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ft spin correlations

® The top quark is an ideal candidate for spin measurements ! ifetime < QD spinlip
timescale timescale
® Decays before forming any bound states. 107%°s < 107%*s < 107%'s

® 5pin Information s relayed onto daughter particles.

® |n the SM, #f production is (approximately) unpolarized.

[T »  lepton

W

e But, the spins are highly correlated.

® [op spin measurements are a great probe to BSM physics 3 i y

e Suppression -> s-channel dark matter
® Fnhancement -> new scalars !
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Nndirect measurements

® Direct measurement of spin correlations require full
reconstruction of the top and anti-top.

W. Bernreuther & Z-G. Si
8|§_ - __NLO, SM _
© 0.4:— —NLO, uncorrelated -

® 5pin correlations can however be indirectly probed using o T _
leptons 035 ~15% / -

- enhancement :

® A charged lepton Is a perfect spin analyzer; very well 0-3¢ / | 159 -
reconstructed at the LHC -> study the dilepton channel. 0.05] suppression _

1-1_ ............................................. I ............................................................................................. —

® [For Instance the angle between leptons In the transverse
blane (lab frame) Ag

Correlated
Uncorrelated

0.9 .
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® Most of the shape of the distribution comes from tops e A |
<inematics : Ay
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Direct measurements

1 do 1

7 d cos 0 d cos 9£ 4

® Dilepton distribution probes top spin in 3-dimensions:

* Leptons follow parent top spin, average polarization
given by B .

o Relative lepton directions follow 3x3 spin correlation
matrix C.

o Combined, these |5 coefficients completely characterize
the spin dependance of 77 production.
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Direct measurements

e Opening angle between the leptons cosp = ¢ -
(In the parent top rest frame) has maximal sensitivity
to the degree of alignment of top quark spins.

® By far the single most precise variable from Run2Z
measurements

e Uncertainty ~ 5% .

® One can extract the fraction of SM-like spin
correlation events ( f¢;,) using such precise variables.
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Extraction o

Projected values for fq,

 foy requires a tf sample with

spin correlati

ons turned off.

Then for a given observable (say D)

CMS

Phase 2 Simulation Preliminary

3000 fb' (14 TeV)

f D measured D theory,uncorrelated
SM —
D theory,correlated D theory,uncorrelated

Jet energy scales and resolution uncertainties

dominate.

Ongoing study for spin corr projection at

FCC-hh

Standard model
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N\ 4 % : .
><l<w SUSY interpretation
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e Spin correlations are sensitive to new o .

delta phi

dbhysics models that involve a top quark .
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DNN outputs along the top corriaor
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Parametric DNN output at different points along the top corridor

Higher stop masses are

easler to separate using a
DNN.

However, the cross-section
drops exponentially, and
the limits get tight

10
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® Favor C

Flavor Changing Neutral Currents

nanging neutral currents are forbidden at LO

N the SM.

o At tree

level supressed by :

® [he GIM mechanism and small CKM matrix
elements.

® Predicted branching fractions very small

010~ ~ 10717

e Significantly enhanced however in BSM extensions
| MSSM O(10~7) Extra dimensions O(107>)

Amandeep Singh Bakshi 12
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Probing the tHQ vertex

H — WW#/ZZ*

e Many accessible signatures depending upon the Higgs decay channel,

® Dedicated analyses for each channel, final combination by ATLAS.
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Probing the tHQ vertex
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Phys. Rev. D 98, 032002 (2018)
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Probing the tHQ vertex

® Select events with :
® | eptons and/or hadronic taus

®* Main backgrounds from fake taus

®* Dominant systematics : fake tau
modeling uncertainties
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Probing the tHqg vertex
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Probing the tHQ vertex
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Probing the t£q vertex
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Probing the tyq andad tgq vertices
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Status of RunZ2 measurements

ATLAS+CMS Preliminary March 2022
LHC top WG Left-handed coupling limits are presented for ATLASt—>yq,t— Zqand t— g q processes.

BR(t—) HC) Each limit assumes that all other processes are zero. BR(t—) ’YC)
G Et"lll LI I"l”l LI I"”lll 1 l"llll LI mrerri Il"lll LI ;; 1 ll”l"l LI lllllll I llllllll LI ||||||I I llllllll LI llll? G
S HERA : S
T 10k 5 =3 -\2\\\ P
c [ g
o 10—2 \ 400

107 CMS

107 ATLAS E

10°° 3

Ll IIIII 111 |l|||l| 11 ||||lf

LI ||"| I rlllllll LI l”"Il

107 :

107 .

