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A tale of many scales

Collider processes characterized by many

scales: s, s;;, M, Aocp, ...

Large Sudakov logarithms arise, which
need to be resummed (e.g. parton showers)

Effective hield theories provide a modern,
elegant approach to this problem based on
scale separation (factorization theorems)
and RG evolution (resummation)



Soft-collinear tactorization
Sen 1983; Kidonakis, Oderda, Sterman 1998

Factorize cross section:

dt v H({sj bu) [ [ (M2, )" S({AF } )

Define components 1n
terms of field theory

objects in SCET

Resum large Sudakov
logarithms directly 1n
momentum space using

RG equations




NLO+NNLL resummation

in few cases (Drell-Yan, Higgs production) NNLO+N°LL resummation

Necessary ingredientsz

Hard functions: from fixed-order results for
on-shell amplitudes (but need amplitudes!)

Jet functions: from imaginary parts of two-
point functions (depend on cuts, jet definitions)

Soft functions: from matrix elements of
Wilson-line operators

Anomalous dimensions: known!
Yields jet cross sections, not parton rates

Goes beyond parton showers, which are accurate
only at LL order even after matching



Anomalous dimension to two loops

General result for arbitrary ProCcesses: Becher, MN 2009

(i) = i
(= =N

1) - T, =
—— Z T ’Y(:usp(ﬁl\] 7045) =1z zl: f}/' (CYS) + Z f[’l . fl“]’ /ycusp(as) i I

(1J) i S
/
massive partons S > P TRIYTE Fi(Ba, Bk B ) —

new !
(1,J,K ) /

S TR T (6, —2 2P 1 0a).

(13) —01k U - Pk

R 2 .
L({p}, {m}, ) = Y = Yowpl@s) ==+ 3~ 7(as)  — see talk by L. Magnea
i
massless partons —

Generalizes structure found for massless case
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Large higher-order corrections

Pxed order
MRST’04 PDFs

LHC (Vs=14 Te\/)_;

NNLO
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mg (GeV)

Corrections are large:

70% at NLO + 30% at NNLO
[130% and 80% it PDFs and
| s are held fixed]

Only gg channel contains
leading singular terms, which

give 90% of NLO and 94% of
NNLO correction

Contributions of qg and qq

channels are small: -1% and

-8% of the NLLO correction

Harlander, Kilgore 2002; Anastasiou, Melnikov 2002
Ravindran, Smith, van Neerven 2003



Effective theory analysis

Separate contributions associated with different

scales, turning a multi-scale problems into a series
of single-scale problems

Evaluate each contribution at i1ts natural scale,
leading to improved perturbative behavior

Use renormalization group to evolve contributions
to a common factorization scale, thereby
exponentiating (resumming) large corrections

When this 1s done consistently, large K-factors
should not arise, since no large perturbative
corrections are left unexponentiated!




RG evolution equations

Closed analytic solution (LLaplace transform):
Becher, MN 2006
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Higgs production in gluon fusion
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V. Ahrens, T. Becher, MN, L.L. Yang: 0808.3008 (PRD), 0809.4283 (EPJC), 1008.3162 (PLB)
— public code RGHiggs available at: http://projects.heptorge.org/rghiggs/



http://projects.hepforge.org/rghiggs/
http://projects.hepforge.org/rghiggs/
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V. Ahrens, A. Ferroglia, MN, B.D. Pecjak, L.L. Yang: 0912.3375 (PLB),
1003.5827 (JHEP), 1103.0550 (JHEP), 1105.5824(PLB), 1106.6051 (PRD)

— see talk by P. Falgari



Factorization and Resummation for the
Drell-Yan Cross Section at small gr



Drell-Yan processes

hadron H;
e o

hadron Hp .
X (arbitrary hadron state)

Used for measurement of W-boson mass and width,
PDF determinations, Higgs discovery, background to
New Physics searches

