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Let’s see what happens this time!

It’s very nice to be here. New Top Quark Mass



Statistics

~ |4 talks x ~25 slides = 350 slides

350 slides / 30 minutes ~ 12 slides / minute

Mission Impossible.
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The speakers did an excellent job of providing fair summaries of
their topics and referencing the actual work. Here, | am just
referencing their talks. Please go to them to find the actual

individual references.
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The King of Fermions

| think it is hard not to be
inspired when you find
something as weird as this.

Muon Neublrino Tau Neutrino
0 p
) o
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Flavor

More precisely, the question of flavor
is precisely why the top is unusual.

The masses and mixings of the quarks
tell us something fundamental about

the H iggs (not W') couplings, 0.97427 +0.00014 0.22536 & 0.00061 0.00355 + 0.00015
0.22522 4+ 0.00061 0.97343 + 0.00015  0.0414 = 0.0012

0.00886 7000033 0.0405T0-0015  0.99914 + 0.00005

This structure seems to beg for some
kind of more fundamental explanation.

(Assumes Unitarity!)

Usual spacetime
directions

Whatever that explanation is, it knows
that the top is special.

gravilon

We don’t know at what scale flavor is
selected, but the top may be the key
to understanding it.

Extra-dimensional
boundary

Microscopic extra dimension



Electroweak Fit

) o ! : m, world comb. + 1o
68% and 95% CL contours L m = 173.34 GoV

fit w/o M, and m, measurements i1 .- 5 =076 GeV
fitw/o M,,, m and M, measurements | i —0 =076 ©0.50, ,GeV

direct M, and m, measurements

M,, world comb. + 1o
M,, = 80.385 + 0.015 GeV

The top mass is a crucial ingredient into the global fit to the Standard
Model.

The Higgs mass we have been given seems consistent with Mt and MWV,
This is a huge constraint by itself on many theories of BSM physics.



The Fate of the Universe

Ultimately, the top mass controls
the fate of the Universe (in the SM).

The Higgs potential can be
destabilized if the top is too heavy
and the Higgs is too light.

Now that we know the Higgs mass,
we can finally ask what this tells us.

150 200

Peversely(?) Nature has chosen a N
Higgs mass such that we are not bl ===
entirely sure what this means. It
seems that new physics is only
required at high scales.

LA )

Pole top mass M, in GeV

Shifts in the top mass have a large
effect on this situation.

Stability

124 126
Higgs pole mass M}, in GeV




Hierarchy Problem

® The top plays an interesting role in the hierarchy
problem. sm2

® Our best theories of quantum gravity include
new states at the Planck scale related to the top,
such as stringy excitations or Kaluza-Klein
modes.

® These particles inherit the top coupling to the
Higgs, and they destabilize the Higgs potential,
dragging the weak scale to the Planck scale.

® |n other theories, space-time becomes granular
or “foamy” at Planck lengths, leading to the same
problem. f

Stops cancel top divergences

® Whatever physics protects the electroweak scale
from these corrections, it must act particularly ,

Mentioned by

on the top sector. Yevgeny, Cedric



Inspiration

Observation

Of course, theorists never really observe anything.
But experiment requires theory to make the most
of its observation. So this section is about how
theory plays a role in that process.



The Precision Frontier

® Both Tevatron and LHC have pushed
measurements to the point where Frank Krauss
simple theory no longer has the Theoretical Keynote
power to describe the data. M- merging at NLO: MEPsONLo

LO 5jet, but alsc
NLO 4jet

@ basic idea like at LO: towers of MEs with increasing jet multi

® Hard processes need NLO or ol S

ne sample, remove overlap/double-counting

NNLO descriptions, and soft logs 0 0 ey o WE 5
need to be resummed (e.g. by the n T e s 0 sers o

parton shower)

MEPS@NLO ==
1.65 x MEPS@LO =<
S-MC@NLO

® This is a theme that ran through the
entire week.

do/dpt [pb/GeV]
)
i

=
O\
&~

® Motivated by this, and capitalizing on
theoretical advances, theory seems
ready to rise the to the challenge.

=
G

Ratio to
MEPS@NLO
ey

o
&

® Higher orders are available, and
double-counting seems tractable.

pr (top) [GeV]



The Precision Frontier

® With higher order improvements comes Lightjet transverse momenta
less dependence on the techniques / Monte
Carlo.

Light jet properties
in ttbar + jets

do/dpr [pb/GeV]

® ..and we saw that for many
measurements, MC measuring is a non-
negligible part of the systematic budget.

s=== MEPS@NLO
=% 1.65 x MEPS@LO

® At the same time, using these codes in N SMCaNLO
complicated analysis is challenging. They are
computationally intensive and complicated.

(@)
2z
o®
- N
S
=

® Still, once modeling dominates the
systematics, including the cutting edge codes
in analysis is essential to go forward.

