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SM gauge interactions are flavour universal for leptons.

e−/μ−/τ−

e+ /μ+ /τ+

γ
e−/μ−/τ−

e+ /μ+ /τ+

Z
e−/μ−/τ−

νe/νμ/ντ

W−
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What breaks LFU in SM?
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What breaks LFU in SM?

• Masses (often easy to account for).

• Higgs interactions (often small). 

Most interactions are lepton flavour universal to very 
good approximation. 
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What are some tests of LFU?
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What are some tests of LFU?

• W decays
e−/μ−/τ−

νe /νμ/ντ
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What are some tests of LFU?

• W decays

• Z decays

e−/μ−/τ−

νe /νμ/ντ

W−

e−/μ−/τ−

e+ /μ+ /τ+

Z
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What are some tests of LFU?

• W decays

• Z decays

• Less precise tests in pions, kaons, charm, and tau’s. 

e−/μ−/τ−

νe /νμ/ντ

W−

e−/μ−/τ−

e+ /μ+ /τ+

Z
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Hints of LFU violation in B decays: 

• Charged current B decay to tau: 

• Neutral current B decay to e and mu: 

More in the discussion on Friday. 

R(D(*)) = BR(B → D(*)τν)
BR(B → D(*)ℓν)

R(K(*)) = BR(B → K(*)μ+ μ−)
BR(B → K(*)e+ e−)
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Does top decay to leptons?
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Does top decay to leptons?

Of course it does, and its been measured at LHC:

BR(t → be ν) = 13.3% ± 0.4% ± 0.4 %
BR(t → bμ ν) = 13.4% ± 0.3% ± 0.5 %
BR(t → bτh ν) = 7.0% ± 0.3% ± 0.5 %

ATLAS 1506.05074.

Solving coupled equations gives ~20% precision  
on tau/lepton universality in top decays.

t b
e+ /μ+ /τ+

νe/νμ/ντ

W+
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Not competitive with W decays from LEP.  

• W decays 

Should we give up? 

e−/μ−/τ−

νe/νμ/ντ

W−
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What about other possible charged currents?
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What about other possible charged currents?

• Additional vectors?

t b
τ+

ντ

(W′�)+
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What about other possible charged currents?

• Additional vectors?

• Charged scalars?
t b

τ+

ντ

(W′�)+

t

ντ

b
τ+

H+
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What about other possible charged currents?

• Additional vectors?

• Charged scalars?

• Leptoquarks?

t b
τ+

ντ

(W′�)+

t

ντ

b
τ+

H+

t τ+

ντ

b
d̃
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There are many tops at LHC, and there will be many 
more. 

Already have ~108 tops analyzed, can expect   
~1010 with HL LHC. 

What can we do with such a huge data set?

σ(t̄t) = 820 pb s = 13 TeV
σ(t̄t) = 970 pb s = 14 TeV
σ(t̄t) = 32 nb s = 100 TeV
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b c

τ−

ν̄τ

(W′�)−

t b
τ+

ντ

(W′�)+

Use anomaly central value to fix            .gbcgτ

Top decay only depends on       , assume MFV structure.gtb

gtb

gbc
= Vtb

Vcb
≈ 24

Freytsis, Ligeti, Ruderman, 
1506.08896.
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yf
t=0.3

yf
t=1

yf
t=H4pL1ê2
CMS HIG-12-052
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On-shell explanations to RD anomaly  
strongly constrained.
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For off shell, can use EFT picture:

t b
τ+

ντ

(W′�)+

t b
τ+

ντ

Changes in branching ratio are tiny. 

