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Aim of this Work

Solid field theoretic understanding of how the interpretation of the massive quark
appearing in parton showers depends on the shower cut Q,,.

Parton shower: carries out perturbative calculations with a finite IR cutoff. — lattice QCD

e Want to understand mass of the top quark state (= top + gluons around) that is
produced in the hard interaction (do not address issues related to decay)

e Do not address finite lifetime issues

adopt narrow width approximation as used in state of the art MCs
(factorization of production and decay)

e Questions we want to address:

(A) Can a state of the art parton shower in principle describe the single top
mass threshold (resonance) with NLO precision?

(B) What is the impact of the shower cut Qo on the peak of jet masses?

(C) Does the shower cut imply that the MC top mass is a short-distance mass?
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Observable

e Want to study the mass of the top state (i.e. top + gluons) produced in the hard
interaction (quasi-coll. limit — boosted top quarks)

e Want an observable that is not sensitive to differential details of the top decay or
further branching of daughter particles (e.g. b — b+ g)

e Here we look at the sum of the hemisphere masses (w.r. to the thrust axis) in eTe™

{700, 1}

M{ + M3
Q2

~ thrust in the resonance region (2-jettiness in the massive case)
[Farhi (1977)] [Stewart, Tackmann, Waalewijn (2010)] soft particles
\

—7

T Peak position ——

. \ ‘ - .
n-collinear N\ \ / n-collinear

e Study eTe™ for simplicity,
but results are general

@

hemisphere-a v hemisphere-b
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Coherent Branching

Dokshitzer, Fadin, Khoze (1982)
— default shower in Herwig Bassetto, Ciafaloni, Marchesini (1983)

9 9 _ Catani, Marchesini, Webber (1991)
n* k' —q] n"

k' = 2k~ — —q"
et 2 T ) q
I 2 2 —H -
L 1 — k_n q —4q1 n_ i »
¢ == S+ T
k)
momentum conservation:
2 2 2 2
Rk, ¢, 4 evolution variable: §* = 7_2('1’—;)2
z 11—z 2z(1-—2)

color coherence of soft gluon emissions — angular ordering: 22§7 > G711

— jet mass distribution (inv. mass generated from CB from one hard quark)

k* ~ hemisphere mass (does not account for out of cone radiation)

J(Q?, k?) = 5(k?) + /0Q2 c;—%g /01 dz Pyq [as (z(1— z)ﬁ),z]

z 1—2z

oo oo 2 2
x[/ dk'? / dq26(k2—k - —z(l—z)«i?)J(szﬁ,k’g)Jg((l—z)ﬁc?,q?)—J(éﬁ,kQ)
0 0
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Coherent Branching

Thrust (and jet mass) at resonance peak insensitive to gluon splitting

—  J(Q? k%) =6(k2)
+ /OQ dqq”; /01 dz Py, [cxs (z(1 - Z)‘i)vz] (ZJ(ZQQQ,Z’CQ —2%(1-2)¢°) — J (¢, k2)>

Partonic cross section

ﬁ_ 2 17172 M 2 1.2 2 .12
d’r_/dk dk 5( Q )J(Q k<) J(Q7, k™)

Splitting function

e 5

Xs cus s (N’)CF
—7T Py __ =\ 1
A1 ) 2T (1+2)
CMW scheme for ag: absorbs 2-loop cusp into strong coupling

aSMW(u)Cp 1+ 22
27 1—2z

Pqq [O‘S(N)’ Z] =

Renormalization scale of ag

2 _ 2 22(1_2)262
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Coherent Branching for Massive Quarks

Gieseke, Stephens, Webber (2003)
— as implemented in Herwig

momentum conservation:

k2_m2=k,2_m2+ q? +Q?L+m2(1_z)2 K
z 1—2z z(1— 2) >

ordering variable:

2 _ gl +m*(1—2)°
z22(1 —2)2

massive splitting function:

asCr m?