107 ;
6\ 1 0—2 = E 6\
(@)) ; (@))
L 10 + il
= E e
m iyl Illllll L1 lllllll 11 Illllll L1 lllllll 11 Illllll || gé 11 lllllll 11 lllllll L1 lllllll 11 I]Illll 111 lllllll 11 llllé m

107 102 10° 10* 10° 10° 10 10° 102 10"
B R(t_) HC) HERA: PLB 708 (2012 27), PLB 678 (2009) 450, PLB 668 (2008) 282 B R(t_) YC)

L 80 (1998) 25
FhLc Fae .

LEP: PLB 543 (2002) 173, PLB 590 (2004) 21, PLB 521

ATLAS: JHEP 05 (2019) 123, ATLAS-CONF-2022-003, arXiv:2112.01302, ATLAS-CONF-2021-049

(2001) 181, PLB 549 (2002) 290, LEP Exotica WG 2001-01
01 (2011) 313-320, PRL 102 (2009) 151801, PLB 693 (20

LB 693 (2010) 81-87

CMS: CMS-PAS-TOP-17-017, JHEP 04 (2016) 035, JHEP 02 (2017) 028, arXiv:2111.02219

Snowmass t—Hc

TOPHF Report 1\

t—yc
t—yu
t—gc
t—gu
t—>Zc

t—Zu

20

ATLAS+CMS Preliminary 95%CL upper limits <—@ ATLAS <—@ CMS
LHCtopWG [1] JHEP 05 (2019) 123 [2] arXiv:2111.02219
[3] ATLAS-CONF-2022-003 (LH) [4] JHEP 04 (2016) 035
March 2022 [5] arXiv:2112.01302 (LH) [6] JHEP 02 (2017) 028
[7] ATLAS-CONF-2021-049 (LH) [8] CMS-PAS-TOP-17-017
Each limit assumes that [9] JHEP 07 (2017) 003
all other processes are zero Theory predictions - SM 2HDM(FV) []2HDM(FC)
from arXiv:1311.2028 [LIJMSSM [T]RPV EIRS
= 1]
2]
—@ [1]
0 []
______ -
— [4]
—@ [3]
—@Q [4]
I 5
«—0 [6]
—@9 [5]
—0 [6]
—0 7 |
—@ (8]
I —@Q [7]
! [ TR NI NN YN BT RN RN Reseierst s M Mo . S T
-16 -13 -10 -7 —4 1
10 10 10 10 10 10

Branching ratio



HL-LHC projections

ATLAS+CMS Preliminary 95%CL upper limits €<~@ ATLAS <—@ CMS
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FCNC at alternative detectors
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Summary

® Bright prospects for top quark physics at the HL-LHC and beyond.

e Ongoing study for spin correlation projection at FCC-hh.

® Projections of stop quark cross-sections and FCNC branching ratios show an order
of magnitude reduction In the |i

e Abundance of statis

1cs and red

BSM scenarios, plen

® [hank you !
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'y of room

mits.

uction In systematics open the door to study many

or discovery/ exclusions.
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Outline of the talk

® {1 spin correlations

® [Indirect and direct measurement of spin correlations

® Projections of fq;, at \/_ =14TeV and 3ab™!

o SUSY interpretation
o FCNC in the top-quark sector

® Probing different vertices

o FCNC projections for the HL-LHC, alternative detectors

Amandeep Singh Bakshi 25



Amandeep Singh Bakshi

BSM physics with tops
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Figure 1-22. Expected relative precision on the Ztrtr, and Ztrtr couplings at the LHC (lighter green),
the HL-LHC (darker green), the ILC (blue) and the FCC-ee (orange, red). The black dots indicate the
deviations expected for different parameter choices of 4D composite Higgs models, with f < 2 TeV (purple
dots: examples for typical deviations in various BSM models). From [478].
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BSM physics with tops

1.6.2 Azimuthal angular correlation as a new boosted top jet substructure

Summary of white paper contribution [480)

When a top quark is highly boosted, the W boson from its decay has a substantial linear polarization that
results in a cos 2¢ azimuthal angular correlation among the top decay products |480]. The angle ¢ is showr
in the sketch in Figure (1-24] This correlation can be measured for hadronically decayed boosted top quarks.
and its magnitude provides a way to measure the longitudinal polarization of a boosted top quark, which is

an important probe of new physics that couples to the top-quark sector.

