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Y. Soreq Flavor and top physics @ 100TeV

• The LHC is a top-factory: 

8 TeV: about 4 million top-pairs 

14 TeV (300 fb-1): expected to 240 million top pairs

• 100 TeV pp collider (300 fb-1): 1010 top pairs are expected
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Y. Soreq Flavor and top physics @ 100TeV

• The LHC is a top-factory: 

8 TeV: about 4 million top-pairs 

14 TeV (300 fb-1): expected to 240 million top pairs

• 100 TeV pp collider (300 fb-1): 1010 top pairs are expected

explore the top properties or search for heavy new physics

• We point out that tops can also be used for flavor precision 
measurements:

Probe CPV in heavy flavor mixing and decays
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Y. Soreq Flavor and top physics @ 100TeV

• Brief introduction

• The proposed measurement and its relation to 
CP-violation (CPV) sources

• LHC sensitivity (preliminary)

• Summary
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Y. Soreq Flavor and top physics @ 100TeV

• Existing analyses of CPV in B-physics rely on production 
of bottom pairs: 

B-factories: resonance decay

Tevatron/LHCb: gluon splitting  

⌥ (4S) ! bb̄

g ! bb̄
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Y. Soreq Flavor and top physics @ 100TeV

• Existing analyses of CPV in B-physics rely on production 
of bottom pairs: 

B-factories: resonance decay

Tevatron/LHCb: gluon splitting  

• Consider for example: D0 like-sign dimuon asymmetry 
pp̄ ! bb̄ ! µ±µ±X

B �B mixing

Ab
sl ⌘

N++
b �N��

b

N++
b +N��

b

⌥ (4S) ! bb̄

g ! bb̄
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(3.8� from SM)
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t b

⌫

pp

X

`+t
`±b

tags the initial 
charge

tags the final 
charge 

Two type of events:
Same Sign: 
Opposite Sign:

Charge (`t) = Charge (`b)

Charge (`t) 6= Charge (`b)
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The Proposed Measurement



Y. Soreq Flavor and top physics @ 100TeV
Assume that light mesons (u,d,s) can be rejected, but not Charm mesons.

Same-Sign (SS) Opposite-Sign (OS)
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Constructing the Asymmetries
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t ! `+⌫ b ! `+ `+ X

Assume that light mesons (u,d,s) can be rejected, but not Charm mesons.

Same-Sign (SS) Opposite-Sign (OS)

b ! b̄ ! `+

b ! c ! `+

b ! b̄ ! c c̄ ! `+

Ass ⌘ N++ �N��

N++ +N��
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Y. Soreq Flavor and top physics @ 100TeV

t ! `+⌫ b ! `+ `+ X

Assume that light mesons (u,d,s) can be rejected, but not Charm mesons.

Same-Sign (SS) Opposite-Sign (OS)

t ! `+⌫ b ! `+ `� X

b ! b̄ ! `+

b ! c ! `+

b ! b̄ ! c c̄ ! `+

Ass ⌘ N++ �N��

N++ +N�� Aos ⌘ N+� �N�+

N+� +N�+
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Constructing the Asymmetries

b ! `�

b ! b̄ ! c̄ ! `�

b ! c c̄ ! `�
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CP violation in meson anti-meson mixing:

B , B

mixing

7

CP Violation sources

Ab`
mix

Abc
mix

neglect CPV in D �D mixing
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CP violation in meson anti-meson mixing:

B , B

mixing

7

CP Violation sources

Direct CP violation in meson decay:

Ab`
mix

Abc
mix

Abc
dir Ab`

dir

Ac`
dir

b decay

c decay

neglect CPV in D �D mixing

ignore direct CPV in b ! cc̄ for simplicity
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measured 
CP asymmetry

CP violation
sources

8

Same Sign Asymmetry 
t ! `+⌫ b ! `+ `+ X

Ass ⌘ N++ �N��

N++ +N��
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b ! b̄ ! `+

measured 
CP asymmetry

CP violation
sources

rq � the fraction of events from each sub-process
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Same Sign Asymmetry 
t ! `+⌫ b ! `+ `+ X

