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Outline
 Forewords 
 LHC: present and future bounds on top FCNC 

 FCC-ee : two running phases relevant for top FCNC : 

 √S ≥ 350 GeV ➜ 106 top pairs above ttbar threshold 
     (➜ BR~10-5 for rare decays with distinctive signatures) 

 √S = 240 GeV with ∫ L ~ 10 ab-1 ➜ single top ee ➜ t q 
 NOT A REVIEW !  Details on two recent developments: 

 ee ➜ t q  (hadronic top channel)  (Biswas, Margaroli, BM) 

 t ➜ q     ➜ new BSM FCNC signature ! 
                                 (Gabrielli, BM, Raidal, Venturini) 

 Outlook
2CERN,  3  February 2016

�̄
jet + dark-photon 
mtop resonance !

special thanks to S.Biswas and E.Gabrielli



Outlook

ever since its discovery,  the  top  quark  has never been 
produced  and  studied  in  such a clean environment  

as the one expected in e+e- collisions

 e+e- collisions will  almost allow to trace back   
top-quark final states on an event-by-event basis

this will open the opportunity to look at details of 
top production and kinematics that is unthinkable 

in hadron collisions   
(relevant strategies mostly still to be developed …)

rare top decays is one of the (many) top physics 
chapters that would widely benefit from such 

spectacularly clean environment !

BM,talk at 7th FCC-ee Phys. WS June 2014

one example ➜ 
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inclusive searches for exotic t decays via recoil system

b)  look for events containing  
a top-system with  
a veto on a 2nd tag  
(i.e. recoil system does not  pass 
the SM top-system criteria)

a) define criteria to tag  
a  Wb/Wj system  
as a (SM) top quark 

Frank&Simon&(fsimon@mpp.mpg.de)
Top$Mass$at$e+e+$Colliders$
AWLC2014,&Fermilab,&May&2014

Identifying & Reconstructing Top Quarks

• Strategy depends on targeted ttbar final state

5

Semi-leptonic:

• isolated lepton ID, momentum measurement

• missing energy measurement 

Universal

• Flavor tagging:

• b - identification

• b/c separation


• b-Jet energy measurement

• light Jet reconstruction & 

energy measurement  X
top-veto

large variety 
 of exotic top final states  

(unexpected signatures “hard” at LHC !)  
➜	global analysis of a top   

recoil system with a top-veto

c) full simulation needed to 
assess sensitivity ( <% σ ?)

d) get model-independent  
bounds on BR(top)exotica !Ecm(e+e-) ≥ 350 GeV
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3 Predictions in different models

3.1 SM Predictions

In the SM the FCNC top-charm transition proceeds through CKM charge-current interactions, as
shown in Fig.5. Such transition is extremely weak since it is proportional to ∼ K2iK

∗

3if(mdi
) and

mdi
<< mt. The top-charm associated production rates at a linear collider is shown in Fig.6. A

summary of the SM predictions is given in Table 1.

Fig.5 An example of top-charm transition in the SM.
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Fig.6 Top-charm associated production rates at a linear collider in the SM [4].
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GIM-suppressed  by (
mb

MW
)4

Standard Model Predictions

(Aguilar-Saavedra hep-ph/0409342)

BR(t → cγ) ≃ 5× 10−14 , BR(t → uγ) ≃ 4× 10−16

BR(t → cg) ≃ 5× 10−12 , BR(t → ug) ≃ 4× 10−14

BR(t → cZ ) ≃ 1× 10−14 , BR(t → uZ ) ≃ 8× 10−17

BR(t → ch) ≃ 3× 10−15 , BR(t → uh) ≃ 2× 10−17

BR(t → uX)
BR(t → cX)

≃
∣

∣

∣

∣

Vub
Vcb

∣

∣

∣

∣

2
≃ 0.008

Any observation in the foreseeable future
would be a clear sign of New Physics!

Wolfgang Altmannshofer (PI) Rare and Exotic Top Decays LHCP, June 5, 2014 5 / 20
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(t ! ux)/(t ! cx) ' |Vub/Vcb|2 ' 0.008
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 FCNC top (really rare !) decays in the SM : 
                                       NOT  measurable !

+ MFV  (CKM matrix)
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New Physics can hugely enhance predictions !

Comparison

1) Atwood, Reina, Soni hep-ph/9609279 2) Cao et al. hep-ph/0702264
3) Agashe, Contino 0906.1542; Azatov et al. 0906.1990; Casagrande et al. 1005.4315

see also Snowmass Top Quark Working Group Report 1311.2028

2HDM1) MSSM2) RS3)

t → cZ ! 10−6 ! 10−7 ! 10−5

t → cγ ! 10−7 ! 10−8 ! 10−9

t → cg ! 10−5 ! 10−7 ! 10−10

t → ch ! 10−2 ! 10−5 ! 10−4

Combining the information from the various decay modes would
allow to differentiate the underlying New Physics model

Wolfgang Altmannshofer (PI) Rare and Exotic Top Decays LHCP, June 5, 2014 16 / 20
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Pattern of enhancements is model dependent !

