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Motivation

e Parton showers as part of Monte Carlo (MC)

event generators widely used in collider phenomenology

e Most precise top mass measurements based
on reconstruction rely heavily on MCs

mMC = 172.44 4 0.49 GeV (CMS)

mp'© = 172.84 + 0.70 GeV (ATLAS)

my'® =172.44 4 0.64 GeV (Tevatron)

o Which mass scheme is determined in these
measurements is still unsettled

e Shower cut is expected to have impact on
the IR behavior of the parton shower and
the MC — mass scheme?
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Previous Work (Selection)

® Hoang, Stewart (2008), arxiv:0808.0222

> qualitative considerations based on analogy of MC components (hard ME + PS +
hadr. model) to SCET+bHQET factorization theorem for 2-jettiness at resonance for
boosted tops

» conjecture: parton shower cutoff Qg implies that MC top mass is short distance mass
+ non-pert. corrections

mMC = mMSR(R = Qo) + Ay mc(Qo)

A¢mc(Qo) =~ O(1GeV)

pole _ MSR _ p (@s(R) 16

» shower cutoff Qo cuts away infrared contributions to the mass

e Hoang (2014), arxiv:1412.3649

> quantitative estimate of A; \ic based on analogy to B meson mass

> At,MC 5 1GeV
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Previous Work (Selection)

e Butenschoen, Dehnadi, Hoang, Mateu, Preisser, Stewart (2017), arxiv:1608.01318

» numerical relation between Pythia MC top mass and MSR mass using 2-jettiness in
ete™ in the resonance region from calibration fits

» mMC = mMSR (] GeV) + (0.18 & 0.22) GeV

» universality conjectured but not proven

e Hoang, Mantry, Pathak, Stewart (2017), arxiv:1708.02586

> extension of the framework to groomed jet masses at the LHC for boosted top quarks
> results consistent with eTe™ calibration

» full calibration analysis still to be done
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Previous Work (Selection)

e Corcella, Franceschini, Kim (2017), arxiv:1712.05801

» MC studies of dependence of kinematic top decay distributions (e.g. My,;) on variation
of hadronization- and fragmentation parameters (Pythia 8 and Herwig 6)

> result: dependence on fragmentation parameters small in the top mass endpoint region

e Heinrich, Maier, Nisius, Schlenk, Schulze, Scyboz, Winter (2017), arxiv:1709.08615

» studied effects of off-shell top production compared to narrow width approximation
» found effects of 0.5 — 1 GeV for top mass determination

» finite lifetime effects important
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Aim of our work

e Want to add another important piece to the puzzle by examining the theoretical
properties of parton showers with respect to dependence of shower cut Qo

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)

+

Here we look at the sum of the hemisphere masses (w.r. to the thrust axis) in eTe™
M7 + M3
Q2
~ thrust in the resonance region (2-jettiness in the massive case)
[Farhi (1977)] [Stewart, Tackmann, Waalewijn (2010)] soft particles

T

n-collinear  \ \ / n-collinear

e Study eTe™ for simplicity,
but results are general

hemisphere-b

hemisphere-a
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Outline

1 Massless Quarks
@ Coherent branching (CB) for massless quarks

@ Impact of the shower cut Qo (CB vs SCET)

@ Comparison with Herwig 7

2> Massive Quarks
@ Coherent branching for massive quarks

@ Impact of the shower cut @y (CB vs SCET+bHQET)

@ Comparison with Herwig 7

3 Conclusions
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Dokshitzer, Fadin, Khoze (1982)

Coherent Branching (CB) et o i (0
default shower in Herwig 7 u 2 2 .
k/u:zk*n7+k;ql-n7,qi
2 zk= 2
k 0 _n* 9 —q1 n* "
(1 4 74
¢ ==k g T
K momentum conservation:
2 2 2
=" 4 q + a1
z 11—z z2z(1-2)

2
evolution variable: ¢ = ,zi((fiizﬁ

color coherence of soft gluon emissions — angular ordering: 2z2§2 > (}?H
jet mass distribution (inv. mass distr. generated by CB from one hard quark):
Q? dg?

