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Motivation
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Motivation

CMS Preliminary
Mass of the Top Quark LENN N N L L I B B B Y I

July 2014 (* preliminary)
= . @
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Outline

Part1: — Theoretical considerations on m}s\/IC

— “What is the physics MC mass ?” «

°* How mi\m is related to field theoretic masses.

Part2: — Method to determine m}fv[c

® Variable Flavor Number Scheme for final state jets.
Full massive event shape distribution

® First encouraging preliminary results
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QCD Parameters

QCD Lagrangian: EQCD — Lclassic + ﬁgauge—ﬁx + Eghost

1 o .
Eclassic — _ZFS?,BFAB + E Qa(zw - mq)a,@ db
flavors ¢

DF = 9* + igTC A*C

Formally my.p and o are couplings of the Lagrangian.

mgop , Ozg — bare UV-divergent

— field theoretically unique

— pure UV-object — NO IR dependence
mis, , «ff - renormalized UV-finite

— renormalization scheme dependent
— regularization scheme dependent
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Strong Coupling

TS (8
MS scheme: ¥ = ag(p) p* [1 — 47:6&) + } d=4—2¢ — 4
‘ T J 05 Tuly 2009
pure UV—dlvergent aS(Q) a a Deep Inelastic Scattering

04| oe e*¢” Annihilation
o= Heavy Quarkonia

— «as(p) is pure UV-object without IR-sensitivity
03}

— Choice of scale p is not unique (scheme dependence)

— Good choices for p related to the energy scale in the quantity ozl

o(eTe™ — hadrons) o1

R — =QCD as(Mz)=0.1184i0_0007
0(6+€_ — ,u+,u—) 1 10 0 [GeV] 100
s (po) (o) B0 S
Rt 0 [ ()] + -
e e L w COIR
= N, Z 63 { 1+ ozs(\/E) + } Summation of (large) logarithms
7 T

— “good choices of y”: Qg (,U) captures mast of the quantum corrections in its definition
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Heavy Quark Mass

TE
MS scheme: ;0 — m(p) |1 — SR
TE
— m(,u) is pure UV-object without IR-sensitivity * Very energetic processes (E>>m)
_, Useful scheme for 11 > m * Total cross sections
_ _ « Off-shell massive quarks
— Used a lot in beyond TeV physics - Away from thresholds/endpoints

. «
Pole scheme: m0 = mpole [1 e R ] o Eﬁn(mpole7mpole’ M)

e

— mPole = perturbative single particle pole of perturbative S-matrix Should not be used if

— Absorbes all self energy corrections into the mass parameter uncertainties are
below 1 GeV !

— Separation: self energy corrections <« inter quark/gluon interactions
for all momenta

— Has perturbative instabilities due to sensitivity to momenta <1 GeV (Aqcp)
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Heavy Quark Mass

MS scheme: 1,0 = 7(u) [1 - =4 ]

. «
Pole scheme: mP = mpole |:1 s 4. ] o Eﬁn(mpole’mpole’ M)
e

MSR scheme: mMSR(R) = mPole — Eﬁn(R, R, 1) Jain, AH, Scimemi, Stewart (2008)
— Interpolates between MS and pole mass scheme
mi\/ISR(R _ 0) _ mpole

m,"** (R = m(m)) = m(m)

— Separation: self energy corrections <« inter quark/gluon interactions
only for scales above R

— Stable in perturbation theory.
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Masses Loop-Theorists Like to use

Total cross section (LHC/Tev):

my S (R = my) =y (M)

more inclusive

* sensitive to top production
mechanism (pdf, hard scale)

* indirect top mass sensitivity

* large scale radiative corrections

Mt = Mt(o) + Mt(O)OZS + ...

Threshold cross section (ILC):

mp SR (R ~ 20 GeV), m;®, mp®

M; = Mt(O) + <pBohr>as + ...

<pBohr> = 20 GeV

Inv. mass reconstruction (ILC/LHC):

Mass schemes
related to different
computational

(R) methods

Relations
computable in
perturbation
theory

my"St (R~ Ty), i (R)
Mt = Mt(o> + FtOéS + ...