Pag[as,zm] = Pagles, 2] - == ym

scale inag:  z%(1 — 2)%§° cutof: g1 > Qo
- J(Q* k* —m?* m®) =6k —m®)

+/Q2 dg? / dz Pog[as(2(1 — 2)§), 2 m]g((f Qg;gzi’_(lz)—?z)z)

m2

<[220 = m?) = 20 = 2)) = T@ K - )]
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Resummation in CB

Catani, Trentadue, Turnock Webber (1993)
At NLL we can expand z—1 (not in splitting function)

—J(@ k%) = 5% + | v Oz Prafac(@ - 200), 2] (@12 — (1= 6 - S@.42)

Go to Laplace space

- o0 _uk2
Q) = [ ateT T IQ )
—v(1—2)G2

:1+/0Q c;—?;2/Oldzp,;,q[ozs((l—z)q),z] (e7 @ —1)J@w)

Jet mass function exponentiates

Q2 di2 1 —v(1—2)§2 ]

j(Q2,V) = exp [/0 6_2 ; dz Pyq [as (1-— z)(j),z] (eT — 1)

Sum of hemisphere masses:

Convolution in k-space — product in Lapace space

- (J(@*v))?
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QCD Factorization (SCET)

— Allows for direct field theoretic considerations that are not

possible in the coherent branching formalism

Jet function
Hard function (collinear radiation)

\ \

1 dé Q*r s , Ny
———(1.Q)=QHq(Q.pm) [ ds [ dsUjs(s =, pm,ps) ]V (s puy)
oo dr 0 0
QT—s5/Q s
9 / Ak Us (k. prr. ps) SO (Qr = 5 — k.ps)
0 \ Q
soft particles U-Evolution function Soft function
+collincar I (log resummations) (large angle soft
radiation)

thrust
axis

Korchemsky Sterman

Becher, Schwartz
Abbate, Hoang, Mateu, Stewart
Many more authors

hemisphere-b
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BHQET/SCET: Massive Quarks

Fleming, Hoang, Mantry, Stewart 2007 .
Mass mode function

Hard function (offshell massive quark)

. \ \

—(7, Q,mP°) = UOQHQ(Qa#H)UH(Q JLH s Hom) m(Qa7np01e:/-’Jm)Um(,,npole fims #H)
x / ds / 48 Uy, (3 — &, 15) IS (3, 1)
0 0
QT—s/Q ) ole 7npole X
x/ dk Us(k, jugg, 1) S (Q(T ) =70 s—k,ug)
0
U-Evolution function \
(log resummations) Soft function
— (large angle soft)
P UNIVERSAL !

n-collinear n-collinear BHQET Jet funCtion
S (ultra-collinear radiation)

Soft radiation in the massive
quark rest frame

MASS SCHEME FIXED HERE !

hemisphere-b
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Partonic calculation — Hadron Level

do QT d6 ¢
YWeov= | av S( _ )Smo 0
dr (T' ) /0 dr g Q'Q d( )

\ J \ J
| |

Partonic cross section Non-perturbative shape
function

SMEARING of partonic cross
section by amount N/Q

— same for CB and QCD factorization / SCET / BHQET
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Phase Space and Power Counting

1.0
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Q

coherent branching

QCD factorization

coherent branching

QCD factorization

2~ (1 — z) ~ 1
n-coll. | G~ (QA)3 1 ¢ ~ (A Q. (QA)?)
qL ~ (QA)2
l—z2z~—, 2~1
soft @ ¢" ~ (A AA)

q~Q
qL~A

1—z~—2,z~1 5
m
u. coll. G~m q" ~ (A, Q_QA,QA)
0 m m
gL~ —A
m
l—2z~—, 2~1
SOft (jN Q q“ ~ (A7 A7 A)
qL~A
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CB and SCET are equivalent at NLL (m4=0)

Resummation: CB vs SCET (pQCD)
CB:

neglecting higher logarithmic terms, the resummed jet mass function can be written in the form

2 In J(Q? u)~8/a5(”m da (Z2T5er + (QS)QI‘C“SP) /QS dos | 19y /QS(”H) dos o
3 ~ 0
as(pny) Blas] \4m am ! as(py) Blag] as(py) Blas] 4m

as(bg) das /Qs _cus s\ 2__cus Cig da!

