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QCD in e"e annhilation

® At LHC, we are searching for new

physics in large QCD dominated
Standard Model backgrounds

® From studying € e annihilation first,



Asymptotic Freedom

® At large energies, the strong coupling (@) is small,
allowing reliable calculations in perturbation theory
(asymptotic freedom)
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F a Cto r i Zat i O n Collins, Soper, Sterman (1980s)

® Separate full cross-sections into calculable partonic
functions and nonperturbative (noncalculable) but

(hopefully) universal functions
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® Separate full cross-sections into calculable partonic
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Plan of the talk

® General Introduction

® Event Shapes in e*e” annihilation

® Soft-Collinear Effective Theory (SCET)

® Energy Flow and Factorization in SCET
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Event Shapes

® Hadrons produced in high-
energy collisions usually
produced as jets

® TJwo-jet events are easily
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Event Shapes

® Hadrons produced in high- - PDG (2007)
energy collisions usually
produced as jets

Z width

® Two-jet events are easily
distinguished using _
event Sh GPeS | event shapes

® Event shapes e are number-
valued observables, functions
of all the final state momenta,
such that two-jet events have e¢ ~ (




Some event shapes 5o

i
® Thrust 7 -— %mgxzi:\ﬁpi

® use =1-7T —_—
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Some event shapes 5o

t
® Thrust 71— %m?xzi:‘f'pi
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Angularities

® (Generalization of thrust:

Ta QZE (sin@;)*(1 — |cos 6;]) Qz‘p e~ Iml(1-a)

Berger, Kucs, Sterman (2003)

0 thrust infrared safety: —oo0 < a < 2
| broadening factorizability: —oo < a < 1

Hornig, CL, Ovanesyan
(2009)

Peak region dominated
by narrower jets for large g,
wider jets for small a




Angularities

® (Generalization of thrust:

; 0 0:)° st T~ il (1-a)
ez Z:Ez'(smei) (1 — |cos ;) = @;\Pi ezl

RN e e infrared safety: —o0 < a < 2
a= | broadening factorizability: —oo < a < 1

Berger, Kucs, Sterman (2003)

Peak region dominated
by narrower jets for large g,
wider jets for small a




Challenges in Predicting
Distributions

® Distribution of eventsint = |-T:

Decay scheme (udscb)
Q = Mz

O ALEPH
X DELPHI
¢ L3

O OPAL

It .
— power corrections due

to nonperturbative
soft radiation
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Large logarithms -
&€ 108 > ' ~ .-~ PT (DGE)
must be
resummed

Gardi, Rathsman (2002)
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Effective Field Theory

® |ntegrate out degrees of freedom not relevant to
the kinematics of the processes in question
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Soft-Collinear Effective Theory

Bauer, Fleming, Luke, Pirjol, Stewart (2000, 2001)

® Effective field theory for Aqcop fluctuations about
lightlike trajectory n = (1,0,0,1)




Collinear and soft modes

pa =@

py =/ QAqco
%

L o)

AqQcp
Q

SCET Lagrangian is expansion of QCD Lagrangian in powers of A ~



Interactions in SCET

® Collinear sector interactions:




Soft-collinear decoupling

Bauer, Pirjol, Stewart (2001)

® Collinear quark-soft gluon interaction:
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Soft-collinear decoupling

aYaYa
QATAYA
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Event shape distribution

® Differential cross-section for e*e” annihilation to hadrons with respect to event

shape e:
(S
Redefine collinear
fields in current
o to decouple soft

gluon interactions

IR divergences same as in QCD, UV behavior differs



Event shape distribution

® Differential cross-section for e*e” annihilation to hadrons with respect to event
shape e:

(S




Energy flow

® These operators can be constructed from the operator
measuring energy flow in a given direction:

A = ) E;6%(A — )| N)

1€ N




Factorization s

® Matrix elements in event shape distribution
factorize due to collinear-soft decoupling:

*
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Factorization s

® Matrix elements in event shape distribution
factorize due to collinear-soft decoupling:

Express event shape as operator:




Factorization s

® Matrix elements in event shape distribution
factorize due to collinear-soft decoupling:

Sum over complete set of hadronic states:




Factorization s

® Matrix elements in event shape distribution
factorize due to collinear-soft decoupling:

Decouple soft gluons through collinear field redefinition:




Factorization s

® Matrix elements in event shape distribution
factorize due to collinear-soft decoupling:

