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@ SCET: basic ideas

© Factorization theorem for thrust
@© Mass modes in SCET

Q Massive gauge boson radiation
° From one-loop to two-loop

@ Soft function with mass modes
@ Effects on thrust

o Summary & Outlook
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Outline

@ SCET: basic ideas

12N Ge




Use of SCET

o SCET: Soft Collinear Effective Theory (top-down EFT)

disentangling QCD vs other interactions requires a separation of scales — natural
framework for EFTs

for energetic hadrons Ey ~ Q > Aqcp =~ mu
for energetic jets Ey >~ Q > my

for (up to now) massless hard-soft-collinear interactions

most of what can be done with SCET can be done with other techniques too. SCET can
give new perspective on factorization, log-resummation, power corrections. . .

B—decays
B— Xyy, B—mlv, B—mm, B—Dn

QCD processes with large E transfer

ep—e X, pp—= X0, etem —jets
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SCET construction

Bauer, Fleming, Pirjol, Stewart, 2001
Stewart: SCET lectures

determine relevant scales for particles in initial and final states = expansion parameter A
is a ratio of such scales

construct momenta from these scales such that p? < 0’A? = fields constructed from these
sets of momenta

particles with p* >> Q*\? are integrated out

power counting: assign to the SCET fields a scaling in A

construct Lagrangian (ensuring SCET gauge invariance)
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Degrees of freedom: eTe™ — jets

soft particles

n-collinear n-collinear

thrust
axis

hemisphere-a hemisphere-b

Relevant scales: 02 >> m2, > A6CD = A = mje/Q

jet

Light-cone coordinates

= (1,0,0,—1), @* =(1,0,0,1), n®=m>=0

+

_ . . nt _nI»L
pr=n-p, p-=n-p, p=@pup), p'= +7+p — +p

@ retain particles with p> < Q%% = collinear and ultrasoft
@ jet constituents p# ~ (mjzet/Q, Q, mjer) = 02, 1,)

@ ultrasoft particles p# ~ (mJZet /0, mj2et /0, mjzet /Q) = Q(N2, X2, A2) and p? ~ Q?\*

@ any other with p? >> 0?\? integrated out = their dynamics present through matching coefficient
C(Q, 1)

I. Jemos, P. Pietrulewicz (University of Vienna) MM and secondary quark radiation Vienna, 21/03/2013

6/67



mode pr=(H,—,1) s fields
hard o(1,1,1) 0’ -
n-collinear O 1,0 Q* N | &, Al
7i-collinear O(1, )%, )) N | &, Al
ultrasoft QN2 A2 0\%) O | Gus, AL,

@ a field for each mode, but several fields for each particle

@ always integrate out all modes above given hyperbola

MM and secondary quark radiation Vienna, 21/03/2013 7167
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© Factorization theorem for thrust




Thrust distribution

\g!

;|65

o thrust: 7 = 1 — max;

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

o thrust distribution from LEP data (eTe™ — jets)

20 -
1 do !
o dt
15 ¢
10 | 1
‘peak;‘ tail _ _ far-tail
51 2 jets '-_N. 2-3 jets >3 jets
0 : 1 o ] LTI I
0.0 0.1 0.2 03 04

T

— peak region (7 ~ Agcp/Q): expansion parameter A = \/Aopcp/Q
— tail region (7 > Agcp/Q): expansion parameter A = /T
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Factorization theorem for thrust

Fleming, Hoang, Mantry, Stewart (2007)
Bauer, Fleming, Lee, Sterman (2008)

SCET result for 7 < 1:

7 — Goutio(Q.10) [ de (L 1o (@~ £,10)

Q — CM energy, og — cross-section at LO

Ingredients:
e hard function: Ho(Q, 1) = |Cv(Q, p)|*
o thrust jet function: Jo(s, p) = [ds’ Ju(s', p)Ja(s — s, )
o thrust soft function: So(¢, p) = [ dkg dkr 5(£ — kg — ki) So™ (kg, ki, 1)

— s ~ QN2 ~ Aocp: So = ST non-perturbative model
— ps ~ QN > Agep: So = SH™ @ S§°%!: SF™" partonic piece (perturbative)
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Profile functions

Profile functions: Parametrization of renormalization scales in terms of thrust
— continuous transition between peak, tail and far-tail region
Abbate, Fickinger, Hoang, Mateu, Stewart (2011)

region \ e 1224 Hs
peak T ~ Aqgen /0 Q0 /OAgr  Agep
tail AQCD/Q L7< 1/3 Q Q\ﬁ QT
far-tail 1/3<7r<1)2 0 0o 0
0 - pa ~Q

pr~ QYT

0 0.1 0.2 0.3 0.4 0.5
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@© Mass modes in SCET




Mass effects in QCD

in QCD: e.g. DIS

o mass effects via different schemes (FFNS, VENS, ...)
— correct limiting behavior, continuous description?

