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Today:

® Introduction

® Importance of precise top quark mass measurements
® Indirect ways to determine the top quark mass

® Direkt ways to determine the top quark

® Top threshold at a future lepton collider

Tomorrow:

® Top mass reconstruction using Monte-Carlo generators

® Fixing the top mass parameter in Monte-Carlos m}t\m

¢ Status & preliminary results
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Why the top quark is not just heavy

LEPTONS
® Top quark: heaviest known particle
Bectron Neutino | Muon Nedtdna | Tau Neulting ® Most sensitive to the mechanism
é of mass generation
_ “ i i -
Bechon o o ® Peculiar role in the generation of
SN 105.7 1777 flavor.
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® Top might not be the SM-Top, but
have a non-SM component.

® Top as calibration tool for new
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d physics particles (SUSY and other
. Q exotics)
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® Top production major background
it new physics searches

® One of crucial motivations for
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Motivation

Example: additional quarks:

Mass Mixing
Chiral Doublet

O SU(2) singlet 7 ,
SM Yukawa FCNC Yukawa  Explicit Dirac mass Perez-Victoria

oUp-type  —Lr =YiGop Btor + YrToy @ Tor + Mr TorTor + Hee. s(aznggg)o

o0 Down-type —£p =Y;Gy; ®bor + YaTor @ Bor + Mp Bor, Bor + Hee.
o SU(2) doublet

. — _ Angular-
Lo =Y Pty + Y5 Sty + MQ,,Qhr +H.c.
Lq tTr Ptor + Yr Qo Blor QorQor v Qi

T T, Y , .
Qo= () @on=(32) %= (g,,) %a=(z,,) (R
o SU(2) triplet Exotic Q=5/3 fermion

—Ly =Y Qo Btop + YrGop 7° & Sop + M SorZor + He. Cacciapaglia,
—Ly =Y Qop Btop + YrGop 7 @ Thr + M T, Ton + Hee. Deandrea,

Harada,
XoL Xor Tor
Zor=|Tor | »Zor=|Tor | Zor=|Bos |»
By, Byr XoL

_ Okada
X (2010)

Exotic Q=-4/3 fermion ,

7 Quarks, 20-21 Dec 2011

Koji Tsumura (ntu)
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Motivation

Example: additional quarks:

T — Wtb/Zt/Ht v s Tt
B — W*t/Zb/Hb X > Wb
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Motivation

Indirekt search for new physics: o _ _
® Top crucial ingredient for global fits

within the Standard Model

6 March 2012 lTILm=152 GeV
u i : ® Largest impact on indirect
| : A = : evidence for the Higgs
5_ ahad :
. % —0.02750+0.00033 3
T L4 =-0.02749+0.00010
4 - % % s incl. low Q° data
(\J>~< 3 |
<
2_
1 —
{LEP LHC
0 excluded excluded
40 200
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Motivation

Indirekt search for new physics:

® Top crucial ingredient for global fits
within the Standard Model

® Relations among electroweak
80.60 [————— precision observables put stringent

" experimental errors 68% CL: i constraints on BSM models
i LEP2/Tevatron: today
— | HC: future

>
©
S
g e
=
80.40 =
80.30 | SM|M,, =127 GeV MSSM, M, = 123..127 GeV [EEEEE] |

SM, MSSM i
Heinemeyer, Hollik, Stockinger, Weiglein, Zeune "12

—l l | l 11 1 I 11 1 l | l | l 1 l_

168 170 172 174 176 178
m, [GeV]
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Motivation

Role in the fate of our universe (?):

¢ Strong dependence of SM Higgs

Sketch of What the Standard Model P'f'd‘ict'. Mh potential on tOp quark mass
Energy of for o HIgEs particie with a mass of 125 GeV)/'c
Smzty tpece and 3 top quark with a massof 173 Gevic: [} Existence Of a Iower energy
/ vacuum state (if calculations apply)
¢ Dependence on higher-dimension
Higgs interactions
Mt
200
v fewrage Value u L 4
! t > I
od EnsrE | 3 150
8 '
= Z
§ 100 1
= _
o, L
S _
= 50

0 50 100 150 200
Higgs mass M), in GeV
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Motivation

Hierarchy problem:

® Top mostly involved in the

w7/ h resolution of the hierarchy problem
R ® Qverall, BSM particles associated
h ----- ! L---- h to the top tend to be the easiest to
S '
e be discovered because they tend
/S Q---- h to be relatively light.
WIiZIh ® Very strong sensitivity of the
R lightest MSSM Higgs boson mass
( ! on the top quark mass
Largest contribution to Higgs h Nl A (m-dependence).
mass divergence — from top
\
A°

