oW w W "
g DELPHI Interactive Analysis 2 1m0 W 0 o [ omem
Beam 956 6oy Run:2615Wons 2s-Rug-19m [l M8% . ooonnie mac g B¢ 06 B
1 Eve 3018 21:47:02 t 0 0 O o | enocoes
Dot oo ame D s D ¢ B
S BARREL
CENTRAL
Return
+

E[Gav] (DCLM)

S S Ex at LHC, CERN
Data recorded: Tue May 25 06:24:04 2010JCEST i atz 10 Jet 1, pt: 70.0 GeV
Run/Event: 136100/103078800 ﬁ u
J s umi secti

\ Lumi section: 348 / Y 4
N [ e S ” frasicads’
B 7

CMS, CMS Experiment at LHC, CERN Collision Event with 2 Jets ﬁ“\“ e

%ATLAS 2009-12-08, 03:45 CET / —
) EXPERIMENT run 141994, Event se6308 A of0, pE 2051 Co

2,

] LANL P-25 Seminar
. Los AlamosiK®1 a1 g1 (o] o] o (=] gl MR BV April 9, 2013



Outline

QCD and Jets
Event Shapes

Theory Toolbox for Precision Jet Physics:
Factorization, Resummation, and Effective Field Theory

Predictions for e*e” Event Shapes
Predictions for |-Jettiness in DIS

Conclusions



Sy

\u§\\\a§\§a

’ AT

-
4

e 11
' : . LA NN .L‘. .
= '-“ (ARAERRERY ] : fEYCL 8 KNS “7""l‘.ll?llll'ﬂ'l!\l‘"“'
. i .,_:.(v.'_ 4 I et~




Quantum Chromodynamics

* QCD is theory of “Strong Interactions” 4 q
amongst quarks and gluons %5
8 g

* Observed strength of interaction is function of energy

08 P0G 2010 wue | * At ordinary energies,
aS(Q) s o Deep Inelastic Scattering quarks and gluons @ @
0.4 | i iukinr sy 1 always “confined” into @
| “colorless” hadrons.
0.3 ) |
L — —0
] -« >
| r
0.2 ! .
M&
0.1 | .
| =QCD 03(Mz)=0.1184+£0.0007 4
1

10 Q [GeV] 100




Precision Extraction from Event Shapes

1 do

o dr
4 b I oo o e e IdI b .‘,v‘ -1 : i '.é;;vuiiu'iu:aix'i) ¢
1 N Q=my, Sum Logs, with S™*" 4 gap 1 sl et bbb b
127 e N2 . A :
_ : e NSLL
ol 1O+ NNLL' 1
_ og NNLL
; 81 NLL
sk 0.6 [
L) '; r
- § 1 0.4 L
100§ 0.2 1
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5H \ T
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4 -
0 L Tttt e et e e e
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L L R D L e e L L
E ® I
: ® : Tau decay (Bethke avg.'09)
. L. Nonsinglet DIS (Blumlein'07)
NNNLL perturbative prediction + — e
nonperturbative soft power Lattice (HPQCD'05)

. . ' ® '
correction led to most precise : . : ' Electroweak(Gfitter'08) '
extraction of strong coupling from Global Thrust Analysis

(AFHMS'10)
event shapes ’ —e—
. e avg.( 0UY) .
Abbate, Fickinger, Hoang, . ' u‘-tm.q.-fv-_a.w-,.;l;. ‘
Mateu, Stewart (2010) : PDG ave (05) !
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Jets from New Physics

LHC, Tevatron collide
quarks and gluons
bound in protons

v

~/ produce jets copiously,

and any new particles
that interact strongly

4 :
e.g. squarks, gluinos

Any new particles that feel the N N .,,_-
strong force will decay to quarks q i
. . - -)--

and gluons, producing jets!
N \ ///

produce jets!
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Formation of |ets

HHNVQ0
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eorp

Additional high-momentum
— splitting (new jet) less likely

a, < 1
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Formation of Jets

CMS Experiment at LHC, CERN

Data recorded: Tue May 25 06:24:04 2010 CEST
Run/Event: 136100 /103078800

Lumi section: 348
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Formation of |ets

Perturbative soft and
collinear splittings happen
at intermediate time

as <1

Y

OINNSISISIS A AN

L

eorp

Additional high-momentum
— splitting (new jet) less likely

a, < 1

eorp



Formation of |ets

Perturbative soft and
collinear splittings happen
at intermediate time

as <1

Y

probability N
of splitting E4(1 — cos6)

NS ISISA RN

L

eorp

Additional high-momentum
— splitting (new jet) less likely

a, < 1

eorp



Formation of |ets

Perturbative soft and
collinear splittings happen
at intermediate time

as <1

probability
of splitting Eg(

/ / ',,' *~.~~~.$‘,~\‘.~‘. "’:::,a
soft and collinear Eg
enhancements

eorp

Additional high-momentum
— splitting (new jet) less likely

a, < 1

eorp



Formation of |ets

Hadronization at late time
at low energy scale

as > 1

Perturbative soft and
collinear splittings happen
at intermediate time

as <1

Y

pl;ob?bl!lty N ' |
of splitting Eg( X g
/ / JINNSISISISA R ’
soft and collinear b,
enhancements '

eorp

Additional high-momentum
— splitting (new jet) less likely

a, < 1

eorp



Il. Event Shapes




Probing Jets Globally with Event Shapes

L

Probes of full
event structure
“Event Shapes”

collinear jets

: Consider
. / soft radiation e’e” to 2 Jets
—  thrust axis
>

\

e.g. Jet Mass Sum or

Thrust

2 2 2

TN
pPr| + PR

> 0in 2-jet limit

T=1 0



Event Shapes with Variable Weights

n =70

Weight with L R

different measures
to probe event
structure

e.g. Angularities

1 i I (1—a
Ta p— é Z‘pT‘e |77%|(1

1€ X

Thrustis a = 0

Berger, Kucs, Sterman



Shapes of Jets with Finite Size

|dentify jets with algorithm: \ jet energy veto EO

cone, kT, anti-kT...

don’t yet know how to
sum logs of vetoes or R’s

E I I I == == == = = =N =N = = .
—

jet radius

R

|

“The” Jet Shape:

\IJ(T/R) = energy fraction
inside subcone

Measure individual jet shapes:

:—Z‘p ‘6 |77z(1 a)

Ellis, Kunzst, Soper;
’l et ) ) P ’
EJ CDF

Ellis, Hornig, CL,Vermilion,Walsh (2010)



A Global Event Shape to Veto Jets: N-Jettiness

2 .
[TN—@me{qa-pz-,qz)-pi,q,lf-pi,---,qﬁv-pi}J q;
(2

Stewart, Tackmann,Waalewijn (2010)

Use in e*e’, ep, or
pp collisions
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Large Logs in Perturbation Theory

® |[f we calculate event shape T cross section in QCD perturbation theory, we will find:

[(arlion @)
0

0o dr

1 -+ Z—S<F12 1Il2’7' — F11 1Il’7'—|—F10>
s

2
+ (Z—S) <F241H4T+F231n37+F221H27'+F21 1lflT‘f‘F20> T
T

® In the narrow-jet limit 7 — 0 the logs grow large and spoil the perturbative
expansion. Reorganize the expansion:

Ino(t) ~ as(In*7+1n7)
+a?(In® 7 +1In°7+1In7)
+a(In* 7+ In* 7+ 1In® 7+ In7)

_I_



Large Logs in Perturbation Theory

® [f we calculate event shape T cross section in QCD perturbation theory, we will find:

/T 5 1 do(x,Q?) N
0

0o dr

1 -+ Z—S <F12 1Il2’7' — F11 In 7 -+ F10>
s

2
—|—(Z—S) <F241n47'+F231n37'—|—F221n27'+F211n7'—|—F20> T
T

® In the narrow-jet limit 7 — 0 the logs grow large and spoil the perturbative
expansion. Reorganize the expansion:

Ino(1) ~ « InT)
+ « In®7 +InT)
+ « In® 7 +1In*7 +1n7)
4
g

(LL)




Large Logs in Perturbation Theory

® |f we calculate event shape T cross section in QCD perturbation theory, we will find:

/T 5 1 do(x,Q?) N
0

0o dr

1+ Z—S (Flg 1Il2’7' — Fiq 1Il’7'—|—F10>
T

2
—I—(Z—S> <F24IH4T—|—F231H3T—|—F221D2T—|-F211HT+F20> T
T

® |n the narrow-jet limit 7 — 0 the logs grow large and spoil the perturbative
expansion. Reorganize the expansion:

Ino(r) ~ «

+ « In7)
2
+ a In“7+In7)
_I_
Leading Next-to-
Log Leading
(LL) Log

(NLL)




Large Logs in Perturbation Theory

® |f we calculate event shape T cross section in QCD perturbation theory, we will find:

/T 5 1 do(x,Q?) N
0

0o dr

1+ Z—S <F12 1Il2’7' — Fiq 1Il’7'—|—F10>
70

2
—I—(Z—S> <F24IH4T—|—F231D3T—|—F2211’127'—|-F211HT‘|‘F20> T
T

® |n the narrow-jet limit 7 — 0 the logs grow large and spoil the perturbative
expansion. Reorganize the expansion:

Ino(r) ~ « i \

2
+ o In® 7 4+ In7)
_I_
- J
Leading Next-to- NNLL
Log Leading
(LL) Log

(NLL)




Large Logs in Perturbation Theory

® |f we calculate event shape T cross section in QCD perturbation theory, we will find:

/T 5 1 do(x,Q?) N
0

0o dr

1+ Z—S <F12 1Il2’7' — Fiq IDT—|—F10>
70

2
—I—(Z—S) <F24IH4T—|—F231H3’7'—|—F221Il27'—|—F211HT‘|‘F20> T
T

® |n the narrow-jet limit 7 — 0 the logs grow large and spoil the perturbative
expansion. Reorganize the expansion:

4 )
Ino(1) ~ «

+ « In 7)

+ « L In® 7 4 In7)

+

\ J
Lefj‘gng T::;;Z NNLL e+e- event shapes so far
3
New power counting when (LL) Log computed to NLL
1 (NLL) bp and ep event shapes
InrT ~ —: —1 to NNLL

Qo ~ (X N]_ ~ (X



Collins, Soper, Sterman
(1980s)

Event shapes in SCET:

Factorization of Jet Cross Sections  sue;ct reming seerman

PRD 78, 034027 (2008)

Separate into physics at disparate time scales:

e

“Jet.1 Pr: 585 GeV

N,
-
" -
-
N
-

Jet 2 Py: 557 GeV
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Event shapes in SCET:

Factorization of Jet Cross Sections  sue;ct reming seerman

PRD 78, 034027 (2008)

Separate into physics at disparate time scales:

H ~7_ Jet1Pr: 585 GeV

Partonic hard
scattering cross
section Jet 2 Py : 557 GeV
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Collins, Soper, Sterman
(1980s)

Event shapes in SCET:

Factorization of Jet Cross Sections  sue;ct reming seerman

PRD 78, 034027 (2008)

Separate into physics at disparate time scales:

H -~ "Jet.1 Pr: 585 GeV
Partonic hard

scattering cross A '

section Jet 2 Py: 557 GeV

Jet Functions:
Collinear splitting,
showering




Collins, Soper, Sterman
(1980s)

Event shapes in SCET:

FaCtOrizatiOn OfJet CFOSS SeCtiOnS Bauer, CL, Fleming, Sterman

PRD 78, 034027 (2008)

Separate into physics at disparate time scales:

H -~ "Jet.1 Pr: 585 GeV

Partonic hard
scattering cross
section Jet 2 Pr: 557 GeV

Soft radiation,

X— D= color exchange

— (hadronization)

Jet Functions:
Collinear splitting,
showering

<7 30




Collins, Soper, Sterman
(1980s)

Event shapes in SCET:

Factorization of Jet Cross Sections  sue;ct reming seerman

PRD 78, 034027 (2008)

Separate into physics at disparate time scales:

H -~ "Jet.1 Pr: 585 GeV

Partonic hard
scattering cross
section

Soft radiation,

X— D= color exchange

— (hadronization)

Jet Functions:

(For pp collisions, also Collinear splitting,

factor into PDFs and .
“beam functions” for ISR) showering

<9 30




Hierarchy of scales

Jet cross sections

_/ _ depend on three
- n n X .
Ps = QT3 + QT3 + Q1AL separated energy scales:
p; = Q°7”
= _
n hard scale P = @
—>

n n R
pc:Q§‘|’QT§+Q\/FnJ_
jet/beam scale HJ,B = QV'T

pe = Q°T

E+p,

soft scale s = QT

Use effective field theory:
Integrate out hard degrees of
freedom, form theory of
collinear and soft DOF




Soft Collinear Effective Theory .. e

Stewart (2000, 2001)

* Integrate out hard modes from QCD, match onto theory of soft and collinear
modes in power expansion in A ~ pr/Q

Collinear sector:

Qn
(@Qn + gn)?

n °
p = Q§ collinear to n

Y

q_
2
collinear to n

integrate out hard propagators

Soft sector:

soft
k
soft gluons “see”
..... p . Grrk  mEER oy directon
collinear and color of jet T iiieeeeeeernnnaaeees
1gyHt?
e (p+ k)Q/p/ keep leading order part of diagram n*t® w
n-k 2



Soft Collinear Effective Theory .. e

Stewart (2000, 2001)

* Integrate out hard modes from QCD, match onto theory of soft and collinear
modes in power expansion in A ~ pr/Q

Collinear sector: n .
p= Q§ collinear to n

~ il . r N
(Qn + qn)? decouples
~ different
qﬁ collinear
2 directions
collinear to n ~ -
integrate out hard propagators match onto operators in SCET
Soft sector:
soft
k
soft gluons “see”
..... p . Grrk  mEER oy directon
collinear and color of jet T iiieeeeeeernnnaaeees
1gyHt?
e (p+ k)Q/p/ keep leading order part of diagram n*t® w
n-k 2



Soft Collinear Effective Theory .. e

Stewart (2000, 2001)

* Integrate out hard modes from QCD, match onto theory of soft and collinear
modes in power expansion in A ~ pr/Q

Collinear sector: n .
p= Q§ collinear to n

~ il ‘ 4 a
(Qn + qn)? decouples
~ different
qﬁ collinear
2 directions
collinear to n ~ o
integrate out hard propagators match onto operators in SCET
Soft sector:
soft
k
soft gluons “see”
p p+Fk » only direction j % % % % %é h
..... eRRRLLLLLLLEELCLLEEEELELEEEEELE . decouples
collinear and color of jet ... l ................... soft from
1gyHt? collinear
~ Y (0 + k)g/p/ keep leading order part of diagram ntt® W ~ /
n-k 2



Resummation from Evolution

* Effective theory gives equations for evolution of hard, jet, and
soft functions in factorization theorem with energy scale (t.

evolve each function in

factorization theorem from scale
Q R QD a————— ./ where logs are minimized
H~14alIn™ g
Q\/;—l—— -------------------------------- '
soft + collinear EFT J~14a”n™ X
evolution with [ ° Qﬁ
calculable
T
Q soft EFT
S~1+4+alln™ Nl
QT

e Solutions of evolution equations contain logs
resummed to all orders in o



Resummation from Evolution

* Effective theory gives equations for evolution of hard, jet, and
soft functions in factorization theorem with energy scale (t.

evolve each function in

factorization theorem from scale
Q % .................................. ./ where Iogs are minimized

Q\/;—__ ......................... M ..... :

soft + collinear EFT J~ 14+ a”In™
evolution with [ ° Qﬁ
calculable d
u@F(QF, ) =vr(W)F(Qr, 1)
QT Q7 soft EFT

“anomalous dimension” YF (1) = I'rlas(p)]In —5 + vr|as ()] )
: S~1+a,ln" —
-

e Solutions of evolution equations contain logs
resummed to all orders in o



Resummation of Logs

® Solution of RG Equation automatically resums logs to all
orders in Qg

® Order of logarithmic accuracy (LL, NLL, etc.) depends on
accuracy to which anomalous dimensions and fixed-order

matrix elements are known:

FF /YF H,J,S 6[&8]

LL Vg | | X g

2 2

NLL QU X g I Qg

3 2 3

NNLL | o | af | Qs | af
4

N | o | o | a? | al




Resummation of Logs

® Solution of RG Equation automatically resums logs to all
orders in Qg

® Order of logarithmic accuracy (LL, NLL, etc.) depends on
accuracy to which anomalous dimensions and fixed-order

matrix elements are known:

I'r | YF | HJ5S| Blog]
LL (g | | (g
NLL | af | as | o
NNLL | a2 | o | as | al
NLL | o | a2 | al
v

+ 1 order for

“primed” counting



Universal Soft Power Corrections

* Soft power corrections shift mean values of event shapes

e

= (e)pT + Ce

Cc. ©Observable dependent,
calculable coefficient

()1 universal nonperturbative parameter

(

Q

1/0 do/dt

<0

et
(9)]

—
o

Decay scheme (udscb)

— SF
— — shift

... PT (DGE)

conjecture from single

soft gluon emission:
Dokshitzer, VWebber
(1995, 1997)



Universal Soft Power Corrections

* Soft power corrections shift mean values of event shapes

1/0 do/dt

-
0]

—
o

Decay scheme (udscb)

Q=Mz

O ALEPH
X DELPHI

— SF

— — shift

... PT (DGE)

conjecture from single
soft gluon emission:
Dokshitzer, VWebber
(1995, 1997)



Universal Soft Power Corrections

* Soft power corrections shift mean values of event shapes conjecture from single
soft gluon emission:
Dokshitzer,Webber
(1995, 1997)

CL, Sterman
PRD 75, 014022 (2007)

<0

-
0]

1/0 do/dt

—
o

— SF

— — shift ]
---- PT (DGE) |




Universal Soft Power Corrections

* Soft power corrections shift mean values of event shapes

1/0 do/dt

<0

et
(9)]

—
o

— SF

— — shift ]
---- PT (DGE) |

conjecture from single

soft gluon emission:
Dokshitzer, VWebber
(1995, 1997)

CL, Sterman
PRD 75, 014022 (2007)

c = 2



Universal Soft Power Corrections

* Soft power corrections shift mean values of event shapes

Crucial to obtain

reliable extractions of
strong coupling from

event shapes

Abbate, Fickinger, Hoang,

Mateu, Stewart (2010)

1/0 do/dt
[y
o

—
o

— SF
— — shift ]
---- PT (DGE) |

conjecture from single

soft gluon emission:
Dokshitzer, VWebber
(1995, 1997)

CL, Sterman
PRD 75, 014022 (2007)

cCr = 2



Universal Soft Power Corrections

* Soft power corrections shift mean values of event shapes conjecture from single

Q soft gluon emission:
<€> _ <€>PT €+ 1 Dokshitzer,VWebber
Crucial to obtain € Q (1995, 1997)

reliable extractions of
strong coupling from

rvable dependent,
event shapes Ce observable dependent

calculable coefficient

Abbate, Fickinger, Hoang, CL, Sterman

Mateu, Stewart (2010) . . PRD 75, 014022 (2007)
()1 universal nonperturbative parameter
* SCET: First rigorous proof (and field theory definition of ()¢) Cr =2
from factorization theorem and boost invariance of soft radiation: . = 2
=
1 —a

soft radiation sees only direction, not energy, of original collinear partons, invariant to boosts along z



IV. Predictions for e*e- event shapes
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Most precise prediction of thrust
comes from SCET

