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LHCb (plus some B-factories' updates) has already produced 
results on a multitude of important flavor-physics observables:

CPV effects

CKM angles' / sides' knowledge

Selected B-decays

sin 2ß from B0 → J/ψ K
s
 (CPV in mixing/decay interf.)

B0 → KKK, Kππ, [πK]
D
 K  (direct CPV)

Semilep. asymmetries in B
d
, B

s
  (CPV in B-mixing)

∆A
CP

(D → h+ h–)   (direct CPV)

ß : many more modes besides J/ψ K
s

α : B → ππ, ρπ, ρρ, a
1
π

γ : tree-level B → DK

ß
s
 : B

s
 → J/ψ φ & J/ψ ππ (by-product: ∆Γ

s
  established)

progress on |V
ub

|, |V
cb

|, |V
td
|, |V

ts
|

B → τν  , B → D(*)τν

progress on b → s γ

B0 → K* µ+µ– (notably, first measurement of the zero- 
    crossing point of the FB asymmetry)

evidence of B
s
 → µ+µ–

See e.g.
recent talks by Tim Gershon
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CP violation●
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So I'll concentrate on these two topics
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The B
s
 → µµ decay within the SM: structure

☑ BR[B
s
 → µµ] has the following structure

BR [Bs→μ+μ–] ≃ 1
Γs

× (G F
2 αe.m.

2

16π3 sW
4 )⋅∣V tb

* V ts∣
2
⋅ f Bs

2 mBs
⋅mμ

2⋅Y 2(mt
2/M W

2 )

See: Buchalla, Buras '93;  Misiak, Urban '99
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couplings: gauge and CKM

short-distance function
(aka Wilson coefficient)

hadronic
matrix elem'

crucial:
chiral suppression

couplings 
and Y-function:

Example of diagram

b̄

s

B s

t

W
Z 0

μ–

μ+

The relevant CKM structure 
is V*

tb
 V

ts

●

top-mass dependence from 
the loop

●

Some Comments

See: Buchalla, Buras '93;  Misiak, Urban '99
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hadronic 
matrix element

The only non-null matrix elem' is:

〈0∣b̄γα γ5 s∣Bs( p)〉 = −i f B s p
α
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Within the SM, only one operator contributing:
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Masses' & couplings' 
dependence of the BR = ×

mμ
2

M W
2

“usual” 
FCNC-related 
suppression

B
s
 → µµ structure: continued
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Masses' & couplings' 
dependence of the BR = ×

mμ
2

M W
2

“usual” 
FCNC-related 
suppression

Chiral suppression &&  purely leptonic nature of the decay

B
s
 → µµ structure: continued

Additional “chiral” 
suppression:

relative 10–6  factor

Extremely rare && very clean decay at the same time


One of the best 
available probes 

of physics at and (well) above
 the LHC reach
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The main sources of error within the BR formula are:
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s
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of the residual systematic errors. On this, see:
Buras, Girrbach, DG, Isidori, EPJC 12
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☑

☑

Total relative error expected for BR[B
s
 → µµ]:  about 8.5%

top “pole” mass here
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BR[B
s
→+-]  beyond the SM

Beyond the SM, 
a total of 6 operators can contribute:

Model-independent approach: effective operators☑
O A ≡ ( b̄γLα s ) (μ̄ γαγ5μ ) O ' A ≡ ( b̄γRα s ) (μ̄ γαγ5μ )

O ' S ≡ ( b̄ PR s ) (μ̄ μ )OS ≡ ( b̄ PL s ) (μ̄μ )

O ' P ≡ ( b̄ PR s ) (μ̄ γ5μ )O P ≡ ( b̄ PL s ) (μ̄ γ5μ )

SM operator
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One famous example: 
the MSSM with large tanß

b̄R

sL

h0 , H 0 , A0

μ–

μ+

tan2β tanβ
BR [Bs→μ+μ– ]∝At

2 tan6β
M A

4

Enhancement going as:

Effectively tree-level diagrams:
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  BR[B
s
 → µµ] as an EW precision test

☑ B
s
 → µµ is more than ‘just’ a probe of new scalars mediating FCNCs

DG, Isidori, to appear (tomorrow)
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Three such structures compatible
with the SM gauge group

●

Other operators yield negligible 
effects in either Z-peak obs or in 
B

s
 → µµ

●



  

  BR[B
s
 → µµ] as an EWPT: continued

☑ In this approach, there is a correlation between Z → b b  and B
s
 → µµ.

