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Motivation

@ interesting times for high-energy collider phenomenology
@ typical event with QCD radiation (e™ e~ -collision):

@ nowadays: QCD is precision physics
— extraction of fundamental parameters with small uncertainties
— prediction of background for new physics searches

@ at high accuracy: quark mass effects important
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Motivation

@ aim: incorporation of heavy quarks (m > Aqcp) in collider processes with jets
<> missing: systematic treatment of virtual and real secondary massive quarks

@ main emphasis: development of factorization setup
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Outline

o VENS for DIS in the classical (OPE) region 1 — x ~ O(1)
e VENS for DIS in the endpoint region 1 — x < 1
0 VFNS for event shapes in the dijet region

0 Summary & Outlook
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VENS for DIS in the classical (OPE) region 1 — x ~ O(1)

Outline

o VENS for DIS in the classical (OPE) region 1 — x ~ O(1)

Piotr Pietrulewicz ( University of Vienna ) VFNS for Final State Jets Wien, 24.10.2014 5/24



VENS for DIS in the classical (OPE) region 1 — x ~ O(1)

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

@ two relevant scales: ¢° = —Q%, P? ~ N5cp

° x= 2,‘32—qu 0 < x < 1, classical region: 1 — x ~ O(1)

do

@ diff. cross section e

~» structure functions Fi »
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VENS for DIS in the classical (OPE) region 1 — x ~ O(1)

Factorization in DIS

Factorization theorem for massless quarks:

A2
Fram 32 3 o) ® Ui ) 00 +0 (52 )

i=q j=q,9

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

@ parton distribution function (PDF) & ,p(1e ~ Aqcp): nonperturbative!
Pup(X, po) = (PT|Ok(X, po)|PT)
@ RG factor Uy (uu, (o) resums logs ~ In(ﬁ—:) (implicit in the following)
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VFNS for DIS in the classical (OPE) region 1 —

Mass effects in DIS

Factorization theorem for massless quarks:

/\2
F1.2NZZ HU(NH)®¢1/P(/1¢)+O g(;D
i=q j=9,9

How to incorporate heavy quark mass effects (here: n; massless + 1 massive flavor)?

; ; m Q
— resummation of all logarithms In <@> In(2)

— correct limits for Hj (decoupling for m — co + massless limit for m — 0)
— continuous description for arbitrary masses

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

I II
L ™M === = = =
p~Q - -CHD -- -
Hm == -
Ko ~AQep - - - _
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VENS for DIS in the endpoint region 1 — x < 1

Outline

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

Massless factorization theorem for x — 1
Factorization theorem for massless quarks:

Fion~ Z Hois (per) Jis (110) @ ®i/p(1e) [1 4+ O(1 — X)]
i=q,q

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

@ at uy ~ Q: hard function Hpis (i)

@ at gy ~ QT — x: final state jet function Jpis (1)

@ at Mo ~ AQCD: PDF <1>q/p(,u,¢)

¢ =-Q°

\{

sip? ~ Q¥ 1 — 1)

0
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VENS for DIS in the endpoint region 1 — x < 1

Massive quark effects

Factorization theorem for massless quarks:

Fion~ Z Hois (per)Jois (pa) @ @i/p(pe) [1+ O(1 — X))
i=q,q

@ only flavor-diagonal contributions in EFT components

@ same for massive quarks
= 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 and Jpis
— continuous behavior in between with full singular mass dependence
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VENS for DIS in the endpoint region 1 — x < 1

Mass factorization: Overview

scaling hierarchies for a heavy quark (m > Aqcp) in the endpoint region (1 — x < 1):
ILm>Q, ILQA>m>QV1—x, HN.QV1—x>m> Ao

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

II 111

Hm ==

py~QV1I—w - - -

n

ko ~AQeD - - -
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VENS for DIS in the endpoint region 1 — x < 1

Computation of secondary massive quark effects

@ massive quark corrections at O(a2Cr Tr) + “massive gluon” corrections at O(as)