@ ACOT scheme (VENS): heavy quark production (3 scales: Q, m, Agcp)
Aivazis, Collins, Olness, Tung (1994)
factorization theorem interpolating between the regions
— m > Q: full decoupling
— m ~ Q: exact kinematics, mass effects in Wilson coefficients (FFNS)
— m < Q: Log-resummation, massless kinematics, mass effects in pdf’s

= setup for additional scales? e.g. in endpoint region x — 1: Q*(1 — x)

I. Jemos, P. Pietrulewicz (University of Vienna) MM and secondary quark radiation Vienna, 21/03/2013
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Mass effects in SCET

in SCET: event shapes for eTe™ — jets

o factorization and resummation for production of primary massive #f-pairs
Fleming, Hoang, Mantry, Stewart (2008)

=> still missing: systematic treatment of secondary massive quarks
— nontrivial setup with dynamical thresholds

p p

AN
N\

I. Jemos, P. Pietrulewicz (University of Vi MM and secondary quark radiation
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Scale hierarchies with a mass

introduce particle species with mass m
— several scale hierarchies in one single event shape spectrum (for Q > m)

,u/H>/1/m>,uJ>/1/S

hard sector (ML)

mass modes

jet sector (ML)

soft sector (ML)
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Scale hierarchies with a mass

introduce particle species with mass m
— several scale hierarchies in one single event shape spectrum (for Q > m)

Scenario III: iy > pg > pm > pis

hard sector (ML)

jet sector (ML)

m

soft sector (ML)

MM and secondary quark radiation Vienna, 21/03/2013
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Scale hierarchies with a mass

introduce particle species with mass m
— several scale hierarchies in one single event shape spectrum (for Q > m)

Scenario IV: g > py > pis > pim

hard sector (ML)

jet sector (ML)

soft sector (ML)

mass modes

1. Jemos, P. Pietrulewicz (University of Vienna) MM and secondary quark radiation Vienna, 21/03/2013
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Mass modes

o new degrees of freedom: "mass modes"

o additional scaling parameter: \,, = m/Q

m?/Q

I. Jemos, P. Pietrulewicz (Unive:

Q pr

mode pM = (+7 O J—) p2
n-collMM | QN5 1, M) | m?
soft MM O, Ay ) | m?
= How to include mass modes into massless setup?
MM and secondary quark radiation Vienna, 21/03/2013

of Vienna)
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Mass mode setup

@ construct a sequence of EFTs depending on A, <+ A

LAn>1>A> )\
IL1> M >A> N\
ML 1>\ > Ay > N
IV.1 > A > A2 > A\

@ aims:
— continuity between scaling situations (“scenarios”)
— mass-independent UV divergences
— decoupling for m — oo
— correct IR-finite massless limit for m — 0

I. Jemos, P. Pietrulewicz (University of Vienna) MM and secondary quark radiation Vienna, 21/03/2013
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LAy >1>A> )\

A .
>

QA

QA

QN

mode

pﬂ = (+7_7J—) pz

hard
n-coll ML
usoft ML

o(1,1,1) [0
Q(N,1,) o* N
N, NN [ 2N

I. Jemos, P. Pietrulewicz (University of Vienna)
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IL1> Ay > A > N2

>»

Q)\m,-

QA

QN

mode

pH = (+,_7J-) p2

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

o(1,1,1) o
ONA, 1, ) m?
O(N, Ay Am) m?
QN 1,)) O*\
Q()\Z7 )\27 )\2) Qz)\4

QF Qr QM

I. Jemos, P. Pietrulewicz (University of Vienna)
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OL 1> A> )\, >\

pﬂ = (+a_7J-) p2

p
A
Q
mode
hard
n-coll M
QA n-coll ML
soft MM
QM it usoft ML

0(1,1,1) o’

QN 1,)) 0°\?

QN2 1,)) O*)\?
Q(Ny Ay Am) m?
Q()\Z’)\Z’AZ) QZ)\4

QN

I. Jemos, P. Pietrulewicz (University of Vienna) MM and secondary quark radiation
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IV.1> A >N\ > )\,

>»

mode pﬂ = (+a ) J—) p2

hard 0(1,1,1) 0’
n-coll M QN 1,)) Q* N’
n-coll ML QN2 1,)) 0*)?
usoft M O NN | 0PN
usoft ML | QA% A%, A7) | O°\*

1))

QN?

QA
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@ Massive gauge boson radiation




Motivation

Setup for massive gauge boson (mass M) with vector coupling
(group factors denoted as in SU(3))

£ 7

o dispersive technique:

q m q m

- 2 X 2 -
m@m = L | 4L (sooooey) * m [101 ‘ ]
2 M @ — M

@ separate mass mode concept from technical issues at two-loop

@ in principle applicable for EW effects, ...
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Full theory result

Y A il

MZ
%)
M2 M2
+0 (7 — Tiin) [A (7’7 @) +B (7‘, @ﬂ
M _ 2
) ! +or-nc(ni)}
2 . . .
\ \ Tmin = % — threshold for real jet radiation
4 ¥ T = % — threshold for real soft radiation
30f
20F
10F ]
0 / — S
Tmin T Tmax
6F 1y (x) Cr.x)
_10 4
00 o1 02 03 ‘ ‘

0.4 0.5

I. Jemos, P. Pietrulewicz (University of Vienna)
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Mass mode setup: RG evolution

Top-down evolution: evolve to p ~ us

I II 111 IV
wa ~ M 3
mi~Q R = T = — — B
thard; ‘| ‘hard; ‘| hard; £ %) thard; £
=5 =
. 1707 e — 5
e | feollhni @
b 2| isoft MM E
£ frrmeeet .
Ha ~ QA
coll. ML coll. ML coll. ML K coll. ML
L oll N 3 collLM
A T T -
MY ok MM B
=l | T : E 0
® " o
3
s ~ 2 XY YY LA/ A £
soft ML soft ML soft ML soft ML =
=
soft M O
7574 n

MM = mass-mode, ML = massless, M = massive

Vienna, 21/03/2013 25/67
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Scenario I: A\yy > 1 > A > \?

