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Why should we care?

• Can probe beyond the energy frontier (probes flavour- and CP-
violating contact interactions with slow decoupling)

• provides stringent constraints on BSM models
• particularly natural ones

• Many observables and in numerous cases a systematically 
improvable theory treatment is possible

• Several observables in tension with SM, may be our best lead to 
BSM physics (together with constraints from other measurements)
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Unitarity triangle
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CKM unitarity:                                    : triangle in                        plane  

Very consistent picture (NB observables partly correlated)
But many new-physics ‘directions’ projected out in this 2D plot
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Scales

Flavour physics observables are multi-scale problems, including the 
nonperturbative QCD strong-interaction scale.
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(?)
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One hadron: Bs→μμ

Bs-meson
strong-interaction bound state
MBs = 5366 MeV
size ~ 10-15 m

b-quark
mb ~ 4600 MeV

anti-s-quark
ms ~ 100 MeV

confining
colour force field

annihilation of quark and
antiquark into muons
length scale ~ 10-18 m << 10-15 m

Z

(+ ?) μ+

μ-

Z Z

C & P forbid creation through vector current, ie through photon!
No hadronic intermediate states
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more accurately drawn to scale

Factorisation (Wilsonian)

b-quark
mb ~ 4600 MeV

anti-s-quark
ms ~ 100 MeV

confining
colour force field

μ+

μ-

effectively local
(and instantaneous) interaction 
on length scales relevant to 
strong binding forces

Bs-meson
strong-interaction bound state
MBs = 5366 MeV
size ~ 10-15 m
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more accurately drawn to scale

weak Hamiltonian

Bs-meson
strong-interaction bound state
MBs = 5366 MeV
size ~ 10-15 m

b-quark
mb ~ 4600 MeV

anti-s-quark
ms ~ 100 MeV

confining
colour force field

μ+

μ-

effectively local interaction
on length scales relevant to
strong binding forces

technically: effective local 
four-fermion interaction
(local operator)

coupling constant
(Wilson coefficient) C10

calculable in perturbation 
theory, including BSM 
effects, eg

(+ ?)Z Z
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Implies “naive” factorisation

b-quark
mb ~ 4600 MeV

anti-s-quark
ms ~ 480 MeV

confining
colour force field

μ+

μ-

No QCD final-state interactionsQuark current annihilating
the meson

parameterised by a decay constant
not calculable in perturbation theory

quantum electrodynamics only
very well controlled theoretically
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Calculating the decay constant

b-quark
mb ~ 4600 MeV

anti-s-quark
ms ~ 480 MeV

confining
colour force field

numerical first-principles calculation
with lattice-regularized path integral
(expansion in 1/mb needed)

a
lattice 
spacing

Bs (leptonic) decay constant Flavour Lattice Averaging Group 
Eur.Phys.J.C77 (2017) no2,112 [nf=2+1]01/10/2018 Sebastian Jaeger - Johns Hopkins GGI 
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•

C10 and Bs -> mu mu

exp uncertainty will reach this during HL run

very NP sensitive (Z 
penguin C10, heavy 
Higgses)

SM helicity suppression

[slide based on a talk by M Steinhauser]

parametric uncertainties dominate

No contamination from long-distance charm. Precision ready for HL-LHC

Z                     

H                     
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Rare semileptonic B-decay 

Sebastian Jaeger - Johns Hopkins GGI 
Workshop 11

many results from Babar, Belle, LHCb, ATLAS, CMS

Sensitive to further contact interactions:

C9: dilepton from vector current

C10: dilepton from axial current

C7: dilepton from dipole   

(+parity conjugate “right-handed currents); suppressed in SM)
Alternative basis with chiral leptons

CL = (C9-C10)/2,      CR = (C9 + C10)/2
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Also purely hadronic operators are important, primarily:

RG mixes these into C9 and C7

At μ=mb:     C7
eff ~ -0.3 ,     CL ~ 4 ,       CR ≈ 0

SM contribution is accidentally almost purely left-chiral
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Impact of 4-quark operators 

SM: O(50%) of total in both cases!