N ¥

\ fit tail 11y predict smaller 7’s
08} L\

osf \ 10'—’! i

0 E \\_\ R
af Hoox

i | '
2 \ l \l\
i \ »,‘“
ool o . . . . ... 5 3 i
0.15 020 0.25 0.30 0.35 0 PR S S SR N S S S S R b e = £ 2 © S SO PP PR |
1 dO’ 0.0 0.1 02 03 04
o dr
1.4 | | | | . | mod | i
N Q=my, Sum Logs, with S + gap
NNNLL perturbative 1.2°F e N3 LL . Factorization:
prediction + Lol I N3LLI : Bauer, CL, Fleming, Sterman
nonperturbative soft . Eg;i ; PRD 78, 034027 (2008)
power correction led to 0.8 1 NLL
most precise extraction 0.6 L
of strong coupling from oal
event shapes B
0.9 L i NNNLL resummed
Abbate, Fickinger, Hoang, : perturbative distribution

Mateu, Stewart (2010) 007016 018 020 022 024 026 028 0.0 Becher, Schwartz (2008)



Most precise extractions of strong coupling

as(m z) from global thrust fits

0.135 + — perturbative error =
- 0(@?) :
0.130F ¢ 0.1300+0.0047 -
+ multiyjet boundary

0 125-_ - 0.1245 + 0.0034 -
0.120 , -
= L] -

'3 0.1192 _ ‘ no +b—mass &QED -

0115k 7 tLsummation | 0.1135+0.0009 ]

0.110kC

Abbate, Fickinger, Hoang, Mateu, Stewart (2010)



Most precise extractions of strong coupling

as(m z) from global thrust fits

0.135 + — perturbative error =
- 0) -
0.130F ¢ 0.1300+0.0047 -
B + multijet boundary -
0 125-_ L 0.1245+ 0.0034 _-:
i -7.5% shift from NP -
i power corrections .
0.120F Power Cor -
L o ‘ -
i R 0.1192 o o nnno +b—mass & QED -
- + N°LL summation H 0.1135+0.0009
0.115F i 0113500009 2
0.110

Abbate, Fickinger, Hoang, Mateu, Stewart (2010)



0.135

0.130

0.125

0.120

0.115

0.110

Most precise extractions of strong coupling

as(m z) from global thrust fits

+ — perturbative error

O(a?)
b 0.1300+0.0047

+ multijet boundary

0.1245+ 0.0034

=7.5% shift from NP
power corrections

+ Power Corrections
]
0.1152+0.0021 . R heme
0.1192 DU,
+ N3LLs ti 0.1140 + 0.0009 *+b-mass &QED
ummation } 0.1135+0.0009

Abbate, Fickinger, Hoang, Mateu, Stewart (2010)

20
(GeV)

0.5k

0.8}
071

0.6

C—parameter |
thrust

—_——— —

0112 0113 0114 0.115

as(my)

Hoang, Kolodrubetz,
Mateu, Stewart (201 3)



Most precise extractions of strong coupling

C—parameter |
thrust

~
————

0112 0113 0114 0.115

a(my) Hoang, Kolodrubetz,

Mateu, Stewart (201 3)

GenEvA Collaboration (2012)
(improved Monte Carlo with NLL
and higher-order theory input)

Best fit: ag(My) = 0.1135

with Pythia Tune |
(similar NP shift to above)

as(m z) from global thrust fits
0.135f + — perturbative error — 0.8 !
C O(O’i) i
0.130F b 0.1300+ 0.0047 -
i + multijet boundary : 2Q1 0.7¢
: L - C
i =7.5% shift from NP -
i power corrections ] !
0.120F + Power Corrections — 0.6 |
[ * 0.1152+0.0021 | p_ccheme ] -
i +N3Ll?§llxlrrgli1ation 0.1140+0.0009 *+b-mass &QED 1
0.115F } 0.1135+0.0009 _- -
i { i 05E
0.110 —
Abbate, Fickinger, Hoang, Mateu, Stewart (2010)
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(a) Peak Region (b) Transition Region



Most precise extractions of strong coupling

as(m z) from global thrust fits ' ' T ]
i . _ C—parameter |
0.135f + — perturbative error - 08F thrust -
[ O(a?) ]
0.130F ¢ 0.1300+0.0047 —
i + multijet boundary : 2Q1 0.7¢ -
0.125 o 0.1245 + 0.0034 ] G i
i - eV
i -7.5% shift from NP i ( )
- power corrections i .
0.120F + Power Corrections — 06_ |
i : 0.1152 + 0.0021 i -
- R-scheme -
¥ . 0.1192 . 0 (1 140 + 00009 +b-mass&QED 4 =z Z=
0.115-_ + N°LL summation ] } 0.1135+0.0009 _]
C { i (03] R T T T T
0.110L - 0.112 0.113 0.114 0.115
' Abbate, Fickinger, Hoang, Mateu, Stewart (2010) ay(my) Hoang, Kolodrubetz
Mateu, Stewart (201 3)
12EIII|IIII IIIIIIIIIlllllllllllllllIII|IIII|I|IIE 1-4IHI TTTT TTTT III\|III|J\II|II\I‘\I|||I\II|IIIIE
b t ALEPH (912 GeV) 1.9 Geneva+Pyraia8 - GenEvA Collaboration (2012)
Sk b OPAL (91:2GeV) 3 ~ = TDsfa“;t - (improved Monte Carlo with NLL
v oF - GENEVA+PYTHIA8 3 o 1 ---- lune = : g :
o 8 . B Dot <) —— a(mz)=0.118 - and higher-order theory input)
2 eENl . gl e Tune 3 ERE- 0.8 No hadr. E
2 : ! S —— as(mz)=0.118 3 E 0.6 _% Best fit: as(Mz) = 0.1135
T 4k - No hadr. 4 = E . .
o i 1 %04 E with Pythia Tune |
Y= o E 0.2t ALEPH (91.2GeV) = (similar NP shift to above)
= : ""E ] OPAL (91.2GeV) =
O: ol b b b b b b B Liea Cec e beco b beccc b beccc Lo b Lo 3 f g o \
0 1 2 3 4 5 6 7 8 9 10 0 11 12 13 14 15 16 17 18 19 20 Generically, better perturbative
Tz [GeV] Tz [GeV] calculations + rigorous
(a) Peak Region (b) Transition Region treatment of nonperturbative

corrections gives smaller (/g




Resummed angularity event shapes

® Tunable class of event shapes:

T, = % § |:pELZ_1 ‘ e |777; | (1 —a) Berger, Kucs, Sterman (2003)

1€ X

*\““\““\‘“‘\““\““\:\
50 -
40 , includes NLL resummation, ,
I nonperturbative shape ]
I function fitted independently _
1 do 30- to jet mass distribution *
0.00 0.05 0.10 0.15 0.20 0.25
T,
\- 4 y,

Hornig, CL, Ovanesyan
JHEP 05, 122 (2009)

pe = @Q
—_—

py = Qrl/C | AN

%a—

N
y Hs = QTa )

tune collinear scale in SCET




Angularity Distributions at Q
NLL Theory vs. Experiment

= 197 GeV:;

Th: Hornig, CL, Ovanesyan (2009)
Ex: P.Jindal et al. (LEP) (2011)
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Factorization of Jet Shape Distributions

Ellis, Hornig, CL,
Vermilion,Walsh
PLB 689,82 (2010)
JHEP I'L, 101 (2010)

* e.g.jet shapes in e*e” to 3 Jets:

* Measure one jet’s shape,
e.g. quark or gluon jet

. o —nl(1-a)
 We derived new factorization theorem ¢

to account for jet algorithm dependence,
new jet and soft functions for a % (




Resummed Predictions of Jet Shape

DIStrIbUtlonS VS. Monte Carlo Ellis, Hornig, CL,Vermilion,Walsh (2010)
Legend  TheoryNLL | i one oot hadroniation on -
Quark jets L mmen e Predictions for e+e-
(blue) . Y
1 do Cluon et - o to 3 je’t’s in Merce.des-
=(0) dr. (red) Benz” configuration
B =" " I f T T T L 70 ----------------------

a=1/2,R=0.4

a=1/2,R=|

. . Q =500 GeV
0.006 0.008

E; = 150 GeV

a=0,R=0.4

4 )

Gain ability to
discriminate

between quark

, and gluon jets!
‘J‘ . . . ' . . . . ' . . . . ' . . . . l— lllllllllllllll r A A A k )




Using angularities to distinguish quark and gluon jets

1, distribution for a = -3.0 vs. a = 0.8, for quark jei t, distribution for a = -3.0 vs. a = 0.8, for gluon jets
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Ellis, Hornig, CL,Vermilion, Walsh

Measure multiple angularities (different a’s) for each jet, use to separate quark and
gluon jets statistically.

With two different a’s, can find cuts enhancing fraction of quark-to-gluon jets in
e*e to 3-jet events by factor of 30-40. Enhance gluon-to-quark jets by factor of 5-10.

Extend to multivariate analysis with many a’s for greater discrimination.

see also recent work by Gallicchio and Schwartz (2012) and Larkoski, Salam, and Thaler (201 3)



|-Jettiness

Jets in DIS

Daekyoung Kang (MIT), CL, lain Stewart (MIT)
arXiv: 1303.6952



DIS Kinematics

_ 2 squared center-
5= (k T P) of-mass energy

k
e 2 2
Q° = —q momentum transfer

QQ

T = Bjorken scaling
2P - ¢q variable
@ —=
@ P - q lepton energy
@ Yy = —]f loss in proton
rest frame
Q? = zys

soft hadrons  /

total momentum

hadronic jets
| Px = q+ P of final hadronic
state
5 1 —x o invariant mass of
Px = Q final hadronic
L state

Limit £ — 1 corresponds to single collimated jet in final state

We will look away from x = T at two-jet like final states



Strong Coupling

Process Collab. | Value Exp. Th. Total (%)
(1) Inc. jets at low Q2 H1 |[0.1180 | 0.0018 | *+9-0124 +0.0125  +10.6
(2) Dijets at low Q? H1 |0.1155 | 0.0018 .