2
miy

9 (0} 9 :3 2 9 9
Amy, ~ —— E my— - (muv +my + 77'1‘,‘1)
™5 4

Stops cancel top divergences
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Motivation

quantity CDF/D@ ATLAS/CMS
Aoyilo 11% with 1fb ! [554] 5%-10% luminosity systematics dominated (286, 288]
A0l truif Oalingls- togy 26% with 1 b1 [554] 10% (< 2% stat. error with 10 fb~! [288])
B(t — Wb) 3.3% with 1 fb~! [554]
Vip, from Ogingle-top 14% with 1 fb ! [554] 6.5% [528]
Vyp, from B(t — Wb) >0.22 with 1 fb~! [554] 0.2% (stat. only) [286]
single-top polarisation - 1.6% with 10 fb~! [288]
Amop/miop <2GeV/c? Sect. T ~1GeV/c? [286, 288
spin correlation @ 40% (271 [538) 7% (££@ £+ jets) for 10 fb~* [538]
spin correlation ¢ - 4% (£ £+ jets) for 10 fb~! [538]
W-helicity Fo 6.5% with 1 fb ! [554] 2%-5% with 10 fb ! [527, 537, 538
W -helicity F 2.6% with 1 fb~! [554] 1% with 10 fb ! [538]
electric charge g distinguish  and 3  Sect. 7.2 distinguish § and 3 [536]
cases with 1 fb~! cases with 10 fb !
Yukawa coupling y; - 4.80, 16% (12%) with 30(100) fb~! [548, 549]
FCNC B(t — gq) <1.9x10 2 with2fb~! (288,555 <1 x107%-<14x1073 (107 1) (288, 556]
FCNC B(t — Zq) <1.5x10 2 with 1fb~'  [554] <6.5x107%- 1.3 x 1072 with 10fb~! [286, 288, 556
FCNC B(t — ~q) <3.0x107? with 1fb~! [554] <86x107°-1.9x 10 % with 10 b~ [286, 288, 556
FCNC B(t — WbZ) - <107 with 100 fb ! 553)
AgMz/=1TeV/c? 100 fb with 1fb ! [554) 700 fb with 30 fb ! (286, 288|
B(Z' - tt)
anom. coupling ’-zbz*g‘_“;*g [553) Fyp z*g:gg; [553)
2R 05 [553) FRZE01 553
AFE 4 [542) 15%-85% (300 b~ 1) (542
AF}y 4 sHS R En?) [542] 15%-50% (30 1), 4%-7% (300 b~ 1) [542]
AF}y, 4 - [542] 35% (30 1), 20% (300 1) [542)
AF§; 4 - [542] 55% (300 b~ 1) [542]

A. Quadt, Top quark physics at hadron collilders, Springer Verlag, 2007
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The Top Quark Mass
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The Top Quark Mass

Mass of the elektrons:

Vacuar Tuge

Ewgmw
ST Focvsivg

AusLegamng ~ Bleeraw Bear

Avo DEREnN
%)

PR - (oAt eeesy
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The Top Quark Mass

Applied magnetic field
4

Mass of the elektrons:

Precessional '//..__' B
orhit “_'J'__”
i Spinning ] ™
nucleus <~., . _',>
e gy S
Me — — 9 MMion
Wi, 2(q
_ Larmor- and Cyclotron frequency of
Quantum electro dynamlcs (QED) elektrons bound into ions
2(Za)? (Za)* /1 2 6
g(nS)=2— T2 3 (ﬁ - §) + O(Za) 1
- . a = < 1
Breit (1928). Dirac theory 137.035999679(94)
8% i Y 2 s 4 ¥
) one-loop correction me — 0.51099892(4) MeV
. (%)2 {_0_656958 (1 L @2) N Z;f {b41111[(20')_2] Hm} s O(ZO)S} Ruhemasse des Elektrons
\ : _ 3
two-loop correction +0(a”) Beier, Haffner etal. 2002
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The Top Quark Mass

Vacuum polarisation (due to elektron):

137 |

-
-2
Q|+

et 1365 |

hydrogen

1360 |

% E (MeV)
Q @ | 0.1 1.0 10 100 1000
@ © & “Screening”

ISZBASE>)

QED-Quantenkorrekturen sind
storungstheoretisch sehr gut
berechenbar
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The Top Quark Mass

Vacuum polarisation (QCD):

wif ol o

“anti screening”

0.5
Bethke
o (Q)
‘ sa Deep Inelastic Scattering
0.4 L\ oe ¢'e¢ Annihilation
o Hadron Collisions
@ ® Heavy Quarkonia
03}
0.2t
0.1}
=QCD oy Mz =0.1189+0.0010
1 100

Y Q[Gev]

High Energies: QCD corrections are
perturbatively calculable
“Asymtotic Freedom”

Low energies: QCD effects are non-
perturbative “Confinement”

(AQCD ~ 0.3 GGV)
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The Top Quark Mass

Confinement:

Mesonen

m, K,p,B,...

Free quarks do not occur in conditions
of our daily life.

Stable quarks on arise as bound
constituents of the quarks.

Baryonen
p,n, 2 A, L.
—p
_A—1
r = Aqcp
~ 1 fm

Hadronisation time:

Thad = [ X 10724 g

Young Physicists Workshop @ Ringberg, July 6 - 10, 2015



The Top Quark Mass

Confinement: “String breaking”

Thad = ( X 1072 s

H w Hadronisation time:
D= P=P
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The Top Quark Mass

Weak decay of the top quark: th ~ 1 lq

[(t — bW) =~ 1.5 GeV  —

Top quark decays before it can form

Average life time:
stable hardrons.

