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Outline

o Motivation for Flavour Physics

- Understanding of QCD

- Determination of SM parameter
- CP violation

- Search for new physics

- Mass differences of neutral mesons

- Understanding of QCD
- Determination of CKM parameter
- Search for new physics

~ Decay rate difference/Lifetimes

- Understanding of QCD
- Search for new physics
- CP violation



Motivation for Flavour Physics

- Understanding of QCD

- Determination of SM parameter:
CKM, quark masses,...
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Motivation for Flavour Physics

Understanding of QCD

Determination of SM parameter:
CKM, quark masses,...

CP violation

- Search for new physics




MOTIVATION FOR FLAVOUR PHYSICS

There are (at least) six kinds (=f|av<mrs)ofyrksy
U c t qg=+2/3
(d) }3) (b) <q= —1/3)

\

NA62, KOTO...

BESSIII, LHCb,..

B (Heavy) Flavour Physics describes hadrons with a charm- or a bottom-quark

DY = (ic)

DT = (dc)

D7 = (sc)

Az = (uda)

Mass (GeV)
Lifetime (ps)

1.86486
0.4101

1.86962
1.040

1.96850
0.200

2.28646
0.200

By = (bd)

Bt = (bu)

B, = (bs)

B = (be)

Ab = (Udb)

Mass (GeV)
Lifetime(ps)

0.27958
1.519

5.27926
1.638

5.3667
1.012

6.2745
0.500

5.6194
1.451




MOTIVATION FOR FLAVOUR PHYSICS

 Leptonic decays - Semi-Leptonic decays - Non-Leptonic decays
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MOTIVATION FOR FLAVOUR PHYSICS

 Leptonic decays - Semi-Leptonic decays - Non-Leptonic decays
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- Leptonic decays - Semi-Leptonic decays
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MOTIVATION FOR 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), SuperBelle (Japan),...

f P Indirect Search for BSM Physics:
To find hints for we can either use brute force

g (= higher energies) or more subtle strategies like high precision measurements.
i

New contributions to an observable f are identified via:

fSM 4+ 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...

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.




MOTIVATION FOR FLAVOUR PHYSICS
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1. Imaginary part in CKM elements = CP violation
2. Instead of a W a charged Higgs H might be exchanged = BSM
3. QCD effects are crucial: decay constant, form factors,...

4. Determination of SM parameter



ST MOTIVATION FOR FLAVOUR PHYSICS
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» Huge experimental progress: B-factories, Tevatron, BESS III
and LHC (ATLAS, CMS, LHCDb) and Belle II

» LHCb: >630 paper, >41k citations, >9fb-1
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MOTIVATION FOR FLAVOUR PHYSICS

» We have interesting anomalies!

o

e 3-6: Semi-leptonic loop-level decays (small BSM)

e 3.X: Semi-leptonic tree-level decays (large BSM)

e 3.6: B-mixing phase (dimuon asymmetry)

e 3.5: Muon g-2

e 0-4: K-mixing/epsilon’ (huge lattice progress)

¢ 2.6: Zbb coupling (LEP FB asym)

e 2.X: K-pi puzzle

e 2.X: tau to mu nu nu/tau to e nu nu

e 2.X: Vus: K vs. tau

e 2.X: Vcb, Vub inclusive vs exclusive measurements



Outline

-~ Motivation for Flavour Physics

- Understanding of QCD

- Determination of SM parameter
- CP violation

- Search for new physics

o Mass differences of neutral mesons

- Understanding of QCD
- Determination of CKM parameter
- Search for new physics

~ Decay rate difference/Lifetimes

- Understanding of QCD
- Search for new physics
- CP violation



B-MIXING

9c)u
|M12|, |[T'12| and ¢ = arg(—M2/T'12) can be related to three observables:

B Mass difference: AM = My — My ~ 2| M| (off-shell)
M| : heavy internal particles: t, SUSY, ...

B Decay rate difference: Al' :=1"; — 'y ~ 2|['12| cos ¢ (on-shell)
II'12| : light internal particles: u, c, ... (almost) no NP!!!

