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Introduction | Flavour in the SM

) Heavy Flavour Physics

NP searches

Flavour in the SM with flavour
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ion | Flavour in the SM

at is flavour?

Fermions Bosons

3 generations

Fundamental matter comes in 3 generations in the SM
(Open question: Why 37)
Flavour is the feature that distinguishes the generations
Flavour physics studies phenomenology of flavour transitions to
Determine SM parameters precisely
Search for physics beyond the SM in precision measurements

C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics



Introduction | Flavour in the SM
The SM Lagrangian: Where is the Flavour?

¢

ghes

-_; F.w FaS
+ (LB +he
T Yig g P the

W RAVE

Flavour structure of the SM determined by the Yukawa terms:
coupling of fermions to Higgs

After EWSB (put in Higgs expectation 1) for the quark fields:
uark v o< vo_
,C%uia“s,a = — Equdﬂ'dej — EULiYu,ijuRj + h.c.

Yqij. Yu,ij complex 3 X 3 matrices in generation space, not diagonal!

A C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics



Introduction | Flavour in the SM

) Mass and weak eigenstates

Mass eigenstates "™, d™ obtained by diagonalisation of Y, 4 via
unitary transformations V(, 4y(r,r) with VVT=1:

dr =Vardy  dr = Vardg ur, = Vuruy  up = Vypug

Yukawa terms in mass basis then diagonal with
My = diag(mg, ms, mp) and M, = diag(m, me, my)

uarks
[’qYukawa = \[dLle zde] \[UL@YU ijURj + h.c.
=—dy [%VdLYdVdR] d —uy’ [\%VMLYUVuR uf + h.c.
- d Md ’L’LdRZ Mu ”uR’L + h C.

C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics



Introduction | Flavour in the SM

) Mass and weak eigenstates

Mass eigenstates "™, d™ obtained by diagonalisation of Y, 4 via
unitary transformations V(, 4y(r,r) with VVT=1:

dr =Vardy  dr = Vardg ur, = Vuruy  up = Vypug

Yukawa terms in mass basis then diagonal with
My = diag(mg, ms, mp) and M, = diag(m, me, my)

uarks
[’qYukawa = \[dLle zde] \[UL@YU ijURj + h.c.
=—dp [%‘@LYdVdR] dy —uj’ [%VJLYuVuR ul + h.c.
- d Md ZZdRZ Mu ”uR’L + h C.

Yukawa terms contain 6 mass parameters from quark sector,

3 (43 for m,, # 0) from lepton sector

Spanning several orders of magnitude. Open question: Why?
e ud # a b t

| IT] SN A WU SN AR X T1 NI W N1T1 MRS W U1 S AT R ii|
1074 1072 1072 10°' 10° 10' 10% 103
mass [GeV]

C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics



Up- and down-type quarks cannot be diagonalised with same matrix
(Vaa # Vua) — net effect on flavour structure of charged current

Equarks = (uLz'YMW dr; + sz'YMW uLz)

(uLzV LVdL'VMW+d +d VdLVuL'Y w, uLJ)

&I@ &I@ &I@

(aTVerm ' Wi dy + diVson V' W ufh)

with Cabbibo-Kobayashi-Maskawa matrix Vogy = VJLVdL

C. Langenbruch (Uni Heidelberg), 01.08.2024
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Introduction | CP violation and the CKM matrix

) Charged current and CP violation

Up- and down-type quarks cannot be diagonalised with same matrix
(Vaa # Vua) — net effect on flavour structure of charged current

ﬁquarks = (uLz'}/MW dr; + sz'YMW uLz)

(uLzV LVdL'VMW+d +d VdLVuL'Y w, uLj)
(aTVerm ' Wi dy + diVson V' W ufh)

&I@ &I@ &I@

with Cabbibo-Kobayashi-Maskawa matrix Vogy = VJLVdL
Applying the CP operation (Charge and parity conjugation) results in

ks,CP 5 _ N
L™ =— % (A7 Vormigy" W uly + af Vi v Wi dT;)

[\

== (ufs Vi V' W,k dTy + diVexkwm,g' W, uf;)

[\

&&72  C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics



Introduction | CP violation and the CKM matrix

Charged current and CP violation

Up- and down-type quarks cannot be diagonalised with same matrix
(Vaa # Vua) — net effect on flavour structure of charged current

ﬁquarks = (ULZ'VMW dr; + sz'YMW uLz)

(uLzV LVdL'VMW+d +d VdLVuL'Y w, uL])
(aTVerm ' Wi dy + diVson V' W ufh)

&I@ &I@ &I@

with Cabbibo-Kobayashi-Maskawa matrix Vogy = VJLVdL
Applying the CP operation (Charge and parity conjugation) results in

Equarks Cp

cC =- (JEVCKM iYWl 4+ ur Ve ij’Y“Werm')

SF She

= (Ve YW dTy + dTVorw iy W, uly)

Invariant only if Voxm = Vg, f-e. all CKM elements are real
CP violation possible if CKM elements complex

= E E A
&&72  C. Langenbruch (Uni Heidelberg), 01.08.2024

Flavour Physics



Introduction | CP violation and the CKM matrix

) The CKM matrix

Vub = |‘/ub|e_m
Vekm = | Wy ‘ Veb Vid = |Vaale ™
Ve 1 0B Vis = [Visle ™
Vekwm product of unitary matrices — unitary itself: VCKMVCTKM =1
Complex n x n matrix: n? real parameters, n> complex phases

Unitarity cond.: n(n —1)/2 real param., n(n + 1)/2 complex phases

After removal of 5 unobservable quark phases — 4 free parameters:
3 Euler angles 614, 613,623, 1 phase §

—is
c12€13 512€13 s1ze”"
_ 1) 10
Vekm = | —s12023 — c12523513€"  c12C23 — 512523513€" 523C13
i i
512823 — C€12€23513€"°  —C12523 — $12C23513€"  C23C13

where s;; = sin6;; and ¢;; = cos 0;;

=] F = = =

DA

C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics



Introduction | CP violation and the CKM matrix

) CKM hierarchy and Wolfenstein parameterisation

Wolfenstein parameterisation uses the parameters A, A, p and 7,
with 7 responsible for imaginary entries in VCKM

S12 =X\ So3 = AN sy3eT = AN3 (p+in)

parameter A = 0.22 plays the role of an expansion parameter
Up to O(A*) the CKM matrix in the Wolfenstein param. given by

— 3N — g A AN (p — i)

Voku = -A 1— A% — 1M (1 +442) AN?
AN (1 —p—in) —AN+L1AM (1 -2(p+in) 1- 142N

Diagonal elements close to 1, off-diagonal transitions suppressed
|Vus|a |‘/cd| ~ A |‘/cb|’ |V:‘,s| ~ >\2 and |Vub|a H/td| ~ )\3-

Imaginary part relative to CKM element largest for V,;;

&&72  C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics



Introduction | CP violation and the CKM matrix

. FIavour sector in the SM

. Vas Vi ‘ Ue
Vokm = | Wy ‘ Vap, Vemns = | W @
Ve % B @ B

Majority of SM parameters in the flavour sector,
in total 13 (20 for m, # 0) of 19 (26):
6 quark masses

3 quark mixing angles, 1 mixing phase: CKM matrix
3(+3) lepton masses

(+3 lepton mixing angles, +1 mixing phase: PMNS matrix!)
Many open question:
Why these values? Hierarchical structure? Relations between mixing parameters
and masses? Relations between CKM and PMNS matrix?

SOs

If you can answer any of these: @

!Pontecorvo, Maki, Nakagawa, Sakata o« =

C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics



Introduction | CP violation and the CKM matrix

The unitarity triangle(s)

Unitarity condition VCKMV(];KM =1 results in 3 equations for the
off-diagonal elements?:

[Vad Vity + Vea Vg, + Vea Vg = 0|
VauaViss + VedVii + VigVie = 0 0 VeV

VudVib ViaVip

sum of 3 numbers can be visualized as triangle in the complex plane
one side of each triangle normalised to coincide with the real axis
VudVip | VeaVey | ViaViy
VeaVa, — VeV, VedV,
VaVi | VaVo | VaVi _
‘/CS c)lI; ‘/‘35‘/07) VCS c?)
VaudViis i VedVes n ViaVis
VeaVis — VeaVis VeV

=0 + The B unitarity triangle

=0

2Other 3 off-diagonal elements result in 3 equations which are complex conjugates.

C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics



Introduction | CP violation and the CKM matrix

) Overconstrain the B unitarity triangle

A
10.5
E
n IV Vel
. v v V.
|vudvub| I ed Cbl
VYoo
a + »
0 p Re 1
Vertices at (0,0), (1,0), (5, 7) with 5+ i1 = —(VuaV)/ (VeaVi3)

ViaVi, Vea V2, VuaV,
Angles: o = arg <— thvtf ). p = arg (_ Vtzvc*b)y 7= arg (_ Vjvu*b)
u ub tb caVep

Flavour Physics

C. Langenbruch (Uni Heidelberg), 01.08.2024



Introduction | CP violation and the CKM matrix

Overconstrain the B unitarity triangle

07
06
05

0.4

excluded area has CL > 0.95

0.3

0.2

b
0.1

o

oo Bl o U TR L N B
-0.4 -0.2 0.0 0.2 0.4 0.6

P
Vertices at (0,0), (1,0), (7,7) with 5+ i = —(VaaV)/ (VeaVi3)

ViaVi, VeaVi ViV
Angles: o = arg [ — 2L ) B = arg ( —~2dleb |, v = arg | — ~xdlub
g E\ T Vuavy, e\~ vy )0 7 s\ "V,

o

Sides from CP conserving obs. Angles from CPV observables
top left: B— nl~ 1y a: B— wm, pm, pp
top right: | B® and B mixing B: |B®— J K?
norm: B— D{™ v, v: B— DK

C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics
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Introduction | NP searches with flavour

) Direct searches for NP

clear signature in direct search for H — vy (SM)  Selection of exclusion limits from direct searches for NP

19.7 fb™ (8 TeV) + 5.1 fb (7 TeV) Overview of CMS EXO results
> x10% cms 36t 3 Tew)
g 3s5F EMS SI(S+B) weighted sum ; v
= - W § Daa =
Q3 -
2 S+8 fits (weighted sum) N
O S 8 component T
s °° = 10
E Ny, e 20 -
8 2
£z -
S 15F5.70 significance
[9)
O P
~ i =11479%
)
¥ O05F M,=12470+034GeV
)
= I I I I I I I
@ B LA B e S —
200 % JA B component sublracted
100 1
. L RANtITHRTIREE D
I { TIITU Tt TR gy
-100 - q =
A N B E R S N EE R Tk o
110 115 120 125 130 135 140 145 150 . = s
my, (GeV) Fr—— P

[EPJC 74 (2014) 3076)

Direct on-shell production of new heavy particles
Observation of new particles via their decay products
Limited by beam energy (LHC Run 2 /s = 13 TeV)
Direct searches so far did not result in signs for NP
Maybe NP is too heavy for current direct searches?