Top quarks behave in some (!) respects Thad = 10_24 S
like uncolored particles.

Top quark mass measurements with precision smaller than the
hadronization scale need to be carried out and interpreted with
great care.
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Indirect ways to determine the top quark mass

Electroweak quantum corrections: Flavor violating processes:
O 7O
b t 2/, 2
B ~ ami [myy
2 2 2 :

m>Y —1m ~ QMm
2" ©1993/1994: m, = 130 — 200 GeV

Total top-antitop cross section @ LHC:

Czakon, Fiedler, Mitov ‘13

600 T T T 3 A ' E
: Gpp i [PD] @t LHC8 3 260 £ Gpp & [PD] at LHC8
500 F E 240 F mpoe =173 GeV 3
: . 220 £ =
B ER I -
300 F 3 180 ;—E =
: - 160 & =
200 E 140 FE: 3
100 £ = 120 | E
- . 100 E: =
O C_1 1 11 I | 1 1 I 1 11 1 I | L1 :I 1 1 1 11 lII 1 1 3

150 160 170 180 190 "

m tpo|e [GeV] u/mtpole

Young Physicists Workshop @ Ringberg, July 6 - 10, 2015



Indirect ways to determine the top quark mass

Total top-antitop cross section @ LHC:

Czakon, Fiedler, Mitov ‘13

600 T T T T LA N B L B B L B B ] E T ' T E
- Gpp i [PD] @t LHC8 3 260 F Gpp & [PD] @t LHC8 3
500 — NNLO 3 240 mpoe =173 GeV =
400 T NLO 220 F E
......... ,\: E 200 ;_ _;
300 = 180 [ = E
1 e £ 3
200 = T E 140 ;_ %
100 T R 120 F E
- . 100 F =

O C_1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 [ 1 |

150 160 170 180 190 ’

le
mpoe [GeV] wimpee

¢ NNLO perturbative corrections (e.g. at LHC8)
¢ K-factor (NLO — NNLO) of O(10%); scale stability of O(+5%)

¢ Beyond NNLO
¢ theory improvements with soft gluon resummation [many people]
¢ K-factor (NNLO — resummed) small; scale stability further improved
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Indirect ways to determine the top quark mass

¢ Intrinsic limitation of sensitivity in total cross section
Aoz Amy

Ot my

~ H X

¢ QCD factorization for cross section
ompox = > filn?) ® f;(n?) ® 6ijox (as(p?), Q% p®, mk)
ij
¢ joint dependence on non-perturbative parameters:
parton distribution functions f;, strong coupling a.s, masses mx

Correlations are essential

¢ Cross section at LHC has correlation of m.:, as(Mz) and gluon PDF
O ~ a>m? g(r) ® g(x)
* effective parton (x) ~ 2m;/\/s ~2.5...5-1072

¢ fit with fixed values of m; and as(Mz) carries significant bias
Czakon, Mangano, Mitov, Rojo ‘13

¢ fit with PDF re-weighting and fixed values of m. insufficient
Beneke, Falgari, Klein, Piclum, Schwinn, Ubiali, Yan ‘12

Sven-Olaf Moch Top theory — p.8
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Indirect ways to determine the top quark mass

Total top-antitop cross section @ LHC:

lllllllllllllllllIllllllllllllllllll

350 ——— MSTW 2008 NNLO n
ATLAS —— — MSTW 2008 NNLO uncertainty _|
Am™® = 2.5 GeV SN —— CT10NNLO |
L T N . N L EL L CT10 NNLO uncertainty
——— NNPDF2.3 NNLO

=+ NNPDF2.3 NNLO uncertamty
O \s=7TeV,461b }vsm

\. \s=8TeV, 20.3fb

IIITII//"/I

Cross-section [pb]

200
15
[ l | | 1 | 1 | \T
164 166 168 170 172 174 176 178 180 182
m " [GeV]

Nearly flat, negligible residual MC mass dependence
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Indirect ways to determine the top quark mass

Top-antitop+Jets invariant mass @ LHC:
35

== m°=160 GeV

— m*°=180 GeV

Ol Sl o & % Yl @ W% N Sepl X 25 e &
— m*=170 GeV Nominal
Bl m°°=170 GeV JES + 3%

|Il llI 111 III 111 III III 111 III 111

f1

e bl a5 2 a1 g e s bl sy padla s ol a3 9 24

ratio
1

.
111 llllllll

T

TITTTT
i
»
N
r
©

{

O a4 N WO
ML
‘-

0.2 0.3 0.4 0.5 0.6 0.7 0.8

w

® NLO calculations (pole mass scheme currently)
® Distribution has a intrinsic peak in the distribution
® Mass determination less sensitive to PDF (<1 GeV )
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Indirect ways to determine the top quark mass

Top-antitop+Jets invariant mass @ LHC:

1
)

R(m

ATLAS-CONF-2014-053

4.5¢ T T T T o _
45_ ATLAS Preliminary b Dat E Fit with tt+jet NLO+PS theory
E - . le E
35 \s=7TeV, 461" el m':,:m aeV E Is this the pole mass? Yes!
A3 tte1et, m =180 GeV' 3 Scheme fixed in NLO calculation
- — = (difference NLO vs. NLO+PS ~ 300 MeV)
25—  memdees —
of- Y R =
1.5 3
= 3
0.5F =
= I EEE s e EEE. ."""""'_
oE T L. L ol
0 0.2 0.4 0.6 0.8 1
P, [parton level]
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Indirect ways to determine the top quark mass

