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Jets are essential to high-precision
determination of &s and the top mass
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Jets are essential to high-precision
determination of &s and the top mass

> QUARK MASSES

Top is by far the heaviest quark 8

200

Its mass usually determined by reconstruction .

100

Short distance scheme to achieve high precision o

Jet physics play an essential role in achieving this goal

See balle bv A. Hoang for top mass
measurements at the ILC and LHC



Jet formation and evolution

center of mass energy  Q = E+ + E-

Electron and positron collide at very high energy



Jet formation and evolution

primary quarks are
created

Hard collision
typical scale pn ~ @

q

At very short distance the hard interaction occurs



Jet formation and evolution

primary quarks are q -
created Described
bv hard
function
O
-
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et (po) q(q1) , 4
() 1t Hard collision

typical scale pn ~ @

q

At very short distance the hard interaction occurs



Jet formation and evolution

Radiating a central,
energetic gluon is
suppressed by a(@)and
also power suppressed

et

We will call these

contributions
nownsingular Hard, central gluon

q

Creating a third jet is very unlikely



Jet formation and evolution

Deseribed
perturbative jets are b? ek
formed {uma&on
splitting N g
probability  F, (1 — cos6)
-
collinear enhancement
compensates power
Of O‘s(@)

PN collinear emissions
| typical scale 17 ~ @ Aqcp

~
~
......

At longer distances colllnear radiation off quarks occur



Jet formation and evolution

These are still

cross talk between jets .
perturbative gluons

necessary for color ST
conservation | q Deseribed
splitting Qs b'j SO'&
probability ~ Eg(1 — cos 0) function
et e
soft enhancement
compensates power S E soft emissions
of a(Q) Q'.::, § AVAVAY,
ST scale us 2 Aqep
q

~
~
......

At long distance, large angle soft gluons are emitted



Jet formation and evolution

Purely non- o S”AT
e O
perturbative effect 'S/ & _
'l :“ ‘.\“1.“.1."
\J ‘v,.fdl -
R ‘\ .
.\“ gl
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& %° e
Described by S h
the shape S hadronization
. . Q»‘"..W S AVAVAV, A
function \ o7 8 scale pa ~ Aqep

vl
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At very long distances hadronization takes place






Event Shapes

Event shapes characterize in a L .
geometrical way the distribution of e’ e — Jets
hadrons in the final state

Thrust == 1— max 2. |pi - 1 They are theoretically more
v [Pl friendly than a Jet algorithm

n

1 do
odr dijet T~ e
1 Q =912GeV -
151 ° peak ' .
n 1| threejets 7~ 0.3 Y
:.I :
10 : ! tail far-tail :
5-_*‘ !.;( > spherical 7~ 0.5 <«
S Continuous transition from 2-jet to
-""--..____ - . .
()t— PP DS s bl T Lo 3-|et, mUItI-]et events




Most common Event shapes

Thrust T=1-— max [E. Farhi]

1
Angularities T(a) = é Z E; (sin;)%(1 — | cos 6;])'~ [Berger, Kucs, Sterman]

1 2 [Clavelli]
Jet Masses P+ = Q2 ( Zp’&) [Chandramohan Clavelli]
1e€Ex
: Py x 1
Jet Broadening B = Zzz‘:p%‘ﬁ’ ‘ [Catani, Turnock, Webber]|
i 1P
C-parameter o3 2 [PillPs | 5in° (035) [Parisi] .
=3 5 A [Donoghue, Low, Pi]

: o Zz ‘ﬁz ' ﬁ‘ [Stewart, Tackmann,

2-Jettiness 72 =1 —max 0 Wadlewijn]



Most common Event shapes

Thrust T =1 — max 2. |Pi T

i ) |pil

1 : a —a
Angularities 7o) = 0 Y Ei(sinf;)*(1 — | cos b;])"

2-jet event

1 2
Jet Masses P+ = @ ( sz) shapes
ict
Jet Broadening B = 2. Pt s il
Zi Di
S = s 9
C-parameter O — 3 2,7 |Pillps] sin” (6i5) dijet configuration
2 (22 [Pi])?
B, - 7
2-Jettiness T2 = 1 — max 2.ilPi -7

L Q



Most common Event shapes

Thrust T =1 — max 2. |Pi 7

i 2Dl

1 . Depend on a
Angularities T(a) = @ Z E; (sin6;)*(1 — | cos0;]) ¢ continuous
' parameter

Jet Masses P+ = é ( sz) 2

et
Jet Broadening B_ D i |Di X il
Zi 7i
C-parameter (' — 3 2 1Pillpj] sin®(6;;)
2 (ilml)?
g -7
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Most common Event shapes