(C̄t
VL)

TeV2 (t̄γμPLb)(τ̄γμPLντ) : δBτ = 1.8 × 10−5C̄t
VL + 2.0 × 10−5(C̄t

VL)2

(C̄t
S(L/R))

TeV2 (t̄PL/Rb)(τ̄PLντ) : δBτ = 5.1 × 10−6 [(C̄t
SL)2 + (C̄t

SR)2]
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t b
τ+

ντ

t b
e+ /μ+ /τ+

νe/νμ/ντ

W+
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What is the difference between SM and BSM top decay?

t b
τ+

ντ

t b
e+ /μ+ /τ+

νe/νμ/ντ

W+
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What is the difference between SM and BSM top decay?

t b
τ+

ντ

t
SM is effectively two body, b-quark is mono-chromatic in 
top rest frame. 

b
e+ /μ+ /τ+

νe/νμ/ντ

W+

E*b = m2
t − m2

W

2mt
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What happens in lab frame?
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What happens in lab frame?

E*b = m2
t − m2

W

2mt

Peak is still at

Agashe, Franceschini, Kim, 1209.0772.

0 100 200 300 400 500 600

Eb [GeV]
0.00

0.05

0.10

0.15

0.20

0.25

1 N
dN dE

b

⇥
1

20
G

eV

⇤

B-quark energies in the SM



DANIEL STOLARSKI     August 23, 2018      GGI

USE KINEMATICS

 14

What happens in lab frame?

E*b = m2
t − m2

W

2mt

Available on the CERN CDS information server CMS PAS TOP-15-002

CMS Physics Analysis Summary

Contact: cms-pag-conveners-top@cern.ch 2015/09/16

Measurement of the top-quark mass from the b jet energy
spectrum

The CMS Collaboration

Abstract

The top-quark mass is measured using the peak position of the energy distribution
of b jets produced from top-quark decays. The analysis is based on a recent theo-
retical proposal. The measurement is carried out selecting tt events with one elec-
tron and one muon in the final state in proton-proton collision data at

p
s = 8 TeV,

corresponding to an integrated luminosity of 19.7 fb�1. The fitted peak position
of the observed energy distribution is calibrated using simulated events and trans-
lated to a top-quark mass measurement using relativistic kinematics, with the result
mt = 172.29 ± 1.17 (stat.)± 2.66 (syst.) GeV.

Peak is still at

Can use this to measure mt.

CMS PAS TOP-15-002.

Agashe, Franceschini, Kim, 1209.0772.

0 100 200 300 400 500 600

Eb [GeV]
0.00

0.05

0.10

0.15

0.20

0.25

1 N
dN dE

b

⇥
1

20
G

eV

⇤

B-quark energies in the SM



DANIEL STOLARSKI     August 23, 2018      GGI

PARTON LEVEL STUDY

 15
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Take ratios of distributions. MV = 200 GeV
gτgtb = 5
δBτ = 4 %
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gτgtb = 4
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MH = 333 GeV

yτyL
tb = − 2.6

yτyR
tb = 3.1

δBτ = 0.1 %
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Where do we get a “denominator” sample?
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Where do we get a “denominator” sample?

Assume new physics only couples to third  
generation (events with &). 

Use '/e as control sample (avoid same flavour  
to reduce Z background). 
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Put minimal cuts for  
realistic sample: 

• 2 b-jets pT > 20 GeV 

• Lepton pT > 20 GeV 

• &h with pT > 30 GeV 
50 100 150 200 250 300

Eb [GeV]

0.96

0.98

1.00

1.02

1.04

1.06

1.08

1.10

n
[l
⌧ h

2j
b]
/ n

[l
(h

)l
0 2

j b
]

Inclusive selection
without replacement
with replacementn(τhℓ)/n(eμ)

Get blue points, SM control sample appears  
very different from signal sample! Why?
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τ− → ντ + h − + . . .
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τ− → ντ + h − + . . .
Measured &h pT  is not the same as actual & pT. 

&h pT  is weakly correlated with b-jet energy.  

Putting pT  cut on &h sculpts b-jet energy distribution 

changing it relative to control sample. 
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Take '/e event and 

replace one lepton with 

a & in simulation,      . 

