Flavour Physics - Quo vadis?

Precision Calculations in Flavour Physics

Alexander Lenz, Siegen
Lake Louise Winter Institute 2024
Chateau Lake Louise 21.2.2024



Content

[a Introduction to Particle Physics
Ib Decays of heavy Hadrons
Ic Flavour Physics

ITa First Hints for New Physics?
IIb Physics Beyond the Standard Model (SM)?

[1Ia The Necessity of Precision SM Predictions
[1Ib Test of Theory Tools
[IIc Models beyond the SM

Mathematical Elegance vs. “Leave no Stone unturned”

IV Final Remarks



Introduction to Particle Physics

Drei Generationen der Materie Wechselwirkungen
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Elektromagnetic interaction (lA), strong IA, weak IA, (Gravitation)

¥

Color: binds quarks into proton Flavor: radioactive decay of a neutron to a proton

. SM describes thousang of rg'easurement with a very high precision.= -




Introduction to Particle Physics

Fundamental open questions of (micro) physics

New particles & forces

antimatter asymmetry o i Mass problem

= mmm
Searching for new phenomena in weak and strong interactions
Anomalies Structure formation
in the weak interaction in the strong interaction

HADRO-
QUARKONIUM

GLUEBALL Similar structures

Study of E @ i Color meets Flavor for different
strongly bound N - o qmrk flavors?
systems .

HADRONIC

MOLECULE HYBRID

talk by Lorenzo Capriotti



Introduction to Particle Physics

Time for high precision experiments and high precision SM predictions

Indirect Search for BSM Physics:

To find hints for we can
either use brute force (= higher energies) or more subtle
strategies like high precision measurements. New contributions

to an observable f are identified via:

FEXD 4 SEXD — SM 4 5SM | (BSM 4 5BSM

Hard
Hard theoretical Fun
experimental Work

Work
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Decays of heavy Hadrons

There are (at least) 6 kinds (= flavours) of quarks
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Decays of heavy Hadrons

There are (at least) 6 kinds (= flavours) of quarks
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* Proton = luud> + ...
- (Heavy) flavour physics = b,c quark



Decays of heavy Hadrons

There are (at least) 6 kinds (= flavours) of quarks BESSIII, LHCD,..

ATLAS, BELLE II,
CMS, LHCDb,..

NA62, KOTO...
X PI’OtOn — IUUd> + Emm r—‘_

- (Heavy) flavour physics = b,c quark % B ——

Talks by B. Echenard, R. van Tonder, G. de Marino, J.
Skorupa, F. Wilson, S. Wallner, C. Miller, J. Davies



Decays of heavy Hadrons

There are (at least) 6 kinds (= flavours) of quarks

 Proton =luud> + ...

- (Heavy) flavour physics = b,c quark

NA62, KOTO...
P

BESSIII, LHCb,..

—

——

ATLAS, BELLE II,

CMS, LHCb,..

P ——

Talks by B. Echenard, R. van Tonder, G. de Marino, J.
B, = (Ed) Bt = (Eu) B, = (55) B = (Bc) Skorupa, F. Wilson, S. Wallner, C. Miller, J. Davies
Mass (GeV) | 5.27965(12) | 5.27934(12) | 5.36688(14) | 6.27447(32)
Lifetime (ps) | 1.519(4) 1.638(4) 1.516(6) 0.510(9)
(X ) /T(By) 1 1.076(4) 0.998(5) 0.336(6)x
Roughly the same lifetime D° = (@) | D* = (de) | D = (5¢)
Mass (GeV) || 1.86484(5) | 1.86966(5) | 1.96835(7)
. =i Lifetime (ps) [ 0.4101(15) | 1.040(7) | 0.504(4)
Sizable spread in lifetimes +(X)/7(D° 1 2.536(17) | 1.229(10)




Decays of heavy Hadrons

There are (at least) 6 kinds (= flavours) of quarks

NA62, KOTO...
* Proton = luud> + ... C———— CMS, LHCb,..
- (Heavy) flavour physics = b,c quark B ———
By=(bd) | B = (bw) | B, = (bs) | BY = (be) Similar lifetime since
Mass (GeV) | 5.27965(12) | 5.27934(12) | 5.36688(14) | 6.27447(32) . 5 o
Lifetime (ps) | 1.519(4) | 1.638(4) | 1.516(6) | 0.510(9) my Vo, =~ mlVe
7(X)/7(Ba) 1 1.076(4) | 0.998(5) | 0.336(6)
Roughly the same lifetime D° = (@ic) | D* = (d¢) | D = (3¢)
Mass (GeV) || 1.86484(5) | 1.86966(5) | 1.96835(7)
. s Lifetime (ps) || 0.4101(15) | 1.040(7) | 0.504(4)
Sizable spread in lifetimes +(X)/7(D° 1 2.536(17) | 1.229(10)

BESSIII, LHCb,..

—

——

ATLAS, BELLE II,




Decays of heavy Hadrons

- Leptonic Decays

- Semi-leptonic Decays

- Non-leptonic Decays
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Decays of heavy Hadrons

 Leptonic Decays - Semi-leptonic Decays * Non-leptonic Decays
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Flavour Physics

Baryon Asymmetry in the Universe:
A violation of the - which causes matter and anti-matter to
evolve differently with time - seems to be necessary to explain the existence .
of matter in the Universe.

has so far only been found in hadron decays, which are
experimentally investigated at LHCb and NA62 (CERN), Belle Il (Japan),...