Thrust T =1 — max 2. |Pi 7

i 2Dl

1 . a —a
Angularities  T(a) = 0 Y Ei(sinf;)*(1 — [ cos6;])’

Jet Masses P+ = é ( sz) 2

ic+
Jet Broadening B = Zg:pi‘ f’n‘ Recoil sensitive
i |Pi
C-parameter C = 3 2 [PillP3| sin® (6)
2 (225 1Pi])?
g, -7
2-Jettiness T2 = 1 — max 2.i|Pi - 71

L Q



Most common Event shapes

Thrust T =1 — max 2. |Pi 7

i 2Dl

1 : a —a
Angularities  T(a) = 0 Y Ei(sinf;)*(1 — [ cos6;])’

Jet Masses P+ = é ( sz) 2

ie+
Jet Broadening B = 2 |Di f 7| double sum
Zi ‘pz’
does not
—> — . 92 .
C-parameter O — §Zi,j 1P ||| sin” (655 require
2 (Zz' pi])? minimization
procedure
v -7
2-_|ettiness To = 1 — m@X Zz ‘pz ‘

L Q



Most common Event shapes

Thrust =1 — max E’L |pz | Will show fits for

i ) |pi @,

1 . B .

Angularities T(a) = 0 Z E; (sin6;)*(1 — | cos 0;])t there is no data
i
Jet Masses by — L(Z p.)2 2 (s e ek
. Q? \ ‘ in progress
1€L
Jet Broadening B = 2. Pt a il
2. 1Pil

C-parameter (o _ 3 2zij [PillP] sin® (05) Will show fits for

2 (2 1Pil)? s

i - 7 |

2.Jettiness To = 1 — m?’JX Zz ‘pz ‘ there is no data

i Q



Resummation of large logarithms

Event shapes are not inclusive quantities Large logs at small T
1 do 2as,1 3 4] Invalidates perturbative
oodr  3m ;( talogT + - ) expression for small

One has to reorganize the expansion by considering ag lg(17) ~ O(1)



Resummation of large logarithms

Event shapes are not inclusive quantities Large logs at small T
1 do 2as,1 3 4] Invalidates perturbative
oodr  3m ;( talogT + - ) expression for small

One has to reorganize the expansion by considering ag lg(17) ~ O(1)

-
- - © 1 do
Counting more clear in the Z(TC) - / dr
0

exponent of cumulant oo dr

log ¥(7) = s (log® 7e + log 7 + 1)
o2 (log® 1, + log® 7. + log 7, + 1)
o (log* 7. + log® 7, + log® 7 + log 7. + 1)
o (log® 7, + log® 7. + log” 7. + log® 7, + log 7 + 1)
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Event shapes are not inclusive quantities Large logs at small T
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Resummation of large logarithms

Event shapes are not inclusive quantities Large logs at small T
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Resummation of large logarithms

Event shapes are not inclusive quantities Large logs at small T
1 do 2as,1 3 4] Invalidates perturbative
oodr  3m ;( talogT + - ) expression for small

One has to reorganize the expansion by considering ag lg(17) ~ O(1)

-
- - © 1 do
Counting more clear in the Z(TC) - / dr
0

exponent of cumulant oo dT
log ¥(1.) = as(log® 7. + log 7. + 1) LO
[Catani, Seymour] ()4? (:_()g3 T. + :_Og2 T I :.Og Te + 1) NLO
State of the art oz? (f_og4 7. + log® 7. + log” 7. + log 7. + 1) NNLO
o (log® 7, + log® 7. + log® 7. + log® 7, + log 7 + 1)

not known!
[Weinzierl]

[Gehrmann-De Rider, Gehrmann, Glover, Heinrich]



Resummation of large logarithms

Event shapes are not inclusive quantities Large logs at small T
1 do 2as,1 3 4] Invalidates perturbative
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Resummation of large logarithms

Event shapes are not inclusive quantities Large logs at small T
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Resummation of large logarithms
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Resummation of large logarithms

Event shapes are not inclusive quantities Large logs at small T
1 do 2as,1 3 4] Invalidates perturbative
oodr  3m ;( talogT + - ) expression for small

One has to reorganize the expansion by considering ag lg(17) ~ O(1)
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o2 (log® 1, + log® 7. + log 7, + 1)
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Resummation of large logarithms

Event shapes are not inclusive quantities Large logs at small T
1 do 2as,1 3 4] Invalidates perturbative
oodr  3m ;( talogT + - ) expression for small

One has to reorganize the expansion by considering ag lg(17) ~ O(1)

Tc
Counting more clear in the > _ d 1 do
ex f I (TC) — T
ponent of cumulant 0 oo d7

log E(TC) — Qg (:_Og2 T. + :.Og T. + 1)
o2 (log 7+ log? 7 Alog et 1
Oéi (Og4 Te T :.OgQ Te T :.Og2 Te T ()g T. + 1)
[Hoang,VM, O/SL (Og5 Te T :"OgS Te T :'OgQ Te T :~Og2 Te T log Te T 1)

Schwartz, Stewart]
[Becher, Schwartz]

Seste® L NLL N2LL NBLL ot known!

