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Transverse Momentum Spectrum
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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, Juan; Gao, Li, Liu; SM, Petriello; Becher, Neubert)




Low p T Region

A(P4) + B(Pg) — C(Q)+ X, C=~Ww*2h

* The transverse momentum distribution in the CSS
formalism is schematically given by:
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Most singular
contribution

Soft or collinear
.. —_— - = =
pT emission



Low p T Region
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* Singular as at least
Q7" as Qr — 0

dQ? dy dQ% ~ dQ*dydQ%  dQ?dydQ%

* Obtained from fixed

* Important in ,
order calculation.

region of small Qr.

e Treated with * Less Singular terms.

resummation. .
* Important in

region of large Qr.



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.



= EFT framework

—O= QCD(ny = 6) = QCD(ny = 5) — SCET,,, — SCET .,

Top quark >

integrated out. @

Matched onto

SCET. > @

Soft-collinear S
factorization.
Matching onto S @
PDFs.
d*o y X
5 ~ H X g@] 0 f@ X f] Newly deﬁn.ed objects d.esc.:ribing
dedY soft and collinear pT emissions




Integrating out the top
ONONO

< We are here

€S
* Effective Higgs production operator
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Two loop result for
Wilson coefficient.

(Chetyrkin, Kniehl, Kuhn, Schroder, Steinhauser, Sturm)



Matching onto SCET

* Matching equation:
Oqep :/dwl/de Clwr,w2) O(wr, wa) T -
QCD SCET

Tree level matching

Matching real
- emission graphs

Soft and Collinear emissions
build into Wilson lines

determined by soft and collinear
gauge invariance of SCET.

o Effective SCET operator:
O(wi,ws) = guh T{Tr [SH(QBZJ_)




SCET Cross-Section

We are here
OONO e SCET differential cross-section:
d’o LH / d’ph, / dn - ppdn - p

dudt  2Q2l4) ] (2r)? 2(27)?2

X S(u—(py—pn))o(t — (pr —p)?) > Y |Clwr,we) @ (WX, Xn X Owr, ws)pp) |°

initial pols. X
X (271')45(4)(]?1 + p2 — PXn - PXﬁ - PXS _ph)a

(2m)0(n - pp + 0 - pr)d(n - ppi - pp — ﬁ}i —m;)

* Schematic form of SCET cross-section:

d2
d /PS|C®<0>|2

dde/ I \

Phase space Hard SCET matrix
integrals. matching element.
coefficient. A

Apply soft-collinea
decoupling



@ SCET Cross-Section
‘/t\.(_ We are here
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Hard function Impact-parameter Beam Soft function
Functions
(iBFs)
Describes collinear Describes soft

pT emissions pT emissions




@ SCET Cross-Section
‘/t\.(_ We are here
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Hard function Impact-parameter Beam Soft function
Functions
(iBFs)
Describes collinear Describes soft
pT emissions pT emissions

Unintegrated
: nucleon distribution functions
D 50
55X




SCET Cross-Section

@ (— We are here

d2

Hard function

\/

Impact-parameter Beam

Functions
(iBFs)

|

Describes collinear
pT emissions

Soft function

|

Describes soft
pT emissions

Presence

of soft function.
Plays an important
role in the structure
of factorization.

(Differs from Becher, Neubert)



=>  SCET Cross-Section

* Formula in detail:

d*o ( ) d2bl L Hard
dudt — 28Q2/dphdph/dkh/ o
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u—my, +Qp, | [t —mj + Qpy] [phpE—EiL—mﬂ/dwldwz\C(wl,wz,u)\Q
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n-collinear bn-collinear Soft
iBF iBF

* iBFs and soft functions field theoretically defined as the
fourier transform of:

Jowra wpw) = Y (nl[gBis(x, 20)0(P — wi)gBi, o (0)] |p1)
initial pols.
eyt m) = ) (pal[9Bi s,y )0(P — wa)gBih, 1 o (0)] [p2)

initial pols.

