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Motivation

@ nowadays: precision physics in QCD processes
— quark mass effects important (e.g. in DIS: precise extraction of pdfs!)
@ aim: incorporatation of massive quarks in collider processes with jets
+ missing: systematic treatment of virtual and real secondary massive quarks
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Outline

e VFENS for the hadronic R-ratio
9 VENS for DIS in the classical region x ~ 1
e VFNS for DIS in the endpoint region x — 1

° VFNS for event shapes in the dijet region

e Summary
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VFNS for the hadronic R-ratio
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VFNS for the hadronic R-ratio

Hadronic R-ratio for massless quark production

_ o(e"e” — hadrons) S P — )
—ofe e IO i [ [ axe MO O]

@ one relevant scale: c.o.m. energy g*> = Q?

@ current conservation
— UV divergences only related to strong coupling & field redefinitions
— only running structure: as

@ perturbative expansion (with MS-renormalized as with n light flavors)

() () 2 2
as” (i) ag (1) Q
Rolad] = No > ef a1+ =2 y r1+( e ™ — Bori In ¥l

— log minimized for u ~ Q
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VFNS for the hadronic R-ratio

Massive quark contributions

() () 2 Q?
Hn,[agnf)] _ NCZ ei 14 0554TEN) n+ <O¢S47§M)> |:r2(m) _ 50,-1 In (?)]

@ virtual massive quark effects: a

)

@ aims for a VFNS (n; massless + 1 massive flavor):
— stable perturbative prediction: resummation of all large logarithms In (£)
— correct limits for R (decoupling for m — oo + massless limit for m — 0)
— continuous description with full mass dependence for arbitrary hierarchies

= use of proper renormalization schemes: CWZ-scheme
Collins, Wilczek, Zee (1978)

Ho

Hm ~m - -

HNQ -
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Renormalization of the strong coupling: Massive quark contributions

g g
m
asTe [1 2
n(o) ;WF {Z +1In (%) — e +In(47) + O(e)

Renormalization for as = g /47r

2¢ ZMsaNTs(

as = 1) = 2 Z8ad (1) =

— MS renormalization: ZMS =142 TF 1 ¢ +const + ... (default for massless partons)

— OS (on-shell) renormalization: ZSS 1y neo)+...
Anomalous dimension for resummation of logarithms (RGE)

MS MS
Ms _ dag MS 2 msdInZg (n+1) MS _ (1)
= +eag = —p g ——pn = —og =«
B din 2 s B din 2 s s (1)
(N (ON}
0s dag 0s 2 _osdInZ; (m) 0s (n)
g = Feas” = —p s =g — Qs = a1
dInp?2 dIn p2 (1)
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VFNS for the hadronic R-ratio

@ |. OS renormalization for massive quark contributions to as: ag"’)(u ~ Q)

2
R mlad" (1)] =5 Ryl (1)] + O (Q ) v

(m) 2 2
<Q Q 1% 1 m .
Rn,,m[a(sm)(,“)] m "<QR [a n,)( )] + < 5475 )) (5(()n/+ ) ﬂ(()n/)) rin (MZ )

= appropriate form > Q
@ II. MS renormalization for massive quark contributions to as: ol (1 ~ Q)

2
Ry mloxs ey ()] a3 Rn1las ) wW+0o (QZ) Vv

n+1

2 2
Romlal"* " ()] "ZF Ry o (1)) - <47r(ﬂ)> (857 = 5 ) rin (,:) \

= appropriate form < Q

@ for arbitrary m«+ Q:usel.form > QandIl. form < Q
= matching at 1 ~ Q ~ m = decoupling relation for as
= exact mass-dependence + correct limiting behavior
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VENS for DIS in the classical region x ~ 1

Outline

9 VENS for DIS in the classical region x ~ 1
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VENS for DIS in the classical region x ~ 1

Deep inelastic scattering: e~ P+ — e~ X

@ two relevant scales: g2 = —Q?, Agcp ~ Mp

o x= Egz—q: 0 < x < 1, classical region: 1 — x ~ O(1)
do ,
Ao a0 H/L/H
dQ2dx W

— leptonic tensor [*": purely electromagnetic (up to higher orders in aem)
— hadronic tensor W,,,, <+ structure functions F; 2

174 1 17
Wer = (=G = LV Fix, )+ e (Pt ) (Pt ) Pl @)
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VENS for DIS in the classical region x ~ 1

Factorization in DIS

factorization = separation of quantum fluctuations at different energy scales
— conveniently achieved with effective field theories

Factorization theorem of form factors for massless quarks:

/\2
Fio~ Z Z Hij(1n) ® Ulic(pn, o) ® ©j/p(p0) + O < 8?)

