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Introduction

“In discussion of the physics case for future e+e- colliders, the top quark is often

unappreciated - M. Peskin, on Monday
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* Properties of the top quark:

e Mass
 Width

* Yukawa coupling

e Sensitivity to BSM physics

2

e Electroweak couplings

 What is the nature of the top quark?

Pole top mass M, in GeV

M. Peskin: Is the top quark a normal quark or a heavy quark?
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LHC - Defining the Top Today

s e

 LHC as a top quark factory: 1 top pair per second!

e The mass is now known with

~ 0.5 GeV uncertainty

outperforming expectations / projections

for Snowmass!

CMS preliminary projection

== Std. meth. == Endpoints

— —

~ 4r -
- 30 b 300 fo' 3000 fb'

Q o mmly 13 TeV 14 TeV 14TeV 1
S 3.5 E
D — - -
2 3k E
€ :
@© - 1
+ 2.5 =
8 E 1
c 2r E
S B 1
Egﬂ Skt =
- 1F -
© i 1
3 e -
= 0.5 \_-_
0 ad -

Top/QCD Summary

LCWS2015, Whistler, BC, November 2015

I ] 1 I | 1 I LI I

CMS 2010, dilepton
JHEP 07 (2011) 049, 36 pb’

175.50 + 4.60 + 4.60 GeV
(value + stat + syst)

CMS 2011, dilepton . 172,50 £ 0.43 + 1.43 GeV
EPJC 72 (2012) 2202, 5.0 b (value + stat + syst)
CMS 2011, all-jets . 173.49 + 0.69 + 1.21 GeV
EPJC 74 (2014) 2758, 3.5 (value + stat + syst)
CMS 2011, lepton+jets . 173.49 £ 0.43 + 0.98 GeV
JHEP 12 (2012) 105, 5.0 b’ (value + stat + syst)
CMS 2012, dilepton . 17282 + 0.19 + 1.22 GeV
This analysis, 19.7 b (value + stat + syst)
CMS 2012, all-jets . 172.32 + 0.25 + 0.59 GeV
This analysis, 18.2 b (value + stat + syst)
. -
CMS 2012, lepton+jets 17235+ 0.16 + 0.48 GeV
This analysis, 19.7 b’ (value + stat + syst)
N @
CMS combination — 17244 + 0.13 + 0.47 GeV
(value + stat + syst)

Tevatron combination (2014) -0

Xiv-1407 2682 174.34 + 0.37 + 0.52 GeV

value £ siat + syst
World combination 2014 —i—
ATLAS, CDF. CMS, DO 173.34 + 0.27 + 0.71 GeV
L 1 L1 11 l L L1 1 l L1 1 1 l L1
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 LHC as a top quark factory: 1 top pair per second!

e The mass is now known with
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for Snowmass!
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N.B.: Uncertainties of connecting measured

mass to msbar mass not included!
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d g t / provides access to

Z/ top-Z coupling at LHC
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Top Couplings at the ILC

e In e*e” collisions: production via y/Z: strong sensitivity, also to new particles,

asymmetries O(1)

& t

Extraction of different y and Z couplings / form factors
rely on polarized beams
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e In e*e” collisions: production via y/Z: strong sensitivity, also to new particles,

asymmetries O(1)

& t

e

top angle to measure Ars

Top Couplings at the ILC

Extraction of different y and Z couplings / form factors
rely on polarized beams
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Top Couplings at the ILC

In ete” collisions: production via y/Z: strong sensitivity, also to new particles,

asymmetries O(1)

& t

Extraction of different y and Z couplings / form factors
rely on polarized beams

X
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ILC sensitivity to extra-dimensional models
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K& I e For CLIC: Only one energy stage
%{ 0.02 . lue: aceounting for below 1+ TeV - has to serve top
= ue: unti
v J L (including threshold) and Higgs
Lo energy-depenent luminosity _
physics
0.015 e For ILC: Importance of > 500 GeV

running for top couplings

0.01

500 1000 1500
/s [GeV]
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K& I e For CLIC: Only one energy stage
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1000 — 1500
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sweet spot around 500 - 700 GeV

for CLIC stage 1: 380 GeV best compromise between Higgs and Top physics
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The Top Pair Thresho