1Y,

PH  p———— -
thard;

B
~

I coll. ML

lis \A/
soft ML

ML = massless

integrate out mass modes at QCD level
— modification of hard matching coefficient,
otherwise like in massless SCET

Pz~ |CI(/1/H)|2 U (i, pis)
x [de [ dsJo(s) U](O)(QK — 5, s, ftg) So (O — £, ps)

U, ,(10), UJ(O): massless evolution factors
C'(pm) = Co(pum) + 03"

Co: massless matching coefficient
SFQCP: massive full theory contribution (OS)
— decoupling for M/Q — oo

I. Jemos, P. Pietrulewicz (University of Vienna)

MM and secondary quark radiation Vienna, 21/03/2013
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Scenario IT: 1 > \yy > A > \2

U H e -
. ‘hard :
s | =

~
™~
1207} p—— N
coll MM
B soft MM
| e
Hr
coll. MLL
m s‘ 'y
soft ML

ML = massless
MM = mass mode

integr.out

mass modes enter SCET, but integrated out before the jet scale
— modification of the matching coefficient at py

— additional matching contribution at gy

— massless jet & soft function

~ |C" (s ’ WU (s pan) | M (i) P U (i, pos)
X [dl [ dsJo(s, 1) U (QC — s, pis, is) So (@ — £, )
U 1(,) evolution factor (fy(1> = 2')/(0))

C(un) = C' () — 0Fy (um)

SFCT: massive SCET contribution

I. Jemos, P. Pietrulewicz (University of Vienna) MM and secondary quark radiation Vienna, 21/03/2013
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Hard function contribution 6 F&t

P b _D
P P P - NZ . VvV
= =]
\ \\\\p/ N\p/ 77@77147_;,
Va

N
<
v

Va V.

off _a,Cp M? -0 M? 572 9

Chiu, Golf, Kelley, Manohar (2008)

Chiu, Fuhrer, Hoang, Kelley, Manohar (2009)

double counting of mass mode effects!

— subtraction of collinear diagrams with soft scaling necessary = soft-bin subtraction
— allows to obtain regulator-independent, gauge-invariant result

correct massless limit for matching coefficient:

C"(Q, M, ) = C' () — SFe (1) 28 2Co(Q, )

I. Jemos, P. Pietrulewicz (University of Vienna) MM and secondary quark radiation Vienna, 21/03/2013
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Scenario IT: 1 > \yy > A > \2

HH CERRhE 3

‘hard: - 2
s | = 4o |C" () [P U () | M (i) P U (pav, o)
<] x [ de [ dsdo(s, 1) U (QC = s, s, 1) So (O — £, us)
-
fa (':(')h' 'M'M‘ g_ U,(,) evolution factor (v M _ 27(0))
-
S soft MM: EJD
| e EL C"(un) = C'(pn) — 6F (un)
% M =1+ §F
oI u () (i)
SFET: massive SCET contribution
continuity to scenario I for puy = pp :
2 2
usYY € )| 1M () = | ()|
soft ML

ML = massless

MM = mass mode
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Scenario II: Matching to full theory

@ expansion of the most singular terms, i.e. for 7 ~ M*/Q*> < land 7 ~ M/Q < 1

=0(7) +2Re [5FQCD <Zg§ )} 8(7)

+Q20 ( Q2) 5Jreal(Q2T) + Q9 (7_ o E) (sSreal(Q )

1 ti(TfMIﬂL

oo dt

FO

1. Jemos, P. Pietrulewicz (University of Vienna) MM and secondary quark radiation Vienna, 21/03/2013
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Scenario II: Matching to full theory

@ expansion of the most singular terms, i.e. for 7 ~ M*/Q*> < land 7 ~ M/Q < 1

full th. 2
Uio d"dT . =6(7) + 2Re [(SFQCD <gz)} 5(7)
+ Q20 (T o @) 5Jreal(Q2T) + Q9 (7_ o E) §Sreal(Q )

e matching with SCET result at fixed order gives mass matching functions
in scenario II, 7 < M*/Q%:

I
1 dO,SCET

oo dt

=3(r) +2Re [6F$CD (%)} o(r)

+2Re [0F3(Q, M, 1) + M (0, M, )] 8(7)

— Re [ M4} (0, M, )] = —Re [sF51(0, M, )]

I. Jemos, P. Pietrulewicz (University of Vienna) MM and secondary quark radiation Vienna, 21/03/2013
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Scenario ITII: 1 > \ > \yy > A2

coll. ML

Hny
w\lrj’

collM .
P soft MM
<
m s‘ 'y

soft ML

ML = massless
MM = mass mode
M = massive

integr.out

massive and massless collinear modes fluctuate over
comparable scales (Ay < \)

— assign collinear massless scaling (keep M # 0)
— modification of the jet function at p,

— additional jet matching contribution at gy

— massless soft function

o 2
9o N ()| U (party ) | Mt (pan) P U (paag, )
x [dt[ds[ds [ds"Jorm(s,ps) UJ(I)(S/ — S, [y [47)
X My(s" = ', ) UP (8" = QU pas, puar) So (@7 — €, pis)

Jowm (s, 107) = Jo(s, ptg) + 6T (s, p1y) + O(s — M?) 65" (s)

S virtual piece of jet function (distributive structure)
5J¢4: real radiation piece of jet function (function)

I. Jemos, P. Pietrulewicz (University of Vienna)

MM and secondary quark radiation Vienna, 21/03/2013
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Jet function

£ A, 8,
Ja Jb J(‘

diagram J, individually not well-defined — soft-bin subtractions are crucial!