This correlation is fixed, after specifying the X i j couplings.

D. Guadagnoli, Theory implications of flavor measurements



  

  BR[B
s
 → µµ] as an EWPT: continued

☑ In this approach, there is a correlation between Z → b b  and B
s
 → µµ.

Within frameworks as general (and motivated) as:

Minimal Flavor Violation●

Partial Compositeness●

or

the X i j  can be fixed up to O(1) factors 
(that btw weigh equally between Zbb and B

s
 → µµ)

This correlation is fixed, after specifying the X i j couplings.

See: D'Ambrosio et al., NPB 02

See: 
Davidson, Isidori, Uhlig, PLB 08;
Keren-Zur et al., NPB 13

D. Guadagnoli, Theory implications of flavor measurements



  

  BR[B
s
 → µµ] as an EWPT: continued

☑ In this approach, there is a correlation between Z → b b  and B
s
 → µµ.

Within frameworks as general (and motivated) as:

Minimal Flavor Violation●

Partial Compositeness●

or

the X i j  can be fixed up to O(1) factors 
(that btw weigh equally between Zbb and B

s
 → µµ)

Example

δ g L
32 =

V tb
* V ts

∣V tb∣
2 δ g L

This correlation is fixed, after specifying the X i j couplings.

See: D'Ambrosio et al., NPB 02

See: 
Davidson, Isidori, Uhlig, PLB 08;
Keren-Zur et al., NPB 13

Within MFV, one gets:

D. Guadagnoli, Theory implications of flavor measurements



  

  BR[B
s
 → µµ] as an EWPT: continued

☑ In this approach, there is a correlation between Z → b b  and B
s
 → µµ.

Within frameworks as general (and motivated) as:

Minimal Flavor Violation●

Partial Compositeness●

or

the X i j  can be fixed up to O(1) factors 
(that btw weigh equally between Zbb and B

s
 → µµ)

Example

δ g L
32 =

V tb
* V ts

∣V tb∣
2 δ g L

This correlation is fixed, after specifying the X i j couplings.

See: D'Ambrosio et al., NPB 02

See: 
Davidson, Isidori, Uhlig, PLB 08;
Keren-Zur et al., NPB 13

Within MFV, one gets:

shift in the 
Zbs coupling:

 affects B
s
 → µµ

D. Guadagnoli, Theory implications of flavor measurements



  

  BR[B
s
 → µµ] as an EWPT: continued

☑ In this approach, there is a correlation between Z → b b  and B
s
 → µµ.

Within frameworks as general (and motivated) as:

Minimal Flavor Violation●

Partial Compositeness●

or

the X i j  can be fixed up to O(1) factors 
(that btw weigh equally between Zbb and B

s
 → µµ)

Example

δ g L
32 =

V tb
* V ts

∣V tb∣
2 δ g L

This correlation is fixed, after specifying the X i j couplings.

See: D'Ambrosio et al., NPB 02

See: 
Davidson, Isidori, Uhlig, PLB 08;
Keren-Zur et al., NPB 13

Within MFV, one gets:

shift in the 
Zbs coupling:

 affects B
s
 → µµ

shift in 
Z → b b

D. Guadagnoli, Theory implications of flavor measurements



  

  BR[B
s
 → µµ] as an EWPT: continued

☑ In this approach, there is a correlation between Z → b b  and B
s
 → µµ.

Within frameworks as general (and motivated) as:

Minimal Flavor Violation●

Partial Compositeness●

or

the X i j  can be fixed up to O(1) factors 
(that btw weigh equally between Zbb and B

s
 → µµ)

Example

δ g L
32 =

V tb
* V ts

∣V tb∣
2 δ g L

flavor structure
(fixed within the framework)

This correlation is fixed, after specifying the X i j couplings.

