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Motivation

Mass of the Top Quark

July 2014
CDF-ldilepton
D@-1 dilepton
CDF-lldilepton*  — o
DIl dilepton N
CDF-I lepton+jets
D@-I lepton+jets
CDF-Il lepton+jets
DO-Il lepton-+jets
CDF-I alljets
CDF-Il alljets * T
CDF-litrack ©

-

CDF-Il MET+Jets

. . >
Tevatron combination *

(* preliminary)
167.40+11.41 (+10.30 £ 4.90)
168.40 £12.82 (+12.30 + 3.60)
170.80£3.26 (+1.83+2.69)
174.00+2.80 (+2.36+1.49)
176.1047.36 (+5.10+ 5.30)
180.10£5.31 (+3.90 + 3.60)
172.85+1.12 (+0.52+0.98)
174.984£0.76 (+0.41+ 0.63)
186.00+11.51 (£10.00+ 5.70)
175.07£1.95 (+1.19+1.55)
166.90£9.43 (+9.00+2.82)
173.93+1.85 (+1.26+1.36)
174.34£0.64 (+0.37+0.52)

(+stat + syst)

2/dof = 10.8/11 (46%)

CMS Preliminary

— Most precise mass from direct reconstruction: mM® = 173.34 + 0.76 GeV

Some
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CMS 2010, dilepton ®
JHEP 07 (2011) 049, 36 pb”"

. —_———
CMS 2010, lepton+jets
PAS TOP-10-009, 36 pb"
CMS 2011, dilepton .
EPJC 72 (2012) 2202, 5.0 fb”'
CMS 2011, lepton+jets -
JHEP 12 (2012) 105, 5.0 fb'

— e

CMS 2011, all-hadronic
arXiv:1307.4617, 3.5 fb"'

CMS 2012, lepton+jets
PAS TOP-14-001, 19.7 fb"

CMS combination
March 2014

Tevatron combination
Phys. Rev. D86 (2012) 092003

World combination 2014
ATLAS, CDF, CMS, DO

| | | |- | |

175.5 = 4.6 = 4.6 GeV
(value = stat = syst)

1731+ 2.1+ 2.6 GeV
(value = stat = syst)

1725+ 0.4 = 1.4 GeV
(value = stat = syst)

1735+ 0.4 = 1.0 GeV
(value = stat = syst)

1735+ 0.7 =+ 1.2 GeV
(value = stat = syst)

172.0+ 0.2 + 0.8 GeV
(value = stat = syst)

172.2+ 0.1+ 0.7 GeV
(value =+ stat = syst)

173.2+ 0.6 + 0.8 GeV
(value = stat = syst)

173.3+ 0.3+ 0.7 GeV
(value = stat = syst)

165 170

175

180
m, [GeV]

cannot be used as direct input into NLO/NNLO calculations since

it is not a field theoretic mass.
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Outline

Part 1. — Theoretical thoughts on mi\dc

MC
t

®* How m is related to field theoretic masses.

See: “The Top Mass: Interpretation and Theoretical Uncertainties”, arXiv:1412.3649
Same conclusions: AH, Stewart: arXive:0808.0222

Part 2: — Towards a determination of mi\m

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

¢ Status & preliminary results
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Top Quark Mass

m =p —m’ — X(p,m", )
' - S(m® m°, p) = m° [ %

+ ... } + 28 (mO mO )
e

MS scheme: ;0 = m(p) [1 et ]

— m(,u) is pure UV-object without IR-sensitivity
— Useful scheme for 1 > m

— Far away from a kinematic mass of the quark

. o
Pole scheme: m() _ mpole [1 s 4. ] . Eﬁn(mpoleﬂnpole’ M)

e

— Absorbes all self energy corrections into the mass parameter

— Close to the notion of the quark rest mass (kinematic mass) Should not be used if
— Renormalon problem: infrared-sensitive contributions from < 1 GeV that uncertainties are
below 1 GeV !

cancel between self-energy and all other diagrams cannot cancel.

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

;MZ:H% =P - mO — E(]?amoﬂu)
+ > S(m®,m® p) = m° [ = 4 } + Z%(m®, m®, )

e

MS scheme: ;0 = m(p) [1 et ]

Pole scheme: m() _ mpole [1 e T ] . Eﬁn(mpole’mpole’u)

MSR scheme: mMSR(R) = mPole — ©in(R R, 1)  for R <m  Jain, AH, Scimemi, Stewart (2008)

— Like pole mass, but self-energy correction from < R are not absorbed into mass

— Interpolates between MSbar and pole mass scheme

m}t\/ISR(R _ O) — mpole

my (R = m(m)) = m(m)

— More stable in perturbation theory.

