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R
Mass effects in QCD

in QCD: e.g. DIS

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

@ ACOT scheme (VFNS): heavy quark production (3 scales: Q, m, Aqcp)
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)
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R
Mass effects in SCET

in SCET: event shapes for e" e~ — jets

@ factorization and resummation for production of primary massive tt-pairs
Fleming, Hoang, Mantry, Stewart (2008)

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

e Factorization theorem for thrust

e Mass modes in SCET

e Massive gauge boson radiation
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0 Factorization theorem for thrust
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Factorization theorem for thrust

Thrust distribution

@ thrust: 7 =1 — max;

back-to-back: 7 — 0 —%%»f

> 1Bl

>

£ € [0, 1] (semantics: = 2-jettiness here!)

>

fsotronic: 1
isotropic: T — 5

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

1do

o dt

20 -
15}
10 | '
peak tail far-tail
sk 2 jets = 2-3 jets >3 jets
ol L |
0.0 0.1 0.2 03 04
T

— peak region (1 ~ Agep/Q): expansion parameter A = /Aqcp/Q
— tail region (7 > Aqcp/Q): expansion parameter A = /7

Piotr Pietrulewicz ( University of Vienna )

Mass modes & secondary heavy quark radiation | Durham, 16.03.2013

6/33



Factorization theorem for thrust

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

SCET result for 7 <« 1:

9 _ Qooti(@, u)/dé Jo(QL, 1) So (O — €, 1)

Qx b

vt

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

Ingredients:
@ hard function: Ho(Q, 1) = |Cv(Q, p)|?
o thrust jet function: Jo(s, ) = [ ds’ Jn(S, w)Ja(s — s', )

@ thrust soft function: So(¢, 1) = [ dkr dk 5(¢ — kr — ki) So™ (Kr, kv, 1)
— ps ~ QX2 ~ Agep: Sp = S°*!: non-perturbative model
— ps ~ QX2 > Nacp: So = Sh™ @ Spo': i 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 |y Hy ps
peak T ~ /\QCD/Q Q \/OAQCD /\QCD
tail Moo/ Q <« 7 <1/3 Q QT Qr
far-tail 1/3<r<1/2 Q Q Q

g~ Q\/F

VQAqep -

Agep -
00 0.1 0.2 03 04 0.5
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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)

HH > pm > by > (s

p ~ Q hard sector (ML)

L, ™~ M mass modes

jet sector (ML)

soft sector (ML)

VQAGeD -

Agep * e . . . s T
0 .
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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 lll: py > py > pm > ps

hard sector (ML)

jet sector (ML)

mass modes

[, ~ M 2

soft sector (ML)

VQAQeD -

A\Q(,‘I) E . D . . .
00 0.1 102 0.3 0.4 0.5
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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: puy > py > s > pim

hard sector (ML)

Q -
- jet sector (ML)
<y~ QVT soft sector (ML)
Lo, ™~ M mass modes

i s ~ Q1

vV QAQCL) -

Agep * . . . . T
00 0.1 02 0.3 0.4 0.5
€] >
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Outline

e Mass modes in SCET
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Mass modes

@ new degrees of freedom: "mass modes"
@ additional scaling parameter: A\, = m/Q

mOde p“ = (+7 ) J—) p2
ncoll MM [ Q(X\2,1,\m) | n?
sOft MM | Q(Am, Am, Am) | mP

= How to include mass modes into massless setup?
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Mass mode setup

@ construct a sequence of EFTs depending on Ay < A

Ldm>1>A> )2
1> An > A > A2
A > A > Ap > A2
IV.1>XA> M > A\p
@ aims:

— continuity between scaling situations (“scenarios”)

— mass-independent UV divergences

— decoupling for m — oo

— correct IR-finite massless limit for m — 0
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Mass modes in SCET

LAm>1> > )2

mode | p"=(+,—,1)| p°

hard Q(1,1,1) @
n-coll ML QN2 1, ) D%
usoft ML | Q(X2, X3, \%) | Q®\*
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.1

QA

QA

QN

Mass modes in SCET

>Ap > A > \2

mode

p‘u = (+a_aJ—) p2

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

Q(1,1,1) @
Q(A?n, 1 a)‘m) m2
Q(Am, Ams Am) m?