P ay-g

X
; M
m

@ connection: dispersion relations
q m
k k
D000 X Im |~}

q m

— generic scaling M ~ m is inherited, same field theoretic setup
= hard and jet functions at O(a2Cr T) \/

/OOdM

LR
2
=~

(3]
—_

LQ%‘J
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VFNS for DIS in the endpoint region

Massive threshold corrections

@ e.g. threshold correction in jet sector

My(s, m,p) = (s, m, 1) @ (S5, m, )"

— related to virtual massive quark corrections
— continuity by construction

@ rapidity logarithms
in My: in My:
large logarithm ~ In (%) large logarithm ~ In (QZ(‘*X))

m2

m

m?/Q

Qg m Q pt Q-2 oy Qp*
— exponentiation (used rapidity RGE: chiu et al. (2012))
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VENS for DIS in the endpoint region 1 — x < 1

Consistency conditions (for Qv/1 — x > m > Aqcp)

pr~Q--@------------ --

A :

Py~ QVI—T ooy - ---
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 factors

[ Mh x My = Mo |

VENS for Final State Jets
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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

@ event shape variables: geometric description of final state kinematics

@ thrust: 7 =1 — max Zi'itg" €0, 3]

back-to-back: 7 — 0 —%%» t

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

. - 1
isotropic: T — 3

peak + tail far-tail
20

151

10

_peak tail far-tail
st 2 jets s 2-3 jets -3 jets
0 . 1 i LI LTSI | ]
0.0 0.1 0.2 0.3 04
T
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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(en)de (1) @ S-(us) [1+ O(7)]

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

@ compared to DIS: H, = Hiis(Q® — —Q?), J- — Jois @ Jois
@ main difference concerns soft physics: S, < ®;/p
— in tail region (7 > Aqcp/Q): us ~ QT > Agep

s ~ max(QAqcp, Q*7)

s ~ max(QAqcp, Q*T)
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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:

Hon, ~ M

V@Aqep b

Agep
0.4
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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)

Hom, ~

VQAqen

Agep
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:

0 hard sector (ML)
[ jet sector (ML)
r soft sector (ML)
[ ~ M ) mass modes

/ s ~ QT

VQ@Aqen 3

Aocep . L . . T
0.0 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 shape distribution ~ Setup for endpoint DIS
@ now: additional hierarchy possible m < Qr ~ us

— MS renormalization for all structures (n; + 1 active flavors)
— massive contributions to soft function +/

R e B

n+1
n+1

HS~¢ ==

Hm, ~
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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

004- 3 T T T T =
002F |} 3
0.00 3 =
relative deviation massive vs. massless Ao —0.02f
=M, jim = m/2, jim = 2m -004F
M“m s Um / sy Mm _0.06F
—0.08E E
0.0 0.1 0.2 03 0.4 0.5
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Summary & Outlook
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Summary & Outlook

@ achievements:

@ general framework for secondary massive quark effects in multiscale processes

@ DISfor1 — x ~ O(1): re-interpretation + results at O(a2Cr Tr)

© DISfor1 — x <« 1: setup + results at O(a2Cr TF)

@ thrust distribution for - — 0: setup + results at O(a2Cr T¢) + numerical analysis

(partially also for primary massive quarks)

Gritschacher, Hoang, Jemos, P.P., Phys.Rev.D88
Gritschacher, Hoang, Jemos, P.P., Phys.Rev.D89

034021
014035

Gritschacher, Hoang, Jemos, Mateu, P.P., to appear in Phys.Rev.D90

Hoang, P.P., Samitz (in preparation)

Hoang, Pathak, P.P., Stewart (in preparation)

@ possible applications:

@ analysis of low energy collider data (e.g. event shapes)
@ top quark production at the LHC
@ beam functions with massive quarks
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Summary & Outlook
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Backup-slides

Outline

e Backup-slides
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Scales in jets (SCET I)