A TLI AS Preliminlary Top qluark pole rTlassldeterminations
compared to direct measurement

DO approx NNLO: MSTW08, 1.96 TeV 2009 v 169.1 “:’

DO approx NNLO: MSTW08, 1.96 TeV 2011 v 167.5f'i'§
CMS NNLO+NNLL: NNPDF2.3, 7 TeV 2013 176"
ATLAS NNLO+NNLL: PDF4LHC, 7 TeV 2014 1714 + 2.6
ATLAS NNLO+NNLL: PDF4LHC, 8 TeV 2014 174.1 + 2.6
ATLAS NNLO+NNLL: PDF4LHC, 7-8 TeV 2014 1729
ATLAS NLO: fi+1 jet, 7 TeV 2014 173.7_“:?
Direct reconstruction LHC+Tevatron 2014 . 173.3 ’_r' 0.8
PR T N RN AN SN TN (N S SR S S S T S S S S PR S N T S T

140 150 160 170 180 190
m " [GeV]
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Top quark mass reconstruction

Principle of mass measurements:

LHC:

|dentification of the top decay products

2 29
t?op — p% — (Zng)

Invariant mass distribution

jet

jet

jet “m

non—pert.
my + Ampo" P
|

%

Y
o
g

I

=1500  |— 0=10.6 GeV

O
ents/4 Ge
I

Ev

1000

500

0 100 200 300 400
M,, (GeV)
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Top quark mass reconstruction

Principle of mass measurements:
LHC:

|dentification of the top decay products
. 2 .2 _ 2
Jet Y Miop = Pp = (>oipi)" 7

Invariant mass distribution

m; + Amilon—per
I [———

jet jet

>2000 = v
2

D D © i depends on:
:.“.:‘1500 n 0=10.6 GeV * mass definition
4 . o
s * jet definition

* Monte Carlo
1000

500

0 100 200 300 400
M,, (GeV)
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Top quark mass reconstruction

LHC Top Mass + ? Principle of mass measurements:

|dentification of the top decay products

iet jet . « 2 2 1N\2 9
o . Jet Miop = P; = (2_; D)
//
Problem is non-trivial !
b
2 7 ' * | Measured object does not exist a priori, but
/ only through the experimental prescription
P = = = P for the measurement. Quantum effects !!
1 / Sy A
pUl 4 The idea of a - by itself - well defined object
b having a well defined mass is incorrect !!

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

Ny
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Top Reconstruction + Total Cross Section

Top pair total cross section at a lepton collider:

ole+e— —tt+ X) at B, =~ 2my

2 [ - saetorrk Principle: m, from og(m,)
b|= 1—_ Nomina| ...................................................................................
[ — LowQ
0.8 n _ LowP . ~...-. Ad va ntag esS.
0.6 | | | | > count number of ¢t events
N > color singlet state
0.4 :
5 > background is non-resonant
0.2:— > physics well understood
R T (renormalons, summations)
0 340 345 350 355 360
\s [GeV] > Top decay protects from non-pert effects

®* Remnant of a topionium resonance (“postronium of QCD”)

® Crucial to control e+e- luminosity spectrum )

® Binding energy about twice the top quark width: Fring ~ As Tt
® Can be calculated in pQCD (nonrelativistic expansion) 2

® True final state: WWbb (includes single-top + nonresonant background )

~ 2Ft
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Top Threshold Theory

Nonrelativistic QCD (EFT): “hard”:
“soft”:
Otot ~ Im U d*ze="(0|Tj (5’3)](0)|0>] “potential”:
“ultrasoft™:

o

K,
k7,
kT,
K,

o o
x> N

(K", k)
(K", k)
(E", k)
(K" k)

o

(m,

(mw,

(m v?

(m v?

m)
mu)
LMV

,mv?)

potential _—> =

quarks 2

% potential ———»

potential / S

gluon =)

potentials are Wilson
coefficients
”g\@ ultrasoft /,,gg“&@
tential_—" \ mm gluon T S5

potentia )

quarks %ﬁ@( soft E

IO
potential n@\ gluon ;
gluon \ 2
Lo
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Top Reconstruction + Total Cross Section

Schematic:

Otot o< Im / d*x e 71 <()

x Im [(Cy (v)? + Cyv(v)?) G(0,0, Vvs)]

TO.(0) Oy (x)‘ 0 >]

® Dynamics described by non-relativistic Schrodinger equation
® Hard contributions: Wilson coefficient (static top anti-top pair)
® Imaginary part of Wilson coefficient: interference (e.g. single top background)
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Top Reconstruction + Total Cross Section

Theory Status:

® NNLL renormalization group improved

® Current uncertainty: %7 _ 159
o)

® Recently: NNNLO fixed order calculation

Beneke etal. 5—0 = +3%
o

Theory error larger than experimental
errors !