Jom(s, M, 1) =Jo(s, 1) + 6" (s, M, ) + (s — M) 67, (s, M)
2 ¢ pvirt a;Cr _ 2 (M? M? 2
wody (s,M,p) = . {5(s) [—4ln <?> —61n <? +9—27

(5[]}

real / _ asCr 2(M2 - S)(3S +M2) 8 S
5‘1171 (‘SyM) - 47T { s3 —+ E ln(w)

— 0Jy™ = virtual radiation (5 = s/4%)
— 6J%" = real radiation for s > M?, continuous: 65" (s = M*>, M) = 0
— correct massless limit: Jo, (s, M, j1y) M=0 2Jo(s, pes)

I. Jemos, P. Pietrulewicz (University of Vienna) MM and secondary quark radiation Vienna, 21/03/2013 32/67



Scenario ITII: 1 > \ > \yy > A2

HH

thard
B
' - 2 1 0
R 9~ [C" an) [ UL Gt 1) | M) P U G, i)
x [de [ds [ds" [ds"Jogm(s, ) UJ(I)(SI N am
x My(s" =5/, ) U (5" — QL pis, ) So (Qr = £, ps)
FINT ol ML Jom(s, 1) = Jo(s, ) + 61" (s, jur) + 0(s — M?) 67, (s)
WUl B My (s, par) = 8(s) = O (s, puur)
HMITT Sof MM, 2 :
g | [ i 2 8™ virtual piece of jet function (distributive structure)
< E 5Ji¢: real radiation piece of jet function (function)
A
soft ML continuity to scenario II for py = ps (uy < M):

Jotm (8, pr) M (s, pr) = Jo(s, pr)

ML = massless
MM = mass mode
M = massive

I. Jemos, P. Pietrulewicz (University of Vienna) MM and secondary quark radiation Vienna, 21/03/2013
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Scenario III: Matching to full theory

o expansion of the most singular terms, i.e. for 7 ~ M*/Q* < land 7 ~ M/Q < 1

full th. 2
Uio d"dT —8(r) +2Re {5FQCD (gzﬂ 5()
FO
M real real
+ 0% <T—E) ST (@ )+Q9(T— E) oS (QT)

@ matching with SCET result at fixed order gives mass matching functions
e.g. in scenario IIL, M/Q > 7 > M*/Q*:

=6(7) + 2Re [6F§CD (%)] 5(7)

+2Re [6F3(Q, M, ) + M} (0, M, )] ()

1
1 dO_SCET

oy dt

+ 00 (’T — %) SN (Q T, M)

+ 0 [6(@ T M, ) + M (@ M)

— ./\/151) (Q*1, M, 1) = —0J3™(O°r, M, 1) (integrate out virtual contributions)
— no real radiation appearing in mass matching functions

I. Jemos, P. Pietrulewicz (University of Vienna) MM and secondary quark radiation Vienna, 21/03/2013
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Scenario IV: 1 > X\ > A2 > \y

HH e 5
thard ;
CE& massive soft and massless usoft modes fluctuate over
o comparable scales (A < %)
— assign usoft massless scaling (keep M # 0)!
— all structures get massive contributions
— massive modes stay in the game to the end
125 ” - 2 1
collML 42 ¥ () [P U (e, pis)
coll M x [ de [ dsJorn(s, ) USP(QL = s, pis, is) S (OT — £, o)
Som(l, pis) = So(£, ps) + S, (£, ps) + O(€ — M) 68 (0)
A dS¥M: virtual piece of massive soft function (distributive structure)
soft ML 85™: real radiation piece of massive soft function (function)
soft M
1224
ML = massless

M = massive

I. Jemos, P. Pietrulewicz (University of Vienna) MM and secondary quark radiation Vienna, 21/03/2013 35/67



Soft function

Sa Sp

So+m (£, M, 1) = So(£, 1) + 68, (£, M, 1) + 0(£ — M) 8S,;™ (¢, M)
virt o a;Cr = 2 M2 71'2 _ M2 9(_)
oS (6 M, p) = —— {5(0 {2111 (7) +3| -8 o ah

real _ a;Cr _§ ﬁ
oS, (4, M) = yy { éln (MZ

— 08\ = virtual radiation (£ = £/ 1)
— 65™" = real radiation for £ > M, continuous: 65" (£ = M, M) = 0
— correct massless limit: So, (¢, M, fis) e 2850(¢, ps)

I. Jemos, P. Pietrulewicz (University of Vienna)
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36/67



Scenario IV: 1 > X\ > A2 > \y

HH s S
thard ;
B
=
(o]
wr
coll. ML
coll.M
\ A /
s
soft ML
soft M
K

ML = massless
M = massive

1. Jemos, P. Pietrulewicz (University of Vienna) MM and secondary quark radiation

o 2
92 ~ | () | U (o, o)
X [ de [ dsJopm(s, 1) US(QE — s, s, p1s) Som (OT — €, 15)

So+m (€, ps) = So(€, us) + 6S:,;“"(€, wus) + 600 —M) 5S§f,,e,al(€)
5SYr. virtual piece of massive soft function (distributive structure)
85 real radiation piece of massive soft function (function)

agreement with expanded full theory result at fixed order

continuity to scenario III for iy = py :
— consistency relation between virtual modes :

2Re [0F;,1(Q, )] 6(7) — Q* 6" (@7, 1) — Q883" (QT, 1) =0

Vienna, 21/03/2013
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Summary so far

\/ EFT setup for massive gauge boson radiation in thrust distribution for different scale
hierarchies

\/ patch four scenarios continuously (up to O(a?))

