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High Precision SM Predictions for Quark Flavor Observables
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1 Introduction

The current observation of the so-called flavor anomalies is one of the hottest topics in
particle physics. If these deviations turn out to be real, they will shed light to physics
beyond the SM and they might help in answering questions like the origin of the matter-
antimatter asymmetry in the Universe. For this programme to work highly reliable, precise
SM predictions are of course crucial. We review here a list of observables where the accuracy
within the SM can be improved, leading to a severe impact on our understanding of nature.

1.1 Inclusive semi-leptonic and radiative B decays

To further understand the long standing discrepancy between the exclusive and inclusive
determination of the CKM elements V,; and V;; newly calculated corrections like the QCD
correction to the Darwin term |1]| can be included in the analysis, as well as higher orders in
the Heavy Quark Expansion (HQE). Moreover some of the arising non-perturbative matrix
elements can be related via equations of motion to e.g. matrix elements of four-quark
operators. Another possibility in determining these matrix elements are sum rules and
lattice simulations. A precise knowledge of the value of the b-quark mass |2| is mandatory
for a relieable determination of the CKM elements. In that respect the effect of the use
of different quark mass concepts for B decays can be studied. The theory tools for semi-
leptonic B decays can also be used to test the convergence of the HQE in the charm
sector [3], see Section [1.4]
Inclusive semileptonic FCNC decays such as B — X (.d) A @ will serve as an important
cross-check for the flavour anomalies currently seen in exclusive B decays, and to investigate
lepton flavour universality. Inclusive radiative decays, most prominently B — X (s.d)7 @],
are among the standard candles in the search for new physics and in constraining the
parameters spaces of BSM models.

1.2 B lifetimes and B mixing

Lifetime ratios of B mesons can be determined within the HQE. Recently a significant
experimental discrepancy in the analysis of the decay B, — J/W¥¢ was arising between
the determinations of I'y from ATLAS @ and CMS EI and LHCb @El It would be
interesting to study the sensitivity of future et — e~ colliders for these measurements with
Monte Carlo generators like WHIZARD [10]. In theory an important contribution to the
lifetime ratio comes from so-called spectator effects. The corresponding bag parameter
that parameterise the non-perturbative part of the spectator effects have so far only been
calculated with HQET sum rules [11]. An inclusion of strange quark mass effects as well
as a lattice calculation of these parameter would be highly desirable. Moreover it was
found that the previously neglected Darwin term in theory predictions can lead to sizeable
effects [12|13]. Here again a precise future determination of the non-perturbative matrix
element of the Darwin operator is necessary, maybe via sum rules or lattice. Similar

Bag parameter are arising in B meson mixing, which is supposed to be very sensitive
to new physics effects. These mixing parameter have so far been determined by lattice
simulations |14}|15] and with HQET sum rules [11,/16]. Both in lattice as within the sum
rule approach the precision can be further improved, see e.g. IE . A precise knowledge of
the SM value of B mixing can also have dramatic impact [18] on BSM models that try to
explain the B anomalies E'

-

1.3 Exclusive decays of heavy mesons

Exclusive decays of heavy meson can be described within the QCD factorization ap-
proach @ , which was recently extended to NNLO accuracy @ Here some significant
discrepancies were found between experiment and theory in decay channels where QCD
factorisation is supposed to work best 7_2] This might be an indication for BSM effects in
non-leptonic tree-level decays @ Further studies in that direction would be very desirable
as well as the construction of BSM models that will lead to such new effects. Factorisation
can also be extended to more than two-hadron final states [24]25]. Nonlocal hadronic effects
beyond factorisation IQ__G can be further studied and the main inputs to factorisation such
as the light-cone distribution amplitudes deserve an accurate assessment |27] including the
strange quark mass effects @ .

N

1.4 Convergence of HQE tools in the charm sector

The theoretical description of charm decays is very challenging, since the charm quark is
neither really heavy nor light @l First studies of the large lifetime ratio 7(D™)/7(Dy)
within the framework of the HQE E look very promising, but additional observables
like 7(D7)/7(Dyg) or baryon lifetimes have to be studied with the same theoretical rigour.
Since there will be a huge amount of charm data from the LHC experiments, BELLE II
and BESIII an improvement of our theoretical understanding in the charm sector is very
important. This holds in particular for CP violation in charm, where methods like the
ones used In @ should be further extended and for charm mixing where some new ideas
for an explanation of the experimental value within the HQE approach were presented
in [31|. Such studies will also shed some light on the potential size of quark hadron duality
violations within the HQE.

Our suggested programme has considerable overlap with the one suggested by the RBC-
UKQCD collaboration @, but many of our theoretical methods have completely different
systematic uncertainties.