Factorize matrix elements:
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Counting Logs

n
e Distribution contains divergent terms T
TCL

® or,in integrated distribution oz? In™ W

R(Ta) = dTa
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Counting Logs

n
e Distribution contains divergent terms 0 T
TCL

® orin integrated distribution ke 7

1 do

R(Ta) == dTa




Factorized Functions at One Loop

® Hard Function

® Jet Function

® Soft Function




Factorized Functions at One Loop

® Hard Function H(Q;pu)=1-—

. .
Jet FU'nCtIOn. J:’(TZJ;N) — 5(7-&1){1_|_QSCF 1—a/2 2 3
[ ke i f( >]}
QQ

1% " . “
A U ek g R T SRS AR e »
L SN Sl :)'f T ) A AP S ~ ’ ! ‘
(SN Lo 2 RTINS : I % - 354 '
AR WIPERT O P A R e . % b
3% 3 oA e et e Dy B TR SE AR S T o gl 2 T
(g 8 0 St e SR Sl S AT e OB s L 2 e £ L -
e o B Tt o0 ._._'--4_ e 'H"’"‘ g o AL x5 O o A s i ’ -
TR it S AR o L e 2 AV ot _...w_’<.4»-"'-"'*' X % 9
e 4 A S8 Lt s fopt 24, ¥ b > «-,'.Alg'..‘. _ e
/ o P il B y FNE LY Vi 78 T Q
Ll g - .'-."\‘; 'l‘.' ¥ .;‘-i
| TR 0 '“"‘
. k. \
% % .'3.'.',_-‘
ST IOAY.



Running Among Scales

o =

A A

d
po H(Qs p) = v (p) H(Q p
7




Orders in RG-improved PT

Initial conditions Running

- 75 H(Q; pa Yi (Q; 1, LE
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Hypothesis of Universal Soft
Power Corrections sy

CL, Sterman (2007)

® Soft power corrections shift mean values of event shapes

" A
L&) it it CeQ

C. ©Observable dependent, 2
calculable coefficient Lo e i

,60237'('

¥ NI L e el I g g 8 A el il bt M |5 w apaie S S LRE X ST e LB T i SN R s v e RN D o e L B A ) G e s a R s el IENR N K AR
g o : —uuniversal nonbberturpative nparamete Y e S R R S DTN B TR RTA S TN LRIt SN R Sy ISR
-« diniversdal noripcer tdroatclive yatatmceecr oo
NPT AN Y o s N ,." # i B L, . 4 R £ <Py 8 [ he et . AT W AN - = * vy Bl

) i




Hypothesis of Universal Soft
Power Corrections sy

CL, Sterman (2007)

® Soft power corrections shift mean values of event shapes

& 4
(€) = (eer + -

C. ©Observable dependent, 2
calculable coefficient Lo e i

,60237'('

g . B . . J
y el al nonperturoative parametet
Q' b A AN LN e e Rt Y, S [ SE S S o e
/ ] S st S AL e i b SAR S I P Dt it D TA MR G AR o S N e Al Gl
n pg 4 g * Y !"'--".' > by S L0 M 2 et SR b

.
> .
y . : \ J b IR . N
X oA . o g Aoty i S ale b ] g o o e, S IR g Sty o p
A N R sy - BT R Uy o Vi N 4 e A A 3 as S g O PR i A
x e Vol ol e v Mg 0, A% h el i § L Sy i e A A% . g LAy e - 4 R WAL
N x 5 Al ST TS - L L% NS K AT R R L g AT R RS L Tty g e LR 2 SRS O G
g T ’ y L 4 e il RS .';’,‘r'. PRt s B ",':—"f e i »‘_k\ SRS "2 ‘_;"l"—‘.:-“‘:“_.»‘."‘:“? oSl s : 5 > "4{‘ ¥e 2 Vi " 1< £ar ) ey ¢ Yo by



Hypothesis of Universal Soft
Power Corrections sy

CL, Sterman (2007)

® Soft power corrections shift mean values of event shapes

& 4
(€) = (eer + -

C. ©Observable dependent, 2
calculable coefficient Lo e i

,60237'('

g . B . . J
y el al nonperturoative parametet
Q' b A AN LN e e Rt Y, S [ SE S S o e
/ ] S st S AL e i b SAR S I P Dt it D TA MR G AR o S N e Al Gl
n pg 4 g * Y !"'--".' > by S L0 M 2 et SR b

.
> .
y . : \ J b IR . N
X oA . o g Aoty i S ale b ] g o o e, S IR g Sty o p
A N R sy - BT R Uy o Vi N 4 e A A 3 as S g O PR i A
x e Vol ol e v Mg 0, A% h el i § L Sy i e A A% . g LAy e - 4 R WAL
N x 5 Al ST TS - L L% NS K AT R R L g AT R RS L Tty g e LR 2 SRS O G
g T ’ y L 4 e il RS .';’,‘r'. PRt s B ",':—"f e i »‘_k\ SRS "2 ‘_;"l"—‘.:-“‘:“_.»‘."‘:“? oSl s : 5 > "4{‘ ¥e 2 Vi " 1< £ar ) ey ¢ Yo by



Boost Invariance in Soft Function

CL, Sterman (2007)

® Shift in mean value given by

() = (e)s + g / an fo(){(Ex(n))

® Soft matrix element of transverse momentum flow is boost
invariant:
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Boost Invariance in Soft Function

CL, Sterman (2007)

® Shift in mean value given by

() = (e)s + g / an fo(){(Ex(n))

® Soft matrix element of transverse momentum flow is boost
invariant;
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Universal Soft Function Model