C. Langenbruch (Uni Heidelberg), 0 . Flavour Physics


http://dx.doi.org/10.1140/epjc/s10052-014-3076-z

Introduction | NP searches with flavour

I NP searches with precision flavour observables

Standard Model +New f’hysics

s M >t * b § —g - - Lo — b
a0 ' !
£ . ! ) _
£ B woowy B BY i g B
Q _ . . ~

b + < + s b —_———— SEEEE —— 35

t ¢

% b v‘ )t ? S
® \ )
© W o -
- Iz
g v, 2°
o M+

Precisely measure processes known in the SM
Detect virtual contributions of heavy NP particles
Circumvents possible limitation by beam energy

Particularly sensitive: Processes that are heavily suppressed in the SM,
e.g. B mixing and rare decays (Flavour changing neutral currents)

Complementary to direct searches, historically often preceeds direct obs.

C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics



Introduction | NP searches with flavour

) Historical example: Prediction of the ¢ quark

sin O w

2
A o + cos O sin O
myy

Decay K — p*p~ should have significant branching fraction
in three quark model (left diagram)

But experimentally®: B(K?— utp~) = (6.84 +0.11) x 1079

3Limit at the time B(K? - p*u~) < 1.5 x 107° [RMP 42 (1970) 87]

C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics


https://link.aps.org/doi/10.1103/PhysRevD.2.1285
https://link.aps.org/doi/10.1103/RevModPhys.42.87

§ oo 7 §———ten-- 1
sin O w cos B¢ w
2 2
A o + cos O sin O A ox —sin O cos O -
My My

Decay KU — u*p~ should have significant branching fraction
in three quark model (left diagram)

But experimentally®: B(K?— utp~) = (6.84 +0.11) x 107°
Prediction: Existence of c-quark, results in additional diagram (right)!

Additional diagram leads to partial cancellation through GIM
(Glashow, lliopoulos, Maiani) mechanism [PRD 7 (1970) 2]

c-quark directly observed (through .J/1) by Richter and Ting in 1974 @

3Limit at the time B(K? - p*u~) < 1.5 x 10~° [RMP 42 (1970) 87]

&&22  C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics


https://link.aps.org/doi/10.1103/PhysRevD.2.1285
https://link.aps.org/doi/10.1103/RevModPhys.42.87

21 /81

Rare decays in the SM Penguin decays

t c

b * > ¢ S S
W :

~e =" ,U/ §

77 ZO _ %

+ 5

p

_LH‘

Rare decays are so called Flavour Changing Neutral Currents

In the SM: Only allowed via quantum fluctuations (loop suppressed)

u}
8
I
i
!

DA
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http://inspirehep.net/record/120213

b * > ¢ S
\
\\ ,I
W _
- %
0
v, Z
//l/+

Supersymmetry

Rare decays are so called Flavour Changing Neutral Currents
In the SM: Only allowed via quantum fluctuations (loop suppressed)
New heavy particles can significantly contribute to rare processes

Search for deviations of observables from their SM predictions

] = = E A

&&72  C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics



23 /81

Rare decays in the SM Possible contributions from NP
t N N _

b * > y S b 4 ‘ 2

\\ /,
\\\ W ’ _ LQ
~N - /./l/ /,L+
0
Y, Z
+ S
H Leptoquarks

Rare decays are so called Flavour Changing Neutral Currents
In the SM: Only allowed via quantum fluctuations (loop suppressed)
New heavy particles can significantly contribute to rare processes

Search for deviations of observables from their SM predictions

] = = E A

A C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics



24 /81

4
b * > e S b > < > S
‘\\ ) A
\\~‘4/:’ 4 _ Z/ N +
u 7
0
Y, Z
+ —
u

New gauge bosons

Rare decays are so called Flavour Changing Neutral Currents
In the SM: Only allowed via quantum fluctuations (loop suppressed)
New heavy particles can significantly contribute to rare processes

Search for deviations of observables from their SM predictions

] = = E A

&&72  C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics



Introduction | NP searches with flavour

Observables in rare semileptonic B decays

Quarks are bound in hadrons,

u,d,s ) u,d,S  mesons (gg) and baryons (qqq)

. Many decay modes
. y allows to check consistency

b ' . § .
. wt e Different spin configurations
AR 0 w- allow complementary probes

Z7,y
wt

C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics



Introduction | NP searches with flavour

) Observables in rare semileptonic B decays

Quarks are bound in hadrons,

u,d,s , u,d,5  mesons (¢@) and baryons (gqq)
M %’ Many decay modes
N N allows to check consistency
b ' / S
. wt e Different spin configurations
AR 0 w allow complementary probes
Z7,y
N Need to account for QCD,
M affects observables differently

C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics



Introduction | NP searches with flavour

) Observables in rare semileptonic B decays

_ Quarks are bound in hadrons,

u,a, s ) U, d,5  mesons (¢@) and baryons (gqq)
M %’ Many decay modes
N y allows to check consistency
b ' / s
. wt e Different spin configurations
Te--- 0 w- allow complementary probes
Z7,y
N Need to account for QCD,
M affects observables differently

(Branching fraction measurements|

Directly affected by hadronic uncertainties

(Angular distributions|, CP asymmetries, Isospin asymmetries
Observables with reduced hadronic uncertainties (relative measurements)

(Tests of Lepton Universality|

full cancellation of hadronic uncertainties

C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics
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Introduction | NP searches with flavour

) Rare B decays in effective field theory

Full theory
b * > * s b > Q—> S
‘\ t ] Cl
\\ W // e
L - -
v, Z°
pt pt

Model-independent description in effective field theory
4G , €2
Heff = — VinVi - XZ:

Effective coupling
“Wilson coefficient”
short distance physics

Local operator with
specific Lorentz structure
long distance physics

Flavour Physics

C. Langenbruch (Uni Heidelberg), 01.08.2024



Introduction | NP searches with flavour

Rare B decays in effective field theory

Full theory Effective description
d > « > U d > Q > u
\\ GF
\\ e

|
7’

,/
SR
mtl [q)

Effective coupling Local operator with
“Wilson coefficient” specific Lorentz structure
short distance physics long distance physics

Analogous to 3-decay: Integrate out heavy degrees of freedom
— point-interaction with Fermi-coupling G

C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics




Introduction | NP searches with flavour

NP contributions and reach with indirect searches
4G
Heff = — ——

NP can contribute to different operators O; depending on its type
\/_

=

— ViVt 2200

~1/(35TeV)?

AHnp =

Anp ~ 35TeV\/k/AC

.(—[Flavour-wol coupllng]
P

NP reach not limited by /s, complementarity with direct searches
Exclusion limits for NP searches
Anp

Rare decays (AF = 1)

CKM

suppressed

NP Scenario

Tree-level generic

Direct searches

Coupling &

1
Tree-level CKM suppressed

VibVis
Loop-level generic ﬁ
Loop-level CKM suppressed
C. Langenbruch

Vi Vis
1672
K

Uni Heidelberg), 01.08.2024
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Heavy flavour experiments

Heavy Flavour Physics

Flavour in the SM

NP searches
with flavour

The experiments

Rare decays

CKM metrology
and CP violation

Flavour Physics

DA




Heavy flavour experiments 32 /81

) The experiments: ete™ machines and hadron colliders

similarly ete™:

A YBEaBARI

Low multiplicity e+e*7environment
ete” — Y(4S) — BB

Well def. initial state with known energy
Full event reconstruction possible
Inclusive reconstruction possible

e/ experimentally similar

Leading with challenging signatures
involving 7, v, 70

C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics



Heavy flavour experiments 33 /81

The experiments: e"e~ machines and hadron colliders

) 7

s ' similarly ete™:
! LD YBReARI

Belle o<

Low multiplicity e*efienvironment High multiplicity hadronic environment
ete™ — Y(4S) — BB pp — X +bb

Well def. initial state with known energy Large bb (cc) prod. cross-section

Full event reconstruction possible All b-hadrons: BY, Bt, B? B[" 18
Inclusive reconstruction possible Initial state kinematics not known

e/ experimentally similar Trigger and reconstruction challenging

Leading with challenging signatures (particularly for ATLAS/CMS)

involving 7, v, 70 Leading for charged track final states,
in particular involving u

C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics



Langenbruch

Flavour in the SM

NP searches
with flavour

07
06

05

T
Al
T Am,

Spng 21

Future prospects

<0
gl

The experiments

L
04

=

Rare decays

CKM metrology
and CP violation

Heidelberg),
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B mixing

0
B S

mixing

07 T ——— — ——
& E Am s . E
0.6 é\) ' Amd £K Spring 21 -
£ 5 3
05 g - VaVip —
- ® \ Rt — sol.w/\cos 2 < 0 —
=] ‘/cd cb (exchatCL>095)
0.4 3 —
C g 0 -
- @ 1 o -
03 [ ; —
= , o -
0.2 [ ' —
e b -
0.1 ] —
; i
oo Bl %y [ S NP o
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8

Flavour Physics



B mixing

B,y mixing

J %dT >t TVib . . VtsT >t Tth )
BY W W BO B W W BY
b b
th t td th 3 Vis

Neutral B mesons oscillate B% <+ B° via loop-level diagrams

Sensitive to size of CKM matrix elements |Vi4| and |Vs]
— determines top right side of CKM triangle

SM diagrams dominated by top-quark contributions
— gives information on top mass

C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics



B mixing

37 /81

- History: Dlscovery of BY mixing by ARGUS at DESY

Production of B°BY pairs via ete™ — T(4S5) — B°B°

Dominant semileptonic decays b— &1y, and b— ¢/~ i,
unmixed mixed
B - D®~rty, B — BY —» DM+,
BY — DWW+~ B — BY — DMty

Same-sign high momentum lepton events sign of B® «+ B mixing

ARGUS finds [PLB 192 (1087) 245]

24.8 like-sign lepton pairs (40)
4.1 reconstructed BY (B°) and additional fast £ (¢7) (30)
One fully reconstructed “golden” event

&&72  C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics



https://doi.org/10.1016/0370-2693(87)91177-4

B mixing
0
oy

Golden fully reconstructed event

Observation of B° mixing

Also set lower limit for top mass m; > 50 GeV
o
C. Langenbruch (Uni Heidelberg), 01.08.2024
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B mixing

Precision measurement of B" mixing by LHCb

Precision mixing measurement using BY — D(*)*pﬁl/ﬂ events [see backup]
Nunmix _ N(BO — D(*)—MJFV#X) (t) o< 6_th[1 =+ COS(Amdt)]
N™X = N(B® = B® — DW* 75, X)(t) o< e T4 [1 — cos(Amgt)]
Nunmix _ Nmix

t e ——
A( ) Nunmlx _I_ lex

= cos(Amgt)

Production flavour determined using flavour tagging algorithms,
exploiting B°(B°) hadronisation process

SS Pion

SS Kaon

S8 Kaon NNet
88 Proton

SS Pion BDT

Signal Decay

BO

Same Side

Opposite Side
0S Kaon

@ @ . 0S K. NNet

0S Vertex Charge 0S Muon
08 Charm 0S Electron

C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics



B mixing

Precision measurement of BY mixing by LHCb Il

t [ps]
Time-dep. asymmetry A(t), in different tagging categories (a)-(e)
Most precise measurement of B° mixing frequency [£rc 76 (2016) 412]
Amg = (505.0 + 2.15¢at. + 1.0gyst.) 1S

A C. Langenbruch (Uni Heidelberg), 01.08.2024
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https://arxiv.org/abs/1604.03475

B mixing

Precision measurement of BY mixing by LHCb

— B Dyt — BY— BY - Do — Untagged

t [ps]
BY mixing much faster than B? mixing as |Vis| ~ A2 > |V;g4| ~ A3
Bg mixing first observed CDF [PRL 97 (2006) 242003]

Most precise Amg mesurement by LHCb [Nature Phys. 18 (2022) 1]
Amg = (17.7683 £ 0.0051¢ar. = 0.0032gyt. )ps~!