7@ =)+ [ F [ a0 ).

o] o 12 2
x {/ a? [T ais(k - T - 1 =1 ) IR KD (1= D28 ) - IR
0 0 z

k? ~ hemisphere mass (does not account for out of cone radiation)
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Coherent Branching (CB)

thrust insensitive to gluon splitting: Jg(u2, %) — §(¢?)

= jet mass distribution:

J(Q?, k%) =5(k?)

Q? da2
+/ 7
o q

partonic cross section:

/01 dz Pyq {as (z(l - z)(j),z] (zJ(zQQQ,sz — 22(1 - Z)QQ) — J((j?7 k2)>

dé k2 4 k72
= [ ar2ar?s(r — J(Q2, k) J(Q2, k"
==/ (r = S ) TR
splitting function:
1 O‘S(,u‘) cus Os cus aS(ﬂ)CF
P, s(p), z| = L*sP 4 2P - =272 (1
aq s (1), 2] (1—2) 4x (0 T ) 2m (1+2)

CMW sheme of as: absorb two loop cusp by redefinition of as
[Catani, Marchesini, Webber (1991)]
aSMW (4)Cp 1 + 22

Pgqlas(n),z] = o 1>

scale in ag

2

p=qi =22(1-2)%¢
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Power Counting in CB
. . e k? L2 2 22
kinematic constraint: §° < — as(p) with p* = 27(1 — 2)°q
z2(1 —2)
soft | (1 —2)~Kk?/Q% | u? ~k*/Q* ~ Q*r?
~2 2
q ~
coll. | A=2)~z~1 | g2~k ~Qr
ijQ ~ kQ
gluon momentum:
. #
q 7q77ql NQ 1-2 (77177)
( )~ RU=2) (g b g
soft: — Q()\Q,)\z, )\2)
0.2
coll: — Q(AQ, 1,)\)
%80 02 04 06 08 10 PO JT
z Q
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Resummation in CB [Catani, Trentadue, Turnock, Webber (1993)]

at NLL accuracy we can expand z — 1 (not in the splitting function!)

J(Q?, k%) =6(k?) + /

aa [0 (1= 2)), 2] (J@ 2 = (1 = 2)8%) - J(@, k)

go to Laplace space

7@ ) = /Ow k2o T (@ K?)

Q2 dg® 1 - L?)q& o
:1+/O 2 A dquq[as((l—z)q),z]<e Q —1>J(q s V)

jet mass function exponentiates

- Q% 452
éJ(QaV)expV di
0 q

o190 (=7 <)

sum of hemisphere masses:

convolution in k-space — product in Laplace space — (j(QQ,u))2
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Question A: Can CB describe peak position at NLO?
Resummation in CB vs SCET

CB:

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

-, as(bH) das /os —cusp s\ 2 _cus rovs da, as(kE) das as
2an(Q,u)z8/ . (—F(;“Jr( ) Fi“’)/ : +12c7F/ .
as(uy) Blas] \dm 4w as(uy) Blad] as(uy) Blas] 4m

as(bg) doag g i Qg 2 Qs da’
4 cusp peusp

3] —l*r” 41 1 PN 7’[ /]
Jas(ng) Plos] 0 T Jas(ng) Bled

=~ v 2 2\ (V2 2
=1In ](E’MHJU)L'\(Z)-NH.NS)

. 2 2 2
with py = Q py;=——-

1
for 7 ~ — corresponds to ,u?, ~ Q2T
v

SCET: ns ~ Q7

Q* H(Q* 1) X/dT’J(Q2(T—T’),u2)S(QT’,#2)%U (QQ,uH,uJ)Us<%,u%,u§)

L-space

. Korct k 1994
evolve everything to pp orchemsky, Sterman (1994)

