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Motivation



Top quark: more than just “very heavy”

? proton

b

muon strange . charm
quark quark

electron down ., up
quark quark

W+

Comparison of particle masses. The volume of each sphere is proportional
to the particle mass. The mass of the neutnnos Is too small to be visible

Hadronization time  m.q ~ 7 X 10724

Top mean lifetime 73 ~ 5 X 107%° s

Heaviest known particle

Only quark that does not hadronize
Top mass crucial to EWV precision tests
Top production major background for
new-physics searches

It can form a resonance, almost like
“real particles”
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Top quark: more than just “very heavy”

P proton

o Heaviest known particle

e Only quark that does not hadronize

e Top mass crucial to EWV precision tests

« Top production major background for
new-physics searches

H v o « It can form a resonance, almost like

“real particles”

electron down . up
quark quark

« Precise value of top mass crucial to

Comparison of particle masses. The volume of each sphere is proportional

to the particle mass. The mass of the neutrinos is too small to be visible Stu dy the Stab”ity Of the SM Vacuum
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Top quark mass reconstruction

LCH case (Tevatron is similar) basic idea: identify ALL top decay products

2
Z Y2 — 2 4 A2 ole mass +
. contamination

i~decay
invariant mass distribution
my + Amllgladromc
Jet algorithm

peak position / hadronization
22000 = v Soft physics
=S Underlying event
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Top quark mass reconstruction

LCH case (Tevatron is similar) basic idea: identify ALL top decay products

2 2 2 +
( } : p/.‘) = m2 + Am’ Eole mass + )
. contamination

invariant mass distribution

M + Amllgladromc

Very hard to compute these effects from first principles

jet Experimentalist use Parton shower MC to estimate them

Therefore the parameter determined is in fact myC



Overview of parton shower MC

e hard scattering

Pythia
hadron

Sherpa e partonic decays, e.g.

t — bW
Herwig e parton shower

evolution

e colo glets

Geneva e colourless clusters

e cluster fission

Hard matrix element: annihilates initial particles into tops + other hard partons

Parton shower: QCD resummation at LL of large Sudakov logs

~ partial NLO matrix elements

Top mass: mass of top propagator prior to top decay... scheme!?




Quark masses and schemes in QFT

é‘éﬁ% + eee = 1 Mo = bare mass

Z(p)mo) ]b — Mo — M

independent

has divergences quark mass defined in context of perturbation theory

Pole scheme: propagator has a pole for p — m, The whole diagram is
absorbed into the

m, = mg + X(my, mo) pole mass is [ - independent mass definition !!!

7 1\ Linear sensitivity to infrared momenta leads to
?g@ m/@\ factorially growing coefficients in perturbation theory
= . 3 asymptotic behavior, but impacts lower orders
Y(m,m) ~ Z "t (285)™n! Similar behavior in other diagrams for a
n ) given observable




Quark masses and schemes in QFT

é‘éﬁ% + eee = 1 Mo = bare mass

5, o) p —mo— £

independent

has divergences quark mass defined in context of perturbation theory

Pole scheme: propagator has a pole for p — m, The whole diagram is
absorbed into the

m, = mg + X(my, mo) pole mass is [ - independent mass definition !!!

S 1
MS scheme: propagator is finite, subtract only ~ in dimensional regularization no
€ renormalon

m(p) = mo + X(mp, mO)‘% MS mass is [t - dependent problem



Quark masses and schemes in QFT

gﬁﬁ% + eee = 1 Mo = bare mass

2(p7m0) ]5 — Mo — @5@%%

independent

has divergences quark mass defined in context of perturbation theory

Pole scheme: propagator has a pole for p — m, The whole diagram is
absorbed into the

m, = mg + X(my, mo) pole mass is [ - independent mass definition !!!

S 1
MS scheme: propagator is finite, subtract only ~ in dimensional regularization no
€ renormalon
m(p) = mo + X(mp, mO)‘% MS mass is [t - dependent problem

Relation to the pole mass is
used to define any other
[t - dependent short-distance scheme

my — m(p) = X(mp, mo)|finite = om ()



Quark masses and schemes in QFT

é‘éﬁ% + eee = 1 Mo = bare mass

>(p, m0) p—mo— £

independent

has divergences quark mass defined in context of perturbation theory

Pole scheme: propagator has a pole for p — m, The whole diagram is
absorbed into the

m, = mg + X(my, mo) pole mass is [ - independent mass definition !!!