SM predictions are much less precise than experiment, theory limited
o = E A

A C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics


https://arxiv.org/abs/hep-ex/0609040
https://arxiv.org/abs/2104.04421

CP violation

CP-violating B° mixing phase:

0.7

0.6 Spring 21

0.5

0s 2B < 0
CL > 0.95)

0.4

excluded area has CL > 0.95 | 7

0.3

0.2

b
0.1

0.0 P S S I SR T | I T PR S T IR T T ) R S
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CP violation

S 34 determination with B — J/i) K

~

A x e ?PD

Observables are squares of QM amplitudes AA = |A|?ei?e~® = | A|?
— Phases can only be measured through interference effects

Here phase difference ¢p;r — 2¢p = 284 with 54 = arg [—%:ﬂ
t

Time-dep. CPV in interference between mixing and decay [sce backup]

T(BO Jjp KO.)~T(BO= Wb KQt) . .
Acp(t) = FEEO:JZKo,t;—i-FEBO:J%KZ),t; = sin(Amqt) sin(254)

C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics



CP violation

) Measurement of 5; at B factories

y A
B/ec momentum

B, daughters
By Vertex rec AT

Beam spot .

— e

R
Production point " *a,

A 4

-
a, .Bmg vertex

RS

. Biag momentum
-

A%z Biag tracks, V°s

At B factories: BYBY system correlated until decay
Perform analysis dependent on At =tz — tiag:

_ I(B°—=Jpp KA -T(BY—»Jp KI,At) . .
Acp(At) = F(]§0—>J/¢K§,At)+F(BO—>J/¢K§,At) = sin(AmaqAt) sin(254)

Observation of CPV in the B system by
BaBar [PrL 87 (2001) 091801] and Belle [PRL 87 (2001) 091802

C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics
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CP violation

) Precise 3; measurements from the B-factories
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Top: BY and B tag, Bottom: AW (At) [PrD 79 (2009) 072000]
Precise legacy measurements from the B-factories

sin 284 = 0.687 £ 0.0284tat. = 0.012ys.
sin28q = 0.667 £ 0.0234¢at. = 0.012y.

C. Langenbruch (Uni Heidelberg), 01.08.2024

BaBar [PrRD 79 (2009) 072009]

Belle [PRL 108 (2012) 171802]

Flavour Physics


https://arxiv.org/abs/0902.1708
https://arxiv.org/abs/0902.1708
https://arxiv.org/abs/1201.4643

CP violation

) Most precise single 5; measurement by LHCb
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Most precise single measurement using LHCb Run 2 data

sin284 = 0.714 £ 0.015(stat) £ 0.007(syst) (LHCb-PAPER-2023-013, prelim.)

C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics



CP violation

) B mixing phase: 3; world average

07 4 0.20 T T T
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Precise legacy measurements from the B-factories
sin28g = 0.687 £ 0.0284¢at. = 0.0124y;.  BaBar [PrD 79 (2009) 072009]
sin28g = 0.667 £ 0.0234¢at. = 0.0124y¢;.  Belle [Pr 108 (2012) 171502]

Run 1+2 combination from LHCb
sin 234 = 0.723 £ 0.014(stat+syst) (LHCb-PAPER-2023-013, prelim.)

C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics
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CP violation

) B mixing phase: 3; world average
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Precise legacy measurements from the B-factories

sin28g = 0.687 £ 0.0284¢a¢. = 0.0124y;.  BaBar [PrD 79 (2009) 072009]

sin28g = 0.667 £ 0.0234¢a¢. = 0.0124y¢;.  Belle [pri 108

Run 1+2 combination from LHCb

(2012) 171802

sin 234 = 0.723 £ 0.014(stat+syst) (LHCb-PAPER-2023-013, prelim.)

Prelim. world average sin28; = 0.708 £ 0.011 (HFLAV)

C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics
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CP violation

| Global combination of CKM measurements
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CP violation

50 / 81

NP searches with CKM measurements: Tree vs. Loop

Tree-level determinations Loop-level determinations
: E i ) E E
< E N E
N N E
, 5 é 01 ’ E
o o %% Jn _
e.g. |Vus|/|Vebl, angle v e.g. Am,), sin28y
Via t Vib
- d —+———F—
/,< 7 ; E
b = o u : :
Vb p——————++—
Vi t Vid
SM contribution dominant NP contributions could be sign.
Consistency between tree- and loop-level measurements,
but still room for NP
Need to improve precision, particularly for tree-level determinations
Aim: o(y) < 1% in LHCb Upgrade Il e e == aan

C. Langenbruch (Uni Heidelberg), 01.08.2024
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NP searches with rare decays

) Heavy Flavour Physics

Flavour in the SM N_P searches
with flavour

T
B 1 o ATLAS
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Future prospects + © The experiments
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CKM metrology

Rare d
SRS and CP violation
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NP searches with rare decays

The very rare decay B?— utp~

Loop-, helicity- and CKM suppressed

Purely leptonic final state, theoretically and experimentally very clean
Precise SM prediction [PRL 112 (2014) 101801] [JHEP 10 (2019) 232

B(BY— ptp~) = (3.66 & 0.14) x 1077

B(B°— utp~) = (1.03 £0.05) x 10710

Very sensitive to new scalar sector (e.g. extended Higgs sector, SUSY)

A C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics


http://arxiv.org/abs/1311.0903
https://arxiv.org/abs/1908.07011

NP searches with rare decays

Measurements of BY.

[PRL 128 (2022) 041801] [PRD 105 (2022) 012010]

F T
3 LHCb —e— Data
401, 9t —— Totdl
L BDT 205 = Bg“‘""
2 [

— Bpuy
 Xyhuv,
B ey

rrrrr Combinatorial

IN)
o

Candidates/ ( 27.5 MeV/c?)
=
S

o

6000
My [MeVv/c?]

Recent LHCb measurement [PRL 128 (2022) 041801] [PRD 105 (2022) 012010]

B(BY— ptp~) = (3.0970:3570:13) x 1079

B(B°— ptp~) = (12708 £0.1) x 1071° (B < 2.6 x 107'° @ 95% CL)

=} 5 = = =

C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics
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https://arxiv.org/abs/2108.09284
https://arxiv.org/abs/2108.09283
https://arxiv.org/abs/2108.09284
https://arxiv.org/abs/2108.09283
https://arxiv.org/abs/2212.10311

NP searches with rare decays

“ 0
Measurements of B},
[PRL 128 (2022) 041801] [PRD 105 (2022) 012010] [PLB 842 (2023) 137955]
CMS Prefiminary V=13 TeV, L =140 fb"
T R N 4 e Daa — Fueor
% aof LHCb T I Gt Somltne ot
E L BDT 205 e e e
& 0} = 3
8 20 e g
5 ey - 3
rrrrr Combinatorial £
§ 10 [in}
S
5000 5500

54 55 56 57 58 59

6000
My [MeVv/c?] T GeV]

Recent LHCb measurement [PRL 128 (2022) 041801] [PRD 105 (2022) 012010]

B(BY— pp~) = (3.0910357017) x 1077

B(B— putp~) = (12758 £0.1) x 10710 (B < 2.6 x 1071° @ 95% CL)
New precise CMS result (full Run 2) [pLB 842 (2023) 137955)

B(BY— ™) = (3.8310756 (stat) L015 (syst) 115 (fo/ fu)) x 107°
B(B® = ptp~) = (0.375031098) x 10710 (B < 1.9 x 1071 @ 95% CL)

[m] = = =
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NP searches with rare decays

Measurements of Bf,

[PLB 842 (2023) 137955

M +0.44 CMS
BPH-21-006 e 3837, BPH-21-006 g <19
LHCb +0.48 LHCb
PRL 128 (2022) 041801 — 309744 PRL 128 (2022) 041801 D E— <26
ATLAS+CMS+LHCb +0.37
BPH-20-003+ * A 269735 Q’T‘LAS+CMS+LHCb = <19
CMs +0.72
JHEP 04 (2020) 188 ] 2.947; JCH’gIPSUA (2020) 188 = <36
ATLAS 0.8
JHEP 04 (2019) 098 | — 2877 JAHIL-$§2019) 098 s <21
SM Prediction icti
Benke ot JHEP 10 2019) 232 ‘ . ‘ 3.66 1‘0.14 iﬂxg?g‘f:‘sg"‘u ooz ™ 1.03 = 0.05
; 5 3 4 . % . e 5 T
= B —~10.
B(B, — w'u) [10 % B(B® - wtu) [107]

Recent LHCb measurement [PRL 128 (2022) 041801] [PRD 105 (2022) 012010]

B(B)— ptp™) = (3.097935757]) x 107

B(B°— ptp~) = (12708 £0.1) x 1071° (B < 2.6 x 107'° @ 95% CL)
New precise CMS result (full Run 2) [pLB 842 (2023) 137955)

B(BY— w*p~) = (3.8310756 (stat) L015 (syst) 115 (fo/ fu)) x 107°
B(B® — ptp~) = (0.375031098) x 10710 (B < 1.9 x 1071 @ 95% CL)

Overall good agreement with SM prediction _ _
= = = = DA™

C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics


https://arxiv.org/abs/2212.10311
https://arxiv.org/abs/2108.09284
https://arxiv.org/abs/2108.09283
https://arxiv.org/abs/2212.10311

NP searches with rare decays

) Branching fraction of BY — ¢u™pu~
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Afm(p)]? —

rare dominated

B of semileptonic b— syt~ decays can also be affected by NP

Central: ¢ = m(£T¢~)?2, different operators contribute depending on ¢?

At ¢% = m3/¢ important tree-level b — ccs normalisation mode B? — J/) ¢

C. Langenbruch (Uni Heidelberg), 01.08.2024

Flavour Physics


https://arxiv.org/abs/hep-ph/0412079
https://arxiv.org/abs/1503.05534
https://arxiv.org/abs/hep-ph/0611193
https://arxiv.org/abs/1006.4945
https://arxiv.org/abs/1310.3722
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NP searches with rare decays

Branching fraction of B — ¢u™pu~

1
/(s tree-level
4’/7 b — ccs
] e S ¥
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rare dominated

B of semileptonic b— syt~ decays can also be affected by NP

Central: ¢ = m(£T¢~)?2, different operators contribute depending on ¢?