[Abbate, Fickinger, Hoang,VM, Stewart]
[Hoang, Kolodrubetz,VM, Stewart] State Of the art




Factorizabion



(Will focus on SCET

FaCtOrizatiOn theOrem fOI" event Shapes but CSS is equivalent)

1 do A [Bauer, Lee, Fleming, Sterman]
—_ O QCD ’ ’ g:
o HQ X Je Y Se + O (6 ) ) [Berger, Kuks, Sterman]

oo de / T \ Q
\ Nonsingular terms,

Universal Wilson .
Soft function

Coefficient
power corrections



(Will focus on SCET

FaCtOrizatiOn theOrem fOI" event ShaPeS but CSS is equivalent)

— HQ X Je ® Se —|_ O [Berger, Kuks, Sterman]

oo de / T \ Q
\ Nonsingular terms,

Universal Wilson .
. Soft function
Coefficient

]_ dO' ( 0 AQCD) [Bauer, Lee, Fleming, Sterman]
€ )

power corrections

AH HH
Perturbative and
Calculable in perturbation theory nonperturbative components

S.(e)={(0|Y. YI§(t—Qe)Y,Y:|0) Leading power correction

comes from soft function

Soft Wilson lines event shape operator



(Will focus on SCET

FaCtOrizatiOn theOrem fOI" event ShaPeS but CSS is equivalent)

— HQ X Je ® Se —|_ O [Berger, Kuks, Sterman]

oo de / T \ Q
\ Nonsingular terms,

]_ dO' ( 0 AQCD) [Bauer, Lee, Fleming, Sterman]
€ )

Universal Wilson .
Soft function

Coefficient
power corrections

AH HH
Perturbative and
Calculable in perturbation theory nonperturbative components

S.(e)={(0|Y. YI§(t—Qe)Y,Y:|0) Leading power correction

comes from soft function

Soft Wilson lines event shape operator

S e — S e ® F e [Korchemsky, Sterman, Tafat]

o\
nonpertu rbative & [Korchemsky & Sterman] dO- d o2 F
perturbative [VM, Thaler, Stewart] B BEE @ e

de de

perturbative




(Will focus on SCET

Factorization theorem for event shapes ucss i equivalen

1 dO' A [Bauer, Lee, Fleming, Sterman]
_ O QCD ’ ’ g’
o HQ X Y S € + O (6 ) ) [Berger, Kuks, Sterman]

00 de Q
/' N
T \ Nonsingular terms

Universal Wilson .
Soft function

Coefficient
power corrections

%H HH
Perturbative and
Calculable in perturbation theory nonperturbative components

Heavy Jet Mass is slightly
more Comptwaﬁad thawn Ehis
(wmore own this Laker)



Large log




Renormalization group evolution

hard scale g ~ Q log™ (Q)
L

The hierarchy among . 2,
the scales depends jet scale pny ~ Q \/F log" (Qﬂ_

on the position on
the spectrum

soft scale s ~ QT logw(@)
L4

Aqcp

large logs



Renormalization group evolution

hard scale g ~ Q
local running log™ | =
K
jet scale ~
1 ! g~ QT
X
. n(
non-local running log (—)
HS
soft scale g ~ QT

AqQcp




Renormalization group evolution

hard scale g ~ Q
: n( @
local running log" | —
Hs
jet scale ny~ QT
. n{ HJ
non-local running log (—)
Hs
soft scale ~
| s ~ QT

AqQcp




Renormalization group evolution

hard scale g ~ Q
£ A
non-local running log”(g)
HJ
jet scale 1y~ Q \/;
non-local running log"(
soft scale g ~ QT

Aqcp

Q

Hs

)



Power Correcltions

/0\



OPE for non-perturbative corrections

Se(@) — <O | ?;YJ&(@ — Qé)Yn?fﬁ ‘ O> [Lee & Sterman]

Aocn 5(0—Qé) = 86(0) -5 )Qe+...
For e> 0
Correctupto (O(ay)
Shape function can be (E)

expanded in the tail

5(@) 010" (£)
Y

(0|Y VIQeY, Vs |0)



OPE for non-perturbative corrections

Se(@) — <O | ?;YJ&(@ — Qé)Yn?fﬁ ‘ O> [Lee & Sterman]