N

=
= Ul

Ratio to
MEPS@NLO

e
&

® Frank asks for more fiducial cross sections
and less correction back to the parton level.

Ratio to
MEPS@NLO
Q = N
O BTN, B VRN |

Frank Krauss

Theoretical Keynote pr (light jet) [GeV]




tt Production

The inclusive t tbar cross section has Theory (scalds + od)
. . . Theory (scaleg;
been the subject of an intense theoretical CDF and DO, L=8.6" ——

campaign.

Michael Czakon told us about NNLO

results which describe the data very well. PPbar s X @ NNLOSNNLL
. MSTW2008NNLO(68cl)
Theory uncertainties on this quantity T
op
have reached a few percent. MC, Fiedler, Mitov 13
’ . . Theory (scales + pdf) =
It's pretty amazing that a single ATL%ST%%%EC%%?
R . n ) _
computation can describe ~2 TeV (ppbar) ATLAS, 7ToV ——

CMS dilepton, 8TeV

and ~8 TeV (pp) data so well, given the
differences in the important subprocesses
of the two colliders.

Oyt [PD]

PP — tt+X @ NNLO+NNLL
Miop=173.3 GeV

. . . . MSTW2008NNLO(68cl)
Progress on differential quantities _ 75

advances as well (more about that soon). vsireV]

Michael Czakon

T Tbar Production




tt Production

I[\INLO!(sca/e‘s) —— NNLO (scales)

NLO (scales) wzzzzz | NLO (scales)

LO (scales) LO (scales)

CDF+DO (8.8fb™") =—s— ATLAg MG, 7Tel

+CMS, 7TeV —a—

ATLAS, 7TeV r—bt—
CMS, 8TeV r——

2O
QR o

I}
e
RS SRR
R R
e NN
QRO O RO
QL TR
L "'l""‘l;" O R
QX7 """"‘i’i}"i;{' y
- PPbar — tt+X J

L ) ation
Independent ug g variation PP _s tts XP m“FJj 1V %’% GeV
MSTW2008(68¢.1.) LO; NLO; NNLO MSTW2008(68¢.1.) L B; NLO: NNLO
164 166 168 170 172 174 176 178 180 182

. 7 7.5 8
My, [GEV] Vs [TeV]

Concurrent uncertainties:

G0t [PD]
Giot [pb]

Scale variation

NNLO

O 1o Scales ~ 3%
| LlL ,:/”N/:/LL pdf (at 68%c|? ~ 2-3%
O (parametric) ~1.5%
M., (parametric) ~ 3%

NLLNNLL

Fixed Order =——eo—
NLO+res w—e—
NNLO+res m——— |

Soft gluon resummation makes a difference:

LHC 8 TeV; y,,=173.3 GeV; A=0
MSTW2008 LO; NLO; NNLO

5% -> 3%

Note the importance of resummation. Michael Czakon
T Tbar Production




Single Top Production

® Fabrizio Caola told us about the latest
effort to bring calculations of the single
top t-channel process to NNLO.

® There is an interesting lesson to be had:
NLO looks like a tiny correction, but if
one looks closer one sees indications
that the higher order is necessary.

® This is seemingly due to a large
accidental cancellation.

® |t is not the net correction, but the
scale variation of its components

which characterizes the uncertainties.

® Another indication is larger scale
variation for differential quantities.

t-channel single top: do we need NNLO?

The total cross section at the 8 TeV LHC: A CLOSER LOOK

oLo = 53.77+ 3.03 — 4.33 pb

) 5.13 4+ 1.63 — 0.90 pb

-14%

channels

0%*2 at NLO (solid) and LO (dashed) in pb
023 at NLO (solid) and LO (dashed) in pb

Tevatron

0.5 1.0
#/m,

[Campbell et al (2009)]

Fabrizio Caola

Single Top Production



Single Top Production

® Fabrizio presented an almost

complete NNLO determination of
t-channel single top production

Sure enough, the net NNLO
correction to the rate is not
suppressed compared to the NLO
correction

® Remember, we do higher orders
not to get a different number, but
to get a smaller uncertainty!

® Differential rates are also described

much more accurately, and
uncertainties are stable even in
differential quantities.

Fabrizio Caola

Single Top Production

Two-loop amplitudes:

(very) hard

i1

Single-top @ NNLO: total cross section

Trivial (~NLO?)

