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@ What do we know about the top quark ?

@ What do we still not know about the top quark ?

@ Properties that are predicted in the Standard Model but are yet to be tested
experimentally.

@ Properties that are not predicted in the Standard Model - if they exist.

@ What can the top quark tell us about other stuff (aka BSM) ?
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©Z—sbbatLEP : R, and A%

@ Absence of FCNC'’s

@ Cancellation of Anomalies
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Theory and experiment agreed provided b;, was considered to be the T3, = — 5 component

of an SU(2);, doublet.

1
= the T3, = +§ partner of by, had to exist !
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Agéb #£0 = Th £0. by, must have an SU(2);, partner !
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Absence of FCNC decays of the b

Suppose by = SU(2);, singlet.
It could still have U(1)y charge = could have a coupling to the Z.

Would also couple to the W via its mixing with d and s quarks.

However, the GIM Mechanism would no longer work in the usual way.

= b — X/¢t ¢~ nolonger suppressed.

In such a scenario,
'B — Xtte)
I'B — Xty
= Br(B — X¢t(~) > 1.3x1072

> 0.12 [Kane and Peskin, 1981, [1]]

On the other hand, experimentally

Br(B — X¢t¢~) < 3.1x1073 [CLEO Collaboration, 1987, [2]]

Five-quark model ruled out !
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Anomaly Cancellation

Chiral coupling at any vertex = Violation of Gauge Invariance !

All such diagrams must evaluate to zero.

T o (G {2, 6]

G +1 for right-handed fermions

—1 for left-handed fermions

fi couplings = fg couplings =  anomalies cancel trivially for each fermion species.
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Ul)y Ul)y SU(2)y, SU(2)y, SU3)c SU3)c
In the SM : cancels for each generation of  In the SM : cancels separately for each In the SM : cancels separately for each
quarks and leptons. generation of quarks and each generation  generation of quarks.
of leptons.

No top = by isan SU(2) singlet.

Cancellation would require Would not arise for b. Would still cancel if Y (by) = Y (bg).
Y(by) =Y(br)

Y(m,) =Y(7R)

T3 (71) = T31(7R)
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Anomaly Cancellation

Ul)y Ud)y Uld)y
Ul)y Ul)y SU(2)g, SU(2)y, SU3)c SU3)c
In the SM : cancels for each generation of  In the SM : cancels separately for each In the SM : cancels separately for each
quarks and leptons. generation of quarks and each generation  generation of quarks.
of leptons.

Experimentally, b has SM-like couplings !

Anomalies do not cancel !!

The b-quark needs an “up-type” partner also with SM-like couplings.

10






the truth is DEFINITELY out there.
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The story so far ...

@ The top quark must exist.

@ Its quantum numbers should be the same as those of the up or charm quark.

@ Its mass can be anything ?

Z decays had been studied in detail at the LEP. Z — tt was not seen.
Br(Z —tt) ~ 0.
The couplings were known.

- M
rZ—t)~0 = m2>-2

~o2
LEP and the other experiments of the time had also measured a whole host of

observables related to the EW theory.
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The story so far ...

@ The top quark must exist.

@ Its quantum numbers should be the same as those of the up or charm quark.

@ Its mass can be anything ?

Z decays had been studied in detail at the LEP. Z — tt was not seen.
Br(Z —tt) ~ 0.
The couplings were known.

- M
rZ—t)~0 = m2>-2

~o2
LEP and the other experiments of the time had also measured a whole host of
observables related to the EW theory.

Many of these quantities were sensitive to m; (as well as my) through quantum

b
t t
WM/QWVW z w
t _
t b

corrections.
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[ALEPH, DELPHI, L3, OPAL, 1994, [3]]

Measurement | Standard | Pull
Model Fit

a) LEP

line-shape and

lepton asymmetries:

my [GeV 91.1888+£0.0044 | 911887 | 0.0

Ty [GeV] 2.4974 +0.0038 24973 [ 0.0

of [nb] 41.49 +0.12 41437 | 0.4

R, 20.795 + 0.040 20.786 | 0.2

AR 0.0170 + 0.0016 0.0153 | 1.0

+ correlation matrix Tahle 8

7 polarisation:

A 0.143 £0.010 0.143 | 0.0

Ao 0.135 4 0.011 0.143 | -0.7

b and ¢ quark results:

Ry 0.2202 + 0.0020 02158 | 2.2

R. 0.1583 + 0.0098 0.172 .

Ay 0.0967 £ 0.0038 0.1002 | 0.9

Ay 0.0760 + 0.0091 0.0714 | 0.5

+ correlation matrix Table 15

qq charge asymmetry:

sin’6'% ((Qpp)) 0.2320 + 0.0016 0.2320 | 0.0

b) pp and vN

my [GeV] (pp [62]) 80.23 4 0.18 80.32 | 0.5

1 miy/m} (vN [7-9]) 0.2253 £ 0.0047 0.2242 | 0.2

<) SLC

sin 0" (Avn [6]) 0.2294 + 0,0010 0.2320 | —2.6

Table 18: Summary of measurements included in the combined analysis of Standard Model param-
eters. Section a) summarises LEP averages, section b) electroweak precision tests from pp colliders
and vN-scattering, section c) gives the result for sin’f\%" from the measurement of the left-right po-
larisation asymmetry at SLD. The Standard Model fit results in column 3 and the pulls (difference
to measurement in units of the measurement error) in column 4 are derived from the fit including all
data (Table 19, column 4) for a fixed value of my = 300 GeV.
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[ALEPH, DELPHI, L3, OPAL, 1994, [3]]

LEP LEP LEP
+ pp and vN data + pp and vN data
+ Apg from SLD
m, (GeV) 173455 538 171755 438 178711 115
a,(mg) 0.126 + 0.005 + 0.002 | 0.126 £ 0.005 £ 0.002 | 0.125 + 0.005 + 0.002
x?/d.odf. 7.6/9 7.7/11 15/12

sin?0!P" 0.2322 + 0.0004 *3:355 | 0.2323 + 0.0003 *3:359) | 0.2320 + 0.0003 35559
1 — miy/mj || 0.2249 4+ 0.0013 *33%%3 | 0.2250 4 0.0013 +33%53 | 0.2242 + 0.0012 +23%%3
my  (GeV) 80.28 + 0.07 ¥3%% 80.27 + 0.06 *3:3! 80.32 + 0.06 *53t

Table 19: Results of fits to LEP and other electroweak precision data for m, and a,(m3). No external
constraint on a,(m3) has been imposed. The second column presents the results obtained using
LEP data only (Table 18a). In the third column also the combined data from the pp collider and ¥N
experiments (Table 18b) are included. The fourth column gives the result when the SLD measurement
of the left-right asymmetry (Table 18c¢) is also added. The central values and the first errors quoted
refer to muy = 300 GeV. The second errors correspond to the variation of the central value when
varying my in the interval 60 < my [GeV] < 1000. The hottom part of the table lists derived results
for sin?6'F*, 1 miy/m} and my.
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PHYSICISTS DISCOVER TOP QUARK

Batavia, IL--Physicsts at the Depastment of Energy's Ferni National Accelerator La d th
discovery of the subatomic partcle called the top quark, the ask

theory. Scenists warlduade had sought the top quark sice the discovery of the botiom quark at Femnhb 01977, The
discovery prowides strong supportfor the quark theory ofthe struchire of matter

Two sesearch papers, :ubmmed = Fndzy February 24, to Phys:nl Review Levers by the CDF and DZero e)q;mmm

h-energy colisions and
antiprotons, their antinatter co\mm‘pan The b espesmots aports nmmm\ usly using patle beams from Fermab's
Tevatron, world's highest energy particle accelerator. The collaborations, each with about 450 members, presented their
results at semnars held at Fermlab on March 2

"Last Apri, CDF d the first drect exp P quark.” said Wilkam Carithers, Jr,
Skt yoi qumo Belettn, for the CDF ePRnad VW el of claming a discovery.
Now, the analysis e previous endence the discovery of the top
quark”

The I: has 0 obs ofthe top.

uar depends primarly on the mmber of events we have seen but lso o ther characerstc,”sid Paul Grass, who
serves, wath Hugh Montgomery, as DZero cospokesman “Last year, we just did not have enough events to make a statement.
about the top quark’s exstence, but now, with a larger data sample, the signal s clear.”

Physcts deny op quarks by the charactenc lectroni sigals they produce. However,ober henonena ca sometnes

‘mimic top quark signals. To claim a discovery, exp . e out any other
source of the sigaals
“This discovery serves as a p support for science.” of Energy Hazel R O'Leasy.

“Using one of the world's most powerfl researth tools, scientists at Fermilab have mads yet another major contribution to
human understanding of the fundamentals of the wriverse.