> - C sSp S WCUusp s

—4/ T ( v rn + (—> I—1 ) =P
(ne) Blas] ‘4w AT ) J Bla’]

Jag(pa) ’ dg(pLag) F

¥ v 2 2\; (Y 2 27
=In(U (— : )l’s‘ —sHHsMs
n( J QQ‘/J'H.IJ’J g (}() Ky /1“))

.

Q%e E Q%e 2'E 1

. 2 2 2 2 2 2
with p; = Q By =—"F" Ps = ——5 — for'rrv;correspondsto n; ~Q°T
2 2 2
ps ~ QT
SCET. }
3 2 2 ’ 20 Iy 2 r 2y _NLL 7~ (V o 92\ (V o 9
Q H(Q s )X/dT ‘](Q (T T))l“' )S(QTa#’ )ﬁUJ(Q2:#’H)#’J)US(Q’“H)“S)

evolve everything to LH Korchemsky, Sterman (1994)

— CB and SCET equivalent at NLL: parton showers based on CB are NLL precise for t
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CB and SCET are equivalent at NLL (m4#0)

Q2 - —vz(l—2)qg
CB: mJ(Q?%v,m?) =2 dq2 dzP as(z(1—2)q),z,m||e (6122 : —1
QQ

as(pH) das Qg

« Qg 2 Qs do
_sPcusp + s ) “peusp / s +4CF/ s
( ) ' ) s(pm) ,B[C!g] as(pm) :B[as] 4m

47 o

3

(
os(kr) dos (s cusp , (@s)\2cusp) [©* da) aslhn) das as
s Bl (T8 G T) [y 801 *5% Loy o 87
(

s(up) Blas] \m a
4 /.OS HH) das o peusp ("-"S )2F<Tusr)> /Q‘“ dorg
Jas(usg) Blas] ‘4w Y 47 ! Jas(us) Blak] NEW |
- 2 2 2.\ !~ Q o2 o\~ [vm - U
=In (UH(Q s Moms KH ) Hm (—,#m,MH)UB( 5> M uB)l " (— HH » u\)
m Q Q
4,—2vp 2,—27p 4.2
. 2 2 2 2 o _ Qe 2 _ Q7 2 Q7T 2 22
with pg = Q% pp, =m #B—W #s—V—2=>NBN 2 pg ~ QT

bHQET: Q3 H(Qz,[.t2) » Hm(m2,[.L2) % /dT/B(QL’(T—::in _T,),/J,2)S(QT,,/J,2)
NLE, (I}H(Q2,,u$n,;£%{))—1ﬁHm (Q:l‘m,l-"H)(}B (IZ;Z,#H,#B)US(Q,#HMS)

L-space

— CB and bHQET equivalent at NLL: parton showers based on CB are NLL precise for t
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Question A: Can NLL describe peak position at NLO?

Peak position at NLL:

Partonic cross section in SCET at NLO

do asCp fInT 1 2m2 9
— =9 —8 — 6] — 5 — =2 @
dr (T) + 4 { { T |4 |:T:|+ * (T)( 3 )} +O(as)
“
LL NLL N2LL
Use that NNLL@NLO part is proportional to LO f(r) = 3—: ® Sod

Lo (T) = fnro(7) + afro(T)
f(m) = fLo(7) + faLo(7) = (1 +a) fLo(7) + faro(r) +0(a?)
LO peak position

fﬁo(TO) =0 Same for massive

!
NLO peak position 67 ~ as quarks !

(10 + 67) S0+ O(a?)
= (14 a)flo(70 +67) + fhro(10 + 67) + O(a?)

= (14 @) flo(10) +07f{lo(10) + flro(T0) + O(a?)
N’

_ 20 .
& 5 — “hvo(m) L O(a?) — NLL resummation has full NLO

75 (70) information on the peak position
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Question A: Can NLL describe peak position at NLO?