Branching ratios (differential in dilepton mass):

B→K(*)μμ,   B→K(*)ee,   Bs→ϕμμ

Lepton universality ratios

differential angular distribution for B->Vll :
3 angles, dilepton mass q2

7 angular differential observables:
(AFB, P5’, etc)
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Rare B-decay: observables 

Form factors, 4-quark operator 
contributions, QED radiation 
cancel out to ~% level (relative 
to LHCb treatment)

Eg Bordone,Isidori,Pattori arXiv:1605.07633



Lepton-flavour ratios at LHCb

Theory uncertainties negligible relative to experiment.
If effect due to suppressed muon rate, rh current ruled out

p(SM) = 2.1 x 10-4   (3.7σ)

slight preference for muon-specific C10
BSM - not just C9

Sebastian Jaeger - Johns Hopkins GGI 
Workshop 14

Geng, Grinstein, SJ, Martin Camalich, Ren, Shi  arxiv:1704.05446
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R.h. current

C9
CLC10

LHCb 2014
LHCb 2017



RK
(*) and CL
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Because in the SM, |CR|, |C7|<< |CL|, 
BR ≈  const |CL

SM + CL
BSM|2 + … ≈  const |4 + CL

BSM|2 +positive

Only CL
BSM can interfere

destructively: RK
(*) point to

purely left-handed coupling

with ~ -(10-15)% of SM value
01/10/2018

Assume here that the BSM effect is in the muonic mode, and no right-handed currents.

BR(B->K(*)μμ) = 
SM value

CL

CR

Geng, Grinstein, SJ, Martin Camalich, Ren, Shi  arxiv:1704.05446



Adding Bs→μμ
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Geng, Grinstein, SJ, Martin Camalich, Ren, Shi  arxiv:1704.05446

Including Bs→μμ,   p(SM)=3.7 10-4 s (3.56 σ)

[not updated for most recent LHCb and ATLAS updates]

Can also include this in a ‘clean BSM fit’

prefers nonzero BSM contribution to CL

CR = (C9+C10)/2 not well constrained

good 1-parameter fit with CL : best -0.61, 1σ [-0.78, -0.46], p = 0.339
SM value excluded at 4.16 sigma 



Semileptonic decays: RD(*)

For some time B-factories and LHCb have consistently 
shown semileptonic B ->D (D*) τν decay rates larger 
than expected (relative to the rate for light leptons).

4 sigma effect 

ca 20% deviation

SM tree-level

A large effect; theory error negligible 
Sebastian Jaeger - Johns Hopkins GGI 
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What BSM operators?

Several possible contact interactions

with different spin (Dirac) structure.

Several further clues:

- measured shape of differential decay distribution

- avoiding excessive contributions to Bc decay

- interference with SM amplitude to enhance effect

favour a purely left-handed coupling
with coefficient ~ 10% of SM value                                                                                           

Sebastian Jaeger - Johns Hopkins GGI 
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Grinstein et al 2016, … 
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Test of CKM unitarity

CKM unitarity (first row):

Vud from superallowed nuclear beta decays

δRKπ: isospin-breaking (including QED) corrections

Theory determination of δRKπ → determination of Vus

Chiral perturbation theory: δRKπ = -0.0112(21) 

Recent lattice determination: δRKπ = -0.0122(16) 

implies 

( |Vub|2 small compared to uncertainty.)
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Cirigliano & Neufeld 2011

D Giusti et al 1711.06537
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Lattice treatment of QED effects

Several issues, in particular:

massless gauge fields  → IR divergences →  regulator

IR-finiteness and infinite-volume limit only for sufficiently inclusive
observables (Block-Nordsieck)

eg

QED corrections affect the relations between bare lattice parameters 
and observables used to determine them

Possible lattice treatment: systematic expansion in αEM

(including bare lattice parameters
themselves)

+ suitable IR subtraction prescription
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Carrasco,Giusti,Lubicz,Martinelli,Sachrajda,
Sanfilippo,Simula,Tantao,Tarantino,Testa
(see eg talk by C Sachrajda at Lattice 2018)
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Calculation of δRKπ 

Compute                                                                       (ΔE~20 MeV)

Γ0 nonperturbative lattice computation
(with IR regulator)

Γ0
pt calculated in (lattice) perturbation theory

Both terms IR finite & infinite-volume limit exists.

