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WG4 (Flavour) Summary



Why flavour physics?

2I first used this slide around 9 years ago, wasn’t original then and is still relevant now



The pillars of flavour physics
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WG structure & business

4

Twiki : https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HLHEWG4 

Productive joint sessions with both BSM and SM WGs, allow links 
to HE-LHC studies — most WG activity on HL-LHC side. 

Global reminder of lumi assumptions for HL-LHC : 3000fb-1 for 
ATLAS/CMS, 300 fb-1 for LHCb Upgrade II. 

WG report outline in place & people have been tasked with 
filling the sections, end of July as a deadline for the 0th drafts.  

A big thank you to all our speakers this week, my co-conveners, 
and apologies to everyone whose material was not used!



CKM metrology
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The endurance of CKM metrology

1995 2001 2006 2012

Test consistency of SM picture of quark mixing, breakdown in consistency indicates NP



CKM metrology today

Entering the precision regime, SM picture solid but still room for O(10%) NP effects!



CKM metrology gives hard constraints

Model prefers

RK*

Δms constraint!

An example from Hiller & Nišandžić (arxiv 1704.05444) but applies generally



CKM metrology gives hard constraints

A more general (and older) way of seeing the same thing

4

Any extension of Standard Model found in DIRECT SEARCHES must comply with a 
non-trivial flavor structure: Flavor is a key ingredient of any BSM theory, which may 
help to discover NP!
!
The absence of FCNC already now sets strong constraints on the multi TeV-scale 
physics (higher than those found in direct searches so far, even foreseeable at LHC)!

LHC : direct vs. indirect searches!

3"This technique has been used since a long time in particle physics with great success!

arXiv:1302.0661!

2.1 Flavour Changing Neutral Currents 7

searches allow us to access new particles produced virtually in loop processes. In indirect
searches, flavour observables play a key-role to explore New Physics at higher energy scales.

This chapter is devoted to the theoretical description of rare processes involving FCNCs,
with particular attention to the B0

d ! µ

+
µ

� and B0
s ! µ

+
µ

� decays. The search for such rare
decays ultimately aims at testing the Standard Model of particle interactions and eventually
uncovering New Physics beyond the Standard Model.

�.� Flavour Changing Neutral Currents
Flavour Changing Neutral Currents are absent at the tree level in the Standard Model.
Charged currents mediated by W± bosons can instead violate flavour, therefore one can
use a W boson in a loop to create an overall Flavour Changing Neutral process: FCNC pro-
cesses are thus possible at higher orders. The diagrams in 2 represent decay amplitudes at
the level of elementary particles (quarks, leptons, bosons).

(a)

Figure 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Feynman diagrams of the SM processes contributing to B0

s ! µ

+
µ

� decays, involving top quarks and W bosons: Z0-
penguin diagrams on the left and box diagram on the right. Self energy (gluonic) corrections and Higgs contributions
are here not considered.

To actually calculate a decay rate, one needs to account for the fact that quarks are con-
fined inside hadrons, bound by the exchange of soft gluons. The case of the B0

s(d) ! µ

+
µ

�

decay is the cleanest possible exclusive B-decay: due to the purely leptonic final state, all
non-perturbative effects can be confined to a single parameter, the B-meson decay constant,
defined via the axial-vector current matrix element [28]:

⌦
0|q̄g

µ

g5b|B̄q(p)
↵
= ip

µ

FBq , (11)

where p
µ

is the four-momentum of the initial B-meson and q represents the d or s quark.
Theoretical calculations of hadronic decay rates are based on effective Hamiltonians of

the type [29]:

Heff =
GFp

2 Â
i

Ci(µ)Qi(µ) , (12)

and the decay amplitude for a meson |Mi (e.g. K, D, B) into a final state |Fi (e.g. pp, µµ),
is given by

A(M ! F) = hF| Heff |Mi = GFp
2 Â

i
Ci(µ) hF| Qi(µ) |Mi . (13)
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Constraining new physics in B
0

s mixing 3
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Fig. 1. Leading order diagrams for neutral meson mixing in the SM.

2. Beauty mixing phenomenology in a nutshell

Excellent pedagogical introductions to neutral meson mixing can be found in
textbooks

4
, recent reviews

5,6
and lecture notes.

7,8
An up-to-date review of exper-

imental constraints on B meson mixing can also be found in the PDG.
9
The fol-

lowing discussion applies to neutral mesons of any kind. However, we shall denote
the flavour eigenstate with the symbol B

0
for beauty meson and use numerical

estimates that apply to B
0
s and B

0
d .