Decay & and apply same 

cuts as signal sample.
50 100 150 200 250 300
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b]
/ n

[l
(h

)l
0 2

j b
]

Inclusive selection
without replacement
with replacementn(τhℓ)/n(ℓhℓ′�)

Now get red points, have a sensible control sample.

ℓh
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SM vs. NP, no backgrounds
SM
MV = 333 GeV

MV = 200 GeV

Errors due to MC statistics corresponding to ~300 fb-1.

MV = 200 GeV
gτgtb = 5
δBτ = 4 %

MV = 333 GeV
gτgtb = 4
δBτ = 0.1 %
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Signal region is 2b, 1 lepton,  
1 (hadronic) &. 

 
What are the backgrounds?
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Signal region is 2b, 1 lepton,  
1 (hadronic) &. 

 
What are the backgrounds?

• Semi-leptonic top with jet 
faking tau (large). 

t b
j

j → τh

W+
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Signal region is 2b, 1 lepton,  
1 (hadronic) &. 

 
What are the backgrounds?

• Semi-leptonic top with jet 
faking tau (large). 

•                                  
(non-trivial shape).
Zbb̄, Z → τhτℓ

t b
j

j → τh

W+
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Need fairly pure signal sample. 

Combine three strategies to 
mitigate background.  

1. Veto extra jets pT > 20 GeV. 

Can be applied equally to signal 
and control.  

 

t b
j

j → τh

W+
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Need fairly pure signal sample. 

Combine three strategies to 
mitigate background.  

2.   Use 1-prong &.  t b
j

j → τh

W+

Tagging rate 70% and fake rate of 5%. 

Modern taggers can probably do much better. 
CMS 1510.07488.  ATLAS-PHYS-PUB-2015-045.
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Backgrounds spectra
Semileptonic tt̄

(Z ! ⌧+⌧�) + bb̄

Majority of events in 
signal region are now 
signal.  

Backgrounds are still 
important, have non-
trivial shape.
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Second control region which 
has same spectrum as 
semi-leptonic background. 

• 2 b-jets pT > 20 GeV 

• Lepton pT > 20 GeV 

• 1 jet pT > 30 GeV 

• Veto &h and extra jets
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Eb [GeV ]
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j b
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Semileptonic tt̄

Works well at low energy. 
High energy?



DANIEL STOLARSKI     August 23, 2018      GGI

MORE CONTROL SAMPLES

 26

Third control region 
which has same 
spectrum as Zbb. 

• Z -> '' and replace 

both with &. 

• Apply same cuts as 
before.

Works well.

50 100 150 200 250 300

Eb [GeV]
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[(
Z

!
l⌧

h
)2
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]/

n
[(
Z

!
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h
)2

j b
]

(Z ! ⌧+⌧�)bb̄ normalized to (Z ! µ+µ�)bb̄
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Mix together three control samples in same  
proportion as signal region.

n[ℓτh2jb](Eb)
n[ℓ′�hℓ2jb](Eb) + wj→τh

n[ℓj2jb](Eb) + wZ→ℓτh
n[(Z → ℓhℓh)2jb](Eb)

wj→τh
≈ 0.42 wZ→ℓτh

≈ 0.03

Determine w from Monte Carlo. 
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SM vs. NP, with backgrounds

SM
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MV = 200 GeV

Looks very similar  
to plot without 
backgrounds. 

Can exclude green  
NP at  ~7σ. 

No sensitivity to  
red NP.  
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This is a first pass study showing feasibility. 

Only generated MC for 300 fb-1. LHC will eventually have 
much more.  