Bardhan et al., arXiv:1601.04165
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Present LHC bounds from   
plus  single-top anomalous production

single-top production more sensitive to  u-type vertex

Rare top quark decays: FCNC 

e+e− → tt̄
FCNC−−−−→ (Z/γ/g/h + j)(Wb)

[Snowmass white paper]

● FCNC top quark decays are highly suppressed in the SM
(light quark masses  and small CKM angle )

● New Physics models introduce significantly higher rates 

! Any measured deviation from zero indicates NP in the top quark decay
19/23

qg ! t(Z/�/H)

0.17 %

0.013 %

CMS 1511.03951

CMS 1511.03951

ATLAS

ATLAS

ATLAS CERN-PH-EP-2015-229
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q = u, c

− Leff =
g

2cW
Xqt q̄γµ(xL

qtPL + xR
qtPR)tZµ +

g

2cW
κqt q̄(κv

qt + κa
qtγ5)

iσµνqν

mt
tZµ

+eλqt q̄(λ
v
qt + λa

qtγ5)
iσµνqν

mt
tAµ + gsζqt q̄(ζ

v
tq + ζa

qtγ5)
iσµνqν

mt
T aqGaµ

+
g

2
√

2
gqt q̄(g

v
qt + ga

qtγ5)tH + H.c. ,

qν = (pt−pq)ν q̄ t

ū(pq) u(pt)

|xL
qt|2 + |xR

qt|2 = 1 |κv
qt|2 + |κa

qt|2 = 1

Xqt κqt λqt ζqt gqt

σµν(pt + pq)νZµ

γµ xL,R
qt

σµν

Leff

mt = 178.0 ± 4.3 α(mt) =

most general effective Lagrangian for FC   
tqV(H)  interactions with terms up to dim 5

1/128.921 s2
W (mt) = 0.2342 αs(mt) = 0.108 mH = 115

t → bW+

Γ(t → bW+) =
α

16 s2
W

|Vtb|2
m3

t

M2
W

[

1 − 3
M4

W

m4
t

+ 2
M6

W

m6
t

]

,

Γ(t → bW+) = 1.61 Γt

Γ(t → qZ)γ =
α

32 s2
W c2

W

|Xqt|2
m3

t

M2
Z

[

1 −
M2

Z

m2
t

]2 [

1 + 2
M2

Z

m2
t

]

,

Γ(t → qZ)σ =
α

16 s2
W c2

W

|κqt|2 mt

[

1 −
M2

Z

m2
t

]2 [

2 +
M2

Z

m2
t

]

,

Γ(t → qγ) =
α

2
|λqt|2 mt ,

Γ(t → qg) =
2αs

3
|ζqt|2 mt ,

Γ(t → qH) =
α

32 s2
W

|gqt|2 mt

[

1 −
M2

H

m2
t

]2

.

Br(t → qZ)γ = 0.472 X2
qt ,

Br(t → qZ)σ = 0.367 κ2
qt ,

Br(t → qγ) = 0.428 λ2
qt ,

Br(t → qg) = 7.93 ζ2
qt ,

Br(t → qH) = 3.88 × 10−2 g2
qt .

γtc

di = d, s, b

W

�µ⌫ terms grow with         momentum qnuV µ

Standard Model Predictions

(Aguilar-Saavedra hep-ph/0409342)
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∣

2
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Any observation in the foreseeable future
would be a clear sign of New Physics!
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Comparison

1) Atwood, Reina, Soni hep-ph/9609279 2) Cao et al. hep-ph/0702264
3) Agashe, Contino 0906.1542; Azatov et al. 0906.1990; Casagrande et al. 1005.4315

see also Snowmass Top Quark Working Group Report 1311.2028
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Combining the information from the various decay modes would
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          at ILC,  most  sensitive channel (!)

 bounds on tqZ and tq�

1.5 Rare decays 23

Table 1-9. Projected limits on top FCNCs at the LHC and ILC. “Extrap.” denotes estimates based on
extrapolation as described in the text. For the ILC/CLIC, limits for various tensor couplings (i.e., with �µ⌫

structure) are shown inside ().

Process Br Limit Search Dataset Reference

t ! Zq 2.2⇥ 10�4 ATLAS tt̄ ! Wb+ Zq ! `⌫b+ ``q 300 fb�1, 14 TeV [140]

t ! Zq 7⇥ 10�5 ATLAS tt̄ ! Wb+ Zq ! `⌫b+ ``q 3000 fb�1, 14 TeV [140]

t ! Zq 5 (2)⇥ 10�4 ILC single top, �
µ

(�
µ⌫

) 500 fb�1, 250 GeV Extrap.

t ! Zq 1.5 (1.1)⇥ 10�4 (�5) ILC single top, �
µ

(�
µ⌫

) 500 fb�1, 500 GeV [141]

t ! Zq 1.6 (1.7)⇥ 10�3 ILC tt̄, �
µ

(�
µ⌫

) 500 fb�1, 500 GeV [141]

t ! �q 8⇥ 10�5 ATLAS tt̄ ! Wb+ �q 300 fb�1, 14 TeV [140]

t ! �q 2.5⇥ 10�5 ATLAS tt̄ ! Wb+ �q 3000 fb�1, 14 TeV [140]

t ! �q 6⇥ 10�5 ILC single top 500 fb�1, 250 GeV Extrap.