8TeV LHC, MSTW2008, m. = 173.2 GeV

Lo = 538:3(5) pb  onLO = 551:1)8 pb

_ £ 9H0.5 1
onNLo = 54.2755 pb

(MR=HF= {md/2, m;, 2 md})

LO
NLO
NNLO ——

mt/2<|,l<2mt

N
=
=
O
=
(N
A
|_
(N
S
b

PT cut on the top




Single Top + NWA

\>

O \,

LO 10 LO .
= NLO = NLO =1
—— NWANLO /

ET NLO

do/dM[pb/GeV ]

| Fabrizio Caola

Single Top Production

,,,,,,, e B 030 - —-— ET/offshell-1 |

—— NWA/ offshell - 1 (NLO) — NWA/off-shell -1 | §
—--— ET/ offshell - 1 (NLO)

65

M(W*. 3 [ GeV 1

[Papanastasiou, Frederix, Frixione, Hirschi, Maltoni (2013)]

® Many tools treat the top quark as on-shell. As we get to % level
measurements, [ /M ~ |% effects become important to include.

® The effects are very kinematic-dependent, with regions where it works fine,
but also regions where it fails, particularly observables like Mws and beyond
kinematic edges.



Quantum Mechanlcs

® (Quantum mechanics allows us to
ask about given initial states and
measurable final states.

® The prompt top decay implies that
we cannot really think of processes
containing top separately from
other EWV ones.

® Eg WWbb vs Wt vs tt

® Resonant regions dominate, but as
precision increases, interference Jan Winter
cannot be neglected, particularly at WbWb at NLO
higher orders.

(Also comments by
Frank, Fabrizio)

full (WWbb) narrow width approx. (NWA)



WbWb @ NLO

® We can see the importance of
these effects comparing a full
WbWhb treatment to one which
treats the top quark decay as
separated out.

® Distributions show differences,
especially when the kinematics pull
(at least one of) the tops off-shell.

® But there are also important impact
on distributions such as My, which
impact some of the top mass
measurements.

—— NLO WWbb

NLO tf .
—— LO Wwhbb et J a n WI nte r
50 100 150 200 250 300 350 “J;nu WbWb at N LO

P1,bh [GeV]

W+ W~ bb: Invariant mass of lepton and b jet

LHC 7TeV

WWbb
MSTW2008(n)lo pdf

do /dmy,[1/GeV]

—— NLO, ¢ = 1.0 x Hr/2

——— NLO, 4 = 0.5 x Hr/2
NLO, u = 2.0 x Hr/2

—— 1O, u=1.0x Hy/2

-—— LO, ;L:O.5><HT/2
LO, p =2.0x HT/2

200
mp[GeV]



is is Important

Jan Winter
WbWhb at NLO

I ' '
LHC 7 TeV 4.7 b
W*Wbb, u, = A ,/2, MSTW 2008(n)lo pdf

—@®—— NLO pseudo-data with NLO templates, offset 0.1+ 0.3 GeV

(220000077 NLO scale variation with NLO templates
—@——— NLO pseudo-data with LO templates, offset -1.9 £ 0.3 GeV

A7) NLO scale variation with LO templates

g

i

LHC 7 TeV 4.7 fb™
& W, =m, =172.5 GeV, MSTW 2008(n)lo pdf

—@®—— NLO pseudo-data with NLO templates, offset 0.1+ 0.2 GeV

(222000077 NLO scale variation with NLO templates
—@—— NLO pseudo-data with LO templates, offset 0.5 + 0.2 GeV

T NLO scale variation with LO templates

|||||||||||||||||||||||||||||||||||||||
——

|
180
mi" [GeV]

[HEINRICH, MAIER, NISIUS, SCHLENK, WINTER, ARXIV:1312.6659]




Mysteries Remain

® As tools and data improve, we can never
stop validating our simulations. LHC 8 over 7 TeV
® This is not just because we need to
calibrate them to better accuracy, but .
because as we go to more advanced
observables, we may find flaws in the

existing technology or procedures.

—_
a1

—
»

_.

©

o
\

>
|_
~
=3
s}
"~
°
|_
o]
£
@)

—_
w

10.2112 0.113 0.114 0.115 0.116 0.117 0.118 0.119 0.12

® Our theory tools are sometimes
.. . . ag(M,)
missing physics. Puzzles in secondary
quantities is often how we realize this.

® Alex Mitov showed us an example where Alex Mitov
things do not seem to work quite as we MC Workshop Summary
hoped; despite the inclusive measurements
of ttbar describing well 7 and 8 TeV data,
the ratio seems off by more than the
expected uncertainties.



Mysteries Remain

® Another quantity that was discussed
several times at the workshop by many
M M M LHC, Vs=7TeV (ff — e/u+Jets final state)
speakers was the PT distribution of the R
. . . DASAWW ATLAS-CONF-2013-099
top quark in top pair Producﬂon. 7777)| OMS daa 50t Eurhys.. O7s

(2013) 2339, redone in ATLAS binning)
CMS MC (MadGraph+Pythia,
CTEQ6L1 PDF, Z2* UE tune)

CMS MC (Powheg+Herwig,

® Here, we seem to see a systematic shift GTEGGM POF, AUETS UE une)
between tools and data at the highest PTs. :

® |s this a sign that at the highest PTs, we
think about this process in a fundamentally
flawed way?

o
-
s
>
a
+
=
Q.
©
i
G}
©
T
=

ratio wrt.

