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Motivation

e Precise knowledge of top quark mass very important:
> Electroweak precision tests of the SM
> Stability of the SM vacuum
» Top production important as background for BSM searches
>

e Experimental determinations are very precise

> most precise values from “direct measurement” QUARK MASSES

» many individual measurements with uncertainty
below 1 GeV

> relies on (General Purpose) Monte Carlo (MC)
generators e.g. PYTHIA

=» average has a stated uncertainty of about 0.5%
[K.A.Olive et.al. (PDG) 2014]

me = 173.21 £ 0.51(stat) = 0.71(sys) GeV |

Question: How should one interpret the “measured”
top mass?
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Top Mass Determinations at Hadron Colliders - MC Top Mass 1

e Goal: Reconstruct top from its decay products — invariant mass distribution

e Input:

> Jet algorith et

gorithm O
> Hadronization f

. b @,
> Underlying event N jJJVOW+
MC used for estimating these effects t

> m}dc is determined ‘P e O O O ;S)

3 - -QF
Question: What is mM©? ow:“ﬁ N

Top quark production at Tevatron [Wikipedia: Top Quark]
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Top Mass Determinations at Hadron Colliders - MC Top Mass 1

e Goal: Reconstruct top from its decay products — invariant mass distribution

e Input:
> Jet algorithm
> Hadronization

> Underlying event

MC used for estimating these effects

< mMC is determined

e Steps in the MC:

> Hard ME - tt production

> Parton shower - evolution down to the
shower cutoff A,y ~ 1GeV

~+ additional cutoff for top I';

!
|
\

\

\

\

=i incipl hort di |
in principle a short distance mass Q Acut ~ 1GeV

(» Hadronization - model dependent ) H
m%\/IC _ mtshort—diStance + O(1GeV) [original picture D. Zeppenfeld]

[Hoang, Stewart '08, Hoang '14]
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MC Top Mass 2

e Short distance mass schemes:

> MS mass: p > () (n; + 1 flavors): m(m) — mPle = —m(m) anl ano (%:n))

> R-scale short distance mass: R < m(m) (n flavors) e.g. MSR mass [Hoang, Jain, Scimemi, Stewart 2008]:

absorbs fluctuations > R, smoothly interpolates all R-scales
n
MSR le _ as(R) MSR/MSRY _ —(—
m (R) — mP°® = —R E o anO(Z—ﬁ> , m (m ) = m(m)

e Aim: Would like to arrive at relation: [Hoang, Stewart '08; Hoang '14]

m)lf\/[c — m?hort—distance + O(lGeV) ‘

e Strategy: compare MC-independent quark mass-sensitive hadron level predictions with
sample data from some MC

> relation should not depend on studied process — look at et e™ — ¢t + X — hadrons

> should only depend on which MC program is used — for now we focus on PYTHIA
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MC Top Mass 2

e Short distance mass schemes:

> MS mass: p > () (n; + 1 flavors): m(m) — mPle = —m(m) Z ano (M)

> R-scale short distance mass: R < m(m) (n flavors) e.g. MSR mass [Hoang, Jain, Scimemi, Stewart 2008]:

absorbs fluctuations > R, smoothly interpolates all R-scales
n
MSR le _ as(R) MSR/MSRY _ —(—
m (R) — mP°® = —R E o anO(Z—ﬁ> , m (m ) = m(m)

e Aim: Would like to arrive at relation: [Hoang, Stewart '08; Hoang '14]

MC — ) MSR (R ~ 1GeV) + Ay me (R ~ 1GeV) ‘

At7Mc(1GeV) ~ O(lGeV) contains perturbative, non-perturbative contributions — specific for each MC

e Strategy: compare MC-independent quark mass-sensitive hadron level predictions with
sample data from some MC

> relation should not depend on studied process — look at et e™ — ¢t + X — hadrons
> should only depend on which MC program is used — for now we focus on PYTHIA

e Use SCET setup for fully quark mass dependent thrust (2-jettiness) distribution
Talk by A.Hoang SCET2014, B.Dehnadi SCET2015
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Massive Event Shapes

e Very popular observables for et e~ — hadrons are (global) event-shapes
e Look at 2-jettiness 72 (thrust)