t ! �q 6.4⇥ 10�6 ILC single top 500 fb�1, 500 GeV [141]

t ! �q 1.0⇥ 10�4 ILC tt̄ 500 fb�1, 500 GeV [141]

t ! gu 4⇥ 10�6 ATLAS qg ! t ! Wb 300 fb�1, 14 TeV Extrap.

t ! gu 1⇥ 10�6 ATLAS qg ! t ! Wb 3000 fb�1, 14 TeV Extrap.

t ! gc 1⇥ 10�5 ATLAS qg ! t ! Wb 300 fb�1, 14 TeV Extrap.

t ! gc 4⇥ 10�6 ATLAS qg ! t ! Wb 3000 fb�1, 14 TeV Extrap.

t ! hq 2⇥ 10�3 LHC tt̄ ! Wb+ hq ! `⌫b+ ``qX 300 fb�1, 14 TeV Extrap.

t ! hq 5⇥ 10�4 LHC tt̄ ! Wb+ hq ! `⌫b+ ``qX 3000 fb�1, 14 TeV Extrap.

t ! hq 5⇥ 10�4 LHC tt̄ ! Wb+ hq ! `⌫b+ ��q 300 fb�1, 14 TeV Extrap.

t ! hq 2⇥ 10�4 LHC tt̄ ! Wb+ hq ! `⌫b+ ��q 3000 fb�1, 14 TeV Extrap.

1.5.4 Projected Limits

Although current direct limits on flavor-violating top couplings do not appreciably encroach on the parameter
space of motivated theories (compare tables 1-7 and 1-8), future colliders should attain meaningful sensitivity
(see table 1-9). Here we will focus on the sensitivity of the

p
s = 14 TeV LHC after 300 and 3000 fb�1

of integrated luminosity, as well as the ILC operating at
p
s = 250 and the ILC/CLIC at 500 GeV, with

500 fb�1 of integrated luminosity. The case of the
p
s = 250 GeV ILC is particularly interesting, since it

possesses sensitivity to top FCNCs through single-top production via a photon or Z boson.

1.5.4.1 LHC projections

At present, estimates of future LHC sensitivity to top FCNCs arise from two sources: o�cial projections
from the European Strategy Group (ESG) report [140] and approximate extrapolation from current searches
at the 7 and 8 TeV LHC based on changes in luminosity, energy, and trigger thresholds. Table 1-9 provides
a summary of the projected limits at the 14 TeV LHC with 300 and 3000 fb�1 integrated luminosity.

Community Planning Study: Snowmass 2013

*

*

* extrapolated 

ILC  versus  full  LHC 

�µ⌫ terms grow with         momentum qmuV µ

) e+e� ! �, Z(qµ) ! tq

(~ √S in single top)
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Bar-Shalom, Wudka  9905407

Han and Hewett 9811237

Aguilar-Saavedra, Riemann 0102197

main  background  from  W j j

e+e� ! �, Z(qµ) ! tq

2 Generation of signals and backgrounds

In order to describe the FCN couplings among the top, a light quark q and a Z boson or a
photon A we use the Lagrangian

− L =
gW

2cW
Xtq t̄γµ(xL

tqPL + xR
tqPR)qZµ +

gW

2cW
κtq t̄(κv

tq − κa
tqγ5)

iσµνqν

mt
qZµ

+eλtq t̄(λv
tq − λa

tqγ5)
iσµνqν

mt
qAµ , (1)

where PR,L = (1±γ5)/2. The chirality-dependent parts are normalized to (xL
tq)

2 +(xR
tq)

2 = 1,
(κv

tq)
2 + (κa

tq)
2 = 1, (λv

tq)
2 + (λa

tq)
2 = 1. This effective Lagrangian contains γµ terms of

dimension 4 and σµν terms of dimension 5. The couplings are constants corresponding to the
first terms in the expansion in momenta. The σµν terms are the only ones allowed by the
unbroken gauge symmetry, SU(3)c ×U(1)Q. Due to their extra momentum factor they grow
with the energy and make large colliders the best places to measure them.

For single top production we study the process e+e− → tq̄ mediated by Ztq or γtq
anomalous couplings (see Fig. 1). We will only take one anomalous coupling different from
zero at the same time. However, if a positive signal is discovered, it may be difficult to
distinguish only from this process whether the anomalous coupling involves the Z boson, the
photon or both. On the other hand, in principle it could be possible to have a fine-tuned
cancellation between Z and γ contributions that led to a suppression of this signal.

Figure 1: Feynman diagrams for e+e− → tq̄ via Ztq or γtq FCN couplings. The top quark is
off-shell and has the SM decay.

For top decays we study the SM process e+e− → tt̄, followed by antitop decay mediated
by an anomalous Ztq or γtq coupling (see Fig. 2). This gives the signals tq̄Z and tq̄γ, and
the observation of the final state distinguishes Ztq and γtq couplings. In the tq̄, tq̄Z and tq̄γ
signals the top is assumed to decay via t → W+b → l+νb, with l = e, µ. For the tq̄Z signal
we only consider the Z boson decays to electrons and muons.