Divergent V-dependence in Γ0
pt universal. Cancels out in 

Allows unambiguous extraction of δRKπ
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C Sachrajda @ Lattice 2018
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defines Re(ε’/ε) experimentally,
left-hand side is measured

Precisely known experimentally for a decade

very complicated multi-scale problem (weak scale, charm, QCD 
scale, ~10 4-quark operator K→ππ matrix elements needed)

Major progress in lattice QCD computations of nonperturbative
operator matrix elements allows controlled errors for the first time.

Good prospects



ε’ master formula

.
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State of phenomenology (NLO)
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.
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Lattice computation

Several major obstacles – and how RBC/UKQCD address, such as

- compute ππ phase shifts, not accessible in Euclidean QFT
(Maiani-Testa no-go) → Luescher volume-dependence method

- K→ ππ matrix elements contain rescattering effects
→ Lellouch-Luescher volume-dependence method

- physical light quark masses with good chiral symmetry
→ Domain-wall fermions (computationally expensive)

- vacuum contamination in KL→(ππ)I=0 (exponentially dominant)
→ smeared operators to maximize overlap with (ππ)I=0 state

Sebastian Jaeger - Johns Hopkins GGI 
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RBC-UKQCD, 1505.07863v4

New computation with several 
times more statistics ongoing
(see e.g. talk by C Kelly at 
Lattice 2018)
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The dogs that didn’t bark

Meson-antimeson mixing

generically most sensitive to BSM effects. (No time to discuss
in detail today.)

Right-handed dipoles (C7’)

stringently constrained from B→K*μμ angular analysis.
Often large in partially composite scenarios

EDMs

may point to CP-conserving BSM ?         

Sebastian Jaeger - Johns Hopkins GGI 
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Other interesting observables

e.g.

Rare K decays - K→πνν (NA62, KOTO, future experiments)

Bd,Bs Lifetimes; Possible connections with rare decays

Lattice computations with dynamical charm, eg full computation of 
ΔMK. Would probe CP-conserving BSM sector to same level as CP-
violating ones
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SJ, Kirk, Lenz, Leslie 2017, wip
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C9 enters multiplied by a form factor, and with additive corrections:

Ci degenerate with form factor uncertainties and virtual charm

Cancel out  in lepton-flavour ratios RK(*), RD(*) (to <~ 1%): no issue
Relevant for rates and angular observables (P5’)

controlled computation (so far) only for B->K form factors, at high q2

recent conceptual advances in lattice QCD (B -> V form factors)
heavy-quark relations and  and light-cone sum rules    

Rare decays: amplitude anatomy

SJ, Martin Camalich 2012, 2014
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B->V l l: rate (schematic)
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P5’

Modest discrepancy around 4-6 GeV, consistent with reduced C9
Sebastian Jaeger - Johns Hopkins GGI 
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Simone Bifani, seminar at CERN (overlaid predictions from SJ&Martin Camalich 2014)
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Adding B→K*μμ,ee angular data

Serves to determine best-fit 
region even better.

SM pull 4.17 σ

p = 0.572 [63 dof]

(but p(SM) now up to to 
0.086)

Wilson coefficient value CL=0 again excluded at high confidence.  

Geng, Grinstein, SJ, Martin Camalich, Ren, Shi  arxiv:1704.05446
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Must C9 violate lepton flavour?