W decay plane

Figure 1-24. Sketch of the top quark decay products defining the azimuthal angle ¢. Taken from Ref [480).
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107

Br(t = v q)

FCNC at alternative detectors

FCC-hh Simulation (Delphes)

107° =

I I | | I | I I I | | I I I I I I
Br(t — u v ) 95% CL Expected Limit -

- Br(t - u y ) = 1 std. deviation

Br(t — u 7y ) + 2 std. deviation

--------- Br(t = ¢ v) 95% CL Expected Limit

10_7 C 11

1 5 10 15 20 25 30

Integrated Luminosity [ab™']

Amandeep Singh Bakshi

Br(t — q H)

107 E

107 |

FCC-hh Simulation (Delphes)

| I L LI I | | L I L | I I
Br(t - uH) 95% CL Expected Limit -

- Br(t > uH) % 1 std. deviation

Br(t > uH) %+ 2 std. deviation

......... Br(t — ¢ H) 95% CL Expected Limit |

10 15 20 25 30

Integrated Luminosity [ab'l]
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Detector Bt — uy) B(t— cy)
CMS (19.8 fb~1, 8 TeV) 13 x 10° 170 x 107°
CMS Phase-2 (300 fb~1, 14 TeV) | 2.1 x 107> 15 x 107°
CMS Phase-2 (3 ab™!, 14 TeV) | 0.9 x 107> 7.4x107°
FCC-hh (3 ab™1, 100 TeV) 9.8 x 1077 12.9x 10~
FCC-hh (30 ab™!, 100 TeV) 1.8x 1077 2.4 x1077
Detector B(t—uH) B(t— cH)
CMS (36.1 fb~1, 13 TeV) 4.7x107% 4.7x1073
ATLAS (36.1 b=, 13 TeV) 1.9x 1073 1.6 x 1073
FCC-hh (3 ab™!, 100 TeV) 8.4x107° 7.7x107°
FCC-hh (30 ab™!, 100 TeV) 4.8 x107° 4.3 x107°
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-vent selection

e ) oppositely charged isolated leptons (eu) [Semi leptonic tau decays also included] :

® pr > 25(20) GeV, for leading (trailing) lepton and |7 | < 2.4
e Charge Hadron Subtracted electron and muon objects

® >= ) anti-kT jets (R = 0.4) such that :

b ey Ty
*p.>30GeVand || <24 7 Ve Vs Vi
W+
® jet cleaning : AR(lepton, jet) > 0.4 g
— W_
*>= | b-tag t e, I, T,
e PUPPI for Pileup mitigation b Ves Vs Vi,

o E?iss > 40 GeV
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® |n orde

® Decays
using o

lop quark reconstruction

rto add the spin correlation variable

top quark needs to be reconstructed.

In the dilepton channel are reconstr

s the

ucted

N shell tops and Ws, which gives a se

quadra

'IC equations.

- of

* \We use the geometric solver as described In
Betchart et al.: arXiv: 1 305.18/8.

o Also us

ed In TOP-19-008.
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http://arxiv.org/abs/1305.1878

Nndirect measurements

: B I 1 I I I I I I I I I I 1
£  ATLAS —
g 12 v/s=13TeV, 36.1 fo—1 N ';'_'
= - ¢ _
¢ Data 0 e Sherpa
i — Powheg Pythia8 === Powheg Pythia6
06~ " Powheg Herwig7 PowPy8 rad. down _|

| | I |

—== MG5_aMC@NLO Pythia8
I I L 1 1 | L 1 I I 1

1.05 B Stat. 1 Total

1.00
0.95 =

Theory
Data

0.4 0.6 0.8
Parton-level Ad(l*, 7)/m[rad/n]

Fur. Phys. |. C 80 (2020) /754
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Correct A distribution
with acceptance and
efficiency (unfold).

With 20| 6 datasets, both

ATLAS and CMS saw

d

d

Iscrepancies between
ata and NLO MC.
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CMS 35.9 fb” (13 TeV)
—= 0.5F | ' | ' ! ' | ' | —
L z L ¢ Unfolded data
i | —POWHEGV2 +PYTHIA8
—lo | - MG5_aMC@NLO + PYTHIAS8 [FxFx]
0.4 ....NLO, sM T
| -- NLO, uncorrelated —_
- - NNLO, SM e
0.3f wnn iR o )
;"M;“:H ..... R B R o e - o
0.2 B 1 | l | . | ! | B
. 105 Stat = Stat @ Syst ; |
5 9 S Biaiataintalnied ITOTITIPPRIOOS
oS | —— e e
|_
0.95 B}

0 w6 w3 w2 2u3 56

Phys. Rev. D 100, 072002



lop quark reconstruction

e Using conservation of 4-momentum
(with the mass of the top and W boson
assumed)

® |[he

® For-

measured b and | momenta
together hel
momentum to an ellipse.