Ass ⌘ N++ �N��

N++ +N�� = rbA
b`
mix

0.16



Y. Soreq Flavor and top physics @ 100TeV

b ! b̄ ! `+ b ! c ! `+

measured 
CP asymmetry

CP violation
sources

rq � the fraction of events from each sub-process

8

Same Sign Asymmetry 
t ! `+⌫ b ! `+ `+ X

Ass ⌘ N++ �N��

N++ +N�� = rbA
b`
mix

+ rc
�
Abc

dir

�Ac`
dir

�

0.16 0.82
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b ! b̄ ! `+ b ! c ! `+ b ! b̄ ! cc̄ ! `+

measured 
CP asymmetry

CP violation
sources

rq � the fraction of events from each sub-process

8

Same Sign Asymmetry 
t ! `+⌫ b ! `+ `+ X

Ass ⌘ N++ �N��

N++ +N�� = rbA
b`
mix

+ rc
�
Abc

dir

�Ac`
dir

�
+ rcc̄

�
Abc

mix

�Ac`
dir

�

0.16 0.82 0.02
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t ! `+⌫ b ! `+ `� X

measured 
CP asymmetry

CP violation
sources

9

Opposite Sign Asymmetry

Aos ⌘ N+� �N�+

N+� +N�+
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b ! `�

t ! `+⌫ b ! `+ `� X

measured 
CP asymmetry

CP violation
sources

9

Opposite Sign Asymmetry

r̃q � the fraction of events from each sub-process

Aos ⌘ N+� �N�+

N+� +N�+
= r̃

b

Ab`

dir

0.79
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b ! `�

t ! `+⌫ b ! `+ `� X

measured 
CP asymmetry

CP violation
sources

9

Opposite Sign Asymmetry

r̃q � the fraction of events from each sub-process

b ! b̄ ! c̄ ! `�

Aos ⌘ N+� �N�+

N+� +N�+

= r̃
b

Ab`

dir

+ r̃
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b ! `� b ! cc̄ ! `�

t ! `+⌫ b ! `+ `� X

measured 
CP asymmetry

CP violation
sources

9

Opposite Sign Asymmetry

r̃q � the fraction of events from each sub-process

b ! b̄ ! c̄ ! `�

Aos ⌘ N+� �N�+

N+� +N�+

= r̃
b

Ab`

dir

+ r̃
c

�
Abc

mix

+Ac`

dir

�
+ r̃

cc̄

Ac`

dir

0.79 0.130.08
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• Naive estimation of the statistical uncertainty (systematics 
are not included)  

10

LHC Sensitivity (preliminary) 
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• Naive estimation of the statistical uncertainty (systematics 
are not included)  

• Event Selection:

✦ Semi-leptonic top pair events with two b tags

✦ Association of the b with the appropriate top (by using 
the Matrix Element Method)

✦ Can also use the b from the hadronic top

10

LHC Sensitivity (preliminary) 



Y. Soreq Flavor and top physics @ 100TeV

• Naive estimation of the statistical uncertainty (systematics 
are not included)  

• Event Selection:

✦ Semi-leptonic top pair events with two b tags

✦ Association of the b with the appropriate top (by using 
the Matrix Element Method)

✦ Can also use the b from the hadronic top

• The backgrounds are expected to be small
10

LHC Sensitivity (preliminary) 
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semi-leptonic top-
pair production 

cross section 

Estimated number of events per sub-process:

11

LHC Sensitivity (preliminary) 

Nq = �tt̄ BR(tt̄ ! SL)
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semi-leptonic top-
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cross section 

integrated 
luminosity
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semi-leptonic top-
pair production 

cross section 

integrated 
luminosity

Estimated number of events per sub-process:

11

LHC Sensitivity (preliminary) 

efficiency:
pre-selection cuts 55%
b-tagging (60%)2 

b-association 70% 
total efficiency - 14%

Nq = �tt̄ BR(tt̄ ! SL)L ✏
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semi-leptonic top-
pair production 

cross section 

integrated 
luminosity

rate per 
sub-process

Estimated number of events per sub-process:

11

LHC Sensitivity (preliminary) 

efficiency:
pre-selection cuts 55%
b-tagging (60%)2 

b-association 70% 
total efficiency - 14%

Nq = �tt̄ BR(tt̄ ! SL)L ✏Bq
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LHC Sensitivity (preliminary) 

Sensitivity for the Asymmetries:

p
s = 14 (100)TeV L = 300 fb�1

�Ass ⇠ 9.0p
�tt̄L

⇠ 6 (1)⇥ 10�4 �Aos ⇠ 7.6p
�
tt̄

L
⇠ 5 (0.8)⇥ 10�4
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For CP violation only in mixing (no direct CPV):
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LHC Sensitivity (preliminary) 

Sensitivity for the Asymmetries:

�Ab`
mix

⇠ 3 (0.5)⇥ 10�3

p
s = 14 (100)TeV L = 300 fb�1

�Ass ⇠ 9.0p
�tt̄L

⇠ 6 (1)⇥ 10�4 �Aos ⇠ 7.6p
�
tt̄

L
⇠ 5 (0.8)⇥ 10�4
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For CP violation only in mixing (no direct CPV):