= Indirect Search for BSM Physics:
To find hints for we can either use brute
J force (= higher energies) or more subtle strategies like high precision

£ measurements. New contributions to an observable f are identified via:

fSM + fNP _ fEXp

Understanding QCD:
Hadron decays are strongly affected by (strong interactions) effects, which
tend to overshadow the interesting fundamental decay dynamics. Theory tools like
enable a control over
QCD-effects and they are used in other fields like Collider Physics, Higgs Physics,
DM searches... For non-perturbative effects one can use lattice, sum rules,...

Standard Model parameters:
Hadron decays depend strongly on Standard Model parameters like

and (which are the only known source of CP violation in
the SM). A precise knowledge of these parameters is needed for all branches of
particle physics.



Flavour Physics

 Leptonic Decays - Semi-leptonic Decays * Non-leptonic Decays

> 1000000000000

(D°(pp) |V, bl B~ (p)) = . (pB ot ¥ qu>
A ‘ q
~ ( l ( )b|B~)

~ (D"|evu(l —

- (7 |uy*(1 — 5 )d|0)
I) Imaginary part of CKM-elements = CP Violation
IT) Instead of a W-Boson a charged Higgs particle could be exchanged

1) QCD Effects are crucial! Perturbative QCD corrections
Non-perturbative: Decay constants, Form Factors, Factorisation

IV) Determination of SM-Parameter



CERNC OUR[ER { Reporting on international i
high-energy physics

Physics » | Technology~ | Community~  In focus Magazine 14 Aug 2018
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Flavour Physics

» Huge amount of precise data: B-Factories, Tevatron, BESS
IIT and LHC (ATLAS, CMS, LHCDb), NA62 as well as Belle II

IOP Publishing | f ¥ in @ N

physicsworld

Magazine | Lates

&) | particles and interactions Marco Gersabeck (he/him) @8
@MarcoGersabeck

PATICLES RO INTERACTIONS [RESERRer uPoATe . N BREAKING: Announced at #CHARM?2020:

Chiammied baryon puzies paricle; physicistby Iiving Jonger @LHCb_experiment announces first observation of non-
zero mass difference of neutral mesons containing charm
quarks (DO mesons). @MarthaHilton11 of @UoMparticle
@UoMPhysics was one of the analysts. Here's what this
#discovery means 1/7

* Introduction
’ » D9 oscillation and CP violation

FLAVOUR PHYSICS | NEW

LHCb observes CP violation in charm decays

7 May 2019

=y

t

il
3

* Impact of LHCb in the charm sector

» CP violation in the decay

CP violation in D” mixing and in the interference between
mixing and decay

Colliding protons: a collision captured by LHCb. (Courtesy: LHCb/CERN)
X \ New for today: Observation of the mass difference between
neutral charm-meson eigenstates with the DY — Kn*n

ns:

- The most precise measurement of the lifetime of the Q.° particle has been made by e

aecay

Experimental highlight The LHCb detector in December being prepared for upgrades. Credit: physicists working on the LHCb experiment at CERN. The charmed baryon decays within 4
"ERN-PHOTO-201812-329-16. . . -

CERN-PHOTO 20181232016 femtoseconds after being produced in proton-proton collisions at the Large Hadron Collider

(LHC). Surprisingly, the newly measured lifetime is about four times longer than the average of .
On the morning of 21 March, at the 2019 Rencontres de Moriond in La Thuile, Italy, the * Conclusions

LHChb collaboration announced the discovery of charge-parity (CP) violation in the

charm system. Met with an impromptu champagne celebration, the result represents a

* Impact of the new D mixing results on the world
averages

2:03 PM - Jun 4, 2021 - Twitter Web App

Theory has to match that precision



Flavour Physics

» Insight #1: SM and CKM have passed numerous tests
» dominant contribution to the flavour structure of nature

Nobel prize 2008
Kobayashi,
Maskawa

CP Violation

n

Similar
results by
UTfit;
Eigen et al.;
Laiho et al

Direct experiment vs. CKM fit
P e T Ve S e

}/HFLAV =:0606.25E3:5VS: }/CKMFitter o 658001_(1)33




ol Flavour Physics

» Insight #2: QCD-effects are often under good control
» bothmnon-perturbative (lattice, sum rules) and perturbative

-

FIAG2019 D fp,
D our average for N, =241+1
2 ,}t FNAL/MILC 17
1 FNAL/MILC 14A [
2 1 [ - ¥
il 4 | Ve |2 = A amicazs .
2 ’ our average for Ny=2+1
m D+ RBC/UKQCD 17
2 7228 ¥ ﬁ%ﬁgéin q
o~ | —@— FNAL/MILC 11 —]
ll ——{ = PACS-CS 11
z &f HPQCD/LKQCD 07 o
— f 4 4 — FNAL/MILC 05 S —
fp+ = (241.0+16.3+6.6) MeV, 1608.06732 BESSIII = B L
- Blossier 18 - ;
I Th . Abhaise .o
v B 2 . o
[Ves|fp+ = 248.8+ 5.8 MeV  PDG ol o =
S 180 200 220 240 230 250 270 MeV

fp. = (2387,3) [266] MeV  1305.5432 Gelhausen, Khodjamirian, Pivovarov, Rosenthal

A ccumulating evidence for nonstandard leptonic decays of D mesons

Anomaly (FD)expt = 277 £ 9 MeV.