= CB and SCET equivalent at NLL = parton showers based on CB are NLL precise for 7
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Question A: Can CB describe peak position at NLO?
peak position with NLL

partonic cross section in SCET at NLO:

R R o
o)

T T

LL NLL N2LL

can use that N2LL@ONLO part is proportional to LO. f(7) = % ® Smod
fLo(m) = Lo (r) + afro(r)

(1) = fro() + fxro(m) = (1 + @) fro () + fxro (1) + O(a?)
LO peak position:

fio(m) =0
NLO peak position: §7 ~ o
F/(70 4 67) = 0+ O(a?)
=1+ a)fio(mo + 7)) + flro (o + 67) + O(a?)
= (1+ @) fl.o(10) +67 f{'o(10) + flir.o(10) + O(a?)
——

=0
_JE{\JLO(TU) 2
or=——=—4+0
- .fI/_,,O (70) +Oe5)

CB at NLL has full NLO information on peak position.
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Question B: Impact of Shower Cut
Cutoff in CB

to avoid infrared singularities and separate perturbative from non-pert. physics

— have to introduce cutoff @)y in the parton shower

1.0 .. .
only allows emission with g, > Qo
0.8F
0.6f 1 2 Q3
. = 9((} — ﬁ) in the jet mass formula
N z —Z
= 04l 0 Qu/Q=0
’ Qo/Q=0.1
0.2r
strong coupling when parton shower terminates:

0'8.0 0j2 0:4 0j6 0i8 1.0 o (qj_ = QO)

X1
+ — —
x1-T2 plane foreTe” = qG+ g .
2m, Question: Can the cutoff dependence be
Ti =g controlled theoretically and what does it imply?
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Question B: Impact of Shower Cut

Power Counting in CB with Cutoff

. . N K . .
kinematic constraint: §° < =2 s (p) with % = 22(1 — 2)%g
2
2 Qo
cutoff: q > m
1.0
peak region
0.8} k? ~ QQo:
soft | (1—2)~Q3/k* | p* ~ Q)
08| @~ k'8
% coll. | 1=2)~z~1 | p?~E>
0.4f i~k
02l only soft radiation affected
’ due to cut on ¢ .

0- 1 1 1 L
8.0 0.2 0.4 0.6 0.8 1.0

z
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Question B: Impact of Shower Cut
SCET Soft Function with ¢, Cutoff

introduce g, cutoff in partonic soft function:

Sqo(6) = 6(0) + SV (0) — 855 (0) + O(a2)

N d n o
580 = [ G 0@ =) . = =0@ -0 %10 | |

=unreleased soft radiation
(radiation prevented by shower cut)

— 88q,(!)
- Smod(/a/\)

: /
A

Daniel Samitz (University of Vienna) Cutoff dependence of jet masses from parton showers Amsterdam 2018-03-21



Question B: Impact of Shower Cut
SCET Soft Function with ¢, Cutoff

introduce g, cutoff in partonic soft function:
Sqo(6) = 6(0) + SV (0) — 855 (0) + O(a2)

dd

(2m)4

8550 (0) =

In £
8(Qo —q1) ... = —6(Qo—10) O‘SiF 16{%}
.

=unreleased soft radiation
(radiation prevented by shower cut)

Qo scale unresolved if Qo < A:

= multipole expansion (~ expansion in Qo/A, with A ~ width of model function):

650, (0) ~ =6 () /mdz’e’aﬁ%(ﬂw ..=68() (—Qo) (Q0)16C +0(a?)

0

=AM (Qo)

= Sa,(0) = 6(0) + SV (0) — AN (Qo) x 8 (0) + O(a?)
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Question B: Impact of Shower Cut

Soft Function Gap
convolute with non-pert. model function:
Sau(t) = (S0 © Smee ) (0
~ (8 Smoa ) (0) = AN (Q0) X Shoa(€) + O(a2)
=5(t = A"(Qu)) +O0(a?)