See: D'Ambrosio et al., NPB 02

See: 
Davidson, Isidori, Uhlig, PLB 08;
Keren-Zur et al., NPB 13

Within MFV, one gets:

shift in the 
Zbs coupling:

 affects B
s
 → µµ

shift in 
Z → b b

D. Guadagnoli, Theory implications of flavor measurements



  

  BR[B
s
 → µµ] as an EWPT: continued

☑ One can then compare the limits on δg
L , R

 obtained from Z-peak obs with those obtained from B
s
 → µµ

D. Guadagnoli, Theory implications of flavor measurements



  

  BR[B
s
 → µµ] as an EWPT: continued

☑ One can then compare the limits on δg
L , R

 obtained from Z-peak obs with those obtained from B
s
 → µµ

D. Guadagnoli, Theory implications of flavor measurements



  

  BR[B
s
 → µµ] as an EWPT: continued

☑ One can then compare the limits on δg
L , R

 obtained from Z-peak obs with those obtained from B
s
 → µµ

D. Guadagnoli, Theory implications of flavor measurements

with present 
B

s
 → µµ exp error

with ~ 10% 
B

s
 → µµ error

∣δ g L∣
MFV or PC < 2.3×10−3

∣δ g L∣
MFV or PC < 4.6×10−4



  

  BR[B
s
 → µµ] as an EWPT: continued

☑ One can then compare the limits on δg
L , R

 obtained from Z-peak obs with those obtained from B
s
 → µµ

D. Guadagnoli, Theory implications of flavor measurements

with present 
B

s
 → µµ exp error

with ~ 10% 
B

s
 → µµ error

∣δ g L∣
MFV or PC < 2.3×10−3

∣δ g L∣
MFV or PC < 4.6×10−4



  

  BR[B
s
 → µµ] as an EWPT: continued

☑ One can then compare the limits on δg
L , R

 obtained from Z-peak obs with those obtained from B
s
 → µµ

D. Guadagnoli, Theory implications of flavor measurements

with present 
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 → µµ exp error

with ~ 10% 
B
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 → µµ error
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PC < 1.6×10−4
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

DG, Isidori, to appear (tomorrow)



  

Direct CPV
in charm



  

Araw(D
0→K +K -)−Araw(D

0→π+π -) = (−0.82±0.21±0.11)%

Short summary of data news: LHCb and WA

LHCb (PRL 12) measures:☑
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LHCb (PRL 12) measures:☑

Note that  3  asymmetries appear in the above discussion:
☞

     :  it is the experimental asymmetry.●

Generally  A
raw

 = {instrumental CP asymmet ry} + {physics CP asymmetry}

The instrumental asymmetry is 
due to the detector response 
not being fully CP symmetric.

It needs to be subtracted away
in order to isolate the physics 
CP asymmetry.

Araw

     =  {physics CP asymmetry}●

= {asymmetry from indirect CPV}  +   {asymmetry from direct CPV}

ACP

     =  {asymmetry from direct CPV}● ACP
dir This is the actual 

quantity of interest

D. Guadagnoli, Theory implications of flavor measurements

All the asymmetry components other than 
cancel to high accuracy in the difference
between the K K and the π π channel.

Main point

… and it's larger than expected...

Hence the LHCb measurement is
the first evidence of direct CPV in charm

Confirmed by CDF [PRL 12]

Combining also with earlier B-factories' data, the world average reads

●

●

Δ ACP
dir = (−0.68±0.15)% [HFAG, ICHEP 2012]
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Leading amplitude: its phase is taken to be zero

Sub-leading amplitude: 
it comes with a relative weak (ϕ

f
) and strong (δ

f
) phase

CPV in the decay D → f can be quantified by the direct CP asymmetry, defined as:

ACP
dir (D→ f ) =

∣A f∣
2−∣Ā f̄∣

2

∣A f∣
2+∣Ā f̄∣

2
where f = f  because K+ K‒  or  +‒ are 
CP eigenstates.
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For large phases, the asymmetry goes down 
as the magnitude of the sub-leading / leading 
amplitude ratio.
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Let us take the D → K+ K‒ decay.  At the level of dim-6 operators, one can write down a tree (W-emission) amplitude, 
as well as a loop (“penguin”) one.