Q sal it threshold - m™ 171.5 GeV - 1 e The cross-section around the
- - — Beneke et al. NNNLO —ILC350LSonly - threshold is affected by several
-% 1.2 - —ISRonly — ILC 350 LS+ISR properties of the top quark and by
8 0 R
7 - ] « Top mass, width, Yukawa
O - Yy, Qs - :
5 0.8 | — coupling
B = e Strong coupling constant
0.6 —
0.4 F -
B - *
- ) 2
0.2 - based on CLIC/ILC Top Study |
EPJ C73, 2540 (2013) .
] ] ] | ] ] ] ] | ] ] ] ] -
340 345 350 ~
\'s [GeV] e

e Effects of some parameters are correlated;
dependence on Yukawa coupling rather weak -
precise external as helps

. Top/QCD Summary : , P
[C“ LCWS2015, Whistler, BC, November 2015 Frank Simon (fsimon@mpp.mpg.de) 8 S



The Threshold |n MC

. Now avallable NLO S|mulat|on of the ttbar threshold in WHIZARD

e Opens up the possibility for more sophisticated experimental studies at threshold
beyond total cross section: Asymmetries, momentum distribution

beamstrahlung
== QED ISR
0.6 =ISR + beamstr./

0.8 0 tuerre <. incorporation of ISR and luminosity spectrum

————
—----------_

346 348

WHIZARD v2.2.3
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The Threshold |n MC

. Now avallable NLO S|mulat|on of the ttbar threshold in WHIZARD

e Opens up the possibility for more sophisticated experimental studies at threshold
beyond total cross section: Asymmetries, momentum distribution

- no structure / . . . .
0.8 beamstrahlung — dL Incorporation of ISR and Ium|nOS|ty spectrum
-= QED ISR / — | |
06 =ISR + beamstr./ . successful sanity check with
0. str . |
< theory calculations:
g 0.4
0.2 r
— 0.6 g
2
0.0 =
340 342 344 346 348 s 04
\/ S [GeV] WHIZARD v2.2.3 02 -- NRQCD calculation
) —  WHIZARD NLL
0.0
340 342 344 346 348
Vs [GeV)
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The Threshold |n MC

. Now avallable NLO S|mulat|on of the ttbar threshold in WHIZARD

e Opens up the possibility for more sophisticated experimental studies at threshold
beyond total cross section: Asymmetries, momentum distribution

matching-NLL . . .
roool T —] corporation of ISR and luminosity spectrum
/W-'-‘ : successful sanity check with
- g theory calculations:
z
S T ] 0.6
-
I L 04
— — NLL —
250 a?xlzgxﬁilzd NLL 1 ) =+ NRQCD calculation
NRQCD [on; an) 02 L sene
onmacn |l as] | ] o —  WHIZARD NLL
| afggell ,NLO | o
b N T 1 ’ matfhed’ NLO = 340 342 344 346 348
300 - 325 - 350 - 375 - 400 \/\_ (GeV]

V8 [GeV]
matching to continuum to consistently
descrlbe full energy range
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Higher Order Calculations

== = __ = == — —

e Two key steps forward this year:
e Conversion of pole / 1S / PS mass to msbar mass at NNNNLO QCD

MS — on-shell
M = my (1 1+ 0.4244 o + 0.8345 02 + 2.3754°

+(8.49 + 0.25)0/;)
— 163.643 + 7.557 + 1.617 + 0.501 + 0.195 + 0.005 GeV
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e Two key steps forward this year:
e Conversion of pole / 1S / PS mass to msbar mass at NNNNLO QCD

