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Where do we stand now?
Big success of the SM and no evidences of NP =⇒ Precision physics (Higgs, flavor ...).

CMS Exotica Physics Group Summary – ICHEP, 2014
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Triumphs of flavor physics

1963: concept of flavor mixing [Cabibbo].

1973: quark-flavor mixing with 3 generations incudes CP violation [KM mechanism].

1974: prediction of the charm mass from K0−K0 mixing. [Gaillard and Lee].

1987: prediction of the top mass from B0−B0 mixing observed by AUGUS (DESY) and

UA1 (CERN).

2001: large CP violation in B meson decays [BaBar and Belle].

2004: direct CP violation in B meson decays [BaBar and Belle].
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Why flavor matters in the LHC era?
Indirect probe of BSM physics beyond direct reach.

I EFT parametrization of BSM physics:

L = L SM
dim4 + ∑

n>4
∑

i
zn
(i)

1
Λn−4 Q(n)

i .

I Dimension-n operator Q(n)
i is SU(3)C×SU(2)L×U(1)Y gauge invariant.

I Higher dimension operator Q(n)
i suppressed by the large scale.

I Two examples: (a) leading NP operators of D = 6 for ∆F = 2 processes

Q(6)
AB,ij =

[
q̄i ΓA qj

]
⊗
[
q̄i ΓB qj

]
,

(b) unitarity of the CKM triangles.
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Figure 2: Current constraints of neutral meson oscillation measurements on new ∆F = 2 dimension six
operator contributions, given in terms of the effective operator scale (see text for details). Bounds on the CP
conserving and CP violating contributions are shown in blue and red, respectively.

agreement of SM predictions with current experimental measurements, such procedure typically
results in severe bounds on the underlying new physics (NP) flavour breaking sources in LBSM.

Let us consider the canonical example of NP in ∆F = 2 processes associated with oscillations
of neutral mesons (for recent extended discussion see [8]). The leading (d = 6) NP operators are of
the form Q

(6)
AB ∼ zi j[q̄iΓAq j]⊗ [q̄iΓBq j], where qi denote the SM quark fields, while ΓA,B denote the

Clifford algebra generators. Assuming zi j to be generic O(1) complex numbers, z∼ exp(iφNP), the
reach of current constraints in terms the probed NP scales Λ are shown in Fig. 2. It is important to
stress that most of these constraints are currently limited by theory uncertainties, both related to SM
contributions, as well as concerning the size of NP effects. In particular, many of the observables
are already sensitive to NLO QCD effects in the NP matching procedure (2.2) [9].

The current severe flavour bounds could be interpreted as a requirement on BSM degrees
of freedom to exhibit a large mass gap with respect to the EW scale (if the NP flavour and CP
breaking sources are of order one and not aligned with Yu,d). Conversely, TeV scale NP can only
be reconciled with current experimental results, provided it exhibits sufficient flavor symmetry or
structure, such that |zi j| � 1 (the extreme case being minimal flavour violation (MFV) [10], where
one requires Yu,d to be the only sources of flavour breaking even BSM) . It is however interesting
to note that even flavour trivial NP is not completely safe from flavour constraints. An excellent
example is provided by the measurements of the first row CKM matrix elements Vui, which can be
combined to probe the corresponding CKM unitarity condition [11]

|Vud |2 + |Vus|2 + |Vub|2−1 =−0.0008
(
+7
−6

)
. (2.3)

Such constraints are significant in presence of new weak currents coupling to quark bilinears, e.g.
Q

(6)
φQ ∼ zi jQ̄i

LτaγµQ j
Lφ †τa

←→
D µφ , where τa are Pauli matrices and

←→
D µ ≡

−→
D µ −

←−
D µ . In general,

such operators generate flavour changing neutral currents (FCNCs) as well as modifications of
weak charged currents among quarks. Enforcing flavour triviality, zi j = δ i j, efficiently suppresses
FCNCs and the effect of Q

(6)
φQ is reduced to a universal contribution to quark weak charged cur-

rents. It can be parametrized as a shift in the effective Fermi constant as measured in semileptonic
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Why flavor matters in the LHC era?

Find the underlying principle for the flavor structure.
Suggestive pattern of masses and mixings.

13

Twofold role of flavor physics

(2) Test sources of flavor symmetries & their violation

Suggestive pattern of masses and mixings

Accidental? Dynamics? Symmetries?
S. Stone, 1212.6374

Why flavor matters in the LHC era?