(3) Trijets at low Q? H1 |[0.1170 [ 0.0017 | Tooora onore | et
(4) Combined low )? H1 [0.1160 | 0.0014 | 00099 oy 124
(5) Trijet/dijet at low Q> H1 |0.1215 | 0.0032 | *p3067 0074 18
(6) Inc. jets at medium ()? H1 |[0.1195 | 0.0010 | +9.0032 120003  +44
(7) Dijets at medium ? H1 |0.1155 | 0.0009 to00%6 31
(8) Trijets at medium Q? H1 0.1172 | 0.0013 ¥ 0.0032 100035  —30
(9) Combined medium ? H1 0.1168 | 0.0007 “_“8;3833 ig.ggég i‘éjﬁ
(10) Inc. jets at high Q? (anti-kr) ZEUS | 0.1188 [ *oomae | o002 o002 13T
(11) Inc. jets at high Q* (SIScone) ZEUS | 0.1186 | 100036 | +0.0025 ff +0.0041  +37
(12) Inc. jets at high Q* (kp; HERA I) | ZEUS | 0.1207 | 10005 | Toooe 0.0  1ae
(13) Inc. jets at high Q* (kp; HERA II) | ZEUS | 0.1208 | 190037 | *oo0a +0.0ne2 13t
(14) Inc. jets in vyp (anti-k7) ZEUS |0.1200 [ 900 | too0e s 135
(15) Inc. jets in yp (SIScone) ZEUS |0.1199 | 150022 o0t byt My
(16) Inc. jets in yp (kr) ZEUS 10.1208 | 0065 | oooss || Toooao 33
(17) Jet shape ZEUS |0.1176 | To06s | foooe || Tooorr 63
(18) Subjet multiplicity ZEUS | 0.1187 | 9003 4 toors 1o
HERA average 2004 0.1186 | #0.0011 | £0.0050 || £0.0051 £4.3
HERA average 2007 0.1198 | £0.0019 | £0.0026 || £0.0032 £2.7

Table 1: Values of ay(Myz) extracted from jet observables at HERA together with their
uncertainties (rows 1 to 18). The 2004 [10] and 2007 [11] HERA averages are shown in the

last two rows.

Extractions from
exclusive jet cross
sections have order
10-20% uncertainty,

dominated by
theory

Improve to level
of e*e?

C. Glasman, in the Proceedings of the Workshop
on Precision Measurements of /g [1110.0016]



N-jettiness

An inclusive event shape over all final state hadrons excluding more than N jets:
2 .
™ = @ Z mln{QB "Pisd1 - Piy- -5 4N pz} Stewart, Tackmann, Waalewijn (2010)
i

Vector ¢p is aligned with the incoming proton beam and ¢; ... n with final state jets.
Final state hadrons i are grouped with the axis “closest” to it.

As 15 — 0, final state contains exactly N+7 pencil-like jets (one from beam radiation).

We will look at “1-jettiness” in DIS.

2 .
o E min{qg - p;, ¢y - Pi }
7
Center-of-momentum

frame:

Uz
k: 87 €@

PB



N-jettiness

An inclusive event shape over all final state hadrons excluding more than N jets:
2 .
™ = @ Z mln{QB "Pisd1 - Piy- -5 4N pz} Stewart, Tackmann, Waalewijn (2010)
i

Vector ¢p is aligned with the incoming proton beam and ¢; ... n with final state jets.
Final state hadrons i are grouped with the axis “closest” to it.

As 15 — 0, final state contains exactly N+7 pencil-like jets (one from beam radiation).

We will look at “1-jettiness” in DIS.

2 .
= 5 > min{gp - pi,qs - pi}
)

(How shall we pick g and q]?)

Center-of-momentum
frame:

Uz
k: 87 €@

P p:\/g%

PB



EP

Three choices for DIS |-jettiness
A,

qj true jet axis

CM frame y
J
a Hp

g = xP qp =P

qj = true jet axis

Kang, Mantry, Qiu (2012)

PB
q, is Aligned with the jet momentum,
q with no relative label transverse momentum:
find by jet algorithm or minimization
2l m=p> depends on momenta
of final-state hadrons
pisr = (§ — )P + ki g =q+zP =k

ki ~ Q)



Three choices for DIS |-jettiness

PJ
[ CM frame
2 o ) b Up Hy qr =q+azP
E = T |
qp = P
q; =q+aP

same as DIS thrust
by Antonelli, Dasgupta, Salam

(1999)
q; no longer exactly aligned with jet, but simpler in that g+xP
is given only by lepton and initial-state proton momenta
e’ o e
Breit frame: PJ
q=1(0,0,0,Q) - ®r
Boost _ :
dB — an qj — an PB

| -jettiness regions are hemispheres in Breit frame



Three choices for DIS |-jettiness

— HB Hy
- CM frame ’
&
qp = P q; =k
g = P DB : Py
q5 =k v

(electron momentum)

measures thrust in back-to-back hemispheres in Center-of-momentum frame
momentum transfer q itself has a nonzero transverse component:

M., N, .
q = y\/EE —:vy\/§7 +V1—yQn,

seemingly simplest definition: in practice hardest to calculate!

Restriction: p§ has to be small for 1-jettiness 7; to be small = 1 — Y ~ A2



Do you have to measure the beam region!?

® One can use momentum conservation to

measure |-jettiness just from jet region:
/ Hp 1 Hy

e.g. Tf in Breit frame

Similarly,in CM frame, ¢ 2 1 (1 2 Z pi>

- 2
And, in the 2-jet limit, T 1< 7'{’ Z (95 — Clg) * Di



Factorization Theorem for |-Jettiness

do(z, Q%)
d7'1

= Ly (2, Q)W (2, Q% 1)

leptonic tensor hadronic tensor
Start in QCD:

WH (z,Q%, 11) = /d% e (Plqy*q(2)d(m — 71)3v"q(0)| P)

711 X) = 1 (X)]|X)

Measure 71 of particles crossing the cut



Factorization Theorem for |-Jettiness

Factor collinear and soft matrix elements:

hard function

Wi . @) = [ 5 [ drsdradr CH@mE@ ) (n - 2~ 2 - 25 )

sy sp Qg

beam function

X (0|Xn,(0)0(QsTs —ny-p"7)o(Ry-q+nys-P)o*(qL +PL + PL)Xn,(0)]0)

(+ permutations)

jet function

beam function

-------‘ - - . - -

jet function soft function



Factorization Theorems for |-Jettiness

1 do(z, Q? ot
= 0-(537‘10’ ) — H(Q2,/L) /dtjdthkS5 (’7’1 — Q_J2 — @ — 6)
X Jq(tJvM)Bq(thxmu)S(kSnu)

L do(z, Q%)
op  dr}

= H(Q? 1) /deLdtJdthkS5<Tf 0 §>

x Jo(ty —p1,1)By(ts,,p1, 1)S(ks, 1)

,“ |
nflmﬂ‘

n‘“'""“'"" 3

|l

-

-

-

-

- -_—.._‘
ar ’

) 2 / 2
= H ¢c_ < =
(Q%, ) | d°pidtydtpdksd| Ty 2 20° Vi
X J,(tr— (gL + pL)Q,,u)Bq(tB,x,pi,,u)S(kS,,u)




Factorization Theorems for |-Jettiness

I do(z, Q?) 2 / ty o
— H dt jdtgdkso| 7 — == — — —
o dTla (Q 71U“) JUtB S 7—1 QQ QQ
X Jq(tJvM)Bq(thxmu)S(kSnu)
1 dO‘(QZ‘ Q2 2 / 2 < tJ tp
r = d*pdtjdtgdkso| 77 — = — — —
E = ) oo drb H(Q", p) pLatjatpakso| Ty Q2 Q2
D < 1y = P Byt () w)S ks )
JM.( : - dTlc — ) U pilatjatp S 1 QQ xQZ /_SI?Q
X Jq(tJ — (qJ_ + pJ_)Qvlu)Bq(tB7xapiau)s(k57ﬂ)




Factorization Theorems for |-Jettiness

1 (]l(7'(:£lj7 (:;?:2 ) 2 !}//ﬁ 15(7- 16JE3
= H dt ;dt pdk a_ °J b
oo drt (Q%, 1) Jdtpdkso| 1 SPReE
X Jq(tJaM)BQ(tBaxvlu)S(kSmu)
1 do(z, QQ) .