Hoang, Stahlhofen (2013)

15 C)

LL

of{pb]

0.5

%90 342 344 346 348
Vs [GeV]
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Top Reconstruction + Total Cross Section

Experimental Studies:

O
~

0.2

o) 1.4 T R ] The cross-section around the
o - tt threshold - 1S mass 174 GeV — .
— - . threshold is affected by several
€ 1.2 --TOPPIKNNLO = ISR only — _
O i ) properties of the top quark and by
3] I CLIC350 LS only —— CLIC350 LS+ISR )
a 1rC ¢ . QCD
@ - V. Yu Qs : * Top mass, width, Yukawa
S 0.8 ’(‘) ---------------------------- - :
S - ' Tt ¢I coupling
0.6 = ™ * Strong coupling constant

.
l’-‘
-

cLIC
O Il | | 1 I | 1 Il | l I | | 1 l | |
345 350 355

\'s [GeV]

» Effects of some parameters are correlated;

IIIIIIIlII

dependence on Yukawa coupling rather weak -

precise external as helps _
Frank Simon
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Top Reconstruction + Total Cross Section

. ) Frank Simon
Experimental Studies:

» The sensitivity of a ttbar threshold scan at Linear Colliders to top quark properties has
been studied be a variety of groups at different points in time - with different degrees
of realism

. EPJ C73, 2540 (2013
* Here: Focus on the most recent studies (2013)

5(0 T T T T T T T T T T T
'3' [T T T T T T T T T T - | :
2.0.8 [ tfthreshold - 1S mass 174.0 GeV — 012 25 i
g - — TOPPIK NNLO + ILC350 LS + ISR T - —
"8 | I simulated data: 10 fb™/point 1 .
3 0.6 | ----top mass = 200 MeV _ 0118 '_ eV:0.1180] —_
n = oA . ’
“»n o e T - _
o - e ] 1
—
o i ] .
0-4 R B 0.116 _
B - ILC .
| . CLIC detector -
1 l 1 1 1 1 I 1 1 1 I 1 1
021 ] 173.95 174 174.05
- e ILC . top mass [GeV]
i = CLIC detector Combined “2D” fit: mt and as:

0T I34|15| - I3|50I — I35|>5| | Ami= 27 MeV (stat), Aas = 0.0008
\'s [GeV] Mass alone: 18 MeV (stat)

= (07, (T)) % ~ 40 MeV
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Todays Conclusions

® Precise measurements of the top quark important input for other
precision predictions.

®* Mass determinations are non-trivial because top is colored.

® Hadron collider measurements: complicated due to hadronic
environment

® Ultimate precision can be obtained at a future lepton collider:
toponium resonance can be computed precisely in pQCD.

End of Part 1
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Direct Reconstruction of the Top Quark Mass

1 Ll I 1 I 1 1 I 1 I 1 I I 1 I Ll I I I I 1 I I I 1 1
. Top quark pole mass determinations
ATLAS Preliminary .
compared to direct measurement
5.9
DO approx NNLO: MSTW08, 1.96 TeV 2009 v 169.1 f’s 1
+5.2
DO approx NNLO: MSTWO08, 1.96 TeV 2011 ¥ 167.5 .
3.0
CMS NNLO+NNLL: NNPDF2.3,7 TeV 2013 s 176.7?2 o
ATLAS NNLO+NNLL: PDF4LHC, 7 TeV 2014 1714 £ 26
ATLAS NNLO+NNLL: PDF4LHC, 8 TeV 2014 1741 £ 2.6
2.5
ATLAS NNLO+NNLL: PDF4LHC, 7-8 TeV 2014 172.9jf2 .
- 2.3
ATLAS NLO: ft+1 jet, 7 TeV 2014* 173.7"
Direct reconstruction LHC+Tevatron 2014 o 173.3 £ 0.8
1 1 l 1 1 1 1 l 1 L 1 1 l 1 1 1 1 [ 1 1 1 l L L 1 L
140 150 160 170 180 190
pole
. m  [GeV]
=) Most precise method to measure the top mass t
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Direkt Reconstruction Method

Measurement Method

» Build estimator for m, (e.g. inv. mass of decay products)

» Parametrize estimator as function of m M¢
(and possible other parameters)

» Possible per event combination of multiple estimators
» ldeogram method, CMS all-jets and |+jets

» Template method, all other measurements

» Perform maximum likelihood fit to data

mm,"“=160 GeV
mmMc=170 GeVv
i mMC=180 GeV

-2A-In(L)

estimator
mean m,

a-mg+b

+ 1
m; thC —_— thC

r-ntextr
A Eike Schlieckau - Universitat Hamburg September 30th 2014
. wien
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Direkt Reconstruction Method

Inferring the top quark mass from the kinematic properties of its decay products.

Calculates event probability densities from differential cross

sections and detector resolutions.
- Maximizes the statistical information.
- Current implementations at LO.

ﬂ'/@/ bﬁ Ideogram method:

\ ’ Event likelihood function to test compability of event

AN kinematics with the decay hypothesis convoluted with
detector resolutions.