‘The Department of Energy, te primary steward of US. high-energy physics, prowided the majorty of fnding for the
reseasch. The Italian Instiute for Nuclear Physics and the Japanese Miisty of Education, Scieace and Culure made major
contnbutions to CDF. Support for DZero came from Russia, Fr India, and Branl The National Foundation
contributed to both collaborations. Collaborators include scientists from Branl, Canada, Colombia, France, India, Italy, Japan,
Korea, Mezico, Poland, Russia, Taiwan, and the U

“The discovery of the top quark is a great achievement for the collaborations,” sad Fermadab Director John Peoples, "and also
for the men and women of Fermilab who imagined, then buik, and now operate the Tevatron accelerator. We have much to
leam about thetop qrk, and mor of i’ best-kep screts t espore, W lok forward to begoring a new e of
research vith the Tevatron, making the best se of the world's highest-energy colider

Fermiab, 30 mles west of Chicago, is a high-cnergy physics laboratory operated by Universities Research Association, Inc
under contract with the US. Department of Energy.
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VOLUME 74, NUMBER 14 PHYSICAL REVIEW LETTERS 3 APRIL 1995

Observation of Top Quark Production in pp Collisions with the Collider Detector at Fermilab

We establish the existence of the top quark using a 67 pb~' data sample of Fp collisions at
1.8 TeV collected with the Collider Detector at Fermilab (CDF). Employing techniques similar
to those we previously published, we observe a signal consistent with 17 decay to WWbb, but

with the by 48c. Additional evidence for the top quark is
provided by a peak in the reconstructed mass distribution. We measure the top quark mass to be
176 = 8(stat) + 10(syst) GeV/c?, and the 17 production cross section to be 6.8°35 pb.

VOLUME 74, NUMBER 14 PHYSICAL REVIEW LETTERS 3 AprIL 1995

Observation of the Top Quark

The DO Collaboration reports on a sarch for the standard model top quark in pp collisions at
J5 = 1.8 TeV at the Fermilab Tevatron with an of 50 p We
have searched for 17 production in the dilepton and single-lepton decay channels with and without
tagging of b-quark jets. We observed 17 events with an expected background of 3.8 + 0.6 events. The
probability for an upward fluctuation of the background to produce the observed signal is 2 X 107
(equivalent to 4.6 standard deviations). The kinematic properties of the excess events are consistent
with top quark decay. We conclude that we have observed the top quark and measured its mass to be
19971 (stat) =22 (syst) GeV/c? and its production cross section to be 6.4 = 2.2 pb.




Top Quark Production

17



Top Quark Production

Has so far been studied only at hadron colliders — the Tevatron
(pp) and the LHC (pp).

17



Top Quark Production

Has so far been studied only at hadron colliders — the Tevatron
(pp) and the LHC (pp).

Two major production modes :

17



Top Quark Production

Has so far been studied only at hadron colliders — the Tevatron
(pp) and the LHC (pp).

Two major production modes :

o tt

@ single top

17



Top Quark Production

Has so far been studied only at hadron colliders — the Tevatron
(pp) and the LHC (pp).

Two major production modes :

o tt

@ driven by strong interactions

@ dominant (pp — tt at /s = 14 TeV ~ 900 pb)

@ single top

17



Top Quark Production

Has so far been studied only at hadron colliders — the Tevatron
(pp) and the LHC (pp).

Two major production modes :

o tt

@ driven by strong interactions

@ dominant (pp — tt at /s = 14 TeV ~ 900 pb)

@ single top

@ driven (largely) by weak interactions

@ sub-dominant (pp — tX at /s = 14 TeV ~ 300 pb)

17
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Top Quark Production

tt production

_ — . 2m; .
@ qq — tt : dominates when —= is large.
Vs
q
q
- . 2m; .
@ gg —tt : dominates when — is small.
Vs
g t g

e+

Ll

e+
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Top Quark Production

do/dmg (pb/TeV)

tt production

pp -t

m, =175 GeV

T

T T
SM ———

(Vs = 14 TeV)

mg; (TeV)

The cross-section gets maximum contribution

from near the threshold.
At the threshold, mz = 2m; = \/5x7 X2

2
1F 2 g large,
s
the threshold corresponds to large x1, x5.

= quark densities dominate

2me
If — is small,
Vs
the threshold corresponds to small x;, x3.

= gluon densities dominate

19



Top Quark Production

tt production

@ qq—tt
q t
* contributes but only a miniscule amount
VA
" (weak couplings)
* does not interfere with the gluon-mediated amplitude
q T (tt pair in color-singlet configuration)
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Top Quark Production

tt production

@ qq—tt
aq t
vz
q t
b t
w
b t

contributes but only a miniscule amount
(weak couplings)
does not interfere with the gluon-mediated amplitude

(tt pair in color-singlet configuration)

again, contributes only a miniscule amount

(weak couplings; small b-densities inside the proton)