100 200 300 400 500 600 t700 80
® s this “jets + ttbar” instead of “ttbar + [CERN-THESIS-2014-110] Py [GeV]

jets”?

® Obviously this is something that needs to
be understood as we go to higher energy
and luminosity.

Markus Seidel

Theory Systematics



Systematics

gg luminosity at LHC (s = 7 TeV)

—— MSTWO08 NLO
4544 CTEQ6.6

METONE [

Theory Systematics T it NNPDF2.

.@1\&&‘*

S

The theory systematics are not just a
source of mystery, but also an opportunity.

Top provides a place where precision g "o o e
measurements can improve inputs, which

may have implications beyond top physics
itself.

CT10NLO
MSTW2008NLO
NNPDF 2.3
HERAPDF 1.5

Theory / Data

For example, top observables may
ultimately help improve the PDF fits to the
gluon density at large(ish) x.

This could be very helpful, e.g. in precision
Higgs physics.

Alex MitOV ' 50 100 150 200 250 350 800
MC Workshop Summary p' [GeV]




Inspiration

Observation| ——————p Characterization

Once basic observations are under
control, we want to characterize what
these imply for fundamental properties.



What is Mt!

The top mass, like any parameter in the
Lagranglan, must be ConneCt?d to Masses Loop-Theorists Like to use
observables through calculation. S ——

MSR o * sensitive to top production
my (R = my) = (M) mechanism (pdf, hard scale)

In the perturbative regime, this is a M= MO g, 4TS
problem we can solve in perturbation Threshold cross section (L) Josssomes
theory.

Andre Hoang

Top Mass Interpretation

mYSR(R ~ 20 GeV), m!®, mIS(R) methods

: 2 1 (0) i ,
My, = M;™’ + (pBohr)ais + ... Relations

IR computable in
(PBohr) = 20GeV perturbation

Monte Carlo involves low energy scales [

MSR jet
mMSR(R ~ T,), mi®(R) .
N g * more exclusive

(hadronization), this introduces an

interactions (low scale)
+ direct top mass sensitivity

uncertainty in matching what the MC PO 15GV - amal sl e corctons
means by Mt compared to any other Heavy Quark Mass in the MC
definition. e e

scales below A= 1 GeV

* Hadronization model affects the
interpretation of the MC top mass

Since this part is modeled, and not
under control, there are uncertainties of

order GeV associated with it. l

y wark +— ~O(1GeV)
DR 777/;111%1 + A

MC mass has features similar to

Precision versus accuracy. = miS(R) + AN (R)

We use knowledge from B-meson
sutabl scaes: R = 1 — 3 GeV




What is Mt!?

MC vs. SCET: Primary Bottom Production

Preliminary ! (No fit yet)

My () = 3.7,4.2,4.7 GeV as(Mz) =0.1192 Q1 = 0.276 GeV

Q=16 GeV

Andre Hoang

Top Mass Interpretation

Q=91.187 GeV

® Andre proposes to determine the meaning of the mass inside a Monte Carlo
program.

® To begin with, he examines the bottom mass in ete- collisions, as an easier
but obviously related problem.

® He performs his own computation of the kinematics of the process using
SCET, and compares with MC to see where they match.



Top Yukawa Coupling

® The top Yukawa coupling is a
fundamental quantity that has
great importance in both the SM
and theories going beyond it.

® Nominally the inclusive Higgs
production tests its value, but
this is degenerate with other -1 -05
quantities such as an intrinsic Bllis et alig ‘
) ; Brod-Haisch-Zupan, 13
coupling mediated by new heavy Falkowski et al. 12

. latest results from Beltisca-Maito RPP2014
particles.

¢, VS. ¢g, correlation

SM point :

® There is plenty of room for
surprises, and the obvious way

+  Bestfit

0.010

to access this coupling directly is & 0.005
to access direct probes such as 0.000
ttbar+H or single top + H. ~0.005 (¢, = 0)

Cedric Delauna)’ ~05 00 05 10 15 ‘
ttH Theory Ct




Top Yukawa Coupling

® The prospects for ttH are
excellent. O(10%)
measurements are eventually
possible.

® There are also prospects for the
inclusive Higgs channel in the
very boosted regime. This
resolves the top quark loop.
Once it no longer looks point-
like, it can be kinematically
distinguished from contributions
by heavier colored particles such
as top partners.