For the tq̄ signal we calculate the matrix element e+e− → tq̄ → W+bq̄ → l+νbq̄. For the
tq̄Z and tq̄γ signals we calculate e+e− → tt̄ → W+bq̄Z → l+νbq̄l′+l′− and e+e− → tt̄ →
W+bq̄γ → l+νbq̄γ, respectively. These matrix elements are evaluated using HELAS [27] and
introducing a new HELAS-like subroutine IOV2XX to compute the non-renormalizable σµν

vertex. This new routine has been checked by hand. In all cases we sum the contribution of
the charge conjugate processes. For the tq̄V signals there is an additional contribution from
tq̄ production plus radiative emission of a Z boson or a photon. This correction is suppressed
because it does not have the enhancement due to the t̄ on-shell, and is even smaller after the
kinematical cuts for the signal reconstruction.

3

2 Generation of signals and backgrounds

In order to describe the FCN couplings among the top, a light quark q and a Z boson or a
photon A we use the Lagrangian

− L =
gW

2cW
Xtq t̄γµ(xL

tqPL + xR
tqPR)qZµ +

gW

2cW
κtq t̄(κv

tq − κa
tqγ5)

iσµνqν

mt
qZµ

+eλtq t̄(λv
tq − λa

tqγ5)
iσµνqν

mt
qAµ , (1)

where PR,L = (1±γ5)/2. The chirality-dependent parts are normalized to (xL
tq)

2 +(xR
tq)

2 = 1,
(κv

tq)
2 + (κa

tq)
2 = 1, (λv

tq)
2 + (λa

tq)
2 = 1. This effective Lagrangian contains γµ terms of

dimension 4 and σµν terms of dimension 5. The couplings are constants corresponding to the
first terms in the expansion in momenta. The σµν terms are the only ones allowed by the
unbroken gauge symmetry, SU(3)c ×U(1)Q. Due to their extra momentum factor they grow
with the energy and make large colliders the best places to measure them.

For single top production we study the process e+e− → tq̄ mediated by Ztq or γtq
anomalous couplings (see Fig. 1). We will only take one anomalous coupling different from
zero at the same time. However, if a positive signal is discovered, it may be difficult to
distinguish only from this process whether the anomalous coupling involves the Z boson, the
photon or both. On the other hand, in principle it could be possible to have a fine-tuned
cancellation between Z and γ contributions that led to a suppression of this signal.

Figure 1: Feynman diagrams for e+e− → tq̄ via Ztq or γtq FCN couplings. The top quark is
off-shell and has the SM decay.

For top decays we study the SM process e+e− → tt̄, followed by antitop decay mediated
by an anomalous Ztq or γtq coupling (see Fig. 2). This gives the signals tq̄Z and tq̄γ, and
the observation of the final state distinguishes Ztq and γtq couplings. In the tq̄, tq̄Z and tq̄γ
signals the top is assumed to decay via t → W+b → l+νb, with l = e, µ. For the tq̄Z signal
we only consider the Z boson decays to electrons and muons.

For the tq̄ signal we calculate the matrix element e+e− → tq̄ → W+bq̄ → l+νbq̄. For the
tq̄Z and tq̄γ signals we calculate e+e− → tt̄ → W+bq̄Z → l+νbq̄l′+l′− and e+e− → tt̄ →
W+bq̄γ → l+νbq̄γ, respectively. These matrix elements are evaluated using HELAS [27] and
introducing a new HELAS-like subroutine IOV2XX to compute the non-renormalizable σµν

vertex. This new routine has been checked by hand. In all cases we sum the contribution of
the charge conjugate processes. For the tq̄V signals there is an additional contribution from
tq̄ production plus radiative emission of a Z boson or a photon. This correction is suppressed
because it does not have the enhancement due to the t̄ on-shell, and is even smaller after the
kinematical cuts for the signal reconstruction.

3

2 Generation of signals and backgrounds

In order to describe the FCN couplings among the top, a light quark q and a Z boson or a
photon A we use the Lagrangian

− L =
gW

2cW
Xtq t̄γµ(xL

tqPL + xR
tqPR)qZµ +

gW

2cW
κtq t̄(κv

tq − κa
tqγ5)

iσµνqν

mt
qZµ

+eλtq t̄(λv
tq − λa

tqγ5)
iσµνqν

mt
qAµ , (1)

where PR,L = (1±γ5)/2. The chirality-dependent parts are normalized to (xL
tq)

2 +(xR
tq)

2 = 1,
(κv

tq)
2 + (κa

tq)
2 = 1, (λv

tq)
2 + (λa

tq)
2 = 1. This effective Lagrangian contains γµ terms of

dimension 4 and σµν terms of dimension 5. The couplings are constants corresponding to the
first terms in the expansion in momenta. The σµν terms are the only ones allowed by the
unbroken gauge symmetry, SU(3)c ×U(1)Q. Due to their extra momentum factor they grow
with the energy and make large colliders the best places to measure them.

For single top production we study the process e+e− → tq̄ mediated by Ztq or γtq
anomalous couplings (see Fig. 1). We will only take one anomalous coupling different from
zero at the same time. However, if a positive signal is discovered, it may be difficult to
distinguish only from this process whether the anomalous coupling involves the Z boson, the
photon or both. On the other hand, in principle it could be possible to have a fine-tuned
cancellation between Z and γ contributions that led to a suppression of this signal.

Figure 1: Feynman diagrams for e+e− → tq̄ via Ztq or γtq FCN couplings. The top quark is
off-shell and has the SM decay.