20



Top Quark Production

tt production

[LHC Top WG, 2015, [6]]
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° [ ® CMSep8TeV(L=19.7 fb')
) E v LHC combined ep* 8 TeV (L = 5.3-20.3 fbs")
(7] [~ ® ATLASep*13TeV (L=78 Pb”)
n - ® CMSep13TeV (L=42pb’)
%] [~ A ATLAS ee/up* 13 TeV (L = 85 pb’)
o | O ATLAS Ijets* 13 TeV (L = 85 pb’) |
o O CMS I+jets* 13 TeV (L = 42 pb?) 1000F 4
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= 10 ]
7] 8001 11
E ]
S L ]
< F 1
L 600 11
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0 Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 E
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Top Quark Production

tt production

[LHC Top WG, 2015, [6]]
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Top Quark Production

tt production

[LHC Top WG, 2015, [6]]
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Top Quark Production

tt production
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Top Quark Production

tt production
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Top Quark Production

tt production

[LHC Top WG, 2015, [6]] @ The cross-section has been

L 0 A B B calculated to NNLO and beyond
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Top Quark Production
tt production

[LHC Top WG, 2015, [6]]
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The cross-section has been
calculated to NNLO and beyond
in the SM.

As a result, the PDF and scale
uncertainties are small and we

have a robust prediction.

The cross-section has a mass

dependence.
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Top Quark Production
tt production
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Top Quark Production
tt production

[LHC Top WG, 2015, [6]]
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have a robust prediction.

The cross-section has a mass

dependence.

pp dominates for low /s :

qq — tt & q densities in p
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Top Quark Production

Inclusive tt cross section [pb]

tt production

[LHC Top WG, 2015, [6]]
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The cross-section has been
calculated to NNLO and beyond
in the SM.

As a result, the PDF and scale
uncertainties are small and we

have a robust prediction.

The cross-section has a mass

dependence.

pp dominates for low /s :
qq — tt & q densities in p
Theory and experiment agree

well !
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Top Quark Production
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Data or theory
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NNLO

tt production

[LHC Top WG, 2015, [6]]
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Top Quark Production

single top production
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single top production

s-channel

t-channel

tW-channel
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single top production
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s-channel >VWWM<

t-channel

tW-channel
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Top Quark Production

single top production

q t
s-channel >VW§VW<
a b
b t
t-channel w
q q

tW-channel t
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Top Quark Production

single top production

q t
w*
s-channel >VWWM<
a b
b t 5
g t
b
t-channel w w
q q a q
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tW-channel t
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Top Quark Production

single top production

qa

w*
s-channel
q b
b t 5
g
b
t-channel w w
q q q
b t &
tW-channel b

Dominant at both the Tevatron and the LHC.



Top Quark Production

single top production

q t
Second most dominant process at the
w* Tevatron.
s-channel -
Loses out at the LHC due to low g densities
inside the proton.
i B
b t 5
. t
b
t-channel w W Dominant at both the Tevatron and the LHC.
a d a d
b . g t
b
tW-channel ¢
g w b w
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Top Quark Production

single top production

s-channel

t-channel

tW-channel

-

o

w

w

Second most dominant process at the
Tevatron.

Loses out at the LHC due to low g densities
inside the proton.

Dominant at both the Tevatron and the LHC.

Very small at the Tevatron (two massive
particles in the final state).

Second most dominant process at the LHC.
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Top Quark Production

single top production

W
s-channel
! b
[Tait et al., 2000, [7]]
b t b
g 2 t Tevatron LHC
b
h 1 s-channel 0.86 pb 11pb
- w
t-channe w t-channel 2.4 pb 243 pb
tW-channel 0.088 pb 51 pb
q dq a d

m¢ = 175 GeV; CTEQ4L, CTEQ4M PDFs

-
[

tW-channel b

3
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Top Quark Production

single top production

[LHC Top WG, 2015, [6]]

ATLAS+CMS Preliminary LHCLIOPWG = aTLas chamnel B
" . PPRD90(2014) 112006, ATLAS-CONF-2014-007 -

Single top-quark production CMS t-channel

Nov 20 2015 TS PASTOPI

THEP12(2012)035, JHEPS 2014090,

O ATLAS Wt
L . PLB716(2012) 142, arXiv:1510.03752

CMS Wt

PRLI10(2013) ozz00s PRL112(2014) 231802
t-channel LHC combinati

10? ATUAS CONF 20141085, CMS-PAS-TOP-14.009

#
i

ATLAS CONF2011:118 95% C.L.