Messaqge 1:

The quark mass parameter in coherent branching at NLL in perturbation
theory and without imposing any infrared cutoff is the POLE MASS.
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Question B: Impact of Shower Cut Q,

1.0

0.8}

0.2}

0.0

* Not required in pure perturbation theory (fixed renormalization scale)
* Needed in parton shower evolution: Landau singularities + « multiplicities

scale inag:  2%(1 — 2)%§° cutoff: g1 > Qo

Question: Can the cutoff dependence be
controlled theoretically and what does it imply?
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Question B: Impact of Shower Cut Q,

SCET Soft Function with q, cutoff

Introduce qlicutoff in partonic soft function:

Sqo(€) = 6(0) + SW(0) = 655 (0) + O(a2)

a ddq asCF In 5
5SS (p) = 0(Qo—qi)... =—0(Qo—0)="F16| 20
—unreleased soft radiation
(radiation prevented by shower cut)
- 5800(/)
- Smod(/,/\)
' /
0 Qn A

LHC Top Quark WG Meeting, CERN, May 16, 2018



Question B: Impact of Shower Cut Q,

SCET Soft Function with g, cutoff

Introduce qlicutoff in partonic soft function:

Sqo(€) = 8(0) + SN (6) — 655 (0) + O(a2)

44 .C In £
33500 = [ 5 0Qu—ar) .. = -0(Qo - )22 16| 22
+

—unreleased soft radiation
(radiation prevented by shower cut)

Cutoff Q, unresolved if Q)< A:

— multipole expansion (~ expansion in Qy/A, with A ~ width of the model function):

as(QO)

0Sqo () = —5'(¢) /0 Al 0 6Sqy(€') + ... =4"(¢) ( Qo)
=A(1)(Q0)

= 8, (0) = 6(£) + SV (0) = A (Qo) x §'(0) + O(a2)

16CF +0O(a2)
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Question B: Impact of Shower Cut Q,

Soft Function Gap

S0 (€) = (Sqo ® Smod ) (¢)
~ (S ® SmOd)(e) — AM(Qo) x Smoa(l) + O(02)
= S(t—A"(Qo)) + O(a?)

= Smod,Qo () = Smoa (¢ — A (Qo) )
N — e’

soft function gap [Hoang, Stewart (2008)]

(1)
dA (o) _ ey, @sl@0) | O(al)

dQo 4
Qo as(R)

AN (Qo) = AV (Qh) — IGCF/ dR

Q, dependence of gap:
s (Qo)
s

R-evolution equation

N QO dependence of peak pOSitiOﬂ: [Hoang, Jain, Scimemi, Stewart (2008); Hoang, Kluth (2008)]

Qo
ar 2=B)
Q(’) 47T
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Question B: Impact of Shower Cut Q,

Resummation in CB with Cutoff

Recall resummed thrust distribution in Laplace space:

5 Q2 ;2 1 (+(1 = 28 C >,
C(da)(l/,Q) :eXPIQ/ d~‘12 / dza (Z( Z)Q) Fl+z (645’_& _1>]
dr o 9 Jo 2m 1—2

introduce cutoff:  6(z(1 — 2)§ — Qo) =1 — 0(Qo — 2(1 — 2)q)

(4= o= o0

Expand Z in v keeping only linear term:
as(Qo) v Qo
Z(v,Q, Qo) ~ ”Q Qo= = 16Cr +c9( o )
=A(1)(Qo)
Term linear in v in the exponential gives shift in T-space:

2 (r@) = (- 5A@).Q)

— CB reproduces the SCET results for the peak shift induced by the cutoff Q,
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Question B: Impact of Shower Cut Q,

Messaqge 2:

As far as large angle soft radiation is concerned the dependence on the
shower cut Q, has to be interpreted as a modification of the hadronization
effects.

A change of Q, needs to be compensated by a retuning of the
hadronization model attached to the parton shower.
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bHQET Jet Function with Shower Cutoff Q,

introduce q, cutoff in bHQET jet function:

R q2 — m2
S =
mBg,(3) = 8(3) + mB™)(8) — mdBY) (3) + O(a2) m
d
(1) 8} — d q . _ asCF ~
m 6By, (8) om) 0(Qo—q1) --. - f(8)

—unreleased u.-collinear radiation
(radiation prevented by shower cut)

— moB(s)
— BW(s,IN
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bHQET Jet Function with Shower Cutoff Q,

introduce q, cutoff in bHQET jet function:

P —m?
S =
mBg, (3) = 6(3) + mB™(3) — m By (5) + O(e2) m
d
(1) /ay d%q _ _ asCF .
mcsBQO (8) = om) 0(Qo—qy) ... - f(8)

—unreleased u.-collinear radiation
(radiation prevented by shower cut)

Multipole expansion (' > Q):

mdBo, (8) ~ —&'(8) / d§' § mdBg,(8)...=d'(3) (—Qo)%cg) +0(a?)
0 N V),

=A5§(Qo)
Convolute with Breit-Wigner:

mBr,qo(8) = (mBa, ® BW)(3)
~ (mB ® BW) (8) — AL (Qo) x BW'(5) + O(a?)
= mBr (3 — AL (Qo)) + O(a?)

— leading cutoff effect is (mass !!) shift in bHQET jet function by A_(Q,) ~ a5 Q,
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Resummation in CB with Mass and Cutoff

Recall resummed thrust distribution in Laplace space:

c(j")(u Q,m) exp[2/Q2 a7’ [ dz Paq|as ((1 - 2)d), 2,m] (e_—%ﬁ—)—z _ 1)]

- . 2 Qo+m2(1 — 2)° Qi +m*(1—2)"
introduce cutoff: 0(q BT ) =1- 0( 2(1-22 q )

£(952) 0 Qum) = £( ) (0 @um) x @0
T dr

Expand Z in v keeping only linear term:

Qo as(Qo) (1)) o

T~ — Q =

(160 +3

Term linear in v gives shift in T-space:

— CB reproduces the bHQET results for the peak shift induced by the cutoff Q,
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Peak Shift for massive quarks

Total shift due to cutoff Q, arises from restricting large angle soft and ultra-collinear
radiation.

Quark mass reduces Q, dependence from soft function: ¢ (<0 (— dead cone effects)

1 m Qo as(R
7-ma.x(CQO) — Tmax(Q6) - = (1GCF gn)) / dR ( )
Q / Q A Qh 4
Soft function gap additional contribution only for

massive quarks (dead cone)

V) = _87CF
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Comparison to Herwig (my=0)

compare our predictions for peak shift with real parton shower

used Herwig 7 with angular ordered shower for ete™ — 2jets
[Bahr et al. (2008); Bellm et al. (2015)]

modifications:

» only light quarks + gluons, set all constituent masses to zero
» unrestricted kinematics in evolution of CB
» switched off: QED radiation, hadronization

only partonic distribution from Herwig

,hadronization®: convolution with model function — disentanble parton shower and
hadronization model
128 kPe™ %
34

Smod (k, A) -

30GeV < Q < 300GeV
0.5GeV < Qo < 2GeV
1 <\ <3
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Comparison to Herwig (my=0)

0'0401 T T T T T T T] h,,‘..,...|...|.--1--v|vv-|---|
Q=91 GeV, m=0, A=1GeV ] 005k Q=91 GeV, m=0, A=2 GeV
O I
003 . O
0.045F
é 002} é 0.040}
= 0 0035:
p 001} = -
,.e/. i 0.030f O

i, . -

lﬁ) a 0 12 14 16 1.8 20 06 08 10 12 14 16 18 20
h o
0020_‘D 'l'l"'l"'l"'l'l'l: ﬂ'l"l"ll"I'l'l"‘l"'l"ll
2T Q=200 GeV, m=0, A=1GeV | 0.02sf Q=200 GeV, m=0, A=2 GeV
i O 1 r
0015f 1 ooaf O
1 « ool
g i 1 8 [
0.010} O - r
= I 1% oo2f
0 ] r
i 1 0.018[
0.005[ . o18f
[ 0.016F O
0000:1 U NN TN TN TN NN TN WU SN NN SN SN SN SN TN SN SN NN SN T S S SN S S S S S I: :l U (NN TR TR TN (NN TN SHNN SO NN SN SN SN SN SN SN SN N TN T S S S S S S S 1 |q
06 08 1.0 12 14 16 1.8 20 06 08 10 12 14 16 1.8 20
Qo [ Herwig Qo
R-evolution