Motivation 1
Q1: Are the “Flavour Anomalies” real?
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Obviously control of theoretical and experimental uncertainties

for semi-leptonic decays mandatory (lattice, LCSR,...)
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M Otivati O n 2 B-mixing plays a double role
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Motivation 3

Rem | N d er. Amg = 17.757 £0.021 ps~! \Amd = 0.5064 + 0.0019 ps~!
2-loop
Theory Inami-Lim Buras, Jamin, Weisz

CKM —_— —
b > t,cu > S G%, , , J , ;

In the SM one operator:

Q = 5y, (1 — v5)b* x 87 4H(1 — ~5)b”

0 - 8 o o Non-perturbative theory input:
(@) = (B,|Q|B,) = ; M fp,B(1) 1) Lattice: ETM, FNAL-MILC, RBC-UKQCD, HPQCD
2) HQET Sum rules: Siegen, Durham



Very active field:
- Flag 19: mostly FNAL-MILC (2/16)

= Sum rules: Durham 4/19 (based on
Siegen 16-18, Durham 17)

Motivation 4
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B-mixing seems to be smaller than expected by FNAL-MILC
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B-mixing 2020 plays a triple role

- by itself a BSM sensitive observable
- Constrains BSM models that explain the anomalies
does not kill anymore Z’ explanations
- Determination of SM parameter (CKM) - see below

0.10

0.08F

0.02¢

0.00 LE===="

FLAG '13 (20 excl.)

Avg. '19 (20 excl.)

0-05 \_r‘—/l' L . T T v T T T T T T
{ )lz-\
L
L( S
r\l\/lié
¢ )\lb
\y
0.04 1@/ ;S
[\(I \/l-&-?
’\/“.8
)y T
_\,\\//\l.z
( -
0.03 E/\/I\\‘ll ’
NC’D \ ) ’ ,
N YA " I' 6\'
~ ey e N !
L ) ol
| / /\‘ ’ % ’
X Q¢
p AN S e A
0.02F/ v v 0
02, J
; nl 7‘: \
Y X oy
\’\/l /‘
VIR
.//(\I,\' \\
0.01 "\,)\ /{
F (
| / ,‘
/)
|
0.00 Tb™ . . . . . . . . .. ...
0 5 10 15
My | TeV

FLAG '19 (20 excl.)

Future '25 (20 excl.)

Still higher precision desirable - HQET SR can be improved
Individual lattice values from RBC/UKQCD
Confirmation from FNAL-MILC




Motivation 5

Control of
theoretical precision
IS crucial
for indirect BSM searches




1.1. Inclusive Semileptonic Tree-level Decays
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1.1. FCNC Decays

Besides exclusive ph — Sll_ there is also exclusive » — dll

b — sy

inclusive b — Sll Ideal playground for multi-loop
_ _ _ aficionados
Inclusive b/ — dll — —

Completing the four-body contributions to B — X,y
at NLO
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1.2. B mixing and lifetimes

A M The obvious BSM hero: precise theoretical determination of non-perturbative matrix elements needed
R) HQET sum rules (Durham, Siegen), Lattice (FNAL-MILC, RBC-UK, HPQCD)

The unspoken anomalies: B_s lifetime and decay rate difference of neutral B_s mesons
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determination of non-perturbative matrix elements needed determination of non-perturbative matrix elements needed
HQET sum rules (Durham), Lattice ( :-() HQET sum rules (Durham, Siegen), Lattice (FNAL-MILC, HPQCD )
Higher order perturbative terms needed Higher order perturbative terms needed

Higher orders in the HQE needed Higher orders in the HQE needed



1.2. B mixing and lifetimes

The unspoken anomalies: B_s lifetime and decay rate difference of neutral B_s mesons
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1.3. Exclusive Hadronic B decays

QCD factorisation at 2-loop Can there be BSM effects in hadronic tree-level decays
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Could lead to shift in CKM angle gamma of several degrees!
Could lead to enhanced Delta Gamma B_d -> DO dimuon asymmetry



1.4. HQE in the charm sector?

_ AM AT "
Experiment: = —2 =(037+012)%, y:= —— = 0.687095%
FD ZFD
{ (!l
Theory: [ = =A% (Tsh — 20 + Tau) + 22N (Teq — Taa) — AeTa

I (

Naive quark level calculation: SM = 107-5 Exp

Solutions: 1. HQE is by 5 orders off -> gigantic Quark Hadron Duality violations,
One has to try Hadron level calculations - but HQE works well in the B-sector!
2. ORIGIN LIES in crazy GIM Cancellations

- actually 20% QHD violations sufficient
- Higher orders in the HQE might be less severe affected by the GIM cancellations

- Artefact of choosing the renormalisation scale identical for sd and ss

- Test with charm lifetimes (no GIM cancellations)
3. Lattice in the far future.... Calculate higher orders in the HQE

4. Maybe Exp. has already found BSM :-) Calculate higher orders in the pert. expansion
Calculate non-perturbative matrix elements




Conclusion

*Higher theory precision mandatory to make full use of the improved experimental
situation (LHCb, Belle-2, ATLAS, CMS, BESIII)

Many important theory improvements are doable in the next years

Improvements both on the perturbative side and on the non-perturbative side
necessary (pert. QCD, lattice, Sum rules,...)

Close collaboration between different theory schools advantageous!
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