Bogdan A. Dobrescu and Andreas S. Kronfeld
Theoretical Physics Department, Fermi National Accelerator Laboratory, Batavia, Illinois, USA

°
Dated: March 4, 2008; revised April 28, 2008) ; .
f l‘lendS : s wate calculation from lattice
The measured rate for D — /*v decays, where £ is a muon or tau, is larger than the standard
model prediction, which relies on lattice QCD, at the S8z Jevel We discuss how robust the the-

take Care' oretical prediction is, and we show that the discrepancy with experiment may be explained by a (fD )QCD =241 4+ 3 ].\IGV,
° s

charged Higgs boson or a leptoquark.
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Flavour Physics o

» Insight #2: QCD-effects are often under good control
> Dboth non-perturbative (lattice, sum rules) and perturbative HrLAV : (3.45+0.29)- 10

b
Lo

» perturbative corrections under control

l— l+ » at py: NLO EW + NNLO QCD [CB/Gorbahn/Stamou 1311.1348, Hermann/Misiak/Steinhauser 1311.1347]
" " > uw — up: RGE NLO QED + NNLO QCD [CB/Gambino/Gorbahn/Haisch hep-ph/0312090] = v T
7 » up — Agcp: power-enhanced QED correction §Br ~ O (-1%) [Beneke/CB/Szafron 1708.09152] ) ) )
i i : %4 %
» hadronic uncertainty only decay constant qu (at LO in QED) (66@55)
= |attice 5qu $0.5% : fgy = (189.4 £ 1.4) MeV & fg, = (230.7 £ 1.2) MeV [FNAL/MILC 1712.09262] > > f > -
S u,C, v
11! only other compareable precision in flavor: Br(K* — 7 vi7) (NA62), Br(K, — =°vi7) (KOTO), AMy s (lattice) W
S b o
> A » Error budget [2017: fg, from FLAG, CKM from CKMfitter/UTfit, 5, HFLAV]
‘/V 109 x E(Bg — pji)sm = 3.57 + 0022|Tf/ + 0.1 16|st + 0-053|n0n—pmr + 0-030|pmr—PE—QED
+0.039|m, £ 0.111]y_, +0.003|as
. ATLAS, CMS, LHCb - Summer 2020 5 5
g E T l Pre]_umnally E B(B _,“'I_")=24X 10_9 T!Bﬁ! EB Il/[s I [YZ(x )
= 05F 2011-2016 data * ' 1.287ps | 200 MeV | |0.041 | [ °*7
= B 3
I 2 ]
< E Y (x) V(3] (4.12)
T 5 o — X X . .
1‘ 03 = 2y O\ *tJ £ 1\ #¢
= F 1 NUCLEAR
S, 02+ —] Nuclear Physics B400 (1993) 225-239 PHYSICS B
m B 7l North-Holland —
Ve 1516 (230>
0 49 ~ - i
1 5 ~ QCD corrections to rare K- and B-decays for arbitrary

BB — pru) (107) 7128 \ 200 : top quark mass *

Gerhard Buchalla and Andrzej J. Buras
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First Hints for New Physics?

» Insight #3: First discrepancies appear (and seem to stay)
Standard deviations: 3 sigma = 0.27%, 6 sigma = 2 x 10~'%, Lotto 7 x 10~" %

e 3-7: Semileptonic loop-level decays

(small BSM effects b — sii) Ry [1.1.6] .
e 5-7: Non-leptonic tree-level decays Bie- 1 04[?112 .
(large BSM effects b — ciid, cés,...) o161 | *
e 3.9: Semileptonic tree-level decays. F5 125,41 - .
(large BSM effects b — clv) Fs 14,615 1
B(B) — ¢p*p) [1.1,6] — —e—
e 3.6: B-mixing phase (Di-muonasymmetry) B(BS = p'n7) .
: 5 . B(B® — pru™) - — °
e 2.x: V,,V . inclusive vs exclusive Mion g — 2 —
Electron g — 2 — ——
o 2.X: K—n Puzzle R(D) .
® 2.X: 7 — uvvlt — evv R(D) = *
R(J/¥) 7 .
e 2.X: V . KVs. z, CKM Unitarity B(B* — 7v) — .
Amg — ®
Amyg— ®
Slow but steady evidence building for new physics p A%g_ .
or [ [ [ [
systematic underestimation of uncertainties " D bl




First Hints for New Physics?

» Insight #3: First discrepancies appear (and seem to stay)

Standard deviations: 3 sigma = 0.27%, 6 sigma = 2 x 10~'%, Lotto 7 x 10~" %

Slow but steady evidence building for new physics Ry [1.1,6] -

or R~ [0 045,1.1] -
K [1.1,6] —

x [0.1,6] — .
P5 [2.5,4] —
P! [4,6]

systematic underestimation of uncertainties

Experimental uncertainties B(BY = ¢ut ) [1.1,6] —
B(BY — p*p~) - .

Hadronic Uncertainties

BB = pfp )|  ——=
Muon g — 2

Combination of many small effects

Electron g — 2 — ——

New physics R(D) .
R(D*

)
R(J/¥) .
)

Pull in o




First Hints for New Physics?

» Insight #3: First discrepancies appear (and seem to stay)

Standard deviations: 3 sigma = 0.27%, 6 sigma = 2 x 10~'%, Lotto 7 x 10~" %

Slow but steady evidence building for new physics

or

systematic underestimation of uncertainties

Experimental uncertainties
Hadronic Uncertainties
Combination of many small effects

New physics

Electron g — 2 —
Ry [0.1,1.1]
Rk [1.1,6.0] 7
Ry [1.1,6.0] 7

Ry [0.1,1.1]

Ry [1.1,6.0]

Ryt [0 045, 6.0]
Ry [01 6]

R(D)
R(D")
R(J/Y)
R(AY)
B(Bt — 77v) —
Amd—
Amg—
Z A —

patrick.koppenburg@cern.ch 2023-01-10

Pull in o




b — sup

Flavour Anomalies at L.oop Level

t Z°

“Relative” simple hadronic structure

- i
S
By s — pp: decay constant qu b W e ap
t v
| 2 WA/\.‘
Hy — Hypp: form factor F Hb—>Hq(‘1 ) - | i

can be determined by LCSR or with lattice QCD

Many observables differ by about 2-4 standard deviations:
O: Branching ratios like Br(Bs — ¢oup), Br(B — K™ uu),

