25
CDF Run 1| 32 0.74 1.31
DO Run I 16 0.43 1.44
CDF Run II| 41 0.30 0.62 ®
DO Run II 9 0.61 2.40
NLL | 223 points ’/d.of. = 1.51
A = 0.26700" £ 0.05,a GeV | Az = 0.13 £ 0.01, % 0.03,00 GeV?
Nezss = 09707 £ 0.04,¢a Nr20o = 1.3 £ 0.014p % 0. 250
NNLL | 223 points ?/d.of. =112
A = 0.33 £ 0.024 £ 0.0540 GeV | A2 = 0.13 £ 0.01,y, £ 0.03,10e GeV?
Ngass = 0.85 £ 0.01y, £ 0.040ac | Nr2oo = 1.5 £ 0.01, % 0.24¢a¢

CTEQ10

NNLL, NNLO|NLL, NLO
points| x*/points | x*/points
223 0.96 1.79
E288 200 | 35 1.58 2.61
O E288300 | 35 1.09 1.10
E288 400 | 49 1.17 2.43
R209 6 0.20 0.35
CDF Run 1| 32 0.83 1.55
DORunl | 16 0.48 1.79
@ [CDF Run 11| 41 0.38 0.79
DORunlIl | 9 1.036 3.28
NLL | 223 points x?/dof = 1.79
A1 = 0.28 4+ 0.0550ac GeV | A2 = 0.14 + 0.0450e GeV?
NEiass = 1.02 £ 0.045¢a¢ Nr2oo = 1.4 £ 0.2:¢a¢
NNLL | 223 points x> /dof = 0.96

A1 = 0.32 £ 0.055tar GeV

A2 = 0.12 £+ 0.035at GeV?

Ng2ss = 0.99 £ 0.055¢a¢

NR209 = 1.6+ O-3stat




Results: PPF choice

MSTWO08

NNLL, NNLO|NLL, NLO
points| x?/points | x*/points
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Results: PPF choice

MSTWO08

Values for fit parameters

y
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Scale dependence
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hAodeldependence

1.6 ———r——————————— 0.11
; o1} 1 Non-perturbative
14 E288 Ej= 300 GeV ‘
L : 0.09 - |_§¥ . inputs necessary
T 12 1+~ o008f £
g .f {1 3 o007} coF Run I for the JEEy
2 : = 006 |} ’ peak region in
— ol - ' ]
s % S oos | Zproduction
5 06F 5 0041
04 F  6<M<7 Gev : |
s : 0.02
02t : 0.01 F
0 ] i 1 i L i 1 N | i 1 i 1 i ; 0 1 1 1 1
0 02 04 06 08 1 12 14 o 5 10 15 20 25
ar [GeV] qr [GeV]

Theoretical arguments suggest also a non-perturbative
C\ll—\-,dependence of the evolution kernel (check RESBOS).
e fest

MQ(xv , Q) 5 eXp[—Alb] (1 + )\2b2 2 ) <_2



hAodeldependence

Qo = 2.0 GeV + gr NNLL
A1 0.29 £ 0.04star GeV 0.27 £ 0.065¢a¢ GeV
A2 0.170 £ 0.003stac GeV? | 0.19 & 0.0650¢ GeV?
A3 0.030 # 0.015¢at GeV? | 0.02 + 0.015¢ar GeV?
NEoss 0.93 £ 0.014¢at 0.98 £+ 0.065¢at
Nr209 1.5 £ 0.1stat 1.3 £ 0.24¢at
x> 180.1 375.2
points x*/points x?/points
223 0.81 1.68
points x? /dof x? /dof
223 0.83 1.72
E288 200 35 1.35 2.28
E288 300 35 0.98 1.22
E288 400 49 1.05 2.33
R209 6 0.27 0.40
CDF Run I 32 0.70 1.50
DO Run I 16 0.41 1.77
CDF Run II 41 0.25 0.76
DO Run II 9 0.82 3.2

No significative
imprm;emenf:
Resummation

inthe
evolution
kernel greatly

reduce TMP
model
depegdemce
The bulk of
non-
perturbative
Qcp
corrections is
scale
independent

CTEQ1 0
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0.04 | |
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Predictions for CMS

vvvvvvvvvvvvvvvvvvvv

CMS 7 TeV

....................

Band from parameter
statistical error.

Very large bins:

results mediated over a bin



Predictions for CMS

NNLL
-------------------- Pure-perturbative vs complete TMPUs
_ CMS 7 TeV at NNLL
— 0.06 +
g 0.04 -
l e I e ol e
SORUTDRITORTON | | —
qr [GeV] 006 F
‘NLL vs NNLL for complete TMPUs: 3
scale dependence € 004l
CMS goes at smaller values of Bjorken x 002 3
than TeVatron: e

broader bands




Conclusions

& The correct measurement of non-perturbative effects in transverse momentum dependent
observables requires the use of TMUs (We want to use TMUPDF in the same way as PDF).

& First fits for unpolarized TMPPDF in DY, Pata with 4<Q/GeV<10 can fix non-perturbative
parameters, which have some impact on vector boson production and DY processes in LHC. More
data required. SIPIS and ee-> 2j analysis to be done.

& The evolution of TMP’s should be used at highest available order (here NNLL, expandable at N"3LL)

¢ ggl sfi?nd that the bulk of non-perturbative QCD corrections are independent of M. Still truein

& TMPU'’s are universal (the same for SIPIS, DY, ee-> 2 j) . Can we check this on data?
& The evolution of TMUPDF and TMPFF is the same and spin independent.

& TMPD non-perturbative QCD effects should be included in high precision LHC observables: Frontier of
QCP precision

& Analysis of spin dependent observables including evolution is starting now. Data from Belle,
Compass, JLab, LHC..

Thanks.!’.. Wwéé@ww%&w/
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Outline of Factorization theorew

SIDIS as a study case:
both POF and FF
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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: we can consistently split the
soft radiation in the two sectors
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EISS vs CSS
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