Ft = 1.3GeV

* more exclusive

 sensitive to top final state
interactions (low scale)

« direct top mass sensitivity

« small scale radiative corrections

Langenfeld, Moch, Uwer

Tevatron

MSTW 2008 NNLO
mm NLO
EER NNLO___

o [pb]

PR P I Wt
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Heavy Quark Mass in the MC

e hard scattering Monte-CaI"|O QCD Computer
e (QED) initial/final
state radiation

e partonic decays, e.g.

t— bW * Computes all inter-quark/gluon
® porton shower and radiation processes
* Computes hadronization of
partons

e colour singlets

o colourlese clustors * Electroweak radiation effects
e cluster fission
* Does NOT calculate self-energy
processes
* Value of MC mass parameter is
intrinsically related to the
hadrons interquark/gluon radiation
contained in the MC

string fragments ®

©
o
o
o] MC top mass does NOT
® ® depend on the observable
— _ ® since the MC calculates
|
O always the same way !
[
o} MC top mass is unique for
\ o each MC.
e
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Heavy Quark Mass in the MC

e hard scattering Monte-Car|O QCD Ca|CU|atOI"
e (QED) initial/final

state radiation
e partonic decays, e.g. .

f o « Computes all inter-quark/gluon
® parton shower and radiation processes

« Computes hadronization of
_ partons

e colour singlets . g
o colourless clusters » Electroweak radiation effects

e cluster fission

* Does NOT calculate self-energy
processes

string fragments ®

hadrons Inter-quark/gluon radiation/
Parton shower
cut-offat A, =1 GeV

° Hadronization model below.

details affect the value of top
mass.

o
O
O Shower, shower cut, model
[
@
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Heavy Quark Mass in the MC
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Heavy Quark Mass in the MC

* What is the top quark is not controlled ‘
by perturbation theory at momentum ‘
scales below A;=1 GeV

« Hadronization model affects the ‘
interpretation of the MC to%@mass

'S 99~ o I,
7 ’ Scheme-dependent
o |

uark e " O(1 GeV)
mi\/IC = m? + A
MC mass has features similar to MSR

the mass of a Top-meson.

my " (R) + AYH(R)

We use knowledge from B-meson
physics. Suitable scales: K = 1 — 3 GeV
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Lessons on the MC top mass (for a perfect MC)

The interpretation (and value) of the top mass parameter in each
MC generator is unique and should be observable-independent.

The value measured for the top mass depends on details of the
MC, so in principle different MC have different top mass values.

The MC top mass parameter has features similar to a Top meson
mass, and the way how to extract a field theoretical mass (in a
suitable scheme) is analogous to methods in B physics

Without further knowledge there is an uncertainty of order < 1GeV
one has to add when translating the MC top mass to a suitable

suitable field theoretical top mass ( MmMSR(R=1 - 3 GeV))
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MSR Mass Definition

AH, Stewart: arXive:0808.0222
m}tvlc = m%/ISR(Z’P_Lg GeV) = mi\/ISR(B GeV)fgjg

180
[ mTevatron m(m)
170 ©
- m(R)
160 |
a R=m(R)
150 ————t— =t —
OI I 50 100 150I R
Peak of _
L invariant mass Total cross section,
! I» distribution, e.w.precsion obs.,
-~ endpoints Unification,
MSbar mass
Top-antitop
threshold at
the ILC
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Theory Tools to Measure the MC mass

Part 2 | The relation between MC mass and field theoretical mass can be
made more precise by measuring the MC mass using a hadron
level QCD prediction of a mass-dependent observable.

Need:

® Accurate analytic QCD predictions beyond LL/LO with full control
over the quark mass dependence

® Theoretical description at the hadron level for comparison with MC
at the hadron level

® Implementation of massive quarks into the SCET framework
®* VFNS for final state jets (with massive quarks)*

* In collaboration with: P. Pietrulewicz, V. Mateu, I. Jemos, S. Gritschacher

arXiv:1302.4743 (PRD 88, 034021 (2013))
arXiv:1309.6251 (PRD 89, 014035 (2013))
arXiv:1405.4860 (PRD ..)

