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Top Properties and BSM. Plan

� What BSM physics and what top properties?

� Top-higgs mass interplay as a probe of BSM and its scale

� Use of top polarisation/spin spin correlations through kinematic
distributions of the decay products of the top , to probe new physics
and/or modi�ed top couplings!

� Probes of modi�ed top couplings from cross-sections and/or top
distributions.

� Correlation between the probes of top polarisation and the a noma-
lous top decay vertices. unambiguous determination of anom. cou-
plings of the top?
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Top Properties and BSM. Plan

Now we know the size of SELF coupling � = mhp
2v

' 0:36 .

m t ' mh ' mW ' O ( v)

Higgs is observed to be weakly coupled.!

So electroweak scale seems to be stable under radiative

corrections .

Keeping this scale stable WAS one of the motivations
of expecting physics beyond the SM.
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Top Properties and BSM. Window to BSM?

So properties of the Higgs sector can be a window to the

BSM land !

Whenever, one starts analyzing the observed features of

the Higgs sector, the ubiquitous top plays an important

role everywhere!

Remember! Within the SM, for the measured mass of

the observed scalar , the conclusion about the state of the

vacuum depends on m t due to its large Yukawa couplings .
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Top Properties and BSM. Window to BSM?

Top quark has an important role to play in almost all the

ideas of BSM! Along with the Higgs properties the Top

properties may carry the imprint of the BSM physics!

Studying the top properties is ONE way towards
BSM!
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Top Properties and BSM. Higgs and top portral!

Peeping through the Higgs and top window!
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Top Properties and BSM. Top-window:details
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Top Properties and BSM. M t and M h probe of BSM?

SM rocks! At LOOP level
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Top Properties and BSM. Implications of top property for BSM

Top mass has implications for the scale of BSM!

Vacuum Stability: the higgs and top connection allows us
to probe BSM through just these values.
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Top Properties and BSM. M h needs to be large!

Vacuum stability bounds imply that unless M h is large

enough SM will become inconsistent at some large scale

�!

The mass is just large enough to make us suspect that

SM is all there is! ie. it may remain consistent all the way

to Planck scale!

M h = 125GeV is really critical, in all senses of the word.
Knowledge of M t crucial here.
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Top Properties and BSM. Theoretical mh bounds: before Higgs

A very nice (early) discussion of these connections The time s when t
had just been discovered and h was far in future. Knowledge on mass
of M t was still stabilizing! Essentially through Renormalisati on Group
Equations.
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Top Properties and BSM. Theoretical mh bounds: before Higgs
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Top Properties and BSM. Vacuum stability ?

Vacuum stability limit on M h depends on M t
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Top Properties and BSM. Need to know M t precisely!

M h value indeed critical.
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Top Properties and BSM. Top mass measurement?

Precision at LHC (With 80 million top pairs) : 500 MeV, Ultima tely
200 MeV may be possible!

Theoretical precision to relate pole mass to measured cross -sections is
high! But cross-section predictions at leptonic colliders more accurate
than at hadronic colliders
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Top Properties and BSM. Top mass measurement?

Precision: ' 100 MeV!

Nov. 30, 2016. CKM-2016 TIFR,Mumbai.



Top Properties and BSM. Not just for Vac. Stability!

In fact this can be an excel-
lent way to look for BSM!

100 MeV precision on M t

would be required to match
the precision on sin 2 � W and
M W at ILC/Giga Z.

100 MeV precision on M t

can be used to better exploit
the LHC (and ILC) precision
measurement on M h.
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Top Properties and BSM. Implications of BSM for top

How does BSM a�ect the produced top?

We must then have some idea how the BSM a�ects the properties o f
the top quark that is produced at the colliders.

BSM has new particles and almost always there are partners of the
top scalar top ~b in SUSY , spin 1/2 T in Composite Higgs models /
UED models.

Most BSM options involve new particles, for example H � , Z 0.
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Top Properties and BSM. Top couplings in the SM

Tree level couplings of the t quark to these new particles have di�erent
chiral structure than in the SM!

In the SM:

�tt couplings with a gauge boson

Either pure vector for a gluon (QCD) : L int � �tL=R 
 � tL=R G�

V-A for a Z: �tL=R 
 �t L=R Z � and �tL=R 
 �
 5 tL=R Z �

Pure left handed for W: �tL 
 � bL W�

AND

The chirality 
ipping t�th coupling: �tL tRh
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Top Properties and BSM. Top polarization

Properties of the top produced in the processes involving the new
BSM particles can be di�erent from the top quarks produced via the
SM processes and can carry the imprint of the BSM .