=9,9/=9,3,9

Collins, Soper, Sterman (1988), Bauer et al. (2002)
— hard function H; ;(un ~ Q): difference between QCD and low-energy EFT (=SCET)

— parton distribution function (pdf) /(e ~ Aqcp): nonperturbative!
®u/p(X, po) = (P |Ok(X; po)|PT)

— logs In(££) resummed via RG factor U®, (1, 1io) (Suppressed in the following)
Ko /
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VENS for DIS in the classical region x ~ 1

Mass effects in DIS

Factorization theorem of form factors for massless quarks:

Fion~ Z Z H/,j(MH) ® ¢k/P(/ld>)

i=9,9/=9,9,9

How to incorporate heavy quark mass effects (m > Aqcp)?
i H Q m Q
— resummation of all logarithms In (@) In (AQK) In(2)
— correct limits for H; ; (decoupling for m — co + massless limit for m — 0)
— continuous description for arbitrary masses

= ACOT scheme aivazis, Collins, Olness, Tung (1994)

Hm ~ M === ====

HEg~Q --

1o ~ AQep - -
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VENS for DIS in the classical region x ~ 1

Massive quark corrections for m 2> Q

m 2 Q: Fio= Z Z H/{j(/‘H) ® (DI'/P(:U‘Q’)

i=9,3,Q,Q/=9,3.9

use OS renormalization = low-momentum subtraction for pdfs and «s
@ evolution always with n; flavors
@ massive quark contributions vanish in SCET
@ only full QCD contributions to H;;, e.g. at one-loop to Hé,,g:

m [
|

ST

— for m > Q: automatic decoupling \/
— for m < Q: unresummed logarithms ~ In(m?/ Q%) 4
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VENS for DIS in the classical region x ~ 1

Massive quark corrections for m < Q

mS Q| Fia~ Z Z Z HH (k) ®./\/l (11m) ® Pi/p(po)
i=9,3,Q,Q j=9,3,Q,Q,9 k=9,3.9

use MS renormalization above the mass scale for pdfs and as
@ evolution with n; + 1 flavors above um

@ now massive quark contributions from full QCD and SCET to H; ,
e.g. at one loop

— for m < Q: mass logarithms resummed, correct massless limit for H; ; \/
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VENS for DIS in the classical region x ~ 1

Massive quark corrections for m < Q

MSQ:|Fian > > > Hi(un) @ M, (11m) ® Sy /p(10)

i=9,9,Q,Q2j=4,5,Q,Q,9 k=9,9.9

use MS renormalization above the mass scale for pdfs and as
@ evolution with n; + 1 flavors above um

@ now massive quark contributions from full QCD and SCET to H;;
— for m < Q: mass logarithms resummed, correct massless limit for H; ; 1/

use OS renormalization below the mass scale for pdfs and «s
@ evolution with n; flavors below pm

@ scheme change « pdf matching M7, e.g. at one-loop for Mgg = (9|0qlg)

Ij’

N

m

Piotr Pietrulewicz ( University of Vienna ) Variable flavor number schemes (VFNS) in QCD Wien, 05.06.2014 14/34



VENS for DIS in the classical region x ~ 1

ol.m 2 Q: F1,2 = Z B Z H/’j(/.LH) (034 d)j/P(/Lq))
i=9,3,Q,Q2/=9,3,9
— massive contributions to H;; at one-loop

QILMSQFa~ X X X Huw) @ M (um) © /p(pe)
i=0,3,0,0=0,5,Q,0,0 k=9:3.9
— massive contributions to H;; at one-loop

— massive contributions to pdf matching M?j at one-loop

N

m

= continuous transition to | at O(as) v/
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VENS for DIS in the endpoint region x — 1

Outline

e VFNS for DIS in the endpoint region x — 1
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VENS for DIS in the endpoint region x — 1