QN3 1,)) QPX2
Q(X2,22,02) | Q2\*

v Qx Qw Q
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Mass modes in SCET

.1 >X> Ay > N2

QA

Q)\m,-

QN

mode | p* = (+,—, 1) | p°

hard Q(1,1,1) &
n-coll M Q(X2,1,)) Q22
n-coll ML QN2 1, ) D%
SOt MM | Q(Am, Am, Am) | nP?
usoft ML | Q(A%, 2%, )%) | Q?\*

Piotr Pietrulewicz ( University of Vienna ) Mass modes & secondary heavy quark radiation |

Durham, 16.03.2013

15/33



Mass modes in SCET

IV.1>XA> )X\ > )\,

mode p'=(+—1) p
hard Q(1,1,1) &
n-coll M Q(X2,1,)) Q22
n-coll ML QN2 1, ) D%
usoft M QN3 N%,02) | Q2!
usoft ML | Q(A%, 2%, )%) | Q?\*
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Outline

e Massive gauge boson radiation
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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

M MG 4
j4 i
@ dispersive technique:
kA ~ 2 %9 a2 2z ~
=L J 4k (m&)xhn{i{:}i |
am? " 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

Massive gauge boson radiation

= 228 {5(r) 6F3 (1)

+6 (7 — Tmin) [A( 7Q§)+B( ’02)}
q +9(7'_7_')C(T’M7

2
Q2

))

% — threshold for real jet radiation
— threshold for real soft radiation

20

10
0 . =
_ Tmin T Tmax
OF j (x) C(r,x)
-10 ~ ]
L L L \\\ L L
0.0 0.1 0.2 0.3 0.4
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Massive gauge boson radiation

Mass mode setup: RG evolution

Top-down evolution: evolve to u ~ us

I I II1 v
iy ~ M
e~ Q — -
+hard: b=
...... 5
Tf
1Y, — — 3
| icollMdi 2
2| isoft MM &
3 [Eudiipien -
g~ QA
coll. ML coll. ML coll. ML K coll. ML
ol E coll M
Har + —
isoft MM: &
S B R © g
® g g
3
,UrS'NQ/\ZVV \A \A ]
soft ML soft ML soft ML soft ML =
=
soft M &)
12274 0
MM = mass-mode, ML = massless, M = massive -
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Scenario I: Ay > 1> X > \?

12373

nH

~(0)

122

ns

y

coll. ML

soft ML

ML = massless

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

9o [C!(um)|? U (1, ps)
x [ de [ dsdo(s) UD(Ql — s, s, 1a) So (Qr — €, i)

U,SO), Uf,o): massless evolution factors
C'(un) = Colum) + 6F7"

Co: massless matching coefficient
SFP: massive full theory contribution (OS)
— decoupling for M/Q — oo
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Scenario I1: 1> \yy > A > )2

HH = -
~ thard;
& mass modes enter SCET, but integrated out before the jet scale
M e - 5 — modification of the matching coefficient at py
icollMM: 2| — additional matching contribution at iy
= | isoft MM! ¢| — massless jet & soft function
[ Lommmmmees ° g
2
“ T o 92~ |C" () [P US (vt o) | M) P US) (pama, i)
x [ de [ dsdo(s, 1s) UP(QE — s, s, p1g) So (QT — £, us)
1). . 1 0
Uﬁ,). evolution factor ('y,(_,) = 2yﬁ,))
WA C"(ur) = C'(pr) — 5F5 (1m)
Hs , I
soft ML SFE: massive SCET contribution
ML = massless
MM = mass mode
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Massive gauge boson radiation

Hard function contribution ¢ F&it

P b P
- - - m I’Vf.n
-7 P Phd - N 5 vV
< %\ ®
I~ \\A I~ W
~ ~ f.b
\\\pr So \\\/ ,,@,,
Vi

n Va Vs

off _ asCr M? -Q? M? 572 9
st =52 (32) [2n (53) -n(32) -2 - %+ 3}

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'(pr) = 5F3 () *== 2Co(Q, pv)
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Scenario I1: 1> \yy > A > )2

