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@ Classical DIS: x ~ O(1)
e DIS in the endpoint region x — 1

e Event shapes in e" e~ -collisions

0 Summary
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Outline

@ Classical DIS: x ~ O(1)
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Factorization for x ~ O(1)

Factorization theorem for massless quarks:

Fia~ > > Hij(un) © 9p(i0)

i=q,4j=9,9.9

Collins, Soper, Sterman (1988)
Bauer, Fleming, Pirjol, Rothstein, Stewart (2002)

— H; j(nH ~ Q): matching between full QCD and low energy description

— ®;/p(1e ~ Nocp): pdf = matrix element of low energy effective operator
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Classical DIS: x

Factorization for x ~ O(1)

Factorization theorem for massless quarks:

Fia~ Z Z Hij(pH) @ @5/p(po)

=9,9/=9,9,9

goals for factorization with massive quarks (m > Aqcp):

— resummation of all logarithms In ( ) In (chn) In (2)

— correct limits for H;; (decoupling for m — oo + massless limit for m — 0)

— continuous description for arbitrary masses

= use CWZ renormalization for pdfs and as: ACOT scheme

Collins, Wilczek, Zee (1978), Aivazis, Collins, Olness, Tung (1994)

pao ~ Agep - -
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Outline

e DIS in the endpoint region x — 1
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Scales for x — 1

@ x — 1: experimentally barely accessible (small pdfs!)
but: nontrivial factorization setup — interesting as a showcase for concepts

@ use factorization theorem for x ~ O(1)?

— unresummed logarithms in H;;: In(1 — x) = In (%) 9

<+ additional scale: final state jet invariant mass 3", p? = s ~ Q?(1 — X)
@ here: 1 — x> N5cp/Q® — s> Naep

qQ _ —Q2

\{

sip? ~ Q%1 —x)

0
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Massless factorization theorem for x — 1

Factorization theorem for massless quarks:

Fip~ Z Hois (per)dois(pg) @ @i/p(pe) [1+ O(1 — X))
i=q,q

Sterman 1987, Manohar (2003), Becher, Neubert, Pecjak (2006),
Ingredients:
@ at yuy ~ Q: hard function Hous(1n) = |C ()2
— C(uw): current matching between full QCD and low-energy description (local!)
@ at uy ~ Qv/1 — x: final state jet function Jpis(p1s)
— jet rate in terms of its invariant mass (nonlocal!)
@ at Mo ~ /\QCDZ pdf ¢q/p(ﬂ¢.)

(]2 — *QQ

l \\q
sip? ~ QY1 — )
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Massive quark effects

Factorization theorem for massless quarks:

Fip~ Z Hors (por) dois (1) @ Pi/p(pe)
i=q,q9

@ Note: only flavor-diagonal (non-singlet) contributions in matching and evolution

Tp AP p Ip ~p
é1—1p<<p :(1—1)p<<p

Nl—x ~ 1

@ for massive quarks: massive threshold corrections also flavor-diagonal
=- no generation of massive quarks as initial state of the hard interaction
= only “secondary” massive corrections to light quark inititated processes

S N
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Massive quark effects

Factorization theorem for massless quarks:

Fion~ Z Hois (per)Jois (1g) @ i/p(poe)
i=q,9

@ only “secondary” massive corrections to light quark inititated processes

m m

@ aim: factorization setup with secondary massive quarks incorporating
— summation of large logarithms
— correct limits for Hpis, Jois (decoupling for m — oo + massless limit for m — 0)
— continuous behavior in between with correct LO terms in the power counting

= achieved by proper renormalization conditions ++ CWZ
Gritschacher, Hoang, Jemos, P.P. (2013),
Gritschacher, Hoang, Jemos, Mateu, P.P. (2014)
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Mass factorization: Overview

scaling hierarchies for a heavy quark (m > Aqcp) in the endpoint region (1 — x <« 1):
L. Qv1 — x > m > Aqcp,

ILQ>m>Qv1—x,

IL.m>Q,
111

here: top-down evolution — final renormalization scale u = po
n

Hm ==

py~QV1I—x - -2

ny
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Factorization theorems

@ |. m> Q: use OS renormalization for current, jet function, pdf and as

do

g~ H ) U (v p0) S (1) @ US (g, 1) © 017 (1)

only full QCD contributions to hard current matching — H\"(11,)
= decoupling for m > Q, but mass-singularities for m — 0
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Factorization theorems

@ |. m> Q: use OS renormalization for current, jet function, pdf and as

do

g~ H ) U (s p0) S (1) © US (10, 1) © 017 (1)

e Il. @ > m> Qv/1 — x: use MS renormalization for current and o above yim

dr L
X S () © U (10, o) © S (1)

d
T s D () U (v i) Mg (pm) US? (i, pi)

— finite subtractions to H,("/)(/LH) due to different scheme
(non-vanishing low energy current diagrams!)