00 (]l l’

‘“ 1
v-'oli"ll!“‘

" G

"
X
o~
=
x
K
=
w

5
=
o
~
&
=

1 do(z,Q?%)
- og  dty

= H(Q 2 /dpj_dt,]dthks5<Tl——___




Factorization Theorems for |-Jettiness

1 do(z,Q? a
= 0-(537‘10’ ) — H(Q2,/L) /dtjdthkS5 (’7’1 — @ — @ — 6)
X Jq(tJvM)Bq(thxnu)S(kSnu)

1 do(z, Q?
- (7(; ; ) H(Q?, ) /‘dQPJ_dtJdthk56<T]{) 02O §>

“ |

..nihml‘

" Wi

k»*\ll
X
o
=
o3
w)
o
@
X
s
-
e
=

H( /d pJ_dtjdthkS5 (7‘1 — — — _

x Joy —(qL +PL) (B, S(kg, it




Theoretical Uncertainty

Uncertainty from missing terms of higher order in perturbation theory estimated by
varying the scales in three ways: Stewart, Tackmann, Waalewijn (2010)

need to turn off resummation for
matching to fixed order at large 7

A
|. overall scale
2. jet/beam scale 30t — between Q/2 and 2Q
within cyan band e
prp=QVT - v
60 T~ - S T
6\ Q T
S
> 40
3.
20t
Q =80 GeV
3. soft scale O . .
within red band 0.8 1.0
-\/- variation of multiple scales allows more
nonzero minimum values realistic estimate of uncertainty than fixed-
of scales at small T order or traditional pQCD predictions which

only allow one (overall) scale variation



Theoretical Uncertainty

Uncertainty from missing terms of higher order in perturbation theory estimated by
varying the scales in three ways: Stewart, Tackmann, Waalewijn (2010)

need to turn off resummation for
matching to fixed order at large 7

100,

|. overall scale
between Q/2 and 2Q

2. jet/beam scale
within cyan band

u(T)

3. soft scale
within red band

02 04 06 08 10

variation of multiple scales allows more
nonzero minimum values realistic estimate of uncertainty than fixed-
of scales at small T order or traditional pQCD predictions which
only allow one (overall) scale variation



Predictions for DIS 1-jettiness

- Q dependence: ‘

S NLL |

, 7=0.1

ol B L |
20 40 60 80 100 120

X dependence:

15

7 0=80 GeV
’ - INLO 7¢=0.1
| B NLL
10 B NNLL
0.5
0.0 0.2 04 0.6 0.8
X



Predictions for DIS 1-jettiness

20 ~cumulant:

0.00 0.05 0.10 0.15 0.20 0.25 0.30



Predictions for DIS 1-jettiness

20 ~cumulant:

NLO QCD——>
1.5

w10

0.5 If

differential distribution:
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Predictions for DIS 1-jettiness

20

NLO QCD——>
1.5

differential distribution:

w10

0.5 If

‘cumulant:

0.00 0.05 0.10 0.15 0.20 0.25

nonsingular
corrections small



Predictions for DIS 1-jettiness

convolution with
NP shape function:

Snp(l) = f(I—A)

1 N l 5 0.6}
=53 cnfn(x)
n=0

Ligeti, Stewart, Tackmann (2008)

1.4}
12}
1.0}
< 0.8}

0.2}

0.0E;

N=0,A=0.6,A =50 MeV ;

15 2.0

0.0 0.5 1.0
k (GeV)
60 ..
-------------- NLO PT 0=380 GeV
50 I NNLL PT x=0.2
40 - NNLL PT + NP 01=0.35 GeV
S ﬁ
%‘ 30
5
) ,
20
10
OO.OO




Predictions for DIS 1-jettiness

e

Difference o°(t")—c°(t%) [%]

o (th)

2 0=90 GeV
x=0.1
y=0.9




Predictions for DIS 1-jettiness

e

Difference o°(t")—c°(t%) [%]




Universal Nonperturbative Corrections

® |n the tail region, the leading nonperturbative
correction is again just a shift:

60—
P NLO PT Q=80 GeV
S0 B NNLL PT x=0.2 7

----- ¥ NNLL PT + NP 01=0.35 GeV -




Universal Nonperturbative Corrections

® |n the tail region, the leading nonperturbative
correction is again just a shift:

60—
.............. NLO PT 0=80 GeV
S0 B NNLL PT x=0.2 7

----- ¥ NNLL PT + NP 01=0.35 GeV -




Universal Nonperturbative Corrections

® |n the tail region, the leading nonperturbative

correction is again just a shift:

,,,,,,,,,,,,,, NLO PT 0=80 GeV
B NNLL PT x=0.2 |
----- % NNLL PT + NP 0=0.35GeV |

Using factorization theorems and
boost invariance properties of soft
Wilson lines, can prove that:

QT =0Qp =Qf




Universal Nonperturbative Corrections

® |n the tail region, the leading nonperturbative
correction is again just a shift:

| A == NLO PT 0=80 GeV | Using factorization theorems and
S0 B NNLL PT =02 *: boost invariance properties of soft
_____ % NNLL PT + NP 0=035GeV Wilson lines, can prove that:

QT =0Qp =Qf

powerful reduction in uncertainty from nonperturbative hadronization corrections
more reliable extractions of strong coupling and PDFs




Sensitivity to Strong Coupling

1 .75 ___1__L__\__J.____J.__L_J.__L_+__L__\__J.__\__+__\__J.__L_J__F_J__L__\__J.____J.__L_J.__L_

1.5F ]
125 ]
L 4 1
L Y 2 @,=0.115-0.125 .
R Y /A @,=0.110—0.130 .
0.5F 1, .
- ) I NNLL 0=80 GeV |
0.25} 1 .
y x=0.2 N
0 . | [ L L L L .

0. 0.05 0.1 0.15 0.2 0.25

Ta

B | | ]
06l 0=80 GeV E
- I NNLL x=0.2 .
0.5 -
S - O N @GS a,=0.115-0.125 1
S 04 1
'% S TN - @,=0.110-0.130 E
=03 E
[ B ]
0.2} ]
0.1 E
0 [ [ [ [ [ ]

0. 0.05 0.1 0.15 0.2 0.25

Td

Perturbative uncertainty in NNLL
cumulant similar to the effect of a +5Y
variation in as(My)

This sensitivity will be improved by:

e Combining information from different 7’S
e Combining info from different x, Q2
* Improvement of theoretical calculation

to NNLL or N3LL accuracy



Summary and Outlook

® Jets probe predictions and ® Jet Shapes can distinguish jet
parameters of QCD origins
05 Taly 2009 e o
@ (Q) | 3 X
04 | Y Ql /Q v e — -\
o 20 -/0 | Decay scherlne (udscb) QI= . ] q i
0.2 élo_ 150 | _L'-.
0.1} l Lﬁm’ i S:»ft 100 ’,ai
=QCD  0;(Mz)=0.1184+0.0007 5 Nom ls:’Tl(DGE)- ;
1 10 Q [GeV] 100 | ________ 50 '

0 0.05 0.1 0.15 0.2 4] -
t O /4

0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014

® Tools of Effective Field
Theory allow improved
precision in all applications of
jet physics

® New predictions of DIS event
shapes can improve precision of
strong coupling, PDF extractions

7

W NLO 0=80GeV |




How can we probe new states
of matter with jets?



The Quark Gluon Plasma

Is a new hot, dense state of matter of
liberated quarks and gluons created in
Heavy lon Collisions?

What are its properties!?

\J // 7 7 - Pb+Pb @ sqrt(s) = 2.76 ATeV
k / | )
= /Y, / ; \ 2010-11-08 11:29:42
//\ /4 //v' / | '\ Fill : 1444
/ 1! / y\ | Run : 137124
. ». /7T Event : 0x00000000271EC693



Probe the Medium with Jets!

When back-to-back jets are produced
in the medium, one may not escape

“jet quenching”

z
S
=
= 02
=
=
<
-

o

\ 4 e
.

Ingger

I/N .

[ - ptp ‘
~® Aut+Au, in-plane
- @ Au+Au, out-of-plane

q 0 2 34
A ¢ (radians)
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Probe the Medium with Jets!

CMS Experiment at LHC, CERN

Data recorded: Sun Nov 14 19:31:39 2010 CEST
Run/Event: 151076 / 1328520

Lumi section: 249

i
J
!

Jet 1, pt: 70.0 GeV

Jet Quenching at CMS!

Jet 0, pt: 205.1 GeV

When back-to-back jets are produced
in the medium, one may not escape

dians)



Jet Modification in the Medium
y jet: 100 GeV photon against 100 GeV E, jet

CMS/ CMS
e -4 F
o ¢
) . :\\‘\ Vv;’
‘:'l ~~:\ . ”‘A %
. = -y -’E “- T
B = il “;
[ ".‘: ® “c/ U\‘ ¢
\ \ i . >
‘ bl

CMS

® Heavy lon Physicists use Jet Energy Loss, Jet Broadening in the medium to probe
its properties

® Proposal: Use jet shapes to gain more detailed information about these
medium PrOPertieS Vitev, Wicks, Zhang

work in progress by
D’Eramo, Lekaveckas, CL, Liu, Rajagopal

® New tools: Apply power of SCET to prove factorization, calculate jet shapes
precisely, resum logarithms!



SCET for Jets in Dense Media

® So far, added to SCET gluons in medium which change (broaden)

jet’s transverse momenta but do not contribute to their energy loss

|dilbi, Majumder;
Bauer, Lange, Ovanesyan;
D’Eramo, Liu, Rajagopal

ko Ym @n—1 Ym—1 v @4 ¥ 4

000000

P1 P2 Pn-1 Pn

® |[n progress: inclusion of jet energy loss in the medium and soft &

collinear radiation from ]etS in progress by D’Eramo, Lekaveckas, CL, Liu, Rajagopal;
""ggs‘ rQ, k| Ovanesyan,Vitev
,qﬂg%'s:"
ih"'\':ﬂ" (2
1»“'5'6'%."‘*‘ :
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First observations of angularity jet shapes

CDF Run Il Preliminary

0.3 Midpoint R=0.4, 400 < p*"" <500 GeV/c, 0.1 <" <0.7,
— 90 < m"*" <120 Gev/c?, p'*? > 100 GeVre, m"*? <100 Gev/c?, 8, _ <4
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Figure 16: The angularity distribution for jets with pr € (40
R = 0.4 Midpoint cone algorithm. We have rejected the 77 e\
We also show the results from the PYTHIA calculation, as-

from CDF Public Note,
July 19,2010

CDF Run Il Preliminary
Midpoint R=0.7, 400 < p’:" <500 GeV/c, 0.1 < In"’" 1<0.7,
90 < m™ <120 GeV/c?, p!* > 100 GeV/c, m*™ <100 Gev/c?, S, <4

—— Data
Systematic Uncertainties

Pythia 6.1.4

Theory (quarks)
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Figure 17: The angularity distribution for jets with pr € (400,500) and |n| € (0.1,0.7) reconstructed with an
R =0.7 Midpoint cone algorithm. We have rejected the 7 events and required that m/*! ¢ (90,120) GeV/ c?.
We also show the results from the PYTHIA calculation (red dashed line), as well as the analytic QCD
prediction (dotted).
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Caveat: different definition of A

angularity

CDF only plots leading-order,
leading-log theory prediction

We are now in conversations to
perform comparison of our
resummed NLL theory
prediction for common definition
of angularity
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Figure 17: The angularity distribution for jets with pr € (400,500) and |n| € (0.1,0.7) reconstructed with an

R = 0.7 Midpoint cone algorithm. We have rejected the ¢ 7 events and required that m

jerl € (90, 120) GeV/c2.