More to come ...
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Theory Tools to Measure the MC mass

Observable: Thust in e+e-

2. |7 - pil

7T = 1 — maxp

Q| S

7':30 M12 -+ M22
A Q2

Invariant mass distribution in the resonance region !

soft particles

n-collinear

n-collinear

thrust
axis

hemisphere-a hemisphere-b

» )]
o o

Events/(16 GeV/c?)
N
(@]
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MET+2tag jets: 4 jets

e Data

. Background

meee (GeV/c?)
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150

100}~
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5
T
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—+— Data
I Fitted tf

Fitted Bkg

»*/Ndof = 17.3/33
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Factorization for Massless Quarks

do Korshemski, Sterman
= QPooHo(Q, ) | dl Jo(QL, 1) So (QT — L, 1) | Schwartz

T Fleming, AH, Mantry, Stewart
Bauer, Fleming, Lee, Sterman

20
ldo [ i
o dt . )
15t %‘%’t
[
10f «
SR
L e
0 1 |7 2o sien 0en lo-s.s aian J
00 0.1 0.2 03 04
ok A pH ~ Q
Abbate, AH, Fickinger, Mateu,
observable-dependent Stewart
[ profile functions
i ps ~ Q1
V@Aqgep ¢
AQCD - T
0.0 0.1 0.2 0.3 0.4 0.5

do \ sing
(—) ~ 00 H(Q,uQ)UH(Q,uQ,uS)/dW’ Us(Qr — £ — 1, uq, ps) JT(QF, p1j) ST (€ — A, i)

part
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VFN Scheme for Final State Jets

Gritschacher, AH,

— consider: dijet in e*e-annihilation, n, light quarks ® one massive quark Jemos, Pietrulewicz

— obvious: (n+1)-evolution for y = m and (nj)-evolution for y <m

— obvious: different EFT scenarios w.r. to mass vs. Q —J — S scales

“profile functions”

0 pH ~ Q
L] ~ T
i~ QVL —
m \ 4
L ng
V@AqeD ¢
Ao =2 . AN
0. 0.3 0.4 0.5

— Deal with collinear and soft “mass modes”

— Additional power counting parameter Am = m/Q

mode | p" = (+,—, 1)

ncoll MM | Q(\5,1,Am)
soft MM Q(Am, Amy Am)

33

Aims:

Full mass dependence (little room for any
strong hierarchies): decoupling, massless limit

Smooth connections between different EFTs

Determination of flavor matching for current-,
jet- and soft-evolution

Reconcile problem of SCET,-type rapidity
divergences

'12/Q L ,’,'
.
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Fully Massive Thrust

— fully massless * Full N3LL' (u.t. 4-loop cusp)+ 3-loop non-singular
* Gap scheme for soft function
SCET authors: Becher, Schwartz,
Fleming, AH, Mantry, Stewart
Bauer, Fleming, Lee, Sterman
Fixed-order authors: Ge]hrmann etal, Weinzierl

AN
A\

AS S|
=

AN

Full N2LL/NSLL
Four different physical situations

Pietrulewicz, AH, Gritschacher, Jemos 2013+2014

— secondary massive

3
3

=
=

— primary massive Full N2LL/N3LL finished

Three different physical situations
Massive quark loops in log resummation

To be published

ASEEAS|

— primary massive
secondary massive

8

7N
AN AN

N
V:
N

=
=
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Counting Rules

LL NLL NNLL NNNLL
In 9% = (a41n)* In4(as In)* + as(a, In)* + o?(a,s In)* +
y s s s\Us s\Us v
) Classic Counting
standard cusp non-cusp matching alphas
- LL 1 - tree 1 LLA
counting NLL | 2 1 tree 2 NLLA
NNLL 3 2 1 3 NNLLA + LLO
N3LL | 4pade 3 (2) 4 NNNLLA + NLO
LL’ 1 - tree 1 LLA
primed NLL/ 2 1 1 2 NLLA + LLO
counting NNLL/ 3 2 2 3 NNLLA + NLO
emphasizes N3LL/ | 4pade 3 3 4 NNNLLA + NNLO
fixed order
Ok for ILC
Theory error from Padé estimate of I'5™ Still massing for LHC
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VFNS for Inclusive Hadron Collisions