= H,(,”’”)(MH) has correct massless limit for m < Q

below pm: OS renormalization
— massive threshold contribution My (um) <+ scheme change
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Factorization theorems
@ |. m> Q: use OS renormalization for current, jet fct, pdf and «s

d n n n
o~ H ) U (an 1) S (110) @ U™ (1, p0) © 7 (1)

o Il. Q@ > m> Q1 — x: use MS renormalization for current and as above fim

d
70‘ ~ "—II(IHI+1)(N4‘/)Lj(m+ ) (,U/Hv ,Um) MH(/Lm)U ('u,m7 ’LL¢)

ar
x S (119) @ US (11, pro) @ 01 ()

o lll. @1 — x > m: use MS renormalization for current, jet fct and as above pm

d
=2 H D () U (s pom) Mg (pm)US (i, 1)

dr
< S (g) @ US" D (g, pim) @ Mo (m) @ US™ (i, o) @ 0 (p1o)
— modification of the jet function due to massive quark contributions
= correct massless limit for m < Qv1 — x
S (s, m, ) = SV (s, wg) + S5 (5. M, ) + (s — 4mP)S I (s, m)

below pm: OS renormalization
— massive threshold contribution M (1m) <> scheme change

Piotr Pietrulewicz ( University of Vienna ) Variable flavor number scheme for final state jets Warsaw, 30.04.2014 11/20




Massive threshold corrections

Example: threshold correction in jet sector
bare jet function:

e =795 0 U = 28 @ S
in OS renormalization:
JS(s,m, ) = S (s, 1) + 0(s — 4m?)S S (s, m) T=5 S (s, )
in MS renormalization:

JUS(s,m, ) = SV (s, ) + I8N (s, m, ) + 0(s — 4mP)SJE (s, m)

TS S (s, p)

= My(s,m,p) = J(s,m, u) @ (S (s,m, )"

— matching condition directly related to jet function
— continuity by construction
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DIS in the endpoint region x — 1

Consistency conditions for Qv1 — x > m > Aqcp

=Y
puy~QVlI—x oo Yoo o
i ~m - - M) - - (D)
Hfinal
P ~AQED — - - - e oo -

(a) (b)

physical cross section independent of us,a — (a) and (b) equivalent
— relation between evolution factors

—1
U,S"’) X US"') = (Ug,"’)) forny = ny, Ny + 1
— relation between massive threshold contributions

\MHxMJ:Mq,\
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Outline

e Event shapes in e" e~ -collisions
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Event shapes

@ event shapes: geometric description of final state kinematics

e thrust: 7 = 1 — max; %‘E‘?" €0, 3]

back-to-back: 7 — 0 isotropic: 7 — %

@ here endpoint region = — 0 very important: large values for thrust distribution!
@ discussion for event shapes: analogous to DIS (crossed process)
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Factorization theorem for massless quarks

Massless factorization theorem for 7 <« 1:

do

37~ Hr(u)d- (1) @ Se(ps) [1 + O(7)]

Berger, Kucs, Sterman (2003), Fleming, Hoang, Mantry, Stewart (2007),
Bauer, Fleming, Lee, Sterman (2008),...

@ compared to DIS: H, = Hpis(Q* — —Q°), J, — 2Jois
@ main difference concerns soft physics: S, < ®;/p
— in tail region (1 > Agep/Q): s ~ Q1 > Agep: Sr = S ® S™*!

s ~ max(QAqcp, Q*T)

s ~ max(QAqcp, Q*T)
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Scale hierarchies with massive quarks

@ profile functions: Parametrization of renormalization scales in terms of thrust
— continuous transition between peak, tail and far-tail region

@ include massive quark effects — scales and hierarchies:

Q pi ~ Q
i~ QVT
fim ~
s ~ QT
V@AgeD =
Agep * — - - - T
00 ¢ 01 0.2 0.3 0.4 0.5
< >

Piotr Pietrulewicz ( University of Vienna )

Variable flavor number scheme for final state jets

hard sector (ML)

mass modes

jet sector (ML)

soft sector (ML)

Warsaw, 30.04.2014
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Scale hierarchies with massive quarks

@ profile functions: Parametrization of renormalization scales in terms of thrust
— continuous transition between peak, tail and far-tail region

@ include massive quark effects — scales and hierarchies:

hard sector (ML)

jet sector (ML)
mass modes
soft sector (ML)

o ~

VQ@Agep /

Agep -
0
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Scale hierarchies with massive quarks