— mi\/ISR(R = 1 GeV) close to the notion of a kinematic mass, but without renormalon problem.
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MSR Mass Definition

MSbar Scheme: (i > m(m))

m(m)—mPole = —m(m) [0.42441 as (M) + 0.8345 a2 (m) + 2.368 a3 (M) +. . ]

musr (R) —mPoe = —R[0.42441 o (R) + 0.8345 a2(R) + 2.368 a3(R) +. . ]

MSR Scheme: (R <m(m))

musr(musr) = m(m)

—=> muysr(R) Short-distance mass that smoothly interpolates all R scales

« Excellent convergence of relation between MSR masses at different R values
« Excellent convergence of relation between MSR masses and other short-distance masses
« Smoothy interpolates to the MSbar mass.
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MSR Mass Definition

® Mass definition must be close with the scale of the respective functions (—profile functions)

oo n
M = m: MSbar mass (n+1 — Y - as () \™ kK
O mGn) = mpe =) 32 37 e (F5) 0 D
— usual MSbar RG-evolution
U < m: R-scale short-distance mass (n,)
— power-like RG-evolution Jain, Scimemi, Stewart 08
— stable evolution down to the Landau pole Jain, Scimemi, Stewart, AH 08
00 ®r)\"
m(R) = mpole — 0m(R) om(R) = R) ,_, (as47r ) an
180 -
d d ] oc “q{”} _— _ mTevatron m(im)
— —_— e —_— — o H .
B = —gqgm) = B Zﬂ "L dr ] 170
BiaR 160
miB) ~m(fo) = [ Ry o (R) s
Ry R g
150 M————
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MSR Mass Definition

AH, Stewart: arXive:0808.0222
mMC = mMSR(3H8 GeV) = mMSR(3 GeV) Tl

180
- fevatron m(m)
170 |-
160 |
150 & ' ' —
O 50 100 150I R
Peak of _
. invariant mass Total cross section,
?;; u distribution, e.w.precsion obs.,
A—— endpoints Unification,
MSbar mass
Top-antitop
threshold at
the ILC
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Heavy Quark Mass in the MC

Monte-Carlo event generator:

* Hard matrix element:

Initial parton annihilation and top production plus
additional hard partons from pQCD.

* Parton shower evolution:

Splitting into higher-multiplicity partonic states (plus top decay) with subsequently lower virtualities until
shower cut A ;. NO top self-energy contributions.

Splitting probabilities from pQCD (approx LL accuracy, soft-collinear limit).
Can be viewed as a way to sum dominant perturbative corrections down to A.=1 GeV.

e Hadronization model:

Turns partons into hadrons.
Tune strongly dependent on parton shower implementation.
Description of data (frequently) much better than the conceptual (LL) precision of parton evolution part.

* MC mass:
Mass of top propagator prior to top decay.

— Interpretation MC dependent on view whether MC is more model or
r more first principles QCD. \

We have to assume this in order to go on.
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Heavy Quark Mass in the MC

Let’s take the reconstructed top invariant mass distribution as a concrete example to
see how the MC components enter the templates and the MC mass fitting.

60/
* Hard matrix element:

CDF Il Preliminary (8.7 fb") T
MET+2tag jets: 4 jets

Essentially only affects the norm

e Data

A
o

7 ¢
peed t

.Background
¢ MC mass:

N
o

Determines overall location of mass range where
distribution is peaked.

Events/(16 GeV/c)

100 200 300 400
2
mec° (GeV/c")

Parton shower evolution + Hadronization model:

Modify shape and distribution further.

PS: perturbative part - self-energy contributions absorbed into mass above A,
HM: non-perturbative part below A,

mMC = mMR(R =1GeV) + Arnic(R = 1GeV)

At,MC(l GeV) =~ 0(1 GeV) \

Contains perturbative and non-perturbative contributions.

Conceptual reliability related to how precisely A; \rc can
be determined.
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Heavy Quark Mass in the MC

Analogy: Meson masses
mp = my(1GeV) 4+ Ay g(R = 1GeV)

Ab,B(l GeV) >~ O(l GeV)

Table 1. Some B mesons masses, MSR masses mM5R(1GeV) and mMSR(2GeV) from m}S =
4780 4+ 66 MeV [18], and corresponding values for A g. All in units of MeV, ag(mz) = 0.1184.

mySR(1GeV) mMSR(2GeV) m(BP) m(B*) m(BY) m(B3)
4795 £+ 69 4571 + 69 5279.58 £0.17 5325.2+04 5724+2 5743+£5
Ap (1 GeV) 485 + 69 530 £ 69 929 £69 948 £ 69
Ap B(2GeV) 709 £+ 69 754 £+ 69 1153 £ 69 1172 4+ 69
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Additional Comments

* Using NLO vs. LO matrix elements does not affect the
interpretation of the MC mass

 Different parton evolution implies in principle a different MC mass.