= Smod,qo (£) = Smod (£ — A (Qo) )
~———
soft function gap [Hoang, Stewart (2008)]

Qo dependence of gap:
as(Qo)

dA™(Qo) 2

R-evolution

Qo
AD(Qo) = AV (Qh) — 16C ar “ (1)
Q6 471'

= Qo dependence of peak position: [Hoang, Jain, Scimemi, Stewart (2008); Hoang, Kluth (2008)]

_ , 1 Qo as(R)
Tmax(QO) = Tmax(QO) - 616CF 46 dR in
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QueStiOn B |mpaCt Of ShOWGI’ Cut [Dokshitzer, Marchesini, Webber (1996)]
Resummation in CB with Cutoff

recall resummed thrust distribution in Laplace space:
dé P a@ (2(1 = 2)4)Cp 14 2% [ zrzG_=d
- — Q2 —1
(i e meol2 [ o )
introduce cutoff: (z(1 — 2)§ — Qo) =1 — 0(Qo — 2(1 — 2)q)

doq, _ p(do Z(1,Q,Q0)
‘C( dT )(V7Q)7‘C‘(d7_)(y Q)Xe

expand Z in v keeping only linear term:

2
I(1,Q,Qo) ~ —v fQOO‘S(QO)mc +o(“ QO)
—/—’

Q @?
=AM (Qo)

term linear in v in the exponential gives shift in T-space:

déo, dé (

20 (@) = (7~ 5A(Q0). Q)

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

Implications:

The use of a shower cut @)y for CB implies a gapped hadronization model.
(negative shift in the jet mass threshold) J

The gap satisfies an R-evolution in Q. J
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Comparison with Herwig
e compare our predictions for peak shift with real parton shower

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

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

e only partonic distribution from Herwig
“hadronization”: convolution with model function — disentangle parton shower and
hadronization model
4k
128k%e” >

Smod(kv)‘) = 304

e 30GeV < @Q <300GeV
0.5GeV < Qo <2GeV
1 < X\ <3

e compare cutoff dependence of peak position with R-evolution
Qo aC]MW(R)

/ 1 s
max — Tmax - =1
Towe(Q0) = s (Q0) — 160 [ AR
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Comparison with Herwig

004 T T ] o T T T T T T T
Q=91 GeV, m=0, A=1GeV Q=91 GeV, m=0, A=2 GeV
0.050 -
[m]
0.03 = [m]
0.045 B
x
£ 0.020 i é 0.040 ]
= =
[m]
[m} 0.035]- ]
0.01} O
0.030 [m] ]
0.00, . , . . . . . . = . . . . . . . n
0.6 0.8 1.0 12 14 16 18 20 0.6 0.8 1.0 1.2 1.4 16 1.8 20
Qo Qo
0.0203 ] ]
Q=200 GeV, m=0, A=1GeV - Q=200 GeV, m=0, A=2 GeV
O
0015 1 o024} m} ]
x L 0022 ]
3 3
E oot0f [m] 1.8
0.020 + -
m]
o 0.018+ 4
0.005 8|
0.016 m] 1
0.000t L L L L L L L = L L L L L L L T
06 08 1.0 1.2 14 16 1.8 20 0.6 0.8 1.0 12 14 16 18 20
Qo [J Herwig Q
= R-evolution
Daniel Samitz (University of Vienna) Cutoff dependence of jet masses from parton showers Amsterdam 2018-03-21 22 /33



CB fOr MaSS|Ve Quarks [Gieseke, Stephens, Webber (2003)]

(only valid for boosted heavy quarks,momentum conservation:
quasi coll. limit @ > m)

K2 —m? = k2 —m? n q n ¢t +m?*(1—=2)*
z 1-2 2(1 — 2)
q ordering variable:
k
2 _ gl +m*(1-2)*
22(1 — 2)2
k massive splitting function:
asCr m?