) r hard sector (ML)

T jet sector (ML)
m L m

r soft sector (ML)

V@AqeD =
Aqep = SR : : . T
00 0.1 ;02 0.3 0.4 0.5
< >

several scenarios needed for one single thrust distribution

I. Jemos, P. Pietrulewicz (University of Vienna) MM and secondary quark radiation Vienna, 21/03/2013
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Summary so far

\/ EFT setup for massive gauge boson radiation in thrust distribution for different scale
hierarchies

\/ patch four scenarios continuously (up to O(a?))

\/ same anomalous dimension as in M — 0 limit = evolution factors affected only by
number of massive gauge bosons

\/ decoupling limit: Cl(O,M, puw) "=3° Co(Q, pnr)

\/ massless limit for hard, jet and soft functions:

S
4

C”(QvMa /‘LH) — ZCO(Qa /‘LH)
Josm(s, M, ps) "2 200(s, )
Sotm(6 M, ps) =8 280(L, us)

\/ interesting consistency condition — possible to rearrange mass-mode contributions into
different functions depending on the choice of u

2Re [6Feii(Q, M, 11)] 6(7) — Q*6TN"(Q*1, M, j1) — Q3Su™(Q7, M, 1) = 0

1. Jemos, P. Pietrulewicz (University of Vienna) MM and secondary quark radiation Vienna, 21/03/2013 38/67



Outline

° From one-loop to two-loop

P. Pietrulewicz (Univ i -adiation



Aim

o PART I: technique for mass modes in SCET, massive gauge boson example
arxiv:1302.4743

o PART II : two-loop extension = secondary heavy quark radiation
/ p / p
m

m m

A N

Vi v
@ primary quarks massless
@ to be specific n, = 1

@ factorization theorems at two-loop (same structure as massive gauge boson case, but some
complications)

@ quark bubble (CrTrny) contributions to C(Q, m, p), J(s, m, ) and S(¢, m, 1)
massless case — Moch et al. (2005), Becher et al. (2007), Kelley et al. (2011), Hornig et al. (2011)
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Dispersion relation

Observation: interpret fermion bubble insertion as “gluon” with massive propagator
Hoang (1995), PhD thesis :)

m

L~ 2 %0 an? L q q
@m@m - & | Sh (fouwm)xlln[+{:}+
4m?2 M

—i (gw _ q,;;w)
¢ — M? +ic

]

q2—>M2

_ N2 Hpo'( 2) 1 [eS) dMZ
e 2y = (&0 81" (¢ )gor _ 1 I [HMz}
1% (q ) (qz + i€)2 T a2 M2 m ( )

@ calculate one-loop massive gauge boson result
convolute with Im [TI(M?)]

use same dispersive integral for full theory, collinear and soft sector

convolution in d = 4 — 2¢ !!! (but for finite parts d = 4)
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@ Dispersive technique allows to address difficulties separately:

@ separation of dynamical modes depending on m vs py, g, s = treated in massive “gluon”
context

@ secondary quark radiation and its influence on RG evolutions = taken care of after final
convolution

o Part I: Soft-bin subtraction can be carried out completely in the massive “gluon” context
at O(ay).
4
No further soft-bin subtraction needed at O(a?). Convolution already regulated in dim.
reg.

@ Beware: setup is general, but dispersive treatment suitable for observables depending on
invariant mass of secondary fermion pair
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Setup

fermion mass = additional scale parameter, distinguishes four scenarios

I I 111 v
fm ~ ER
i~ Qe S — Bj
hard; 57| thard; thard ; <
£ T
+
" o — — 5
El B icoll.MM g
= 2| isoftmni ¥
& St .
g~ QA
coll. ML coll. ML coll. ML K coll. ML
L icolid T 3 coll.M
Hm + — =
isoft MM P
=0T i 0
E i 3
g <]
fis ~ QN2 Yv YvY YvY A g
soft ML soft ML soft ML soft ML =
53]
soft M &)
Hn )
MM = mass-mode, ML = massless, M = massive -
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Issues at two-loop

@ Decoupling of «; in evolution

RG evolution

hard

> at scale p,, integrate out massive flavours
ight+1 Mligh
= o™ ™

Jet > terms of the form
B 4 Tp
2 2,2
- Smoig ——log (m"/u;,) x one loop
T ot MM~ QO A A 18 34m
H Feal iRl = 8 appear in factorization theorem
=]
soft ~Q\ &
wh ML~ ooee N
Yy &
n

MM = mass-mode, ML = massless, M = massive

o Subtracted vs unsubtracted dispersive relation

o fixed order full QCD results not calculated yet

I. Jemos, P. Pietrulewicz (University of Vienna) MM and secondary quark radiation Vienna, 21/03/2013 44/67



Issues at two-loop

@ Decoupling of «; in evolution

o Subtracted vs unsubtracted dispersive relation

> unsubtracted and unrenormalized (MS scheme)