At ¢> = m7,, important tree-level b — cCs normalisation mode B) — J/i) ¢
SM predictions directly affected by significant form factor uncertainties

Low q2: LCSRs (14072 (407 24070 [0 00 (00 2, High g2 Lattice [0 (419 200

o =) = E A
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NP searches with rare decays

branching fraction

x 107 [PRL 127 (2021) 151801 SM LCSR
N L~ T T T T T3 LHCb9fb T
A 14 LHCb LHCh 3fb™ [JHEP 08 (2016) 098]
3 12fF "~ SV (LCSRtLatice)|  [EPJC 75 (2015) 8]
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Recent LHCb measurement using full Run 142 sample ri 127 2021) 151801
dB(B?— ¢utu=,1.1 < ¢* < 6 GeV?/ct) = (2.88 £ 0.21) 78 GeV?/c?
Tension with SM at 3.6 0 (LCSR+Lattice) and 1.8 0 (LCSR only)

F DA
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NP searches with rare decays

/ Low B also found for other b— su™p~ decays

LHCb BY— ¢t~

[PRL 127 (2021) 151801]  LHCb BO— K*0u+y= [JHEP 11 (2016) 047]  LHCb B+ — K*+ptu= [JHEP 06 (2014) 133
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CMS B — K*0u+p~ [PLB 753 (2016) 424] LHCb B®— K%t~ [JHEP 06 (2014) 133] LHCb A — Aptp~ [JHEP 06 (2015) 115]
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Data consistently below SM predictions (particularly at low ¢?)

Tensions at 1-30 level, SM predictions exhibit sizeable had. uncertainties
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NP searches with rare decays

Low B also found for other b— su™p~ decays

LHCb B?— ¢utp~ [PRL 127 (2021) 151801]

LHCb B®— K*Op*pu~ [JHEP 11 (2016) 047]

Lattice Bt — Kt ptp~ [arXiv:2207.13371]
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Data consistently below SM predictions (particularly at low ¢?)
Tensions at 1-30 level, SM predictions exhibit sizeable had. uncertainties

Exciting recent developements on non-local corrections [JHEP 09 (2022) 133]
and new results from Lattice QCD [HPQCD, PRD 107 (2023) 1]
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NP searches with rare decays | Angular analyses of b — su™ u™ decays

ular analysis of B — K*'[—

Ko
BO 7. ya If ya 7K*O [_ (p\ \
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Decay fully described by three helicity angles = (6, 05, ¢) and ¢% = me,
1 d* (T +T) 9 13 2 2 1 2
TS YT = 3 [Z(l — F)sin” 0k + Fp, cos® 0 + (1 — F1) sin” 0k cos 26,

— Fy, cos? O cos 20p + S sin O sin® 6, cos 2¢
+ Sy sin 20k sin 20 cos ¢ + S5 sin 20k sin 6, cos ¢
+ %AFB sin? Ok cos By + Sy sin 20 sin 6y sin ¢

+ Sg sin 20 sin 260, sin ¢ + So sin? O sin? 0 sin 2¢>}

sseusjoTdwod 104

Angular observables Fi,, Apg, S; sensitive to NP contributions

Perform ratios of observables where form factors cancel at leading order
. !/ Ss S. Descotes-Genon et al.,
Example: P, = [ ]

e JHEP, 05 (2013) 137
VFL(—FL) (2013)
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NP searches with rare decays | Angular analyses of b — su™ u™ decays

0, +

ngular observable P} from BY— K*Ou*u~

[PRL 125 (2020) 011802]
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In g2 bins [4.0,6.0] and [6.0,8.0] GeV?/c* local tensions of 2.50 and 2.9 ¢
Global BY— K*%u* i~ analysis finds deviation corresponding to 3.3 ¢
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NP searches with rare decays | Angular analyses of b — s u— decays

gular observable P/ from B — K*0uTpu~

adapted from [PIPNP 120 (2021) 103885]
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In g2 bins [4.0,6.0] and [6.0,8.0] GeV?/c* local tensions of 2.50 and 2.9 ¢
Global BY— K*%u* i~ analysis finds deviation corresponding to 3.3 ¢

[LHCb, PRL 125 (2020) 011802] consistent with [Belle, PRL 118 (2017) 111801]
[ATLAS, JHEP 10 (2018) 047]

DA

C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics


https://arxiv.org/abs/2107.04822
https://arxiv.org/abs/2003.04831
https://arxiv.org/abs/1612.05014
https://cds.cern.ch/record/2899589
https://arxiv.org/abs/1805.04000

NP searches with rare decays | Angular analyses of b — su™ u™ decays 64 / 81

ngular observable P} from Bt — K**(— Kl t)u*u~

[PRL 126 (2021) 161802]
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Recent LHCb measurement using Run 142 data [PRL 126 (2021) 161802]
Global tension corresponding to 3.1 o, consistent with BY — K*Opy+pu~

Angular analysis (F1,+Apg) also by CMS [JHEP 04 (2021) 124]

u}
8
I
n
it

DA

C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics


https://arxiv.org/abs/2012.13241
https://arxiv.org/abs/2012.13241
https://arxiv.org/abs/2010.13968

maﬁ“ NP searches with rare decays | Angular analyses of b — su™ u™ decays
Yy
(o

g
e,
1

" Consistency of b— sputp~ angular analyses

[PRL 126 (2021) 161802] [JHEP 11 (2021) 043]
2 -
LHCb 9 ! flavio v20.0 . L LA L
" — BY = K"y
ar 14
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1 10f !
6
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Use flavio [arXiv:1810.08132] to determine tension with SM hypothesis

Variation of vector coupling Re(Cy) results in improved description of data

Consistent trend for BY — K*O;["u_ [PRL 125 (2020) o11802), BT — K*Tputp~
[PRL 126 (2021) 161802] and Bg—> GuT T pHEP 11 (2021) 023 angular observables

However, interpretation not clear due to significant hadronic uncertainties
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Tensions received significant attention in theory community
Possible explanations for shift in Cy
NP e.g. Z/ [Gauld et al.] [Buras et al.]

[Altmannshofer et al.] [Crivellin et al.]
Hadronic charm-loop contributions

Hiller et al.] [Biswas et al.
Leptoquarks {Buras N a\]] [[Gr\paiostel a]I |
Look for clean observables without charm-loop pollution!
— Lepton Flavour Universality tests
C. Langenbruch (Uni Heidelberg), 01.08.2024
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NP searches with rare decays | Lepton universality in b— s£T £~ decays

Lepton Flavour Universality tests in b — sf¢ decays

b t s b t s
\ \
* 7 T M 4 ]
\ ’ \ ’
\\ y \\ y
Wy - Wy N
Y [ A e
2 _ .2
q- = My,
pt et

Lepton flavour universality central property of SM
Testable using ratios of branching fractions of rare b— s¢*/~ decays:
B(B(+’O) N K(+’*O)M+M_)
R g = —
B(B+0) — K(+*0)ete—)

Exactly unity in SM, differences only through lepton mass effects
Dominant SM uncertainty: QED corrections O(1 %) [EPIC 76 (2016) 440]
Hadronic uncertainties (form-factors and cc-loop) cancel in the ratio

Flavour Physics
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NP searches with rare decays | Lepton universality in b— s ~ decays

) Analysis strategy: Double ratlo (Example: Rg)

Analysis strategy: Double ratio of rare modes BT — K¢/~ with
resonant decays Bt — KT J/)(— (T07):

Rg =

r77=1 [PRD 88 (2013) 3]

BB = KMufuT) BB~ Kt ap (=) '

B(B*T — K+) B(Bt*— K*tJ/)(— )) Jw(li)} tree-level
" 1/)'25) b — ccs
|Electron| and [Muon| reconstruction a5
very different at LHCb 1 €S wa CLY)
Efficiencies from corrected simulation ngdb;hf:cc

Double ratio cancels most experimental

systematic effects in efficiency ratios s~ —" N

rare dominated

B(BT= Kt (=ptu|) nd
B(Bt—K+Ji (—=lete ) 2
R _ BB KT p2S)(—utp)) | BBTK I (—ete))

$(28) = BBTSKT0(25)(ete) X BBFSKF I/ (o))

C. Langenbruch (Uni Heidelberg), 01.08.2024
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) Experimental challenges for electron modes at LHCb

B+ —>K+u+u B"' — Ktete™

o T T a0 T
L 3 Ry 1-q2 < R tral-
SR TEETT L e
= : R‘ S =200 ——— Signal ]
8 L Combinatorial 1 8 C?:::L)‘{:zi‘t?ia‘l‘)l‘
i 1000 [ f \ % = IF\Ea.lm;ll\ﬁ l'l:‘?etctonstructed
= r e B B Kb o)
2 os0F 1 1 =2 0
: X :
8 0 -'.:d b QO) 0 —x=mmTT P bosdoed,

5200 0400 5600 5800 5000 5500 6000

m(K* ) [MeV/ m(K*ete™) [MeV/c

[arXiv:2212.09152] [arXiv:2212.09153]

Experimental Challenges for electron modes:
Low e trigger efficiencies due to higher thresholds compared to muons

Electrons strongly emit Bremsstrahlung traversing material
Brem-+ recovery has limited efficiency and degrades mass resolution

Contribution from several background sources, bkg. modeling critical

C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics
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NP searches with rare decays | Lepton universality in b— st £~

Muon mode fits

decays

2 /
low—q central—q J/ control
ES T T T T T T o T T T T T
=400k LHCb Riclow-g* 7% R centralg? % e o-control
= -~ = # 1 ] Tuml
= /‘ s | 2 \ el 21 S
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g J 2 5000 ] ] z i [V
S ket S 0 S L . s .
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m(K ) [MeV/e?] m(K* ™) [MeV/e?] . m(Kt ) [MeV/ )
x10”
T T - T T T =
® 400 r LHCh Jdow? | Ry central-q® Ry ' ! " R Jfi-control
E g 1 %600 L g}fibgl) i'l, vl}:}:l T %6 i H—}[}gb + e /1p-control
= Signal = -~ Signal = 1
S Combinatorial s Combinatorial © ‘
Zo00F | I 1 a4
S \ = A S
P & 2200 j 1 Zof + ?
3 g = . K7 oswap
g A ) ) 2 2
0% = E B SN . v =%}
5200 5400 5600 5800 5200 5400 5600 5800 5200 54(]0 56(]0 58(]0 6000
m(K n ) [MeV/e?

m(K 7=t ) MeV/e?]

Muon mode is very clean!

m(K =) [MeV/e?]