I Why are the quark masses (except the top) so small compared with the vev?
I Why is the CKM matrix hierarchical?
I Why is CKM so different from the PMNS?
I Why do we have three families?
I Sources of flavor symmetry and violation?
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Why flavor matters in the LHC era?
Excellent opportunities to explore the strong interaction dynamics:Rich Flavor PhysicsRich Flavor Physicsyy

SM/CKM New Physics
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33QCD factorization theorems, effective field theories, resummation techniques,

non-perturbative QCD dynamics, QCD sum rules.
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Theory tools for precision flavor physics

New Physics: LNP

↓
EW scale (mW ): LSM +LD>4

↓

Heavy-quark scale (mb): Leff =−
GF√

2 ∑
i

Ci Qi +Leff ,D>6

↓

QCD scale (ΛQCD)

Aim: 〈f |Qi|B̄〉=?

QCD factorization

[BBNS approach].

TMD factorization.

SCET factorization.

(Light-cone) QCD

sum rules.

Lattice QCD.
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Ten years of flavour factories

2004 =⇒ 2014
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Anomalies in FCNC processes
A few “anomalies" exist in B→ K(∗)`+`−.

B0→ K∗0µ+µ− 27 / 28

P ′5
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� Tension seen in P ′5 in [PRL 111, 191801 (2013)] confirmed
� [4.0, 6.0] and [6.0, 8.0] GeV2/c4 show deviations of 2.9σ each
� Naive combination results in a significance of 3.7σ
� Compatible with 1 fb−1 measurement

C. Langenbruch (Warwick), Moriond EW 2015 Rare decays from LHCb

Anomalies: Lepton non-universality in

20

B ! Kl+l�

2.6σ

R
K

=
B

r(
B

+
!

K
+
µ

+
µ
�

)

B
r(

B
+
!

K
+
e+

e�
)

2.6σ

R
K

=
B

r(
B

+
!

K
+
µ

+
µ
�

)

B
r(

B
+
!

K
+
e+

e�
)

Naive account of QED radiative corrections 

based on inclusive decay:

RSM
K = 1 + O

⇣
↵ ln

m2
b

m2
µ

⌘

RXs
LHCb-TALK-2014-108

Huber, Misiak, Lunghi, Wyler (2005)

Bobeth, Hiller, Piranishvili (2007)


U. Haisch (priv. com.)

A few “anomalies” exist in the LHCb data on FCNC processes of the type                   
a                and in the global unitarity-triangle fit. Their status is currently 
under intense debate. New data will help, but also some theory questions 
need to be addressed.

b! s l+l�

Indication of BSM physics or ignorance of QCD dynamics?

P′5 anomaly below 6GeV2 more serious [power corrections].

Violation of lepton flavor universality [QED corrections].

Need more data and theoretical efforts.
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|Vub| puzzle

3σ tension between exclusive and inclusive |Vub|.

]-3|  [10ub|V
0 2 4

 2 <  12 GeV2Khodjamirian et al. q

 0.06 + 0.37 - 0.32±3.41 

2 < 16 GeV2Ball-Zwicky q

 0.06 + 0.59 - 0.40±3.58 

2 > 16 GeV2HPQCD q

 0.08 + 0.61 - 0.40±3.52 

2 > 16 GeV2FNAL/MILC q

 0.08 + 0.37 - 0.31±3.36 

HFAG
PDG 2014

]-3 10×|  [
ub

|V
2 4 6

) 
e

CLEO (E
 0.50 + 0.31 - 0.36±4.28 

) 2, q
X

BELLE sim. ann. (m
 0.47 + 0.28 - 0.30±4.49 

) 
e

BELLE (E
 0.46 + 0.27 - 0.29±4.93 

) 
e

BABAR (E
 0.26 + 0.27 - 0.33±4.54 

) max
h

, s
e

BABAR (E
 0.22 + 0.33 - 0.38±4.53 

BELLE multivariate (p*) 
 0.27 + 0.20 - 0.22±4.49 

<1.55) 
X

BABAR (m
 0.20 + 0.28 - 0.27±4.30 

<1.7) 
X

BABAR (m
 0.23± 0.22 ±4.04 

>8) 2<1.7, q
X

BABAR (m
 0.23 + 0.26 - 0.28±4.30 

<0.66) +BABAR (P
 0.25 + 0.28 - 0.27±4.15 

BABAR (p*>1GeV) 
 0.24 + 0.19 - 0.21±4.32 

BABAR (p*>1.3GeV) 
 0.27 + 0.20 - 0.21±4.32 

Average +/- exp + th. - th.
 0.16 + 0.21 - 0.22±4.45 

HFAG
PDG14

Bosch, Lange, Neubert and Paz (BLNP)
Phys.Rev.D72:073006,2005

/dof = 9.0/11 (CL = 62.00 %)2χ

BSM physics or ignorance of the strong interaction dynamics?
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Semileptonic B→ π `ν decays

B̄ π

ℓ

νℓ

b u

Hadronic matrix element:

〈π(p)|ūγµ b|B̄(p+q)〉= f+Bπ (q
2)

[
pB +p− m2

B−m2
π

q2 q
]

µ

+f 0
Bπ (q

2)
m2

B−m2
π

q2 qµ .