ATLAS s-channel 3]
— a5l p

Inclusive cross-section [pb]

v CMS s channel 95%C. L.
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L Wt - -~ NNLO PLB736(2014)58 i

M= 1725 Gev, MSTW2008rnlo
scale uncertainty

-~ NLO+NNLL PROS3(2012)091503,
PPRDB2(2010) 054018, PRDB1(2010) 054028

L oy 172.5GeV, MSTW2008MIo

E W contibution removed

C scale [ PDF O a, uncertaint

o s-channel . v

10

—— NLO NPPS205(2010) 10, CPC191(2015) 74
M= 172.5GeV, 1 = ,
CT10nlo, MSTW26b8nio, NNPDF?. 3nlo (PDFALHC)

P veto for (0 Cremanal=Go0ey E

nd 1,265 Gev

L B scae unceriiny i
scale [ PDF 0 0, uncertainty

Allexp. results are wir m, = 172.5Gev

Vs [Tev]



Top Quark Production

single top production

[Tevatron Electroweak WG, 2014, [8]]
Tevatron single top summary

Measurement Cross section [pb]
s-channel: ;
CDF i o +0.37
PRL 112, 231805 (2014) 1.36 -0.32
; +0.33
PLB 726, 656 (2013) * 110755
Tevatron combined i +0.26
PRL 112, 231803 (2014) "‘ 1.29 -0.24
t-channel:
H +0.53
PLB 726, 656 (2013) 3.07 -0.49
SH: :
CDF |+jets H 3.04 %057
CDF note 10793 -0.53
CDF Ertjets — 32073
CDF note 10979 143
DO - +0.59
PLB 726, 656 (2013) H 411555
S Y E E
0 1 2 3 4
Cross section [pb]
i1 Theory (NLO+NNLL)
+| PRDB1 054028 (2010), PRDB3 091503 (2011) My, = 172.5 GeV
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Top Quark Decay
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Top Quark Decay

W+

v, u,c
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Top Quark Decay

v, u,c

Vg, = 0.99911879 00004

[CKM Fitter, 2015, [9]]
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Top Quark Properties
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Top Quark Properties

Mass
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Top Quark Properties

Mass

[LHC Top WG, 2015, [6]]

ATLAS+CMS Preliminary LHCtOp WG m, summary, /s = 7-8 TeV Sep 2015
World Comb. Mar 2014, [7)
total uncertainty otal stat
My = 173,34 £ 0.76 (0.36 £ 0.67) GeV. e ot sttt syst) & Ret
ATLAS, I+jets (%) 172.31+1.55 (0.75+ 1.35) 7Tev 1)
ATLAS, dilepton (*) 173.09+ 1.63 (0.64+ 1.50) 7TeV (2]
CMS, I+jets 173.49£1.06 (0.43£0.97) 77eV (3]
CMs, dilepton 172,50+ 1.52 (0.43+ 1.46) 77eV 4]
cws, alljets 173.49+1.41 (0.69+ 1.23) 7TeV (5]
LHC comb. (Sep 2013) 173.20+0.95 (0.35£0.88) 770V (6]
World comb. (Mar 2014) 173.34+0.76 (0.36+ 0.67) 1967 Tev [
ATLAS, I+jets 172.33£1.27 (0.75¢ 1.02) 77eV (8]
ATLAS, dilepton 173.79+ 1.41 (0.54¢ 1.30) 7TeV (8]
ATLAS, all jets 1751418 (1.4 1.2) 77eV (9]
ATLAS, single top 172.2421(0.7£2.0) aTev [10]
ATLAS ccmb.(’f;i"gj 172.99+0.91 (0.48+0.78) 77Tev (8]
CMS, I+jets 172.35+0.51 (0.16£0.48) aTev [11]
CcMs, dilepton 172.82+1.23 (0195 1.22) 8Tev [11]
cws, alljets 172.32+0.64 (0.25+ 0.59) 8Tev [11]
CMS comb. (Sep 2015) 172.44+0.48 (0.13£ 0.47) 7+8TeV [11]
1 ATLAS CoNF 2013080 71403 4427
() ATLAS om0z 1ol Eurphys 2. @19 75330
v 12 012 105 15 EurPhys..C75 2015 188
() Superseded by results - (10 ATLAS CONF 2016055
shown below the line € enyscre (12O PAS ToP.14022
I I I T T B

L 11
165 170 175

My, [GeV]

185
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Top Quark Properties

Width

SM (NNLO) : I't =1.32GeV

CDF : 1.10 < I't < 4.05 GeV at 68% confidence level
CMS : It = 1.36 + 0.02 (stat.) 7914 Gev

—0.11

[Gao et al., 2013, [10]]

[CDF, 2013, [11]]

[CMS, 2014, [12]]
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Top Quark Properties

Width
SM (NNLO) : I't =1.32GeV
CDF : 1.10 < I't < 4.05 GeV at 68% confidence level
CMS:  T¢=136%0.02 (stat) 7317 GeV
Charge
DO : Q: = — 4/3 excluded at more than 5c0.
ATLAS : Qr = 0.64 £ 0.02 (stat.) 4 0.08 (syst.)
Q¢ = — 4/3 excluded at more than 8c.