% % Matrix Element method (ME):
NV -

Top Pair Branching Fractions Template methOd:
“alljets" 46% Compare histograms in data to simulations.

t+ets 15%
~ . —_
; S mm““=160 GeV E" )
7/ E mmM=170 GeV c 1=
% ] m*“=180 GeV - ﬁ
" 270 0 £ )
t o 4 a
; 7 4 o
1*‘: A\ l‘;‘{, / -5 u+jets 15%
Wl S e
w i " " T a-my+b
dileptons lepton+jets 1
0
MC
m, m,

These methods measure the kinematic MC mass

A. Irles, TopLC2015
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Direkt Reconstruction Method

Overview of Measurements

» Alljets channel: &
> ATLAS @ 7 TeV
° CMS @ 7 & 8TeV

» Lepton+Jets channel:
> ATLAS @ 7 TeV
° CMS@ 7 &8 TeV

» Dilepton channel:
> ATLAS @ 7 TeV
° CMS @ 7 & 8 TeV

ety, u*'z/“ v,

ud ‘ cs |

» No measurements in
final states witht
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Direkt Reconstruction Method

Kinematic Fit

» Selected objects:
© 4 untagged jets
o 2 b-tagged jets

» Constraints:

° 2xXmy =my,
; mtop = mjjb,l = mjjb,2 = r'nantitop —

Eike Schlieckau - Universitat Hamburg September 30th 2014
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Direkt Reconstruction Method

All-Jets Top-Quark Mass @ CMS 8 TeV

» Improved reconstruction CMS-PAS-TOP-14-002
. ) ) CMS Preliminary, 18.2 fb™, Vs =8 TeV
» Switch to 2D fit with > 3 .l T DB“IKG T
C tf correct rou ]
JES scale factor (JSF) O e00- © :
o o - [ other * Data :
» Fit signal and correct o 900 -
permutation fractions § 400}
L C
300¢f
JES‘;P;JZZ Source Unc. [GeV] i
o FIES+PUISF 0.48 200
0.24 | |bJES+Had 0.39 100¢
Detector modelling 0.21 O C .
. . E 1.5' T | I + T
Signal modelling 0.52 E 1 | #MHQ ++++ ﬁ
Background 0.22 © 050 ol |
Method 0osl 2 %5900 200 300ﬁt 400
Syst. 0.86 4356 events m" [GeV]
Stat. (m, only) 0.27 | m, = 172.08 + 0.90 GeV (0.53%)

Total 0.90 JSF = 1.007 + 0.011
} M Eike Schlieckau - Universitat Hamburg September 30th 2014
NG
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Monte-Carlo Event Generators

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 mass self-energy contributions (absorbed into mass).

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. Pythia
N Herwig
— Interpretation of m, ~ dependent on view whether MC is more model or
or more first principles QCD. Sherpa

Young Physicists Workshop @ Ringberg, July 6 - 10, 2015



Monte-Carlo Event Generators

e hard scattering

e (QED) initial/final
state radiation

e partonic decays, e.g.
t— bW

e parton shower
evolution

Monte-Carlo event generator:

e nonperturbative
gluon splitting

e colour singlets

* Hard matrix element:

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

® colourless clusters

® cluster fission

« Parton shower evolution:
Sp
sh b
St b
Ce

» Had Jets make this
Tu correspondence

Tu g’ H
§

De S
Iz !

rirtualities until

evolution part.

l .
|
—  Inte g
erpa

or. I
What we calculate What we measure
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Direkt Reconstruction Method

Mass of the Top Quark " B
— CMS Preliminary
July 2014 (* preliminary) LI N s N S ) B S B B B B
e
CDF-I dilepton 167.40£11.41 (£10.30+ 4.90)
DO- dil T—.—' CMS 2010, dilepton ® 175.5 = 4.6 + 4.6 GeV
-I dilepton 168.40 £12.82 (+12.30+ 3.60) JHEP 07 (2011) 049, 36 pb" (value = stat = syst)
" - ———
CDF-Il dilepton 170.80£3.26 (1831 269) CMS 2010, lepton-+jets ® 17312 2.1+ 2.6 GeV
. e PAS TOP-10-009, 36 pb’ (value = stat = syst)
DO@-Il dilepton 174.0042.80 (:236+ 1.49) P
X ———————s. CMS 2011, dilepton : 1725+ 0.4 + 1.4 GeV
CDF-lepton-+jets 176.10£7.36 (:510+5.30) EPJC 72 (2012) 2202, 5.0 fb" (value = stat = syst)
) ——
DOl lepton+jets 180.10+5.31 (:350+3.0) CMS 2011, lepton+jets ® 1735 0.4+ 1.0 GeV
) - JHEP 12 (2012) 105, 5.0 1t (value + stat = syst)
CDF-Il lepton+jets 172.8541.12 (052+0.98)
. e CMS 2011, all-hadronic 1735+ 0.7+ 1.2 GeV
D@-Il lepton+jets 174.9840.76 (+0.41% 0.63) arXiv:1307.4617, 3.5 fb™' (value = stat = syst)
) _— ——
CDF- alljets 186.00:£11.51 (+1000+ 5.70) CMS 2012, lepton+iets 172.0= 0.2 0.8 GeV
- _—— PAS TOP-14-001, 19.7 fb"' (value = stat = syst)
CDF-Il alljets 175.0741.95 (+1.19+1.55) o
CDF-II k——O—- CMS combination 172.2+ 0.1+ 0.7 GeV
-1l tracl 166.90 +9.43 (+9.00+ 2.82) March 2014 (value = stat = syst)
....................................................................
CDF-II MET+Jets 173.9341.85 (£126+1.36) Tevatron combination . 173.2= 0.6 + 0.8 GeV
N - Phys. Rev. D86 (2012) 092003 (value = stat = syst)
Tevatron combination 174.34+0.64 (:037+052)
(£ ES ) '—.—‘
s e World combination 2014 1733+ 0.3+ 0.7 GeV
| | | x /d°f|= 1o.8/11 (‘I‘G %) ATLAS, CDF, CMS, DO (value = stat = syst)
1 I L 1 1 1 l 1 | R 1 l 1 1 1 Il l 1 1
150 160 170 180 190 200
W (Gevieh 165 170 175 180