Muon branching fraction compatible with published results

[JHEP 06 (2014) 133] [JHEP 11 (2016) 047]
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Electron mode fits

central—q . J/U control

N < T o
) LHCh i) LHCD Ry central-g? i ' " Ry J)i-control
Zeof b r* 1% et 1210} sht i 1
" ; [ = - s:m;l } = fx
2 { o 8 ‘oml :l‘::ﬂll:zl::“m o ombinatorial
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5000 5500 6000 5000 5500 G000 0 5000 5500 6000
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Brems. tails from J/i) entering rare modes constrained in sim. fit
Partially reconstructed bgk. from K*Cete~ constrained in K*e'e
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results

[arXiv:2212.09152] [arXiv:2212.09153]

14 LHCb R low-g® = 09947
9 it Ry central-g> = 0.949*9018

Rre low-¢> = 0.927109%%

Ry central-¢> = 1. OZ?f% 877

e

=16, p=0812 =02

1.2

Ri i+
—
(e
T
—e—
ot

0.8}
. ¥ Data
o6 — M

Ry low-¢> Ry central-g> Rye- low-¢° Ry~ central-¢>

Most precise test of LFU in b— s¢™¢~ transitions
Compatible with the SM at 0.2 ¢ using simple x? test
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NP searches with rare decays | Interpretation

Interpretation in global fits

20
—— By = pplo .
Rk &Rk 10,2 flavio
159 b s Lo, 20
104 =
w
< P
£s 05 R
=S Sl | N
© =
N
0.0 =
'y
e}
S
~051 —
“10 .

-20 -15 -10 -05 00 05 1.0
bspipt
Cy

b— sfT¢~ data can be interpreted using global fits of Wilson coefficients

Assuming NP only in muon-sector (Re(C5**) and Re(CY3##)) reveals
tension between b— sy~ angular and B measurements and Rk«
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Interpretation in global fits

—1od —— Bioumdo flavio ot lo
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b— sfT¢~ data can be interpreted using global fits of Wilson coefficients

Assuming NP only in muon sector (Re(C*™) and Re(CY##)) reveals
tension between b— sy~ angular and B measurements and Rk«

Can be resolved in presence of LFU NP which does not affect Rx -

Data prefers negative C3"V-, tension depends on hadronic uncertainties
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) Disentangling hadronic contributions from potential NP

" [arXiv:2304.07330]

SM charm-loop 0 : |

@b st

-05
Yaa

-10- J
I Global FitJ
b S -15° + ]
_ _ -20 - ABCDMN*23
J L N N i N . ]
d N d 0 2 4 6 8

¢

Hadronic contributions affect angular observables and branching fractions
disentangling them from NP requires work from theory and experiment

Progress on theory side:

Form-factors are systematically improved on the lattice [pro 107 (2023) 1]
Recent more precise estimation of charm-loop effect [rer 00 (2022) 133
... but still a lot of discussion, see e.g. [zrxiv2212 10516]

Experimental approaches exploiting ¢2-dependence underway:

charm-loop rises towards cc-resonances
NP ¢?-independent

C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics
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Future prospects

Heavy Flavour Physics

Flavour in the SM

NP searches
with flavour

The experiments

Rare decays

CKM metrology
C. Langenbruch

and CP violation
Uni Heidelberg), 0
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Future prospects

Outlook

LHCb Upgrade

2029 Integrated luminosity [fb~1]

DRSONDD]
LHCb ATLAS/CMS
I“l oSt 3 () Run 1 3 25

L1 2023 2026 2027 2028
.uu.nu.sm:umumnmum‘nﬁ.munu 0L [FMAY ua:m.nﬁm.nnua:m:meuma:xn:ua.nmumsmuﬁmm JASON

LHCb Upgrade Il Run 2 9 +140

2030 | 2031 2032 | 2033 2034|2035 | 2036 | 2037 038 Run 3 23 +300
AN SOl A NSORDl A S ORI FFAR A GO FHAM) Y AS ROl FA D ASORBUF A NSORB AR

i . Run 4 50 +300/year

- ; Run 5(+) 300 4300/year

‘Shutdown/Technica! stop

protons physics

Tons

Commissioning with beam

Hardware commissioning/magnet training

Measurements largely statistically dominated — requires more data

Updates with the full Run 1+2 data still ongoing
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Future prospects

Outlook

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2024
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Measurements largely statistically dominated — requires more data
Updates with the full Run 1+2 data still ongoing

Run 3 started in 2022 with upgraded LHCb detector [upgrade 0]
Unprecedented precision in the HL-LHC era following LS3 [veliow Report 7 (2019) 567]
LHCb Upgrade Il installation during LS4 % 1502 022 — 300fb~!
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Future prospects
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Measurements largely statistically dominated — requires more data
Updates with the full Run 1+2 data still ongoing

Run 3 started in 2022 with upgraded LHCb detector [upgrade 0]
Unprecedented precision in the HL-LHC era following LS3 [veliow Report 7 (2019) 567]
LHCb Upgrade Il installation during LS4 /% 170 02002 — 300 b~

Belle Il has already taken > 500fb™!, aims for 50ab™!

Belle Il will deliver important complementary results
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ture prospects

Belle Il Online luminosit; Exp: 7-33 - All runs f i
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g; 50 Future prospects [arxiv:1808.08865] [PTEP 12 (2019) 123C01]
5 .| | observable LHCb 2025 Belle Il LHCb Upgrade Il ]
T | sin264(J/0 KT) 0.011  0.005 0.003 [2s€
00 1.5° 1.0° 0.35° |__|
B(B°— utp™)/B(BY— ptu~) 34% - 10% | 260411
Ri(1 < ¢ <6GeV¥ch) 0.025 0.036 0.007
Ri-(1 < ¢* < 6GeV?/ct) 0.031  0.032 0.008

Updates with the full Run 1+2 data still ongoing

Run 3 started in 2022 with upgraded LHCb detector [upgrade 0]
Unprecedented precision in the HL-LHC era following LS3 [veliow Report 7 (2019) 567]
LHCb Upgrade Il installation during LS4 % 1502 022 — 300fb~!

Belle Il has already taken > 500fb™!, aims for 50ab™!

Belle Il will deliver important complementary results
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Future prospects

¢/ NP reach of rare decays in the LHCb Upgrade(s)

Axp exclusion limits with Ry (.
[Upgrade Il Physics case] [Physics of the HL-LHC WG 4]

> [ = Trecgoneric JLdt 3" 23T 300fb ]
=) ’Lrﬂre:],l::,z,ic Rk and R~ measurements
Z [ i LoopMFV 7(Co) 0.44 0.12 0.03
< e Abrogeneric [ ) 40 80 155
F AleeMEV [ Tev) 8 16 31
F AgppEeneric [ Tey) 3 6 12
i APMPY [TV 07 13 25
10 BY— K041~ angular analysis
F T (S;) 0.034-0.058 0.009-0.016 0.003-0.004
F a(Ch) 0.31 0.15 0.06
I ARerEeric [ Tev) 50 75 115
1= AL MEV [Ty 10 15 23
£ | i ‘2 X A}:]J;pgeneﬁc [TeV] 4 6 9
10 Integrated Luln(r)linosity [fb] A [Tev) 0.8 12 19

o(C;) from Flavio [arxiv:1810.08132] using extrap. gexp. Of current measurements

Exclusion limits for NP scale* Axp o< v/1/0(Cxp) o ¢/ [ Ldt

Precision flavour observables probe scales far beyond /s = 14 TeV

*Naive scaling: Assume identical scaling of syst. uncertainties

C. Langenbruch (Uni Heidelberg), 01.08.2024
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Conclusions

) Conclusions

Heavy flavour physics an extremely interesting field,
allows for powerful tests of the SM through precision measurements

These indirect searches for NP can reach high NP scales (up to ~ 100 TeV),
complementary to direct searches

Most measurements in excellent agreement with SM, but some tensions exist

However, tensions in B and angular observables not theoretically clean,
Progress requires synergistic work between experiment and theory!

Work ongoing to improve theory predictions
Measurements statistically limited, updates ongoing

LHC Run 3 just started, will allow for unprecedentsg
reach with brand new LHCb detector

Belle 2 will provide important additional
and complementary information

=1
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Backup

The LHC as heavy flavour factory

bb produced in forward/backward dir. — Forward spectrometer 2 < 7 < 5

Large bb (cc) production cross-sections Vs =TTeV /s = 13TeV
allows precision measurements of rare decays o3~ [mb] 75.3 £14.1 135.8 £ 14.1

_ _ a2 ub 1419 + 134 2940 + 241
Run 1: 3fb~", Run 2: 6fb~! Refs[ e
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Backup

e LHCb detect

Tracking system: IT and OT

Dipole magnet: 4 Tm

Vertex detector

el

Typical b-hadron signature

Tracking system: TT

Excellent impact parameter resolution ~ 20 pm
— ldentify secondary vertices from heavy flavour decays

Momentum resolution % ~ 0.5 — 1% — Low combinatorial background

C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics



Backup

e LHCb detector: Particle identification

RICH2 detector

calorimetry jgua muon system

RICH1 detector

Good K separation through RICH detectors: €x i ~ 95%, €x_sx ~ 5%
Excellent muon identification: €,_,,, ~ 97%, €x—, ~ 1 — 3%

— Reject backgrounds from misidentified B decays (peaking backgrounds)

C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics



Backup

The LHCb detector: Flexible trigger system

LHCb Run 2 trlgger

sing rate

.

LO Hardware Trigger : 1 MHz
readout, high Er/Pr signatures

450 kHz 400 kHz 150 kHz
h* H/pu e/y

Software High Level Trigger

Partial event reconstruction, select
displaced tracks/vertices and dimuons

Buffer events to disk, perform online
detector calibration and alignment

Full offline-like event selection, mixture
of inclusive and exclusive triggers

12.5 kHz (0.6 GB/s) to storage

Low trigger thresholds (pr(u) > 1.76 GeV/c in 2012) and high efficiencies:

trig trig
€505 upx ~ 90%, €paq. ~ 30%

Run 2: Full online detector calibration and alignment

LHCb Upgrade: LO (hardware) replaced, full software trigger

C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics



Backup

¢ Experimental challenge: 1. Electron trigger

MUON MUON
HCAL ~ HCAL

Trigger signatures for muon and electron modes very different

Lower LO pr thresholds for muons (1.5-1.8 GeV/c) compared to
electrons (2.5-3.0 GeV) — challenging for ete™ modes

Combine exclusive trigger categories to improve € for electron modes:

Trigger on rest of event (independent of signal)
Trigger on e/u from signal

=} 5 = = =
C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics
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r o~ 140 MeV
o o ~ 40 MeV

ion|from TT

ijon

0.0
4.6 4.8 5.0 5.2 5.4 5.6

m(Krel) [GeV/c?]

Correct electron momentum by adding matching photons (Et > 75 MeV/c?)
reconstructed in the ECAL

Bremsstrahlung recovery ~ 50% efficient, well simulated

Bremsstrahlung reconstruction impacts momentum resolution
— higher background pollution and more sensitive to bkg. modeling

C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics
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Experimental challenge: 3. Background suppression

T T T T T ]
i
0161 ; B o K*eter bl
LHCb ! ~=== Cut low-¢* 1
O14E Simulation | -==- Cut central-g* P
| [ low-g? signal ]
L, 0121 i [0 central-¢® signal 5
= ' [0 low-¢ background
S 0.10F i 3 central-¢® background 2
i ]
gz i 1
E 00sF ; ]
= ! 1
Z 006F 3 i
! -
0.04 5
0.02

0.00
1000 1500 5000 5500 6000
Meon(Ke’e) [MeV/e?]