B Flavor specific/semi-leptonic CP asymmetries: €.9. B, — X[v (semi-leptonic)
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Gy = ajps = F(éq(t) — f) =T (Bgy(




Mass difference Al

Experiment.: HFLAV 2019

| Am = 17.757 £ 0.021 ps™] \Amd = 0.5064 + 0.0019 ps~!

Buras

Jamin

Theory CKM Inami-Lim Weisz

b  _tocu S GQ J
s 3x2es Miy = gy MM Sir) BI M.

In the SM one operator:

Q = 5%y, (1 — 5)b* x P y*(1 — 5)b” Non-perturbative theory input:
- ] 1) Lattice: ETM, FNAL-MILC, RBC-
(Q) = (B,IQIB;) = 3 Mp, [, B(p) UKQCD, HPQCD

2) Sum rules: Siegen, Durham



0.70

0.65

AMy[ps™]

0.50

045

0.60

Mass difference A M

T T | T T T T | T T T T I T

- 4+ HFLAV (10xerror)
i FLAG'3

: : FLAG'19 - FNAL/MILC'16
.| RBC/UKQCD 19
Sum rules 19 4 |
| HPQCD'M9 ¢ 480
Avg. '19 /./’ A

5

A —_"l:l’:

22

Very active field:
- Flag 19: mostly FNAL-MILC (2/16)
- RBC-UK: 12-18
= Sum rules: Durham 4/19 (based
on Siegen 16-18, Durham 17)
- HPQCD: 07/19

New averages of lattice and sum rules
Di Luzio, Kirk, AL, Rauh
1909.11087 JHEP



Mass difference A/,

AMM This work | ABL 2015 | LN 2011 | LN 2006

Central Value || 18.77ps™! | 183ps~! [ 17.3ps~! | 19.3ps~!
5(f5/Br) 3.1% 13.9% | 135% | 34.1%
5(Vop) 3.4% 1.9% 3.4% 1.9%
d(my) 0.3% 0.7% 1.1% 1.8%
5(crs) 0.2% 0.1% 04% | 2.0%
5(7) 0.1% 0.1% 03% | 1.0%
O(| Vi /Vea|) < 0.1% 0.1% 0.2% 0.5%

() < 0.1% < 0.1% 0.1%
) 1.6% 148% | 14.0% | 346%
AL, 2019
Thanks to
Lattice,

® |

Sum rules

The Machine Deck: QCD:toops,

Hadronic Matrix Elements and all that



Mass difference - QCD
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Mass difference - QCD

1.4

APACD07 This work
ETM'14 |
FNAL/MILC'16 B d T SR+matching

I only SR

B_d-mixing

FLAG'19 (2)
FLAG'19 (2+1)

[
m
¢
A HPQCD'19
v
®

Lattice

*ETM 1308.1851

* FNAL-MILC 1602.03560
*HPQCD 1907.01025

2. HQET-sum rules: 3-loop + part of NNLO matching:
*Siegen: Grozin, Klein, Mannel, Pivovarov 1606.06054, 1706.05910, 1806.00253
*Durham: Kirk (Rome), AL, Rauh (Bern) 1711.02100

Three-loop HQET vertex diagrams for B'—B° mixing The various NLO contributions:

» Perturbative contribution (3-loop)
ABpr = —0.10 + 0.02 £+ 0.03

A.Grozin,R.Klein, ThM,AAP, Phys.Rev. D94, 034024 (2016)

Andrey G. Grozin and Roman N. Lee O 4o < B
’ arX1v:0812.4522v2 » Quark condensate contribution (2-loop)

AB, = —0.002 + 0.001
A.Grozin,R.Klein,ThM,AAF, Phys.Rev. D94, 034024 (2016)

» Other condensates (tree-level+2-loop gluon cond)
ABonpr = —0.006 + 0.005

ThM, B.D. Pecjak, AAP, Eur.Phys.J. C71 (2011) 1607

| Total AB= —-0.11 +-0.04 +0.03




Mass dlfference QCD

@ HPQCD07 B This work
= ETM'14 .
. 7 & FNALUMILC16 S SR+matching

- ~¥ A HPQCD'19 I onlySR

4
- : v GKMP'6
- ® FLAG'19(2)
i FLAG'9 (2+1)
. Lattice

1.0

*ETM 1308.1851

* FNAL-MILC 1602.03560 ? { *
* HPQCD 1907.01025 0-8/ .