* Relation of MC to MSR mass can be used to deal with mass
dependent efficiencies for total cross section measurements.

 MC mass should be independent of the process and kinematic
region used for fitting.
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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
completely independent 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: B. Dehnadi, V. Mateu, |. Stewart
arXiv:1302.4743 (PRD 88, 034021 (2013))
arXiv:1309.6251 (PRD 89, 014035 (2013))
arXiv:1405.4860 (PRD 90 114001 (2014))
More to come ...
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Theory Tools to Measure the MC mass

Observable: Thust in e+e-

7T = 1 — maxp E—
60 CDF Il Preliminary (8.7 fb)
Q “«— MET+2tag jets: 4 jets
o e Data
r—0 M 12 -+ M. 22 340
% 2 g .Background
Q i,
&
Invariant mass distribution in the resonance region ! 100 200 300 400

meee (GeV/c?)

CDF Run Il Preliminary (5.8 fb™)

= 1-tag events
—+— Data

7 Fitted ti
Fitted Bkg

soft particles

n-collinear n-collinear

Events/[5.0 GeV/c]
3
T

[
o
1=
T

L »*/Ndof = 17.3/33
150~

Prob = 0.989
thrust b3
axis

Fi

hemisphere-a hemisphere-b
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Description of Jets

LHC: Top Mass + ? Principle of mass measurements:

|dentification of the top decay products

. 2
ot “m2, = p? = ()"

-~

jet jet

Problem is non-trivial !

7 ' * | Measured object does not exist a priori, but
only through the experimental prescription
P — P for the measurement. Quantum effects !!

The idea of a - by itself - well defined object
having a well defined mass is incorrect !!

- N Details and uncertainties of the parton
shower and the hadronization models in
den MC'’s influence the measured top
quark mass.

jet

N
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Top Mass vs. Peak Mass

Double differential invariant mass distribution (NLL):

Q =5x172 GeV

d*c
['=1.43 GeV dM; dMsz
0.02
mj(2GeV) =172 GeV
0.01
MT = 5 GeV
172 > 0.00
UA = 1 GeV /

a=25, b=—-04 :
A = 0.55 GeV 180172

Non-perturbative effects shift the peak by +2.4 GeV
and broaden the distribution.
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Factorization for Massless Quarks

Korshemski, Sterman

do
i Q°ooHo(Q, ,u)/dé Jo(QU, 1) So (QT — £, ) | Schwartz
T Fleming, AH, Mantry, Stewart
20 ¢ Bauer, Fleming, Lee, Sterman
ldo [
od - )
’ 15, St
[ 3
0f" «
EI §
0 : 1 -'--..,M'l oooooooo less.o o na J
0.0 0.1 0.2 0.3 04
0 A pH ~ Q
Abbate, AH, Fickinger, Mateu,
observable-dependent Stewart
profile functions
Ofoon ps ~ QT
J\Q(,'D----'----"--\'----'-*--'7_
00 0.1 0.2 0.3 04 0.5

do’ Sil’lg
(5) > aoH(Q,ucz)UH(Q,uQ,us)/dfdﬁ’ Us(QT — £ — 0, ug, ps) J7(QU, 1) Sr(£ — A, )

part
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Primary Massless Quarks

P P

. Massless quarks / /

v SCET: Full N3LL + 3-loop non-singular
Becher, Schwartz

Bauer, Fleming, Lee, Sterman
Fleming, Hoang, Mantry, Stewart

P P

. Secondary massive quarks

v SCET: Full NNLL' / N3LL / /

v New degrees of freedom: mass modes
v Continuous description using VFNS m

Gritschacher, Hoang, Jemos, P P
Pietrulewicz, Mateu (2013 + 2014)
Presented by Piotr Pietrulewicz (SCET 2013/2014)

Top Mass: Challenges in Definition and Determination, May 6 - 8, 2015



Primary Massive Quarks

. Primary massive quarks

v SCET with massive quarks NNLL
v bHQET: full NNLL'/ N3LL

Fleming, Hoang, Mantry, Stewart

/ p
Jain, Scimemi, Stewart

m
P

/ p

I
\ m
i

. Fully massive (primary and secondary) quarks

v Complete and systematic description

Presented by Andre Hoang (SCET 2014)
Presented by Aditya Pathak (SCET 2014)

— Aim of this talk (status report)

<
AN
%
AN
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VFN Scheme for Final State Jets

. L e , , 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” Aims:
Q pu o~ Q *  Full mass dependence (little room for any
strong hierarchies): decoupling, massless limit
pr~QVZ n + 1 ® Smooth connections between different EFTs
i ¢ Determination of flavor matching for current-,
v jet- and soft-evolution
i ® Reconcile problem of SCET,-type rapidity
JOkaco i divergences
\ . A A
) 0.3 0.4 0.5 P A