HH == O
'h d' o 2 0
s | 92~ [C" () [F UE (vt o) | M s (o) P U (paaa, i)
& X [ de [ dsdo(s, 1g) UP(QE — s, s, 114) So (QT — £, us)
R 3| U evolution factor (v = 24(%)
s | isoft MM & ‘
| v El C"(pw) = C' () — SF5 (1m)
. M =1+ 6F
"1 coll ML #lm) =1+ 0Fm (m)
SFE": massive SCET contribution
continuity to scenario | for puy = pp :
2 2
A A C" ()| I M) B = |C' ()]
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®? < 1and 7 ~ M/Q < 1

1 d full th. M2
p "dT . =4(r) +2Re {55%@ (702)} 8(r)
2
e (T - %) S (QPr) + QO (T - %) 5S54(Qr)
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Scenario II: Matching to full theory

@ expansion of the most singular terms, i.e. for 7 ~ M?/Q®? < 1and 7 ~ M/Q < 1

1 d full th. M2
p "dT . =46(r) +2Re {55%@ (ﬁ)} 6(r)
2
+ @0 (- g ) am(CPr) + Qo (- 7 ) 6S3(@n)

@ matching with SCET result at fixed order gives mass matching functions
in scenario Il, 7 < M?/Q?:

1 oo SCET I

oo dt

=4(r) +2Re {55‘3“’ (%)] a(r)

+2Re [5F;7“'(o, M, 1) + MU (Q, M, u)] 8(r)

— Re [MH”(Q, M, ,l/)] = —Re [6FI(Q, M, )]
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Scenario lll: 1 > X > Ay > A2

Hnr
coll.ML

...........

W W coll.M
isoft MM :

...........

Yy

soft ML

ML = massless
MM = mass mode
M = massive

gr.out

inte

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

— assign collinear massless scaling (keep M # 0)

— modification of the jet function at uy

— additional jet matching contribution at pu

— massless soft function

2
92 ~ 1" ()| U (ot 1m) | M () 2 UR) (1o, o)
x [de[ds [ds [ds"Joim(s, ) UM (s =8, pm, o)
x My(s" =8, ) UP(S” = QU ps, i) So (Qr — £, pis)

Josm(S, 11a) = Jo(S, 11s) + 6 (S, 1)) + O(S — MB) 5= (s)

sJyn: virtual piece of jet function (distributive structure)
sJie: real radiation piece of jet function (function)
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Massive gauge boson radiation

Jet function

£, S, 8,
J, Jy J,

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

Joim(S, M, 11) = do(8, i) 4+ 6y (s, M, 1) + 0(s — MP) 5" (s, M)
C M2 M2
253" (s, M, s F{és { 4 In? (—)—GIn( >+9 2r ]
(8, M, 1) = == 1 6(8) 2 pE

ron(32) %]}

55 (5. M) = asCr {2(M2 —5)(3s+ M?) N g n ( s )}

47 S8

— §JY™ = virtual radiation (3 = s/u?)
— 0J5 = real radiation for s> M?, contlnuous S (s = M, M) =0
— correct massless limit: Jo1m(s, M, 1) M=0 2Jo(S, 1y)
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Scenario lll: 1 > X > Ay > A2

270

g2~ | (um) [* US (art pom) | M (paan) P US (pan, i)
x [de[ds [ds [ds"Jyim(s,ps) UM (S =8, pm, )
x My(s" — &', ) U (8" — QU s, o) So (Qr — £, ps)

ol | Y Jom(S, 110) = Jo(8, pa) + 65" (8, pa) + 0(s — MP) 5J5(s)
IR B M (s, ) = 8(8) = 005 (s. )

M- — & ‘
s isoft MM £ dJy™: virtual piece of jet function (distributive structure)

« - §J%4: real radiation piece of jet function (function)

usLY

soft ML continuity to scenario Il for uy = py (um < M):
Jorm(8, pa) My(8, pa) = Jo(8, )
ML = massless

MM = mass mode
M = massive
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Scenario Ill: Matching to full theory

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

1 d full th. M2
o "dT . =6(r) +2Re {55‘3@ (ﬁ)} 6(7)
2
+ Q% (T - %) SIS (QPr) + QO (T - %) 585(Qr)

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

1 dO_SCET i

oo dr

=4(7) +2Re [55%‘3" (%)} 5(7)

+2Re [6F3(Q. M, 1) + M(Q. M, 1)) 5(7)

M2
el
+ @ [M;;“(QZT, M, 1) + M (@Pr, M, M)}

+ Q%0 ( ) S (QPr, M)

— MW(@P7, M, 1) = =63 (QPr, M, 1) (integrate out virtual contributions)
— no real radiation appearing in mass matching functions
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Massive gauge boson radiation

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

R massive soft and massless usoft modes fluctuate over
o comparable scales (Ay < A?)