0.6

. HQET-sum rules: 3-loop + NLO matching: Sa Ba, Bo, Ba, Ba,
*Durham: King, AL, Rauh (Bern) 1904.00940

’]“(0) L B a9 B 8'/7'2
Q1 2 Y

(1—2)%ay, 27%(1 —4x + 2?) 142
2
1 + 3 + :mp() +1_$

{_2(6-{-6:6—3:1:2%-23:3) 4 2<2 —Ar 4+ )
+

In (2 )

1
_2(2—m+§§2+6$3) — 2(1 — 4z + 222)

—

n(z) —4(1 — z*)Li;(1 — 1/z), =<1,
In(z) +4(1 — z?)Li,(1 —2), =z>1, |



Mass difference - QCD

Uncertainties cancelin B s/B d

4

N rhiswork
. Lattice // " HPQCDTS
* HPQCD 1907.01025 — ) e RBC/UKQCD'18
* RBC/UKQCD 1812.09791 " FLAG'9 (2+1)
* FNAL-MILC 1602.03560 - CMP'7
*ETM 1308.1851  _ / /// A o FNAL/MILC'16
% 3 ETM'14
095 100 105 110 1.5
BS./BS,
2. HQET-sum rules: 3-loop + : — .
*Durham: King, AL, Rauh4Bern) 1904.00940 B Aerage
based on Siegen ’16-18, Kirk, AL, Rauh ’17 WSS
— KLR'19
Take decay constants from most recent e BCIUKACD S
2+1+1 lattice evaluation (HPQCD, FNAL-MILC)
¥ FLAG'19 (2+1)
New averages of lattice and sum rules R SN TTTTTTTTTTTTTTTTT, euHT |
Di Luzio, Kirk, AL, Rauh L AL
1909.11087 JHEP & A
- 0.0054
— 116 118 120 122 124 126 128 130
§ = 1.200¢ 0060



Mass difference - CKM determination

Comparison with experiment

AMS® = (0.5064 & 0.0019) pS ~' 4 permille
Mex (17 A& X" 021) pS : 1 per mille
A M ;verase 2019 (0 533t 83(2;) (1 0510 8‘%) AM;™ ., Averages of lattice/SR
Di Luzio, Kirk, AL, Rauh
Average 2019 ~+0. - +0.04 ex ’ ) 3
A2 = (18.4707) ps™" = (1-04—0-07) AMS™, 1909.11087 JHEP

e Good agreement with experiment
e Experiment is 15/45 times more precise than theory
e Maybe improvement of theory by a factor of 2 doable in future

Assuming validity of the SM: Precise extraction of CKM parameter

—— _ (, +0.28 -3
[VisVis| = (40.917557) - 107 Vil cxmsister = (416977 58) - 10

= (40.91 38|, , £0.17],,,, +0.05] £0.02]5, ) 107 :
—0.62|f2 B my as(Mz) AM, ’ +0.39 2
; |Vt3|CKMﬁtter, tree — (41 63 145) 10

Comparison with CKMfits - competitive precision - slightly smaller than fit



Mass difference - CKM

Very precise prediction of the ratios of mass differences

AM,
AN = 0.0285 = 0.0001 ,
AM;  |Vial® 1 Mg, */ exp
= s B AM
AM, ~ |Vi,| @My, (S3) = 002088385 — 0.0207 350 (hac) 308 (CERM).
S/ Average

E—

1.4 sigma above experiment
Experiment is 7 times more precise than theory

Assuming validity of the SM: Extraction of CKM parameter

% = 20 i Via/Vis| = 0.20887 003 [CKMfitter],  |Viq/Vis| = 0.218610 0050

L S VS. : , —0.0059
" +0.0009 Via/Vis| = 0.211 £ 0.003 [UTfit], VS. o
= 0.2043 T go10|, £0.0003|5 5, £0.0001] ;. |CKMfitter, tree]