Combinatorial backgrounds: suppressed using multivariate classifier using
kinematic and vertex quality information

Partially reconstructed: MVA using track/vertex isolation
Corrected mass exploiting PV/SV
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) Experimental challenge: 3. Background suppression

120 T T T T T T T
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5 X > 16 oot T LHCbH
95.2% 99.3% 9 3.6% 85.2% N .
100 - ! - > Simulation
< soF — 1 0 BY = K'eter
= N B B o (D)o K'no)ety,
& " 3 B — (D — K'en)r*
£ 60 1 = 3 B — (D' = K'en)e'y,
£ 5 107 Semileptonic veto E|
= 40F -entral-q2 1 o
LHChH " S.(Lnln\].q. - g L —
oof  Simulation 1gna ‘\ﬂ"('“"";‘ ] B= i L
-+ Background rejection 2 = L
1 1 1 " 1 " 1 < 10~ al 4
e < < LL
o A9 o §*[ \,\‘z
x& EY ¢ A A
- <~ \f <0 « &
o [
S N s —|1
N Ny N N N L .
« e Py o~ &) \&\’ 1000 2000 3000 4000 5000
° o ]\’ < m(K*te) [MeV/c]
X 2
%

Combinatorial backgrounds: suppressed using multivariate classifier using
kinematic and vertex quality information

Partially reconstructed: MVA using track/vertex isolation
Corrected mass exploiting PV/SV

Specific backgrounds: vetos combining PID and kinematic criteria
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Difference to previous Ry analysis

[Nature Phys. 18 (2022) 277] JarXiv:2212.00152] arXiv:2212.09153)
~— 240 &0
Ng 220 LHCb = Ry central- q
3 i —— Data9 fb* = Data ]
= — Total fit =200 =T dotal 5
S 1608 PiNghi d B~ K'e'e” o Combinatorial
= BB - Jy(E'e)K < I Misidentification 1
] B Part. Reco. g}/ B Potially Reconstructed
= Combinatorial 100 W 57— KTy eten)
5 2
3 2 .
O (k== -
o 5000 5500 6000
m(K ‘e'e”) [MeV/cY] m(K*tete™) [MeV/c?
_ +0.0424-0.013 _ +0.0424-0.022
Ry = 0.84675035 0012 - Ry = 0.94975 041 "0.022
[Nature Phys. 18 (2022) 277] [arXiv:2212.09152] [arXiv:2212.09153]

Different selection allows for statistical scatter of £0.033
Shift of ~ 0.1 due to pollution by residual misidentified backgrounds
present and not accounted for in [Nature Phys. 18 (2022) 277]

Tighter particle identification cuts: Shift of +0.064
Explicit inclusion of residual misid. backgrounds: Shift of +0.038

C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics


https://arxiv.org/abs/2212.09152
https://arxiv.org/abs/2212.09153
http://arxiv.org/abs/2103.11769
http://arxiv.org/abs/2103.11769
https://arxiv.org/abs/2212.09152
https://arxiv.org/abs/2212.09153
http://arxiv.org/abs/2103.11769

[PRD 107 (2023) 1] with [arXiv:2212.09152]
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Scaling R i~ with measured muon B yields [JHEP 06 (2014) 133)

dB(Bt — Ktete™)/dg* = (25.5713 4 1.1) x 1072 GeV 2

Electron B consistent with muons, also below SM prediction
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Terms in the SM Lagrangian

W g g

The SM Lagrangian: 14 9 g

1 _
L=— ZF,WFW + PPV + 1 Yijhid +hec. + |Dug* — V(9)
N , Y~ —— —_—

selfint. kinetic Yukawa Higgs

Self-interaction /kinetic term for the gauge bosons
(electroweak gauge bosons, gluons)
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The SM Lagrangian: (0 (0

1 _
L=— ZF,WFW + PPV + 1 Yijhid +hec. + |Dug* — V(9)
N , Y~ —— —_—

selfint. kinetic Yukawa Higgs

Self-interaction /kinetic term for the gauge bosons
(electroweak gauge bosons, gluons)

Kinetic term for the fermions, interactions with the gauge bosons
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The SM Lagrangian: (0

1 _
L=— JFuF" + DY+ Y6 +hec. + |Duo|* — V(9)
S~ N—— N———

selfint. kinetic Yukawa Higgs

Self-interaction /kinetic term for the gauge bosons
(electroweak gauge bosons, gluons)

Kinetic term for the fermions, interactions with the gauge bosons
Yukawa-term: Couplings of the fermions to the Higgs
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The SM Lagrangian: w H-

1 _
L=— ZF,WFW + PPV + 1 Yijhid +hec. + |Dug* — V(9)
N , Y~ —— —_—

selfint. kinetic Yukawa Higgs

Self-interaction /kinetic term for the gauge bosons
(electroweak gauge bosons, gluons)

Kinetic term for the fermions, interactions with the gauge bosons
Yukawa-term: Couplings of the fermions to the Higgs
Higgs potential and self coupling
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Backup

) The particle content

Fermions
Quarks qg T T3 Y
. U c t —i—% 1 +% +%
i dj, 5 /L b/ ~3 2 =3 +§
UR; UR CR tR +§ 0 0 +§
dRi dR SR bR -3 0 0 -3
Leptons q T 1Tj
17 v v 0 +1 -1
o (), (), (7), 4 oo
L V) L 2
€eRi eRr UR R -1 0 0 -2
q el. charge
T weak isospin, T3 third component
Y weak hypercharge, Y = 2(q — T3)
=] = = = E DA
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n detail: the kinetic term

£SM = £kinetic + EHiggs + LYukawa

3
Lpens — Z iqril qri + iR P uri + idriPgdr; with (1)
=1
Dy = 0y +igs TGS + ig37* W +ig' 5Y By,
Dy = 0y +igs T°GS, +igiVY B,
Dy = 0y +igsT* G}, +ig'3Y By, (2)

Dy, cov. derivatives arising from invariance under local gauge trans.®

T generators of SU(3¢), 3 x 3 Gell-Mann matrices
7% generators of SU(2),, Pauli matrices

=(1e) #(07) (G 4) @

couplings to gauge bosons flavour-universal and flavour-diagonal

5 .
Reminder: ), = " Dqu o> T = = = 9Dace
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For completeness: the kinetic term for leptons

3
1 - .
Lo = il Dyl + iegi P er; with
=1
Dy = +ig5T Wi +ig'3Y B,
Dy = Oy

+ig' LY B,.

Analogous to the kinetic term for quarks

No coupling to gluons
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Backup

For completeness: Higgs term

Higgs potential

ACHiggs = NZQSTQS - )‘(¢T¢)2

(6)
with A > 0 for vacuum stability and ;2 > 0 to achieve non-zero
vacuum expectation value (¢) = (0,v/v/2)

Gauge bosons acquire mass through the cov. derivatives

cHiggs

kinetic — (Dud))T (Du¢) . (7)
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Backup

&) Central for Flavour Physics: Yukawa couplings

Couplings of quarks to Higgs central to flavour physics

3
ki _ 7 _
Lo = Z —qLiYu,ijour; — qriYaij¢drj + h.c., (8)
ij=1
Yu,ij and Yy ;; a priori arbitrary complex 3 x 3 Yukawa matrices

Yukawa interactions can be expressed in different bases:
mass basis, where the Yukawa interactions are diagonal
interaction basis (as in Eq. 33), where the W interactions are diagonal

Rotation between these two bases — CKM matrix
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Replace Higgs field with exp. value (note b = ir2e, (q@) = (v/V/2,0))

3
k _ v _
Lo = Z —qriYuij®urj — qriYaij¢drj + h.c.,
ij—1
3 —_
= Z _sz‘Md,idej — ﬂLiMuyijuRj + h.c. (9)
ij—1

v v
75 Yais and Mui; = ==Y

V2 V2

Diagonalise the mass matrices using unitary matrices Vyz, and Vg
(VuL and VuR)

with the mass matrices My ;; =

m m
M v M= | MIE VM V= [
d = Var"dVdRr = ms 5 % = VuruVur = Me .
my mg

(10)
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ukawa interactions in the mass basis I

Diagonalisation results in mass eigenstates (superscript m)

Mass eigenstates are connected to the interaction eigenstates via
dri = Vari;dr); dri = Var.ijdg;

Ur; = VuL,iju’,{? UR; = VuR,ijuTﬁja (11)

In the mass basis the Yukawa interactions become diagonal

3

quarks m diag ym _
Ly = Z _dLiMd,iz‘ dp; —u
i=1

m diag m
LiM, ;i uR; + h.

(12)
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Backup

V* interactions in the mass basis

W+ interactions in Eq. 33 in the interaction basis
Writing the term instead in the mass basis results in

3
K .
LS = ZZQLH“ZQ% [T W+ W] g

i=1
3
. . dr; —idr;
=Y imwortio} [W; (o )z ()]
i=1 Li Li
p 3
= 7= H’MW sz - sz’Y W ULq
g : -
=5 2o U VingVang WA = dEV]L Van g W
2 i,5,k=1 —_—
VokwM, ik
(13)
where Wf = \/Li (W,} F zWi) was used
= =, «=» T 9ac
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Backup

The CKM matrix

CKM (Cabibbo Kobayashi Maskawa) matrix is defined as

Vokmik = VJL,ideL,jk (14)

The CKM matrix describes the misalignment of the left-handed up-
and down-type mass eigenstates

The off-diagonal elements result in flavour violating transitions
between the different generation in the charged weak interaction

The CKM matrix elements are denoted as

Vud Vus Vub
Vekm = | Vea Vs Va (15)
Vie Vis Vi

CKM element V,; gives coupling strength of the b to the u-quark
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CKM matrix is a product of unitary matrices, therefore unitary itself

Unitarity condition

VCKMVCTKM =1 (16)

General complex n x n matrices can be described by n? real
parameters and n? complex phases

Unitarity condition reduces the number of free parameters to
n(n —1)/2 real parameters, n(n + 1)/2 phases

n = 3: 3 real parameters, 6 phases

For the CKM matrix, 5 of the phases can be absorbed as unphysical
(unobservable) quark phases

In total, the CKM matrix is therefore given by
3 real parameters and 1 complex phase

u}
8
I
i
!

