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Introduction / Motivation

¥ In the Effective Field Theory (EFT) approach w®0O NOT PROVE factorization!! We assume
the theory contains the right modes and can owrlstablishfactorization at any given order in
perturbation theory.!

¥ We perform amatching between two effective theories at each hard scale (>Ldicd)

¥ Resummation of logarithms is done lbynning between different scales.!

¥ | will show, step by step, the derivation of the factorization theorem for the Higgs transverse
momentum distribution by using the EFT approach!

¥ Goal: understand the TMD factorization and discuss the possible connection with the small-x
approach and uPDFs
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Factorization in EFT approach: overview

¥ We want to factorize this process:

hA(P7 SA) + hB(Pa SB) — H(QT) + X

¥ 1tOs a problem with different relevant scales:

Ci(mi/p?) Cy(mi /p?)

Cy(mi /1) Spin-Indep

Ch (mi /1°) Ch (mg /pu?)  Spin-Indep
SM
S Ng =

dO- SM5 T Spin-Dep

"= G* (X4, br; Ma, 1)
g/P A T H qT
f XA
SCETQT l g/P ( A U)
SCET[I AQCD

Same IR physics

Factorization = Multistep Matching
Theorem Procedure
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Stepl.:
Factorization of the top mass

Ci(mi/p?)

SM
do = "%

nf:5

Same IR physics




Factorization of the top quark

¥ The glue-glue fusion process is well approximated by an effective lagrangian:

Top quark
dominates!!

¥ The coefbcient (and thus its anomalous dimension) is known up to 3-loops:

~ NNLO
s (12) Kramer, Laenen, Spira NPBO98!
Ci(m2,pu?) =1+ 54,, (5Ca ! 3Cg) Chetyrkin , Kniehl, Steinhauser PRL'97
L)\ [27 m2 100 mZ 1063\ _,
-+ ( 1 ) Cg + ( 11ln 2 ! 3 CECa! | 7In 2 ! 36 Ca NNNLO
4 ;5 ' m?2 ;AT Schroder, SteinhauserJHEPOO6!
g CrTe G Catrt (Bl 45 JCrTene b5 CaTeny Chetyrkin , Kuhn, Sturm NPBO06

dInC;(m?, u?)
dlnp

» d B(as)  Not surprising, since the effective
a2 lagrangian is pure Yang-Mills piecel

e—

= (as(p)) ' (as(p)) = of .
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Factorization of the top quark

¥ Using the effective lagrangian, the cross-section can be written as:

1 as (1) i 2 2 o dg 4. —igq
do = ® d4ye i1
O= % Ty UMK )(277)22Eq ve
% - B ]
X PSa, PSBgFg,/FW’a(y) X) (X| F2y F*P(0) %DSA, PSx
X

¥ We didnOt talk about SCET yet!!
¥ The factorization now follows similar steps as for DY or SIDIS

Nt:
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Step 2
Factorization of the Higgs mass

Same IR physics
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SCET-Il In a nutshell

Bauer, Fleming, Pirjol, Stewart O01
BPS '02

¥ Soft-Collinear Effective Theory is an effective theory of QCD!

¥ SCET describes interactions between low energy (u)soft and collinear belds (very energetic i
one light-cone direction) !

¥ Expand the lagrangian in powers of a small parameter (lamida)

¥ Assumption: SCET captures all the IR physics of QCD (no Glaubers...): matching is possible!
¥ SCET is useful to establish factorization theorems and resum large logs

n-collinear

N -collinear

ultrasoft (SCET-I)

soft (SCET-II) nk L
p“:ﬁ-p7+n-p7 + p'

ph 4+t +p =", p7,pL)
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SCET-Il In a nutshell

¥ In SCET we build the effective lagrangian starting from QCDE

l ! 1 a ad
Loco =(MD |- 7GuG" D, = 1,1 igT*Al

Com. " Splitting £, = i w He = 0
775775

iHéD!@+i§D!!n:O L ="+ g

\4

E_ = & <znaD + 31D @:;DMD > gfn] QCD lagrangian still...