¢

Slightly below CKMfits - slightly higher precision - 2.3 sigma below tree-level fits

Assuming validity of the SM: Independent determination of m_top

() = (15775 GeV vs. (M) = (16053) GeV, (PDG)

Very good agreement - almost comparable precision



Mass difference - CKM

King, Kirk, AL, Rauh

Within the SM we get 1911.07856
1 —|V,|2—V?2 1 — [Vo]?
VisVis = —612\/ Vo DV — Vi — (qub,
I = |‘/ub‘~ \/1 — |Vub‘2
Vis _ —C12Vep — 812\/1 — |Vaup|? — V(%Vub
t:l S12Vep — €12 \/1 = IVub|2 ‘/(%Vub
812 = Yud 5 ) C12 = 3 9 Vub — ‘Vub‘e—ZV :
1 + ue 1 + s
\/ ‘/1;?(1 \/ ud

Constraints on Vcb, Vub, gamma?
Precision????



Within the SM we get

80

75

70

= 65

60

99

50"

09/20: New LHCDb average imminent

Mass difference - CKM

King, Kirk, AL, Rauh

1911.07856
[T ' l ‘ 1 1 ]
P | o — i
B-omv incl.
—— CKMfitter (indir.)
" = UTfit (indirect)
o
% ®
L a 1
4= ©
-3 *_.GCJ ©
%5 *58'_6 *5?:)
S5 OSE B OO
>° 2358 235E&
“g|"5|||cu"(_3.50
oz lwwuw =10
OO0 =2=2=2=2FF& £
TLOX X XX |-}
| XA Q0D
| 1 L 1 | | 1 | 1 |
0 1

New single measurement: 69+-5

E——

| Vo [107°]

Vub unconstrained, upper limit on gamma?



0.7

0.6/

0.5

0.4
1<

0.3
0.2}

0.1

0.8.

~ < 66.9°

Mass difference - CKM

Upper limit on gamma?

King, Kirk, AL, Rauh
1911.07856

[50]

0.2

0.4 0.6 0.8 1.0
5

- BSM in mixing
- BSM in non-leptonic tree-level decays

Brod, AL, Tetlalmatzi-Xolocotzi 1412.1446, PRD
AL, Tetlalmatzi-Xolocotzi 1912.07621

or



Within the SM we get

v = (63.4£0.9)°

Mass difference - CKM

V| = (41.6 £ 0.7) - 10~

80_—'__ T

BJvD
=

60 8 ks o
5 3 85 2
o Y] O £
|.G:J*58%E *5@.0
55 € 1B 7 1 1 oo E 8
[ 6 - |||g>‘0-—0
__Q<I|_|_|_L|_|_=III
O 0 === =x
T L OX X X X - -
50__IIQOQIOODDD
| | ] 1 | ! |
34 36 38
-3
| Vool [1077]

B-sDlv

40

T
- =

incl.

CKMifitter (indirect) 1
: W—i E

UTfit (indirect)

50 bound

42

44
King, Kirk, AL, Rauh

1911.07856
Competitive precision for Vcb - favours inclusive value, upper limit on gamma



Mass difference - BSM

So far: Test SM and Determine CKM elements

F

= ‘o'
S

The Machine Deck: QCD:Loops,
Hadronic Matrix Elements and all that




Mass difference - BSM
Are the “Flavour Anomalies” real?

All

1D Hyp. Best fit lo/20 Pullsm | p-value
—1.19, -0.88

Coyy -1.03 [ ] 6.3 37.5%
[-1.33, —0.72]
—0.59, —0.41

COF = —CV, -0.50 [ ] 5.8 25.3%
[-0.69, —0.32]
—1.17,-0.87

Coiy = —Cor,, -1.02 [ ] 6.2 34.0%
[-1.31, —0.70]

Obviously control of theoretical and experimental uncertainties
for semi-leptonic decays mandatory (lattice, LCSR,...)

