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Low p T Region

* The schematic perturbative series for the pT S—_—

distribution for pp — h + X
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Large Logarithms spoil
perturbative convergence

* Resummation has been studied in great detail in the Collins-

Soper-Sterman formalism.

(Davies, Stirling; Arnold, Kauffman; Berger, Qiu; Ellis, Veseli, Ross, VWebber; Brock, Ladinsky Landry,
Nadolsky;Yuan; Fai, Zhang; Catani, Emilio, Trentadue; Hinchliffe, Novae; Florian, Grazzini, Cherdnikoyv,
Stefanis; Belitsky, Ji,.... )

* Resummation has also been studied recently using the EFT
approach. (Idilbi, Ji, Yuan; Gao, Li, Liu; SM, Petriello; Becher, Neubert)




CSS Formalism

d o _ 0‘0/ d bJ_ e—iﬁT b Z [O ®fa/P} (anbO/bJ_) [Cb@)fb/p} (CIZB,b()/bJ_)

de dY (27’(’)2 _
@’ dp’ QQ 9 9
X exp — |In—5 A (7)) + Blas()) | ¢ -
2/b3 M H

* Landau pole appears for any value of pT.

* Landau pole must be treated with some prescrlptlon
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EFT Framework



EFT framework

* Low pT region dominated by soft and collinear emissions
from initial state:

P B

finite pT finite pT

* Soft and Collinear emissions dominate the low pT distribution:

Pn ™ mh(n 1 77)7 P ™~ mh(lanzan)a Ps ™~ mh(nvnvn)v

* Hierarchy of scales suggests EFT approach with well defined
power counting.

my > pr > Ngcp,  pr~Agep



EFT framework

* Low pT region dominated by soft and collinear emissions
from initial state:

P B

finite pT finite pT

* Colliding parton is part of initial state pT radiation beam jet:

<«—— Initial State jet
of pT radiation

* Gives rise to impact-parameter Beam Functions (iBFs). (SM,Petriello)
Analogous beam functions arise in other processes:

(Stewart, Tackmann, Waalewijin; Fleming, Leibovich, Mehen)

e Soft recoil radiation is restricted. Gives rise to a soft function.



SCET Cross-Section
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SCET Cross-Section
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* Soft function:
S(b, ) =S (0|T [Tr (sﬁTDYgsnTng) (b)} \X8>(XS\T Tr (snTCs;sﬁTDs;) (0)} 0)

i thbT

ZacED Y Zpll 9B, 1507, 01)|X,)

initial pols. X,




Integrating Out the pT Scale
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iBFs are proton matrix elements
and sensitive to the
non-perturbative scale

* The iBFs are matched onto PDFs to separate the perturbative
and non-perturbative scales:
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iBF Matching PDF
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Factorization Formula

* Factorization formula in full detail:
d20' B dCC'l
dp2. dY —1)2Q2
X ff@buﬂb,#Q ﬂT’g] $1ﬁbu1b,$mlnwyfﬂq*fup¢$pﬁmﬂf%u>1baMT)

l l N/

Hard function. Transverse momentum PDFs.
function.

* The transverse momentum function is a convolution of the iBF
matching coefficients and the soft function:

dxz dxl de
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Running

e Factorization formula:
2
d“o

dp7dY
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* Schematic picture of running:

Pi*2 resummation

used.
(Ahrens, Becher,

Neubert,Yang)

H
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All objects evaluated at pT scale.

SCET Running No Landau Pole.
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Check of NLL with Fixed Order
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next-to-leading logarithmic : a”L*"™2,  (Arnold, Kaufmann; Ellis)

next-to-next-to-leading logarithmic : a”L** 7.
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do/dpr/dY (pb/GeV)
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* Prediction for Higgs boson pT distribution.



Z-production: Comparison with Data
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* Good agreement with data.

* Theory curve determined completely by perturbative
functions and standard PDFs.

* Smooth matching between low and high pT regions.



Non-Perturbative pI Region

* Non-perturbative region of pT:
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\ Distribution sensitive to
transverse momentum

*}é dynamics in nucleon
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Hard function. PDFes.

Transverse momentum
function (TMF).

Can make non-
perturbative model

Field theoretically
defined object

Scale dependence and
running known
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Including the Non-Perturbative Region
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Summary

dggy“’f]@gij@fi@fj
T

* New factorization theorem for transverse momentum distribution in
terms of iBFs and iSFs.

* iBFs are fully unintegrated PDFs. Interesting objects in their own right.

PDF — TMDPDF —> (iBF) — GPD

* Perturbative pT spectrum given in terms of PDFs and perturbatively
calculable functions. Smooth matching between resummed and fixed
order results. No Landau pole.

* NLO iBFs and NNLO iSF known.
NLL resummation completed.

* Work is in progress to achieve NNLL resummation with applications to
the LHC.






Comparison with TMDPDF Formalism

TMDPDF formalism iBF formalism

- Rapidity divergence regulated by external - Rapidity divergence regulated by physical
regulator. residual momentum determined by

o kinematics.
- Factorization in terms of TMDPDFs.
(See talk by J. Chiu for SCET formulation with - Factorization in terms Of |BFS, fu”y
TMBFDEs) unintegrated PDFs; more differential than

TMDPDFs.

- Cancellation of regulator dependence - Resummation in terms of renormalization
gives rise to Collins-Soper evolution group equations.

equation for resummation.

PDF — TMDPDF —> (iBF) — GPD

* iBF is another interesting probe of nucleon structure
dynamics in the non-perturbative region.



= EFT framework

— QCD(nf — 6) — QCD(nf — 5) — SCETPT — SCETAQCD

Top quark >

integrated out. @
Matched onto

SCET. > @

Soft-collinear g @ @ @
factorization.

Matching onto
PDFs.
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2 ™~ g f’b f] soft and collinear pT emissions
dp7dY
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iBF = Impact-parameter Beam Function
iSF = Inverse Soft Function




Factorization Formula
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* One can express the formula entirely in momentum space:
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