[Gao et al., 2013, [10]]

[CDF, 2013, [11]]

[CMS, 2014, [12]]

[D@, 2014, [13]]

[ATLAS, 2013, [14]]
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Top FCNC Decays
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t—uX,t—>cX

(X=+,2Z,8,H)
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Forbidden at the tree-level in the SM. (flavor universal couplings, unitarity of the CKM matrix)
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Top FCNC Decays

t—uX,t—>cX (X=+v,Z,g,H)
Forbidden at the tree-level in the SM. (flavor universal couplings, unitarity of the CKM matrix)

Occur at the loop level = small rates.
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Top FCNC Decays

t—uX,t—>cX

Forbidden at the tree-level in the SM. (flavor universal couplings, unitarity of the CKM matrix)

Occur at the loop level

(X=+,2Z,8,H)

= small rates.

SM Experimental

B(t—u~y) | O(107%) | <1.3x107*%  [cMms,2015,[15]]
B(t—cy) | O(107%) | <1.7x 1073 [CMS, 2015, [15]]
B(t—qZ) | O(107%) | <5x107* [CMS, 2015, [15]]

<7x10% [ATLAS, 2015, [16]]
Bt —ug) | 010719 | <4x107° [ATLAS, 2016, [16]]
B(t—cg) | O(10710) | <20x107°  [ATLAS, 2016, [16]]
B(t—uH) | 0(10717) | <4.6x 1072  [ATLAS, 2015, [16]]
B(t—cH) | O(1071%) | <4.5x 1073  [ATLAS, 2015, [16]]
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Top FCNC Decays

t—uX,t—>cX (X=+v,Z,g,H)
Forbidden at the tree-level in the SM. (flavor universal couplings, unitarity of the CKM matrix)

Occur at the loop level = small rates.

SM Experimental
B(t—u~y) | O(107%) | <1.3x107*%  [cMms,2015,[15]]
B(t—cy) | O(107%) | <1.7x 1073 [CMS, 2015, [15]]

B(t—qZ) | O(107%) | <5x107* [CMS, 2015, [15]]

<7 x10"% [ATLAS, 2015, [16]]

Bt —ug) | 010719 | <4x107° [ATLAS, 2016, [16]]
B(t—cg) o(10-10
B(t —uH) | O(10~17

B(t—cH) | O(10715

<20 x 1075 [ATLAS, 2016, [16]]

< 4.6 x 1073 [ATLAS, 2015, [16]]

)
)
)
)

< 4.5x%x 1073  [ATLAS, 2015, [16]]

SM rates much lower than the current experimental reach.
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Top-Higgs Yukawa Interaction
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Top-Higgs Yukawa Interaction
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1

In principle, already tested in o(gg — H).

o D>aae- H In practice, o(gg — H) is plagued by large
theoretical (gluon PDFs) and experimental (all Higgs decay
t channels needed) Uncertainties.
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Top-Higgs Yukawa Interaction

.M
1

In principle, already tested in o(gg — H).

o D>aae- H In practice, o(gg — H) is plagued by large
theoretical (gluon PDFs) and experimental (all Higgs decay
t channels needed) Uncertainties.

To measure the top-Higgs coupling : pp — ttH
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Top-Higgs Yukawa Interaction

q t
----H
q t
g t 8 t 8 t
---H
__H ---H
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Top-Higgs Yukawa Interaction

o(pp — ttH) at /s = 8 TeV ~ 130 pb

[CMS, 2015, [17]] [ATLAS, 2015, [18]]
195 6”@ Tev) e
CMS L —tot. ATLAS (5=8TeV,203f" |
SL— = —— stat - =
. tH (H—bb) (tot) (stat)
Dilepton |- ———e——i— 28120 (14)
DL — L
Lepton+jets - r——e—— 12+13 (0.8)
Combined —_—
i Combination — e 1511 (0.7)
L L Il L Il L
- - I T T T TS Y S NN RS H HY
4 2 0 2 4 0 >

Best fit p=o/o, yatm, = 125 GeV
s Best fit p=c/c, for m,=125 GeV

But is it a purely scalar coupling ? Or is there a pseudo-scalar component ?
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What do we know about the top ?



Mass

Width

Electric Charge

Strong Couplings

Weak Couplings

Production Cross-Section (tt, single-t)
Dominant Decays

Rare Decays

Yukawa Couplings
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What do we still not know about the
top ?



The top quark appears to behave exactly as per the SM prescription.
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The top quark appears to behave exactly as per the SM prescription.

Yes, but only upto the energy scales that have been probed.
Beyond this we do not know.