Since all the BSM options address the issue of EWSB , in many of
them, the couplings of the top quark to the new particles can have a
di�erent chiral structure than the SM case.

Recall that at the LHC all the SM t�t production via QCD will produce
unpolarized top quarks! Only the single top will be polarized and the
polarization completely predicted!

Hence polarization of the produced top quarks can be a very important
discriminator of BSM physics.
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Top Properties and BSM. Top spin correlation vs. single top p olarization

When t and �t are produced, a useful observable is top spin correlation:

(Bernreuther, Uwer, Si: extensive calculations)

1

�

d�

d cos � ad cos � b
=

1

4
(1 + B 1 cos � a + B 2 cos � b � C cos � a cos � b)

This has been very well studied theoretically (for example: t�tH , t�t
produced in RS Graviton decay etc.)

It is conceivable that single top polarization can give bett er statistics

Nov. 30, 2016. CKM-2016 TIFR,Mumbai.



Top Properties and BSM. We can measure it too!

Happy coincidence:

The happy coincidence is that top quark is the only quark whos e
polarisation we can measure quite easily.

Why? The top quark being very heavy decays before it hadronis es.
The decay products therefore carry memory of the direction o f the
top spin!

One can measure these either by reconstructing the top rest frame
OR kinematical distributions in the laboratory .

Measurements are on spin correlations available from the Te vatron
and the LHC: CDF conference note 10719, D0: PRL, 108, 032004, (2012), ATL AS:

1307.6511 (Submitted to PRL)..
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Top Properties and BSM. E�ect of Polarisation

Polarisation can be measured by studying the decay distribu tion of a
decay fermion f in the rest frame of the top:

1

�

d�

d cos � f
=

1

2

�
1 + Pt � f cos � f

�
;

� f is the angle between the f momentum and the top momentum, Pt

is the degree of top polarization, � f is the \analyzing power" of the
�nal-state particle f .

� f depends on the weak isospin and the mass of decay product f .

Construct observables using this e�ect which probe the top p roperty!
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Top Properties and BSM. Anomalous top couplings

General studies in terms of e�ective operators is the most po pular.
Particularly since we scale of new physics is being pushed hi gher!

J.A. Aguilar-Saavedra, NPB,843, (2011), 638, + J. Bernabeu , NPB 840 (2010), 349.... , C. De-

grande, N. Greiner, W. Kilian, O. Mattelaer, H. Mebane, T. St elzer, S. Willenbrock and C. Zhang,

Annals Phys. 335 , 21 (2013)

L ef f =
X Ci

� 2 O i

Various studies exist. I will talk only in terms of the streng ths of
anom. couplings which can then be translated in terms of the s cale
of new physics! Operators involving Higgs expected to have s maller
suppression!

A partial summary of LHC prospects available in J. Adelman et al, 1309.1947,

1308.5274 Latest: A. Buckley et al.JHEP 1604 (2016) 015 Also a talk here!
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Top Properties and BSM. Amom. tbW couplings.

General �tbW vertex can be written as

� � =
g

p
2

"


 � ( f 1L PL + f 1RPR) �
i� ��

mW
( pt � pb) � ( f 2L PL + f 2RPR)

#

:

In SM, f 1L = 1, f 1R = f 2L = f 2R = 0.

Deviations from these values will denote \anomalous" coupl ings
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Top Properties and BSM. Amom. tbW couplings.

Older limits: Bernreuther W., J. Phys. G., Nucl. Part. Phys. 35
(2008) Only f 2R can be nontrivial. � 0:57 < f 2R < 0:15

CMS constraint: � 0:070 � 0:053(+0 :073 � 0:081) Using W-helicity
fractions from t-decay in t�t events.

Will discuss probing CP violation in this as well as e�ects of this on
probes of top polarisation.
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Top Properties and BSM. Expectations from BSM?

Calculations for BSM extensions:

Older papers: W. Bernreuther, et al, EPJC 60 (2009) 197, L. Duarte et al, JHE P 1311

(2013) 114

Recent analyses: A. Jueid and A. Arhrib,JHEP 1608 (2016) 082, C. Ayala et al,arXiv:1611.07756

Dominated by QCD corrections.