2
pe’\’Q/\ p’NQ

@ description of jets: lightcone coordinates n* = (1,0,0,1), n* = (1,0,0,—1)
Spt=n-ph+n-ph+pi=(p,p",pL)
—pP=p p"+p7
e for collimated jets: @° >> mp, > Nagp
— language of effective field theory appropriate
— p~ > py > pt(ndirection) — p~ ~ Q, pr ~ QA, pt ~ QN2
with power counting parameter A = mje:/Q

@ ultrasoft particles: p~ ~ p. ~ pt ~ QN2

= Soft-collinear effective theory (SCET)
Bauer, Fleming, Luke (2000); Bauer, Fleming, Pirjol, Stewart (2001)
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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 _
s dog Ms 2e msdInZy” iy MS _ (1)
g = 2+Eas =K Qg 72—5 — Qs = Qs (/J)
dingy din
(N (ON}
ﬂos _ daog + e = _MZeaOS dinz;> 5('7/) o= a(n,)(u)
dinp? s ° dlnu2 s s
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Backup-slides

Massive quark corrections for m 2> Q

mZ Q| Fra= "> Hilun)®Pyp(ue)

i=q,Qj=9,9

use OS renormalization = low-momentum subtraction for PDFs and «s
@ evolution always with n, flavors
@ only full QCD contributions in Hj, e.g. at one-loop to Hg,:

m 1
|

ST 2y,

— for m > Q: automatic decoupling /
— for m < Q: unresummed logarithms ~ In(m?/Q?) 4
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Backup-slides

Massive quark corrections for m < Q

MmSQ | Fian Y 3T > Hi(un) @ Mj(1m) ® Ok/p(pio)

i=q,Qj=q,Q,9 k=q,9

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

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

— for m < Q: correct massless limit for Hj/ |/
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Backup-slides

Massive quark corrections for m < Q

MSQ|Fian Y Y > Hil(un) @ M (1tm) ® Px/p(pio)

i=q,Qj=9q,Q,9 k=q,9

use MS renormalization above the mass scale for PDFs and as
@ evolution with n; + 1 flavors above pm
@ now massive quark contributions from full QCD and SCET to Hj/

use OS renormalization below the mass scale for PDFs and as
@ evolution with n; flavors below pm

@ scheme change ++ PDF matching M, e.g. at one-loop for M‘é}g = (9|0ql9)

ijs

Y

m
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Backup-slides

°LmzQFo= 3 3 Hilun)®Pp(is)
i=q,Qj=q,9
— massive contributions to H,-j- at one-loop

oILmSQFo~ Y ¥ X Hl(uw) ® M (pm) ® Pr/p(pio)
i29,Qj=3,0,g k=q,9

— massive contributions to Hj' at one-loop

— massive contributions to PDF matching M,‘f at one-loop

YA

m

= for pum ~ m ~ Q ~ py: continuous transition at O(as) \/
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Backup-slides

Scenario . Ay > 1 > X\ > )2

mode pt=(H,—1)| p

hard Q(1,1,1) @
n-coll ML Q(X2,1,)) o%
usoft ML | Q(X2, X2, \%) | QP\*

QA

QN
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Backup-slides

Scenario Il. 1 > A\ > XA > )2

> S

Q)\'ITL-

QA

QN

mode

pl’« = (+7_7J—) p2

hard
n-coll MM
soft MM
n-coll ML
usoft ML

Q(1,1,1) @
QX2 1, Am) m?
Q(Am, Am, Am) m?

Q(X2,1,)) Q?)?
Q(X2,02,0%) | Q2\*

QX O Qo Q
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Backup-slides

Scenario lll. 1 > X > Ay > A2

QA

QATYL B

QN

mode ot =(+—-1) | p°

hard Q(1,1,1) &
n-coll M Q(X2,1,)) QP2
n-coll ML Q(X2,1,)) QN2
SOt MM | Q(Am, Am, Am) | n??
usoft ML | Q(X2, X3, \%) | Q®\*