_ _ Q2 — _q2
e.g. Deep Inelastic Scattering: do(e pdgde + X) "314 | o
X |
— consider all quarks as as light (m, <A) L i N
— quark number operators with an anomalous dimension
between proton states — DGLAP equations ,1/611” i NS
— Hadronic tensor: l ; |
N N
W @z) ~ > fali) © wu (Q. 2, ) —— Q

partons a

— u-dependence with DGLAP equations for (light) parton distribution functions

3 [qi(x, 0% _oz(Q' /dE
J1n 02 (g(.\'- Qz)) Z

X X 3
P, - (7. - N _)_. N ~
x R’“"’:(E g ')) Fus ( @ )) (q-f‘-f~Q") (11)
Raw_f (%‘ o8 (Q: )) P“ (g' a\(Qz )) g(E‘ Q—) |
S A
do a2 9 — m
S(Q2) _ _50 s(Q) I ﬁo — 11 — S Mlight RN E— light
dln @ (4m) 3
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VFNS for Inclusive Hadron Collisions

do(e™p — e~ + X) .
dQ) dx ’l/[/]

— realistic case: massive quarks with Q > m > A p/
(charm, bottom [top])

e.g. Deep Inelastic Scattering:

— Hadronic tensor: g

",
Wi (m, Q) ~ > f D (1) @ wy (m, Q) ]

a:quq’Q P/
VENS for pdf evolution: A

2

/

®* DGLAP evolution for n, flavors for y < m (only light quarks)
®* DGLAP evolution for n+1 flavors for y = m (light quarks + massive quark)
® Flavor matching for a4 and the pdfs at y,, ~ m

n 1 n
fcg,gl,—lé_? Hom) Z gQIa m Mm)@)f( l)( m)

a=q,g v

— hard coefficient w,,,(m,Q,x) approaches massless w,,(Q,x) for m—0
— calculations of w,, (m,Q,x) involves subtraction of pdf IR mass singularities N

— full dependence on m/Q without any large logarithms —— Mgy
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VFN Scheme: Secondary Massive Quarks

A N —re
Y X

P’ P

VQAqep b

Agep
0.

®*  Provided results for factors with complete mass
dependence at O(as”2) [NNNLL/NNLL'] scen. 3

® Flavor threshold correction factors at O(as”2)

® Reconcile problem of SCET,-type rapidity
divergences i ‘L

® Establish consistency conditions of flavor
threshold matching factors (e.g. universality
between thrust and DIS@ large x

® Simple implementation rules related to
modified renormalization conditions

* Removal of O(Aycp) renormalon effects
concerning mass and soft effects N IvRr: ps ~ QT
A\Q('D L . L L L |
0.0 0.1 0.2 0.3 0.4 0.5

scen. 2 scen. 4

Q_ p ~ Q

s~ QT
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VFN Scheme: Secondary Massive Quarks

Scenario?2: Q>m>J>S>m

HHg Fre===- "
- thard ;
) mass modes enter SCET, but integrated out before the jet scale
|25 J—— m E
.COH MM . et I 1 2 0
S Esoft NV 92 o " () |” U (uatt, i) | M () P U (. 25)
R FE| x [ de [ dsdo(s,ps) UP(QL— s, 1y, 115) So (Qr — £, pis)
HJ 1
coll. ML U( ). evolution factor 7( ) = )
C”(,u/-/ =/ (ny) — <«——— Contains all mass-singularities
SFET- massive SCET contribution
NSVV (0)
soft ML U, stands for: (a)massive gluon integrated out

b) (n,)-evolution

ML = massless
MM = mass mode

(
(

Ui(l) stands for: (a)massive gluon dynamical
(b) (n+1)-evolution
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Rapidity Logarithms

® Secondary mass effects start at O(a.?)
®  Counting for rapidity logs: a, Log ~ 1
At O(0?): * No resummation not needed

* Need terms at O(a.® Log) and O(a.* Log?)
* Extract O(a 2 Log) M,® term from DIS

Use results from Alblinger, Blimlein, etal. 2014

(n;+1) 2 2 O(a 2)
Qs CrT 4 40 112 s
Mir(Qum ) =14 ¢ (472)2 j Fl“(‘Z_?) {§L’2”+ ?L“W}
(as CrTF (4.3 38 5, (242 2r 52 875 5w
I3 + —L e L )Ly — =8+ — + —
+[ (4m)? {9 m g ’"+<27+3) QC()+54+9}

n 3 3
(™) CrTr p2, (3) n
e g ) M et
n=0

(ni+1)V4 ~2 2 E 8 160 416 4480 6272
(| 07) CFTE (—m—> {—L"‘ b3 2 T }]