2.1. Time-evolution of the B
0
-B

0
system

Consider the wave function B
0
(t) for a neutral meson that is the superposition of

flavour eigenstates B
0
and B

0
. The time-evolution of its projections into flavour

eigenstates is given by a Schrödinger equation

i
d

dt

 
hB0|B(t)i
hB0|B(t)i

!
=

✓
H11 H12

H21 H22

◆  hB0|B(t)i
hB0|B(t)i

!
. (2)

Since the meson decays and we do not consider the wave function of final states, the
Hamiltonian H is not hermitian. However, like any other complex matrix, it can be
decomposed in terms of two hermitian matrices, which we label by M and �,

H = M � i
2�. (3)

Since M and � are hermitian, their diagonal elements are real and we have M21 =
M

⇤
12 and �21 = �

⇤
21. CPT invariance requires M11 = M22 and �11 = �22. Ignoring

for the moment the interference with phases in the final state, the common phase
of B

0
and B

0
is arbitrary such we can choose either the phase of M12 or �12 and

only their phase di↵erence matters. Consequently, the mixing can be parametrized
by five real parameters, which are conventionally chosen to be

M11, �11, |M12|, |�12| and �12 = arg

✓
�M12

�12

◆
. (4)

The mass M11 is determined by the quark masses and strong interaction binding
energy. In the B system it is about 5 GeV and more than ten orders of magnitude
larger than the size of the other elements, which all involve the weak interaction.

The time-evolution of the meson-anti-meson system is described in terms of the
eigenstates of the Hamiltonian. The two mass eigenstates can be written as linear

Chapter 3

Flavor physics beyond the SM: models and predictions

If the physics beyond the SM respects the SM gauge symmetry, as we expect from general arguments,
the corrections to low-energy flavor-violating amplitudes can be written in the following general form

A(fi ! fj +X) = A0


cSM
M2

W

+

cNP

⇤

2

�
, (3.1)

where ⇤ is the energy scale of the new degrees of freedom. This structure is completely general: the
coefficients cSM(NP) may include appropriate CKM factors and eventually a ⇠ 1/(16⇡2

) suppression if
the amplitude is loop-mediated. Given our ignorance about the cNP, the values of the scale ⇤ probed by
present experiments vary over a wide range. However, the general result in Eq. (3.1) allows us to predict
how these bounds will improve with future experiments: the sensitivity on ⇤ scale as N1/4, where
N is the number of events used to measure the observable. This implies that is not easy to increase
substantially the energy reach with indirect NP searches only. Moreover, from Eq. (3.1) it is also clear
that indirect searches can probe NP scales well above the TeV for models where (cSM ⌧ cNP), namely
models which do not respect the symmetries and the symmetry-breaking pattern of the SM.

The bound on representative �F = 2 operators have already been shown in Table 1.1. As can
be seen, for cNP = 1 present data probes very high scales. On the other hand, if we insist with the
theoretical prejudice that NP must show up not far from the TeV scale in order to stabilize the Higgs
sector, then the new degrees of freedom must have a peculiar flavor structure able to justify the smallness
of the effective couplings cNP for ⇤ = 1 TeV.

1 The Minimal Flavor Violation hypothesis
The main idea of MFV is that flavor-violating interactions are linked to the known structure of Yukawa
couplings also beyond the SM. In a more quantitative way, the MFV construction consists in identifying
the flavor symmetry and symmetry-breaking structure of the SM and enforce it also beyond the SM.

The MFV hypothesis consists of two ingredients [49]: (1) a flavor symmetry and (ii) a set of
symmetry-breaking terms. The symmetry is noting but the large global symmetry Gflavor of the SM
Lagrangian in absence of Yukawa couplings shown in Eq. (1.4). Since this global symmetry, and partic-
ularly the SU(3) subgroups controlling quark flavor-changing transitions, is already broken within the
SM, we cannot promote it to be an exact symmetry of the NP model. Some breaking would appear at the
quantum level because of the SM Yukawa interactions. The most restrictive assumption we can make to
protect in a consistent way quark-flavor mixing beyond the SM is to assume that Yd and Yu are the only
sources of flavor symmetry breaking also in the NP model. To implement and interpret this hypothesis
in a consistent way, we can assume that Gq is a good symmetry and promote Yu,d to be non-dynamical
fields (spurions) with non-trivial transformation properties under Gq:

Yu ⇠ (3, ¯3, 1) , Yd ⇠ (3, 1, ¯3) . (3.2)

If the breaking of the symmetry occurs at very high energy scales, at low-energies we would only be
sensitive to the background values of the Y , i.e. to the ordinary SM Yukawa couplings. The role of the
Yukawa in breaking the flavor symmetry becomes similar to the role of the Higgs in the the breaking
of the gauge symmetry. However, in the case of the Yukawa we don’t know (and we do not attempt to
construct) a dynamical model which give rise to this symmetry breaking.

26



CKM metrology with HL-LHC

Understanding the flavour structure of quark mixing is critical whether NP is found or not

SM desert NP dream



CKM metrology with HL-LHC

With HL-LHC statistics can make precision determinations of UT apex with subsets of 
observables => powerful test of CKM consistency and check against systematic effects!



Interpreting at tree level

CKM angle gamma still solid “forever”, other tree-level observables require more work!