The last calculates imaginary part (CP violating) to f 1R ; f 2R . Pure
EW. Can be larger than the SM expectations! Worth making the
e�ort to measure these!
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Top Properties and BSM. Couplings involving the Higgs

�f �f : � �f ( af + ibf 
 5) f
gmf

2mW
; ( mixedCP )

� + �tb : ( mb tan � �tL bR + �tRbL m t cot � )
g

p
2M W

( Type II 2HDM )

In the SM af = 1 ; bf = 0

In 2HDM and SUSY: There exist both CP even and CP odd scalars.

For a pure CP even state bf = 0. For a pure CP odd state af = 0.
For case of CP violation both af ; bf nonzero simultaneously.

The charged Higgs vertex involves t of both chiralities.

This can be probed through top polarisation.
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Top Properties and BSM. Couplings involving the gluons

Top chromomagnetic or chromoelectric dipole moment:

� � =
gs

m t
� ��

�
� + i� 0
 5

�
q�

q 4 momentum of the gluon and color matrices left out.

� = � 0= 0 in the SM at tree level.

� 0 : CP violating arises in the SM only at three loop level.

� Arises at one loop level in the SM.

Examples of BSM predictions: MSSM: J. M. Yang and C. S. Li, Phys. Rev. D 54 ,

4380 (1996) 2HDM: R. Martinez and J. A. Rodriguez, Phys. Rev. D 65 , 057301 (2002)
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Top Properties and BSM. Couplings involving the gluons

The new couplings a�ect rates of production of top pair, sing le top
AND Higgs!

Can be used to probe these couplings: Some of the recent paper s:

Top pair: S.K. Gupta, G. Valencia PRD 81, 034013, 2010, S.K. Gupta, G. V alencia, A.S.

Mete, PRD80, 2009, 034013, Z. Hioki and K. Ohkuma, EPJC, 71, 2 011, 1535 , .. D. Choudhury

and P.Saha, Pramana, 77, 2011, 1079 S. Biswal, S.D. Rindani, P. Sharma, hep-ph/1211.4075,

Baumgart and Tweedi, hep-ph/1212.4888

Higgs signal strength: C. Grojean et al, 1205.1065, P. Saha and D. Choudhury, 1201,4 130

The papers in this color consider rates. Already interesting con-
straints. BUT depend on QCD uncertainties on the rates. The
papers in in this color consider either polarisation and/or spin spin
correlations.

Important to use these cross-checks. Also CP violation can b e probed
unambiguously ONLY using polarisation.
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Top Properties and BSM. Probing the tbW

F.D. Aguila and J.A. Aguilar-Saavedra, PRD 64 (2003), J.A. A guilar-Saavedra NPB 804 160 (2008),

and collab. EPJC 53, 689, 2008... : use W-helicity and probe the anom.
coupling independent of polarisation of the produced top!

Recent NLO analysis : use rates to probe tbW : Q. H. Cao et al, arXiv:1504.03785.

S.D. Rindani and collab: PLB 712 (2012) 413-418, JHEP 1111 (2 011) 082,Phys.Lett. B761 (2016)

25-30 , Use polarisation to get information about tbW vertex.

Simultaneous measures of polarisation and anom. couplings generic
analysis: Arunprasath , RG and Rindani: Eur.Phys.J. C75 (2015) no.9, 4 02

Speci�c to single top including NLO e�ects: Jueid, Boudjema and RG, in

preparation

Nov. 30, 2016. CKM-2016 TIFR,Mumbai.



Top Properties and BSM. Top Polarization in SUSY decays

M. Perelstein and A. Weiler, JHEP 0903 , 141 (2009), B. Bhattacherjee, S. K. Mandal and M. Nojiri,

JHEP 1303 , 105 (2013), G. Belanger, R. M. Godbole, L. Hartgring and I. N iessen, JHEP 1305 ,

167 (2013), G. Belanger, R. M. Godbole, S. Kraml and S. Kulkar ni, arXiv:1304.2987 [hep-ph]

In these relationship of expected polarization on model par ameters as
well as measurement strategies explored and e�ects of polar ization
on kinematics of the decay products considered.

E. L. Berger, Q. -H. Cao, J. -H. Yu and H. Zhang, PRL 109 , 152004 (2012),

Here mainly e�ect on decay kinematics explored.
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Top Properties and BSM. Expected top polarization
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Top Properties and BSM. Single top

W � t production : t will be left polarised, H � t production: t polarisa-
tion depends on tan � , and m t .