We also show the results from the PYTHIA calculation (red dashed line), as well as the analytic QCD

prediction (dotted).



Event shapes at LHC vs
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Jet mass distributions at CDF

CDOENOIe 10199

Substructure of High E . Jets

setshape variables for: high p; (&
S EO0NEEY) QCD jets
et mass, Angularity, Planar Elow
81 Study of massive jets:
==Hest ofi pQCD! predictions
- luning MC generators
--massive boosted jets comprise
mportant background for high p-
= top, Higgs and various BSM
=~ searches

| - --_—.-- — -

-
-

Jet Mass : Standard E-scheme
for mass calculation : vector

sum over (E,px,py,pz) of
towers in jets.

Ashish Kumar

i
o= Midpoint
~ Midpoint/SC

0 ( 150
Midpoint, R=0.4

dN,
1/1GeV/c?
. [ ]

1
Njet
o

90 100 110 120 130 140 150 160

m**! [GeV/c?]

e Data in agreement with PYTHIA
prediction

Data between quark and gluon
prediction (consistent with the
expectation that over 80% of: jets
would arise from quark showering)

Aspen 2011




Resummed Higgs production cross section

Ahrens, Becher, Neubert,

Yang(2008)
2-5 LI L L L L L L e '- 2-5 [ LUNNEL DL DL B DL DN DL DL B L DL D R D DL BN DL DL B LB
Vs =196 TeV ] [ Ve =196 TeV
2 + MSTW2008SNLO  fixed order - 2 - MSTW200SNLO  resummed -
15 - .15 .
a) 1 0 |
2 ] 2 [ I
S| ] 5 1 MSTW2008NNLO -
05 MSTW2008NNLO 0.5 _ _
: - MSTW2008LO
0 EPETEE EPEEET B B — 0 PP P BT BT :
100 120 140 160 180 200 100 120 140 160 180 200
my (GeV) my (GeV)
% ———w———F1+— % ——————F—1——
80 Vs =14 TeV 80 Vs =14 TeV
70 £ MSTW2008NLO fixed order 70 resummed
60
. ~ 50 MSTW2008NNLO
C i
b MSTW2008NNLO v 40
30
20 | 20
F MSTW2008NLO
: MSTW2008L 10 MSTW2008LO
0:....|....|....|....|....: 01111
100 120 140 160 180 200 100 120 140 160 180 200
mp (GeV) mp (GeV)

Fixed order

Resummed



Using angularities to distinguish PRELIMINARY
quark and gIUOﬂ jetS Ellis, Hornig, CL, Vermilion, Walsh

1, distribution for a = -3.0, for quark and gluon jets T, distribution for a = 0, for quark and gluon jets

10 107E

102 E 102

10° 10°

10* 10°

10° 10°

10" 10° 10° 107 10° 10° 10* 10° 102 10" 10° 10° 10* 10° 107 107

Studied quark v. gluon jets 3 well-

separated jets in ete- T, distribution for a = 0.8, for quark and gluon jets
107

cuts exist keeping ~2% of gluon jets and

~20% of quark jets (10:1 enhancement) 10°E

or ~15% of gluons and 8% quarks (2:1 107

enhancement). B
10°

Expect greater discriminating power in -

correlated distributions for multiple values 107 107 [

ot a e




—stimate of Theoretical Uncertainty

1 do
o0 dr,
250 F

300
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150
100

50

300
250
200
150
100

50

200
150 ¢
100 ¢

50 |

quark jets

0.

factorization scale variation

0.002 0.004 0006 0008 0.010

hard scale variation

0.002 0.004 0.006  0.008 0.010

MA scale variation -

0.002 0.004 0.006 0.008 0.010
Ta

gluon jets

IOO*HHHHHHHH;
I factorization scale variation |

0.000 0.005 0.010 0.015 0.020

1205‘“““““““.‘.“i
i hard scale variation

0.000 0.005 0.010 0.015 0.020

1A scale variation

0.000 0.005 0.010 0.015 0.020
Ta



—stimate of Theoretical Uncertainty

1

o0

250,

100 |

200
150
100
50/

0.

200 |
150 |
100 -

50

200

150 |

do

dr,

quark jets

unmeasured jet scale variation

0.002 0.004 0.006 0.008 0.010

measured jet scale variation

0.002 0.004 0.006 0.008 0.010

measured soft scale variation

0.000 0.002 0.004 0.006 0.008 0.010

TA

gluon jets

60

unmeasured jet scale variation

0.005 0.010 0.015 0.020

[ele)
)
——

measured jet scale variation -

0.005

0.010 0.015 0.020

measured soft scale variation

0.005 0.010 0.015 0.020
Tq



QCD, PDFs, and the Strong Coupling

Quark-
Antiquark-

Gluon Pair

Quark

MSTW?2008 NLO

0.5

o (Q) |

04|

03!
02 |

01!

v
&

A
a
O
o

PDG April 2012

T decays (N3LO)
Lattice QCD (NNLO)
DIS jets (NLO)

Heavy Quarkonia (NLO)
e'e jets & shapes (res. NNLO)

Z pole fit (N3LO)
N pp —> jets (NLO)

o (My) = 0.1184 + 0.0007

10 Q [GeV] 100




Probing Jets At Ever Finer Scales

L R

Measure each
hemisphere/jet
separately:

HI
|\

e.g. left/right
hemisphere mass

2 2
myr,mMmpg

Moving towards studying
individual jet properties...

also can construct heavy/

: : 2 2 .
light hemisphere mass .m0 Begin to encounter so-
called “non-global” logs



“Non-Global” Observables and Logs

L

R

do
2 2
— ddemR

~ o(mp)o(mg)Sng(mr, mg)

Measure each
hemisphere/jet
separately:

S
TL\D

S
:UL\D

Soft radiation is sensitive/
probed at more than one scale

v

logs of m1/Q or mp/Q) eac
each summable using “ordinary” SCET

unknown how to resum “non-global” logs of My /mp

g\ 2 2 mr,
Spg(mp,mp) =1 (—8)00—12—
go(mr,mpg) + o rCa n mR—|—

Dasgupta, Salam
Banfi, Dasgupta, Khelifa-Kerfa, Marzani



Probing Jets At Ever Finer Scales

jet radius
jet energy veto Eo R

In hadron collisions,
encounter PDFs, ISR,

underlying event.... Above techniques to measure more
exclusive jet properties all relevant here.



Jet Substructure

Probe substructure of jets
to look for evidence of highly-
boosted heavy particle

Top Jets

Thaler,Wang

Kaplan, Rehermann, Schwartz,
Tweedie

Almeida, Lee, Perez, Sung,Virzi

Butterworth, Davison,
Rubin, Salam

...BSM Jets
Plehn, Salam, Spannowsky
Kribs, Martin, Roy, e‘g' Squark Jets
Spannowsky Fan, Krohn,
Mosteiro,
Thalapillil,
Wang

Higgs Jets



“Ordinary” SCET

pr = Q
hard scale e e e e e e L L E T  ErE
g
single By — T
jet scale :
single
soft scale

HS = m%,R/Q




“Ordinary” SCET

pr =
hard scale ———————— - - - cmmmm oo SR AL EEEEEELELEEEY Lk
VJ
Hj = ML
: Y
multiple
jet scales
HJ = MR
SCET able to accommodate
multiple jet scales:
decoupled collinear sectors single
soft scale 2
my,/Q
. | R LR
but still has only been formulated ,
with a single soft scale mp/Q




Hornig, CL, Stewart,

¢ . . 99 Walsh, Zuberi
Soft “Refactorization (work in pragrecs)
pg =mz/Q
Factorize soft sector into two 1 W
separate soft modes: T RN ,: f
pg =mz/Q

Integrating out “harder” soft ML
gluon at higher scale generates
new operators that can emit the
“softer” soft gluons

ML




Hornig, CL, Stewart,
Walsh, Zuberi

SOft “ RefaCtO rizati O n ” (work in progress)

Original “non-global” log ILg ﬁ
factorized into Separate ooooooooooooooooooooooo
functions which can be

R __ 2
evolved using EFT ps =mg/Q
renormalization group:

pg =mi3/Q

ML
Qs \ 2 m* H
r(mr) 9 FAtg . mr,
ML
sC sC -
Cs(m)(Os(mp)) ~ =5 I - S 2l oo %%




<))

CL,Walsh, Zuberi
(work in progress)

Summing Jet Algorithm Parameters in SCET

pr =@
hard scale —moo"--“-ceccccceaaaa A-==========--
Vg
single ;= QR
jet scale
Eo R’

Logs of Eo, R in cone or (anti-)kT jet rate:
o2(R, Ep) =1 —4lcyspCr In % In tan E — 3vsIntan E

Q 2 2

“soft us = Ey
jet N jetveto Ep SCET”

radius
R

Needs addition of “soft-collinear” mode and matching onto new operators at O(c3).