For top decays we study the SM process e+e− → tt̄, followed by antitop decay mediated
by an anomalous Ztq or γtq coupling (see Fig. 2). This gives the signals tq̄Z and tq̄γ, and
the observation of the final state distinguishes Ztq and γtq couplings. In the tq̄, tq̄Z and tq̄γ
signals the top is assumed to decay via t → W+b → l+νb, with l = e, µ. For the tq̄Z signal
we only consider the Z boson decays to electrons and muons.

For the tq̄ signal we calculate the matrix element e+e− → tq̄ → W+bq̄ → l+νbq̄. For the
tq̄Z and tq̄γ signals we calculate e+e− → tt̄ → W+bq̄Z → l+νbq̄l′+l′− and e+e− → tt̄ →
W+bq̄γ → l+νbq̄γ, respectively. These matrix elements are evaluated using HELAS [27] and
introducing a new HELAS-like subroutine IOV2XX to compute the non-renormalizable σµν

vertex. This new routine has been checked by hand. In all cases we sum the contribution of
the charge conjugate processes. For the tq̄V signals there is an additional contribution from
tq̄ production plus radiative emission of a Z boson or a photon. This correction is suppressed
because it does not have the enhancement due to the t̄ on-shell, and is even smaller after the
kinematical cuts for the signal reconstruction.
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FCC-ee,  Hadronic top (Biswas, Margaroli, BM)

√S= 240 GeV   (large cross section and large lumi at FCC-ee) 
versus   
√S= 350, 500 GeV  (lower bckgd and more sensitive to          terms )�µ⌫

(LEP2 and ILC)

Khanpour at al.  1408.2090 
(FCC-ee, leptonic top                  )

x-sections  (fb)
√S = 240 GeV

 New Analysis :
t ! bjjt ! bjj

t ! b`⌫
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Efficiency: #
47%  for signal#
5%   for bckgr
(for ✏b = 60%)
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Biswas, Margaroli, BM
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Khanpour at al.  1408.2090 

(100 fb�1)

3.3⇥ 10�4

8.8⇥ 10�4

4.3⇥ 10�4

hadronic top twice as sensitive to BR(top)FCNC as leptonic top

( hadronic )(leptonic channel)

a little stronger bounds expected at  Ecm(e+e-) ~ 350 GeV
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FCNC’s mediated by Dark Photons
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t ! q �̄

b ! s �̄
` ! `0 �̄ Gabrielli, BM, Raidal, Venturini  

(in preparation)�̄

Based on NP Model explaining  Yukawa hierarchy via a Hidden Sector (HS) 

with extra unbroken Dark U(1)F   (➜ massless dark photon)  

 HS contains Nf heavy fermions (Df=Dark Matter ?) charged under Dark U(1)F 

Chiral Simmetry spont. broken in HS via non-perturbative effects (higher-
derivative in DP field ~ 1/Λ ➜ Lee-Wick ghosts)  
➜ Dark fermions get MDf masses depending on their U(1)F charge qDf  ➜ 
exponentially-spread Df spectrum (for integer charges qDf=1, 2, 3, 4…)
 Flavor and Chiral Sym Breaking transferred to (radiative) Yukawa couplings  
at one-loop via (heavy) squark/slepton-like scalar messangers  
                 ➜ Yukawa hierarchy appears in visible sector, too !

(Gabrielli, Raidal, arXiv:1310.1090;  Ma, arXiv:1311.3213) 



Barbara Mele 20CERN,  3  February 2016

➜  plenty of new signatures at colliders 
involving stable dark photons  

(exploration just started !)

H ! ��̄ mono-photon  
resonant signature
Higgs non-decoupling effects 
(just as in SM) can enhance BR	

 in decays :

 in production : 
Higgs momentum  

balanced by  
a massless 

invisible system 

Biswas, Gabrielli, Heikinheimo, BM,1503.05836

(invisible and massless)

Gabrielli,Heikinheimo, BM, Raidal, 
arXiv:1405.5196
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resonant mono-photon signature (LHC)
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FIG. 1: Predictions for BR(H ! ��̄) as functions of ↵̄ for
di↵erent BRinv and r�� in the minimal model.

amplitudes have the same structure as (5), and we obtain

⇤�� = ⇤��̄
R

R0

r
↵̄

↵
, ⇤�̄�̄ = ⇤��̄

r
↵

↵̄

R

R1
, (9)

where R0 = 3Nc(e2U+e2D), and R1 = Nc

P3
i=1

�
q2Ui

+ q2Di

�
.

A model-independent parametrization for the branch-
ing ratios (BRs) of the decays H ! � �, H ! � �̄, and
H ! �̄ �̄ can be expressed as follows

BR�� = N
�
1±p

r��
�2
, BRAB = NrAB , (10)

where AB ⌘ {��̄, �̄�̄}, N = BRSM
�� /(1 + r�̄�̄BR

SM
�� ), and

the ratios rAB are given by

r��̄ = 2 r��
R2

R2
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⇣ ↵̄
↵

⌘
, r�̄�̄ = r��

R2
1

R2
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⇣ ↵̄
↵
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, (11)

where r�� ⌘ �NP
�� /�SM

�� . Here �NP
�� and �SM

�� corresponds
to the H ! �� decay widths, mediated by new particles
and SM ones, respectively. The ± signs in Eq.(10) cor-
responds to the constructive or destructive interference
with the SM amplitude. In the scenario [16], the sign in
BR�� is predicted to be positive, while the corresponding
value for r�� is given by

r�� =

✓
R0⇠

2

3F (1� ⇠2)

◆2

, (12)

where F is the SM contribution, given by F = FW (�W )+P
f NcQ

2
fFf (�f ), with �W = 4M2

W /m2
H , �f = 4m2

f/m
2
H ,

and FW (x) and Ff (x) can be found in [26]. Once the cor-
responding Higgs BRs are measured, the U(1)F charges
qi can be derived from the Yukawa couplings by Eq. (1).