Aocn 5(0—Qé) = 86(0) -5 )Qe+...
For e> 0
Correctupto (O(ay)
Shape function can be (E)

expanded in the tail

5(@) 0,8 (¢)
0]Y

- ) -
do d6  Q dds d0< Ql)+0 (AQCD>

de de (@ dede de @, Qe

Leading power corrections

Universality: Qi — Ce Q’lo proportional to each other,

calculable coefficient



Mass Effects in SCET  vM.1wstewar, . Thaler] PRD87 (2013) 013025

1
e(N) = @ Z mf fe(ri,yi) One has to generalize the transverse energy flow operator

i€EN
\
y = % log (g + pz) rapidity All event shapes can be
— Pz > expressed
pt , in terms of these
r = transverse velocity .
mL two variables
mt = \/pQT + m? transverse mass v — 1 — 1

n=ln (\/7“2 + sinh? y + sinh y
r

) pseudo-rapidity massless limit Y = 7]

B N
V72 + sinh? y . mo=pr
— velocity

v
cosh y



Mass Effects in SCET  vM.1wstewar, . Thaler] PRD87 (2013) 013025

1
e(N) = @ E mf fe(ri,yi) One has to generalize the transverse energy flow operator
1€EN

Transverse velocity operator Er(r, )| N) =Y mi6(r—r:)d(y — y:)| N)
€N
gT (T, y)
measures momenta of particles with given
transverse velocity flowing at a given rapidity

e = %/dydrg’f(ra y)fe(rn y)

¢|N)=e(N)|N)

ET(Uv 77) —

1 L Qt h2 % 27
oll = vTtanhy)> ) g / dé iv; Toi (R, v R i)
0

cosh n R—o0



Mass Effects N SCET [VM, L. W. Stewart, |. Thaler] PRD87 (2013) 013025

1
e(N) = @ E mf fe(ri, i)  One has to generalize the transverse energy flow operator
1€N

Q5 = (0| Y iQey,Va|0)



Mass Effects N SCET [VM, L. W. Stewart, |. Thaler] PRD87 (2013) 013025

1
e(N) = @ E mf fe(ri, i)  One has to generalize the transverse energy flow operator
1€N

0 = / drdy f.(r. ) (0| VLY e (r, y)Y, ¥ |0)



Mass Effects in SCET  vM.1wstewar, . Thaler] PRD87 (2013) 013025

1
e(N) = @ E mf fe(ri,yi) One has to generalize the transverse energy flow operator
1€EN

¢ = / drdy f.(r, y){0 | YL YIEr (r, y)Ya V0 |0) = c. / dr ge(r) Q1 ()

Boost invariance requires this
term is y-independent

Operator definition of power correction Q;(r) = (0| Y;YJST(T, 0)Y,Y#|0)

“Universality” coefficient Ce = / dy fe(1,9)

— OO

encodes all mass effects

Ce /dy fe(r,y) each g.(r) defines a universality class
of events with same power correction




Event shapes considered

(default definition)

ge(T)
- 1T rrrrrrrrrrrr
1-
0 8 C — parameter
Jet Masses 8E Phrust

0.6F 7-1
C-parameter T

0'4; Jet Masses
Angularities  ,f

2-Jettiness

Same color means same power correction



G

C-parameter

Qe

Event shapes considered

P-scheme E — |p]

C — parameter

) Scheme changes
event shape definition



Event shapes considered

E-scheme |P| =~ E

C — parameter
Thrust

06F T
C-parameter L T
0.4

Jet Masses

0.8F

2

Angularities 4 f

06 08

) Scheme changes
event shape definition

OOII
O—
)
O—
™~

— L
fw

—







Theoretical knowledge

H(Q, 1) Hard function kiown ab 3 loops

T, (5, 11) Jet function known ab two i.ocps
o Running khown at three loops

S, (¢, 1) Soft function known at two Loops
o Running known at three loops

Fixed-order preciw&wns kiow ab Ehree i.oops

Mass correckions knowi ab NRLL and kwo Loops



s determination: Thrust tail fits

N3LL resummation, NNLO matrix elements
Fits to Q > 34 GeV, global fit

[Abbate, Fickinger, Hoang,VM ) Thrust analysis only
Stewart 1006.3080] Power corrections OPE