: /
+: An gular observables like P 5 hadronic uncertainties cancel partially

, ; BB IC )
: R : L3 . .
+ +: Ratios like K h ( Bt T +) hadronic uncertainties cancel almost completely




Flavour Anomalies at L.oop Level

Consistent picture of > 200 observables:

all deviations can be fitted in a very simple

scenario BSM = -1/4 SM

2.0 -
B, — 1 ,
e flavio
—— Ry & Rk« 1o, 20
159 — po sup lo, 20

0.0 0.5 1.0

! : 3 1.0 A
e.g. modify only the Wilson coefficient C9 or C9 = -C10!
3
7 = Gr v CSM | CBSM CSM | CBSM e 87
eff — 2CKM(9 T G )Q9+<10+ 10 )Q10 O
0.0
e.g.. 2104.08921: Exp. was 7 sigma away from SM .
Alguero, Capdevilla, Descotes-Genon, Matias, Novoa-Brunet
b to sll global fits after Moriond 2021 results ~1.0 . f .
: -20 -15 -10 -05
as well as many other fitting groups Obshp
9
Reliable theoretical determination of perturbative
COI'I'ECtiOIlS, deCay Constant, fOI'm faCtOI'S, IlOIl-lOCal Rare b decays meet high-mass Drell-Yan
Contributions Crucial! CE:;:) ([r)ee]:;o’e;noz.z)an asel U.), Jakub Salko (Bern U. and Basel U.), Aleks Smolkovi¢ (Bern U.), Peter Stangl (Bern U, an

Experimental cross-check by ATLAS, CMS, BELLE 1],...

e-Print: 2212.10497 [hep-ph]
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Physics Beyond the Standard Model

Hundreds of publications...

The agony of choice

List of models:

®

®

®

or
Z’ - new U(1) or SU(2) W’

Leptoquarks
2HDM
SUSY

Vectorlike quarks

the choice of agony ?

Composite models
WED

Peter Paul Rubens (born in Siegen), Die Wahl des Paris ca 1638



Physics Beyond the Standard Model

Z’ models are popular attempts in explalnlng

the anomalies

Such new “Tree-level”-transitions will also o k X
modifiy many other observables - in particular ) ;
B-Mixing \»&2\
= indirect bound on BSM models A <



Physics Beyond the Standard Model

12 April 2021: Fascinating quantum mechanics.

Precise determination of the Bs?—B¢? oscillation frequency.

SM: B, < B, only at loop-level

"A phenomenon in which quantum mechanics gives a most remarkable prediction" - Richard
Feynman

Today, the LHCb Collaboration submitted a paper for publication that reports a precise determination of the BSO—ESO oscillation
frequency. This result is presented also today at the joint annual conference of the UK Institute of Physics (IOP), organized by
the University of Edinburgh. The BSO-—ESO oscillation is a spectacular and fascinating feature of quantum mechanics. The strange

beauty particle BOS composed of a beauty antiquark (b) bound with a strange quark s turns into its antiparticle partner ESO

composed of a b quark and an s antiquark (s) about 3 million million times per second (3*1012) as seen in the image below.

— B 5 Dot = BY » D_n™ =— Untagged

2000

1000

Decays / (0.04 ps)

< Y

A\ BN
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The Necessity of Precision SM Predictions

But even more: precise SM predictions are also crucial for any indirect bounds
Example: B-Mixing

b t.c,u d

,C,U
HFLAV
2016: Latest theory prediction - AMEP- — (17.765 =+ 0.006) ps-!

based on lattice-QCD

Larger values than previous predictions
=> further anomaly? AM?MZO17 = (20.01 = 1.25) ps_1 .

D1i Luzio, Kirk, AL 1712.06572

T



The Necessity of Precision SM Predictions

The 2016 theory value for B-mixing has dramatic consequences

1712.06572, 1811.12884

One constraint to kill them all?

Luca Di Luzio,"* Matthew Kirk,"[T and Alexander Lenz't

The 2016 value from FNAL/MILC
dominated the FLAG average

AMSM > AMEP, AMBSM > 0



The Necessity of Precision SM Predictions

HFLAYV 2018

Mass difference of neutral B Mesons

AM, = 2| M, |
b d b t.c,u d
b d b

AMP = (17.765 £ 0.006) ps-!

Q = 3%,(1 — v5)b* x 324*(1 — v5)b”

(@) = (BYIQIBY) = 5 M3 3 Bk

’C’u
. G% 3. 2 5 By far dominant uncertainty
Mll?. - 72'1 My So(x:)Bfg MBqﬁBa
1271' - 4 141 ® HPQCD'07 This work
- B BIMM SR+matching
Significant CKM dependence 12 A GwPls W ony SR
. w FLAG'9(2)
® FLAG'9 (2+1)

Test of non-perturbative results 10,

HQET-sum rules: 3-loop + part of NNLO matching:

ok

| 1
Lattice:
*B_d mixing: *FaN::I?/MIL c: 0.8 s %
Siegen: Grozin, Klein, Mannel, Pivovarov 1606.06054, 1706.05910, 1806.00253 v
- = 1602.03560
*B_d and D mixing, D"0, D*+, B_d and B+ lifetimes *HPQCD:
*IBDusrl::ir;:nlg(lrk (Rome), AL, Rauh (Bern) 1711.02100 1907.01025 0.6 I 5
= *RBC-UKQCD: I
Durham: King, AL, Rauh (Bern) 1904.00940 1812 08731 = = = = =
*B_s and D_s"+ lifetimes ' Bo, Bo, Bo, Bo, Bos