Power 1D =10, + gAnJ_ + 10us1 + gAuSJ_
counting... ~ 0, + A, ~ A

LO SCET lagrangian for fermions

¥ We haveseparate lagrangiangor (u)soft quarks/gluons and (anti)collinear quarks/gluons
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Hard, soft and collinear modesE

¥ Now we integrate out the Higgs mass:

: — B! = é[n aPWliDIrW,]
FUa F3 — —29°Cqh (—0%, 1% gy BEF S,Sn Byt

n! "0 T
W,,(X) = Iﬁexp/ ds@aA’(x + @s)t?

. :
( Known at 3-loops!! Its Sn(X) = P exp / dsn&A%(x + ns)t®
anomalous dimension as well T ]

Calligraphic Wilson line meatpgbc _ _jf abe
adjoint representation:

¥ And the cross section is given by:
dyd? o) = it )
, ) 2 2
do = ou(i) CEm ) Hwnre, )y S B [ atye=ioo T2HNET DoV
70
< IE(Y) Jauw (y) S(y) = (mE+dp)s  xap= VTed
H=|Cyl?

¥ Collinear and soft matrix elements are debPned by:

T (y) = (PSa| BEE () | Xn) (Xn| By (0) |PSA)

S0) = 37— 2 (01 (5150) () 1Xa) (X (Sa5)*(0)[0

X s
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Power counting (Taylor expansion)

¥ We need to be consistent with the power counting and Taylor expand the previous expressior

85— ! aj+ ) aj T (y) ~ Q(L, A%, \)
g~ Q(1,1,\) > aJ_..

R e T () ~ QO LN

Yy~ é(laLX) ?y oyt "oy,
00D s~ QAN

Oy~ dy* " 9y A
2
1 o(p) = mg " S(W) L= 1o(W) C (mt W H (M, W) = mH ?2;1;2 d2y! o 91 &,

724(N21 1)s\2 |
x 235 (Xa,yr 1) Jaw (X, Y1, )S(Y! , 1)

¥ Collinear and soft matrix elements are now (I multiply the collinear by -xPE):

| X P+ d noi 1 ! + " " . |
IE (Xa,yn ) =! AZ / ; e 'Y PN PG BER(Y Ly ) IXn# "X | BT (0) |PSat
X n

S )= 1 9 01 (S Sn) 0y ) IXs# Xl (S1Sy)7(0) [0

Individually they are ill-debned!! They contain rapidity divergences (RDs)E
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Debnition of TMDPDFs: Cancellation of RDs

MGE, Idilbi, Scimemi JHEPO12, PLB'13
¥ Pictorially, the relevant (anti-)collinear and soft modes are represented as:

ko ! (1,1%,1)

) 1 kT
ke ! (12,1,1) y=§mgr
ks ! (1,11 )

¥ Naive collinear = A+B!
¥ Soft = B!

¥ Naive anticollinear = C+B!

¥ (Pure collinear = Al

¥ (Pure anticollinear = C)!

¥ Each piece is boost invariant and depends on
the difference of rapidities at the borders.!

¥ x-section = (A+B) + (C+B) - B = A+B+C!

¥ Divergences at yn and ynbar as spuriusk!
¥ (Anti-)Collinear and Soft are ill-debPned!!!

G“! (XA,kn! ,SA;!A,HZ):A+Bn

g/A
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Debnition of TMDPDFs: Cancellation of RDs

The goal is to cancel Rapidity Divergences. The particular regulator is irrelevant!!