— 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

'12/Q L ,’,'
.
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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 0 pa ~ Q

#

/

VvV @AgeD

ANocp ==
€ 0.0

Top Mass: Challenges in Definition and Determination, May 6 - 8, 2015



Scenario IV (SCET)

1 do(7) |SCET-IV n ng=m+1
o0 dS')‘ H, f)(Q nQ)U Uy, f)(Q HQs g /dS/ko (s, g, ) (1)
U(”,)(k-. HJ, :“'5') part (QT QTmin - 6 - ksﬂS) + (QCD) Non-Singular
Q HEH ~ Q
- A
Hard Sector
iy~ QT
mass modes enter in all the )
-, soft, jetand hard sectors. Jet sector Hg
i (Ilf)
' Soft Sector T Us
JOAoCD
Q v Mass modes
Agep = , R
00 0.3 0.4 0.5

» (QCD) No-singular — Non-singular + Sub-leading singular contributions

Top Mass: Challenges in Definition and Determination, May 6 - 8, 2015



Scenario lll (SCET)

1 dé(7) |SCET-III . , . n . ne =mn + 1
00 (15')’ =QHy" Q1) Uy (Q: 1. 1) / ds / dkdk k" ) (s, 1y, 72 (u)U (ks s pm)
Mglf)(k’ _kam(nf)(“m)allmd%) U.g'nl)(kll K, “'"‘”9) Part(Q = @iin = @ k”JLS)
large rapidity logs
o?log ~ aj + (QCD) Non-Singular
0 i~ Q
A
Hard Sector
pr~ QY v
mass modes enter in the jet| jat sector He
/ and hard sectors.
/ m >
/ Mass modes U;”f)
_ ps ~ Qr (1)
Vi QAQCD : Soft Sector Ug
"‘\QC'I) T N N | | TR R TR S| L T J T
00 0.1 0.2 0.3 0.4 0.5

~ Soft mass-mode matching: integrating in the mass-mode (secondary) effects in the evolution of
the soft function (top-down resummation). (’)(02)
S
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Rapidity Logarithms

® Secondary mass effects start at O(a,?)

Counting for rapidity logs: a, Log ~ 1
At O(a.?):

[ ] .
® No resummation to all orders needed

* Need terms at O(a¢® Log) and O(a.* Log?)

O(ay?)

n 2
(2"t CpTy P2\ (4, 40 112
MH(Q,maﬂ'm) =1+ (47!')2 In _§ §Lm + ?Lm + W
(ng+1)y2 2 2
Explicit (as™" ) CrTF {é 3, 385 (% QL) 52 875 5L}
— 5+ L3, 4+ =12 + + Ly ——=((3)+—+
computation [ (4m)? 9 9 27 3 o ¢G5t
o (ni+1) 3C T 2 3
Explicit (as™"7) L (_'“_"2‘) {Mg) + ) an L%}
computation (4m) Q .
n 4
- (" TNIC2TE L m?\ (8., 160 , 416 , 4480 6272
Exponentiation > —— —L —0L —L ——L,, + —
Xponentiat T A U2 A R A T St Ve Rt e O TF
2
Ly = In (2)
Hin
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b(oosted)HQET

1 dé(r) PHQET

ag dr

(n n ) —(n n Q
:QHQ ”(Q«MQ) U[({Qf)(Q*,quum HT('I":f}(m( f)hum) U;];)( (nl) ﬂm ,‘[’B)

n 5
/ds/dkB 2 () ﬂ kﬂ /"5) part(QT_—a_k’uS)

772]

ng=m+1

+ (SCET) Non-Singular + (QCD) Non-Singular

Q- NHNQ

A
Hard Sector
U}Inf )
Q
Hard Jet sector &
All the fluctuations of the order | Mass modes
of mass are integrated out.
— ()
Hm m Hon
/ / /15 QT Soft Jet sector v
(n)
V@AqeD tog
Soft Sector
/\QLD AN TR N Y Y Y Y NN SO SO N S T JT

00 0.1 0.2 0.3 0.4 0.5

> Matching coefficient of SCET and bHQET have a large log from secondary corrections.
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Profile Functions

Profile functions should sum up large logarithms and achieve smooth transition between
the peak, tail and far-tail.