Region of small gv! M particularly relevant

Classical two-scale problem, for which large Sudakov
double logarithms arise and must be resummed



Z production at Tevatron and LHC
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resummation achieved by Collins,

: T o Soper, Sterman (CSS) in 1984
— see talk by G. Ferrera



Drell-Yan processes

Transverse momentum of Drell-Yan object
(W, Z, H) due to initial-state radiation (ISR)

off collinear partons

Simple example of beam jets described by

beam funCtiOHS in SCET Stewart, Tackmann, Waalew1jn 2009

SCET resummation offers advantages over

CSS approach (avoids LLandau pole)

Yet many surprises and subtleties arise, which
may be relevant also for other applications of

beam functions 1n jet processes



Collinear factorization anomaly

T. Becher, MN, 1007.4005 (EPJC)



Drell-Yan cross section at small gr

Factorization formula for qr! Mz:

H(Q?, 1)
By/ni % T <CSet- Byn,

“hard function” ® “transverse PDF” ® “transverse PDF”

Second factorization for qr" Agcp:

1
d
B (6. i) = 3 / CEDEW 65/0(¢/ 2 1) + O(A3ep 72)

“transverse PDF” = “matching coethcient” x “standard PDF”



[ssues with regularization

Well-known that transverse PDF

BUNGIEN) = 5 [ dve=2 (NG) xten+ 2) & x(0) IVG)

2T

is ill-defined without fturther (beyond dim.) reg.
Difterent possibilities:
use non hght-hke gauge Collins, Soper, Sterman 1984

keep power-suppressed light-cone components
(1.e. “unintegrated PDF") Mantry, Petriello 2009

use analytic regulators (Smirnov 1993) Becher, MN 2010

multiply with strategically chosen combination
of hght-like and time-like Wilson lines  Collins 2011



Collinear factorization anomaly

What God has joined together, let no man separate..

Regularization of individual transverse PDF's

1s delicate, but their product 1s well defined
and regularization independent

Regularization introduces an anomalous

dependence on the hard scale M, which

remains after the regulator i1s removed

We have proved that this anomalous M
dependence exponentiates:

; ; 2. M? —Fyq(a% 1) ; ;
[BQ/Nl (Z17 L, lu) BCY/NQ (Z27 Ly /L)} M2 <4€2! E) BC]/Nl (Zla L, ILL) BCY/NQ (227 L, N) |




Collinear factorization anomaly

What God has joined together, let no man separate..
Classically, (Ni(p)l Xne(w+ + 210)7 xne(0) [N1(p)) 18
invariant under a rescaling of the momentum
of the other nucleon N»

Rescaling symmetry, which 1s manifest as a
decoupling of ditferent collinear sectors in the

SCET Lagrangian, 1s broken by quantum

effects — anomalyl

Not an anomaly of QCD, but of the effective
theory (SCET) relevant to QCD factorization

theorems



Collinear factorization anomaly

What God has joined together, let no man separate..

RG invariance of the cross section requires

that the product B, /v, (&, 2%, 1) By/n, (&a, 23, 1)
must contain this anomalous M dependence,

and that:

Collinear anomaly also affects other processes:

e i
electroweak Sudakov resummation “ 2OV ety
Manohar 2007

jet broadening in e*e™  Bell, Becher, MN 2011

B%J’[j form faCtOr Beneke, Feldmann 2004



Resummed cross section

Factorized cross section at small gr:

d 9 le 1d22
dM2 dg dy 3N aTer Z B2 /

1=¢,9 J=4,9

: [qu—*ij<§17 627 %,MQ,/L) qﬁl/Nl(Z1 lu) ¢J/N2(Z2"u) s (Q,’L# q’])]

)

Hard-scattering kernels:

1 g2 M2\ o)
CQ¢' ij(217Z27Q%7M27M) :H(szlu) = /dzx! e#ZQ! = ( ; )