2

MS — on-shell

M = my (1 1+ 0.4244 o + 0.8345 02 + 2.3754°

+(8.49 + 0.25) ofs‘)

= 163.643 4+ 7.557 4+ 1.617 4+ 0.501 + 0.195 £ 0.005 GeV

input ms = m'> = mRS =
#loops 171.792 172227 171.215
1 165.097 165.045 164.847
2 163.943 163.861 163.853 1-2 GeV
3 163.687 163.651 163.663 < 250 MeV
4 163.643 163.643 163.643 < 40 MeV
4 (x1.03) | 163.637 163.637 163.637 6 MeV

half the 4-loop contribution {22 4 10}
3% uncertainty = 6 MeV
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e Two key steps forward this year:
e Conversion of pole / 1S / PS mass to msbar mass at NNNNLO QCD

MS — on-shell
M = my (1 1+ 0.4244 o + 0.8345 02 + 2.3754°

+(8.49 + 0.25)0/5‘)
— 163.643 + 7.557 + 1.617 + 0.501 + 0.195 + 0.005 GeV

input ms = m'> = mRS =
#loops 171.792 172227 171.215
1 165.097 165.045 164.847
2 163.943 163.861 163.853 1-2 GeV
3 163.687 163.651 163.663 < 250 MeV
4 163.643 163.643 163.643 < 40 MeV
4 (x1.03) | 163.637 163.637 163.637 6 MeV

+ uncertainty induced

by as uncertainty

half the 4-loop contribution {22 4 10}
3% uncertainty = 6 MeV
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Higher Order Calculations

e Two key steps forward this year:
e Conversion of pole / 1S / PS mass to msbar mass at NNNNLO QCD

e NNNLO QCD calculations of threshold
A decade of work to get the 3 order:
1.4 . . .
1.2
1.0
0.8
0.6
0.4
0.2

340 342 344 346 348
Vs (GeV)
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Higher Order Calculations

e Two key steps forward this year:
e Conversion of pole / 1S / PS mass to msbar mass at NNNNLO QCD
e NNNLO QCD calculations of threshold

A decade of work to get the 3 order:
14- -

QCD uncertainties under control: ~ 3%
Further corrections (v? ~ o? ~ y? ~ a) :

S

1.2¢

1.0 ey » Higgs corrections

. 0.8 ] » QED Coulomb potential
0.6 1 » Nonresonant production
0.4 ] » P-wave production
0.2 : » Further NNLO electroweak corrections
o.g40 342 344 346 348

Vs (GeV)
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ngher Order Calculatlons

e Two key steps forward this year:
e Conversion of pole / 1S / PS mass to msbar mass at NNNNLO QCD

e NNNLO QCD calculations of threshold

A decade of work to get the 3" order:

uncertainties under control: ~ 3%

1 er corrections (v? ~ 042 ~ yt ~ )

1iggs corrections

JED Coulomb potential

1 Jonresonant production

>-wave production

-urther NNLO electroweak corrections

1.15; — — \
1.10¢ m =100 MeV

>

» 1.05_ = ]

S - m =50 MeV A

~ . mP450MeV ‘

= 0.95F / -

s l: PS
0.90+ m P>+100 MeV .
L o -

340 342 344 346 348

2

Vs (GeV)

< suggests uncertainties on the 50 MeV level
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— 40 — ] T T T T | T T T T | ]

< ~ m$171.5GeV, ILC LS :

=~ 30 - —do/dm, [A =20 MeV] —do/dy [A=0.1] _3

£ - —do/dl' [A=40MeV] - Ao, for 10 fb -

&= - —do/dog [A =0.0006] u=>50..350GeV o

< 20 R

N :

5 - i

- 10p~ o~ e -

0 E= —

10 E

20 i,

N based on CLIC/ILC Top Study

B EPJ C73, 2540 (2013) i

_30 ] | | | | | | | | | | L
340 345 350

\'s [GeV]
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Experimental Consequences for Mass Precisio