06 (L) o (2) o () g (T12) s (U7 )+ 2hccn)

Q =700 GeV T

700I : L L | : | 3 T }_
Consistent l : -
%0 massless limit E Scales Variation
500 -
H00F E v Generalized to arbitrary mass values
H 300k E v Compatible with massless profiles
200:_ Hm _:
100F wg 1, | =
oF 1 | | | = Proper scale variations are essential
0.0 0.2 0.4 0.6 0.8 10 in reliable estimation of missing
. higher order terms.
< > < e >

Peak Tail Far-tail
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Profile Functions

Profile functions should sum up large logarithms and achieve smooth transition between
the peak, tail and far-tail.

os(2) rom () on(JL) Tlog("ggj) o (97~ + 2
Q =700 GeV

‘700[ : 1 1 1 : 1 1
Consistent
600 massless limit

- | Scales Variation |

v Generalized to arbitrary mass values
v Compatible with massless profiles

500

400

Hi E 4
300 y/ /4
200F | 4
C |/ V4 / g
100F Mg f /

obmm—t ] Proper scale variations are essential

0.0 02 04 0.6 08 10 in reliable estimation of missing
> higher order terms.

=
bHQET Tail (Scenario (“I)) Far-tail (Scenario (IV))
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Thrust Components: Bottom and Top

NNLL (singular) + NLO (non-singular) + power correction and renormalon subtraction

L Singular vs Nonsingular A. H. Hoang, V. Mateu, BD,
m,(m,) = 4.2 GeV M. Butenschoen & lain W. Stewart

Q=45 Singular
Nonsingular
Total

1 MSR mass
1 |de| O
ool dr . - -
Ry = Cancellation of singular and nonsingular
contributions at far-tail.
0.001
1ot - 1> Finite width effects turned off at tail.
0.0 2 .
m(m,) = 160 GeV . .
Q= 1400
19 1 ——
l! MSR mass
1 |der| O 0.1
e as(my) =0.1184
0.00I'

0.001

Ql =0.5GeV

107° 1075
0.0 0.2 04 0.6 0.8 0.0

BHQET ~SCET(ll)  SCET(IV)

v
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Thrust for Bottom Production

NNLL/NLL (singular) + NLO (non-singular) + power correction and renormalon subtraction

m,(m,) = 4.2 GeV

- A. H. Hoang, V. Mateu, BD,
Theory uncertainty (bottom) M. Butenschoen & lain W. Stewart

Q=15GeV

= Theory uncertainty is under control for
= bottom thrust distribution.

= Convergence of perturbation theory.

= The peak position in thrust is very
sensitive to the mass.

- PR BRI EPEPEEE EPEPENEPE B BT B ) N1 R PR B TR B B
0.20 0.25 0.30 035 040 045 0.50 0.02 0.04 0.06 0.08 0.10 0.12 0.14 . . )
r - = Stability of peak position with short
distance mass scheme w.r.t. the pole mass
Q=15GeV Q=45GeV
scheme.
14 !
12f
10F
P & as(my) =0.1184
Ty dr 6‘ Ql =0.5GeV
aF
of
of :
SPETE B ETE R ST o | NPT NS ST T SN N o r——— e S PR PR PR PR PR
020 025 030 035 040 045 0.50 0.02 0.04 0.06 0.08 0.10 0.12 0.14
T T

5 Lniversitat
5 wien
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Thrust for Top Production

NNLL/NLL (singular) + NLO (non-singular) + power correction and renormalon subtraction

m,(m,) = 160 GeV A. H. Hoang, V. Mateu, BD,

Theory uncertainty (top) M. Butenschoen & lain W. Stewart

Q=700GeV

Q= 1400GeV

> Theory uncertainty in peak + tail is under
= control for top thrust distribution

= Convergence of perturbation theory

()_'I"'I"'I"'I"I"'I"'I'-O'-_.lnnnlnnnln.||||:‘
0.128 0.130 0.132 0.134 0.136 0.138 0.140 0.032 0.034 0.036 0.038

T . > Stability of peak position with short
distance mass scheme w.r t. the pole mass
scheme

Q= 1400GeV

S0

60)
as(my) =0.1184
Ql =0.5GeV

(1] =S PRI NP NP SR UATIN BTSRRI NSNS TSNP S N | s S ST SR S SN N S SN TR NN ST SR S N S M
0.128 0130  0.132 0.134 0.136 0.138 0.140 0.032 0.034 0.036 0.038
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Thrust for Top Production

NNLL (singular) + NLO (non-singular) + power correction and renormalon subtraction

eye . A. H. Hoang, V. Mateu, BD,
Peak sensitivity to mass M. Butenschoen & lain W. Stewart

Q=45 GeV

"~ MSRmass
m,(m,) = 4.5 GeV
m, (M) = 4.2 GeV

m,(,) = 3.7 GeV

3 = Peak position is more sensitive to the
3 mass at low energies

TR ~ bottom with better than 0.5 GeV
i = top with better than 1 GeV

LI B WL A A B R T T T T T

I 1
MSR mass
m,(m,)=161GeV ]

1 ROF

] sof m, (M,) = 160 GeV -

o as(myz) =0.1184
m, (m,) = 159 GeV ]
7 Ql =0.5GeV

1 0

ZU.-

OF s Lo s le gy s Ve g a by s aa by o s lsgaslsysid

U T (R S S S R S S i
0.130 0.135 0.1401.0250 0.0275 0.0300 0.0325 0.0350 0.0375 0.0400 0.0425 0.0450
T T
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Sensitivities: Bottom and Top Production