Recap: Jet Observables at Ever Finer Scales



Recap: Jet Observables at Ever Finer Scales

® SCET has resummed global jet

Q measures to high precision
Universal nonperturbative shift: CL, Sterman (2007)

Factorization: Bauer, CL, Fleming, Sterman (2008)
Angularity event shapes: Hornig, CL, Ovanesyan (2009)



Recap: Jet Observables at Ever Finer Scales

® SCET has resummed global jet

Q measures to high precision
Universal nonperturbative shift: CL, Sterman (2007)

Factorization: Bauer, CL, Fleming, Sterman (2008)
Angularity event shapes: Hornig, CL, Ovanesyan (2009)

® More exclusive jet observables (><) /\

sensitive to more scales, require
additional resummations of Iogs Angularity jet shapes: Ellis, Hornig, CL,Vermilion,Walsh (2010)

(><) In Progress:
Summation of nonglobal logs: Hornig, CL, Stewart,Walsh, Zuberi

Summation of phase space logs in jet algorithms: CL,Walsh, Zuberi
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® SCET has resummed global jet

Q measures to high precision
Universal nonperturbative shift: CL, Sterman (2007)

Factorization: Bauer, CL, Fleming, Sterman (2008)
Angularity event shapes: Hornig, CL, Ovanesyan (2009)
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® Effective Field Theory
properly separating all scales
can resum these logarithms
and opening the frontier of
precision jet physics!



Recap: Jet Observables at Ever Finer Scales

® SCET has resummed global jet

Q measures to high precision
Universal nonperturbative shift: CL, Sterman (2007)

Factorization: Bauer, CL, Fleming, Sterman (2008)
Angularity event shapes: Hornig, CL, Ovanesyan (2009)

® More exclusive jet observables (><) /\

sensitive to more scales, require
additional resummations of Iogs Angularity jet shapes: Ellis, Hornig, CL,Vermilion,Walsh (2010)

(><) In Progress:
Summation of nonglobal logs: Hornig, CL, Stewart,Walsh, Zuberi

Summation of phase space logs in jet algorithms: CL,Walsh, Zuberi

Future Projects:
® Effective Field Theory

properly separating all scales
can resum these logarithms

and opening the frontier of light QCD vs.top, accurate dependence
precision jet physics! Higgs, BSM jets on jet vetoes

quark vs. gluon measures of subjet
discrimination masses/shapes



Brief History and Motivation

In SCET, DIS near the endpoint x = T has been studied Manohar:
. I Becher, Neubert, Pecjak;
extensively. Chay, Kim: Chen, Idilbi, Ji, Yuan:

Fleming, Zhang
Away from x = 1, the final state can have more than one jet.

DIS event shapes:
® |n QCD, thrust to NLO, resummed to NLL. Antonelli, Dasgupta, Salam (1999)

. . . ) , Qiu (2012
® In SCET, (one version of) 1-jettiness at NLL [now NNLL] Kf,fagn:i?%a?,ﬁy(,(g:u)
(yesterday)]
e*e event shapes have been resummed in SCET to N3LL accuracy
matched to N3LO, leading to precise extraction of (y BecherSchwartz; Chien, Schwarcz

Abbate, Fickinger, Hoang, Mateu, Stewart

Extractions of (X5 from DIS jet cross sections not yet at same
precision.

Theoretical tools now available for significant improvement of
DIS event shape predictions and (¥g extraction



Problems with Jet Cross Sections

® Exclusive jet cross sections (fixed number of jets) typically
depend on

® choice of jet algorithm
® jet sizes
® |et vetoes

® These parameters generate a number of logarithms (NGLs,
clustering logs, log R) in perturbation theory which we do not
yet know how to resum

® N-Jettiness:an inclusive observable picking out N-jet final
states by measurement of a single parameter, logs of which can
be resummed in perturbation theory



DIS event shapes

Breit frame:

DIS thrust (review by Dasgupta & Salam ’03)

different versions:

¢" =1(0,0,0,Q)

RPN
1€H 5
e n =2 fixed to photon/weak boson’s axis T

e vary 7 to minimize 7,Q
calculations to NLO & NLL

16

TC

Dasgupta, Salam, ...



H1 Data

® <Q>=15Gev (¥
® <Q>=18GeV (¥
B <Q>=24GeV (x20)

<Q>=37 GeV  (x20)
A <Q>=58 GeV (x2)
A <Q>=81Gev (x20)

<Q>=116 GeV (x2)

—— NLO(02)+NLL+PC (itted)
---- NLO(0c2)+NLL+PC (extrapolated)
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Light-Cone Directions

qj — Wj—

HBHJ n.J

2
4 : : :
Choose conjugate directions:
_ 2 - 2
ny = np np = nJg
njy-ng ny-Nng
.
4 ™
ny-p _wpnj-np 2
Sizes of beam and jet regions: nyp-p wWj
np-p Wjgnyg-Np 2
— < = R5
ng+-p wp 2




Light-Cone Directions

nJ
= W7ig—
4 775
4 : -
Choose conjugate directions:
_ 2 _ 2
ny = np np = ng
ny-ng ny-ng

= nj-Nnjg=ng-ng =2

.
4 ™
ny-p WwpMnj-Np 9
Sizes of beam and jet regions: nyp-p wWj
np-p Wgny-nNpgp 9
— < = R5
ng-p wp 2




Beam, Jet, and Soft Contributions

HB'-,?'[J

Lorentz
invariant
constants:

., In each case of 1-jettiness, 7, = —~ bJs , "B PB
Q1 =W~ QJ QB
contributions from different modes: 71 — T?J —+ TgB + Tg
i t t A
: S J B
collinear contributions: 7;’ = —, 5% = —
SJ SB
transverse - n
virtualities: tJ:nJ'pJTLJ'pJ tB:ﬁB.anB,p%B
\_
/ / h
e buti P ks  TB kB n';-ky+ng-kp
sotrt contribution: S = >
Q. B Qr
! "B Qs OB
soft boost invariance: nNgB ——Njp = Qr = —
7 RJ,B R Rp
J
5J SB @R
T1 @ @
b y 2
T Q Q
C 2 2 \/—
1 Q Q) x Q)




Transverse jet and beam momenta

Convolution between jet and beam transverse momenta:

W{/d P] Py Xns(0)0(@BTR —Nnp - p"?)|0(NB -9+ B - 73( pJ__PJ_)XnB NPng)
X (0[xn,(0)0(QsTs —ny-p"7)0(Ry - q+ 7y - 77( (gL +p¢+73L)XnJ )|0)

\

~

pPL
Hpits N g5 =q+aP

hnl'"'"“

)"

|

o T

|
¢

- N
g = () with respect to this

q; and gs

transverse momenta of beam and
jet are equal and balanced

» convolution over P |

remains, depends on kT-

dependent beam function
(perturbative kT)




Transverse jet and beam momenta

Convolution between jet and beam transverse momenta:

W{/d P] P |Xns(0)0(QpTe —np - p"F)|0(nB - ¢+ np - 73( pJ__PJ_)XnB NPng)
% (0] xn, (0)8(Qurs —ny - p")5(ny - ¢ + 7y - PO+ P + PL)Xn, (0)]0)

\

~

pPL
Hpits N g5 =q+aP

hnl'"'"“

)"

|

o T

|
¢

- N
g = () with respect to this

q; and gs

transverse momenta of beam and
jet are equal and balanced

» convolution over P |

remains, depends on kT-

dependent beam function
(perturbative kT)




Transverse jet and beam momenta

Convolution between jet and beam transverse momenta:

|44 {/d Pj P Xn; (0)0(QpTs —np -p"?)|0(np - q+ np - 73( (pL — PJ_)XnB N Prg)

X (0[xn,(0)0(QsTs —ny-p"7)0(Ry - q+ 7y - 77( (gL +p¢+73L)XnJ )|0)

a5 = pJ + O(QN°)

—> 71y aligned so that transverse label
momentum on X'n ; is zero

f ~ p
jet function independent of beam D |

* integral averages over beam D |

turns into ordinary beam function
\ J

difference between q; axes for case A and B is a leading-order
effect on the argument of beam and jet functions




Transverse jet and beam momenta

Convolution between jet and beam transverse momenta:

W{/d Pj P |Xns(0)0(QpTe —np - p"F)|0(nB - ¢+ np - 73( pJ__PJ_)XnB NPng)
X (0xn, (0)6(Q7s = ny - p™)5(My - q + Ty - PY6° (T>heBL + PL) X, (0)

a5 = ps + O(QN?)

—> 71y aligned so that transverse label
momentum on X'n ; is zero

f ~ p
jet function independent of beam D |

* integral averages over beam D |

turns into ordinary beam function
\ J

difference between q; axes for case A and B is a leading-order
effect on the argument of beam and jet functions




Transverse jet and beam momenta

Convolution between jet and beam transverse momenta:

|44 {/d Pj P Xn; (0)0(QpTs —np -p"?)|0(np - q+ np - 7’( (pL — PJ_)XnB N Prg)

X (0[xn,(0)0(QsTs —ny-p"7)0(Ry - q+ 7y - 77( (gL +p¢+73L)XnJ )|0)
Hp | H,

gL =+1—yQny

qr =k

gL + D1

4 )

momentum transfer g itself has nonzero nontrivial convolution between jet
transverse component relative to P, k function and pT-dependent beam function
\ J




Factorization Theorem for |-Jettiness

do(z, Q%)
dTl

— Luu(xa QQ)W'LW(xv Q27 7-1)
Match onto 2-jet operators in SCET:

W/W(SE Q 7_1 /d4x67’q$ Z /d3 d3ﬁ2673(ﬁ2—]51)'a:02(151’]52)0”(]51“62)

ni,n9
. . . X <PnB ‘XRQ P2 \ L ( )T[Yn]; (x)Ynl (CC)]an ,P1 (33) soft gluon
collinear jet operators in SCET . ~ng S Wilson lines
W] XO0(my — 7t — 7% —17) »
¢ ¥ X Xnq ,P1 (O)T[YTL (O)Ynz (0>]Xn2,152 (0> |PnB> 2

collinear Wilson line  collinear quark field

@ €ZT
X i %

7N
% %
7
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Factorization Theorem for |-Jettiness

do(z, Q?)