4 4e* 2VE

[q$ ’i(Zlv ZC%, ILL) ]ﬁ j(Zz, CU%, :UJ)
Two sources of M dependence: hard function
and collinear anomaly



Divergent expansions and other surprises



Properties of the resummed spectrum

Resummed cross section exhibits several
remarkable features:

expansion of subleading terms 1n o leads
to strong factorial divergence

gt spectrum 1s short-distance dominated all

the way down to qr=0, and exhibits highly

nonperturbative behavior
expansion about qr=0 1s violently divergent

hadronic power corrections are small, but
OPE (twist expansion) breaks down



Factorial divergence
LLeading behavior from (¢ = ln(a?% o / b(Q)) ):
ﬁ/dQZCL e MLTL o LL_ = G_Q;E /OO d Jy (6#/2 bg %) p(1—1 )= aff

T

CFCM M2
- ln? and a ~ Qg

where 7=
=

With proper choice of scale 1t looks like one
could expand the quadratic term 1n £, but this

generates strong factorial growth

Z (27:;)! ( %)” Sl —717)2n+1 G_Q’YE_

n=0

first noted by:
Frixione, Nason, Ridolfi 1999



Factorial divergence

Series 1s Borel summable (just keep quadratic
term 1n exponent)

Gives rise to highly non-trivial dependence on a:

o o)) ()

Perturbative expansion of this result has zero

radius 1if convergence

Hints at important non-perturbative effect of
short-distance nature! Precise meaning?



Infrared protection at very small grt

Caretul analysis shows that the appropriate

choice of 4 eliminating large logarithms from

integral is p!" z..'#! max (¢r, ¢ ), where:

-
., =M e
! P <QCFO‘S(Q*)>

corresponding to n = 1

For M=my, one finds that ¢, = 1.9 GeV isin

the perturbative domain

— spectrum can be calculated down to q1=0

using short-distance methods !



Infrared protection at very small grt

SD dominance at very small qr a consequence
of collinear anomaly (for suthciently large M)

Requires a reorganization of the resummed

perturbative series in the exponent:

— 1 —
chj(—ij(zla 225 Q%v M%? ,U,) — 5 / dajT T JO(CETQT) eXp |:gF(M%7 Ly LJ.) as)i|
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Intercept at qr=0

Dedicated analysis of g7 — 0 limit yields:

d I I

d \/
q% & \ Parisi, Petronzio 1979;

Collins, Soper, Sterman 1985; Ellis, Veseli 1998

where for the first time we are able to compute
the normalization N and NLO coetficient ¢;
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Infrared protection at very small grt

Borel resummation at moderate gr interpolates
between the non-perturbative result at qr=0

and the perturbative result at large qr

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

15¢

area
= total cross section
= perturbative!

10

2
non-perturbative

do
—— [pb/GeV?]

d

Essential features are non-perturbative!



Improved resummation scheme

With these extra terms, our formalism holds
for all values qr! M, also near origin

xxxxxxxxxxxxxxxxxxx
B modified power counting |

B after Borel resummation .

S : : —
% 10 B naive resummation >
0
@) @)
) =
= =
(q\l
5 ~ b |
S S
A S

0 2 4 6 8 10
qr [GeV] qr [GeV]

Improved resummation automatically captures
all p-dependent terms at O(a,?)!



Expansion around qr=07?

Once we can calculate the intercept at qT=O,
what about derivatives w.r.t. q1* ?

Analyzing, once again we find an extremely
strong divergent behavior for the series

expansion about qT= O: / worse than factorial growth!

©@)

= Q%>" [ 2mn ]
ZO GQTWE (n')2 (qz exp (Fg + 60) CV.S(Q*)

=

i az\’ a7\’ az\"
~ 1—1.435=; +10.66 (_g) — 7297 (%’) =5rE2 (l) ==
gz gy b

Numerical results are nevertheless smooth
near the origin



Long-distance power corrections

For same reason, long-distance etfects cannot be

analyzed using a local OPE!