Extracting charged higgs couplings: K. Huitu, S. Kumar Rai, K. Rao,
S. D. Rindani and P. Sharma, JHEP 1104 , 026 (2011), [arXiv:1012.0527 [hep-ph].
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Top Properties and BSM. Top Yukawa a probe of BSM!

First and foremost: a 'direct' measurement of the strength o f this
coupling (lot of work and discussions!)

Check CP property of the coupling :

a)Use cross-section and kinematical observables for tth .

b)Use cross-sections for th and t�th

c)Use polarization information for th
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Top Properties and BSM. Inclusive Higgs production

All the other couplings other than the t are taken to be SM couplings.

Rates are more sensitive to the pseudo scalar part bt than at Does
allow bt 6= 0 and will continue for a while!
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Top Properties and BSM. CP property of h from yt

The t�th c.section is more sensitive to the scalar part than the pseud o
scalar part.

Distributions in ph
T ; �( � ) t�t and m t�th are sensitive to CP mixing.

But distributions depend on b2
t . Not linear in bt
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Top Properties and BSM. m t�th

K. Mohan, F. Boudjema, RG, Diego G.,PRD 92 (2015) 015019.
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Top Properties and BSM. An observable linear in bt

PRD 92 (2015) 015019
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Top Properties and BSM. An observable linear in bt
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Top Properties and BSM. th production

th cross-section:

� measures the CP admixture: X 0 a scalar with indeterminate CP.
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Top Properties and BSM. Polarisation and th

Sensitivity of c.section and polarization complimentary. (S.Rindani,
P. Sharma)
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Top Properties and BSM. Polarisation and th

Sensitivity of c.section and polarization complimentary. (S.Rindani,
P. Sharma)
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Top Properties and BSM. tH � production
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Separation between W � t and H � t
for this observable is clear.
Thin line: LO result , thick black:
NLO .
M H � = 200 lower curves, M H � =
1500 upper curves.
Constant contours at the bottom
W � t .
Correspond to di�erent schemes
to adjudge the e�ect of interfer-
ence e�ects at NLO. Only if the
two are close is the isolation of
W � t considered free of these am-
biguities.

Polarisation tracked through azimuthal asymmetries (With C. White,
L. Hartgring and I. Niessen:
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Top Properties and BSM. Discrimination for 2HDM

hep-ph/1307.1158v1
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Top Properties and BSM. Top in stop decay!.
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For the negatively polarised top distributions peak at lowe r values of
energy. E�ect small for smaller mass di�erences.
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Top Properties and BSM. Simultaneous determination of f 2R ; Pt

Used t�t events with inv. mass between 1500 and 2000 GeV. For
100 � 1 fb. A. Prasath V et al EPJC 75 (2015) no.9, 402
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Top Properties and BSM. Simultaneous determination of f 2R ; Pt
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Top Properties and BSM. Conclusions

� Mass of the top can probe BSM and its scale. Accurate measure-
ment of top mass essential probe of BSM.

� The top yukawa very sensitive probe of BSM particularly usin g
Higgs rates and associated production of top (pairs) with Hi ggs.

� BSM physics a�ects properties of the top quark produced.

� Kinematic properties of the produced top, cross-sections e tc can
be used to probe the BSM

� In addition polarization of the top quark provides an excell ent
probe for BSM
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Top Properties and BSM. Conclusions

� Secondary decay lepton angular distributions are the most f aithful
polariometers, robust to e�ects of non standard tbW couplings as
well as higher order corrections.

� At the LHC � distibutions can be used to construct obeservables
which probe polarization.

� The parameters of a 2HDM can be determined using the top
polarization and the asymmetries

� Use of energy dependence of the total t�t � cross-section, along
with the polarization can help establishing CP of the scalar state
should it be a CP eigenstate
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Top Properties and BSM. Conclusions

� Top quarks produced in the stop/sbottom decays are polarize d
and polarization a�ects kinematic distributions of the dec ay prod-
ucts. This can a�ect the search strategy and also can be used t o
measure the polarisation when we �nd the stops/sbottoms.

� The energy distributions of the decay leptons and hence the z; u
distributions are sensitive to anomalous tbW couplings.

� Simultaneous study of di�erent asymmetries can be used to de -
termine both the polarization and the anom. tbW coupling.
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