☞
Amplitude ratio: heuristic estimate

D. Guadagnoli, Theory implications of flavor measurements



  

Let us take the D → K+ K‒ decay.  At the level of dim-6 operators, one can write down a tree (W-emission) amplitude, 
as well as a loop (“penguin”) one.

aKK
T ∼ V cs

* V us T KK

☞

c

ū
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aKK
P : penguin
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ū

s

ū

u

s̄
qd

=b, s, d

D0

K +

K -
V c qd

*

V u qd
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Using unitarity on the last term of the penguin amplitude, it follows:●
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AKK = aKK
T + aKK

P = V cs
* V us (T KK+PKK

s −PKK
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Using unitarity on the last term of the penguin amplitude, it follows:●

AKK
P

Hence the amplitude ratio estimate:
☞
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So, one expects r
f
 ~ O(10-4).●

ACP
dir (D→ f ) ≃ −2 r f sin δ f sinϕ f (with  f = K+ K‒  or  +‒)

 A
CP

 :  heuristic estimate

Now let us go back to the formula
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In the U-spin symmetric limit 
(s ↔ d quarks), 

the only difference between 
the KK and the  amplitudes 

is the sign of the tree-level 
contribution.  

rπ+ π- ≃ −rK + K -

.
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dir (D→ f ) ≃ −2 r f sin δ f sinϕ f (with  f = K+ K‒  or  +‒)

It follows:
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 A
CP

 :  heuristic estimate

This (heuristic) estimate 
is about one order of magnitude 

below LHCb's measurement

Now let us go back to the formula

≈ −2(rK + K -−rπ+ π-) ≈ −4 rK + K - ∼ 4⋅O (10−4)
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So, one expects r
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●
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dir (D→ f ) ≃ −2 r f sin δ f sinϕ f (with  f = K+ K‒  or  +‒)

It follows:
∣ACP

dir (D→K +K -)−ACP
dir (D→π+π -)∣

 A
CP

 :  heuristic estimate

This (heuristic) estimate 
is about one order of magnitude 

below LHCb's measurement

Now let us go back to the formula

≈ −2(rK + K -−rπ+ π-) ≈ −4 rK + K - ∼ 4⋅O (10−4)

Two main questions arise:

Can this estimate be missing the actual SM order of magnitude? What enhancements are possible?(a)

How plausibly can non-SM physics explain this signal?(b)
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 A
CP

 :  suppose it's pure SM dynamics

Observation:

The CKM structure responsible for large CPV in the |ΔC| = 1 Hamiltonian ( V
cb

  V
ub

  ) multiplies certain
operators ( transforming as triplets under SU(3)

flavor
 ) whose matrix elements may be enhanced  

with respect to naïve expectations.

This resembles the “ΔI = ½ rule” in K → π π  matrix elements, at work in ϵ'/ϵ

☑
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An explanation of ∆A
CP

 as “another 
∆I = ½ rule” remains a possibility

●

Main messages

One more recommended reading:
Brod, Grossman, Kagan, Zupan, JHEP 12
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Given its potential implications, 
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Observation:

The CKM structure responsible for large CPV in the |ΔC| = 1 Hamiltonian ( V
cb

  V
ub

  ) multiplies certain
operators ( transforming as triplets under SU(3)

flavor
 ) whose matrix elements may be enhanced  

with respect to naïve expectations.

This resembles the “ΔI = ½ rule” in K → π π  matrix elements, at work in ϵ'/ϵ

☑

How large a matrix-elem enhancement required?☞

required matrix elem  enhancement

From Isidori, Kamenik, Ligeti, Perez, PLB 12

An explanation of ∆A
CP

 as “another 
∆I = ½ rule” remains a possibility

●

●

Main messages

But an explanation in terms of new 
dynamics is not less plausible.

One more recommended reading:
Brod, Grossman, Kagan, Zupan, JHEP 12
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How to exclude or discover new physics in ∆A
CP

 :

make other measurements
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One promising direction: D → V γ   (V =  ρ, ω, ϕ)☑

How to exclude or discover new physics in ∆A
CP

 :

make other measurements
Isidori, Kamenik

PRL 12
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One promising direction: D → V γ   (V =  ρ, ω, ϕ)☑

How to exclude or discover new physics in ∆A
CP

 :

make other measurements
Isidori, Kamenik

PRL 12

Line of argument:

Suppose ∆A
CP

 is indeed enhanced because of a new weak phase

One very plausible source for this phase is Q8 ,  the chromomagnetic operator

E.g.:
Grossman, Kagan, Nir, PRD 07
Giudice, Isidori, Paradisi, JHEP 12
Isidori et al., PLB 12

●

●
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● Main observation:
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high scale charm scale
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electromagnetic-dipole:
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(with a large matrix elem.)