QX Qo QX Q
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Backup-slides

Scenario IV. 1 > XA > )2 > \,

mode | p* = (+,—, 1) | p°

hard Q(1,1,1) @&
n-coll M QX% 1, ) D%
n-coll ML Q(X2,1,)) QN2
usoft M QN2 02,07 | QAX*
usoft ML | Q(X2, X3, \%) | Q®\*
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Mass mode setup: Summary

I I 111 v
fom ~
Hi ~ Q) ———— 8
hard — 2
""" + 5
T A e
3 — —
& + +
= = ) = =
g S £ S S
g~ QA
coll. ML coll. ML coll. ML r coll. ML,
L A yE-C-[-)il"l\-f - g coll.M
Hm + y
isoft MM &
N B Rtea et s 8
S =l 0
= <
<
L1 ~ QN2 \A/ YY YvY Yvy g
soft ML soft ML soft ML soft ML H
=
soft M &)
fm 0
MM = mass-mode, ML = massless, M = massive -
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Backup-slides

Factorization theorems

@ |. m > Q: massive quark integrated out when matching to SCET

do

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

modification of hard matching coefficient due to massive quark
— use OS renormalization for current
= decoupling for m > Q, but mass-singularities for m — 0
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Backup-slides

Factorization theorems

@ |. m > Q: massive quark integrated out when matching to SCET

d
o~ HP ) U s, 1) S (1) © U (s, 1) © 7 (10

o Il. Q > m> Qv1 — x: virtual mass mode contributions in SCET

do

3o~ P ) U (s i) M) U (pim, 1)

X S (1) @ U (o, o) @ 0" (j10)

modification of hard matching coefficient, subtractions due to SCET diagrams
— use MS renormalization for hard current matching

= correct massless limit for m < Q

additional current mass mode matching contribution My at um
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Backup-slides

Factorization theorems

@ |. m > Q: massive quark integrated out when matching to SCET

do
dr

o Il. Q > m> Qv1 — x: virtual mass mode contributions in SCET

d ,, (n n
ZZ D (i) U (s pm) Mg () U (s o)

ar
I (g) @ US™ (11, p0) @ O™ (110)

~ H () U (a1, 120) S (120) @ US™ (11, o) @ 1) ()

@ lll. Qv1 — x > m > Aqcp: virtual and real mass mode contributions in SCET

do ~ n/+1 (
dr

) n,+1) (

i s i) M (pm) UL (g, 1)

x S () @ U (g, pm) © Mo(pim) @ US™ (m, p10) © O (110

modification of the jet function at x, due to massive quark
— use MS renormalization = correct massless limit for m < Qv1 — x

SO (s,m, ) = S (s, 1) + S (8, M, ) + 0(s — 4mP)SJ (s, m)
additional jet mass mode matching contribution M, at pm
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Backup-slides

Massless mode setup and factorization

e DIS
4
P
Q
QVT—a
Aqep
Aqep QVI—= Q er‘
@ Thrust

QN QA Q pt

Piotr Pietrulewicz ( University of Vienna )

Factorization theorem for 1 — x <« 1:

Fi~ > Hois () Jors(114) © Sors(10) @ ,/p(11)
i=q

=0 /p(1o)
Factorization theorem for 7 < 1:
do
37 ~ Hr(un)dr (o) © S-(us)
VFNS for Final State Jets Wien, 24.10.2014 37/24



Backup-slides

Full theory result

7 ssmoRe(g)

+0 (7 — Tmin) [A( ’02) +B( ’Oz)}
q +0(T—f)c(77c72)}

-
\ \ Tmin = ’(‘3’—2 — threshold for real jet radiation

v v 7 = % — threshold for real soft radiation

0 /
. Tm in

T Timax
OF (%) C@,x)
—10F 4
0.0 0.1 0.2 0.3 0.4 0.5
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Backup-slides

Massive threshold corrections

Example: threshold correction in jet sector
@ bare jet function:
Jowe ZJOS ® JOS — ZjVTS ® Jm
@ in OS renormalization:
JS(s,m, ) = J (s, 1) + 0(s — 4mP) =M (s, m) T=5 S (s, 1)
@ in MS renormalization:
SS(s,m, p) = S (s, 1) + 5J8 (s, m, ) + (s — 4mP)S S (s, m)
mES St (s 1)

@ threshold correction:

= My(s,m, p) = J(s,m, 1) @ (S (s, m, )"

= continuity by construction
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Backup-slides

Two-loop computations
dispersive technique appropriate for — Wilson coefficient /

— jet function /
— soft function ...