1 X
T2 =1— max — t-pi
: Qg |t - pil
7

@ Thrust
© 2-Jettiness

Q=35, m,=4.8 GeV

— Y X

g

0.1

0.2
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0.3

0.4

e In dijet region: T ~ %

o Well suited for case of
massive quarks

e Additional shift of ~ 2@)%2

— high mass sensitivity
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EFT Treatment - Recap

see talk of A.Hoang at SCET2014 and B.Dehnadi at SCET2015
e Massless case

[Bauer, Lee, Fleming, Sterman 2008; Berger, Kucs, Sterman 2003]

1 dUSCET

= QH(Q,py)Un(Q, ppy, 1= py) /dsd@ Je(s, 1)

oo dr
S
XUs(lypy, ns)Sr(Q T — — — €, pg)
N N
HH
my —
s —

Aqcp —
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EFT Treatment - Recap

see talk of A.Hoang at SCET2014 and B.Dehnadi at SCET2015

e Introducing massive quarks

> VFENS for final state jets (with massive

quarks)

[Gritschacher, Hoang, Jemos, Mateu, Pietrulewicz '13 '14]

[Butenschén, Dehnadi, Hoang, Mateu '16 (to appear)]

> Boosted top jets

[Fleming, Hoang, Mantry, Stewart 2007]

(I/BHQET) | (1)

(V)

I
I
I
I
HH +
I
I
I
I
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> Non-perturbative power-corrections are

included via a shape function Fi,04

[Korchemsky, Sterman 1999

do doPart
o ® Frmod (01, Q2, ...
NNLL + NLO

+ non-singular 4+ hadronization
+ renormalon-subtraction

2016-03-21

5 /17



Convergence, Mass Sensitivity

° g_:: :f(m%\/[SRzaS(mZ%Ql?QQ: s MH T Sy M er/)

any scheme non-perturbative renorm. scales finite lifetime

1 do 1 do
oo dt g0 dt
120 [ NNLL 140 NN
100 | 120 e Good convergence
80 100
60 80 e Reduction of scale
60 ;
0 40 uncertainty (NLL to NNLL)
20| Q=700 GeV Q= 1400 GeV
0 e Control over whole
09422 0,124 0,126 0.126 0130 0.132 0.134 00280.0300.031 0.0320.0330.0340.035.0.036 distribution
T
1dg 14 . L
102ncdt 1020“ e Higher mass sensitivity for
Q=700Gov - (7n) = 159 GeV Q- 1400 Gev i (in) = 159 GeV lower Q
100 i (i) = 160 Gev | 120) W 7 () = 160 GeV
80 I R i = 161 Gov o Finite lifetime effects
60| 80 included
60|

40 40

20

e Dependence on
non-perturbative
0 0.125 0.130 o735~ 0029 0030 0,031 0,032 0,033 0,034 0.035 parameters
T T

20,
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Fitting Procedure

o 92 = f(mMSR, as(mz), 0, Qa, . im0, 1155 fars By 1)

any scheme non-perturbative renorm. scales finite lifetime

o Generating Pythia Samples: at 10 different energies: @ = 700, 800, 900, ..., 1400, 2000GeV

> 6 masses: mi ™ = 170, 171,172,173, 174, 175GeV

5 width: T', = 0.1,0.7, 1.4, 2.0GeV + pythia default (m} ™™ dependent)

3 tunes: 7 (default) , 3, 1 to estimate systematic uncertainties of PYTHIA

8 external smearing (detector effects): Qgmear = 0,0.5,1.0,1.5,2.0,2.0, 3.0, 3.5GeV

>
>
>
> Statistics: 10° events for each set of parameters

Now: everything is set for the fit
> Fit parameters (measured from PYTHIA): mi\/ISR, as(mz), Q1,Qa, ...