m, [GeV]

Most precise mass from direct reconstruction: mM® = 173.34 + 0.76 GeV
miwc cannot be used as direct input into NLO/NNLO calculations since
it is not a field theoretic mass.

However: for the “observables” that dominate the matrix element and template
at least an approximate relation to field theory masses should exist.

Currently: an additional error has to be accounted for when mi\m is used in pQCD.

Young Physicists Workshop @ Ringberg, July 6 - 10, 2015



Outline

Part 2a: — Theoretical thoughts on mi\dc

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

“Which top mass definition(s) are likely numerically close to mi\m.”

See: “The Top Mass: Interpretation and Theoretical Uncertainties”, arXiv:1412.3649

Same conclusions: AH, Stewart: arXive:0808.0222

Part 2b: — Towards a determination of mi\m

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

® Applicable to lepton colliders
¢ 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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Top 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 scales < 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) +. . ]

@ Now known to O(a?)!

Marquard, Smirnov, Smirnov, Steinhauser

MSR Scheme: (R <m(m))

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

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.

« Pole mass problems: related to Landau pole in limit of vanishing R
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MSR Mass Definition

AH, Stewart: arXive:0808.0222

mMC = mMR (318 GeV) = mMB(3 GeV) TS
180
Ly Tevatron m(m)
" Good choice for R:
. K Of order of the typical scale
5 m(R) of the observable used to
[ measure the top mass.
160 — 1S, PS,...
masses R:m(R)
150 C |l ) ) | L ) L | ) ) ) L
OI I 50 100 150I R
Peak of )
o invariant mass Total cross section,
| /\ 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 mass self-energy contributions (absorbed into mass).

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 =1 GeV
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+ 69
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Additional Comments

* Using NLO vs. LO matrix elements does not affect the interpretation of the
MC mass (as dominated by soft-collinear approximation).

 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. (This statement should be tested in experimental analyses.)

« Future Linear Collider: (much) more experimental precision for top
reconstruction, but conceptual issue of what the MC mass is remains
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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
K e Data
r—0 M 12 -+ M. 22 340
% 2 g .Background
Q .
ht
Invariant mass distribution in the resonance region ! 100 200 300 400

meee (GeV/c?)

CDF Run Il Preliminary (5.8 fb™)

W
=3
S

T

= 1-tag events
—+ Data

7 Fitted ti
Fitted Bkg

soft particles

[

o

1=
T

n-collinear n-collinear

Events/[5.0 GeV/c]
3
T

»*/Ndof = 17.3/33

Prob = 0.989

-
o
S
T

thrust
axis

Fi

hemisphere-a hemisphere-b
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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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ky = ko — ks
How jets emerge in theory: ko = ko + ks

full QCD: 3 phase space regions: A ~ m;/Q)
n ® n-collinear: (k+,k—, k1) ~ Q(A\*,1,))
* n-collinear: (k+,k—, k1) ~ Q(1,2%,X)
g ® soft: (k+’k—7kl) ~ Q(/\Qa)‘Qv/\Q)
1 _
G GRemd, @ = 0)
Gluon collinear to the top:
(n-collinear) _ l 00
\,\n'Jet . Wi(co,z) =P exp (zg/ dsn - Ay(ns + x))
% / O nk °
/ W ho, () — gauge dependent
&
\\ \\ W (oo, x) hy,(z) — gauge independent
\ \

By(6.Trop) = Tm | 1 [t e | (b, (OWa(0) W] (2, (2)}10)]

Young Physicists Workshop @ Ringberg, July 6 - 10, 2015



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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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
1y ~ Q1 n + 1 ® Smooth connections between different EFTs
¢ Determination of flavor matching for current-,
v jet- and soft-evolution
i ® Reconcile problem of SCET,-type rapidity
\/m - ny divergences

Ac’\(’(’vD-....l P R | M|
? 0. 0.3 0.4 0.5 p-

— 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)

'12/Q L ,’,'
.

33
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VFN Scheme: Primary Massive Quarks

N

' section

/ p
% NO Cross
m

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

Fleming, AHH, Mantry, Stewart 2007

— two SCET-type theories
Denahdi, AHH, Mateu Stewart upcoming

=T

scen. 3

N A

bHQET

p
p
p

#

|

scen. 4

pH ~ Q

/

¢
AR o

VvV @AgeD

Agop E=——

00
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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
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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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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.