See e.g. Allanach, Davighi,
Gripaios, Lohitsiri,, Madigan,
Meville, You,..



Mass difference - BSM

[LDL, Kirk, Lenz j
1712.06572] y ]
0.08- ,’ :
I/ "’6 I’r-
0.06| [
c8 1/ : 1/
-$ ¥ Q_*\f /l
0-04’ &Q,b\” I'
7
g Q'o l/ v uged
0.02} $ pd ”, 7 (oo exd
> ', "4 szMm kz
v\?s /.
%% 2 4 & 8 10 12

Mz [TeV]

Independent determination of
non-perturbative Bs mixing inputs desirable




Mass difference - BSM

Update: use new average of non-perturbative results

0.10 prs

0.08

0.02

0.00%
0

Severe consequences for model building

L
)“2‘2

= 1

T T T T T T

T T T T T T T T LI 4| T T r 4

FLAG '13 (20 excl.)

Avg. 19 (20 excl.)

Di Luzio, Kirk, AL, Rauh
1909.11087 JHEP

0.05 Frv=

0.04§ ,im

0.01f )\t

-
-
PR

0.00=
0

FLAG '"19 (20 excl.)

-
My | TeV

| Future '25 (20 excl.)



Outlook

- Improvements possible and necessary

- HQET sum rules

 NNLO matching HQET - QCD
- Compare with QCD sum rule momentum analysis (A. Pivoraov)

o Lattice

- Independent determination of Bs and Bd: RBC-UKQCD
- Confirmation from Fermilab/MILC

> NNLO-QCD correctionsto M _12

- Brod, Gorbahn, Stamou, Yu in progress



Outline

-~ Motivation for Flavour Physics

- Understanding of QCD

- Determination of SM parameter
- CP violation

- Search for new physics

- Mass differences of neutral mesons

- Understanding of QCD
- Determination of CKM parameter
- Search for new physics

o Lifetimes and Decay rate difference

- Understanding of QCD
- Search for new physics
- CP violation



LIFETIMES

BEAUTY LIFETIMES: Precision test of HQE convergence
Test of Higher orders in the HQE
Search for invisible decay channels in Bs or Bd

DECAY RATE DIFFERENCES/SEMI-LEPTONIC CP ASYMMETRIES:
Test of quark hadron duality
Precision test of HQE convergence
BSM searches/CP violation

CHARM PHYSICS: Lifetimes = Test of convergence of HQE
Charm mixing
Implications for Delta A_CP - QCD vs. BSM



The unspoken anomaly:

B_s lifetime and decay rate difference of neutral B_s mesons

0.B75 1 -
] 2001.07115 ]
0_67():— Q ATLAS BS —> J/l/j¢ _:
0.665:— :
i i 2.0762 ]
A SM 229 anoesss
&, 0660 CMS -
a I :
0.655 - i}
- LHCD
" 1906.08356
0.650 -
0.645:'

AN AT I N T YT A N T T N Y Y N A M SN S Y Y Y Y N Y N N SO SO NN
0.06 0.07 0.08 0.09 0.10 0.11 0.12 0.13
AT, [ps™]



Heavy Quark Expansion

Shifman, Voloshin, Khoze; Bigi, Uraltsev, Vainshtein; (1983 -'92)
The total decay rate can be expanded as




Heavy Quark Expansion

Shifman, Voloshin, Khoze; Bigi, Uraltsev, Vainshtein; (1983 -'92)

The total decay rate can be expanded as

O3 Ok Og

chromomagnetic Darwin

Kinetic, chromomagnetic

Weak exchange
Weak Annihilation
Pauli intgrference




Heavy Quark Expansion

Shifman, Voloshin, Khoze; Bigi, Uraltsev, Vainshtein; (1983 -'92)

The total decay rate can be expanded as

Soft-gluon corrections
Free b-quark decay %

/ \
Os O

6

Spectator
quark not
directly
Included

Weak exchange

Weak Annihilation P SCtator
i uark
Pauli interference directly
NN Included

ZONIVZON

Spectator quark indirectly included in different values of matrix elements for different hadrons