Paglow ] = Pufon ) - S8

scale in as: 2%(1 — 2)%¢° cutoff: g1 > Qo

J(Q* k> —m? m?) = 6(k> —m?)
@ 4¢2 ! ; o Qi +mP(1-2)?
—|—/O 7 /0 dz Poo [as(z(l —z)q%z,m]@(q — W)

x {zJ(fo, 2K —m?) — 22(1 - 2)§®) — J (P k* — m2)}
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Power Counting in CB with Mass

%

2 2 2
. . . m 2 _k"—m . 2 2 2.2
kinematic constraints: — < § < ——— Qs with =z'(1-2
2 <0< i () @ ( )G
T § = K-m?
peak region
0.8
s§<m:
a 2,2
0.6¢ soft | (1—z2)~ B3 | p® ~ 53
i ~Q°
0.4} ucoll. | (1 —2)~ % e~ 82
3 ~m?
0.2l soft gluons in top rest frame
bHQET counting: ps = piue m/Q
0.0 . .

0.0 0.2 0.4 .
bHQET+SCET factorization theorem:

z [Fleming, Hoang, Mantry, Stewart (2008)]
do
— =HxH, xB®S
dr
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Resummation with Massive Quarks in CB vs bHQET+SCET
cB: 2@ =2 [ ar e ) 2] (¢~ 1)

as(hH) dag . B ) as do’ as(kH) das as
~ 4/ e% ( Fcusp +< ) Fiusp)/ a;g +4CF/ o4 af
as(pm) Blos] N A as (um) Blov] s (um) Blos] 4m

as(tu) dag R . as d as(tu) das as
[ (g () [ [ e
Jasup) Blas] M dm Jag(up) Blok] as(up) Blas] 4w

I/ (k) des ((15 cusp ((1‘5>2|‘(.”l\.1)> /”‘* do,

as(pg j[(l‘s] 1 7 ! Jas(pg) yf[(l/\]
- -1 Q - /vm Voo ;

:ln((UH(Qz,ufmu%)> Un,, (Evﬂ%vﬂ%{)UB(Qz ll‘%—lalll—;>[ s(a-ﬂf,-/li))

20—278 4.2
2 Q 2 T 2 2 2
o = up ~ e ~ QT
S = 2 B 2 S

5

. Q%e=2E
with pfy = Q% pp, =m? uh =

v2m?2

2 L
SCET: Q® H(Q?, 1i%) X Hyn(m?, 42) x / dT’B(W,uz)S@T’,uz)

NLL, (7 1. Q 5o (vm (Y
L:> (UH(Q27IU’$Y‘L7/’L%I)> UHm (7’ “%@7/"%1>UB (72’ :u'%—[v luzB)US (7’ l"%—[’ lu‘%’)
-space m Q Q

CB and bHQET+SCET equivalentat NLL = parton showers based on CB are NLL precise for 7
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Power Counting in CB with Mass and Cutoff

2 2
m Qo

constraints: — +
22 22(1— 2)2

0.8r

soft and ucoll. radiation
affectd by cut on ¢

0.2}

olo...l...|.<.|.<.|...
0.0 0.2 0.4 0.6 0.8 1.0

z
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bHQET Jet Function with Cutoff

introduce ¢ cutoff in bHQET jet function:

mBaq,(3) = 8(3) + mBY(8) — méBS) (3) + O(a?)

d
B = [ 5 0@0—a) .. = “EEG)

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

— moB(s)
— BW(s,IN

Qo
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bHQET Jet Function with Cutoff

introduce ¢ cutoff in bHQET jet function:

mBaq,(3) = 8(3) + mBY(8) — méBS) (3) + O(a?)

asCr

d
méBS) (3) = / (gﬁgd 0(Qo—qL)... = £(3)

4

=unreleased u.-collinear radiation

(radiation prevented by shower cut)
multipole expansion (I' > Qo):

mBa(5) % ~0'(8) [ as'§ moBay (). = 8'9) (-Qo) A2 ) 4ol
0
| S —
=20 Qo)
convolute with Breit-Wigner:

mBr g, (3) = (mBQ0 ® BW) (3)

Q

(mB ® BW) (3) — AD(Qo) x BW'(3) + O(a?)
=mBr(s— AL (Qo)) + O(a?)