Bounds on direct CP violation sources (95% CL):
current 8TeV 14TeV, 50 

fb-11.2% 1% 0.3%
6% 1% 0.3%
? 1% 0.3%

Descotes-Genon and 
Kamenik, 1207.4483 12

LHC Sensitivity (preliminary) 

Ab`
dir

Ac`
dir

Abc
dir

Sensitivity for the Asymmetries:

�Ab`
mix

⇠ 3 (0.5)⇥ 10�3

p
s = 14 (100)TeV L = 300 fb�1

�Ass ⇠ 9.0p
�tt̄L

⇠ 6 (1)⇥ 10�4 �Aos ⇠ 7.6p
�
tt̄

L
⇠ 5 (0.8)⇥ 10�4



Y. Soreq Flavor and top physics @ 100TeV

• Propose to probe CP violation in B mixing and in b 
and c decays in top-pair events, by exploiting the b-
charge  tagging  ability  inherent  to  the  top  semi-
leptonic decay.  

13

Summary



Y. Soreq Flavor and top physics @ 100TeV

• Propose to probe CP violation in B mixing and in b 
and c decays in top-pair events, by exploiting the b-
charge  tagging  ability  inherent  to  the  top  semi-
leptonic decay.  

• This is an independent measurement with different 
systematics  sources  than LHCb and the  B-factories 
(lower sensitivity for CPV in mixing, but better for 
direct CPV).

13

Summary
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• Within the standard model:  

14

Summary

Ass(SM), Aos(SM) . 10�4

Ass, Aos 6= 0

given the expected  
sensitivity

new physics 
beyond the SM



Y. Soreq Flavor and top physics @ 100TeV

• Within the standard model:  

• New results (bounds on direct CPV sources) can be 
obtained already with the 8 TeV data.

14

Summary

Ass(SM), Aos(SM) . 10�4

Ass, Aos 6= 0

given the expected  
sensitivity

new physics 
beyond the SM
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Ab`
mix

=
�
�
b ! b̄ ! `+X

�
� �

�
b̄ ! b ! `�X

�

�
�
b ! b̄ ! `+X

�
+ �

�
b̄ ! b ! `�X

�

Abc
mix

=
�
�
b ! b̄ ! c̄ X

�
� �

�
b̄ ! b ! c X

�

�
�
b ! b̄ ! c̄ X

�
+ �

�
b̄ ! b ! c X

�
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CP Violation sources



Y. Soreq Flavor and top physics @ 100TeV

Ab`
dir =

� (b ! `�X)� �
�
b̄ ! `+X

�

� (b ! `�X) + �
�
b̄ ! `+X

�

Ac`
dir =

� (c̄ ! `�Xlight)� � (c ! `+Xlight)

� (c̄ ! `�Xlight) + � (c ! `+Xlight)

Abc
dir =

� (b ! c Xlight)� �
�
b̄ ! c̄ Xlight

�

� (b ! c Xlight) + �
�
b̄ ! c̄ Xlight

�

ignore direct CPV in b ! cc̄ for simplicity

neglect CPV in D �D mixing
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CP Violation sources
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same sign and opposite sign samples are mixed

18

Wrong Association Effect

t
b

`+t `+b `+b
`�t

t
b

Ass , Aos

right association wrong association
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Wrong Association Effect

Ass

⇤ ⇡ Ass � ✏F
N+�

N++
(Aos +Ass)

Aos

⇤ ⇡ Aos � ✏F
N++

N+� (Aos +Ass)

measured 
asymmetries

probability for 
wrong association
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) ✏F . 10%
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Wrong Association Effect

Ass

⇤ ⇡ Ass � ✏F
N+�

N++
(Aos +Ass)

Aos

⇤ ⇡ Aos � ✏F
N++

N+� (Aos +Ass)

measured 
asymmetries

probability for 
wrong association
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Relation to d0 dimuon anomay

Bq � ¯Bq mixing : Abl
mix

(D0) = (�7.87± 1.96)⇥ 10

�3

direct CPV in b decay : Abl
dir

(D0) = (3± 1)⇥ 10

�3

direct CPV in c decay : Acl
dir

(D0) = (9± 3)⇥ 10

�3

Descotes-Genon and 
Kamenik, 1207.4483

D0 from direct CPV in c decay: Ass

at 2.8� (14TeV, 50 fb

�1
)

D0 from CPV in B
q

mixing: Ass

at 2.1� (14TeV, 300 fb

�1
)

D0 from direct CPV in b decay: Aos

at 2.9� (14TeV, 300 fb

�1
)
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