NNLL (singular) + NLO (non-singular) + power correction and renormalon subtraction

(M) = 4.2 GeV Sensitivity of theory parameters ag(my) =0.1184 ML Btanng, . Mt Stawart
) Ql =0.5GeV
Q=15GeV Q=45 GeV

s o—
- ”’[;’:“’ Comparison of the difference
o between the default cross section
— il and the cross section varying only
- 01-01 one parameter of theory w.r. to the
— Mass+0.5 theory uncertainties.
=== Mass~0.5

|

PR R

10 0.12 0.14

= High sensitivity to (top & bottom) mass

m,(m,) = 160 GeV Peak position ) even in tail regions at low energies.
Q =700 GeV \ Q = 1400 GeV
30f R P A S = Sensitivity to (g and (),
20t = bottom — low sensitivity
of = top — negligible sensitivity
tdr o R (should be fixed externally)
oodr R4 [T ———— =

—10E"Y
-20F

-30F

% g ]
0.128  0.130  0.132 0.134  0.136  0.138 0.140 0.032 1.034 U.036 0.038

T T
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Theory Errors: Bottom and Top Mass

NNLL (singular) + NLO (non-singular) + power correction and renormalon subtraction

A. H. Hoang, V. Mateu, BD,

Theory uncertainty in mass M. Butenschoen & lain W. Stewart
Q =15 GeV
VML B B R B BN B F
ok = = . _ 1 0.200F o,
*¥F  my(m)=42Gev  MSR R Error band method: Fitting the mass
o MPO,=49 GeVv Pole 1% i  parameter of default cross section to the
] 0150 4 error band of default cross section.
AITI;, L :. E
O.IO.—.\_._/—\_/__—‘ ().|25:— -
____...-—— 0.|00:— -
0.051 - F
[ 1 0.075F .
17F > bottom mass uncertainty < 0.5 GeV
1 | - 1 PR | | | - 1 | ST ST UR NT ST S S N PR PR
0.00 0.31 0.32 0.33 0.34 0.35 0.36 0.37 0.030 0.065 0.070 0.075 0.080
T Tq -
' ' > top mass uncertainty ~ 0.5 GeV
Q=700GeV Q=1400GeV
T B B e B e s o BN LML i i
12E () = 160 GeV 1 T — 1 > Pole mass extractions are less precise.
] L ________._,—-—"'-'.
LOF  MPole =169.5 GeV S R 1
08 _fﬂ-ﬂ:- 1 as(my) =0.1184
am g 6 o9 1 Q1=05Gev
04 JoafF b
0.2 Jo2p :
T T T T 1:0-0.',""'"""""""""""""""'-
0.0311 0.0312 0.0313 00314 0.0315 0.0316 0.0317 0.0318

0,00 PR PR PP PEPEIPI EEEEPREP BRI
0.1282 01284 0.1286 0.1288 0.1290 0.1292 0.1294 0.1296

To
To
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Theory vs. Pythia

NNLL (singular) + NLO (non-singular) + power correction and renormalon subtraction

Theory vs Pythia

A. H. Hoang, V. Mateu, BD,
M. Butenschoen & lain W. Stewart

Q=15 GeV
S — S —
or m,(m,) = 4.1 GeV]
s MMC, = 4.8 GeV

aal o ay

Lo bou ool sl

0.30 035 0.40 045 0.50

T

0= 700GeV

Pythia
Theory
MSR mass

= Agreement of theory - Pythia :
v Good for bottom
v Some effect are likely missing
(shoulder region) — off shell top
+ electroweak effects

0.20 0.25 0.30
r

N PR |
0.05

s L |
0.10

0.15

Q= 1400GeV

30

an)

T 1
m,(m,) = 161.4 GeV
MMC, = 171 GeV

dor

0dr

0.200

Shoulder region

T T L B B

sof- Pythia .
Theory
ol MSR mass |
] ag(my) =0.1184

- 0 =0.5GeV
204
L s mrmn PP PSRN NS S SN S SR R .'-'
0.020 0025 0.030 0.035 0040 0.045 0.050
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Conclusions

Conclusions

> Complete description of the entire thrust distribution for boosted heavy quarks achieved with the
formalism of VFNS for final-state jets and a sequence of effective field theory setups.

> The peak position in thrust is very sensitive (particularly at low energies) to the mass.
> Estimating theory errors is challenging

v Under control directly at peak and tail.

v Below peak still under investigation.