To quantify predictions of this scenario, in Fig. 1 we
plot BR(H ! ��̄) as a function of ↵̄, assuming that there
is only one messenger contributing, with a charge e = q =
1. The curves are evaluated for r�� = 0.1, 0.2 , 0.5 , 1.
The red dot bullets correspond to di↵erent BR�̄�̄ values
(or Higgs invisible branching ratios BRinv), as shown in
the plot (in the experimentally allowed range [27]). The
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FIG. 2: The � + /ET transverse invariant mass distribution
(in fb/GeV) of the signal (red), and the main backgrounds �j
(grey), �Z (blue), jZ (green), and W (yellow). For illustra-
tion, we show the signal for BR(H ! ��̄) = 5%.

full lines correspond to the interval BRSM
�� /2  BR�� 

2 BRSM
�� , where BRSM

�� = 2.28 ⇥ 10�3, while the dashed
lines correspond to predictions outside that range. We
find that the signal BR(H ! ��̄) can be as large as 5%
(that is more than one order of magnitude larger than
BRSM

�� ), consistently with all model parameters and the
LHC constraints.
We stress that large values of the messenger mixing-

mass parameter ⇠ are natural in the present scenario,
in order to generate a large top-quark Yukawa coupling
radiatively, and all EW precision tests can be satisfied
due to the heavy and flavor universal messenger sector
[16]. In addition, large values of ↵̄ � ↵ are naturally
expected in this scenario from Eq.(1), provided the split-
ting among the qi charges is not too small. Consequently,
the relatively large BR(H ! ��̄) shown in Fig. 1 can be
considered a generic prediction of the present theoretical
framework.1

Model independent analysis of H ! ��̄ at the
LHC. The process pp ! H ! ��̄ gives rise to the signal
� + /ET , where E� = mH/2 in the Higgs rest frame. In
the lab frame, one can define the variable MT , that is the
transverse invariant mass of the � + /ET system, as

MT =
q

2p�T /ET (1� cos��), (13)

where p�T is the photon transverse momentum, and �� is
the azimuthal distance between the photon momentum
and the missing transverse momentum /ET .

Like in the W ! e⌫ production, the MT observable
features a narrow peak at the mass of the original massive
particle (that is mH , see Fig. 2). Also the p�T distribu-
tion will exhibit a similar structure around mH/2. These

1 Large values of the mixing parameter ⇠ can be safely generated
from the purely EW messenger sector, since the latter does not
a↵ect the Higgs production cross section in gluon fusion.
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FIG. 2: The � + /ET transverse invariant mass distribution
(in fb/GeV) of the signal (red), and the main backgrounds �j
(grey), �Z (blue), jZ (green), and W (yellow). For illustra-
tion, we show the signal for BR(H ! ��̄) = 5%.

full lines correspond to the interval BRSM
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2 BRSM
�� , where BRSM

�� = 2.28 ⇥ 10�3, while the dashed
lines correspond to predictions outside that range. We
find that the signal BR(H ! ��̄) can be as large as 5%
(that is more than one order of magnitude larger than
BRSM

�� ), consistently with all model parameters and the
LHC constraints.
We stress that large values of the messenger mixing-

mass parameter ⇠ are natural in the present scenario,
in order to generate a large top-quark Yukawa coupling
radiatively, and all EW precision tests can be satisfied
due to the heavy and flavor universal messenger sector
[16]. In addition, large values of ↵̄ � ↵ are naturally
expected in this scenario from Eq.(1), provided the split-
ting among the qi charges is not too small. Consequently,
the relatively large BR(H ! ��̄) shown in Fig. 1 can be
considered a generic prediction of the present theoretical
framework.1

Model independent analysis of H ! ��̄ at the
LHC. The process pp ! H ! ��̄ gives rise to the signal
� + /ET , where E� = mH/2 in the Higgs rest frame. In
the lab frame, one can define the variable MT , that is the
transverse invariant mass of the � + /ET system, as

MT =
q

2p�T /ET (1� cos��), (13)

where p�T is the photon transverse momentum, and �� is
the azimuthal distance between the photon momentum
and the missing transverse momentum /ET .

Like in the W ! e⌫ production, the MT observable
features a narrow peak at the mass of the original massive
particle (that is mH , see Fig. 2). Also the p�T distribu-
tion will exhibit a similar structure around mH/2. These

1 Large values of the mixing parameter ⇠ can be safely generated
from the purely EW messenger sector, since the latter does not
a↵ect the Higgs production cross section in gluon fusion.