Modified C10 needed to 
suppress RK* (both bins)

Modest preference for modified 
C9 (over C10) is due to angular 
observables
in B→K* μμ

A model with (for example) 
nonzero CL

μ and in addition an 
ordinary, lepton-flavour-
universal, C9, could describe 
the data similarly well or better

Eg. Radiatively from

(‘charming BSM’ scenario)

or 
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Geng, Grinstein, SJ, Martin Camalich, Ren, Shi  arxiv:1704.05446

SJ, Kirk, Lenz, Leslie arXiv:1701.09183
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Crivellin et al  arXiv:1807.02068



Fits of hadronic parameters to data?
Basic idea: reduce theory dependence of long-distance virtual charm by 
using data & analyticity

- use/assume analyticity in the virtual-charm contribution in complex
dilepton mass dependence

- Use theory input only at q2 <~ 0

- Data to fix/constrain the residues at the poles

- Conformal mapping to increase separation
of the input data from the cut; polynomial fit

Results disfavour attributing anomalies to virtual-charm effects

Could this be used to get information on form factors from data?
Sebastian Jaeger - Johns Hopkins GGI 
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Bobeth, Chrzaszcz, Van Dyk, Virto 2017

Psi’ J/psi theory

data



(When) should we believe the anomalies?

ε’ may be confirmed (and strengthened) by upcoming lattice 
computations. Corroboration by independent collaboration desirable.

If moves toward SM, experimental remeasurement needed!!!

For RK(*) and RD(*), Bs→μμ need more statistics. Not a theory issue.
Stats from HL-LHC. Systematics? Belle2 may corroborate.

Rare B decay rates, P5’ etc suffer from uncontrolled systematics. 
Short-term improvements doubtful (though some nice ideas).

However-

- they are interesting enough to contemplate NP

- clean ones on their own would be sufficient and even
pinpoint two operators! Robust results more important
than lots of modes

- what are the natural models explaining these anomalies
as well as why ΔF=2 doesn’t show effects (as well as
EWPT), nor right-handed currents

(without naturalness, motivation for BSM flavour becomes weak) Sebastian Jaeger - Johns Hopkins GGI 
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Belle 2

Belle 2: B-factory lepton collider, very different systematics

Statistics disadvantage relative to LHC, but better 
identification of electrons in final states
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Unofficial Belle 2 “road
map” (P Urquiqjo,
Rare b decay workshop 
Munich 2018) 



Conclusions

• Flavour provides stringent constraints on BSM models (particularly 
natural ones), probing beyond the energy frontier

• 2 sets of anomalies of ~4σ significance each, with negligible 
theory uncertainties

• We live in a revolutionary era in lattice QCD, as far as flavour 
phenomenology is concerned

• This is bound to give rise to a renaissance of Kaon physics

• and eventually should turn rare semileptonic B-decays into 
precision probes of NP

• Corroboration of some anomalies may come from Belle2

• In the meantime, one should definitely contemplate BSM 
explanations of the anomalies
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Backup
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Isospin limit
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Nonlocal term and heavy quark expansion

tt
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Nonlocal term and heavy quark expansion

tt
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Scalar branching ratio
In this case only helicity zero, no photon pole, mild dilepton mass dependence

Schematically (neglecting some normalisations and small imaginary parts), 

Because C7 and CR are small in the SM, BR essentially is determined by
the product  CL* V. Weak sensitivity to CR (as long as small) or C7.
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Explains the shape of the BR band:
part of a circle around (-4, +4) (centre far
outside plot region)

Suggests 20-25% suppression of CL w.r.t SM

But perfectly degenerate with form factor V !
To interpret this as evidence of BSM physics need
precision on V much better than 25%.
Form factor estimates from light-cone sum rules
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B->V l l: angular distribution

Vector observed as two-particle spin-1 resonance. Six helicity 
amplitudes. Many angular observables

Sebastian Jaeger - Johns Hopkins GGI 
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Angular observables

For zero mass there are the following independent observables:
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“longitudinal” rate
(sim. to scalar BR)

“transverse” rate

Usually reported
as BR and FL

Usually reported
as AFB or P2

Often discuss P4’ 
and P5’ instead

Probe right-
handed currents

Lepton forward-backward
rate asymmetry

Require presence of “wrong-
helicity” amplitudes 
(suppressed in SM)

01/10/2018



Forward-backward asymmetry / P2
The zero-crossing of                                                       (or of AFB, or P2)

approximately coincides with that of HV-,  because HV+ HA+ is doubly suppressed
in the heavy-quark limit (and constrained by non-signal in I3, I9).