Used simplistic & tagging procedure, probably can be 

improved with smart experimentalists/machines. 
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WORK IN  
PROGRESS
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(t̄γμPLb)(ℓ̄γμPLνℓ)
                   there are essentially no direct limits.ℓ = e, μ

Four-heavy (11 + 2 CPV d.o.f.) Indicative direct limits

c1
QQ © 2C1(3333)

qq ≠ 2
3 C3(3333)

qq

c8
QQ © 8C3(3333)

qq

!c+
QQ © C1(3333)

qq + C3(3333)
qq [≠2.92, 2.80] (Ecut = 3 TeV) [44]

c1
Qt © C1(3333)

qu [≠4.97, 4.90] (Ecut = 3 TeV) [44]
c8

Qt © C8(3333)
qu [≠10.3, 9.33] (Ecut = 3 TeV) [44]

c1
Qb © C1(3333)

qd

c8
Qb © C8(3333)

qd

c1
tt © C(3333)

uu [≠2.92, 2.80] (Ecut = 3 TeV) [44]
c1

tb © C1(3333)
ud

c8
tb © C8(3333)

ud

c1[I]
QtQb © [Im]

Re {C1(3333)
quqd

}

c8[I]
QtQb © [Im]

Re {C8(3333)
quqd

}

Two-light-two-heavy (14 d.o.f.)

c3,1
Qq © C3(ii33)

qq + 1
6 (C1(i33i)

qq ≠ C3(i33i)
qq ) [≠0.66, 1.24] [45], [≠3.11, 3.10] [44]

c3,8
Qq © C1(i33i)

qq ≠ C3(i33i)
qq [≠6.06, 6.73] [44]

c1,1
Qq © C1(ii33)

qq + 1
6 C1(i33i)

qq + 1
2 C3(i33i)

qq [≠3.13, 3.15] [44]
c1,8

Qq © C1(i33i)
qq + 3C3(i33i)

qq [≠6.92, 4.93] [44]
c1

Qu © C1(33ii)
qu [≠3.31, 3.44] [44]

c8
Qu © C8(33ii)

qu [≠8.13, 4.05] [44]
c1

Qd © C1(33ii)
qd

[≠4.98, 5.02] [44]
c8

Qd © C8(33ii)
qd

[≠11.7, 9.39] [44]
c1

tq © C1(ii33)
qu [≠2.84, 2.84] [44]

c8
tq © C8(ii33)

qu [≠6.80, 3.49] [44]
c1

tu © C(ii33)
uu + 1

3 C(i33i)
uu [≠3.62, 3.57] [44]

c8
tu © 2C(i33i)

uu [≠8.05, 4.75] [44]
c1

td © C1(33ii)
ud

[≠4.95, 5.04] [44]
c8

td © C8(33ii)
ud

[≠11.8, 9.31] [44]
Two-heavy (9 + 6 CPV d.o.f.)

c[I]
tÏ © [Im]

Re {C(33)
uÏ }

c≠
Ïq © C1(33)

Ïq ≠ C3(33)
Ïq c1

Ïq [≠3.1, 3.1] [45], [≠8.3, 8.6] [46]
c3

ÏQ © C3(33)
Ïq [≠4.1, 2.0] [45], [≠8.6, 8.3] [46]

cÏt © C(33)
Ïu [≠9.7, 8.3] [45], [≠9.1, 9.1] [46]

c[I]
Ïtb © [Im]

Re {C(33)
Ïud

}

c[I]
tW © [Im]

Re {C(33)
uW } ctW [≠4.0, 3.5] [45], [≠4.1, 4.1] [46]

c[I]
tZ © [Im]

Re {≠sW C(33)
uB + cW C(33)

uW } ctB [≠6.9, 4.6] [45], [≠7.6, 7.6] [46]
c[I]

bW © [Im]
Re {C(33)

dW
}

c[I]
tG © [Im]

Re {C(33)
uG } ctG [≠1.32, 1.24] [45]

Two-heavy-two-lepton (8 + 3 CPV d.o.f. ◊3 lepton flavours)

c3(¸)
Ql © C3(¸¸33)

lq

c≠(¸)
Ql © C1(¸¸33)

lq
≠ C3(¸¸33)

lq

c(¸)
Qe © C(¸¸33)

eq

c(¸)
tl © C(¸¸33)

lu

c(¸)
te © C(¸¸33)

eu

cS[I](¸)
t © [Im]