Lepton spectrum:

dΓ
dq2 =

G2
F|Vub|2

24π3 q4 m2
B
(q2−m2

l )
2 |~pπ |

×
[(

1+
m2

l
q2

)
m2

B |~pπ |2 |f+Bπ (q
2)|2 + 3m2

l
8q2 (m2

B−m2
π )

2 |f 0
Bπ (q

2)|2
]
.

Still the best way to determine |Vub| exclusively in the continuum approach!

Λb→ p`ν decays also become important now [LHCb, arXiv:1504.01568].

|Vub|=
(

3.27±0.23
)
×10−3 .
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B→ π form factors from the B-meson LCSR
Starting point: vacuum-to-B-meson correlation function

Πµ (p,q) =
∫

d4x eip·x〈0|T
{

d̄(x)n/γ5u(x), ū(0)γµ b(0)
}
|B̄(p+q)〉

= Π(n ·p, n̄ ·p)nµ + Π̃(n ·p, n̄ ·p)n̄µ ,

n ·p =
m2

B +m2
π −q2

mB
, n̄ ·p∼ O(ΛQCD) , p+q≡ mB v =

mB

2
(n+ n̄) .

Inserting complete set of pion states→ hadronic sum:

Π̃(n ·p, n̄ ·p) = π

q

B

p
π

q

B

p

πh

πh

∑
h

fπ (n ·p)mB

2(m2
π −p2)

[
n ·p
mB

f+Bπ (n ·p)+ f 0
Bπ (n ·p)

]

︸ ︷︷ ︸

∫ +∞

ωs
dω ′

ρ̃h(n ·p,ω ′)
ω ′− n̄ ·p

relative sign changes for Π(n ·p, n̄ ·p)
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OPE calculation of the correlation function

db

q p

B

u

Factorization at tree level:

Π̃(n ·p, n̄ ·p) = f̃B mB

∫ +∞

0
dω ′

φ−B (ω ′)
ω ′− n̄ ·p +O(αs) ,

Π(n ·p, n̄ ·p) = O(αs) ,

⇒ f 0
Bπ (n ·p) =

n ·p
mB

f+Bπ (n ·p)+O(αs) .

Light-cone DAs of B-meson:

mB ˜fB φ+
B (ω) =

∫ dτ
2π

eiωτ 〈0|q̄(τ n) [τn,0]n/γ5 hv(0)|B̄(mB v)〉 .

[φ−B (ω) defined in a similar way.]

QCD correction involving φ+
B (ω ′) at NLO must be IR finite.

Symmetry breaking of the form-factor relation at NLO must be IR finite.
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Factorization of the correlation function
Light-cone OPE: 0> n̄ ·p∼ O(ΛQCD).

db

q p

B

u

Cancellation of the soft divergences.

d̄

bv

Diagrammatic factorization:

Πµ = Π(0)
µ +Π(1)

µ + ...= ΦB⊗T

= Φ(0)
B ⊗T(0)+

[
Φ(0)

B ⊗T(1)+Φ(1)
B ⊗T(0)

]
+ ... .

⇓

Φ(0)
B ⊗T(1) = Π(1)

µ −Φ(1)
B ⊗T(0) .
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Sample calculation: the weak vertex diagram
Strategy:
(i) Identify the leading regions of the scalar integrals.
(ii) Evaluate the contribution of each region using the method of regions.
(iii) Performe the soft subtraction [the same as the QCD amplitude in the soft region].

QCD amplitude:

Π(1)
µ,weak =

g2
s CF

2(n̄ ·p−ω)

∫ dD l
(2π)D

1
[(p− k+ l)2 + i0][(mbv+ l)2−m2

b + i0][l2 + i0]

d̄(k)n/ γ5 n̄/ γρ (p/−k/+l/) γµ (mbv/+l/+mb)γρ
︸ ︷︷ ︸ b(pb) ,

soft ⇓ region

2 n ·p mb γµ

Soft subtraction [Wilson-line Feynman rules]:

Φ(1)
B,weak⊗T(0) =

g2
s CF

2(n̄ ·p−ω)

∫ dD l
(2π)D

1
[n̄ · (p− k+ l)+ i0][v · l+ i0][l2 + i0]

d̄(k)n/ γ5 n̄/ γµ b(pb) .