Model them by a form factor fhadr (xTANp )

under the xT integral, e.g.:
! " !

gauss = 2 2 pole
hadr (ZUTANP) =exp —AgpT7 hadr(xTANP) e
NP xT

Find that results are rather insensitive to shape

of form factor, largely governed by value of Axp



Long-distance power corrections
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Main effects on the spectrum 1s a shift of the
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(blue: Gaussian, red: pole model)
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Z production at Tevatron, Run I

NNLL+NLO resummed predictions vs. data:

YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY

25+ Tevatron, Run : 0.1¢c! A Tevatron, Run ]
20+ $ CDF § CDF ]
S S § DO |
5 © ]
= g . ‘ g A
5 ~ 1 S % ;
= g 10: - | b 1
sf A, E
O =TT T 1——1 Lo “ L e A N R R _--_

0 5 10 15 20 25 30 3C

qr [Ge\/] qr [Ge\/]
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Z production at Tevatron, Run I

NNLL+NLO resummed predictions vs. data:
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Z production at Tevatron, Run I

Comparison with Mantry, Petriello (2010):
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Z production at D0, Run 11

NNLL+NLO resummed predictions vs. data:
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1/0 do/dqy (GeV™h)

Comparison with standard approach
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Nice agreement within uncertainties (same peak
position, our peak 1s 6% higher, tail 1s 4% lower)

Also good agreement with RESBOS
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Z production at ATLAS

NNLL+NLO resummed predictions vs. data:
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Conclusions

Have derived all-order resummed expression for
Drell-Yan cross section at small gt! M

Naive factorization broken by collinear anomaly

Correct SCET analysis equivalent to CSS formula

with a nontrivial relation between A and I'cusp

Transverse PDFs do not exist as individual
objects; only products of two PDFs are well
defined, and carry an anomalous M dependence

Many highly nontrivial features of qr spectrum
become apparent in EFT analysis
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Comparison with the CSS formula

Classic result from Collins-Soper-Sterman: 1984

d*o Aoy 5 . dz dzo
dM? dg3 dy 3NM2347r/dee . LZ ZZ/ /52

1=4,9 7=4,9

\

p{ [ A A + B t)] (ubeTj

/

|
1
.‘

X [ﬁq/}\fl (51, xr, ,ub) ﬁq/Ng (527 T, :ub) + (%i A Cja]) ‘
__—_-z :4

Disadvantages compared with our approach:

Hintegral hits the Landau pole of running coupling
and requires PDFs at arbitrarily low scales

practical calculations employ an xr-space cutott,
which introduces some ad hoc model dependence



Comparison with the CSS formula

Classic result from Collins-Soper-Sterman: 1984

o Ao 5 . dzy dzo
dM%lq%dy 3N.M?2s 471'/de_6 . LZ ZZ/ /52

1=4,9 J=49,9

Vo

p{/ = llnﬁﬂ () + B(a <>>]\ [MQ

LT

2 [ i

/

J

i

X [ﬁq/]vl (51, xr, ,ub) ﬁq/]\fg (527 LT, :ub) + (%i — Cj,])

e ————

All-order equivalence to our result, if:

l ($s) dgl($s)
2 d$, N

AS =i (%= g1(as) = F(0, o)

—|— s) dg2(%3 G(as) =In H (-2, p)

P (1a1) = H( i, o) B <<xub>\ anomaly contributions




Comparison with the CSS formula

Only linear dependence on log(Q) in exponent
can be made consistent with CSS formula!

Non-trivial soft function absent in CSS, too!

Anomaly implies a non-trivial contribution to
A, such that A(a,) # I'jyp(as) In this case!

— missed by all previous SCET analyses:
Gao, 14, Liu 2005; Idilbi, Ji, Yuan 2005; Mantry, Petriello 2009

Can predict unknown 3-loop coefficient of A
based on known 2-loop result for B:

'Y = 538.2 while A® = —930.8  — important effect