(¢%) ! /oo dM? ! I [H(Mz)]
= — —  Im
i T Jam2 M? — g% — e
41
use: TI(q?) — = —
3¢

e heavy quark contributes to RGE
> subtracted (on-shell scheme)

2 oo g2
() = 1)~ 110 = £ [~ T e i [0
e heavy quark does not contribute to any RGE
Use of unsubtracted relations crucial to cancel unwanted mass terms
o fixed order full QCD results not calculated yet

@ Soft function with hemisphere (thrust) prescription is complicated
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Issues at two-loop

@ Decoupling of o, in evolution

o Subtracted vs unsubtracted dispersive relation
o fixed order full QCD results not calculated yet

> virtual terms given by vertex function Focp (Q?,m?)
Kniehl (1990), Hoang (1995)
» and SCET gives all the singular terms

o Soft function with hemisphere (thrust) prescription is complicated
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Issues at two-loop

@ Decoupling of «; in evolution

o Subtracted vs unsubtracted dispersive relation

o fixed order full QCD results not calculated yet

@ Soft function with hemisphere (thrust) prescription is complicated

> S(kz, kg, m, ) not constrained by secondary quark invariant mass
» = dispersive approach only give correct UV and log structure
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Scenario I: A\, > 1 > A > \?

heavy quark integrated out at QCD level = C'(Q, m, un)

Hm

— do 2 o
e T = Qo[ Qm )| UL (0. pss) / ds / ds'
("f) ’ ’ S
xU; 7 (s =5, ps, ) Jo(s", prr)So | Q7 — é,us
U i(nf) (Q, pa, us) = massless RG factors, ny light flavours
22
coll. ML CI(Q, m, /,L) _ 1 + agnf>c(()l)
(nr) 2 2 0s
(" (Cé )+ F(0,m))| )
Hoang (1995)
us LY @ o8 .
soft ML ® Foep(Q,m = 00)| ™ — 0 (decoupling)
b Fgc)D(Q, m—r 0)|OS — a11n3(—x) + a21n2(—x) + asln(—x) + ...

ML = massless

x=m/Q?
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Scenario IT: 1 > A\, > A > \2

~| ‘hard;
+
= .
1070 e—— -]
collMM 2
| st 2
s T " & do 2 (np+1) 2
1 E ~ |C”(Q7m7 /-‘LH)l Uan (Q7 /Jfﬂvum) |MHQ(Q7 m, .U’m)|
coll. ML ( ) ( )
’
iy (Qs Hms pis) /ds/ds s =5, ps, )
N
Xfo,r(s',W)S(),r <QT - é,us)
HS""

soft ML

ML = massless
MM = mass mode

=] (=) =
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Scenario IT: 1 > A\, > A > \2

HH g 0
—- hard
L
; \ k]
i'eolLMMg ;D CII(Q7 mu) = 1+ C(()l)agnf+l) i (aﬁnf+1>)z
o | o an] £ y o
: E x (€ + e ©.m )
g MS
coll ML Mgy (Q,m, i) = 14 (D)7 [Fé?ET(Q, m, )™+ e dec.]
° C,(,,Z) (Q,m, ;1) — mass modes contributions
o inC (Q, m, ) cancellation of divergences takes place
s LY @ sum and subtract same terms at different scales (puy VS fim)
soft ML

@ continuous transition scenario I <> 11

ML = massless
MM = mass mode
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Scenario IIL: 1 > A > A, > A2

thard} do ) i
T I 1C"(Q.m, ) |” UL Qs s i) | Mg (Q,m, )|
(f) (Q> Mmﬁ-“)/dsdsl dS“ dt]0+m(sll7m7 :U/])
ne+1 "
XUJ( i+ )(S' _ S”’ Mm,NJ)MJ(t’ m, N/m)UJ( f)(s _ S/,llzs,,um)
§ X S — —t
o | S 0 (07 —s/Q —1/Q, ps)
Y coll M § ) 1
IR B Jopm(smy ) = 140U 4+ (@) ( fie
S =
YY I (s,m, M)| + 0(s — 4”@ (s,m ))
ns
soft ML

Mis,m, ) = 6(s) + (0" ) [ s, ) [+, dee]

@ match before real radiation sets in (i.e. 7, < 4m* / 0%

ML = massless
MM = mass mode

M = massive o JE 3 (5 m?) = 0 at threshold
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Scenario IV: 1 > X\ > A2 > )\,

R do 2 (41
ard, 1" @) U (@) [ dsas
J U (s = 5, s, 1) oem(s'sm, i)
X S0-4m <Q7' - é m, us)
wr
coll M- S (&m, 1) = S (€, 1) + 6(¢ = 2m)S™ (¢, m)
coll.M
@ consistency relation:
\ A A JE— J—
- soft ML 0 = 2Re [FSCET|ﬁ 6(r) — o |MS —ospe® |MS
soft M 4 2
iy, e
- 4 1n<’" ) {2Re [c‘”] 5(r) + Q" + ng“}
ML = massless 3 /,Lm
M = massive
@ => continuous transition III <+ IV
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Outline

@ Soft function with mass modes




Calculation for the soft function

o m = 0 calculation Kelley et al. (2011), Hornig et al. (2011)