Compute the hard and hard-collinear contributions with the light-cone projector.

M B
β α =− i f̃B mB

4

{
1+v/

2

[
φ+

B (ω)n/+φ−B (ω)n̄/− 2
D−2

ω φ−B (ω)γµ
⊥

∂
∂kµ
⊥

]}

αβ

.
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Factorization of the correlation function
Aim: Factorization of the correlation function.

Π̃(n ·p, n̄ ·p) = f̃B mB ∑
k=±

∫ dω
ω− n̄ ·p T̃(k) (n ·p, n̄ ·p,ω,µ) φ (k)

B (ω,µ)

= f̃B mB ∑
k=±

C̃(k)(n ·p,µ)
∫ dω

ω− n̄ ·p J̃(k)
(

µ2

n ·pω
,

ω
n̄ ·p

)
φ (k)

B (ω,µ) .

Similar factorization formula for Π(n ·p, n̄ ·p).

Hard functions [Y.M.W and Y.L. Shen, 2015]:

C(+)(n ·p,µ) = C̃(+)(n ·p,µ) = 1, C(−)(n ·p,µ) = αs CF

4π
1
r̄

[ r
r̄

lnr+1
]
, r =

n ·p
mb

,

C̃(−)(n ·p,µ) = 1− αs CF

4π

[
2ln2 µ

n ·p +5 ln
µ

n ·p − ln2 r−2Li2

(
r−1

r

)
+

2− r
r−1

lnr+
π2

12
+5
]
.

Hard matching coefficient of the QCD weak current [Bauer et al, 2001; Beneke et al, 2004]:

q̄ γµ b→
[
C4 n̄µ +C5 vµ

]
ξ̄n̄ bv + ... .

Perturbative matching coefficients independent of the external states⇒

C(−) =
1
2

C5, C̃(−) = C4 +
1
2

C5 .
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Factorization of the correlation function
Jet functions [Y.M.W and Y.L. Shen, 2015]:

J(+)(n̄ ·p,ω,µ) =
1
r

J̃(+)(n̄ ·p,ω,µ) = αs CF

4π

(
1− n̄ ·p

ω

)
ln
(

1− ω
n̄ ·p

)
,

J(−)(n̄ ·p,ω,µ) = 1 ,

J̃(−)(n̄ ·p,ω,µ) = 1+
αs CF

4π

[
ln2 µ2

n ·p(ω− n̄ ·p) −2ln
n̄ ·p−ω

n̄ ·p ln
µ2

n ·p(ω− n̄ ·p)

− ln2 n̄ ·p−ω
n̄ ·p −

(
1+

2n̄ ·p
ω

)
ln

n̄ ·p−ω
n̄ ·p − π2

6
−1
]
.

In agreement with the jet functions computed in SCET [De Fazio, Feldmann and Hurth, 2008].
Cancellation of the factorization-scale dependence:

d
d ln µ

C̃(−)(n ·p,µ) = −αs CF

4π

[
4ln

µ
n ·p +5

]
C̃(−)(n ·p,µ) ,

d
d ln µ

J̃(−)(n̄ ·p,ω,µ) =
αs CF

4π

[
4ln

µ2

n ·pω

]
J̃(−)(n̄ ·p,ω,µ)

+
αs CF

4π

∫ ∞

0
dω ′ω Γ(ω,ω ′,µ) J̃(−)(n̄ ·p,ω ′,µ) ,

d
d ln µ

[
f̃B φ−B (ω,µ)

]
= −αs CF

4π

[
4ln

µ
ω
−5
][

f̃B φ−B (ω,µ)
]

−αs CF

4π

∫ ∞

0
dω ′ω Γ(ω,ω ′,µ)

[
f̃B φ−B (ω ′,µ)

]
,
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B→ π form factors from the B-meson LCSR
B-meson LCSR @ NLO:

fπ e−m2
π /(n·pωM )

{
n ·p
mB

f+Bπ (n ·p) , f 0
Bπ (n ·p)

}

= f̃B(µ)
∫ ωs

0
dω ′ e−ω ′/ωM

[
r C̃(+)(n ·p,µ)φ+

B,eff(ω
′,µ)+ C̃(−)(n ·p,µ)φ−B,eff(ω

′,µ)

± n ·p−mB

mB

(
C(+)(n ·p,µ)φ+

B,eff(ω
′,µ)+C(−)(n ·p,µ)φ−B (ω ′,µ)

)]
.