QED and bottom mass effects, axial singlet contribution
Renormalon subtraction

errodu&e experimem&at daka very aaaura&etj

Fit at N3LL for as(ms) & @, |

0.3+

! theory scan error -
0.2
| Q=my
® DELPHI
® ALEPH

0.1F

O.O_""---"'---I--..l....|..
0.10 0.15 0.20 0.25 0.3()7-




s determination: Thrust tail fits

NS3LL resummation, NNLO matrix elements
Fits to Q > 34 GeV, global fit
[Abbate, Fickinger, Hoang,VM ) Thrust analysis only
Stewart 1006.3030] Power corrections OPE
QED and bottom mass effects, axial singlet contribution
Renormalon subtraction

as(myz) = 0.1135 + 0.0011

e — as(my) from global thrust fits

XZ [ full T n I ]
- 0.135— I All errors: a;(mz) = 0.1135 + 0.0012 —
i results . ~ O(a?) fixed—order 1 .
dof ] R S . - - ,0'1300i0'0047 : + — perturbative error .
20 T PR LI 0.130 ¢ | ' -
R T S U R i ~ b _ 1 .
I RO B ¢ Dissertori et al Ul - —
et = : jet boundary -
....... s T ) L -
T bia T mN3LL | %s(mz) : + N'LL : -
15+ A RT .."'.- Llestiers 3 — - summation . 7
g A e MNCLL 0.120F 0.1194 +0.0028 ' -
e e L " M NNLL | B . ' 5
i NAER St :.}. . NNLL . B + B&S 1 + b—mass & QED -
I N A A NLL A 0115 1 0.1172 £ 0.0012 : 0.1135 £ 00009 7
L0 S C v { : ;
B e . ; ]

R R B R 0.110—l | | . | | |

0.110 0.115 0.120 0.125 0.130 1 2 3 4 5 6

Qg (mZ)



s determination: Thrust tail fits

N3LL resummation, NNLO matrix elements
Fits to Q > 34 GeV, global fit

[Abbate, Fickinger, Hoang,VM ) Thrust analysis only

Stewart 1006.3080] Power corrections OPE
QED and bottom mass effects, axial singlet contribution
Renormalon subtraction

as(myz) = 0.1135 + 0.0011
Hf_/
error includes conservative estimates of

effects coming from higher order power
corrections not included in the fit



Qs determination: Thrust moment fits

[Abbate, Fickinger, Hoang,VM, Stewart] 1 . do
M, = dr 7" -
o T

Only first moment of thrust
Used NSLL code, with power corrections and renormalon subtraction

Different levels of theoretical sophistication

Ml(Q)
0.1 ——— T

Fit at N°LL for a,(m,) and Q,;

theory scan error _

0.09F

0.07F

- @ OPAL ig-\ls
@ DELPHI }
0.05F ! l
T @ AMY {l
@ TASSO
' T B .
50 100 150 200

Q (GeV)



Qs determination: Thrust moment fits

M, =— |drT"—

[Abbate, Fickinger, Hoang,VM, Stewart] 1 / do
o dr

Only first moment of thrust

Used NSLL code, with power corrections and renormalon subtraction
Different levels of theoretical sophistication

a,(my) from global first moment thrust fits

0.135_— I All errors: ay(my) = 0.1140 + 0.0016 _
@ (m Z ) - O(a?) fixed—order | i
i 0.1299 + 0.0038 | _
0.130 ® | _
— + N°LL summation .

B 0.1245 + 0.0038 ) 7
0.125— s I + — perturbative error —
i | + Power Correction i
0.120 I 0.1156 = 0.0021 |
i . + b—mass & QED 7]

i + = perturbative error | 0.1140 = 0.0007 ]
0.115 I * + ]
- | 1




14} without renormalon subtractions L4 et osals "
2-Ql - 291 I
(GeV) | [ 1 (GeV) |, i
1.0- . 1.0- i
0.8} - 0.8l _
04 Lo o by ey .- s i
0.110 0.115 0.120 0.125 0.130 o4L— vy
0.110 0.115 0.120 0.125 0.130

Qs determination: Thrust moment fits

M, =— |drT"—

[Abbate, Fickinger, Hoang,VM, Stewart] 1 / do
o dr

Only first moment of thrust

Used NSLL code, with power corrections and renormalon subtraction
Different levels of theoretical sophistication

Significant error reduction when renormalon is removed

a’s(mZ) o (mZ)



Qs determination: Thrust moment fits

Abbate, Fickinger, Hoang,VM, Stewart 1 do
[ 5 5 J M, = — / dr 7" —
o dr
Only first moment of thrust

Used NSLL code, with power corrections and renormalon subtraction
Different levels of theoretical sophistication
Significant error reduction when renormalon is removed

B first moment _

20,
(GeV)

Good agreement
with tail fits

0.5F - .
- full N°LL results -

0112 0.113 0.114 0.115 0.116 0.117

a’s(mZ )