Piotr Pietrulewicz ( University of Vienna ) VFNS for Final State Jets
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Backup-slides

Two-loop computations

dispersive technique appropriate for — Wilson coefficient /
— jet function /
— soft function ... % hemisphere definition!

/ /
ktq = 6(—k —q) k+q 60—k —q)
- + - +
k
- N,
q I
—0(l—k"—q) =00kt —q7)
- + - +
same hemisphere: k™ > k=, ¢ > ¢~ opposite hemisphere: k= > k*, ¢© > ¢~

Et+q¢t >k +q

= Opposite hemisphere contribution accounted for in different ways
1. “gluon hemisphere” prescription — S9 (¢, m, 1)
2. “quark hemisphere” prescription — S99 (¢, m, 1) (correct soft function)
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Backup-slides

Soft function computation

So how to compute the thrust soft function with the correct hemisphere prescription?
o St m, j) = SO(t,m, ) + (8 (¢, m, ) — 89 (¢, m, )

=AS(¢,m)

@ S (¢, m, u): distributions and threshold 6(¢ — 2m)

@ hemisphere misalignment contribution AS(¢, m) is finite
— numerical integration in 4D possible
— correct massless limit Kelley, Schabinger, Schwartz, Zhu (2011)
— good parametrization with correct normalization and asymptotic behaviour

I e e e B e e e e e B s s |
20 . N

I
H §or2)
i M Srma
1
' l‘ parametrization
1
!
1

expansions

05

0.0

20
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Soft function computation

1sH T T H N
S 0f
_____ malea | 3
ok mo | ] F
aly+12)
ms? | 1of
m g(rn{“\ 1.2) ] b
] o N N N 0
-1
0 [
-20[
-s5H ol 1 1 1 1 1
0 2 4 6 8 10 0 2 4 6 8 10

Figure : Massive quark contributions to the thrust soft function (left) + cumulant (right) for © = m,
normalized by (a{"*"V)2Cg T /1672.
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Backup-slides

R-evolution with massive quarks

0.50] T T T T T
045 ]
a, //,,
——— 040 L b
GeV L
0.35[F ]
030 1 1 1 1 1 0 0 1 1 1 1 1 1
2 4 6 8 10 12 ] 100 200 300 400 500
R L
GeV GeV

Figure : R-evolution of Q4 (R, u = R) with a massive bottom (left) and a massive top quark (right).
Massless evolution (red, dashed), massive evolution incl. threshold matching (blue, solid) at
mp(mp)/m:(m;) and massive evolution without threshold matching (green, dotted).
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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 N°LL in the dijet region 7 < 1/

@ numerical code (incl. nonperturbative model function & gap subtractions) \/
@ profile functions for Q = 14 GeV:

Piotr Pietrulewicz ( University of Vienna ) VFNS for Final State Jets Wien, 24.10.2014
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Plots: secondary massive bottom quarks
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Figure : Q = 14 GeV: partonic (red, dashed), incl. the nonperturbative soft model function (green,

dotted) and + gap formalism = default (blue, solid).
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Plots: secondary massive top quarks
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Figure : Q = 500 GeV: massive (blue, solid) vs. massless (red, dashed).
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Plots: secondary massive top quarks
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Figure : Q = 500 GeV (blue, solid), Q = 1000 GeV (red, dashed) and Q = 3000 GeV (green,
dotted).
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Figure : Q = 500 GeV: um = m; (blue, solid), um = m;/2 (red, dashed) and pum = 2m; (green,
dotted).
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