● Quantitatively:

Even taking  |C8| ≫ |C7|   at  µ = 1 TeV,  one gets  |Im(C8)| ≈ |Im(C7)| = right ballpark  at µ = m
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Q8

high scale charm scale

QCD
running


electromagnetic-dipole:

directly affects D → V γ
(with a large matrix elem.)

● Quantitatively:

Even taking  |C8| ≫ |C7|   at  µ = 1 TeV,  one gets  |Im(C8)| ≈ |Im(C7)| = right ballpark  at µ = m
charm

Q8

Q7

With educated hypotheses on the relevant matrix elements, one gets:

| A
CP

(D → (ρ, ω, ϕ) γ) |max  ≈  2 ÷ 10 %  
 

(assuming maximal strong phases)
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One promising direction: D → V γ   (V =  ρ, ω, ϕ)☑

How to exclude or discover new physics in ∆A
CP

 :

make other measurements
Isidori, Kamenik

PRL 12

Line of argument:

Suppose ∆A
CP

 is indeed enhanced because of a new weak phase

One very plausible source for this phase is Q8 ,  the chromomagnetic operator

E.g.:
Grossman, Kagan, Nir, PRD 07
Giudice, Isidori, Paradisi, JHEP 12
Isidori et al., PLB 12

●

●

● Main observation:

Q8

high scale charm scale

QCD
running


electromagnetic-dipole:

directly affects D → V γ
(with a large matrix elem.)

● Quantitatively:

Even taking  |C8| ≫ |C7|   at  µ = 1 TeV,  one gets  |Im(C8)| ≈ |Im(C7)| = right ballpark  at µ = m
charm

Q8

Q7

With educated hypotheses on the relevant matrix elements, one gets:

| A
CP

(D → (ρ, ω, ϕ) γ) |max  ≈  2 ÷ 10 %  
 

(assuming maximal strong phases)

Main message

An observation of  |A
CP

(D → Vγ)| ~ few × 10-2  would be 
a clear indication of new physics and even of its nature.

D. Guadagnoli, Theory implications of flavor measurements



  

Other, interesting, proposals for new measurements exist.

Concluding remark / disclaimer☑

How to exclude or discover new physics in ∆A
CP

 :

make other measurements

For example, ∆I = 3/2 new physics can be tested via the decays

Unfortunately, no time for a comprehensive coverage

D → π π

D → ρ π

D → ρ ρ

D → K K π

D
s
 → K* π

D. Guadagnoli, Theory implications of flavor measurements

See: Grossman, Kagan, ZupanPRD 12



  

Conclusions

The LHCb program is proceeding even better than we (theoreticians) expected.

D. Guadagnoli, Theory implications of flavor measurements
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First evidence of B
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For the amount of information it provides to theory, it is second only to Higgs discovery
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Conclusions

First evidence of B
s
 → µµ☑

For the amount of information it provides to theory, it is second only to Higgs discovery

The LHCb program is proceeding even better than we (theoreticians) expected.

Among the already many interesting measurements reported, two stand out (personal opinion):

•
Theory (SM) ready to match expected experimental accuracy•

(Go for the B
d
 channel as well. E.g. it will be a stringent test of MFV)•

One example of B
s
 → µµ constraining power:•

able to test even tiny deviations in Z-down-quark couplings.

E.g. O(10-5) deviations in couplings to RH down-quarks: way more stringent than EWPO

∆A
CP

 : direct CPV in charm☑
Ultimate proof that exciting physics can come from where you didn't expect it•
The jury is out on whether ∆A

CP
  is a signal of new physics or not•

For a robust answer, we need more measurements.•
A few sensible proposals have been put forward. Go for them!

D. Guadagnoli, Theory implications of flavor measurements
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