« NNNLO scale uncertainties have a
substantial impact on the expected
precision of threshold scans -
comparable or larger than stat.
uncertainty on o
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Experimental Consequences for Mass Precision

=T 400 mPS1715Gev.IlCLS 1+ NNNLO scale uncertainties have a
o f _ _ - .
> g — dofdm,[A=20Mev] —dofdy,[A=0.1] - substantial impact on the expected
< B — dG/dr [A = 40 MeV] T AOStat for 10 fb 7] ..
2 [ —dolda [A=0.0006] u=50.350GeV - precision of threshold scans -
X 20 - ~" 3 comparable or larger than stat.
B ,nE - uncertainty on o
; 200 B [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ [ | :5 E
-1 ] . '
§ | wesedsemso smewoxon S . g standard” 10 point scan & fit
€ 150 L E P mass value changes by 90 MeV for
< T Eg the considered scale variations:
100 [ 43
50 . 5 -+ 45 MeV systematic on mass from |
L - . T e lNNNLO scale uncertainties |
ol ", ”..,,;;:. o o ;1 (symmetrlzed)
i ........................... T OO TRPPIT TOPITR | T PO PO T T T TRPPTITFIOIoR |:
100
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Experlmental Consequences for Mass PreC|S|on

Y~ 07 | T T T T | | T T T I T .
fo) - ]
.2.' [ tt threshold - Beneke et al. NNNLO - u =80 GeV _ * For fU”y consistent treatment Of
g 0.6 - ISR + ILC LS, mass fit incl. scale uncertainties — scale uncertainties: Inclusion in
= — : — - PS : . .
5 [ 7 defadlt-m 1715 AoV - template fit - bands instead of
Q05 — best fit template, m 171.45Gev. .
?) [ mass variations + 0.1 GeV. i — lines
% - L p——
O 0.4 — —
O - _
: : *h I I I I I I I I | I I I I
0.3 — - mPS = 171.5 GeV, u = 80 GeV
- ] - 10 x 10 b, 340 - 349 GeV 7
- - 600 fit incl. NNNLO uncertainties ~ —
0.2 - i
0.1 - based on CLIC/ILC Top Study - B
) EPJ C73, 2540 (2013) 1 400+
B | | | | | | | | | | | | B |
340 345 350 i
\'s [GeV] .
e Consequence: Fit uncertainty not purely 200 B
statistical - for 10 x 10 fb™" :
’ — 1 O
“ 32 MeV fit uncertalnty (mcludlng 19 MeV stat) | 20 30 .40 50
— fit uncertainty on mtop [MeV]
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The Strong Coupling

e The strong coupling plays a central role in top (and other) physics:

® Precise predictions for observables sensitive to QCD corrections.
®* Consistency of determinations from different observables reflects

our understanding of QCD.

e For the preliminary 2015 world average, uncertainties (including theory) of input

results have been re-examined

World Summary of o 2013:

T-decays :
Lattice o
DIS :
ete™ annihilation :
Z. pole fits :
N TP P
0.11 0.12 0.13
o, (Mz)

os(M,) = 0.1185 = 0.0006
without lattice: &s(M;) = 0.1183 £ 0.0012 |

2015 summary of o,

.
T-decays HO—

Lattice HCH

DIS —O—

ete” annihilation

Z pole fits H Oo—i
collider =0

N T T I
0.11 0.12 0.13
o (Mz)
os(M,) = 0.1177 = 0.0013

without lattice: &s(M,) = 0.1170 = 0.0018

E’ ° Top/QCD Summary
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The Strong Coupling |

e new preliminary value of world ot;(M,): = 0.1177 = 0.0013
e change from 2013 value (a(M,)=0.1185 + 0.0006) mainly due to:

— decreased weight (increased error) of lattice results

— decreased central value from T-decays

—result from new class (hadron collider, ttbar x-section), with only
one published result, however known to be systematically low

¢ known but unresolved issues for almost all classes

® no convergence of issues in sight

— however —

e cven within conservative uncertainties, Asymptotic
Freedom and in general, QCD is in excellent shape !