(parton-level analysis)
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σ (fb)

Emiss~ Eγ ~ mH/2
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features allow for a very e�cient cut-based search strat-
egy, looking for events with a single photon and miss-
ing energy, with no jets or leptons, and cutting around
the expected maximum of the MT and p�T distributions.
These peaks could be relatively easy to pinpoint on top
of the continuous relevant backgrounds, for su�ciently
large H ! ��̄ decay rates. Thus we formulate the crite-
ria for event selection as follows:

• One isolated photon with 50 GeV < p�T < 63 GeV
and |⌘� | < 1.44.

• Missing transverse momentum with /ET > 50 GeV.

• Transverse mass in 100 GeV < MT < 126 GeV.

• No isolated jets or leptons.

The most relevant backgrounds for the above selection
criteria are, in order of importance:

1. pp ! �j, where large apparent /ET is created by
a combination of real /ET from neutrinos in heavy
quark decays and mismeasured jet energy.

2. pp ! �Z ! �⌫⌫̄ (irreducible background);

3. pp ! jZ ! j⌫⌫̄, where the jet is misidentified as a
photon;

4. pp ! W ! e⌫, where the electron (positron) is
misidentified as a photon;

5. pp ! �W ! �`⌫, where the lepton is missed;

6. pp ! ��, where one of the photons is missed.

The pp ! �j background is expected to be dominant
for the /ET range relevant here, and also the most di�cult
to estimate without detailed information about the detec-
tor performance [28]. We have evaluated this background
by simulating events with one photon and one jet, treat-
ing jets with |⌘| > 4.0 as missing energy, following [29] (a
more detailed investigation of the pp ! �j background,
although crucial for assessing the actual experiment po-
tential, is beyond the scope of this work). All the other
backgrounds have also been estimated through a parton-
level simulation, expected to be relatively accurate for
electroweak processes (applying a probability 10�3 and
1/200 to misidentify a jet and an electron, respectively, as
a photon). We will neglect the subdominant backgrounds
from processes 5 and 6 (the H ! �� background is also
negligible). The contribution of relevant backgrounds
passing the cuts is shown in Table I, and the scaling of the
di↵erent components with the transverse mass is shown
in Fig. 2. Although our leading-order parton-level anal-
ysis, after applying a cut on p�T is not much a↵ected by
a further cut on the MT variable, we expect the latter to
be very e↵ective in selecting our structured signal over
the continuous reducible QCD background [28].

� ⇥A1 � ⇥A2

Signal BRH!��̄ = 1% 65 34

�j 715 65

�Z ! �⌫⌫̄ 157 27

jZ ! j⌫⌫̄ 63 11

W ! e⌫ 22 0

Total background 957 103

S/
p
S +B (BRH!��̄ = 1%) 9.1 13.0

S/
p
S +B (BRH!��̄ = 0.5%) 4.6 6.9

TABLE I: The cross section times acceptance (in fb) for the
signal and background processes at 8 TeV for the selections
(A1) 50 GeV < p�T < 63 GeV; (A2) 60 GeV < p�T < 63 GeV.
In all cases |⌘� | < 1.44, and S/

p
S +B is for 20 fb�1. The

significance improves with tighter cuts, but this is subject to
experimental resolution and radiative corrections.

With the existing data set of 20 fb�1, for BR(H !
��̄) = 1%, we get a significance S/

p
S +B of 9 stan-

dard deviations (9�), with S(B) the number of sig-
nal (background) events passing the cuts. The sensi-
tivity limit for a 5� discovery is then estimated to be
BR(H ! ��̄) ⇠ 0.5% with the existing dataset.

Conclusions. Motivated by possible cosmological
and particle physics hints for the existence of massless
dark photon �̄, we have performed a model-independent
study of the exotic H ! ��̄ decay. At the LHC this
results in a single photon plus /ET signature, with both
energies peaked at mH/2. At parton level, we estimate
that a 5� discovery can be reached with the existing
8 TeV LHC data sets if BR(H ! ��̄) ⇠ 0.5%. Such
a large branching ratio can be easily obtained in dark
U(1)F models explaining the origin and hierarchy of the
SM Yukawa couplings. The proposed experimental signa-
ture is new, and requires detailed detector-level studies
to draw realistic conclusions on the LHC sensitivity to
dark photons.
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4

features allow for a very e�cient cut-based search strat-
egy, looking for events with a single photon and miss-
ing energy, with no jets or leptons, and cutting around
the expected maximum of the MT and p�T distributions.
These peaks could be relatively easy to pinpoint on top
of the continuous relevant backgrounds, for su�ciently
large H ! ��̄ decay rates. Thus we formulate the crite-
ria for event selection as follows:

• One isolated photon with 50 GeV < p�T < 63 GeV
and |⌘� | < 1.44.

• Missing transverse momentum with /ET > 50 GeV.

• Transverse mass in 100 GeV < MT < 126 GeV.

• No isolated jets or leptons.

The most relevant backgrounds for the above selection
criteria are, in order of importance:

1. pp ! �j, where large apparent /ET is created by
a combination of real /ET from neutrinos in heavy
quark decays and mismeasured jet energy.

2. pp ! �Z ! �⌫⌫̄ (irreducible background);

3. pp ! jZ ! j⌫⌫̄, where the jet is misidentified as a
photon;

4. pp ! W ! e⌫, where the electron (positron) is
misidentified as a photon;

5. pp ! �W ! �`⌫, where the lepton is missed;

6. pp ! ��, where one of the photons is missed.