S 1
MS scheme: propagator is finite, subtract only ~ in dimensional regularization no
€ renormalon
m(p) = mo + X(mp, mO)‘% MS mass is [t - dependent problem

mp — mMSR(R) = Y(R, an\fSR”ﬁnite = dmmsr(R) more on the MSR mass later

no renormalon problem

R - dependent



M S R m as S [Hoang, Jain, Scimemi, Stewart, ‘08]

%) S a2 asymptotic behavior
m(u s '

mass-independent
only i - dependent !!

Absorbs into mass parameter UV
fluctuations from scales > R



M S R m as S [Hoang, Jain, Scimemi, Stewart, ‘08]

- as (1) T asymptotic behavior
omgps(p) = m(p) anglog” | —— | ~ n+1(28)" n!
° [ dm ] ;:% ' <m<“)) uzn:a (26o)" mass-independent

only i - dependent !!

Smisn(R) = RY [as(R)]na ; Absorbs into mass parameter UV
L 4w fluctuations from scales > R
MSR _ _ .« - .
mH (R = 0) = mpole m*>*[R ~ Aqep]  similar to pole mass or kinetic mass
mMSR(R = m(m)] = m(m) but without renormalon problem!

185y
180}
175}
170F
165}
160F
155t

MSR interpolates between pole and MS




based on [Hoang ‘1 4]
M C Mass [Hoang, Stewart ‘08]

mMC = (173.34 & 0.274at &= 0.714y5) GeV  LHC-Tevatron combination

Let us assume that, to some extent, MC perform ab initio QCD computations



based on [Hoang ‘14]
M C Mass [Hoang, Stewart ‘08]

mMC = (173.34 & 0.274at &= 0.714y5) GeV  LHC-Tevatron combination

Let us assume that, to some extent, MC perform ab initio QCD computations

Important fact: MC’s do not include quark self-energy corrections

Therefore one can consider ... but only for energy
these are absorbed into the scales above the shower
mass parameter... cutoff Ashower ~ AqQch

myC = mMPR(R = 1 GeV)



based on [Hoang ‘14]
M C Mass [Hoang, Stewart ‘08]

mMC = (173.34 & 0.274at &= 0.714y5) GeV  LHC-Tevatron combination

Let us assume that, to some extent, MC perform ab initio QCD computations

Important fact: MC’s do not include quark self-energy corrections

Therefore one can consider ... but only for energy
these are absorbed into the scales above the shower
mass parameter... cutoff Ashower ~ AqQch

Parton shower and hadronization model modify the shape of the distribution
and further modify the peak location.

m}f\/IC — mMSR(R — 1 GeV) —+ At,MC (R =1 GGV) ~ 1GeV



based on [Hoang ‘14]
M C Mass [Hoang, Stewart ‘08]

mMC = (173.34 & 0.274at &= 0.714y5) GeV  LHC-Tevatron combination

Let us assume that, to some extent, MC perform ab initio QCD computations

Important fact: MC’s do not include quark self-energy corrections

Therefore one can consider ... but only for energy
these are absorbed into the scales above the shower
mass parameter... cutoff Ashower ~ AqQch

Parton shower and hadronization model modify the shape of the distribution
and further modify the peak location.

mC = mMR(R =1GeV) + Ay mc(R = 1GeV)

The MC mass parameter should be process-independent (only MC dependent)



[Buttenschon, Dehnadi,

Calibrating the MC mass  Hoang preisser, stewart]

Strategy: “measure” the MC mass using a completely independent hadron level
QCD prediction of a strongly mass-dependent observable.
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Strategy: “measure” the MC mass using a completely independent hadron level
QCD prediction of a strongly mass-dependent observable.

The MC mass parameter should be process-independent (only MC dependent)
Therefore we set our analysis in the simplest setup: eTe™ — tt+ X
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Strategy: “measure” the MC mass using a completely independent hadron level
QCD prediction of a strongly mass-dependent observable.

The MC mass parameter should be process-independent (only MC dependent)
Therefore we set our analysis in the simplest setup: eTe™ — tt+ X

We will use massive event shapes (jets) as our observable: thrust, H|M, etc...