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 (%) =In(1-x)%

+» additional scale: final state jet invariant mass 3, p? = s ~ Q*(1 — x)
@ here: 1 — x> N3cp/Q2 — s> Ncp

sip? ~ Q* (1 —x)
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VENS for DIS in the endpoint region x — 1

Massless factorization theorem for x — 1

Factorization theorem for massless quarks:

Fio~ Z Hors (por)Jois (10) @ Pi/p(pe) [1+ O(1 — x)]
i=q,9

Sterman 1987, Manohar (2003), Becher, Neubert, Pecjak (2006),

Ingredients:
@ at yuyy ~ Q: hard function Hois(1n) = |C(uur)?
— C(un): current matching between full QCD and SCET (local!)
@ at uy ~ Qv1 — x: final state jet function Jpis(12u)
— jet rate in terms of its invariant mass (nonlocal!)
@ at e ~ /\QCD: pdf ¢q/p(,uq>)

¢ =—Q?

N
M mip? ~ QX1 — )
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VENS for DIS in the endpoint region x

Massive quark effects

Factorization theorem for massless quarks:

Fion~ Z Hors (pem) Jois (1) @ i/p(pe)
i=q,q

@ Note: only flavor-diagonal contributions in matching and evolution

rp = p Trp = p
% @W
(l-z)p<p (l1-z)p<p

~l-z ~ 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 S
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VENS for DIS in the endpoint region x

Massive quark effects

Factorization theorem for massless quarks:

Fio~ > Hois(pn)dois(is) ® Si/p(pe)
i=q,q

@ 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
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.m>Q,

LA>m>Qv1—x,

II

here: top-down evolution — final renormalization scale ;. = po

py~QV1I—w - - -

n

ko ~AQeD - - -

Piotr Pietrulewicz ( University of Vienna )
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Variable flavor number schemes (VFNS) in QCD

IH.OV1—X>m>/\QCD,

111

Hm -
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VENS for DIS in the endpoint region x — 1

Factorization theorems

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

Fiz ~ H™ () U (pm, 116) I (1g) @ U (g, 10) @ 0 (110

only full QCD contributions to hard current matching — H\™ (111
= decoupling for m > Q, but mass-singularities for m — 0
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VENS for DIS in the endpoint region x — 1

Factorization theorems

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

Fiz ~ H™ (ua) U (1im, 110) I (110) @ US (g, p10) @ 0 (10

e Il. @ > m> Qv/1 — x: use MS renormalization for current and a;s above jim

Fro ~H () U (s pom) Mg (m) U (i, 1)
X I (1) @ U (o, po) @ &7 (p10)

— finite subtractions to H'" (/) due to different scheme
(non-vanishing SCET diagrams!)

= H{""V (/) has correct massless limit for m < Q

below pm: OS renormalization

— massive threshold contribution M (um) <> scheme change
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Factorization theorems

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

Fiz ~ H™ (un) U (s, o) I (1g) @ US (0, o) @ 0 (p1o)

e Il. Q > m> Qv/1 — x: use MS renormalization for current and a;s above jim

Fio ~ HP D () U (i, pm) Mur(pim) U (s, i)
x S (pg) © U (19, po) @ D (1)

@ lll. Qv1 — x > m: use MS renormalization for current, jet fct and as above pim

Fra ~ H D (i) U (vt i) M (i) U (i, 1)
x S () @ U (pa, tm) @ Mu(pim) @ US™ (pim, 1) @ ) (o)

— modification of the jet function due to massive quark contributions
= correct massless limit for m < Qv1 — x

SO (s, m, ) = I (8, ) + S (8,m, 1) + O(s — 4n)od (s, m)

below pm: OS renormalization
— massive threshold contribution M, (um) + scheme change
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VENS for DIS in the endpoint region x — 1

Massive threshold corrections

Example: threshold correction in jet sector
bare jet function:

e =70 0 S = 28 0 S
in OS renormalization:
JOS(s,m, 1) = S (s, 1) + 0(s — 4mP)6 s (s, m) =5 S (s, 1)
in MS renormalization:
S(s,m, ) = SV (s, ) + I8N (s, m, ) + 0(s — 4mP)5J= (s, m)