Cedric Delaunay

ttH Theory

14TeV
ATLAS Simulation h

Vs=14TeV:

~ 2.6 X afTeV)

; [Ldt=3000 fb!
_|‘Ldl:300 fb™" extrapolated from 7+8 TeV

Hopp h
ttH,H—pp h
VBFHotr

Ho 277

VBRH- WW
Ho WW

CMS Projection

Expected uncertainties on
Higgs boson couplings

ttH,H-yy I
N

VBF,H-yy
H-vy (+))
H—yy i

0.10 0.15
expected uncertainty

0 02 04 06 08

o Aci/cy = 10% by ~2030
(ILC: ~5%)

Very boosted Higgs production:

Grojean-Salvioni-Schlaffer-Weiler 13
see also Banfi-Martin-Sanz '13

requiring 'p? 188 My,p Tesolves the top loop
and lift up the degeneracy w/ partners

Acy /ey = 20%

same ballpark as tt+h channel

| 3abT@LHCI4
? pr>650GeV

08 09 10 1.1 12 13
Ct




Effective Lagrangians

Operators

Effective Lasrangians are powerful
srang P Ol = ygs(Go” TA )2 G,
(13)

ways to capture new physics effects o

when the particles that mediate O‘;KZ) o
. uB :yth(qU t)SDBuV

them are heavy, above the energies

we probe.

= , I\ ~1asl
= yigw(@e"" T HewW,,,

oD = —y et w)(Ene
Mixing between color-dipole and Yukawa
In a top decay, that energy is the top

mass. In a production process, it is
usually larger.

=
S
©
&)

Cen wrote down several complete
sets of “dimension six” operators
that were both flavor-violating and
flavor conserving.

Cup(my)

He demonstrated that at higher
Ol‘del”, the Oper'ator's bleed |nt0 ohe Scale corresponds to the change from m; to 2 TeV.

another, and mix. Cen Zhang
New Physics in Top Couplings




Effective Lagrangians

Work makes predictions for new
Ph)’SiCS processes based on these @ Results for pp — ty and pp — th at NLO+PS: py distribution for top (A=1 TeV)

Left: pp — ty Right: pp — th

observables including QCD R— S

corrections. i
To be general,a complete set of
dimension six operators
consistent with symmetries should

be considered. | i | e

pp — th13 TeV

A set of operators constrains
linear combinations of the new

|CLIG |’|CuG I

physics coefficients. P

(13)
|CuB

(31)
I*lCuB |

Any ultraviolet theory will predict
patterns in these coefficients, and
one starts to see how to map a

discovery onto UV theories based

on which ones are observed. Cen Zhang
New Physics in Top Couplings

(13) (31)
|CuW |’|CuW I

(13), | (31)
ICugp 11C g




Inspiration

Observation ' Characterization

Once we know what we would like to measure, it suggests
new ways to extract interesting information.



FB Asymmetry

= CDF Data - Bkg, 9.4 fb™
0y = (15.5+3.3)x 10?
tt Prediction
0y =(5.3+1.0)x 102

® One that has attracted a lot of
attention in the recent years is the
forward-backward asymmetry of

the tOP qual"k at the Tevatr'on, 02 04 06 08 1 12 1.4 16 1.8|A|2
y

~ N(Ay >0) = N(Ay < 0)

—e— CDF Data - Bkg, 9.4 b
oy, = (10.9 £ 2.8) 10%(GeV/cy)!

Arp =

N(Ay > 0) + N(Ay < 0) e
aMnr: (;:ol <ino.7) x 10%(GeV/c?y"

® This measurement, like the related
charge asymmetry at the LHC, is a
subtle probe of new physics that

1 1 I 350 400 450 500 550 600 650 700 750 800
might otherwise hide. M, (Gevich

Michael Czakon
T Tbar Production



Differential t€t @ NNLO

Data +=—e—
pure QCD +—o—

=
~ QCDA+EW =— 5
5
&
> l 3 @
- = ©
n Q
S 0
2 b 2
O (]
g o E
a e
o) b
& ]

5)

O

Michael Czakon 1 s
. How to read the above plot: Scenarios
TThar Production

@ NLO, NNLO : exact numerator and denominator (see previous slide)
@ nlo, nnlo : expanded in powers of ag

The observable is only non-zero at NLO (in the inclusive calculation).

The new NNLO computations, together with further combined
measurements from the Tevatron, are essentially compatible.

Not good news for new physics, but very good news in terms of our
understanding of top!



Top Polarization

® The electroweak decay provides

an opportunity: (in the SM), top
quarks “analyze their own
polarization information”.

Three observables are related to
the expectation of the top spin
along three axes.

At the Tevatron, this is relatively
easy to do, because the
asymmetric beams provide a
natural axis to decompose the
information.

JA Aguilar Saavedra

Top Properties

Top pair production at Tevatron

The x direction can be taken in the plane spanned by the top quark
momentum and the proton, in CM frame.The y direction is perpendicular
to that plane.

The transverse and normal polarisations provide independent probes for
new physics.