. Top/QCD Summary . .
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ttH: Direct Access to the Top Yukawa Coupling

 Very complex final state Intense search at the LHC in various channels:

Higgs Branching Fractions » Best fit signal strength
o« Up= 1.977%,, - ATLAS
* Hwn= 29" 09 -CMS
o Ug= 2.3 15 - Combined
Hobb  significance - 4.40 obs (2.00 exp)
e Combined upper limits on o/ogy
e 3.2 0bs (1.4 exp) - ATLAS
e 450bs (1.7 exp) - CMS

Top Pair Branching Fractions & CIUICk|y riSing SenSitiVity!

“alljets™ 46%

ttjets 15%

1%
o 2
we 2\/:;[0 +ets 15%
Whe 204’\%10 e e
. Vere etiets 15% )
"dileptons™ "lepton+jets™

- Top/QCD Summary . .
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ttH Dlrect Access to the Top Yukawa Coupllng

 Very complex final state Intense search at the LHC in various channels:

» Best fit signal strength
e ugy= 1.9%,, - ATLAS
H—7r +1.0
77 * U= 2.9 "9 - CMS
* Uiny= 2.3+O'7_o,6 - Combined
H—bb  significance - 4.40 obs (2.00 exp)
e Combined upper limits on o/ogy

e 3.2 0bs (1.4 exp) - ATLAS
e 450bs (1.7 exp) - CMS

Higgs Branching Fractions

H—=WW

H—=vyy -0.2%

Top Pair Branching Fractions & C]UICk|y riSing sensitivity!

“alljets™ 46%

ttjets 15%

And: large progress on theory - both for signal
(NLO QCD, matching to PS, off-shell effects,

o % : :
g 2;/,l EW corrections, soft gluon resummation)
e A, +iets 15%
¥ e — o and backgrounds (ttbb, ttV, ttVV)
"dileptons™ - ’ "lepton+jets”

( E. ° Top/QCD Sumrpary e
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> 10 F T T
D Ty 0 1 I aiay TV RS -
e~ N R (P S R
S [=dy e ]
0 e s — ]
= every bit of extra energy helps: © 125" @500 GeV, P(e€)=(:0.8,0.3)
(7p] : o, =0. :
It extra 10% of ILC length can be S 1F X e
used for higher energy (in SR T
scenario where the design o e T— -
gradient achieved): 550 GeV s [ T ]
S E
2

—
<

I500I — I550I — I6OOI
\s/ GeV
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> 10 F T T
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Big effort to constantly improve the analysis: \'s/GeV
New this time: maximum-likelihood jet pairing

at 500 GeV for H20 (200 + 1400 fb):

Agi/gi = 7.85 % (650 GeV: 3.3%)
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Final Words

e Top physics is a very lively field - both at the LHC with a constant stream of new

results, and at Linear Colliders with steady improvement of the understanding of the
physics capabilities

* A major topic: Systematics - theory and experiment

 QCD is still good for “surprises”: For the first time, the WA uncertainty on as has
increased by a factor of two - but in general, QCD is in excellent shape
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The top quark is likely to have a crucial role in the physics of the TeV scale
- the precision of ete” is needed to elucidate it.
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* A major topic: Systematics - theory and experiment

 QCD is still good for “surprises”: For the first time, the WA uncertainty on as has
increased by a factor of two - but in general, QCD is in excellent shape

The top quark is likely to have a crucial role in the physics of the TeV scale
- the precision of ete” is needed to elucidate it.

The top quark needs to be front and center
in the physics case for Linear Colliders.
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