@ profile functions: Parametrization of renormalization scales in terms of thrust
— continuous transition between peak, tail and far-tail region

@ include massive quark effects — scales and hierarchies:

Q [ g~ Q! hard sector (ML)

jet sector (ML)
soft sector (ML)

pr~ QYT

fom, ~ M : mass modes
/i / s ~ QT
QAgep :
Aqeb + . L . T
00 0.1 02 0.3 0.4 0.5
< >
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Event shapes in et e~ -collisions

Setup for secondary massive quarks

@ Setup for event shapes = Setup for DIS (same structure for factorization theorem)
@ now: additional hierarchy possible m < Qr ~ us

— MS renormalization for all structures
= evolution always including massive flavor, massive contributions to soft function

v

PRSIV

n+1
n+1

HS ™~ - - -

i ™M e e e e e e e e e e e e e e -
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0 Summary
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Summary & Outlook

@ setup for secondary massive quark effects with various kinematical scales

@ use of proper renormalization schemes crucial for resummation of all logarithms
and correct limiting behavior

@ universal structures due to consistency conditions
@ calculation of ingredients for DIS (for x — 1) and thrust (for 7 — 0) at O(a?)

@ possible applications:

@ analysis of low energy collider data (e.g. event shapes)
@ application to other endpoint processes (e.g. hard photoproduction)
© mass effects on TMDPDFs/beam functions
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Summary & Outlook

@ setup for secondary massive quark effects with various kinematical scales

@ use of proper renormalization schemes crucial for resummation of all logarithms
and correct limiting behavior

@ universal structures due to consistency conditions

@ calculation of ingredients for DIS (for x — 1) and thrust (for 7 — 0) at O(a?)
@ possible applications:

@ analysis of low energy collider data (e.g. event shapes)
@ application to other endpoint processes (e.g. hard photoproduction)
© mass effects on TMDPDFs/beam functions

Thank you!
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Factorization theorem for x — 1
Factorization theorem for massless quarks:

Fion~ Z Hors (per)dois (1) @ ®i/p(pe) [1+ O(1 — x)] (%)
i=q,q

@ where is this factorization theorem valid?
— naive expectation: for 1 — x <« 1 (say x 2 0.9?)
— however: dominant terms from ¢ ~ x due to pdf suppression +» x/& ~ 1

ra~ 2 3 [ (E) om0

i=4,3j=9,3,9 ~ieey

— factorization theorem (x) can be sensible even up to x ~ 0.5
@ full description including all relevant terms in classical and endpoint region
Fion~ Z Hbisdpis ® ®i/p + Z Z (Hi,j - H,’-ii;gu}ar) ® ®Pj/p
i=q,9 i=9,9/=9,9,9
— singular terms in H; ;= leading terms for x — 1
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Mass mode setup: Summary

I II III IV
Hom ™~ 1
Hi ~ Q) — — — S —
hard 7| thard: thard hard
o Yrmeeer — £
collMM 2| — n
&0 +
= = ) = =
g g E S S
g~ QA
coll. ML coll. ML coll. ML r coll. ML
L A yE’C‘(‘)h“l\-’I— - g coll.M
Hm + =
isoft MM: ¥
I I e ienie HE
g = @
g = 8
3
fs ~ QA2 YvY Yv Yvy \A/ =
soft ML soft ML soft ML soft ML H
=
soft M @)
Hom n

MM = mass-mode, ML = massless, M = massive
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Rapidity logs in massive threshold coefficients

Massive threshold coefficients contain rapidity logarithms
e.g. in My: large logarithm ~ In (%)

m

m?/Q

mz‘/ Q m Q p*

— rapidity RGE/collinear anomaly: resummation via exponentiation
Chiu, Golf, Kelley, Manohar (2008), Becher, Neubert (2011)
Chiu, Jain, Neill, Rothstein (2012)
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Analysis of secondary massive bottom effects

@ analysis for Q = 14,22, 35 GeV «» bottom mass effects relevant
e ingredients for analysis at O(a3) in the dijet region 7 < 1 1/

@ numerical code incl. a nonperturbative model function /

@ profile functions for Q = 14 GeV:

pi(7)/Gev

14
12t

10

co N A O ©
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Secondary massive bottom effects for Q = 14 GeV

comparison between massless and massive thrust distribution
ML: n; =5, M: n; = 4 & massive b (m, = 4.2 GeV)

massive vs. massless

004E
. . . 0.02
relative deviation massive vs. massless
Wm = M, fim = M/ 2, [ty = 2M -002

—-0.04

—-0.06

-0.08

-0.10

03 0.4 05
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