Even at the energy scales that have supposedly been probed, BSM physics
could be hiding - small couplings, does not couple to the first 2
generations, does not couple to gluons.

36



What can the top tell us about other
stuff ?



New Physics in the Top Sector
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Would contribute to top
pair production.

(provided it also couples to u, d

quarks & gluons)

Couples to a tt pair
e.8. Zn, g, Hu.
(H — heavy)

Would appear as a resonance in the

mg spectrum at mg = My

New particles coupling to
gluons would easier to
spot.

(tt production is dominated by
gg — tt.)
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Would contribute to top decay
provided it also couples to other SM
particles.

(Top can only decay into particles lighter than
itself; any BSM lighter than the top ought to

have been spotted by now.)

Couples t and another

Would contribute to single partic]e Could lead to a resonance
top production, provided it e.g. Wy, H;L in the my spectrum at
couples to light quarks. flavor-changing Z+. My = My.
(H — heavy)

Could contribute to other heavy
BSM particles decaying to the top.
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(Loop-supressed in the SM.)

Can get contributions from
t— {u,c} {V3,,89,}.

Consider
0 /0 7
t—cVy,Vy — bb

ie. t—bbc

New physics in rare top
decays.

Different Physics;

Identical Signature

t— bW -
Wt — ub; Wt — cb

(CKM supressed in the SM.)

Can get contributions from
t—b {V}, S}

Consider
+ 7
t—b Vi, Vy — cb

ie. t—bbc
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New Physics in the Top Sector

t— bWt
t*){urc} {’szvgvH} W+~)HB'W+4>CB

(Loop-supressed in the SM.)
(CKM supressed in the SM.)

Can get contributions from New physics in rare top Can get contributions from
t— {u,c} {V3,,89,}. decays, t—b {V}, S}
\
Consider B Off-shell contribution CTSIdir
t—cV9,V9 —bb in the d . t—= bV ,VH —cb
. o V - n the decay . . 0 Vi
ie. t—bbc my, 7, does not help ! ie. t—bbc
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New Physics in the Top Sector

t— bWt
t*){urc} {’szvgvH} W+~)HB'W+*>CB

(Loop-supressed in the SM.) .
(CKM supressed in the SM.)

Can get contributions from New physics in rare top Can get contributions from
t— {u,c} {V3,,89,}. decays. t—b {V}, S}
\
Consider _ Single top production from b, ¢ Consider _
t—cV3,Vy —bb initial states : t—>bV;_Ll,Vf¢ —cbh
— —

ie. t—bbc ie. t—bbc

heavily supressed !!
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New Physics in the Top Sector

If t; is involved in a BSM
coupling, so is by, — can be
(severely) constrained by
flavor physics.

(B-meson decays, oscillations)

Spoiler Alert !

NP that contributes to
decay will typically also
contribute to single top

production.

(m4, ~ 500 GeV won’t do.)

In the NP couples to the

first two generations of

quarks — gets constraine
by dijet data.

d

(of which we have a huge amount)

In the NP does not couple
to the first two generations
of quarks — sets up FCNC

processes.

(which cannot be large)
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Looking For : New Physics in the Top Sector

Productions cross-sections
(c-B)

Kinematic distributions :

M, P15 1), Mex

Angular distributions

Polarization

Spin Correlation

A

Likely to get affected.

(unless there is destructive interference)

Heavy intermediate
particle

Nature of the couplings

(S, V, T, P, CP)

Specific to the top.

Nature of the couplings

P, cP)
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Looking For : New Physics in the Top Sector

Forward-Backward Asymmetry

7 N(cos0; > 0) — N(cosb; < 0)

tt _
AFB -

N(cos0; > 0) + N(cosf; < 0)

* Often considered an indicator of parity violation.

x Not always so
— e e~ scattering in pure QED is FB asymmetric
(t-channel propagator) .

— SM contribution to AIEFB comes from QCD.

Around 2009-10, at the Tevatron :
Observed Al ~ 15%
SM Expectation : Ay ~ 5%

Later :

More data collected at Tevatron —
observed AlﬁfB decreased,;

SM calculations revisecl (EW corrections in-
corporated) — expected Ay, increased.

Now : Data and theory consistent
within error bars.

J
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Looking For : New Physics in the Top Sector

Forward-Backward Asymmetry

7 N(cos0; > 0) — N(cosb; < 0)

At[‘ —
B N(cos0; > 0) + N(cosf; < 0)
* Often considered an indicator of parity violation. * Around 2009-10, at the Tevatron :
Observed Al ~ 15%
* Not always so SM Expectation : A, ~ 5%
— e e~ scattering in pure QED is FB asymmetric
(t-channel propagator) . + Later :
— SM contribution to A%, comes from QCD. More data collected at Tevatron —
\ J observed AIEfB decreased,;
- - SM calculations revised (EW corrections in-
« Not feasible at the LHC : corporated) — expected Ay, increased.
symmetric initial state = statistically, any « Now : Data and theory consistent
asymmetry gets washed out. within error bars.