> First step: preliminary analysis using default parameters

> Second step: analysis with 500 sets of profiles (for renorm. scales)
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First Fits 1

9 a-700cev
ar

PRELIMINARY

140

700 GeV |

default ren. scales; I't = 1.4 GeV; tune 7;
1 Qsmear = 2.5 GeV; Q = 700, 1000, 1400 GeV;
peak(60/80)%

.
2 a=1000Gev

L L L L L L 4
01275 01300 01325 01350 0.1375 0.1400 0.1425

1000 GeV

™7 e Good agreement of PYTHIA 8.215 with
N2LL + NLO QCD description

PYTHIA |
e Discrepancies away from Peak
QCD 4
> Top decay correct at NLO in peak

L L L L
0062 0064 0066 0068

& a=1400Gev

L
0070

e
0072

> Subleading finite lifetime effects
> PYTHIA less reliable in tail

T T T T

1400 GeV

T

ok L L
0030 0.034 0.040

0.032

0036 0038
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First Fits 2 PRELIMINARY

2

X
17500
15000
12500
10000

7500

5000

2500
O 1 L 1 1 1 1
167 168 169 170 171 172

m%vISR (5GeV)

0.113 0.114 0.115 0.116 0.117

as(ms)

default ren. scales; I'y = 1.4 GeV; tune 7;
Qsmear = 2.5 GeV; Q = 700, 1000, 1400 GeV;
peak(60/80)%

= Observe: x2. ~ O(100)

e Very strong sensitivity to top mass

e Very low sensitivity to strong coupling

=» Take ay as input

e X2, and mS*a do not have any physical
meaning

e We use rescaled x2/dof (PDG prescription)
to define “intrinsic MC compatibility
uncertainty”
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Fits with Theory Scan 1 PRELIMINARY
SR
T (GeY) [Gev)
N2LL 500 profiles; I'y = 1.4 GeV; tune 1, 3,7,
173.0 NLL Qsmear = 1.5,2.0,2.5,3.0,3.5 GeV;
@ = 700, 1000, 1400 GeV; peak(60/80)%
1725 | mPY™s — 173 Gev
172.0
171.5
0.114 0.116 0.118 0.120 0.122
as(mz) e Very low sensitivity of miVISR on as(m;)
() [GeV] e Larger sensitivity of MS mass on o(m;)
164.0
163.5
163.0 H =» MC top mass is indeed closely related to
MSR(p
1625 ] ] m,;"> (R ~ 1GeV)
162.0 l
161.5
161'COA114 0.116 0.118 0.120 0.122
as(mz)
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Fits with Theory Scan 2 PRELIMINARY

mSR(1GeV) [GeV]

173.5
N2LL 500 profiles; I'y = 1.4 GeV; tune 1, 3,7,
173.0 NLL Qsmear = 1.5,2.0,2.5,3.0,3.5 GeV;
Q = 700, 1000, 1400 GeV; peak(60/80)%
1725 mEYTHIA = 173 GeV
172.0
171.5

15 2.0 25 3.0 35 . . ) )
Qmear [GeV] o “Detector effects” < perturbative uncertainty

mSR(1GeV) [GeV] e MC tun_e dependence < perturbative
173.50, uncertainty
173.25F
173.00F 3
172.75F E

=» MC top mass is indeed closely related to

172500 ] mMSR(R ~ 1GeV)
172.25F E

172.00F
171.75F E
171.50

tune
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Fits with Theory Scan 3 PRELIMINARY
NLL
o — 500 profiles; I'y = 1.4 GeV; tune 1, 3,7,
Qsmear = 1.5,2.0,2.5,3.0,3.5 GeV,
. @ = 700, 1000, 1400 GeV; peak(60/80)%
meTHIA =173 GeV
40
20
0 0.02 008 0.06 0.08 Amsat o “MC compatibility error” ~
tuning error ~ “detector effect” error
N2LL
o Effects < 100 MeV
2o — (maybe estimate for ultimate precision)
100 |
80+
60+
a0f
20+
0 Amtat
0.01 0.02 0.03 0.04 0.05
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Fits with Theory Scan 4 PRELIMINARY

o O‘.[GEV] ]
05 N2LL
04 NLL 500 profiles; I'y = 1.4 GeV; tune 1, 3,7,
N Qumear = 1.5,2.0,2.5,3.0,3.5 GeV;
N Q = 700, 1000, 1400 GeV; peak(60/80)%
09 meTHIA =173 GeV