Example: Px and P; for new colour octet M = 250 GeV with reasonable

couplings to generate a FB asymmetry at Tevatron. JAAS ’14

[integrated]
longitudinal
polarisation

0.2
transverse
polarisation
0. —
\\ // \\\ ///
AN s N 7 e
\\ /’V \\ ! // .
N Ny N2 stat uncertainty
X Ofmmmrmesd b N ,
o A AN CDF I+jets
// \\\ // \\
/’ \\ L //, ‘\



Top Polarization

® At the LHC, this handle does not
exist, but that doesn’t ruin the
opportunity.

® Carefully chosen observables can
improve the purity of the qgbar
initial state and correlate with
the direction of quark vs anti-
quark.

® These are very interesting tools
to look for new physics, measure
properties and further refine
future discoveries in other
observables.

JA Aguilar Saavedra

Top Properties

Since the interactions mediating ¢7 — ¢ do not really care where Saint-
Genis is, we have [differentially]

=Py (m—0)
—Py(7—90) Fore ta
P.(m—0)

Possible solutions to yield non-zero Px and Py : so that P, and Py vanish after integration over 6.

O Include sign(cos ) in the definition of observables. In other words:
integral in forward - integral in backward

Bernreuther, Brandenburg & Uwer ’95 ... Bernreuther & SI’13

O Select among protons based on the momentum of the top pair in the
LAB frame [try to guess the quark direction]
Baumgart & Tweedie ’|3; JAAS ’ |4

From Tevatron to LHC

Tevatron
LHC 8

[1] P, = 0.0021

[2] P, = 0.0106 [0.0186]
[3] P, =0.0212

LHC 8

Y e Jy,
__________

P, =0.0126

[1] include sign(cos 0)
[2] select proton by p; [true proton]
[3] select proton by pzand B > 0.6

RBRre——— —————

Main penalty: large gg fraction



A Different Process?

Photon handle for polarisation?

Already proposed for charge asymmetry Ac

JAAS et al.’ |14

. " .
= it Tevatron O Inclusive

total o B>06 tt_ 7 Tev

fraction O mg>1 TeV

of a9 AP, (sys) = 0.037

tty LHC 8 TeV

/ tty 8 TeV

[ ]
tty LHC 14 TeV AP; (stat) = 0.09 same sensitivity
tt LHC 8 TeV

mg e _
e tty 14 TeV 100 fb~!
"= tt LHC 14 TeV
AP, (stat) = 0.02 |.5 x sensitivity

0.4 0.6 0.8 1 BR——

Fq/F,
— S
relative importance
of uu vs dd

JA Aguilar Saavedra

Top Properties

® A process with extra ISR, such as ttbar + photon, could enhance the
contribution from the ggbar initial state, and improve the prospects.



Inspiration

Observation Characterization

Exploration

Our ultimate goal is
physics beyond the SM!




Extreme tt

® An obvious place to explore is top
quarks under “extreme conditions”.

® For example, at large invariant
mass, top quarks may reveal new
particles that like to decay into
them as resonances.

=
Na
=
O
RS
o
<
®
=

® Obviously, a starting point is to have
tools we can trust to predict these
extreme kinematics.

® Do our existing tools work,
ready to be extrapolated, or do
we need further refinements!?

Michael Czakon

T Tbar Production



Boosted Tops

Why boosted tops
If new physics is heavy, decays could
produce top quarks with very large particles.

e n e r'gi e S . MadGraph + Pythia, Vs = 8 TeV, anti—k7, R = 1.0

Partially Composite

Such boosted tops decay have i I | Lo e
collimated decay products, which |
may not appear as distinct objects
to standard analysis.

PT

GI\'I\'
TR

Boosted techniques try to . Backovi
reconstruct the results of boosted S
tops (objects), and then detect the i
signs that they really contain
multiple hard decay products

corresponding to the bottom and
WV.

Typically cluster with R~1.0

Mihailo Backovic
Boosted Top Theory



A few heuristic examples...

See also Emanuele’s talk
1.0 ‘ : : You can look at the 1.0
clustering history...

i
r; number of “prongs”.
{
!

0.5 Utilize the differences (between top

and other decays) in the in the last il & N-subjetiness

few steps of clustering.

0.0

di2 (ATLAS tagger), 0.0l
mass drop, ...
’ e — - ————
0.5 ‘ ‘ 40.75
0.5}
0.2
1L.(0] : : - 0.00 | [ 1
=1.0 -0.5 0.0 085 1.0
é T3
| —— - N | =, Y
LS =5 0.0 0.5 1.0 e
b
- |
O onNgoing to de and NO
0.5} ]
- 2 . Yy O - 3
allo also ¢ 2d S€ 0 K&
DIIE D. €
0.5}
»
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COE




Top in SUSY Decays

SUSY gives tops in return

Example with stop pair production

SUSY counterpart
of gauge interaction pp— 1t T —=tx", X7 stable
, . .. i ¢ overall: pp — tf + invisible
® Due to the stop’s role in determining Exarale with gluiio pai poducion
which SUSY theories are natural, L e
many SUSY theories produce particles Example without el tos
. . . pp—tt*, t—=by". YT —=77jj via RPV

which like to decay into top quarks. el o> (b33) (r—33) _ iferen Fchans

are affected differently!