2
mg m T — Tmin) + 2A
g (L) om (2)  tog (1) g (T2 o (U7 i) * 2hacn)
IWH m Qs Qs L
Q =700 GeV T
700 fF——————— F
Consistent l : —
600F  assless limit E Scales Variation
500 -
400F . v Generalized to arbitrary mass values
Hi 30 0:_ 3 v Compatible with massless profiles
2005_ Him _
100F Mg b | E
02 | | | | = Proper scale variations are essential
00 o2 o4 o6 o3z 1o in reliable estimation of missing
. higher order terms.
< > < — >

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 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.

sl e el el ad 0.0E 1 [ B B

030 035

040 045 050 0.02 0.04 0.06 0.08 u.10 0.12 0.14

0.26 . 0.25
r . = Stability of peak position with short
distance mass scheme w.r.t. the pole mass
Q=15GeV Q=45GeV
scheme.
14 !
12f
10F
1 do SF as(my) =0.1184
Todr 6;‘ 0 =0.5GeV
aF
of
of
Ee o | o PSS s SR R S S N T ST PRI S I T SRS S
020 025 030 035 040 045 0.50 0.02 0.04 0.06 0.08 0.10 0.12 0.14
T T
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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

— NNLL

— NNLL

- > Theory uncertainty in peak + tail is under
— i i control for top thrust distribution

MSR mass I

80

100
— NLL

MSR mass I ‘

80,

60|
To dr 40

40

= Convergence of perturbation theory
20,
20,

0 0
0.120 0.125 0.130 0.135 0.14 0.028 0.030 0.032 0.034 0.036 0.038 0.04 . . .
r . = Stability of peak position with short
] distance mass scheme w.r t. the pole mass
Q=700GeV Q= 1400GeV
scheme
80 — NNLL — NNLL

— 100
— NLL

Pole mass I

— NLL

Pole mass |

60

80,

as(my) =0.1184
Ql =0.5GeV

60

40

20
20

0 0
0.120 0.125 0.130 0.135 0.14 0.028 0.030 0.032 0.034 0.036 0.038 0.04
T T
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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 30

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

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

1 0

ZU.-

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

U TN (T S T i i
0.130 0.135 0.1401.0250 0.0275 0.0300 0.0325 0.0350 0.0375 0.0400 0.0425 0.0450
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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
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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 Q=45 GeV
S S ARasassasanene P I
10 m, (m,) = 4.1 GeV] :
[ ] 12F Pythia
8 MMC, = 4.8 GeV t
: 1 ok Theory
6 MSR mass
1 de '} 11 a0 8F :
—— I 1L ~ Agreement of theory - Pythia :
o dr 4 0 dr ()h
i 1 : v Good for bottom
o af v Some effect are likely missing
[ N: (shoulder region) — off shell top
. 2
:.ll " P . .l....l....lt...l.. I +eIeCtroweakeffeCts
015 020 025 030 035 040 045 050 o 0('” — 0'10 s o||s —t 0'20 EErETE——
] ; o : .
Q= 700GeV Q= [H00GeV
ok I L A L _ I L T . . . .
o i il disagreement (missing NL
: ™ () = 161.4 GeV ail disagreement (missing NLO)
i MMC, =171 GeV i
anp= L
L 11} o
Cw w b ag(my) =0.1184
o0 d ] ;;4"‘ Ql =0.5 GeV
h 30.—
- L s s PP AR B SN S | '-'
0.200 0.020 0025 0.030 0.035 0040 0.045 0.0500

Shoulder region
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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.

> 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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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

|

10

= High sensitivity to (top & bottom) mass

m,(m,) = 160 GeV Peak position even in tail regions at low energies.
LA Q = 700 GeV

30f "1 - sensitivity to ({g and ();

20t : ~ bottom — low sensitivity

of = top — negligible sensitivity
tdr o R (should be fixed externally)
Todr R e

% g ]
| 1 1 P " | - | - |- } [ PR I | | PR R — ]
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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"S (R ~Ty), i (R)
Mt = Mt(o) + Ftas + ...

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
140 145 150 155 160 185 170 175 180

m(m)

Beneke, AH, Melnikov, Nagano,

18 ——————PReninPivavarovTedbrer-Signer,

Sm|rnov Sumino, Yakovlev
Yeklkovski E

Hoang—Teubner 13

7Y 3 S R N S N B R B
343 344 345 346 347 348 349 350 35

a2 Gev)

Fleming, AH, Mantry, Stewart
mB jet-mass scheme

171 172 173 174 175
M; (GeV)
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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\
>
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[ ]

[ ) ° o
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; ; ;4 m
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g .
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4L 14
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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)

Young Physicists Workshop @ Ringberg, July 6 - 10, 2015



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

d’o Q
(@7 ), @)

x / i B+(s“t _ %ﬁ I, /1) B_ (‘f— % r u) Shemi(£7, £, 1)

— OO0

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

127ij

®* perturbative Born 1 I, M2
® dependent on mass, width, BY ( aFt) = Ty 82 + T2 5= my
t

color charge

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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