— Good agreement between parton shower and SCET
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Comparison to Herwig (my#0)

run Herwig 7 for et e™ — tt

same modifications on Herwig as in the massless case
+ on-shell top production
+ only leptonic W-decays

used same model function as for the massless case

used a broader smearing to account for effects of finite top width
4tht
Q

me = 173 GeV I's =1.5GeV

Aeffz/\‘F

500GeV < Q < 1TeV
0.5GeV < Qo <2GeV
1 < XA <3

compare cutoff dependence of peak position with R-evolution

1 Qo MW R
Tmax(Qo) = Tmax(QO) S— (IGCF 4 my (1)) o dR 47r( )
0

Q Q
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Comparlson to HerW|g (mg;EO)

0.2455

§ 02450/
[ L

ﬁre'

Q 500 GeV m-173 GeV, A=1GeV

0.1265

0.1260

Tmax

0.1255

0.1250

02475

0.2470

0.2465 -

02460 by

0.1280 |-

0.1275

0.1270

Q 500 GeV m—173 GeV /\—2 GeV

0.6 08 1.0 12 14 16 18 20

Q=700 GeV, m=173 GeV, A=2 GeV

i 1 PR P PR - i a1 P P | PR P | P | - Al 1 0.1265 Ca | I— PR 1l .l P a1 PR P— | i P PR P i PR 1
06 08 10 12 14 16 18 20 06 08 10 12 14 16 18 20
Qo [] Herwig Qo
R-evolution
— Good agreement between parton shower and bHQET + SCET
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Question C: What is the parton shower mass?

Message 3:

Shift linear in the mass and Q, implies change to a short-distance mass
scheme different from mrole;

2(mP°®)? _ 2(m+dm)®>  2m®  4mdm

threshold: 02 02 02 + 02

Using a q, cut for perturbative calculations (such as coherent branching)
implies the use of a short-distance mass:

mass scheme of coherent branching algorithm with cutoff:

(1)
mCB(Qo) = mP°* + Qo asigo) Crn

4
(1) a™MW(1 GeV) = 0.98
QO Oésé(lQO) CZ _ QO o, (QO) % 067 8— ( )
m oM3(1 GeV) = 0.46
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Summary & Outlook

(1 Answers to our 3 initial questions:

A. For t: Parton showers based on CB have NLO precision conc. peak mass of jet

B. Leading dependence of peak mass on Q, linear: Herwig and SCET agree at NLL

C. Cutoff in parton shower implies renormalon-free gap and mass scheme

(2 We have proven: mCB(Q, # 0) # mpole

(3 Limitations:®

@ Outlook:

CB / parton showers for top quarks use narrow width approximation
Practical MCs still have additional features that may affect mMc

Still a lot of work to be done to draw final conclusions to relate mMC to
a field theory mass from first principles.

Calibration analysis

Implications for invariant mass reconstruction, kinematic distributions
Cutoff dependence of MC hadronization models

MCs other than Herwig, dipole shower, NLO matching, ...
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Soft Function with Shower Cut QQ: Renormalons

Bubble chain analysis: (
Sqo(0) = 8(0) + SV (0) — 6585 () + O(a?2)
dd asCp In £
55(1)(6) on )d 0(Qo—q1) ... =—0(Qo—1Y) i 6[ EQ ]+ /

— Borel transform: NO u=1/2 pole contained in Sg(¢)

Implications:

Shower cut Q, results in a partonic soft function without Aycp renormalon ambiguity. ¢/

Shower cut Q, results in a gapped hadronization model. v/

(negative shift in jet mass threshold)

Gap satisfies R-evolution equation in Q, ¢/
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bHQET Jet Function with Shower Cutoff Q,:

Renormalons

introduce q, cutoff in bHQET jet function:

P2 —m?
S =
mBq,(8) = §(3) + mBY)(5) — m By (3) + O(a2) m
d
(1) /ay d%q _ _ asCF .
m(SBQ0 (8) = o) 0(Qo—q1) ... - f(8)

—unreleased u.-collinear radiation
(radiation prevented by shower cut)

Bubble chain analysis:

— Borel transform: B[Bg,(5)](u) has NO u=1/2 pole.

— Cutoff implies that there is no O(Aqcp) renormalon related to the quark mass.
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