Have

Zero depends on form factor ratio T-/V- (besides on nonlocal term h-).
This ratio is calculable in the heavy-quark limit (in terms of meson LCDA’s).

Forms the basis for the ‘optimised observables’ (P2, P5’, etc)
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P2 – theory vs data

Boxes – predictions from 

(pure heavy-quark limit, general power correction parameterisation, varying in 10% range, 
Gaussian error combination)

Good agreement with data, even for pure heavy-quark limit with no power corrections (red 
lines)
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arXiv:1512.04442 (LHCb)

SJ, Martin Camalich 2014
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P5’

Defined through

As a result, the C10 (as well as form factor) dependence largely cancels, and the
observable is strongly dependent on C9 (very roughly proportional)

However, the number of independent hadronic inputs (for which power corrections 
must be estimated, LCSRs used, etc) is larger, because both transverse and 
longitudinal helicities enter.

Emphatic claims in literature that this does not matter
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suppressed at 3-6 GeV2
(AFB zero)

proportional to C10

Proportional to CL^2

Dominated by axial
amplitude

Descotes-Genon et al; Capdevila et al

proportional to C9 x C10

Approximately:
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P5’

Modest discrepancy around 4-6 GeV, consistent with reduced C9
Sebastian Jaeger - Johns Hopkins GGI 
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Simone Bifani, seminar at CERN (overlaid predictions from SJ&Martin Camalich 2014)
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LUV measurements vs theory

Theory uncertainties 
completely negligible relative to 
experimental ones.

p(SM) = 2.1 x 10^-4 (3.7)

Suggests nonzero C10(BSM)
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Geng, Grinstein, SJ, Martin Camalich, Ren, Shi  arxiv:1704.05446
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Propose to measure observable

and/or                                                   

Remains very clean in presence of new physics.
Probes a LUV C10 precisely, irrespective of values of C9e, C9mu

Determining CR (break C9/C10 degeneracy)
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Geng, Grinstein, SJ, Martin Camalich, Ren, Shi  arxiv:1704.05446
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Consider a hypothetical experimental result  R6’ = 0.80(5) 

Prospective fit with LUV obs. only
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Geng, Grinstein, SJ, Martin Camalich, Ren, Shi  arxiv:1704.05446
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Form factors
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Form factor relations
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Power corrections
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Charming BSM scenario

As long as NP mass scale M is >(>) mb, model-independently
captured by an effective Hamiltonian with 20 operators/Wilson 
coefficients (including C1, C2 of SM) 

+ parity conjugates

virtual-charm BSM previously considered by

He, Tandean, Valencia (2009) (in a model; did not consider semilept/radiative decays)
Lyon&Zwicky (2014)  (as a possible origin of the observed resonance structure in the 
open-charm region in B->Kmumu)

SJ, Kirk, Lenz, Leslie  arxiv:1701.09183
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Observables

note that h and y are q2-dependent

At one loop, radiative decay constrains C5..C10, but not C1..C4.
Focus on the latter. Then consider lifetime (mixing) observables

and                 calculable in OPE
for general C1 .. C4

SJ, Kirk, Lenz, Leslie  arxiv:1701.09183
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RGE evolution - numerical

For evolution from MW to 4.6 GeV: (l.h.s. at 4.6 GeV, r.h.s. at MW)

Setting Delta C2 to 1 and rest to zero, reproduce the (large) SM 
charm contribution to C9(4.6 GeV).

But C1 and C3 are even (much) more  effective in generating C9!

C2 and C4 feed strongly into C7eff, hence                  .

But C1 and C3 are practically irrelevant for radiative decay!

One can also have a ‘pure C2-C4’ scenario, where both 
contributions to C7eff cancel.

The four-quark Wilson coefficients also evolve, but comparatively 
mildly (see paper).

SJ, Kirk, Lenz, Leslie  arxiv:1701.09183
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High NP scale – global analysis

Blue – experiment

Sizable C9 effects from small BSM C1 or C3

(more combinations in paper)

SJ, Kirk, Lenz, Leslie  arxiv:1701.09183
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