43




Looking For : New Physics in the Top Sector

Polarization

(1, 4 @ helicity)

44



Looking For : New Physics in the Top Sector

Polarization

(1, 4 @ helicity)

* Tp~2GeV = 7 ~0.33x10 s
* Aqep =200 MeV = Tpq =3.3x 1072
« The top quark decays before it can hadronize !

% P; can be inferred from the angular distributions of

the decay products.
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Polarization

*

I'y~2GeV = 7~033x10"2%s
Agcp = 200 MeV = 79 = 3.3 x 107245
The top quark decays before it can hadronize !

P: can be inferred from the angular distributions of

the decay products.

(1, 4 @ helicity)

do do
dcos0; ~ dey

e.g.
1 do 1

- dcos@ 2

;" : measured in the top rest frame

«; : ‘spin analyzing power’ of the particle

= (1 + Praj cos6;)
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Looking For : New Physics in the Top Sector

Polarization

* \~2GeV = 7~033x10"%%s
* Aqep =200 MeV = Tpq =3.3x 1072
« The top quark decays before it can hadronize !

x P; can be inferred from the angular distributions of

the decay products.

(1, 4 @ helicity)

+ Genuine indicator of parity violating couplings.

do do
dcos0; ~ dey
e.g.
1 do 1

— = — (1 + Pra; cosBF
o dcos6f 2( +Pro ‘)

;" : measured in the top rest frame

«; : ‘spin analyzing power’ of the particle
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Looking For : New Physics in the Top Sector
Spin Correlation

N(t1) + N ) = Nt YD) — NP
N(T) + N D) + N + NG

Ket

(1, 4 @ helicity)
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Looking For : New Physics in the Top Sector
Spin Correlation

Nt + NAJ) = N(Td) — NU1)
N1 + N + Nt + N1

Ket

(1, 4 @ helicity)

1 d2o 1
- = — (14 Praj cosO + P;o: cos O + kg oo cosO; cos&*)
o dcosei*dcosej* 4< £ ! £ J e ! J

6; : measured in the top rest frame %* : measured in the anti-top rest frame

«; : ‘spin analyzing power’ of the particle
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Looking For : New Physics in the Top Sector

Spin Correlation

L NOD+NUD - N - N
“ N(T1) + N(J) + Nt L) + N

(1, 4 @ helicity)

! 7(120 ! (1 + Pt o cosOF + Praz cosF +
— = - Q; ; o = 4 Koo
o dcosei*dcosej* 4 L i £ j tt Y

6; : measured in the top rest frame %* : measured in the anti-top rest frame

«; : ‘spin analyzing power’ of the particle

cos ;" cos GJL* )

In the SM :

Pt N Pf ~ 0 (arise only from EW contributions)

kg # 0
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Looking For : New Physics in the Top Sector

Points to Ponder

«x BSM contributions can affect both top production and decay.

The only observables are the decay products.

*

If a deviation from the SM is seen - what is it a sign of ?

*

—  New physics in the production mechanism ?

—  New physics in the decay ?

+* Way out ?
—  Construct observables carefully.

—  Compare and correlate multiple observables.
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Summary

@ The existence of the top quark was anticipated well before it was
discovered.

@ In the 20 years since its discovery, many of the properties of the top
quark have been studied in detail.

@ So far, the top quark has shown no non-standard behaviour.

@ However, physics Beyond the Standard Model ought to exist.

@ The top might well be our window to the New (Physics) World.
@ Run 2 of the LHC has only just begun.

@ The game is afoot !
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Glossary

* LEP : Large Electron Positron Collider; et e~ collider at CERN; operated during 1989-2000
in the same tunnel that now houses the LHC; started at /s = Mz = 91 GeV and went up to
Vs = 209 GeV.

+ CLEO : The particle detector attached to the Cornell Electron Storage Ring (CESR); CESR
collided et and e~ at /5 ~ 10 GeV; aimed at studying B-mesons; operated during
1979-2008; CESR is pronounced “Ceaser”; CLEO is short for Cleopatra. ©

* SLC : Stanford Linear Collider; et e~ linear collider at SLAC; operated during 1989-1998;
/s = My; used polarized electrons.

x Tevatron : pp collider at Fermilab; operated during 1987-2011; /s = 1.8 TeV (Run I) and
1.96 TeV (Run II).
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