> Our theory uncertainty for the mass extraction is reasonable and encouraging
v Bottom — less than 0.5 GeV
v Top — almost 0.5 GeV

> Simultaneous fit for (g and ), is difficult, particularly for top — could be fixed externally
> Agreement between theory and Pythia:
v Good for bottom
v Some effects are likely missing for top (shoulder region) — off shell top + electroweak effects

Outlook

> Improving the precision to N3LL seems mandatory.
> Off-shell top production + electroweak effects.
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Masses Loop-Theorists Like to use

Langenfeld, Moch, Uwer

Total cross section (LHC/Tev):  more inclusive

Tevatron

MSR( L . sensitive_ to top production . MSTW 2008 NNLO
my (R =my) =y (M) mechanism (pdf, hard scale) 2 E e

o [pb]

* indirect top mass sensitivity o W
* large scale radiative corrections 8 f--
o)
M, = M9 + M,(0)as + ... b _
o 70 175: % BD
Threshold cross section (ILC): Mass schemes O i b Sl
) ' related tO dlﬁ:erent 16 — Smirnov, Sumino, Yakovle\l
computational 14 £ veklkovski 3
MSR PS 12 E - E
(R~ 20 GeV), m t , my(R) methods J0E AN ;
08 | 3
O _ 06 7 E
M, = Mt( ) + <pBohr>as + ... Relations ME 2 Hoang~Teubner 7
CompUtabIe In 0:031;3‘ ‘ 3;4 l 34115 l 3)16 l 3‘;7 I 3<II8 I 34|f9 ‘ 3_J50 ‘ 3;
(PBonr) = 20 GeV perturbation JZGew)
theory .
. Fl , AH, Mantry, St rt
Inv. mass reconstruction (ILC/LHC): mB T s scheme.

MSR Jet
(R Ft) (R) * more exclusive

 sensitive to top final state
interactions (low scale)
« direct top mass sensitivity

Iy = 1.3GeV « small scale radiative corrections o am T
t( eV)

Mt = Mt(o) -|-FtCk5 + ...
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Series with a Renormalon

— Behavior depends on the typical scale R of the observable ?

— Series for large R converge longer, but size of corrections at lower orders are large

— Formal ambiguity always the same: Aqcp =~ 0.5 GeV

V_asym (R)

&
g
=
g\
>

10

2L

31

2l

3L

‘ 2 ‘ 4
R=2 GeV
2 4
order n
R=20 GeV
2 4

-2

-3

-2

-3

0 2 4 6 8 10
07\ T T T T T
_ ° _
10 ° 141
° ° o
L ) . 1
e —2f o 4-2
= I 1
> L i
g 0 ]
> 3 R=5 GeV o 3
4L 14
—5u | | | | L (_5
0 2 4 6 8 10
order n
0 2 4 6 8 10
_157\ T T T T T T T T T T T T T T T T T T T \7_15
-6 e R=160 GeV 1-16
g 170 1-17
= [ ]
> [ |
3 [ i
S8t ° 1-18
® .
-19L ° 1-19
e e o
-20 L L L L L L L1 =20
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Description of Jets

LHC: Top Mass + ? Principle of mass measurements:

|dentification of the top decay products

. 2
ot “m2, = p? = ()"

-~

jet jet

Problem is non-trivial !

7 ' * | Measured object does not exist a priori, but
only through the experimental prescription
P — P for the measurement. Quantum effects !!

The idea of a - by itself - well defined object
having a well defined mass is incorrect !!

- N Details and uncertainties of the parton
shower and the hadronization models in
den MC'’s influence the measured top
quark mass.

jet

N
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NLL Numerical Analysis

Double differential invariant mass distribution:

Q =5x172 GeV

d*c
['=1.43 GeV dM; dMsz
0.02
mj(2GeV) =172 GeV
0.01
MT = 5 GeV
172 > 0.00
UA = 1 GeV /

a=25, b=—-04 :
A = 0.55 GeV 180172

Non-perturbative effects shift the peak by +2.4 GeV
and broaden the distribution.
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Reconstructed Top Jets (ILC)

bHQET jet function:

—1

By (2v4-k) = g Disc / d'z ™ (0| T{ hy, ()W, (0)W, (z)hy, (2)}]0)

® perturbative, any mass scheme

®* dependson my, 1Y ) b 9
*  Breit-Wigner at tree level &——0 f%-@ o5y T
® dm
B1(3,T%) I I 3 M? — mj Lo oo
S — =
A Nz §2—|—F% n

® Describes soft cross talk of the top (and its decay b quark) with
the anti-top (and its decay anti-b quark) in the top rest frame

® Soft function describes soft radiation in the l[ab frame

Issues sorted out for the first time.
Results still true for LHC (but additional issues to resolved there)
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Reconstructed Top Jets (ILC)