Siegen: King (Durham), AL, Rauh (Bern) 2112.03691



The Necessity of Precision SM Predictions

‘....000.. >
5 N\ N G
@, O
0 AY RV \O 0
B & ¢ <L K&, |B
@, Q \_-\ 9,

Hadronic matrix element
Characteristic scale: AQCD

o (Aqep) ~ O(1)

= non-perturbative

1. HOQET Sum rule at hadronic scale
2. HQET running to scale mb
3. HQET-QCD matching

k

3
o~

5}

ks — k1 3 — ko
w1 kiv+wp | kov+ wo W9

Recursive reduction of integrals: FIRE

Sum rule

Y

Quark-hadron duality Q
Analyticity

Correlation function
Characteristic scale: ’virtuality’ w

Choose w s.t.  «;(w) < 1

= perturbatively calculable

Three-loop HQET vertex diagrams for B'—B" mixing

——arXiv:0812.4522v2

Andrey G. Grozin and Roman N. Lee

(e, v i B i o e B A
Get["FIRE5.m"]

External = (v}

Internal = (kl1l, k2, k3}

Propagators = {-2 (vxkl + wl), -2 (vxk2 + w2), -k1"2, -k2"2, -k3"2, -(k3 - kl1)"2,
(* replace v*2 -> 17%)

-(k3 - k2)"2, -2 vxk3, -(kl - k2
PreparelIBP[]
Prepare [AutoDetectRestrictions -> True]

SaveStart["IBPlightlight"]

(* ---- second set =x)
Get["FIRE5.m"]

External = (v}

Internal = (kl1l, k2, k3}

Propagators = {-2 (vxkl + wl), -2 (vxk2 + w2), -2(v (k1 + k3) + wl),
(¥ replace v*2 -> 1 %)

-k1%2, -k2"2, -k3"2, -(k3 - k2)"2, -(k3 - k1)



The Necessity of Precision SM Predictions

First sum rule results for Bs Mixing

0.70
e HFLAV23 AME*P = (17.765 % 0.006) ps—!
FNAL/MILC’16
0.65 R.BC/l/JK(;CD’IS AMSS M.2024 = (18.34 £ 0.64) ol
' Sum Rules’19
HPQCD'19
ik 0-60 W Combined AM,
& | FLAG'13
= ® f5\/B;
<1 0.55}
m Ve
i other
0.50 |
Need more precise lattice values
URET W@ a8 @ o o and more precise CKM elements

1 Lifetimes of b-hadrons and mixing of neutral B-mesons: theoretical and
A M P [pS_ ] experimental status
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The Necessity of Precision SM Predictions

First sum rule results for Bs Mixing
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The Necessity of Precision SM Predictions

Cooperation Lattice/Sum rules will be advantageous

HQET-sum rules: 3-loop + part of NNLO matching: L attice meets Continuum
*B_d mixing:
Siegen: Grozin, Klein, Mannel, Pivovarov 1606.06054, 1706.05910, 1806.00253 September 30, 2024 to October 4, 2024

*B_d and D mixing, D*"0, D"+, B_d and B”+ lifetimes
Durham: Kirk (Rome), AL, Rauh (Bern) 1711.02100

Overview 2 . s ’ ; :
o .. By fostering the exchange between the Lattice and the Continuum community, we intend to further
B_s mixing Privacy Information the progress in flavor physics phenomenology.
Durham' Klng’ AL’ RaUh (Bern) 1904'00940 Venue Topic for the 3rd. edition of this workshop will include
* . .
B_S and D_SA+ lifetimes Accommodation e CKM matrix elements and global fits
Siegen: King (Durham), AL, Rauh (Bern) 2112.03691 Travel Information : 33'?;“5522;‘? decays
Lunches and Coffee e Decays with two or more hadronic final states
a " o " y Breaks e Meson mixing and lifetimes
* New physics contributions to lifetimes e Gradient Flow
Workshop Committee e Spectroscopy and exotic states

Siegen: Matthew Black, AL, Zac Withrich in progress

Prevlous Editions

Siegen is located centrally in Germany, around 125 km northwest of Frankfurt and 90 km east of

Cologne and can be reached well via train or car. Nearby international airports are in Frankfurt,
4 oliver.witzel@uni-siegen .

Cologne and Diisseldorf.
X er juezel@physik.uni-s

* First ever lattice determination of matrix elements
of D=6 operator for lifetime

* Determination of matrix elements of D=7 operators
for lifetimes and mixing with lattice and sum rules

PROCEEDINGS Properties and uses of the Wilson flow in lattice QCD

9F SCIENCE

Jun 23, 2010
21 pages
Published in: JHEP 08 (2010) 071, JHEP 03 (2014) 092 (erratum)
Using Gradient Flow to Renormalise Matrix Elements Published: 2010
P . . e-Print: 1006.4518 [hep-lat]
for Meson MlXIng and Llfe"mes DOI: 10.1007/JHEP08(2010)071, 10.1007/JHEP03(2014)092

Martin Lischer (CERN and Geneva U.)