S(z, 1) = (O|T [Tr (sﬁTDs;SnTCs;) (z)} T [Tr (SnTCS;QSﬁTDS%) (0)} 0)



Equivalence of Zero-Bin & Soft Subtractions

* Zero-bin iBF reproduces soft graphs. This is the equivalence of

zero-bin and soft subtractions in SCET. (Stewart, Hoang; Lee, Sterman; Idilbi,
Mehen; Chiu, Fuhrer,Kelly, Hoang, Manohar;...)

o HeB ®B S
dpQTdYN X <®/n®

Zero-bin Subtraction in
order to avoid double
counting the soft region.

By (w, k*, by, i) = By (w, kb1, ) — BE o (w. k5, b1, )

! 1 I

Purely Collinear iBF “Naive” iBF Zero-bin iBF
Equivalent to soft graphs



Factorization in SCET

2
d ~H®B, ®B. 5!

RNV

Hard function Impact-parameter Beam Inverse soft
Functions function
(iBFs) (iSF)
Physics of hard scale. Describes collinear Describes soft
Sums logs of mh/pT. pT emissions pT emissions

Analogous factors and soft-subtractions also

appear in TMD-factorization formalism:
Drell-Yan, SIDIS

(J.C.Collins, F. Hautmann; X.-d.Ji,
J.PMa, FYuan; Belitsky; Aybat,
Rogers,...)




Factorization in SCET

(ﬁ We are here
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Residual light-cone momenta
regulate spurious rapidity
divergences.

* iBFs and iSF are regulated by kinematics of the process and
free of rapidity divergences.

* iBFs are fully unintegrated nucleon distributions instead of
TMD pdfs.

(see talks by M.Aybat, |. Cherednikoyv, J.C. Collins)

* |n singular gauges, transverse gauge links can be added
(Garcia-Echevarria, Idilbi, Scimemi; Belitsky, Ji, Yuan)



Perturbative pT



Integrating Out the pT Scale

ONORCY4

d? ~ ~
’ ~H® B, B, @ S~

dpsdY \ /

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:

~

Bn — Ln,i 0 fiy

T

iBF Matching PDF
coefficient




iBFs to PDFs
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* iBF is matched onto the PDF with matching coefficient defined as:

seitbun = L 3[Rt
< = —— — L = i/ plZ
n yUp 0L, 1 5 . o n;g,i - 1y M) Ji/P\Z 5 1
1=9,4,q .
Proton fragments into
* Tree level matching pT radiation beam jet
I(O)BO‘( t+ b ) — Oéﬁé‘(t-l—)é‘( _ i)
n;g,? Z y W g gJ_ Z/

* Finite part of iBF in dim-reg gives
matching coefficient at higher
orders.




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

o [Py
gzj(ajljﬂjl’I'Q,xQ,pT,Y,/,LT) = /dt:/dtﬁ /( LQJo(‘bﬂpT)

X i)
Collinear pT emissions = X Iﬂa (x—/l, t:, b, ,uT) Iﬁa (m— t—,b0,, ,uT)

;9,1 n;9,] ;Y Vn
1 2

Soft pT emissions —_—> X S_l(gle —er \/p% + mi — IQQ —eF \/pT + mh — bL, ur)



Factorization Formula
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* One can express the formula entirely in momentum space:
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Fixed order and Matching
Calculations



One loop Matching onto SCET

\ <€ We are here
OQCD = /dw1/dw2 C(wl,wg) O(wl,wg)

All graphs scaless and
vanish in dimensional

One loop SCET graphs regularization.