(4m)2 9 ™" 97 o7 “m T a3 ™ T g
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VFN Scheme: Primary Massive Quarks

— bHQET-type theory when
the jet scale approaches the quark mass

p
/ Fleming, AHH, Mantry, Stewart 2007
— two SCET-type theories
Denahdi, AHH, Mateu Stewart upcoming
a \m no cross

/ section scen. 3

N

=T

N A

p
p
p

% l bHQET l scen. 4
\m 9, pa ~ Q

#

/

V@AQeD

ANoop E=——
e 0.0
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MC vs. SCET: Primary Bottom Production

Pre|iminary n Denahdi, AHH, Mateu

Compare MC with SCET (pQCD, summation, hadronization effects) @ NNLL for Thrust

® Take central values for o, and Q, from our earlier NNLL thrust analysis for data on
all-flavor production (=massless quarks) as(Mz) = 0.1192 + 0.006

Q; =0.276 £ 0.155

®* Compare with Pythia (m, Pia=4.8 GeV) for consistency and mass sensitivity

®*  Which mass does m,*ia=4.8 GeV correspond to for a field theoretic bottom mass?

Abbate,Fickinger, AHH, Mateu, Stewart 2010

order Q1 (MS) Q1 (R-gap) order as(mz) (with Q) a,(mz) (with Q&™)

NLL' 0.264 + 0.213 0.293 % 0.203 NLL/ 0.1203 £ 0.0079 0.1191 £ 0.0089

NNLL 0.256 + 0.197 [ 0.276+0.155 | NNLL 0.1222 £0.0097 | 0.1192  0.0060 |
NNLL' 0.283 £ 0.097 0.316 £ 0.072 NNLL' 0.1161 + 0.0038 0.1143 £ 0.0022
N3LL 0.274 %+ 0.098 0.313 +0.071 N°LL 0.1165 £ 0.0046 0.1143 £ 0.0022

N3LL’ (full) 0.252 % 0.069 0.323 £ 0.045 NPLL/ (full)  0.1146 £ 0.0021 0.1135 + 0.0009
N®LL'@cpim,)  0.238 +0.070 0.310 + 0.049 N°LL/@cp4m,)  0.1153 +0.0022 0.1141 + 0.0009
N®LL (pure @epy  0.254 £ 0.070 0.332 £ 0.045 N3LL (pure @opy - 0.1152 £0.0021 0.1140 =+ 0.0008
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MC vs. SCET: Primary Bottom Production

Preliminary !! (no fit yet) all NNLL+NLO
Pythia: m, Y*"* = 4.8 GeV
QCD calc.: mb(mb) = 4.2 GeV Olg (Mz> = (0.1192 Ql = 0.276 GeV

Q=16 GeV Q=24 GeV
Q=48 GeV ,5 Q=91.187 GeV |

01 02 03 04 01 02
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MC vs. SCET: Primary Bottom Production

Preliminary ! (No fit yet)

my(my) = 3.7,4.2,4.7 GeV as(Mz)=0.1192 Q; = 0.276 GeV

Q=16 GeV

Q=24 GeV

Q=48 GeV Q=91.187 GeV |
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Conclusions

— The MC top mass parameter has the status of a hadronic parameter and is
therefore not a field theoretic mass definition

— The issue is becomes relevant when uncertainties in the MC top mass are
becoming smaller than 1 GeV.

— Ignoring the issue means that there is a conceptual uncertainty of about 1 GeV
one needs to account for when relating the MC mass to a field theory mass.

— Suitable field theory mass definition in this context: e.g. MSR mass (R=1-3 GeV)

— It is possible to relate the MS top mass to a field theoretic mass by fits of QCD
calculations at the hadron level to MC output for very mass sensitive quantities.

— When one does that there are still theoretical uncertainties (in the QCD
predictions used for the fit) one has to account for.

— Fully massive thrust using a VFNS for final state inclusive jets.

— Upcoming: - C parameter, heavy jet mass, inv. mass distr. @ NNLL
* NNNLL for ete- — Need: 2-loop massiv quark jet function
» DIS for massive quarks @ large x
* pp — tt+X (2-jettiness) @ NLL — NNLL possible, NNNLL need NNLO full. Diff.
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