Report number: CERN-PH-TH-2010-143
View in: AMS MathSciNet, ADS Abstract Service, CERN Document Server

Matthew Black,”* Robert Harlander,” Fabian Lange," ¢/ Antonio Rago,* pdf [S cite
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T'estof Theory Tools

Lifetime (z = 1/I',,) and mass among the most fundamental properties of particles

HQE. I'(B,) =I5+ T (Os) 4T (Os) + ...+ 1672 (f‘6 (Os) +1~“7<(§7> + )

2 3 3 4
my, my my m;
L0 D ‘ o
l / O\ / \
| ’ T NN
O Os Og Og O

Each term: perturbative Wilson coefficient times non-perturbative matrix element

2
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¢ 4 ° 47 ’

* No huge BSM contributions expected => Test of theory tools



T'estof Theory Tools

Semi-leptonic Non-leptonic Non-perturbative
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- 1992 Blok, Shifman [197,105] 2020 Mannel, Moreno, Pivovarov [222, 223] , (QG)BS I 2022 | HQET sum rule [2‘;‘—] |
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Darwin operator has an unexpected large contribution

B = 1t o [h(Ba) — pb(B] T(BP .

Work in progress: higher orders in a, and 1/m;,



T'estof Theory Tools

7(B,)/7(Ba)

1.02 mm Experiment
, - n : mm HQE Scenario A
1.00 | AN Y = L(E") — : mm HQE Scenario B
N o fy
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004tV  V/ LHCb (2019, 2023) ’ &
| YA CMS (2020) | | | | | | 1
0.92 I g’ v ¥ I ATLAS (2020) 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
09 \/1 | 1 | 1 1 | | 1 1 1 | 1 1 | | | 1 1 | [I)S—l]
2004 2008 2012 2016 2020 2024
Year 7(B*) : .
7(B)) ——s
HQE =l HQET sum I‘ules fOl‘ B lifetimES: T(BS) b —— B Experiment
7(Ba) B HQE Scenario A
B HQE Scenario B
Very good agreement with experiment 098 100 102 104 106 108 110 112
Precise value of the Darwin term needed
Precision of HQET sum rules can be further AL, Rusov, Piscopo 2208.02643
improved — ——8
Independent lattice evaluation highly Darwin term is extracted from the V, fit

desirable Oliver Witzel and Matthew Black

e Inclusive vs. Exclusive puzzle
within RBC/UKQCD




7(As)/7(Ba)

T'estof Theory Tools

Quark-hadron duality at work:

1.00
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0.80 -

0.65 -

0.60 L—

|

1986 1990 1994 1998 2002 2006 2010 2014 2018 2022

Year
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Experimental averages

Shifman, Voloshin (1986)

Colangelo, De Fazio (1996)

Di Pierro, Sachrajda, Michael (1999)
Huang, Liu, Zhu (1999)

Guberina, Melic, Stefancic (1999, 2000)
Franco et al. (2002)

Gabbiani, Onishchenko, Petrov (2004)
Tarantino (2007)

Lenz (2015)

Cheng (2018)

This work

HOE + NRCOM (spectroscopy) for b baryon
lifetimes:

* Very good agreement with experiment
* Precise value of the Darwin term needed

* Independent lattice evaluation highly desirable

B Experiment
HQE

|

' 9

|

0.88 0.92 0.96

1.00 1.04 1.08 1.12 1.16 1.20 1.24

Gratrex, AL, Melic, Nisandzic,
Rusov, Piscopo 2301.07698




Testof Theory Tools

HOQE at the extreme limit

0 + + F(D()) —e——1 ¢
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- Higher orders in QCD needed
 Independent lattice evaluation highl .
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Piscopo 2109.13219
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Beyond the SM

Can there be new physics in non-leptonic tree-level decays?

X V.V* " X
Herp = c\b/gd (C1Q1 + 02Q2)
b s
u d

AL, Tetlalmatzi-Xolocotzi
1912.07621

What does this imply?
Is such a shift relevant

or irrelevant?

Systematic study of non-
leptonic tree-level decays

Cﬁéw = Cis:]zv‘, +ACI,2

4.3

4.6
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Constraints from b — wud transitions . . . . . .

4.3.1 Ry

LA2 Spen i smizes 57 $3 @i B8 58 3
Observables constraining b — céd transitions . .
451 Mg
452 B-— Xgy

....................

Constraints from b — ccs transitions

461 B - Xy
4.6.2 B, lifetimes

4.6.3. B; Mixing
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> Systematic fit so far only SM Dirac structures

» New Anomalies @ -

Beyond the SM

> Decay rate difference of B_d Mesons Al ;, can be enhanced by more than 100%

inspired by DO Dimuon asymmetry - Borissov

inspired the ATLAS measurement of Al'; - Borissov

SM precision 1 ppm

Exp. precision: now 3.5°, in future < 1°

Bx

b—=cGad

A\ \QA‘LA&’.

Huber, Krinkl 1606.02888

Bordone, Gubernari, Huber, Jung, vanDyk 2007.10338
IgurO, Kitahara 200801086 Flavour specific CP asymmetry of the decay B, = Dfr—
Cai’ Deng’ Li’ Yang 2103.04138 Alexander Lenz, Aleksey V., Rusov and Nicole Skidmore

Bordone, Greljo,Maryocca 2103.10332
Beneke, Boer, Finauro, Vos 2107.03819

October 29 2021

On new physics in Al

Bobeth, Haisch, AL, Pecjak, Tetlalmatzi-Xolocotzi
JHEP 1406 (2014) 040

Determination of the CKM angle y can be modified by several degrees

NP effects in tree-level decay and the precision of
Brod, AL, Tetlamatzi-Xolocotzi
Phys. Rev. D92(2015) no.3,033002

Model independent bounds on NP effects in non-

leptonic tree-level decay and the
AL, Tetlamatzi-Xolocotzi
JHEP 2007 (2020) 177

Eur. Phys. J. C (2020) 80:951 THE EUROPEAN
https://doi.org/10.1140/epjc/s10052-020-08512-8 PHYS'CAL JOURNAL c