— assign usoft massless scaling (keep M # 0)!

— all structures get massive contributions

— massive modes stay in the game to the end

125 ’ - 2
COLML 82 o [ paps)|* U (an o)
coll. M x [ de [ dsdosm(S, 1) US QL = s, i, 11) Sorm (Q — £, 1)
So+m(£, is) = So(£, ps) + 6Sy" (¢, ps) + 0(£ — M) 6 S5 (£)
A sSym: virtual piece of massive soft function (distributive structure)
soft ML 5Se: real radiation piece of massive soft function (function)
soft M
1227,

ML = massless
M = massive

Piotr Pietrulewicz ( University of Vienna ) Mass modes & secondary heavy quark radiation | Durham, 16.03.2013 30/33



Soft function

Som (£, M, 1) = So(€, ) + S0 (¢, M, 1) + 6(¢ — M) 5SS (¢, M)
virt aSCF 7 2 M2 7'l'2 M2 0(_)
oSy (6 M, ) === {5(4) {2 In (F) +§] —8in (F) { 7
real O‘sCF 8 £2
551, M) = 25 {_4 (M)}

— 68y = virtual radiation (¢ = ¢/ 1)
— 6S5" = real radiation for £ > M, contlnuous SNl =M,M)=0
— correct massless limit: So.m(¢, M, pus) Y0 250(2, ps)
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Scenario IV:1 > X > X\ > \y

HH p————— -
thard ;
= - 2
s 2 ~ 1" ()| U (an, )
- X [ de [ dsdoim(s, pg) USD(QE = s, s, p1g) Sovm (Qr — £, is)
So+m(€, 11s) = So(£; us) + 085" (€, ps) + (¢ — M) 6 S5 (¢)
5Syn: virtual piece of massive soft function (distributive structure)
FINT coll ML §Si: real radiation piece of massive soft function (function)
coll.M
agreement with expanded full theory result at fixed order
continuity to scenario Il for uy = py :
s LY — consistency relation between virtual modes :
oML 2Re [6FS(Q, 1)) 0(r) — QPOURN (@B, 1) — QSN Qr.p) = O
M

ML = massless
M = massive
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(Intermediate) Summary

Achieved: EFT setup for massive gauge boson radiation in thrust distribution for
different scale hierarchies incorporating

\/ continuous transitions (up to @(a?)), no large power corrections at the transition!
\/ anomalous dimensions mass-independent (same result for M and ML)
\/ decoupling limit reached

@M. ) "= Co(Q )

./ massless limit reached

MM, pn) =2 265(Q, pn)
Jorm(s, M, g) =0 205(s, 1)
80+m(£7 M7 /-‘LS) M ZSO(Z, MS)
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Outline

e Backup-slides
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Backup-slides

Soft-bin subtractions

@ hard function

P P Py
W/ e o m W,
Phe Phe Phg PR \ o / E
RN \\\ ®\\
~ e
Ny % =8 @
V,

n Va Vi
SF" ~ Vi — Vom + Vi — Vaom + Vs — Wi
an+ Vﬁ_ Vs_ Wf

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

@ jet function
£ A, 8D,
JH Jb J(:

5Jm ~ Ja - Ja,OM + Jb + Jc
— remark: no soft diagrams appearing here
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Backup-slides

Soft-bin subtractions to self-energy diagrams

~ oo

@ SCET reproduces QCD wave-function renormalization

@ inscenario ll: Q < M < QX
— 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?Z~QM
= soft-bin subtractions to (collinear) self-energy power-suppressed by M/Q
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Soft function calculation

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

— we use analytic a-regulator (DIMREG in lightcone components)
Becher, Bell (2011)

/dk /dk*%/dk /dk*

HSaZO,ésm:Sb
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