The pp ! �j background is expected to be dominant
for the /ET range relevant here, and also the most di�cult
to estimate without detailed information about the detec-
tor performance [28]. We have evaluated this background
by simulating events with one photon and one jet, treat-
ing jets with |⌘| > 4.0 as missing energy, following [29] (a
more detailed investigation of the pp ! �j background,
although crucial for assessing the actual experiment po-
tential, is beyond the scope of this work). All the other
backgrounds have also been estimated through a parton-
level simulation, expected to be relatively accurate for
electroweak processes (applying a probability 10�3 and
1/200 to misidentify a jet and an electron, respectively, as
a photon). We will neglect the subdominant backgrounds
from processes 5 and 6 (the H ! �� background is also
negligible). The contribution of relevant backgrounds
passing the cuts is shown in Table I, and the scaling of the
di↵erent components with the transverse mass is shown
in Fig. 2. Although our leading-order parton-level anal-
ysis, after applying a cut on p�T is not much a↵ected by
a further cut on the MT variable, we expect the latter to
be very e↵ective in selecting our structured signal over
the continuous reducible QCD background [28].

� ⇥A1 � ⇥A2

Signal BRH!��̄ = 1% 65 34

�j 715 65

�Z ! �⌫⌫̄ 157 27

jZ ! j⌫⌫̄ 63 11

W ! e⌫ 22 0

Total background 957 103

S/
p
S +B (BRH!��̄ = 1%) 9.1 13.0

S/
p
S +B (BRH!��̄ = 0.5%) 4.6 6.9

TABLE I: The cross section times acceptance (in fb) for the
signal and background processes at 8 TeV for the selections
(A1) 50 GeV < p�T < 63 GeV; (A2) 60 GeV < p�T < 63 GeV.
In all cases |⌘� | < 1.44, and S/

p
S +B is for 20 fb�1. The

significance improves with tighter cuts, but this is subject to
experimental resolution and radiative corrections.

With the existing data set of 20 fb�1, for BR(H !
��̄) = 1%, we get a significance S/

p
S +B of 9 stan-

dard deviations (9�), with S(B) the number of sig-
nal (background) events passing the cuts. The sensi-
tivity limit for a 5� discovery is then estimated to be
BR(H ! ��̄) ⇠ 0.5% with the existing dataset.

Conclusions. Motivated by possible cosmological
and particle physics hints for the existence of massless
dark photon �̄, we have performed a model-independent
study of the exotic H ! ��̄ decay. At the LHC this
results in a single photon plus /ET signature, with both
energies peaked at mH/2. At parton level, we estimate
that a 5� discovery can be reached with the existing
8 TeV LHC data sets if BR(H ! ��̄) ⇠ 0.5%. Such
a large branching ratio can be easily obtained in dark
U(1)F models explaining the origin and hierarchy of the
SM Yukawa couplings. The proposed experimental signa-
ture is new, and requires detailed detector-level studies
to draw realistic conclusions on the LHC sensitivity to
dark photons.
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model-independent 
measurement of BRDP!
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top FCNC’s mediated by Dark Photons
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t ! q � b ! s �b ! s �̄
�̄

Gabrielli, BM, Raidal, Venturini  
(in preparation)

new heavy states in loops contribute 
with same flavor matrix (but different U(1) charges)  

to FCNC decays into photon and dark photon 

�̄, �
LHC (present bounds):

versus

t ! q �̄
but imposing vacuum-stability and dark-matter bounds  

gives  BR(           ) < 10-4

t ! q �̄

also :
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➜  new FCNC signatures at LHC  
in top production   

from stable and invisible dark photons  

“top” + (mono-jet+ETmiss)  
         resonant at mtop

 in decays :

 in production : “top” plus massless 
invisible system 

�̄

cg ! t�̄
�̄

[stop-like, if massless neutralino]
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➜  new FCNC signature at FCC-ee  
(106 top pairs ➜ BR ~ 10-5)   

invisible and massless dark photons  

“top” + (mono-jet+Emiss)  
       resonant at mtop 

!

at tt threshold :  

~ large monochromatic Emiss  
Emiss~ Eq~ mtop/2 

 in decays :

Biswas, Gabrielli, BM, in progress

Frank&Simon&(fsimon@mpp.mpg.de)
Top$Mass$at$e+e+$Colliders$
AWLC2014,&Fermilab,&May&2014

Reconstructing Top Quarks at Lepton Colliders

• Driven by production and decay:

• Production in pairs, decay to W and b

3

Event signature entirely 
given by the decay of the W 
bosons:

all hadronic

semi-leptonic

�̄
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Outlook

 great control on bckgrs makes ee colliders excellent    
tools for looking at top rare decays ! 
 top FCNC signals at colliders only from BSM effects ! 
 FCC-ee at 240 GeV has potential on tc(u)γ / tc(u)Z  
 via single-top production comparable to HL-LHC  
➜ 350 GeV run expected to be slightly better  
     (and benefits from top-pair channel, too !) 
 new FCNC top signatures from top decay  
 into a massless dark photon 

 very distinctive signature ➜ bounds expected to be 
just limited by statistics (studies ongoing) !
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