DA
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Backup

o The CKM matrix: PDG parameterisation

Standard PDG parameterisation with
three (real) Euler angles 612, 623, 613 and one complex phase §

1 0 0 C13 0 813€_i6 clo Ss12 0
Vekm = | 0 co3  s23 0 1 0 —s12 c12 0
0 —S823 (€23 —513€itS 0 C13 0 0 1
€12€13 $12€13 s13e” %
= | —si2c03 — c1283513¢”  cioc03 — 125235136 sazcis
$12823 — C12C23513€0  —C12803 — S12C23513€™  Cosers

(17)

where Sij = sin Gij and Cjj = COS Gij
Experimentally, it is known that the CKM matrix is hierarchichal with
s12 K 823 K s13 < 1 (18)

PDG parameterisation is exact, but hierarchical nature more clear in
Wolfenstein parameterisation
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Backup

The CKM matrix: Wolfenstein parameterisation

Wolfenstein parameterisation uses the parameters A, A, p and 7,
with 7 responsible for imaginary entries in Voxwum

S12 = A (19)
323 = AN? (20)
8136 A)\3 (p + ’L?]) (21)

parameter A = 0.22 plays the role of an expansion parameter
Up to O(A\*) the CKM matrix in the Wolfenstein param. given by

1—4a2— 4 A AN (p —in)
Veku = -A 1— A% — 1A (14 442) AN? (22)
AN (1—p—in) —AN+3AM (1 -2(p+in) 1- 342N

Diagonal elements close to 1, off-diagonal transitions suppressed
Vsl [Veal ~ A, [Vl [Vis] ~ A% and [Vip], [Via] ~ A3
Imaginary part relative to CKM element largest for V,;
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Backup

Symmetries

Symmetries play a central role in physics, instructive to study SM
Lagrangian under the discrete transformations C, P and T.

Parity (space inversal) : P oap(r,t) = y0%(—r,t) (23)
Charge conjugation : C: o —i(py"y?)T (24)
Time reversal : T: ¥(r,t) = yY39(r, —t) (25)

P transforms left-handed fermions to right-handed fermions
C transforms left-handed quarks to right-handed antiquarks

Lagrangian not invariant under C and P (left-handed and
right-handed fields with different representations in the SM)

combined CP operation central for Flavour Physics
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Backup

) CP operation on Lagrangian

Apply CP operation on Eq. 13

3
quarks 9 —m .. + gm Tm oy, T -, m
LW* - E Z _uLiVCKM,zj'YHW# dLj - LiVCKM’ij’Y‘LW,u Up;
,j=1
g 3
— 7m + gm Jm ys* - m
- % Z _“LiVCKM,iﬂ”WH drj — LjVCKM,iﬂ”WM Ur;
i,j=1
cp g >
e m -, m —m /¥ + m
- NG Z —dp;Vorm,ii V"' W, ury — afi Ve, YW, dr;

g _ * 7 _
T2 Z —ug; VoV Wi diy — diVoxkwi V" Wy ug;. (26)
ij=1

Invariant under the CP transformation only if Viy = Vg
i.e. all CKM matrix elements are real.

CP-violation has been experimentally established in the K, D, B systems

Any local lorentz-invariant QFT conserves CPT
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112 / 81

measure for CP violation: The Jarlskog invariant

Any non-trivial phase § leads to CP violation
Phase § is not convention independent as quarks can be rephased

A convention-independent measure of CP-violation is given by the
Jarlskog-invariant, defined by

m (‘/ijvkl lvkj =J Z €ikm€jln (27)
& T = Im (Vi Vi V5 V)
= 512C13593C13513 Sin dciacay &~ AZX0n  (28)

Experimentally J = (3.18 4 0.15) x 10~°
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Backup

CKM element magnitudes: |Vq4|

u > u
n d > d P
d > « > U
Vud . _
\\ E
A Y
vy

|Viual is determined most precisely in nuclear  decays
The current world average is |V,,q| = 0.97420 + 0.00021

u}
8
I
n
it

DA
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Backup

CKM element magnitudes: |V

S
Y
U

K° _ _ T
S < TN < U
A Y
us . /t
A Y
Vy

|Vius| is determined in (semi)leptonic kaon decays
A combined average yields |V,,s| = 0.2243 £ 0.0005

=} 5 = = =
C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics
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BO - _ T
b < U
Vub ‘s £+
A Y
Vy

|Vup| can be determined in exclusive or inclusive decays of B mesons
to light mesons®
Some tension between inclusive/exclusive determination (= 3 o)

Average yields |Vy| = (3.94 4 0.36) x 1073

SInclusive here means to include all b — ufv decays, exclusive refers to the analysis
of specific decay modes like B® — 7~ ¢+, O I = = T wace
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Backup

CKM element magnitudes: |V,

V/as
D+ ........

Ve

|V.q| is determined in (semi)leptonic decays of charmed D mesons

Current world average from direct measurements is
|Veq| = 0.218 4 0.004.
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Backup

CKM element magnitudes: |V

£+

Ve

|Ves| is extracted from semileptonic decays of D mesons to
mesons and leptonic decays of DI mesons

strange
Average yields V5| = 0.997 £ 0.017.
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“"W% Backup

CKM element magnitudes: |V

\
o d > d .
p ——————— c
.~
cb \\ K‘i‘
N
Uy

|Vep| can be determined using exclusive or inclusive decays of B
mesons to charm mesons’

Combination yields | V| = (42.2 4+ 0.8) x 1073

"Inclusive here means to include all b — cfv decays, whereas exclusive refers to the
analysis of specific decay modes like B® — D¢~ v, O I = = T wace
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Via X Vib

d 4 T ) 4 b
BY B
b—A—————+—d
Vib ¢ Vi

|Via| is determined in BY mixing
World average |Vig| = (8.1 4 0.5) x 1073.

u}
8
I
n
it

DA
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‘/ts \t ‘/tb

v T
0 X ' R0
By : : By
b ——% < —~— 5
Vi t Vi
|Vis| is determined in BY mixing
World average |Vis| = (39.4 4+2.3) x 1073
o = = = T 9Dan
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Backup

CKM element |Vj|

D'

A~

|Vip| can be determined from the single-top production cross-section
World average Vy, = 1.019 4+ 0.025
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Backup

esulting CKM matrix from direct measurements

0.97420 £ 0.00021  0.2243 £ 0.0005 0.00394 £ 0.00036
|Verum| = 0.218 £ 0.004 0.997 £ 0.017 0.0422 £ 0.0008
0.0081 +£0.0005  0.0394 £ 0.0023 1.019 £ 0.025

(29)

Shows hierarchical nature of CKM elements

Note that the CKM matrix in SM determined by only 4 parameters
PDG convention: 3 Euler angles, 1 complex phase
Wolfenstein param.: A, A, p, n

Assuming unitarity, CKM elements can be determined more precisely
in a global fit (later)
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Backup

Phases of CKM matrix elements |

Information on phases of CKM elements is obtained from measuring
CP violating quantitites

Will discuss these measurements in detail later,

here mostly for completeness

e quantifies CP violation in K° <+ K-mixing,
ie. P(K° — KY) # P(K° — KY)
le| = (2.228 £0.011) x 1073

¢ describes CP violation _in deca_y,
ie. P(KY — f) # P(K° — f))
Re(€e'/e) = (1.67 £0.23) x 1073

angle appears in B < BY mixing
flagship measurement of B-factories (using B — J/ip K9),
discovery mode for CPV in the B sector
world average sin25 = 0.691 +£0.017 .. . . -

DA
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Phases of CKM matrix elements Il

angle v can be determined in tree-level B* — DK™ decays
world average v = (73.51“;:%)O

angle 85 appears in BY <+ BY mixing
time-dependent angular analysis of BY — J/i) ¢ decays
world average —23, = (—0.021 £ 0.031) rad

angle o appears in B? < BY mixing
from time-dependent b — wud decays (B — 7r)
world average a = (84.5729)°

u}
8
I
n
it

DA
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Backup

) Global fits of CKM parameters

Global fits [CKMfitter] [UTfit] of all experimental inputs allow to determine
the four CKM parameters assuming CKM unitarity

For Wolfenstein parameterisation
A = 0.22453 + 0.00044 A =0.836£0.015
p=0.12275:5:7 7= 035510011 (30)
Resulting magnitudes of the CKM matrix elements determined to be

0.97446 + 0.00010 0.22452 +0.00044  0.00365 £ 0.00012

[Vexm| = [ 0.22438 +0.00044  0.9735919:00019  0.04214 + 0.00076
0.0089675-0902%  0.04133 + 0.00074  0.999105 + 0.000032
(31)

Compare direct measurements

0.97420 £ 0.00021  0.2243 £ 0.0005 0.00394 +£ 0.00036
[Verm| = 0.218 £ 0.004 0.997 £ 0.017 0.0422 £ 0.0008
0.0081 £ 0.0005  0.0394 £ 0.0023 1.019 £ 0.025
(32)
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Backup

Resulting CKM triangles: B° triangle

126 /
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¥

1.5\\\\\\\\\xwx&xwxllwwww
[~ | excluded area has CL > 0.95 |

o
Q0
>
3
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sol. w/ cos2B<0
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S
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Backup 127 / 81

Resulting CKM triangles: B triangle

0-1 0 T T T * T T T T T T T T
= \\%\ € ' excluded area has CL > 0.95 | _|
5 K oY

0.05

)
£ 0.00

-0.05
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Mixing and Flavour Changing Neutral Currents

& Flavour Changing Neutral Currents

Flavour Changing Neutral currents (quark which undergoes transition
to a different quark of same charge) central for Flavour Physics
Return to the kinetic term for quarks in the SM

ACSM = Ekinetic + »CHiggs + EYukawa,

3
Lk — Z iqril qri + iR P uri + idriPgdr; with  (33)
i—1
Dy = 0y +igs TGl + igsT Wi+ ig'sY B,
U# — 8u + ’LgSTGGZ —+ zg'lYB
Day, = 0 +igs TGS, +ig'iY B,, (34)

Neutral current interactions

Lz, = Z —q” (937 W3 + ¢SV By) qui — irin™g'5Y Buugi — driv"g' 5Y Budg
P

(35)
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Mixing and Flavour Changing Neutral Currents 129 /

) Flavour Changing tral Currents Il

Lz, = Z — " (937 W2 + ¢'3Y By) qui — triy"g'3Y Buugs — drivg'3Y Budp
=2~ WLV (95Wil+ o' 3Y B) Varus — iVl (—g3 Wil +9'3Y B) Vand;
— @B VIt Y B Vgl — A Vit g NY B Vagdy,
where we put in the mass eigenstates and

Ez,py—zfuu'y (9251n9W+g Ycos@w) Ay — apiy” (gzcosew g Ysm@w)ZOuL,

—dpAt ( g2sm9w+g YCOSHW)A dys — dpfiyt ( g2cosé'w g Ysm9W)Z0

g
— WhA g TV cos Ow Auull; + Wty 2Ysmt?WZ ug;
—dEA"g §Y cos Ow A, dp; + diy; 7”g 5Y sin GWZO

where we replaced B, Wg’ by A, Z,

A\ cos By sin Oy B, . B, \ [ cosby —sinfw A,
ZB —\ —sinfw cosbw WS WS ~\ sinfw  cosfw Z,
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Mixing and Flavour Changing Neutral Currents

& Flavour Changing Neutral Currents Il

Finally remember for Weinberg angle 6y gsinfy = ¢’ cosOy = e

['Z,’y = Z - (+%6 uLzﬂy'uAlluLz

)

e) T Audr; —
)
)