® Soft function interpolating between hadronic and partonic

regimes:
g 9 A Hoang, Stewart
2 £yt ! oPT fi exp / a (2007);
SCL (Taa :u) S /dTa Sa (TCL A /L) fa (Ta Q ) Ligeti, Stewart,

Tackmann (2008)
® Model of nonpertubative hemisphere soft function,
g modlf‘ ed by a’ gap parameter
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Universal Soft Function Model

® Obtain thrust soft function from hemisphere soft function:

oy o Jaa i (o
Sl = e T e e g 0

® Minimal generalization: ensure first moment scaling is obeyed by

defining A A
Aa, = ; Aa T
|, a0
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Soft Functions for Angularities
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Plan of the talk

® General Introduction

® Event Shapes in e*e” annihilation

® [Effective Field Theories and SCET

® Energy Flow and Factorization in SCET
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Factorized, Resummed, and Gapped
Angularity Distributions

NLL/NLO w/
renormalon-
free gap

Renormalon-
free NLL/NLO

with NLO
fixed-order
matching
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Factorized, Resummed, and Gapped
Angularity Distributions

® Shape of distributions with varying a




Hard or Factorization Scale Variation

® (Compare scale variation of traditional QCD NLL vs.
SCET at NLL/LO and at NLL/NLO

In traditional QCD,

K= UH
and logs of

/e o) Q
not resummed

SCET NLL/LO

comparable variation
to QCD

NLL/NLO significantly
improved




Conclusions

e Utilized a unified framework in EFT for factorization, resummation, and
nonperturbative shape functions in effective field theory

¢ Resummed logs through RG evolution: NLL running of NLO initial
conditions, can use identical framework to go to higher orders

® Generalized model of nonperturbative soft function for thrust to
‘angularltles based on unlversal shlft in first moment
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Shift in average thrust

® Shift scales with center-of-mass energy Q like 1/Q:

Dasgupta,
0 40 5060 80 100 Salam (2003)

® These power corrections come from
nonperturbative soft radiation from the jets



HQET(m¢)

Collinear and soft states
>

Contrast factorization in B physics...

~ (D&, by | B) (7| XnT cXn|0)

HQET (mb)




HQET(m¢)

Collinear and soft states
>

Contrast factorization in B physics...
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HQET (mp)




Collinear and soft states
>

Contrast factorization in B physics...
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Energy flow

® Relate transverse energy flow to energy flow
: 1 o
operator: Er(n) = do E(1)

cosh® n Jo




Factorized Functions at One Loop

2
2T 6

® Hard Function @ = 1= Qz Q2

. SC = 2
® Jet Function J}(7};un) = 5(73){1+QWF[21(1f/a2)1n @JFS Q2 f( )”
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When does factorization break
d Own ? Hornig, CL, Ovanesyan

(2008, in progress)

® Successful factorization means well-defined separation of soft
and collinear contributions to cross-section

® Jet and soft functions must separately be infrared-finite

® For a >|,distribution dominated by narrow jets in which soft
and colllnear modes not completely dlstlngmshed by SCET..
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Calculation of soft function

A Hornig, CL, Ovanesyan
10(Ta — Ta) | (2009) '

Real emission: Ve




Calculation of soft function

A Hornig, CL, Ovanesyan
10(Ta — Ta) | (2009) '

Real emission: Ve




Calculation of soft function

A Hornig, CL, Ovanesyan
10(Ta — Ta) | (2009) '

Real emission: Ve




Calculation of soft function

A Hornig, CL, Ovanesyan
10(Ta — Ta) | (2009) '

Real emission: Ve




Calculation of soft function

A Hornig, CL, Ovanesyan
10(Ta — Ta) | (2009) '

Real emission: Ve
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Calculation of jet function

Hornig, CL, Ovanesyan
(2009)




Calculation of jet function

Hornig, CL, Ovanesyan
(2009)




Calculation of jet function

Hornig, CL, Ovanesyan
(2009)




Collinear and soft modes

n-collinear




Collinear and soft modes
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Factorization in pp = Jets

Bauer, Hornig, Tackmann (2008)

® Hadrons in both initial and final state

® |[nitial state hadrons == PDFs, operator definitions of
beam remnant and underlying event

® Final state jets =mp jet functions
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bp Observables

Bauer, Hornig, Tackmann (2008)

® Any jet algorithm can be described as acting on a list of
final state momenta, that is, the energy-momentum flow.

® Energy-momentum flow operator at heart of field
theoretic treatment of jet algorithms.
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Angularities as measures
of jet substructure

cf.Almeida, S.J. Lee, Perez,
Sterman, Sung,Virzi (2008)

® g dependence of angularities distinguishes “diffuse” jets with
energy spread out more evenly from jets whose
constituents are sharply bunched

° Potentlal to dlstlngmsh Ilght quark heavy quark and gluon
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Angularities as measures
of jet substructure

Angularity,t, (a =-2, 2=0.05, R = 0.4)

Almeida, S.). Lee, Perez,
Sterman, Sung,Virzi (2008)

—— &) ong. jets
= QCD jets
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Angularity (t_,)