Consequences for ILC



(s determination: adding ILC data

ld_O'SO-I""I | | | LA
o dr -
" |1 Q=3000 GeV
60 i
i Q = 1000 GeV
40 .
I =500 GeV
20 3 -
i Q =91.2GeV
of C

el BRI EPEPEPEE B PR B
0 0.01 0.02 0.03 0.04 0.05 T 0.06

For increasing Q

* Peak moves toward smaller

e Events tend to accumulate at
very small region

* The tail regions becomes longer
but less populated



Anp

10.00%f
6.31%F
3.98%F
2.51%
1.58%

1.00%E

(s determination: adding ILC data

15.80%F

Q=912GeV

Q = 500 GeV

: Q = 1000 GeV

™ | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 l-

0.05 0.1 0.15 0.2

For increasing Q

* Size of nonperturbative effects
decreases with Q

* They scale as 1/Q.

e At very high Q, nonperturbative
effects become smaller than expt.
errors may be neglected



(s determination: adding ILC data

Si;mpte exercise: make tp ILC data ok 800 GreV

Assume 1% skakiskical and 1% svs&ema&a errors

Add Ehis “ILC” data ko LE?P and other colliders data

OoROPp Trrrrrrrrrrrrrrrrrrrrrrrrr e
24 - LEP + others -

(GeV()) . > LEP +ILC + others -

Repeat fits
UM{OrEuma&eLj there is 065

not much gain... o

= e =" O
~

~
S~ - ——

O°55-|....I....I....I....I....I....I._
0.1125 0.1130 0.1135 0.1140 0.1145 0.1150 0.1155

(0 (mZ )
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Theoretical knowledge

H(Q, 1) Hard function: same as thrust

Jn($, 1) ek function: same as thrusk

Soft function kinowi analytically ot one
Sc(¢, ) loop, numerically at two loops
Running known at three loops

Fixed-order preciw&wns kiow ab Ehree i.oops

Mass correckions khnowi ab NRLL and kwo i.c;:-c;:-[ps



(s determination: C-parameter tail fits

AMaLjEw tom[pu&a&ms«
of soft function ak
1*1.00[9

Cr C n
S5 sy Sy’

70' L] L] L] L] I L] L] L] Ll I Ll Ll Ll Ll I Ll Ll oo b N L DL L L e | L R L I L LN N
o TP . i 8F  CpngTy .
: 2 [ CrC ] : ]
: Cr ! F=A 26f ;
30k 50} [ ]
[ [ 24F -
10F : g :
et 2oL p] T L ]
|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| ]
C 10 10 10 10 c ! 10 10 10 10 c !

Numerical dekerminakion ok Z*Lcwops



(s determination: C-parameter tail fits

oof S
Hi | _0 1 . . .
sof ; Lomyiu&a&edwi.oaww\g
60F  Q=912GeV 1 renormalization scales
s -1 Estimate of theory
op 1 uwcertainties
()-_;’// - MS:Qg h
0.0 02 04 06 08 =10
Cdo
o dC
0.45[, o

Very good description
of experimental data

Fit at N°LL for a,(my) and Q,

theory scan error
- Q
@ DELPHI
- @ ALEPH
- @ OPAL
. @ L3
@ SLD
PR I T T T T | L L L
0.3 0.4 0.5 0.6 C 0.7



(s determination: C-parameter tail fits

1.4:-
1.2:-

2, 1OF
(Ge¥) 0.8}

0.6:-

0.4}

0.100

0.105 0.110
as(mz)

0,115

0.85F
0.80F
0.75}
20, 070}
(GeV) g 65t
0.60}
0.55}
0.50%

C—parameter
thrust

0.112 0.113
a’s(mZ)

0.114 0.115

e .

A (mZ)

0.100 0.105 0.110 0.115

- 0.0016



He&vv Jet Mass



Theoretical knowledge

H(Q, 1) Hard function: same as thrust

Jn($, 1) ek function: same as thrusk

Soft function kinowi analytically at two
S(l1,0o, 1) Lloops. Complicated non-global structure
Running khown at three loops

Fixed-order pre.ciw&wms kiow ab Ehree Loops

Mass correckions knowi ab NRLL and kwo Loops



Factorization Theorem

1 d?c
00 d81d82

— H(Q ) / Ay dky J (51— Qky, 1) T (82 — Qi 1) S(ky, Koy p1)



Factorization Theorem

1 d?c
00 dSldSQ

— H(Q ) / Ay dky J (51 — Qky, 1) T (52 — Qha, 1) Sk, Ko, 1)

double convolubion



Factorization Theorem

1 d?
L (@ [k ko1 Qb )T~ Ol SR




Factorization Theorem

S H(@ ) [k ks 1 — Qi) (52— Qb 0) Sk Koo
two-dimensional soft function
St o, 1) = / ey dles SP (1 — ey, by — ko, 1) F(k, k)
two dimensional two dimensional
perturbative soft non-perturbative

function skap@. function



Factorization Theorem

1 d?c
00 dSldSQ

— H(Q ) / Ay dky J (51— Qky, 1) T (82 — Qi 1) S(ky, Koy p1)

two-dimensional soft function

5(61,82,,@ :/dkl d]{ig Spart(€1 — k1,€2 — ]{’Q,M) F(k‘l, kz)