Interpreting at loop level

Penguin effects need work but should be controllable throughout HL-LHC period. 
Important that lattice is able to keep up with Δms and Δmd for precision interpretation!



Key measurement : CKM angle γ

LHCb’s HL-LHC precision on γ will dominate world average. Unique opportunity to 
measure either γ or φs at 1° level using DsK, only pure tree-level measurement of φs!



Key measurement : φs

With HL-LHC stats LHCb has at least 5 independent ways of resolving the SM φs 
CMS L1 track trigger hugely exciting! If Bs→φφ is possible why not Bs→φγ? 

ATLAS & CMS projections for φs  are being worked on for the yellow report chapter



Semileptonics @ HL-LHC



Charm @ HL-LHC

HL-LHC is a potentially unique opportunity to probe charm CPV and mixing at the 10-5 
level, will require a lot of work and progress on the theory side to interpret it properly!

“Charm theory is notoriously difficult” — A Lenz 
“If you want an easy life go sell internet ads” — V V Gligorov



Charm @ HL-LHC

Many other observables also available, opportunities abound also in rare charm decays



Unique opportunities in metrology

LHC experiments may be able to resolve SM ΔΓd 

LHCb in a unique position to precisely map out 
CPV in baryonic decays for the first time, as well 
as making unprecedented studies in Bc sector.



Rare processes & BSM
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Anomalies here, anomalies there



Anomalies @ HL-LHC with muons

ATLAS and CMS studies for K*μμ are ongoing for HL-LHC



Anomalies @ HL-LHC with electrons

What can ATLAS and CMS do for K*ee?



Connection to Bs→μμ

Naively : probes C10. But additional observables become available with HL-LHC stats!



Bs→μμ at CMS

Probably can’t harmonize systematics but should discuss combination qualitatively



Bs→μμ at ATLAS & combination

Big job done in last months to concretize alternative trigger strategies!



NP scale probed @ HL-LHC



From discovery to interpretation

Angular observables and interplay between different R measurements very important



Angular observables in upgrade II 



Connection to high-PT searches



Connection to high-PT searches



Connection to LFV (i.e. τ→3μ) searches

O(10-9)



Strange rare decays

LHC production & LHCb geometry give great reach for strange physics if trigger works!



Strange observables unique to HL-LHC



Spectroscopy & QCD
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LHC is a unique tool for spectroscopy



Illustration of the power of HL-LHC

From discovery to precise characterization of exotic hadrons!



How heavy can HL-LHC let us probe?



DAQ is the critical experimental point

The anatomy of an LHCb event in the upgrade era, and implications for the LHCb trigger Ref: LHCb-PUB-2014-027
Public Note Issue: 1
6 Reconstructed yields Date: May 21, 2014

b-hadrons c-hadrons light, long-lived hadrons

Reconstructed yield 0.0317± 0.0006 0.118± 0.001 0.406± 0.002
✏(pT > 2GeV/c) 85.6± 0.6% 51.8± 0.5% 2.34± 0.08%
✏(⌧ > 0.2 ps) 88.1± 0.6% 63.1± 0.5% 99.46± 0.03%
✏(pT)⇥ ✏(⌧) 75.9± 0.8% 32.6± 0.4% 2.30± 0.08%
✏(pT)⇥ ✏(⌧)⇥ ✏(LHCb) 27.9± 0.3% 22.6± 0.3% 2.17± 0.07%

Output rate 270 kHz 800 kHz 264 kHz

Table 6: Per-event yields determined from 100k of upgrade minimum-bias events after partial offline
reconstruction. The first row indicates the number of candidates which had at least two tracks from
which a vertex could be produced. The last row shows the output rate of a trigger selecting such
events with perfect efficiency, assuming an input rate of 30 MHz from the LHC, as expected during
upgrade running. A breakdown of each category is available in Table 14.

Figure 1: HLT partially reconstructed (but fully reconstructible) signal rates as a function of decay
time for candidates with pT > 2 GeV/c (left) and transverse momentum cuts for candidates with
⌧ > 0.2 ps(right). The rate is for two-track combinations that form a vertex only for candidates that
can be fully reconstructed offline, ie: All additional tracks are also within the LHCb acceptance.

page 5
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Every bunch crossing contains signal relevant to spectroscopy : real-time analysis only way



Theory & models & conclusions
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NP @ HL-LHC : discovery→understanding
HL-LHC datasets give numerous complementary observables 
which are not theoretically limited. This is true in both CKM 
metrology and in the study of rare decays and processes. 

Global interpretation allows characterization of any observed 
NP! Connects to and can guide direct high-PT searches. 

Crucial to continue exploring not only beauty but also 
baryonic, charm, and strange sectors, complementary 
information and unique opportunities.



Complementarity @ LHC



Backups
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NP model predictions in Kaon physics

As in other areas, complementary observables very important



From measurement to interpetation