¢ Man)’ Signa’tures are POSSibIe’ some Example: decay to massless gravitino (gauge mediation)
involving missing transverse i, P WG, G stable
momentum (if R-parity is conserved) overall: = IO i
or not (if not). for i | LHC 37 e ]

® We like theories with R-parity
because of dark matter, but this could
be a red herring and R-parity has
nothing to do with SUSY’s answer to

. 180 180

the hierarchy problem. | m (GeV) r (GeV)

Yevgeny Kats

Top and SUSY




Degenerate Stops

Most recent updates
Using NNLO + NNLL theory cross section

and CMS dilepton channel (2.3/fb at 7 TeV)

vary neutralino mass vary top mass €—— In case top mass

CMS 7 TeV, 2.3 fb~! measurement is Yevge ny Kats
': affected by stop TOP and SUSY

contamination...

100 150 200 250 300
mg [GeV]

A recent study attempts to use the top cross section measurement to put a
bound on stops.

Given the complicated way the cross section is extracted, there may be
corrections to the theorist-derived results; it would be great for the
experiments to do this themselves.



Top as a Tool

Measurement of b-quark polarization

Yevgeny also tOId us abOUt d » Despite hadronization, bottom baryons partly retain polarization.
very interesting idea to Falk and Peskin, PRD 49, 3320 (1994)

measure the polarization of b | 1 s, > Aqep
chromomagnetic — b spin preserved

quarks. moment iy during hadronization

. . b spin preserved
The idea rests of looking at Ab ? @ A, during lifetime

. 1/2 0

baryons, which preserve the
parent b polarization to good b spin oscillates
approximation. Eb during lifetime

A, sample contaminated
by Z]()H — Abﬂ'

*
b

Calibrating this technique

requires a source of polarized
b’s.

Fragmentation fraction into baryons = 10%
(Mesons don’t contribute because the lightest are scalars)

Top decays provide one very Yevgeny Kats
natu rally! Top and SUSY



Mono Top

see Theveneaux-Pelzer's poster

® Qing-Hong told us about signals
producing a single top quark together
with missing momentum.

® This “mono-top” signature probes
theories where there are new neutral
scalars with flavor-violating interactions
or which decay to a top and an invisible
particle.

Andrea, Fuks, Maltoni, 1106.6199
Wang, Li, Shao, Zhang, 1109.5963

® |n these cases, the particles are unlikely
to be dark matter, but this is still an B =5
interesting signal of e.g. R-parity
violating SUSY via single-stop
production.

1 fb~!

O |

600 800 1000 1200 1400 1600 1800 2000

Qing-Hong Cao

Top and Exotic Models

my/GeV



b @
® A charged Higgs can decay into a '
top and a bottom quark, @ <
' o

producing a polarized sample of
tops.

t
Top-quark polarization depends on tanb

(my cot 8)2 — (my tan 8)?)
(my cot )2 + (my tan 5)?)

® |na type-ll 2HDM, the degree of
polarization in the decay depends
on tan P.

Ddecay Bt

(b)

® One can produce the Higgs in \s=14TeV, M, =400GeV
association with a single top (in
analogy to Wt), and its decay
leads to a t tbar + b signature
with very unusual kinematic
structure (tb resonant).

Qing-Hong Cao
Top and Exotic Models QHC, Wan, Wang, Zhu, 1301.6608



Four Tops

® As Qing-Hong pointed out, many kinds of
theories produce large numbers of tops.
For example, theories where top is
composite.

SM 4 top rate
g = 2 n octet/singlet

g = 0.1 octet/singlet

o(pp — ttt t)(pb)

® This points out an important
consideration: consistent theories can be
many times the SM rate. This is really a
BSM search.

® While the SM is an important target, it is
important to put meaningful bounds on
BSM theories on our way to seeing it.

t
19.6 b (8TeV) [ _p_; __< {

Limit @ 95%CL : 0, < 32 fb

-

| o R

| Expected: 0, <32 +/- 17 fb

T : Qing-Hong also pointed out that the Q i ng- H (@) ng Cao

) four top rate mediated by the Higgs is )
SR PPl very sensitive to the Top Yukawa TOP and Exotic Models




Future Colliders

® |n the far future, very high
energy colliders could offer a
unique perspective on the top.