* Wilson Coefficient obtained from finite part in dimensional
regularization of the QCD result for gg->h. At one loop we
have:

L A cn-pin-p Ol 11 72 n-pin-p
e )

(Ahrens, Becher, Neubert, Yang; Harlander,Kilgore;Anastasiou,Melnikov;Ravindran,Smith,Van Neerven)
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Soft function

e T e Soft function definition:

S(z) = (0| Tx(T{S, TP S}S,TYSIV) (2)Tr(T{S, TS} ST St})(0)[0)

a

One loop graphs



Running



Running

* Factorization formula:

Lo Hediefef
dp7dY B

* Schematic picture of running:

H

SCET Running

. g@] QU ~ pr

A

fHQ ~ My

DGLAP Running

fi,fj

AQCD




Running

* Factorization formula:

Lo Hediefef
dp7dY B

* Schematic picture of running:

All objects evaluated at pT scale.
SCET Running

¢ o o
g 4 " Hr ~ Pr
DGLAP Running

fi,fj

fHQ ~ My

AQCD




Numerical Results
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* Prediction for Higgs boson pT distribution.



Z-production: Comparison with Data

VS = 1.80 TeV —
i PT2/2 S ,Usz = 2PT2
- ~M,%/2 £ ug® £ —2M,°
. 10.0 — z /RS Hg S Z —
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a I |
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N
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0.5 [
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* Good agreement with data.

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



Non-Perturbative pI Region



Non-Perturbative pI Region

* Non-perturbative region of pT:

—
—~—

< pr ~ AQCD

\ Distribution sensitive to
e transverse momentum
*}< dynamics in nucleon
* iBFs and iSF are non-perturbative:
2
d“o

NH En Bﬁ S_l
Y ® B, ® By ®




Non-Perturbative pI Region

* Non-perturbative region of pT:

—
—

< pr ~ /\QCD

\ Distribution sensitive to

e transverse momentum
# >\ dynamics in nucleon

* iBFs and iSF are non-perturbative: Unintegrated nucleon
distribution amplitudes
d*o - - 4 (iBFs)

2
dedY Inverse Soft function
(iSF)

* Soft factor can be absorbed into iBFs.
Plays an important role in TMD formalism.

(See talk by M.Aybat, I. Cherednikoyv, J.C.Collins)




Non-Perturbative pI Region

* Non-perturbative region of pT:

d20' N N %pTNAQCD
~H® B, B, ® S

dpsdY =

* In order to smoothly connect non-perturbative
and perturbative regions, we still write

~ ~~

B, =1,;® [ Br =17, ® [;

non- non-
perturbative perturbative



Non-Perturbative pI Region

* Transverse momentum function (TMF) is now non-perturbative

d2
e N/H G fz\ & /fj

Hard function. Transverse momentum PDFs.
function (TMF).

l

Can make non-
perturbative model

Field theoretically Scale dependence and

defined object running known



Model for Non-Perturbative TMF
d’o

G (21, T, T, T, pr, Y, fir) =/ dpy ngt.(xl,xz,xiax’z,pT\/lJr(p’T/pT)Q,Y,MT)
0

X Gmod(p?lU a, b) A)) \
/

Model function Partonic function
(Hoang, Ligeti, Stewart, Tackmann)

* Model function:

2\ ¢! AV, o0 / ,
Gmod(plTaayba A) — al (pT> eXp[ — (pT b> }7 /() de Gmod(pTyafa b; A) = 1.

AQ

* Model reduces to the perturbative result for large pT:

L qrs / /

art,(xla X9, ajl) x2apT7 Y7 :uT) + O(
p
pT>Agcep pr

AQCD)

gqrs(xla Lo, C17/17 $,27pT7 Y) :uT)

* Similar to analysis done in CSS with “bmax”.
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Summary

* Factorization formula:

Lo Hediefef
dp7dY B

* Perturbative pT distribution given in terms of perturbatively
calculable functions and the standard PDFs.

* Non-perturbative pT region determined by unintegrated
nucleon distributions (iBFs) and inverse soft function (iSF).

* Smooth transition for spectrum from non-perturbative pT
to perturbative pT and large pT.

* Performed NLL resummation and found good agreement
with data.



Backup Slides
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