— Jet function has an O(Aqcp) renormalon in the pole mass scheme

i 1 1 aCp 2 J 7 52 1 20m |
Bi(s.0, p,0m) = — —=< 1 41 — 41 - 44— —
+(5,0, p,0m) ™m S+‘IO{ + 47 [ " (—s—zO) tam (—3—10 At 6 mm (5 + 1012

1
Sm = micheme . mi)o e
m B pole-mass scheme m B jet-mass scheme
0.25 : Jain, Scimemi,
Stewart
0.20 PRD77,
015 | 094008(2008)
0.10
0.05 27
0.00 bl I S 000 bt b v v c T
171 172 173 174 175 171 172 173 74 175
M; (GeV) M; (GeV)
() Cp 1
Mpole = M.J (1) —I—E“'ERL lln % + 5} + O(a?) R ~ T}
T
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Reconstructed Top Jets (ILC)

Why is the pole mass not visible?

§ — Mf—mf R 9
T B(3,Ty, 1)
I' = Ft/ D — D om =0
pole mass peak —

5.0

observable peak

— jet mass is observable

® Located at the visible peak
® Short-distance mass " _0.4
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QCD Factorization

Q> my>Ty > Agep

QCD
8

Soft-Collinear-
Effective-Theory

: i

Heavy-Quark- Unstable-Particle-

Fleming, Mantry, Stewart, AHH

Phys.Rev.D77:074010,2008

Phys.Rev.D77:114003,2008
Phys.Lett.B660:483-493,2008

soft particles

VS

n-collinear n-collinear

thrust
axis

Effective-Theory * Effective-Theory
d’o ) Q . M2-m?
72 72 = 0o HQ(Q> /'Lm)Hm my, —, lm, 1 S — —=
Faktorization (th AME ) e ( m ) myj

Formula

—00

x / artde B, (s} -, ,u,) B_ (gf _ % 0 u) Shemi (€7, 07, 12)

QLT e

SOFT
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ks = ko — ks

QCD Factorization ko= ko + ks
full QCD: 3 phase space regions: A~my/Q
n ® n-collinear: (ky,k_, k1) ~ Q(A\*,1,))
* n-collinear; (k4 k—, k1) ~ Q(1,A* X))
i * soft: (kp k_ k1) ~ Q(N2, 02, \2)
1 _
G (G emi, = 0)
Gluon collinear to the top:
(n-collinear) _ l o
\,\n'Jet 1 Wi(co,z) =P exp (zg/ dsn - Ay (ns + x))
4 ‘ Q .k ’
/ W ho, () — gauge dependent
&
\\ \\ Wi(oo, ) hy, (z) — gauge independent
\ \

By(6.Trop) = Tm | 1 [t e | (b, (OWa(0) W] (2, (2)}10)]
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ky = ko — ks
QCD Factorization ko= ko + ks

full QCD: t

3 phase space regions: A~ mt/Q

® n-collinear: (k+,k—, k1) ~ Q(A\*,1,))
* n-collinear: (k4+,k—, k1) ~ Q(1, %, X)
® soft: (k+> k—a kJ-) ~ Q(/\27 )‘27 /\2)

Gluon soft:

Yo(z) = I(j/ dsn - Ag (ns—{—l))
0

Ya(x) = 1(// dsn-Ags(ns+x ))
0

A

Shemi (£, €7, 1) = Ni (O] (V) (¥)*(0) 8(¢™=(BHNa(e==B7) (V) (V)% (0) [o)

n n
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QCD Factorization

d’o Q

(@7 ), @)
Il . QeF . Qe _

x / e B+(st— o /1) B_ (sf— T u) Shemi(£7, £, 1)

— OO0

—1

Jet functions: B.(3,T:,pu) = Im[ /d%ei”’ (O T { P, (0)W,, (0) W (), () } |0)

127ij

®* perturbative 1 I, M2 2

B A —m
® dependent on mass, width, B om( ) = m, §2 + 2 5= my t
color charge t t

Soft function: Suem(£*, £~ 1) = — S o — kF)a(6™ — k%) {0[¥a Yo (0)| Xa) (Xa|¥; T5(0)[0)

Ne X.
® non-perturbative
® analogous to the pdf's
® dependent on color charge, Independent of the mass !

kinematics
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MC Mass

®* Concept of mass in the MC depends on the structure and reliability of the
perturbative part and the interplay of perturbative and nonperturbative part
in the MC.

Parton shower (kinematic expansion)

Hadronization Models

Perturbative corrections [
top mass definition scheme-dependent affect all top
decided here ! > separation mass dependent
(shower cut) observables

®* Assume that the MC is a good QCD box (LO of s.th. more precise): How can one
pin down the relation between m™*"@ and the Lagrangian mass ?

® Isthe MC really a good QCD box ? Is the MC more a model or more QCD ?

Answer for m”?Y!@ might be process- and observable-
dependent if the MC is not a good QCD box !
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