= leading effect of cutoff is to give a shift in the bHQET jet function by A, (Qo) ~ asQo
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Resummation for CB with Mass and Cutoff

recall resummed thrust distribution in Laplace space:

@ ag [ —ve(-2)a?
,c(jj)(uQ, )—exp[2/2 @ dszQ[as(z(l_zM),z,m}(e = _1>]

Q3 +m*(1 fz)Q) 4 _9(Q3+m2(1fz)2 _qz)

22(1 — 2)? 22(1 — 2)?

introduce cutoff: 0((}2 —
doe, _ (4 7(1,Q.Qo.m)
£(3 Jon@um = () @um x e

expand Z up to terms O("ZQL;P)

~ Qo as(Qo) m
Imvg o (160 Pt ge 1)+...

term linear in v gives shift in T-space

= CB reproduces the bHQET-+SCET results for the peak shift induced by the cutoff
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Peak Shift from Soft and Jet Function

total shift due to the cutoff has contributions from soft and bHQET jet function

mass reduces leading coefficient of R-evolution (¢l < 0)

Qo
ar )

Tmax(QO) = Tmax(Q{)) Q (1)) Q! 4

3 (160 +=
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Comparison with Herwig
o run Herwig 7 for eTe™ — ¢t

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

e used same model function as for the massless case
e used a broader smearing to account for effects of finite top width

4tht
Aeff = A+ ——
Q

e m; =173 GeV I't =1.5GeV

e 500GeV < Q <1TeV
0.5GeV < Qo <2GeV
1 <X <3

e compare cutoff dependence of peak position with R-evolution

Tmax (QO) = Tmax (Q{))

Q Q Cm,
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Comparison with Herwig

Q=500 GeV,

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

0.2475 |-
0.2455

0.2470
0.2450

Tmax
Tmax

0.2465
0.2445

m=173 GeV, A=2 GeV

0.2460 & L L L L L L L =]
0.6 0.8 1.0 12 1.4 16 1.8 2.0
Qo Qo
0.1265 - Q=700 GeV, m=173 GeV, A=1GeV | (im0l Q=700 GeV, m=173 GeV, A=2 GeV
H o
0.1260 |- 0.1275 -
3 3
£ E
5 N
01255 0.1270 |
0.1250 -
L L L L L L L T 0.1265 & L L L L L L L =
0.6 0.8 1.0 1.2 14 16 18 20 0.6 08 1.0 12 14 16 1.8 20
Qo [0 Herwig Qo
= R-evolution
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Question C: Does the cutoff imply the use of a short-distance mass scheme?

shift linear in the mass implies change of mass scheme

2(mP°'*)?  2(m+0m)®  2m®  4mdm

threshold: 0 = 0 =0z + 0

Implication:

mass scheme of coherent branching algorithm with cutoff:

(1)
CB(QO) pole+Q OCS(QO) CZ
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Summary and Outlook
e answers to our three initial questions:

(A) for 7: parton showers based on CB have NLO precision concerning mass of
jets in the peak region

(B) leading dependence of Tmax on Qo: linear;
agreement between Herwig and SCET at NLL

(C) cutoff in parton shower implies use of renormalon-free gap and mass scheme

e we have proven: m©B(Qq) # mP°'®

® caveat:
» CB (and MCs) uses narrow width approximation

» practical MCs have features not treated here that affect mM¢

— still work to be done to theoretically relate mMC to renormalized QCD mass

e QOutlook: many issues to be studied, e.g.:
» theory uncertainties
» implications for top invariant mass reconstruction and kinematic distributions
> Qo dependence of hadronization models (retuning ...)
» dipole showers
| 2
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