Remember: dispersive technique suitable for observables depending on fermion pair invariant
mass (k + q)°

“quark hemisphere” prescription = k and g treated separately if both are in different
hemispheres: S (00) (ke kr, m, )
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Prescriptions

First approximation: “gluon hemisphere” prescription = k + g:

o
kta 8-k —q)
— iy
k:
1 Sl —k —q)
- i+

same hemisphere: k™ > k=, ¢" > ¢~

o quarks in same hemisphere = S¢ (k. kg, m, )]

o quarks in opposite hemispheres = S (ky, kg, m, 1) ‘Opp #£ 8© (ky, kg, m, ,u)‘

e
k+q = §(0—k —q)

- +

g
T~ SS(C— k=)

- +

opposite hemisphere: k= > kT, gt > ¢~
Er4+q¢" >k +q

= S(QQ) (kL7 kR7 m, M)|

same same

opp
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Method

o S (ky, kg, m, ): same UV divergences of S99 (k., kg, m, 1) (RG consistency)

°
S(QQ)(kL,kR,maﬂ) = S(g>(kL7kR7m“u)+
(S<QQ) (kv kg, m, N’”opp — 8 (ke ke, m, “)’opp)

finite=AS (kg ,kg 1)

o AS(kg, kg, m) not easy analytically

o AS(kz,kgr,m) finite! so numerically doable in 4 dimensions
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Thrust soft function at two-loop

S-,—(f, m, [1,) = /dkL dkR S(kL,kR,m, /J) (5(16 — kL — kR)

2
SO (0 m, p) ~al { 5(¢) { - 212y <§ - 1) Ln +}

18 27 18
1 [po(0) 1, 10 28
T [ o], 3L CR Y
L1 {W(f)ln(f/u)} 4,
n ¢ L3

+ 00 — 2m)S™" @ (£, m) + AS. (¢, m)

o L,=In(m/u)
o 599-®) (g m, 11) reaches the massless limit
@ same anomalous dimension as massless function

o massive quark radiation described by 6(¢ — 2m)S™"® (¢, m) (as in jet function)

o also AS- (¢, m) corresponds to real radiation
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The correction AS; (¢, m)

@ crucial to find correct massless limit

m—30 4 137% 4((3)
AST(K,m) — 5(5) X {—§ + ST - T

checked numerically and analytically!
@ contains no thresholds even though describes real radiation

o numerically small < 5% of - (¢, m, p)

@ analytical asymptotic expansions
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AS(/m)

o2k A
F 1}
[
[ i
[ r}
ot0f it %
[ t \ . exact result
0.08 [ " l|‘ - parametrization
I ‘\ expansions
006 \
F t
[ v
0.04 -
0.02~
S}
[ ¢

]
20 /™

o fit to a Breit Wigner type function (4 free parameters)

@ 7 parameters constrained with asymptotic expansions and normalization

AS-(x) ~ %% [b log’ (1 +Ax—|—Bx2) + ¢ log (l + Cx+Dx2) +d]

x=4{/m

I. Jemos, P. Pietrulewicz (Universi
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Outline

@ Effects on thrust

12N Ge




Plots for Q = 14,35 GeV

numerical code for thrust distribution at N*LL

preliminary, so far no non-perturbative physics!

0 = 14,35 GeV < data from PETRA

determination of o (M.): Q = 35...207 GeV Abbate et al. (2011, 2012)

massless: 5 light flavours vs. massive: 4 light + 1 massive b (m, = 4.2 GeV)

Thrust distribution: massive (Q = 14 GeV, a,(M;) = 0.118)

1 do
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0 =14 GeV

Thrust distribution: massive vs. massless

. . H . " T
0.00 0.05 0.10 0.15 0.20 0.25 0.30

relative mass effects

do do
A—/—
dr dr
0.04 ;
0.02 /\\
0.00 ; T
15 0.20 0.25 0.30

002 005  0.10
-0.04 111

MM and secondary quark radiation
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0 = 35 GeV: possible effect on ay

massive vs. massless

0.00 0.05 0.10 0.15 0.20 0.25 0,30.r

relative mass effects

I. Jemos, P. Pietrulewicz (University of Vienna)

MM and secondary quark radiation

as(M;) = 0.119 vs. as(M.) = 0.118

1 do
oy dr

15

10

w

0.00 0.05 0.10 0.15 0.20 0.25 0.3(}

relative correction
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0 =500 GeV

e 0 =500GeV + ILC

@ massless: 6 light flavours vs. massive: 5 light + 1 massive 7 (m, = 175 GeV)

Thrust distribution: massive vs. massless
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0 = 500 GeV (decoupling)
o O =500GeV «+ ILC

o massless: 5 light flavours vs. massive: 5 light + 1 massive 7 (m, = 175 GeV)

Thrust distribution: massive vs. massless
1 do
o dr
35¢
30F
254
20

w

0.00 0.02 0.04 0.06 0.08 0. IOT

1/(do/dr) Ado/dr

0.02 \

0.01

T
0.05 0.10 0.15 0.20

-0.01
-0.02
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O = 500 GeV: Consistency check

Thrust distribution: 7 = 0.15 fixed, vary mass m
massless limit (6 flavours): dashed
decoupling limit (5 flavours): dotted

1/oydo/dr
1.00 -

0.99}
0.98]