Re {C1(¸¸33)
lequ

}

cT [I](¸)
t © [Im]

Re {C3(¸¸33)
lequ

}

cS[I](¸)
b © [Im]

Re {C(¸¸33)
ledq

}

Table 1: Indicative limits on top-quark operator coe�cients for � = 1 TeV. For details on the
fit procedure, information on the input data and set of operators over which the results are
marginalised please consult the corresponding references (see also Ref. [47]). Coe�cients marked
with a ‘!’ are not independent of the ones previously defined.

12

Aguilar Saavedra et. al, 1802.07237. See also Buckley et. al. 1506.08845, Jung 
and Straub 1801.01112, Greljo and Marzocca, 1704.09015.

(t̄PLνℓ)(ℓ̄PLb)
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(t̄γμPLb)(ℓ̄γμPLνℓ) (t̄PLνℓ)(ℓ̄PLb)
                  , how can we probe them?ℓ = e, μ
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(t̄γμPLb)(ℓ̄γμPLνℓ) (t̄PLνℓ)(ℓ̄PLb)
                  , how can we probe them?

• Flavour physics (assuming MFV)

ℓ = e, μ
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(t̄γμPLb)(ℓ̄γμPLνℓ) (t̄PLνℓ)(ℓ̄PLb)
                  , how can we probe them?
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Measurement of di�erential cross-sections of a

single top quark produced in association with a W
boson at

p
s = 13 TeV with ATLAS

The ATLAS Collaboration

The di�erential cross-section for the production of a W boson in association with a top quark
is measured for several particle-level observables. The measurements are performed using
36.1 fb�1 of pp collision data collected with the ATLAS detector at the LHC in 2015 and 2016.
Di�erential cross-sections are measured in a fiducial phase space defined by the presence of
two charged leptons and exactly one jet matched to a b-hadron, and are normalised with
the fiducial cross-section. Results are found to be in good agreement with predictions from
several Monte Carlo event generators.

© 2017 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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Figure 6: Normalised di�erential cross-sections unfolded from data, compared with selected MC models, with
respect to mT(``⌫⌫b) and m(``b). Data points are placed at the horizontal centre of each bin. See Section 1 for a
description of the observables plotted.

Table 5: Values of �2 and p-values for the measured normalised cross-sections compared to particle-level MC
predictions.

Observable E(b) m(`1b) m(`2b) E(``b) mT(``⌫⌫b) m(``b)
Degrees of freedom 4 5 3 5 3 5
Prediction �2 p �2 p �2 p �2 p �2 p �2 p
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P�����+P����� 6 (DS) 5.0 0.29 6.1 0.30 2.6 0.46 9.1 0.11 2.4 0.49 4.4 0.50
aMC@NLO+Herwig++ 5.6 0.23 5.4 0.37 2.4 0.49 8.7 0.12 1.8 0.61 3.6 0.61
P�����+Herwig++ 6.2 0.18 8.1 0.15 2.3 0.52 11.0 0.05 2.0 0.57 5.2 0.40
P�����+P����� 6 radHi 4.8 0.30 5.3 0.38 2.5 0.48 7.9 0.16 1.9 0.60 3.7 0.60
P�����+P����� 6 radLo 5.0 0.29 5.8 0.33 2.6 0.45 8.4 0.14 2.1 0.56 4.0 0.55
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Scalar operator,  
GeV-2 units.

Vector operator,  
GeV-2 units.

Get constraints from last bin.
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5Can bound scale at  
430 (310) GeV for  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validity of EFT.
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UV COMPLETIONS
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PROJECTIONS
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BACK TO EFT
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Can get EFT bounds at 980 (710) GeV for  
scalar (vector) operator. 

Depends on how uncertainties are scaled to  
higher luminosities. Suggestions? 