MGE, Idilbi, Scimemi JHEPO12, PLB'13
¥ Rapidity regulator I: "-regulator (MGE, Idilbi, Scimemi JHEP'12)
GZ7A<:CA7 bT7 SA; CAv :u2) — jﬁy<xA7 bT7 SA; Q27 ,LL2, A+) S’v—l_—l(bTa CB7 IuQ; A+) EA i gz;a
¥ Rapidity regulator Il: rapidity-regulator (eta) (Chiu, Jain, Neill, Rothstein PRL'12)

é/;/VA(anbTasA;CA7M2) — jﬁy(())(anbTaSA;Qzauz;V! 777) g! (bT;Mz;OéV! 777) E:A:gz/&
B = 87

¥ Rapidity regulator Ill: "combining integrands" (Collins'11)

~

S(We:Yo) S(yn, ya) G =)

~ ~ S : — (pt )2e—e

GS!/A (a,br, SasCa, p?) = , lim Iy (CEA,bT,SA;M2§yu)\/ (W ~yc) A=) ”
n—T OO

Vg ——00

¥ One could also use off-shellnesses, masses, Ore’sl0, analytic regulator, etcE Yet they alll
mean (pictorially):

ég/VA(CUA,bT,SA;CA,MZ) = A+ B, Previous slide!
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Cross-Section In terms of TMDPDFs

¥ The cross-section in terms of well-dePned TMDPDFs is given by:

do 2/ 92 2 m%{ 2 / 2 'q . b
p— H d ?’qJ_ 1
ddeQL go (lu) Ct (mt ) :u) (mH7 :u) TS (27_‘_)2 Yyl e

~

X é57A(xA7 b,, SA7 CA? ,LL) Gg/B,uI/(xBa b, SB? CBa :u)

¥ We know the evolution of TMDPDFs at NNLL (universal evolution kernel):

ég/ﬁpd] (@0, by, Sas g, 1) = ég/ﬁpd] (€n, by 5 8a;8asu2) RY br; Lair s CaLfs 17

] K f du !A !A —Dgy(br;ps)
o orst o) =enp { [ B (snn' 22 )} (1)
(bT Ajir Myt Af lif) P B G (@) @ »y

7

¥ The evolution itself contains some non-perturbative input (in the D term)!

¥ The TMDPDFs have perturbative content at largetk so we can further re-factorize themE
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Step 3
Factorization of the T

Ci(mi/p?) Cy(mi /p?)

Cy(mi /1) Spin-Indep

Ch (mi /1°) Ch (mg /pu?)  Spin-Indep
SM
S Ng =

dO- nfsi/% . T Spin-Dep

GZ/VP(XA,bT;mH,M) qr
SORT l fop (XA H)
qT
SCET[I AQCD

Same IR physics
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Re-factorization (unpolarized proton)

¥ Inside an unpolarized proton we can have unpolarized or linearly polarized gluons:

1 2kH kY,

hy 9(x, Kop)

Gya (% kar) = L g (X Kir)+ 5 g

GMV[O] br) — KV £9 (0 12 1 pv Qb/j_bﬁ_ ;LJ_g b2
g/A (z,br) = —g " fi (2, T)"‘i g, — (@, b7)

rg 2 d2knL —ik,, bl pg 2
fl (x7bT) — (271')2 € " fl <x7knT>

hi?(z,b%) = —ZW/dknT bt Jo(knrbr) hy? (z, ko)

¥ The OPEs of (renormalized) unpolarized and linearly polarized gluon TMDPDFs are both give
In terms of the (renormalized) collinear quark/gluon PDFs:

_ CAbCQF —Dg(br;p)
f]?’g/A(xabT7CA7lu) — (462712) Z

1=9,9,9
—Dg(br;p)
- | (aby
hl’g/A(wabTacAﬂu) — (462’7E) Z x
J—4,4,9
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Re-factorization (unpolarized proton)

¥ The cross-section is bPnally given by:

Dg(br;p)
do 9, o 5 m3; 2 o g b m4;b — dxy dzo
T = 0(n) CR . ) iy i) 2 o2 [ Py, et (1T 5 / / e

Ts (2w de=27E
0,7=4,4,9

X Z i;<—j (xh bT; ,u) i;(—j (x% bT; :u) fl,i/A(CCA/xl; ,U) f17j/B(CUB/CIJQ; ,u) —+ O(bTAQCD)
k=f.,h

¥ The non-perturbative inputs are the collinear PDFs and the large b contributions to the
coefpcients and the D term.!

¥ There are different ways of parameterizing the non-perturbative input, separating perturbative
and non-perturbative and resumming large logarithms (scale choice).
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