[Buttenschon, Dehnadi,

Cal | b I’ati ng th c M C Mass Hoang, Preisser, Stewart]

Strategy: “measure” the MC mass using a completely independent hadron level
QCD prediction of a strongly mass-dependent observable.

The MC mass parameter should be process-independent (only MC dependent)
Therefore we set our analysis in the simplest setup: eTe™ — tt+ X

We will use massive event shapes (jets) as our observable: thrust, H|M, etc...

We will use SCET as our first principle QCD calculator:

Full mass scheme control: MS or MSR
Full hadronization control: shape function

Full resummation perturbation theory + control: N’LL + NLO




[Buttenschon, Dehnadi,

Cal | b rati ng th c M C IMass Hoang, Preisser, Stewart]

Strategy: “measure” the MC mass using a completely independent hadron level
QCD prediction of a strongly mass-dependent observable.

The MC mass parameter should be process-independent (only MC dependent)
Therefore we set our analysis in the simplest setup: eTe™ — tt+ X

We will use massive event shapes (jets) as our observable: thrust, H|M, etc...

We will use SCET as our first principle QCD calculator:

Full mass scheme control: MS or MSR
Full hadronization control: shape function

Full resummation perturbation theory + control: N’LL + NLO

We will use Pythia as our parton-shower MC... to start with



Theorekical se%up



Thrust et e — jets

r — 1 — max D |pi; n| |.R and minimizes mass effects, good to fit
> Pl collinear safe for s
. Single sum Continuous transition from 2-jet to
« Requires minimization 3-jet, multi-jet events
1 do
o dr dijet 7 ~ () ;>o<~:>
Y T 1 rrrr 111
1 Q =912GeV ]
15k ° peak ' .
T ]| threejets 7~ 0.3
10H '
: : tail far-tail -
< :
S“f'_L.; >~ spherical 7~ 0.5 <«—%—
e Continuous transition from 2-jet to
-'.-"'-- - . « o
ok A T e e 3-jet, ... multi-jet events




Jettiness e e — jets

N 2 >
77 = 1 — max 2.i|Pi - 7| LM +2M2
n Q Qrr<Q Q

very sensitive to quark mass, good for mass fits !!!

. o 2m”
Shifts the whole distribution by ~ 0z
peak sensitive to mass... good, Pythia can only be trusted in the peak
Q= 700

()0-— ) |
o 1 RN : Additional analyses on the way:
7o ar 4 N LN\ ; C-parameter and HJM, with

o ML ; equally good sensitivity

0.130 0.135 0. 140



Jet formation and evolution

hadronization
un ~ Aqep

soft emissions
Hs Z AQCD

et

collinear emissions

py ~ Q Aqep S8
oSS S L
% g Q> > QAgep > Ajep
1 4. ‘@ arge hierarchy of scales
Hard collision arge logs of ratios

pn ~ Q EFT treatment is called for!



Factorization theorem for massless event shapes

]_ dO' A [Bauer, Lee, Fleming, Sterman]
:HQxJ€®S€+O(eO, QCD) g

Xy d€ / \ Q [Berger, Kuks, Sterman]
Universal Wilson T

Coefficient Soft function \ Nonsingular terms,

power corrections

Perturbative and
nonperturbative
components

Calculable in
perturbation theory



Factorization theorem for massless event shapes

:HQXJB(X)SG—I-O

00 de Q
Universal W/ilson T \

Coefficient Soft function \ Nonsingular terms,

]_ dO' ( 0 AQCD) [Bauer, Lee, Fleming, Sterman]
6 Y

[Berger, Kuks, Sterman]

power corrections
AH HH
: Perturbative and
Calculable in .
, nonperturbative
perturbation theory
components

Leading power correction comes from soft function

S e — g e ® F e [Korchemsky, Sterman, Tafat]

perturbative

nonperturbative & [Korchemsky & Sterman] dO- dO- F
perturbative [VM, Thaler, Stewart] B Ty @

de de




Factorization theorem for massless event shapes

:HQXJQ(X)SG—FO

]_ dO' ( 0 AQCD) [Bauer, Lee, Fleming, Sterman]
6 Y

[Berger, Kuks, Sterman]

oo de / \ Q
Universal Wilson T
Nonsingular terms,

Coefficient Soft function

power corrections

N— e N—
Perturbative and
nonperturbative
components

Calculable in
perturbation theory

The factorization theorem needs to be modified to include massive particles

« Explicit mass dependence in matrix elements

« Running with different number of flavors according to thresholds
« Matching to a new EFT in the peak region