Semi-leptonic:

Non-leptonic:

2
Fj _ F§O) 4 as(lu') F(l) + Ofs(/,L) F(2) 4.

A (47)? J

- Czarnecki, Melnikoy, v. Ritbergen, Pak, Dowling, Bonciani, Ferroglia, Biswas,

Brucherseifer, Caola; 1997 - 2013

- Alberti, Gambino, Nandi, Mannel, Pivovarov, Rosenthal; 2013 - 15
- Mannel, Pivovarov 2019

- Dassinger, Mannel, Turczyk 2006

- Mannel, Turczyk, Uraltsev 2010

- Ho-Kim, Pham, Altarelli, Petrarca, Voloshin, Bagan, Ball, Braun, Gosdzinsky,

Fiol, AL, Nierste, Ostermaier, Krinner, Rauh; 1984 - 2013

- Czarnecki, Slusarcyk, Tkachov 2005 (m_c=0, not all color structures)

- Bigi, Uraltsev, Vainshtein, Blok, Shifman 1992

- AL, Piscopo, Rusov, Mannel, Moreno, Pivovarov 2020

- Beneke, Buchalla, Greub, AL, Nieste, Franco, Lubicz, Mescia, Tarantino, Rauh

2002-13

- AL, Nierste, Gabbiani, Onishchenko, Petrov 2003-04. (123 missed citations)



B, B*

HQE - Status Quo

95 11898 o 41602 |40

T b

FB < F(;

Non-perturbative Matrix elements

<@5> - Exp. Fit from inclusive sl decays; SR: Ball, Braun, Neubert 1993-95; Lattice:
Kronfeld, Simone, JLQCD, Gambino, Melis, Simula, Fermilab-MILC 2000-17

(O¢) - Exp fit from inclusive sl decays, EOM relation to {O)

(Os) . HQET SR: Kirk, AL, Rauh: Lattice: :-(

(O7) - +(  onlyVIA

(@5) - :-( spectroscopy for ,MCZ;

(Og) - :-( EOM relation to (O)

(O¢) + HQET SR: King, AL, Rauh in progress; Lattice: :-(

<@7> - =-( onlyVIA

Even worse



Known

Lifetime ratios

New
r{ D,
Bs) _ 1+ [T(Ba) - T(B,)] 7(B.) |
7(Ba) Planned Siegen
] [(I‘éo) + [ ) (Os)z, _2<O5>BS
(s my Planned Karlisruhe

' O — (B
+ (@O 2ro . ) .

3
my,

R

~ Qg = aZ ~ O
().
Bd




Lifetime ratios

Qg
=1+ [(rg@ 4R

T

1 +[['(Bg) — T(Bs)] 7(Bs)

Known

New

Planned Siegen

(Os)8, — (Os) B,

) 2
my,

Planned Karlsruhe

& ST O . O) Y
_+_ (F(()‘().) + _F(l> _{__ ) < 6>Bd 3< { >B _{_\D#Glu/ _ _gsz ((jta/YVQ) 4a
T my -
p éf —
I 3 (fwéo) E= _Sf*él) n _;fwéz) =3 ) = 0 R ( 6};Bd‘— First lattice
I ™ By ’ | my determination
. _ « Oliver Witzel
=0) | GXsx(1) | O (2) <06>Bd —(Os)B started last
+ - ?Fﬁ + 2 - "')B m3 week!
~(0) Ol ~(1) ((7)7> B, ms corrections
+ (F + ) i |
7 % B, ( )Bs } mg to HQET SR
~ ~ First ever
dis (f(o) 4 I ) (O1)B, — (Or) 52 7(Bs) determination
B @ ¢ B. my ; with

HQET SR



BEAUTY LIFETIMES

Dim 6 matrix elements determined
HFLAV: 0.994 + 0.004 with 3loop HQET sum rules
ms corrections missing