‘he dou

D constrain the neutrino

dle neutrino case, an

addr

lonal M
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- | constraint 1s Imposed.
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NEvents / bin

(SUSY + SM)/SM

Other spin correlation observables

x10> CMS Projection 3000 fb™' (14
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Uncertainties

Uncertainty Type Recommendation
Jet Energy Scale Shape based HL_YR_JEC.root
Jet Energy Regression Shape based 3-5 % as a function of eta
PDF Shape based Ultimate PDF
Renormalization Shape based |/2 of Run 2
Pile Up Flat 2%
B-Tagging Flat | %6
Lumi Flat |96
Lepton ID Flat | % per electron or 0.5% per muon

https://twiki.cern.ch/twiki/bin/view/

Xsection rlat | HCPhysics/TtbarNNLO

https://twiki.cern.ch/twiki/bin/viewauth/CMS/YR20 | 8Systematics
Amandeep Singh Bakshi 34


https://twiki.cern.ch/twiki/bin/view/LHCPhysics/TtbarNNLO

Implementing |ES and JER

® [For |ES we use the HL_YR_|JEC.root file to
ook up the percentage errors by pt.

TOTAL_BJES_AntiKt4EMTopo

104 . ; ............................................................ .....;'...Optlmlstlc .....................................................................

® Different recommendations for b-jets and N\ — Baseine
ight-jets. TN |

_________________________________________________________________________________________________

e |ER Is modeled as function of 1, we see an
increase in cumulative uncertainties at 7 < 1.

0.96 |— -

® \We assume a 3% uncertainty till 7 < 1, and
5% forn > 1 as suggested in the YR

Systematl S d ocument. https://twiki.cern.ch/twiki/bin/viewauth/CMS/YR20 | 8Systematics
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Implementing PDF, scale

e Uncertainties arising due to PDF are assessed by

eweighing the samples according to the 100 T
. . HLLHC current, | 10GeV<Mx<40GeV | 40GeV<Mx<1TeV | 1TeV<Mx<6TeV
replicas in the NNPDF3.0 PDF sets. --

0.38 (0.24)

g-g luminosity 0.58 (0.49)

o Uncertainties arising to renormalization (i) ree i 039 (029
, , quark-quark
and factorization (//tF> scales are COmputed b}’ 0.78 (0.73) 0.46 (0.37) 0.60 (0.45)

: quark-antiquark
varying Hp and Up between 0.5 and 2 for a o 00 740030 SRt
T_O':a‘ Of |O Vari atiOﬂS. 0.73 (0.67) 0.38 (0.27) 0.42 (0.38)

0.41 (0.29)

® Final scale uncertainty Is reduced by a factor Thle of reduction factors

|/2 as suggested In the YR systematics. https://twiki.cern.ch/twiki/bin/viewauth/CMS/
YR20185ystematics
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lop quark reconstruction : Smearing

® [he output of the ellipse solver serves as a
oood starting point for solution smearing.

® tach solution i1s smeared [00 times using the
jet and lepton energy resolutions.

® [he generator level m_Ib distribution Is then
used to assign welghts to determine the
quality of the solutions.
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lop quark reconstruction : Smearing

® [or each event there are : | 00 X N_jets

10 -

< Py >=

Amandeep Singh Bakshi

100 |
2 W

we use the num
and ave

From the smearing,
O resolve this, we do a
welghted average over solutions
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Choose neutrinos tha

' yleld

the lowest mttba

o decide the 2 b-jet candidates

ber of b-tags
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sum of m_Ib weights



SUSY top quark partners

e or the purposes of our dataset the stealth
bhase space Includes 30 mass points such

that :
* M,, < 242.5 GeV, and
MstOp o M){? — Mtop

(here M,,, can be [67.5, 175 or [82.5 GeV)

® [he acceptance and efficiency change
significantly in this region, making exclusion
by direct searches harder in this region.
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SUSY top quark partners =

e T Arlas
e Hence the need for indirect searches. T D ew
150 ;*\‘_ NLO+NLL prediction 95% CL -; CERN_
® [xclusions can be accomplished via precision N - . EP-2019-034.
measurements of top quark properties, spin — ATAS
correlations In this case.
m(¥) [GeV]
° Currentl\y results in this region using spin ems AR e TN
correlations are from ATLAS. | Bpeed | MM =175GeV
5| Expoctod 20
o CMS also has results In the dileptonic JHEPO3 §eo
channel, but using a direct search. (ZOC';QS'O' 3P 4 0
o PP

180 190 200 210 220 230 240
m; féeV)
1
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SUSY top

137 b (13 TeV)
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