Effective DAs:

φ+
B,eff(ω

′,µ) = 0 +
αs CF

4π

∫ ∞

ω ′

dω
ω

φ+
B (ω,µ) ,

φ−B,eff(ω
′,µ) = φ−B (ω ′,µ)+

αs CF

4π

{∫ ω ′

0
dω

[
1

ω−ω ′

(
2 ln

µ2

n ·pω
−4 ln

ω ′−ω
ω ′

)]

+

φ−B (ω,µ)

−
∫ ∞

ω ′
dω

[
ln2 µ2

n ·pω
−
(

2 ln
µ2

n ·pω
+3
)

ln
ω−ω ′

ω ′
+2 ln

ω
ω ′

+
π2

6
−1
]

dφ−B (ω,µ)
dω

}
.

Power counting:

ωs ∼ ωM ∼ O(Λ2
QCD/mb) .
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The B-meson LCDAs
Light-cone distribution amplitudes of the B meson:

φ+
B,I(ω,µ0) =

ω
ω2

0
e−ω/ω0 , [Grozin and Neubert,1997]

φ+
B,II(ω,µ0) =

1
4π ω0

k
k2 +1

[
1

k2 +1
− 2(σB−1)

π2 lnk
]
, k =

ω
1 GeV

, [Braun et al,2004]

φ+
B,III(ω,µ0) =

2ω2

ω0ω2
1

e−(ω/ω1)
2
, ω1 =

2ω0

2
√

π
, [De Fazio , Feldmann , Hurth,2008]

φ+
B,IV(ω,µ0) =

ω
ω0ω2

ω2−ω√
ω(2ω2−ω)

, ω2 =
4ω0

4−π
, [De Fazio , Feldmann , Hurth,2008]

The shape of f+Bπ (q
2) less model dependent.

blue curve from pion LCSR,
solid, dotted, dashed and dot-
dashed curves from Model-I, II,
III and IV.
fitting f+Bπ (q

2 = 0)= 0.28±0.03
from pion LCSR⇒
Model-I: ω0 = 360+40

−30 MeV ,
Model-II: ω0 = 375+40

−35 MeV ,
Model-III: ω0 = 395+35

−30 MeV ,
Model-IV: ω0 = 310+40

−30 MeV . 0 2 4 6 8
0.0

0.2

0.4

0.6

0.8

q2 HGeV2L

f B
Π

+
Hq

2 L
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B→ π form factors from the B-meson LCSR

Factorization scale dependence and radiative correction:

fB Π
+
Hq2
=0L

LL

NLL

NLO

1.0 1.2 1.4 1.6 1.8 2.0
0.1

0.2

0.3

0.4

0.5

Μ HGeVL

@ fB Π
+
Hq2LDNLL � @ fB Π

+
Hq2LDLL

0 2 4 6 8
0.4

0.6

0.8

1.0

1.2

1.4

q2 HGeV2L

I Dominant radiative effect from the NLO QCD correction instead of the QCD resummation.

I Resummation improvement does stabilize the factorization scale dependence.

I Radiative effect can induce 20 % reduction of the form factor.
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B→ π form factors from the B-meson LCSR
The predicted form factor f+Bπ (q

2):

Pink band: B-meson LCSR @ NLO,
Blue band: pion LCSR @ NLO.

Rapidly increasing f+Bπ (q
2) from B-

meson LCSR:
(i) Different pattern of the subleading
contribution?
(ii) Different quark-hadron quality
ansatz?

f BΠ
+
Hq2L

0 2 4 6 8 10 12
0.0

0.2

0.4

0.6

0.8

1.0

q2 HGeV2L

Exclusive |Vub| from B-meson LCSR @ NLO [Y.M.W and Y.L. Shen, 2015]:

|Vub|=
(

3.05+0.54
−0.38

∣∣∣
th.
±0.09

∣∣∣
exp.

)
×10−3 .

Exclusive |Vub| from B→ τν [Belle, combined two tagging methods, arXiv: 1503.05613]:

|Vub|=
(

3.28+0.37
−0.42

)
×10−3 .
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Concluding Remarks

Irrespective of LHC13 discoveries, flavour physics is and will remain a powerful probe
of BSM physics.

B decays provide excellent platforms to understand the strong interaction dynamics.

Still a lot to learn from the golden channel to extract the exclusive |Vub|.

Conceptual breakthrough for computing power corrections in demand.

Exciting times are just ahead of us!
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