Kirk, AL, Rauh 1711.02100

Lattice confirmation needed

.————.—! ———————————————————————————————————————————————————————————————————————
!
-
1 7(B,) /7(By)
—o—-liL o
J_|_ @ HQE: 1.0007 +0.0025
i
i
|
: P N
! 7(B ") /1(By)
! ® HFLAV: 1.076 £ 0.004
E 4 b HQE: 1.08279922
!
I : :
1.00 1.05 1.10 1.15 1.20

Lifetime ratio (B system)

T(Bs) - Fb o (SFBd

i i i = = 1 )'p, — oI B.).
Amazing cancellations in the Bs/Bd system ~(Ba) _ Tyt oTs, + (0D, B.) T(Bs)

T(B.s)/T(B(I)

SM .. HFLAV -
Credit M. Kirk
1.02
1,00 =y e
\
0.98 |
0.96
0.94: (1.0024 E 0.0041) [LHCb, 1906.08356]
0.92! @.9829 + 0.0040) [ATLAS, 2001.07115]
. @.0073 = 0.0077) [CMS PAS BPH-20-001]
0.90
2003 2005 2007 2009 2011 2013 2015 2017 2019

Year



BEAUTY LIFETIMES

News in 2020: Darwin term is large! AL, Piscopo, Rusov; Mannel, Moreno, Pivovarov

el o PE o P
I'ni(B) = T'311—-050— —044— —22.50— + ...
NL( ) & _ ) m/—j //1,‘j ) my Jq\(mr}
B —0.1023 (B™)
= I'3]1—-0.0112—-0.0071—0.0415 — 0.0029 +0.0148 (By) ]
: 124 1g Ph {9 \—\(’)—"
B\

e Similar hierarchy as in semi-leptonic decays
e 1/mb”2 is actually suppressed
e Interesting interplay between Darwin and 4-quark operator to cancel IR div.

Effect in lifetime ratio not yet clear - in progress - what about Darwin in charm lifetimes?



Decay rate difference AT,

Calculation is more difficult than mass difference - use Heavy Quark Expansion

A3 A?
lis = —zlg+—la+.
mb mb

Each term can be split up into a perturbative part and non-perturbative matrix elements

2
I, =i pe 8 By

<Od=i+3>

41 (47)?

e = m? (ba ( ) DPs*) (8P, (1 — 7°)s?)
b
1 » o
Ry = — (57D, (1 - 7°)D*s*) (5 (1 = 7°)s")
mj

Status of theory predictions known HP-QCD 1910.00970

~ I\
Qlj/A/‘S/ \Q47Q57R27R8

Obs: FgO) T 1) FgQ) <Od:6> I\EIO) Ffll) <Od=7> Z
2 - 0 | + [[10.5+ (% * *)
0 0 [ + [[104 (x**)

wA




Decay rate difference AT,

Relation to experiment q
i §R F12 — AFS Decay constants cancel
q - ’ y
M 12 AM q completely
Fq - Bag parameter cancel
Cx 12 |\ _ 4 largely
~ MCI asl
192

SM predictions

SM 2019 __ ¢ —1
AFS = (0091 i s 0013) pPs . o Good agreement
ATHFLAV2019 — (( 088 + 0.006) ps~? - Experiment about 2 times more precise
SM 2019 __ 1) . 103 ne—1 _ ]
L —Hat =i s A0S - Might solve the DO di-muon asymmetry
o . | - Experimental number needed
AF}[IFLA\/ 2019 — (_13 :': 66) . 10—3 I)S—l p — —l

0.665
o 1912.07621
) SM 17.11.02100 2007.02434

5 e CMS
- Strong test of HQE - \%
- Violation of Quark hadron duality must be small -

AT, [ps]

B, = Jly¢p




AT?M this work | ABL 2015 | LN 2011 | LN 2006

Central Value || 0.091ps™* | 0.088ps™* | 0.087ps™* | 0.096 ps~!
5(Br,) 109% | 148% | 17.2% | 167%
5(1) 6.6% 3.4% 7.8% 13.7%
5(Vy) 3.4% 1.9% 3.4% 1.9%
5(Bn,) 3.2% 21% 3.4% 3.0%
5(f5./B1) 3.1% 13.9% 135% | 34.0%
5(Bs) 2.2% 1% 1.8% 3.1%
5(2) 0.9% 1% 15% 1.9%
d(my) 0.9% 0.8% 0.1% 1.0%
5(Br.) 0.5% 0.2% 0.2% S