Renormalization group evolution

The hierarchy among
the scales depends
on the position on
the spectrum

Use profile function to describe the whole distribution

hard scale g ~ Q
jet scale ny~ QT
soft scale g ~ Q1

Aqep

large logs

o ()
0g
L4




Renormalization group evolution

hard scale g~ Q
: oo [ €
local running 5"\
jet scale ~
| v HJ Q \/F
A
M n HJ
non-local running log (_>
HsS
soft scale g ~ QT
X
A
logn( QCD
1S

Aqcp




Renormalization group evolution

M

hard scale g ~ Q

jet scale ny~ QT

soft scale s ~ QT

no heavy quark
produced

Scenario |

When including massive quarks, a new scale enters the game!



Renormalization group evolution

hard scale g ~ Q

jet scale ny~ QT

soft scale s ~ QT

relevant for us,
mas sensitivity

Scenario |l

When including massive quarks, a new scale enters the game!



Renormalization group evolution

hard scale g ~ Q

jet scale ny~ QT

soft scale s ~ QT

Scenario |l less mass sensitivity

When including massive quarks, a new scale enters the game!



Renormalization group evolution

hard scale g ~ Q

jet scale ny~ QT

soft scale s ~ QT

Scenario IV no mass sensitivity

When including massive quarks, a new scale enters the game!



\/QAQCDg

pa ~ Q

Agep =2
<C 0.

>

QAu

QAT
Q)\Q-

Q2 0N Qdu 0
(b)1 > Apr > A > A2

Scenario |l

hard scale ¢1nm

mass scale Um

A 4

n; + 1
massless evolution

matching coefficient

jet scale

V] massless evolution

soft scale i1 g

vV

71 massless evolution




Primary Heavy quark production

The jet function now depends
on the mass in a nontrivial way

Jn(87 m, :uJ)

(mass has the same power
counting as jet scale)

et

In particular shifts the

whole distribution
2>

oY gr

enhances mass
sensitivity !!!



Primary Heavy quark production

New kinematical regime for

Q*T — 2m? ~ 2mIl < 2m? :

New class of logs, match to a new EFT

boosted HQET (or bHQET)

el

In this theory one can
treat finite width effects
from first principles
(essential for top,
irrelevant for bottom)

In practice: new
matching coefficient,
new jet function, new
renormalization scale



boosted HOQET Factorization Theorem

1 do m? T
1 n n t t
~ HOHD s gt e g0 @ s o 2L 2L g
oo dT Q¢ my
QCD to SCET to bHQET  SCET corrections to fact.
SCET bHQET jet soft theorem (most of
matching matching  function function them accounted for!)

A

Hadronization here!



boosted HOQET Factorization Theorem

1 do m? T
1 n n t t
NH(nl—l_>XHrr(nf)><J(Bl)®S(nl)_l_O 29 s T
oo dT Q- my
QCD to SCET to bHQET  SCET corrections to fact.
SCET bHQET jet soft theorem (most of
matching matching  function function them accounted for!)

in SCET regime MS mass has correct behavior

in bHQET regime MSR mass has correct behavior
m(u) vs m>" (1) [GeV]

185 p—mm————————————
180f :
175§
170f
165§
160f

700f
600}
500f
400f
300k
200F

100f

100 200 300 400
u [GeV]






do

—  140f

dr

do
dr

Q =700 GeV

1205

1005

80f

605

40F

20f

O0.1275 01300 0.1325 01350 0.1375 0.1400 0.1425

T
Q =1000 GeV

250:_"I"'I"'I"'I"'I"'I'-
2005—
150
100 )

: Pythia

50

5 QCD
O-—...|...|...|...|...|...|.—-

0.062  0.064 0066 0068 0070  0.072
Q = 1400 GeV T
B L EULE IR B BN AL RN RN

200
150F
wf /[ Pythia

505—

O: R S T N T ST T S W NN T MU R

T

0.030 0.032 0.034 0.036 0.038 0.040 0.042

Fits to Pythia data very preliminary

We only compare peak data, since
otherwise Pythia is not reliable. Also peak
gives higher mass sensitivity.

* Good description of Pythia 8.2 default output
with default scale setting NNLL + NLO QCD.

* Pythia statistical errors: 107 events
* Theory error not included yet.