® For example, a future circular
collider could reach energies

of order 100 TeV.

- Multitop production at pp colliders in QCD
CTELQS pdf

® Production of four or six tops
in the SM could be feasible.

[ OIN®DOWeE sydeaspely ]

Benjamin Fuks
Perspective at FCC

25
Vs[TeV]




Future Colliders

S 000

. —005
. -0.10

L -0.15

R T SRR Benjamin Fuks
o | ‘ O Perspective at FCC

% Top pair-production total cross sections
> constraints on ga and gv

% Existing data:Tevatron; LHC-8
% Predictions: ; FCC-100

* Major improvement not foreseen...
* LHC: assuming 5% syst. + stat.for 100 fb"!
* FCC:assuming 5% syst. + stat. for | ab"!

¢ Using instead highly massive top pairs
* M > 6TeV or 10TeV or

® The high rate of top production offers a very precise determination of
anomalous couplings, such as e.g.a chromo-magnetic or -electric moment
of the top quark.



Future e+e-

Off-shell tops can be useful at the
ILC. By tuning the collider energy,
one can get to a regime where one
top is typically on-shell, and the
other off-shell.

Once the top goes off-shell, there
is enhanced sensitivity to the W-t-b
interaction.

Percent level measurements are
possible at a Higgs factory.

(There should be something that
can be said about Z-t-t as well).

gsm = 2
=1

=0.5

/

! 8sm

! 8sm

wib
Bwib

[0
SWib

~Higgs
Factory

* SM Single top

VS (GeV)

Batra, TMPT ’06

‘‘‘‘‘‘
-

P
PR

10 ~
200 220 240 260 280 300 320 340 360 380 400

VS =340 GeV

12 =
095 096 097 098 099 1 101 1.02 103 1.04 1.05

Swi ! Esm



Future Computations

Future colliders and precision
measurements are going to need
improved theoretical tools to
extract the physics.

The NLO --> NNLO revolution
continues to go strong, with many
important signal and background
processes coming under theoretical
control.

Automation allows one to achieve a
NLO standard of theoretical
accuracy at the LHC.

Techniques to include electroweak
corrections are in development.

Stefano Pozzorini

Perspective on New Generators

NLO multi-particle revolution and automation
o various new 1-loop techniques
© many 2 — 4(5,6) processes at NLO QCD: 55, W + 55, Z +4j, H + 3],
WW i3, WZj3, vy -+ 33, bbbb, W~~7, WWbb, ttbb, ttjj, tttt, ttyy, ...
o various new 1-loop tools: CuTToOLS, SAMURAI, HELAC-NLO, MADLOOP,
GoSAM, BrackHAT, NINJA, NJET, OPENLOOPS, COLLIER, RECOLA

Full automation of NLO and Monte Carlo tools

o IR subtraction, integration, NLO matching and multi-jet merging,. ..
o tools: MADGRAPH/AMC@NLO, POWHEG /POWHEL, SHERPA, HERWIG,
PyTHIA

Great potential to promote NLO to standard TH accuracy at LHC

o wide range of NLO simulations possible
o further efficiency improvements crucial for challenging processes

o understanding of underlying physics and TH uncertainties can be non-trivial

Most results in this talk based on OPENLOOPS [Cascioli, Maierhéfer, S.P. '12]

Recent results with OpenLoops (Higgs and Top phenomenology)

NLO for pp — WTW ~bb with my, > 0, [
S—MC@NLO pp — ttbb with my > 0, [casciol,
MEPS@NLO for £vv+0,1 jets, [ casci
NLO merging for pp — HH+0,1 jets, : : :1401.0C

o MEPSG@NLO for t£+0,1,2 jets, [Hsche, kra
MEPSG@NLO for WIWWW 40,1 jets, [Hsche, ¢

o NNLO for pp — vZ production, [c

o NNLO for qg — tt production, [abeior
NNLO for pp — ZZ production, [Cascioli, Gehrmann, Grazzini

Tancredi, W 2219]

NNLO for pp

Tancredi arXiv:1408.5243]

rXiv:1404.6493)

> WTW ™ production, cehr

Several challenging NLO, S—-MC@GNLO, MEPS@GNLO and NNLO studies

thanks to high automation, flexibility and CPU performance

allweit, Maierhofer, von Manteuffel, S.P. , Rathlev.
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What | Learned

® Theorists are more likely to go over time on their presentations.

® Experimentalists have figured this out.

| am willing to bet this talk is another data point.

® Top experimentalists tend to be more sophisticated than their purely BSM
counter-parts when it comes to QCD, MC, ...

® Top physics is going strong!

So many wonderful experimental results... | really have no idea how
Christian is going to cope!

Precision measurements and computations make unparalleled progress.

Exploration of the complicated observables and high energy or rare
processes both theoretically and experimentally are well underway.



Thank you!
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