Q%p
d—O- — Q2/ dSl ( do )
dp 0 d81d82 s2=Q2p

Heavy Jeb Mass proje&%&mm




Factorization Theorem

1 d?c
00 dSldSQ

— H(Q ) / Ay dky J (51— Qky, 1) T (82 — Qi 1) S(ky, Koy p1)

two-dimensional soft function

S(@l,ﬁg,u) :/dkl d]{ig Spart(€1 — k1,€2 — k’g,,u) F(k‘l, k’z)

do Q% do / dU( k)
— = 2Q? d = — — | F,(k
ap =2 /O 81<d31d5222Q2p » Pap\rmg)W

Heavy Jeb Mass proje&&imm




Factorization Theorem

1 d?c
00 dSldSQ

— H(Q ) / Ay dky J (51— Qky, 1) T (82 — Qi 1) S(ky, Koy p1)

two-dimensional soft function

S(@l,ﬁg,u) :/dkl d]{ig Spart(€1 — k1,€2 — k’g,,u) F(k‘l, k’z)

do QQP do /Qp ’lf)'/ k)
9502 4 = dk 24 — VP (k
dp Q /0 81(d81d82)82 0 dp\ Q ,0( )

Heavy Jeb Mass proje&&imm




Operator Product Expansion

Q; = / dk1dks (k)" F(k1, k) Thrusk power corrections



Operator Product Expansion

B / dkydky (k1) F(k, k2) =20 Thrusk power corrections

= Q. / dk1dky (k1)* (k2)? F(k1,k2)  HIM power corrections



Operator Product Expansion

/ dkydky (k1) F(k, k2) =20 Thrusk power correckions
0,

ji = / dkidky (k1) (k2)? F(ki,k2)  HIM power correckions

/ dkydky (k1 — ko) (ks — ko) (k1) (ko) F(ky, ko) HIM mwomwenk
power correcktions

-



Operator Product Expansion

/ dkydky (k1) F(k, k2) =20 Thrusk power correckions
0,

ji = / dkidky (k1) (k2)? F(ki,k2)  HIM power correckions

/ dkydky (k1 — ko) (ks — ko) (k1) (ko) F(ky, ko) HIM mwomwenk
power correcktions

-

0;9@.1’&%01’ produ& expansion i Fhe Eail

do o @ B Ql,O d25' 1 QQ)O d3(3' 9 Q1,1 — QQ,Q Q6 d2(3'
d81d82 s1=52=0Q2p

b dp QA 2@ dr T @

Operator product expansion for thrust

do dé Q, o d"6
_ _ _2 n 9
dr dp * Z( ) Q" drn

n



Operator Product Expansion

/ dkydky (k1) F(k, k2) =2'Q0i  Thrusk power correckions
0,

ji = / dkidky (k1) (k2)? F(ki,k2)  HIM power correckions

/ dkydky (k1 — ko) (ks — ko) (k1) (ko) F(ky, ko) HIM mwomwenk
power correcktions

-

0;9@.1’&%01’ produ& expansion i Fhe Eail

do o @ B Ql,O d2(3' 1 QQ,O d3(3' 9 Q1,1 — QQ,O Q6 d2(3'
d81d82 s1=52=0Q2p

b dp Qa2 Q@4 T @

Operator product expansion for thrust

do dé Q, o d"6
_ _ _2 mn 9
dr dp * Z( ) Q" drn

n



Operator Product Expansion

/ dkydky (k1) F(k1, k) =2"Qoq  Thrusk power correckions
0,

ji = / dkidky (k1) (k2)? F(ki,k2)  HIM power correckions

/ dkidky (k1 — ko) 0(ky — ko) (k1) (k2)? F(ky, ks) HIM moment
power corrections

-

Operaﬁar produa& expansion in Fhe Eail

do o @ B Ql,O d25' 1 QQ’O d?’& 9 Q1’1 — QQ,O Q6 d25'
dSldSQ s1=52=Q2p

b dp QAP 2@ & T @

ey * . <
universal non-universal subleading

leading power power correction

correckion

* modulo hadron mass effects



Operator Product Expansion

/ dkydky (k1) F(k, k2) =20 Thrusk power correckions
0,

ji = / dkidky (k1) (k2)? F(ki,k2)  HIM power correckions

/ dkydky (k1 — ko) (ks — ko) (k1) (ko) F(ky, ko) HIM mwomwenk
power correcktions

-

Op@.raﬁcrr produ& expansion i Fhe Eail

do o d_& B Ql,O d2(3' 1 QQ)O d35' 9 Q1,1 — QQ,O Q6 d25'
dSldSQ s1=52=0Q2p

b dp QA 2@ dr T @

Operator product expansion for tree-level moments

n—1
1
Mﬁ tree — Qn (Qn,o + § :Tn—l—k,k>
k=0



Operator Product Expansion

/ dkydky (k1) F(k, k2) =2'Q0i  Thrusk power correckions
0,