Regular Article - Theoretical Physics

A puzzlein B, — Dg)) *{x~, K~} decays and extraction of the
[s/ fa fragmentation fraction

AR e R e S
Marzia Bordone+', Nico Gubernari”*, Tobias Huber -*, Martin Ju ;

! Theoretische Physik 1, Naturwissenschaftlich-Technische Fakultit, Universitiit Sieg:

':' Technische Universitdt Miinchen, James-Franck-StraBe 1, 85748 Garching, Germany

° Dipartimento di Fisica, Universita di Torino and INFN, Sezione di Torino, 10125 Turin, Italy

Source PDG Our fits (w/o QCDF) Our fit (w/ QCDF, no fi/f1) QCDF prediction
Scenario - No fi/fa (felfu )l ,Tla"; Ratios only SUay
x* [dof - 2.5/4 3.1/5 4.6/6 374 -

¢ BB = Din) 3.0040.23 36407 3114025 <% § ot TG amEo2i 16

{ B(B"— DtK") 018640020  0222+£0012 022440012 022740012 0.226+0012 032640015 255
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B(B"— D**K~) 021240015  0216£0014 021640014 02135901 [ ks Oiigne 2 €
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Beyond the SM

Understand QCD better!

Non-factorisable effects in the decays B! — D}n~
and B - DtK~ from LCSR

Maria Laura Piscopo and Aleksey V. Rusov

Physik Department, Universitit Siegen,
Walter-Flex-Str. 3, 57068 Siegen, Germany

LT
i

[N
13
=

| —

-

E-mail: maria.piscopo@uni-siegen.de, rusov@physik.uni-siegen.de

ABSTRACT: In light of the current discrepancies between the recent predictions based on

o Stlldy Of lladr011ic eﬁects iIl eXCl-uSive decays ].].Sillg LCSR* QCD factorisation (QCDF) and the experimental data ff" s.cvcral non-leptonic c?lour-
allowed two-body B-meson decays, we obtain new determinations of the non-factorisable

soft-gluon contribution to the decays BY — Df7n~ and B" — DT K~ using the frame-
work of light-cone sum rule (LCSR), with a suitable three-point correlation function and

* r:[‘ree_level non_leptonic B_meson decays ]jke B 0 Iy, D+ K — B-meson light-cone distribution amplitudes. In particular, we discuss the problem as-
sociated with a double light-cone (LC) expansion of the correlator, and motivate future
Currently, tensions between data and QCD factorisation determinations of the three-particle B-meson matrix element with the gluon and the spec-

tator quark aligned along different light-cone directions. Performing a LC-local operator
product expansion of the correlation function, we find, for both modes considered, the
non-factorisable part of the amplitude to be sizeable and positive, however, with very large

= 3 0 s systematic uncertainties. Furthermore, we also determine for the first time, using LCSR.

* Two-bo -leptonic D-meson decays like DV — 77 o : ; . : p DElpE LT
T dy non l p 0 n d ay hk the factorisable amplitudes at LO-QCD, and thus the corresponding branching fractions.
Crucial step to understand recent discovery of CPV in charm Our predictions are in agreement with the experimental data and consistent with the re-

sults based on QCDF, although again within very large uncertainties. In this respect, we
provide a rich outlook for future improvements and investigations.

*

Light-Cone Sum Rules

Problem are power-corrections e T
P Indication for lager QCD uncertainties

(D7~ | ey, (1 — 45)b - wy*(1 — 7y5)d| B™) than previously expected
~ (D%ey, (1 —v5)b|B™) - (7 |ay*(1 — 75)d|0) => deviation becomes smaller
+O(Almy)



Beyond the SM

AA =A K+K_ — A T~ ir
cp = Acp( ) — Acp(m"77) Add

L(D°(t) = f) —T(D'(t) = f)
L(D(t) = f) +T(D"(t) = f)

= (—15.7£2.9) x 10~* Acp(fit) =

exp

———— Two body non-leptonic D° decays from
Reporting on international " - " ‘
CERNCOURIER Higi-cacigy pliysice LCSR and implications for Aady, Blg ﬁghts mn the Communlty

Physics v | Technology~ | Community~  In focus @ Magazine

whether this can be
Alexander Lenz,” Maria Laura Piscopo,® Aleksey V. Rusov® QCD OI' not

“ Physik Department, Universitdt Siegen, Walter-Flex-Str. 3, 57068 Siegen, Germany
E-mail: alexander.lenzQuni-siegen.de,

FLAVOUR PHYSICS | NEWS

LHCDb observes CP violation in charm decays
7 May 2019

maria.piscopo®uni-siegen.de, rusov@physik.uni-siegen.de

P K e =~

ABSTRACT: Motivated by the recent measurements of CP violating effects in singly
Cabibbo suppressed D° decays, we revisit the theoretical predictions of these chan-
nels. Using up-to-date values for the decay constants and form factors, we find
already within naive QCD factorisation surprisingly good agreement between the
central values of the branching ratios and the corresponding experimental data. We
further extend the study of these modes by employing the method of light-cone sum
rules (LCSR) with light-meson light-cone distribution amplitudes. Using for the first
time this framework to compute the leading contribution to the decay amplitude, we
can again describe well the experimental branching ratios for the modes D° — 7+ K—,
DY -+ K+K—, D = 77~ and D® — K*7~. The combination of our results with
known predictions for the penguin contributions, obtained with LCSR, leads to an
upper bound for the value of direct CP violation expected in the Standard Model of
[Aadin] < 2.4 x 10", which is approximately a factor six smaller than the current
measurement.