Could be other interesting variables to look at… 
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CONCLUSIONS

 41

Lepton flavour universality is much less well 
established in top than in gauge sector. 

Enormous top sample at LHC (and future hadron 
collider?) is an opportunity to do better, current 
measurements nearly systematics limited. 

Ratios of distributions could provide very stringent 
tests of new physics models with sensitivity of  
~few%.



THANK
YOU
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NUMBERS
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Signal [`⌧h2jb]

Process NMC � (pb) ✏inc(%) ✏ex(%)

tt̄ ! bb̄⌧`2⌫ 6.3M 84.2 6.7 1.9

tt̄ ! bb̄`⌫2j 40M 416 1.6 0.046

Z(! ⌧⌧)bb̄ 5.4M 4.79 1.2 0.32

Process NMC ✏inc(%) ✏ex(%) w

CR [`h`02jb]

tt̄ ! bb̄``02⌫ 6.6M 7.4 2.1 0.908

tt̄ ! bb̄`⌧2⌫ 7.6M 0.33 0.087 0.092

CR [`j2jb]

tt̄ ! bb̄`⌫2j 40M 28 4.2 0.42

CR [Z(! `h`h)2jb]

Z(! ``)bb̄ 5M 1.2 0.32 0.033

Table I: The production cross section, number of generated MC events, and the acceptance rates

(in the inclusive and the exclusive samples respectively) of our signal process and the background

processes. On the left hand side we show the signal and the two dominant backgrounds, namely

the semilepronic tt̄ and (Z ! ⌧+⌧�)bb̄. On the right hand side we show the control regions with

the appropriate weights wi as they are defined in Eq. (11).

C. Results

In Figs. 7 and 8, we compare the SM predictions (in blue) to our NP benchmark models:

• mV = 333 GeV and g⌧gb = 4.5 (in red),

• mV = 200 GeV and g⌧gb = 5 (in green).

In Fig. 7 we plot n[`⌧h2jb]/n[`0
h`2jb] using the full event selection for the three samples with

no backgrounds included. We see that within the errors, the SM is consistent with one across

the distribution, and the scatter around the flat distribution should be viewed as a measure

of our systematic uncertainties due to limited MC statistics and not having a su�ciently

accurate control sample for our semileptonic background. Unfortunately, it appears that

the first benchmark NP scenario with mV = 333 GeV is also consistent with one. Our other

benchmark with mV = 200 GeV, however, shows the characteristic steep rise at low energy

and broad deficit at higher energies consistent with the parton level simulation shown on

the right panel of Fig. 3.
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Figure 7: The b-jet energy binned distributions of the lepton universality ratio n[`⌧h2jb]/n[`0
h`2jb]

defined in Eq. (10), without any background included, in the SM (in blue) as well as in the simplified

NP Model (a) with mV = 333 GeV and g⌧gb = 4.5 (in red), and with mV = 200 GeV and g⌧gb = 5

(in green). See text for details.

NP vs. SM

Model ✏inc(%) ✏ex(%) �2 �2
3

SM (unmatched) 6.82 1.71 41.3 4.1

mV = 333 GeV 6.75 1.69 41.0 4.1

mV = 200 GeV 7.69 1.93 147 61.6

Table II: E�ciencies and �2 values for various NP models and the SM. The e�ciencies are for

unmatched samples, and the �2 distributions use the data shown in Fig. 8, with �2
3

using only the

first three bins.

We now construct our final observable taking into account all sources of background. The

b-jet energy binned lepton universality ratio:

R⌧h/`(EB) ⌘
n[`⌧h2jb]

n[`0
h`2jb](Eb) + wj!⌧hn[`j2jb](Eb) + wZ!`⌧hn[(Z ! ``h)2jb](Eb)

. (11)

We plot this variable both for the SM and the benchmark NP scenarios on Fig 8. Because

the NP samples have slightly di↵erent e�ciencies than the SM sample, the values of w for
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