5(Bp,) : 0.6% 05% | —— —
5(m.) 0.3% 0.1% 1.0% 1.0%
5(By, ) 0.2% 0.7% 9% | ——-
5(ar,) 0.1% 0.1% 0.4% 0.1%
5(7) 0.1% 0.1% 0.3% 1.0%
5(Br,) 0.1% 0.5% 0.8% e
5(Vn/ Ve 0.1% 0.1% 0.2% 0.5%
(1 (my)) 0.0% 0.0% 0.0% 0.0%
S0 141% | 228% | 245% | 40.5%

Decay rate difference AT,

Thanks Matthew!

First non-pert.
Determination
HP-QCD
1910.00970

AL, 2019



Semi-leptonic CP asymmetries

Relation to experiment

F%Q AFS - Deca I

?R _ y constants cance
M4 A M completely

q12 9 - Bag parameter cancel
- 5 < F12 ) _ largely
violating! q — Ygi
M
SM predictions
s, SM 2019 -5 _
ay, = (2.06 £0.18) - 107 a AV = (60 £ 280) - 107

a$SMAS — _(4.73+0.42) - 10~ ap, AV = (—214+17) - 107

- Very sensitive to BSM effects!
- Experimental number needed




Semi-leptonic CP asymmetries

Relation to experiment

q
P F12 _ AFS - Decay constants cancel
M q A M completely
q12 9 - Bag parameter cancel
) 5 P12 _ largely
P violating! q sl
M
SM predictions »
251 68% C.L. contours
C E 20 + |
a7 M = (2.06 £0.18) - 1077 | AP+ i !
10 : Q ' ]
3 51 i ~ Standard Model _
= /
~ 0r =T

ap >N = —(4.73 £0.42) - 107

=-S5t
o) LHCb Run 1 (3/fb)
-15+ BaBar+Belle Run 1-3 (23/fb)
=20
\ DO Auu

- Very sensitive to BSM effects! _5(5) = =
- Experimental number needed T80 70 60 -50 —40 -30 20 -10 0 10 20

ad 110™



Charm Lifetimes

A/mc ~ 3A/mb - could still give some reasonable estimates!
Look in systems without GIM cancellation: D-lifetimes

1.0 1.5 2.0 2.5 3.0 3.5 4L.get|me rz?.téo ® sysst%m) 3 4’6\
A A s R s O LP
i - %, %%
i N\ | (D *)/T(DY) v,
| | » e HFLAV: 2.536 +0.019 Q
| o HQE: 2.7+974 $
I \
|
T(D+) Kirk, AL, Rauh 1711.02100
= 2.7 =1+ 1672 (0. 25 (1 —0.34) pert. NLO-QCD:
T(D ) / \ wh 1305.3588
Expansion parameter d=6 calculated with d=7 estimated
for HQE in charm = 0.3 sum rules In vacuum insertion
not a back of envelope lattice confirmation approximation
statement, but real calculations urgently needed do sum rule/lattice




Conclusion

1) Mixing/lifetime observables can be systematically ey
improved for the b sector: pert. QCD, sum rules, lattice jig8

e Determining CKM parameter
 Understanding QCD

e Indirect BSM searches e.g. bs tau tau from tau(Bs)

e CP violation

Mixing and CP violation in

2) Charm mixing not discussed
the charm system

: 201 1. xXxxxx
e More complicated ; "
i i Alexander Lenz,” and Guy Wilkinson
® Even more InterGStlng? ITheoretische Physik 1, Naturwiss. techn. Fakultit, Universitit Siegen, Siegen,
Germany, D-57068
2Deny Wilkinson Building, Keble Road, University of Oxford, Oxford, United

Kingdom, OX1 3RH

3) There is a bright future ahead in
Flavour physics - it is not all about
anomalies.....
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