0.114 0.116 0.118 0.120 0.122

a(mz)
e uCeV]
0.5]
2‘; o Reliable determination of non-perturbative
" matrix element €3
Z; e Expected dmy ~ 521
1.5 20 25 3.0 35 .
Qe [GeV] e Compatible with « tail fits — larger errors
0, [GeV) Q1 = 0.276 4 0.155 GeV (N2LL)
sk E [Abbate, Fickinger, Hoang, Mateu, Stewart 2011]
0.4F E
0.3F 4
0.2F E
0.1F E
0.0|
1 3 7

tune
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Fits with Theory Scan 5

Q, [GeV?]

1.0)

0.5)

0.0

-0.5|

0.114 0.116

Q, [GeV?]

0.120 0.122
as(mz)

15 20

Q, [GeV?]

3.0 35
Qsmear [GeV]

1

3

7
tune

PRELIMINARY

N2LL
NLL 500 profiles; I'y = 1.4 GeV; tune 1, 3,7,

Qsmear = 1.5,2.0,2.5,3.0, 3.5 GeV;
Q = 700, 1000, 1400 GeV; peak(60/80)%

mPYTHIA — 173 GeV

e 27 encodes dominant power correction
o Expected large error due to little sensitivity

o Reliable determination of non-perturbative
matrix element Qo
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Fits with Theory Scan 6

PRELIMINARY

Q [GeV.
07 1 [GeV]

0.6
0.5]
0.4
0.3
0.2
0.1
0.0
-0.1

0.5

0.0

-0.5
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N2L
NLL

500 profiles; I'y = 1.4 GeV; tune 1, 3,7,
Qsmear = 1.5,2.0,2.5,3.0,3.5 GeV,
@ = 700, 1000, 1400 GeV; peak(60/80)%

mPYTHIA — 173 GeV

170 171 172 173 174 175
myc [GeV]

0, [GeV?]

170 171 172 173 174 175
myc [GeV]

e Non-perturbative matrix elements {21 2
independent of top mass
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Final Result

500 profiles; I'y = 1.4 GeV; tune 1, 3,7,
Qsmear = 1.5,2.0,2.5,3.0,3.5 GeV,

mSR(1GeV) [GeV] @ = 700, 1000, 1400 GeV; peak(60,/80)%
7% PRELIMINARY l ‘ my IR = 173 GeV
174 l
173 l {
172 l { e Many checks still need to be done
171 { o Calibration error: 0.5 GeV seems
] feasible at N2LL
170 H
169 N2LL
NLL

168

168 169 170 171 172 173 174 175

myc [GeV]
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Conclusion & Outlook

Conclusion:
o First precise MC top quark mass calibration based on et e~ 2-jettiness: preliminary results

o N2LL 4+ NLO QCD calculations based on an extension of the SCET approach concerning
massive quark effects

e MC mass calibration in terms of MSR mass with perturbative error O(500MeV) appears
feasible at N°LL + NLO

e Intrinsic MC error seems O(100MeV)

Outlook:
o Fully verified error analysis N2LL + NLO on the way

o Heavy jet mass, C-parameter (N2LL) — work in progress

e Calibration for other MC generators
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Conclusion:
o First precise MC top quark mass calibration based on et e~ 2-jettiness: preliminary results

o N2LL 4+ NLO QCD calculations based on an extension of the SCET approach concerning
massive quark effects

e MC mass calibration in terms of MSR mass with perturbative error O(500MeV) appears
feasible at N°LL + NLO

e Intrinsic MC error seems O(100MeV)

Outlook:
o Fully verified error analysis N2LL + NLO on the way

o Heavy jet mass, C-parameter (N2LL) — work in progress

e Calibration for other MC generators

Thank you for your attention!
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