097}

[fmmmmmcmammcmeaacmaaaaaNanacmachanaa-

0
H
H
H
H
H
H
H
4

0 100 200 300 400 500 600 700 "

continuous transitions and correct limiting behaviour!
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Extreme approach

Thrust distribution: 7 = 0.15, m, = 175 GeV fixed, vary Q
massless limit (6 flavours): dashed
decoupling limit (5 flavours): dotted

1 . 1 . 1
200 300 400 500 600 700

(University of Vienna) dary quark radiation



Extreme approach vs ours

e Q=500 GeV
o T m / o
Thrust distribution: m, = 175 GeV fixed, vary Q

massless limit (6 flavours): dashed
decoupling limit (5 flavours): dotted

22

0.10 0.11 0.12 0.13 0.14 0.15 0.16

deviation from extreme approach can be up to ~ 4%
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Outline

o Summary & Outlook

12N Ge




Summary & Outlook

@ inclusion of heavy quark masses important for high precision collider physics
o setup for secondary massive quarks in terms of mass modes
o calculation of all ingredients for thrust distribution at N°LL
NEXT:
o double hemisphere soft function S99 (k. , kg, m, 1)

@ renormalon analysis

@ possible applications
@ bottom mass effects in oy determination at N3LL
@ analysis of LEP data (at Q = 14 GeV) and data from B factories
@ gluino bounds Kaplan & Schwartz (2008)
© massive effects for parton distribution functions in heavy quark production
@ hard photoproduction with a heavy quark jet
Q ...
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Degrees of freedom: B — Dm

ph ~ (2GeV,0,0,—2GeV) = On*  (Ex ~ Q0 > Aqcp ~ mx)

@ T rest frame: 7 constituents p* ~ (Aqcp, Aqcp, Aqep)

@ Brest frame: 7 boosted along z, p# ~ (A(z2CD /0,0, Aqcp) collinear 7
@ B and D constituents p# ~ (AQCD7 AQCD, AQCD)

@ )\ = Aqcp/Q = collinear p#* = Q(X2, 1, \), soft p* = Q(A, A, \)

1. Jemos, P. Pietrulewicz (University of Vienna) MM and secondary quark radiation
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Soft-bin subtractions

@ hard function

_p _D _p
//// //// //// m Wra
- - e RPN
~ ~ .
N 2., e v
Vu Vi

SF oV — Viow + Vi — Vaou + Vs — Wy
NV Vi = V=W

Idilbi, Mehen (2007)
no regulator required if suitable combinations of integrals taken

m_@) ®m® ®_@_®
Ja Jb Jc

§Jm ~Jo— Ja,OM +Jp +Je

@ jet function

— remark: no soft diagrams appearing here
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Soft-bin subtractions to self-energy diagrams

~ e

@ SCET reproduces QCD wave-function renormalization

@ inscenario II: 0 < M < QA
— off-shellness for interactions with collinear mass mode gauge bosons:
s=(p+k)?*~ M
—» off-shellness for interactions with soft mass mode gauge bosons: s = (p + k)? ~ OM

= soft-bin subtractions to (collinear) self-energy power-suppressed by M/Q
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Soft function calculation

additional divergences in the lightcone components (not regularized by DIMREG)
— S, and S, individually ill-defined

— we use analytic a-regulator (DIMREG in lightcone components)

Becher, Bell (2011)

/d/f/dk+ - /dk’ (k”%)al /dk+ (:{)az

—84=0,08,=Sp
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A note on QCD form factor

Use of two different dispersive relations = Focp (Q, m, p) |MS vs Focp(Q, m, 1) |OS

S 41 o
Foo(@m, )™ = Fi (0, m)| ™ — (H(O) - 52) x (1-loop QCD (in d-dim!))

(0S«+MS)

@ (OS +> MS) contains IR divergences which exactly cancel those from SCET diagrams
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@ “quark prescription” :
F(kg, kr) = (—2mi)> 6(kK) 6(¢*) O(kT + k™) O(gT +¢7)

x [0kt —k7)O(qg" —q")d(q" —ke) (k™ — k1)
+O(k™ k") 0" —q )5k —ke) (g™ — ki)
+Ok™ —k")O(q™ —q")o(k" +q" —ke) 6(ke)
+ Ok —k)O(q" —q ) (k™ +q~ — ki) S(ke)]

@ “gluon prescription”
F (kg k) = (—27i)2 6(k*) 6(¢*) O(kT + k7 )O(qgT +47)
X [O(" +4" —k= —q7)6(ke) 6(k™ +q~ — k)
+ Ok +q — k" —q") (k) 5(k+ +q" k)]

@ ki, kr = light cone components of left, right hemispheres momenta
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0 = 91 GeV: possible effect on ay

massive vs. massless

1/ dor/dt
20

0 . . n
0.00 0.05 0.10 0.15 0.20 0.25 0.30

relative mass effects

1/do/d7)Ado/dT
0.02

T

E [ 005 010 015 020 025 030

-0.01
-0.02

I. Jemos, P. Pietrulewicz (University of Vienna)

T

MM and secondary quark radiation

os(M.) = 0.119 vs. a,(M.) = 0.118

1/oydo/dt
20

0 . . n
0.00 0.05 0.10 0.15 0.20 0.25 0.307

relative correction

1/(do/d7r)Ado/dT
0.02

0.01

-0.01

[ / 005 010 015 020 025 030
~0.02
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