* Increasing discrepancies in distribution tail and
for higher energies due to off shell effects in NS

* Excellent sensitivity to the top quark mass.

Theoretical accuracy at NLL / NNLL order

0130 0132 0.134 0.136 0.138
T



Fits to Pythia data  very preliminary

x?/dof x*/dof
17500:I""I"".I.':"I""I""I_: 111.0..-|--.-|--.-.|.- -..-|--.-|-._.
15000 minimize w.r.t. shape | : minimize w.r.t. shape :
5 function parameters for 110.5¢ function parameters
12500 P 3 : P :
10000k a given a,(my) ; 110.0F and mass ;
7500 : 109.5}
5000F 109.0
o 108.5}

167 168 169 170 171 172 0.113 0.114 0.115 0.116 0.117
m°R(5GeV) as(myz)
Excellent sensitivity to the top quark mass Not very sensitive to strong coupling constant

m" Y™ — 171 GeV
mSR(5 GeV) = 169.923 + 0.006 GeV  + theory error




Fits to Pythia data

x? /dof
17500f T T
15000k minimize w.r.t. shape ;
12500é function parameters for
10000} a given a;s(mz)

7500F

5000F

2500F
Y e S :
167 16 169 170 171 172
m°R(5GeV)

m(m)

16126 7 T T T T3

161.1

161.0}
160.9}
160.8}

sensitive to strong
coupling constant

0.113 0114 0115 0.116 0117

as(mz)

very preliminary

x*/dof

111.0RC
110.5}

110.0

109.5
109.0f
108.5

minimize w.r.t. shape :
function parameters
and mass .

0.113 0.114 0.115 0.116 0.117

g (mZ)

m°R(5 GeV)

1701F Not very sensitive to strong -
1700k coupling constant
160, -f
160} |

0113 0.114 0.115 0.116 0117

as(mz)



Fits to Pythia data  very preliminary

x?/dof X2 /dof
17500:I""I"".I.':"I""I""I_: 111.0..-|--.-|--.-.|.- -..-|--.-|-._.
15000 minimize w.r.t. shape ; minimize w.r.t. shape :
| function parameters for | 110.5¢ function parameters
12500 P ; ; p :
10000k a given a(mz) E 110.0F and mass ;
7500 : 109.5}
5000 109.0} 5
o 108.5}
167 168 169 170 171 172 0.113 0.114 0.115 0.116 0.117
mSR(5 GeV) Olg (mZ)
Confirms that MC top mass is closely related to the
m(m) MSR mass at a scale close to the shower cut !!
f sensitive to strong | 7o T T
161.1F coupling constant ~  Not very sensitive to strong -

170.0F coupling constant :

161.0F
160.9} 169.9}= :
160.8F ] 169.8} :

0.113 0.114 0.115 0.116 0.117 0113 0114 0115 0116 0117

ags(my) o ()



Conclusions



Conclusions

° Top behaves almost as a real particle... but nok quite

o Precision thsms requires precise &‘?"F’ mass scheme

kinowledqge

° MC top mass can be calibrated bj comparison to a hadrown-
level ab initio “"QCD calculator” (SCET)

o Electron-positron collision, simplest possébi.e setup.
@ Thrust, easy and sewnsitive observable to start with

o Preliminary fits Look promising, full analysis to follow

very soon 4



Baﬂt{up slides



Heavy quark production through gluon splitting

collinear
splitting

if enough energy to produce M
pair of heavy quarks ®-8--»_-9_g Y . _9_g



0 [ pa ~ Q

\/QAQCDg

Agep 't
0.

9

QN Qo QX Q
(€)1 > X > Ay > N2

Scenario |l

hard scale 1ng

jet scale 1

n; + 1
massless evolution

S
7 n; + 1 massless evolution

\

Y

mass scale lm,

matching coefficient

N7 massless evolution

matching coefficient

TV massless evolution

soft scale s



Soft function
modification

......
~

soft splitting

pair of heavy quarks



Scenario IV

hard scale 1y

Q; pH ~ Q
n; + 1
: . massless evolution
V@Agen]| jet scale p
Agep -
0.
n; + 1

»>

massless evolution

o | soft scale /is

v.VY

QAmf

vl mass scale Um

— - > -
Q¥ Q@) Q no matching at the mass scale !

(€)1 > X > Ay > A2