= Ly (2, Q)W (2, Q% 1)
dTl

Match onto 2-jet operators in SCET:

W (z,Q%, 1) = /05451367:(1'3C > /d3ﬁ1d3ﬁ2€i(ﬁ2_ﬁl)'$CZ(]51,ﬁz)cu(ﬁlaﬁz)

n1,Mn2
o | X (P [ Xna.po (2) TV, (2) Yar, (€)X 0 () soft gluon
collinear jet operators in SCET T T . .
< 5(7-1 — 7 1 _ 71 2 __ Tf) Wilson lines
Xn — [ann] B T Ynl X
¢ ¥ X Xni,p1 (O)T[Ynl (O)Ynz (0>]Xn2,152 (O> |PnB> ’

collinear Wilson line  collinear quark field

“beam function”

- E O OE O mmm ‘

1
“jet function” “soft function”



Differences between versions A and B

[n‘}‘ =n? (’)()\)]

L do(z, Q%) : ty_ 1o
= H dt jdtpdkgd| 71 — = — — —
op Aty (@ ,,u)/ FEBEESE\ Q* Q@
X Jq(tr, ) By(ts, x, u)S(ks, p)
E; "";E L do(z, Q%) = H(Q? ,LL)/CZQPJ_dt dtpdksé| 10 — tr s
E = | op  dr} | T @

"~

-

-
= b—é
__-.-_“r .

X Jq(tJ — pi,H)Bq(tB,ZC, pi,,u)S(kS,,u)



Differences between versions A and B
(ng =nf +0M)

_(H ,u) / dtJdthk55<7' ————— %)

1 do(x,Q?)

og dt{

\

power

Differences [H 2
suppressed:

|

LR

1 2
dO‘(iC Q ) e ,U)/d pJ_dtjdthkS5(Tl T = — t—B _ k_s)

oo  dr?
XJ(tJ—pL,u (B, T ,pbu_

'\!v'...ulfl!v'bt
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—
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Differences between versions A and B

[n‘}‘ =n? (’)()\)]
1 do(x,Q?)

og  dt{

t t
— H(QZ,,{L) /dtjdthk55<Tch LB

X (g (b, 1)Bqy (s 2, 1) S (Ks, 1)

Differences argument of jet type of beam
leading order: function function
i, 1 do(x, Q%) 5 / 2 py_ Lr 1B
E = 2 ! = H(Q?, d°pidtydtpflkso| 7/ — =5 — =5 —
E = | oo dr} QL) | dprdtydtpflso T Q* Q7

"~

-

-
- _—-é
_.-—-'_‘"_ )

><C]q(tJ — pa_a Mﬁgq(tBa L, pia M)S(k57 :u)




Boost to Hemisphere Soft Function
Hp | Hy

| -jettiness soft function

S(kJ7k37QJ7QB7M ——tI'Z’X‘TYT nJ

known to 2 loops

. except for constant
hemisphere P

soft function anomalous dimension
known to 3 loops

\o\a(kJ—ZQqu — qr-k)ny k)

1€ X g

X 5(/€B — Z 0(qs-ki — QB°/%)”B‘/‘%')

1€ X5



Boost to Hemisphere Soft Function
Hp

| -jettiness soft function

S(kJ7k37QJ7QB7M __trZ’ X‘TYT nJ
d ngj wpmNJjN
ny—n,=—= R, — B '8
/ RJ / \/ 2W g
ng — ng = B R _ [WININB
RB B 2&)3

known to 2 loops

. except for constant
hemisphere P

soft function anomalous dimension

known to 3 loops

\o\a(kJ—ZQqu — qr-k)ny k)

1€ X g

X 5(/€B — Z 0(qs-ki — QB°/%)”B‘/‘%')

1€ X5



Boost to Hemisphere Soft Function
Hp | Hy

known to 2 loops

. except for constant
hemisphere P

soft function anomalous dimension
known to 3 loops

1 2 k&
S(ks ks, a1.95.1) = - p R ey ‘(XS\T[YJ%Y%](O) \o>‘ 5(R—i — " O(nly-k; —nf,-ki)nf]-ki)
XS ’LEXS
kB 1 k.] kB
X(S(—— 077/'/%—77,, kz n’ kz): Semi( , , )
R ’LEZX(J B ki)np RJRBh RJRBM
N O
J
ng — nNpg = B Wjnj-ng
7 RB RB B 2&)3




Boost to Hemisphere Soft Function
Hp | Hy

known to 2 loops

. except for constant
hemisphere P

soft function anomalous dimension
known to 3 loops

2
S(ks ks, a1.95.1) = - p R ey ‘(XS\T[YJ%Y%](O) \o>‘ 5(R—J — " O(nly-k; —nf,-ki)nf]-ki)
X )

X 5<k—B — Z O(n'; k; — nﬁgkz)nﬁgkz) N Shemi(f;], ZZ’M) .

no L fesning
R S 2w g \/
np
— — = ity = ! by
ng — Np R7 Rp :\/ JchB = S(ky, kg, Ry, Rp,u) = RJRBShemi<Ri’ RZ”“)

cf. Feige, Schwartz, Stewart, Thaler (2012)



Hard and Jet Functions

2 L &S(M)CF B 2:“_2_ ILL_Q_ 7T_2
H(Q*n) =1+ o ( In 02 SIHQQ 8—|—6 + ...

known to 3 loops

known to 2 loops

anomalous dimension known to 3 loops



Beam Function and PDFs

transverse momentum dependent beam function:
O(w) [ dy~

n

B(WkJrvx?kinu) - / Eeik+y_/2<Pn(P_)|>_Cn (y_§)5(ajp_ —n- 7))5(]{3_ o Pi)Xn(O)‘Pn(P_»

w

* match onto PDF

(WP (P7)[Xn(0)0(xP™ =7 - P)xn(0)| P (P7))

k) fi(6n)

Measure small light-cone momentum k+ = t/P~
and transverse momentum K |
of initial state radiation



Generalized Beam Function at |-loop

Laﬂ)fg(flf 1)

; 2):| 5(1 B z)d(ki) Jain, Procura, Waalewijn (2009)
+

anomalous dimension
known to 3 loops

—z)+6(1 — z)(l —z— 11—’—_2; lnz)] }

(162a)

as(pn)T'r 1 | 6(t) ) (1—2)t o 1—2
Tup(t 2k ) = 20 25 | 70| Pras (i - C52) + a6 | Proe) m 22 + 2000 = )20 - )|},
(162b)

Tells us that PDFs should be evaluated at the beam radiation scale t

or'dinary beam function: B(t7 T, ILL) — /d2 kJ_B(t, x, ki, ,u) Stewart, Tackmann, Waalewijn (2009)



Nonperturbative Soft

Convolution of perturbative soft function (soft radiation)
with nonperturbative model function (hadronization):

Model Function

S(ks, ,LL) = /dl SPT(ICS — l, ,LL)SNP(Z)

Sne(l) = f(I—A4)

RS ALY

Ju(K)

Ligeti, Stewart, Tackmann (2008)

A=1]

In following results, the following
model function will be used:

k (GeV)
Basis coefficients, width and gap should be fit to data for one event shape and value of Q.
Universality allows predictions for other event shapes and values of Q.

N=0,1=0.6,A =50 MeV 1

1.0 15 2.0

0.5 .
k (GeV)
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Resummation of Logs

® Solution of RG Equation automatically resums logs to all
orders in (g

® Order of logarithmic accuracy (LL, NLL, etc.) depends on
accuracy to which anomalous dimensions and fixed-order

matrix elements are known:

PF VF CF 6[&8]

TR e 1 1 P
2 1 2

NLL | o2 | o 02
NNLL | a8 | o | as | o8




Resummation of Logs

® Solution of RG Equation automatically resums logs to all
orders in (g

® Order of logarithmic accuracy (LL, NLL, etc.) depends on
accuracy to which anomalous dimensions and fixed-order

matrix elements are known:
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2 1 2

NLL as g Oés
3 2 3

NNLL CVS CYS g as

v

+ 1 order for

primed counting



Resummation of Logs

® Solution of RG Equation automatically resums logs to all
orders in (g

® Order of logarithmic accuracy (LL, NLL, etc.) depends on
accuracy to which anomalous dimensions and fixed-order

matrix elements are known:

PF VF CF 6[&8]

LL g 1 1 g
2 1 2
NLL o X g O
3 2 3 M. All pieces known
NNLL s (s Cs g ~ for DIS 1-jettiness

v

+ 1 order for
primed counting



The Beam Thrust Cross Section for Drell-Yan at NNLL Order

[ain W. Stewart, Frank J. Tackmann, and Wouter J. Waalewijn
Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA

= NN W W e
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(1/Q) do /dQdTgy [pb/GeV?]
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LY L

Eon=T7TeV
Q=mz
B NNLL
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— LL
------ sing. NLO

0

)

10 15
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------ sing. NLO
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The Future

Calculate rapidity gap distribution

Two-loop beam function and constant in two-loop soft funciton
can be used to achieve N3LL accuracy

® Heard about a 2-loop quark beam function here [Lubbert, Gehrmann,Yang]

Calculate fixed order 1-loop 1-jettiness cross sections in QCD
to accurately predict far tail (large 71) region

Comparison to data for improved extraction of strong coupling,
nonperturbative soft function, and PDFs



Conclusions

We have computed 1-jettiness cross sections
probing 2 jets in DIS in 3 different ways

We used SCET to factorize and resum the cross sections to NNLL
accuracy, the highest achieved to date for DIS jet cross sections

SCET provides the tools:

® to vastly improve the perturbative accuracy of large classes
of cross sections in medium and high-energy nuclear and
particle physics

® to improve the extraction of universal nonperturbative
functions and the strong coupling