Experimental highlight The LHCb detector in December being prepared for upgrades. Credit:
CERN-PHOTO-201812-329-16.

On the morning of 21 March, at the 2019 Rencontres de Moriond in La Thuile, Italy, the
LHCb collaboration announced the discovery of charge-parity (CP) violation in the
charm system. Met with an impromptu champagne celebration, the result represents a

arXiv:2312.13245v1 [hep-ph] 20 Dec 2023

B(D° — K*K7)|, = (4.08£0.06) x 102, B(D° - K*K™)| on = (367138) x 107

B(D° — mtn)| ., = (1454 £0.024) x 107°. B(D® = 77 17)|, qe = (1.407152) x 1078
B(D° = K7, = (3.947£0.030) x 1072, B(D° = 7 K7)| o = (2:997328) x 107
B(D" — K*r7)| = (1.50 £0.07) x 107*. B(D® — K*r7) tosn = (L. 801199} x 10~

|1Aads |Lesr < 2.4 x 1074



Beyond the SM

[s there a connection between mixing and rare decays (anomalies)?
Charming new physics in rare B-decays and mixing

Jaeger, Kirk, Lenz, Leslie
arXiv: 1701.09183; 1902.10.12924

Consider NP in tree-level b -> ccs transitions with general Dirac structures

cz _ AGF 4GF ey, Z CoQ° + C2 Q) Q% = Eoyubl)(FEArct), Q5 = (Ehvubh)(ELy"el),

cs Cb

eff —
V2 Q5 = (Sbh) (5. k), Q5 = (@bt )Ecl).  (2)

This affects both rare decays and lifetimes:

(@ ]]

S S

FIG. 2. Leading Feynman diagrams for CBSM contribu-
tions to the width difference AT's (left) and the lifetime ratio

FIG. 1. Leading Feynman diagrams for CBSM contributions (8.} /7(B3) (vlght).

to rare and semileptonic decays. With our choice of Fierz-
ordering, only the diagram on the left is relevant.

q2 dependent BSM contributions are possible
This was considered to be a smoking gun for a hadronic origin of the anomalies

[EIDNID SINJEA JAS 3SIIIL]



Beyond the SM
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Effects of new decay channels on lifetimes and mixing

AL, Mohamed, Piscopo, Rusov, Wiithrich, in progress
T —

Search for BSM effects in lifetimes:

(STH — oTEY)
th;:)ry

N

—[BR(B; =+ X)P°™ — BR(B; — X)P*M]

g

indirectly constrained

AL, Miiller, Rusov, Piscopo 2211.02724
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( Baryogenesis and Dark Matter from B Mesons: B-Mesogenesis J

Out of equilibrium
late time decay

CP violating oscillations

TR ~ 15 MeV
\—

\
B-mesons decay into
Dark Matter and hadrons

7 @ Dark Matter
(anti-Baryon)

o I I e -~
GO0

d s
ASL SL

\ @ Baryon

Br(B —» ¢+ B+ M)

Baryogenesis and Dark Matter from B Mesons
Gilly Elor (Washington U., Seattle), Miguel Escudero (King's Coll. London and Valencia U., IFIC), Ann
Nelsen (Washington U., Seattle) (Oct 1, 2018)

Published in: Phys.Rev.D 99 (2019) 3, 035031 -« e-Print: 1810.00880 [hep-ph]
pdf ¢ DOI
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Final Remarks

*SM very successful, some problems still unsettled
* Indirect search for new physics
OFEP + SOE® — OSM + 50SM 1 (BSM 4 509BSM
Control over (hadronic) uncertainties crucial!!!!

* Huge amount of data, theory often under control and we
(still) have a bunch of anomalies!

*Model dependent studies, e.g. Z’, 2HDM, 4th gen. vs.
model independent approaches

*Some text book assumptions should be reconsidered

°* Combine different theory tools, lattice & sum rules



Future Measurements

eDirect determination of V_,: u.

timate precision at FCC-ee on Z

e Inclusive semi-leptonic B, anc

| D decays -> HQE parameter

e More precise data on b — s,dl™]™ transitions

e Semi-leptonic CP asymmetries

e Flavour-specific CP asymmetries in e.g. B, — DI n~

e More precise values of some lifetimes: €2,, &,

e More precise values of branching fractions of e.g. B, »> D7~

eCPV in charm - check AA p
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The Machine Deck: QCD:Loops,
Hadronic Matrix Elements and all that

Taken from Thomas Mannel E) alamy stock photo




Why you should work in heavy
flavour physics?

Q  unitedKingdom (GBP)v R @

Another heavy one

We welcomed another cluster (the official collective noun) of
physicists back to the Distillery for the 2023 Heavy Flavours
event. Thirty leading experts from the worldwide ‘heavy
flavour physics’ community were warmly received for a day
of tours, food, and whisky-fuelled debate.

Heavy flavour physics isn’t just a phrase coined by Ardbeg-
loving boffins, it’s a real term originating from the heaviness
of an elemental particle, which is studied at the Large
Hadron Collider in Switzerland. Well, if you’re choosing a
mascot for a scientific pursuit such as this, you can’t go
wrong with Ardbeg.

The group initially visited us in 2016 because one of its
members, Professor Alex Lenz, was a huge Ardbeg fan. His
particular interest lay in our Supernova bottlings, as their

intense, heavy flavour suited his scientific experiments.

He said, “The hospitality of Jackie and the Ardbeg Team was
outstanding, and the remoteness of Islay sparked many deep
discussions and ideas among the scientists. Thank you for
everything!”

We hope to see them all again soon and we assure
everybody in the community that our work in the field of
heavy flavour continues.




