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Outline & Issues

Pure /entangled states in QCD? Factorization theorems for DY, DIS and semi-inclusive
processes

Transverse Momentum Distributions (TMD): definition, renormalization,...status
Jets..a new frontier

Conclusions

The non-perturbative part of TMDs is not included just in PDFs. Possible extraction from

Lattice
Experiment




....I'MD factorization ....

.. for DY and heavy boson production we have (Collins 2011, Echevarria, Idilbi, Scimemi (EIS) 2012 )
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Vv CalB = Q

...and similar formulas are valid for SIDIS (EIC) and hadron production in ee colliders

The pathological behavior is associated to a particular kind of divergences: rapidity divergences

The renormalization of the rapidity divergences is responsible for the new resummation scale

We have new nonperturbative effects which cannot be included in PDFs. (Scimemi, Vladimirov 2016)

The latest and more elegant formulation of this in Echevarria, Scimemi, Vladimirov 2015-16:
the NNLO era is just started!
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TMD’s factorization and Operator Product Expansion:

general outlook

Factorized hadronic tensor

Do 2
q 7R Q > QZ‘ Q=M-=di-lepton invariant mass e ey
2 i Very §

Factorlzatlon qTNAQCDq M = H(Q2u?) B (b, @2, 2) Fo (v h: OF 2 13 1mportant t’
&> Ao R F (2, b,Q%,1%) = Cryy(@n, (0Q)2, (01)2) fi/n (@ni 2) 4 O(z,b2/B?) |

The factorization theorem predicts that each coefficient
can be extracted on its own.

The evolution of TMD is universal (process independent)
Rernomalons: power corrections are x-dependent

MG Echevarrla ESs A Vladlmlrov arX1v 1509 06392 arX1V 1511 05590, arX1V 1604 07869

S B S

11 these matchmgs on collmear functions are just the asymptotic expansion of a more complex “
structure how can we explore 1t7
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results for LHC in Drell-Yan and Z-production
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TMDs in fragmentation...jets

The formalism that we have developed works for fragmentation of partons into hadrons.
But, in many experiments, in order to identify hadrons we need JETS!
There are several possibility to define a transverse momentum depending on the reference axes:
e beam axis
e jetaxis
So we have a multiplicity of information that we can use!!
We want to study transverse momentum of hadrons inside a jet

- = 4



Recoil-free axis: Winner -Take-All axis

We have explored the possibility of recoil free axis to avoid:
* Non-global logs
* rapidity divergences

The price to pay is: the axis is not aligned with the standard jet momentum (standard jet axis)

The soft radiation recoil shifts the whole

A
collinear sector coherently in | ool
Transverse MOmentum: -- -. .- .-... .--.. .......... -+ standard ]et axis ﬁJC_OH —+ 171)11 =0
We want an axis that shifts of the same T Pt

amount: WTA axis (Larkoski, Neill, Thaler)




Recoil-free axis: Winner -Take-All (W'TA) axis

Run clustering algorithm with following recombination scheme

E,. = FEi + Eo
" ny it By > FE5
Ny — ~ .
r UD) if E2 > E1 [Salam; Bertolini, Chan, Thaler]
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Factorization formulas for Jet TMDs

Starting point: : : e i
Kang, Ringer, Vitev; Dai, Kim, Leibovich

dop, dx . /pr ) .
= T PN Y ) 9 R7 k, ]- (9 R
dpr dndzkdzh Z/ - of ( = , H g—>h(5’7 pPT Zh)[ - ( )]
: A

(il Fragmenting Jet Function

s
Py
x = fraction of parton momentum that goes in the jet

Zh

zpk = transverse momentum of the hadron in the jet

A very interesting limit!! Suppose prR > k| ~ Agep JET TMD!!!

dy Zh k2
gi—>h(x7pTR7 k7 Zha:u) i Z ? Bik(x,pTR,y,,U) Dk—>h (k7 ?Hu) s O p2 RQ
k S




Summary: scales and factorization

Factorization depends on relevant hierarchy:

fatjet 7 (pr, 1)

""""""""""""""""""""" TMD fragmentation
partonlc XSec jet boundary r---eeeeeemii

dO‘h
_ B(prR D(A
Jor dndPkda, — 0P @ Blprk) @ Clk) ® D(Aqop)

fragmenting jet function G (p7 R, k)

Fragmentation scales: transverse momentum |k| and Aqcp

Jet scales: transverse momentum pr and radius R
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Evolution and resummation

Single logarithms resummed by renormalization group evolution

pr prR Aqcp

+— }
f DGLAP modified DGLAP
evolution in x evolution in z» evolution in z,

Gisnlz,prR,k, z5, 1t) has standard DGLAP evolution in =
D; . n(zn, pn) satisfies DGLAP evolution in zp,

has modified all-orders evolution equation:

d Zh,
d Dz—)h k Zh ,u Z/_H Z_ a yz(z H’)D]—)h(k ?mu)
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The TMD program

Recover / reformulate /understand QCD in the limit of high gT (NNLO, some 3-loop results):
M.G. Echevarria, I.S., A. Vladimirov, arXiv:1509.06392, arXiv:1511.05590, arXiv:1604.07869

T. Liibbert, J. Oredsson, M. Stahlhofen, arXiv:1602.01829, Y. Li, H.X. Zhu, arXiv:1604.01404 A. Vladimirov, arXiv:1610.05791
Achieve NEW results in the limit of high qT:

unpolarized fragmentation at NNLO M.G. Echevarria, LS., A. Vladimirov, arXiv:arXiv:1604.07869

double parton scattering factorization A. Viadimirov arXiv:1608.04920

Twist -2 TMD matching (D. Gutierrez-Reyes, 1.S., A. Vladimirov, arXiv:1702.06558)

New inputs for the non-perturbative TMD structure:
renormalons (IS, A. Vladimirov, arXiv:arXiv:1609.06047)

lattice (X.Ji, M. Engelhardst,..)

fits and data analysis...

]ets (Kang, Ringer, Vitev, Leibovich, Mehen,Neill, 1.S., Waalewijn,.
RESUMING

+ The confinement frontier (experiment, theory, phenomenology)z
* spin physics (EIC, AFTER, COMPASS, BABAR, BELLE,..)
precision at LHC (Vector and Higgs Boson production, jets,...)




Spin Fun

Mulders-Tangerman 96,
Boer Mulders “ 98
Mulders, 2001 (gluons)
Boer, Mulders, Collins
Mulders, Butfing, Mukherjee 2013

Quark Polarization
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