ji = / dkidky (k1) (k2)? F(ki,k2)  HIM power correckions

/ dkydky (k1 — ko) (ks — ko) (k1) (ko) F(ky, ko) HIM mwomwenk
power correcktions

-

Opera&w prcdu& expansion in Fhe Eail

do o @ B Ql,O d2(3' 1 QQ’O d3(3' 9 Ql,l — QQ,O Q6 d2(3'
d81d82 s1=52=0Q2p

b dp QA 2@ d T @

Operator product expansion for tree-level moments
OPE parameters

n—1
M, — L(Qno EY T k) these moments do not
show up in tail OPE !
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Oriented Evenk Skapes



1 do

oo de dcos O

= f(e,cosfr)

Oriented event shapes

&
o

@6\ thrust axis 1 Q
V4
) 60(& ,I
.. oT
AN /,
N v/
\ 4
~

\\\ / t9T
e~ ~ 4 el

beam pipe \ hemisphere b
4 \\\
/ N
V4 ~
V4 ~
// hN
CO//, ,/ \\
7 hemisph
Sy emisphere a
ﬁ/‘
GO"
/@((/b
%)

a priory ohe expea&s
a general function
of e and cos



Oriented event shapes

thrust axis 71 Q
V4

4

’ SOT

/,

4

p AN
y N
y N
’ \\
4 N
CO///, ,/ \\
2 hemisphere a
®<9 ’ emisp
ﬁ/‘
@O/.
/@0.
(o)
7)

General proof: [VM and G. Rodrigo JHEP11(2013)030 ]

1 do 1 do

1 doang

— g (1 + cos® Op) — — + (1 — 3cos” Or)

oo de dcos O oo de oo de



General proof: [VM and G.Rodrigo JHEP11(2013)030]

1 do

oo de dcos O

Oriented event shapes

/

/,
4
4

thrust axis 71 Q
V4

YT

1 do
1 200) ——
(1 4+ cos” O7) o de

3
g

singular terms here

+ (1 — 3cos?O7)

1 doang

00 de

non-singular terms here



Oriented event shapes

[VM and G. Rodrigo 1307.3513]
S(E)

03— T — — ~ T~~~ T " " ]
Analytic computation at LO ot _5
. ().20:— :
Agreement with EVENT?2 5 :
0.15F .
: 0.105— -
BT T T ¥ ey ey v v
T C

[VM and G. Rodrigo 1307.3513]

Numerical determination at NLO
Using EVENT2

4 f2"8(C)

L] fit | interpolation

"

_____i__>,=:;___

0 i ll/l,,/r""" -
NE¥s : fit| inter. -
ok FTI | h
i 1 ]
—4L _
[ ] L . ] ] \ ]
0.0 0.2 04 0.6 0.8 1.0
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Primary mass effects

[S. Fleming, S. Mantry, A.H. Hoang, I.W. Stewart]

Integrate out
Hard Modes

Factorize Jets, Integrate
out energetic collinear —>
gluons

Evolution and

decay of top ——>»/, 0/ _ . Ft
close to mass shell

In the tail of the distribution only jet function is modified at N2LL

When mass of jet very similar to mass of quark there /2

appears a new hierarchy along with new large logs 5 ( m? )
One has to match SCET to In this way one can also
boosted HQET to sum them up treat finite width effects



Secondary mass effects

-
\ \ A
QAnt
Q o
/ !/

p p

Appear at NNLO

[S. Gritschacher, A. H. Hoang, I. Jemos, P. Pietrulewicz]

Different scenarios

—r o cor” oo on 6
Mass modes generate I
rapidity logs which enter at I | T
NZLL i :
QAT @A
QAm[ o
Depending on where the mass 7} onp
scale is sitting one has different o e

theoretical set-ups



Conclusions

.

Cubloole



Conclusions

o Precision measuremenks wilth Je&s are essenkial.

o Event Shapes are an ideal tool, great theoretical

proper&es‘

o Understanding power corrections mandatory for
accurate theoretical predictions. Hadron mass effects

cannot be neglected.
o C-—-parama&er and HIM resulks on the way
o Oriented event sh&ges give extra handle on jets.

o Paving the way for precision top mass determination!