TS ST (s, p)

= My(s,m, u) = J%(s,m, p) @ (S (s, m, 1))~

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

Consistency conditions for Qv'1 — x > m > Aqcp

pr~Q--@------------ --()------------
A :
R e A D
Hfinal

fm ~m = - M) - - (D)
Hfinal

Ha ~ Agep

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

—1
U s Ul = (Uﬁ,"f)) forng = ny, ny + 1
— relation between massive threshold contributions

MHXMJ:Md)
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VENS for event shapes in the dijet region

Outline

0 VFNS for event shapes in the dijet region
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VENS for event shapes in the dijet region

Event shapes

@ goal: VFNS for differential distributions in e* e~ -collisions

@ in fact: similar to DIS (crossed process!)

@ event shape variables: geometric description of final state kinematics
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VENS for event shapes in the dijet region

Event shapes: Thrust

e thrust: 7 = 1 — max; %‘E‘?‘ €0, 3]

back-to-back: 7 — 0 %‘%—V t isotropic: 7 — % t

@ thrust distribution from LEP data (ete™ — jets)

20
1ldo !
o dr .
15¢ *
10 o
_peak, tail far-tail
st 2 jets 2-3 jets -3 jets
0 - ! B B LRI TSP |
0.0 0.1 0.2 0.3 04
T

— peak region (T ~ Aqcp/Q): typical jet scale s = QAqcp
— tail region (7 > Aqcp/Q): typical jet scale s = Q®r
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VENS for event shapes in the dijet region

Factorization theorem for massless quarks

Massless factorization theorem for 7 <« 1:

do

3 ~ Hr(n)dr (1) @ S-(us) [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, — Jois @ Jois
@ main difference concerns soft physics: S, < ®;/p
— in tail region (7 > Agcp/Q): s ~ Qr > Agep: S, = S ®@ ™

s ~ max(QAqcp, Q*T)

s ~ max(QAqcp, Q*r)
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VENS for event shapes in the dijet region

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:

0 pm ~ Q
py~QVT
[l ™~ M
i s ~ QT
VORaon -
A\(L)(rvr) = . L L L L T
00 ¢ 01 0.2 0.3 0.4 0.5
< >

Piotr Pietrulewicz ( University of Vienna )

Variable flavor number schemes (VFNS) in QCD

hard sector (ML)

mass modes

jet sector (ML)

soft sector (ML)
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VENS for event shapes in the dijet region

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 ~ M

V@Agep /

Aqep =
J 0
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VENS for event shapes in the dijet region

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 - i~ Q! hard sector (ML)
- ‘ jet sector (ML)
soft sector (ML)

mass modes

p ~ QT
M ~ M

s~ QT
\/QA(JCD/ ! /

Agep * . . . . T
00 0.1 02 0.3 0.4 0.5
< >
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VENS for event shapes in the dijet region

Setup for secondary massive quarks

@ Setup for event shapes = Setup for DIS (same structure for factorization theorem)
@ now: additional hierarchy possible m < Q7 ~ us

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

v

TRV B

n+1
n+1

[ R

P MM e e e e e e e e e e e -
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VENS for event shapes in the dijet region

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)/GevV
14 HH=Q
12r
10
8
6
A
Al v
0 ‘ ‘ ‘ ‘ ‘T
0.0 0.1 0.2 0.3 0.4 0.5
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VENS for event shapes in the dijet region

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

OME
. . 0.02
relative deviation massive vs. massless
tm =M, im = M/2, jim = 2M _002

-0.04

—-0.06

-0.08

-0.10

T
03 0.4 05
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Summary

Outline

e Summary
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Summary & Outlook

@ understanding of massive quark effects important in precision QCD
@ VFNS cover different hierarchies between the mass scale and the kinematic scales

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

@ new: VFNS with final state jets
— DIS for x — 1: setup
— thrust distribution for 7 — 0: setup + numerical analysis
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Summary & Outlook

@ understanding of massive quark effects important in precision QCD
@ VFNS cover different hierarchies between the mass scale and the kinematic scales

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

@ new: VFNS with final state jets
— DIS for x — 1: setup
— thrust distribution for 7 — 0: setup + numerical analysis

Thank you!
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e Backup-slides
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