_1
3
2
(+ 3¢ UR{Y A#U’Rz
_1
3

& de ILA dR’L_

g 1 2.2 =m _ pr70, m
cos by (+2 3 S HW) Uy Zp,uLz

1 1 3.2 m 0 gm
cos@w ( 3 T 3sm QW) dLiPYHZu Li
2 — 0
sin QW) Uy Z, g,

2
COSQW( 3
% sin 9W) dRz’Y Z0

cos Oy (

Interaction moderated by A, /Z, flavour diagonal

Photon A,, couples to el. charge

Coupling strength of Z,, proportional to T35 — gsin® Oy

No Flavour Changing Neutral Currents at tree-level in the SM

— Only allowed at loop-level

Important example: Neutral meson mixing

C. Langenbruch (Uni Heidelberg), 01.08.2024
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Vi ¢ Vip

d 4 : ) 1 4 b
0 : 0
B ) i ! ) B
b —% < —~—d
Vip 13 td
\V;fs \t Vib
8 4 L 4 ) 4 b
0 : ' R0
B : B;
y) y) i yi ey
b % \t_ ‘/_\>|< S
tb ts

Only allowed at loop-level as FCNCs are forbidden at tree-level

Above examples are for BY + B” and BY «> BY mixing
Principle the same for K° <+ K and D <+ D° (details differ)

We will derive the general case (M° « m mixing)
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Neutral meson mixing

) Decay Amplitudes and Definitions

General decay amplitudes for a meson® M and CP-conjugate M to the final
state f and CP-conjugate f

Ag = (fIH|M)
Ap = (fIH|M)
Ap = (fIH|M)
A = (FIHIM) (36)

with interaction Hamiltonian H
For neutral mesons we define

CP|M°) = —[31")

CP|I") = —| M) (37)
where an arbitrary non-physical phase factor has been omitted.

If the final state is a CP-eigenstate we have (n; CP-eigenvalue)

CPIf) = ny1f)

CP[f) = nslf), (38)

8charged or neutral
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Neutral meson mixing

Phenomenological Schrodinger equation

Time development for flavour eigenstates M and m° given by
phenomenological Schrodinger equation

o [ |M°) ( ; ) | M)
= | =0 = M—35 —0
t\ M) |M”)
_ ( My — 4T Mg — 4T ) |%2> (39)
Moy — 5T21 Mag — 5192 [M")
with hermitean matrices M and T' (Ma; = M7, T'a1 =T75,),

off-diagonal elements responsible for mixing
From CPT invariance we have I'y; =IT'99 =T and M1 = Moy = M

e M—5T M — 35l |M7)
z_<‘M>> (M12 ZFTz M—%F )(| >> (40)

[m] [l = =

DA
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Neutral meson mixing

Diagonalisation |

Diagonalisation of the Hamiltonian results in mass eigenstates
=0
|ML) = p|M°) +q|M")
=0
| M) = p|M®) — q|M")

(41)
with [p|? + |q|?> = 1, My (Mpy) light (heavy) mass eigenstate
Mass eigenstates develop in time according to

. N
| My () = e mete™ 2 M)
My (1)) = e~ mte 3 My

(42)
With Eq. 41 eigenvectors of Hamiltonian are (p, )" and (p, —¢q

)T
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Neutral meson mixing

Diagonalisation I

Hamiltonian can be diagonalised by matrix V' with eigenvectors as
columns, i.e.

(mL—%FL 0 ):V_l( M—%F M12—5F12>V
FH %

0 myg =3 My — 5T, M-
(43)
_ (P P -1_ 1 —q P\ _ 1 q p
V_(q —Q> and ¥ __%(—q p>_%<q —p)
The time development for M° and M is given by®
1
[MO(t)) = — [|ML(t)) + [ Mg(t))]
2p
0 1
|M () = % [[ML(t)) — [Mu(t))]. (44)
°From Ansatz Eq. 41 O I = = = 9ac
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Neutral meson mixing

) Time development for M° and 7"

Inserting the time-development of |Mp) and | M) we find

1
|MO(1)) = % ([ML(t)) + [Mp(t))]
_ 1 (efimLt F + e zmHt ) |MO> 2p (efimLtefFTLt _ e*imHte—FTHt) |M0>

= g4 (8)|M°) + gg,(t)m

[\

32 (0) = o [M2(0)) ~ 1M (1)
_ 2% (efimLtefrTLt _ efimHtefrTHt) 1M0) + % (efimLtef%t _'_efimHtefFTHt) )
= Lo (OIM) + g, ()131°) (45)
with
g+(t) = % ( _"”Lte_FTLt + e_imHte_FTHt) (46)
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Neutral meson mixing

Time development for M° and M

The following expressions are useful for transition probabilities:

g:l:(t) — % <e—imLt6—r7Lt + e—imHte—FTHt)
1 AT
g+ () = ie_rt (+ cosh 71& + cos Amt)
1 AT
g+(t)g=(t) = 56_” (— sinh -t isin Amt) : (47)
where we used the definitions
T T
r= % AT =T, Ty
M= w Am =mpg —my,. (48)

We then have for the transition probabilities
=0
[(MOIMO(2))]? = |9+ (8)(MP°|M®) + 29 ()(M°[M7)[* = g4 (t)|?
=0 =0 0,570
[(M|MO(2))? = |g+ (6)(M|M®) + g ()(M"[M)]* = |2?|g—(t)|?
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Neutral meson mixing

) Resulting transition probabilities in the B system

0k — AN
osfh, [ |<BUBA0>F=lg/pfle (0

4
o

— [<BIBY0>P=k, F
"""" [<B1B°0)>F=lapFls 0)F]

Probability

Probability

4
%

S o o o © o
L O S VN - S |
AT RAAR AR LA RAR RN LAY RARRN LAY KAL)

o

B T R e S e e
1 2 3 4 5 6

£ [ps] ¢ [ps]

=

Using the experimental world averages
T(BO) =1.52ps, ATy =0, Amg = 0.5064ps_1 and
7(BY) = 1.527ps, AT'y/T's = 0.132, Am, = 17.757ps ™!
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Neutral meson mixing

) Solving Diagonalisation problem

Diagonalisation problem (Eq. 43)

(mL—%FL 0 >:V1< M—% M12—%T12>V
0 my — 50y My, — 35T, M—3
Solving explicitly yields
0 _ _ [Mi—5Th (49)
P Mz — 5T

magen = 3Puon =M = $0F (Mo = §T1a) (M7, - 3T

=M-4iI'F \/|J\412|2 — 1|T12]2 = i|M12||T12| cos (¢r — ¢ar)

(50)
where ¢r = arg(T1s) and  ¢as = arg(Mis)
Rewriting Eq. 50 in terms of Am and AT, squaring and taking Re/Im:
Am? — LAT? = +4| My, — |Ty2)? (51)
AmATL = —4|M12||F12| COS(¢F - ¢M) (52)
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Neutral meson mixing

Approximations in the B system

In the B system we have experimentally I'1o < Mj2 and we can
expand in ’Flg‘/|M12’

Am ~ Q‘Mlg‘

and AT &~ —2|T'12| cos(ér — dar)
Also q/p (Eq. 49) can be expanded in |T'12|/|M;2|

(53)

v 1 — il —igpr—a
q_ _ | Mp 1= 27m,)¢ o)
p Migq il

i Ti2l 4i(pr—2a)
2 [M2] €

o))
—_—= 4 (’) (_

| M| | M2|?
A~ —e oM

(54)
i.e. |g/p| =1 and q/p only determined by mixing phase ¢/
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Neutral meson mixing

Time dependent decay rates |

We can now write down time-dependent decay rates of (produced)
MO and 71" to final states f and f, accounting for M? «» M mixing
Before we do we define a central quantity for CP-violation
A
A= 22
pAy
We then have for the decay rate of the process M? — f

(55)

dr(M° — f) 2

2
aw, = W) =

g+ (1) (f|M°) + %g—(tﬂfWO)

= (g+(t)Af + ig—(t)Af> <g+(t)Af + %9— (t)Af)
= A5 [lg+ (0O + IAfPlg— (O + Npgq ()97 (1) + Apgy (£)g-(1)]

= %|Af|2e_rt [(1 + |Af]?) cosh (ft) + (1 = |As[?) cos(Amt)

— 2sinh <A2Ft> ReAf — ZSin(Amt)Im)\f} (56)
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Neutral meson mixing

Time dependent decay rates Il

And for the decay of a produced JLY f
ar(dz’ = f)
dth ‘ f|M ‘ o ‘

2
(D(FIMO) + g4 (8)(f[M°)
=|4¢f?

' [Hg— ()17 + (A7 219+ (61 + ApgZ (D)9 (1) + Args (1)g" (¢)]
= 1|Af|? g e 1t [(1 +|Af[?) cosh (Azrt> — (1= |A\s[?) cos(Amt)
— 2sinh (;t) ReAy + ZSin(Amt)Im)\f}

(57)
For the decays to the CP-conjugated final state f replace
Af — Af‘, /_lf — Af_ and )\f — )\JF = z‘_lf/Af
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Classification of CP-violating effects

! Prerequisites for CP violation |

CP violation can only be observed if there are two amplitudes
interfering with different strong and weak phases

weak phases are phases caused by complex CKM matrix elements,
which are complex-conjugated under CP

strong phases are phases that do not change sign under CP (QCD or
simple time evolution)

For a process with two contributing amplitudes a; and as
A = |a1|e?P1F91) 4 |gg|et92+02)

Af — |a1|ei(51*¢1) + |a2|ei(52*¢2). (58)

Physically observable: squares of amplitudes
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Classification of CP-violating effects

Prerequisites for CP violation Il

Squaring amplitudes results in
’Af|2 _ <‘a1’ei(51+¢71) + |a2|ei(52+¢2)> (‘alye—i(&-ﬂbl) + ]a2|e_i(52+¢2)>
— |a1|2 + |a2|2 + |a1||a2|e+i(+51—52+¢1—¢2) + |a1||a2|e—i(+51—52+¢1—¢2)
= |a1|? + |ag|?* + 2|ay||az| cos (A6 + Ag) (59)
A7 = <‘a1’ei(51_¢1) i |a2|ei(5z—¢z)> <‘a1’6_i(61_¢1) 4 ]a2|e_i(52_¢2)>
= ‘a1|2 + |a2]2 + ]a1|]a2|e+i(+51_52_¢1+¢2) + |a1]|a2]6_i(+61_52_¢1+¢2)

= |a1* + |az|? + 2|a1||az| cos (AS — Ag), (60)

with the phase differences Ad = 01 — d2 and A¢p = ¢1 — @2
|Ag|? # |f1f|2 if Ad#0and Ap #0

u}
8
I
n
it

DA

17:l828  C. Langenbruch (Uni Heidelberg), 01.08.2024 Flavour Physics



Classification of CP-violating effects

) Types of CP violation

When studying decays of neutral mesons, mixing amplitudes and
decay amplitudes can give rise to CP-violating effects
This gives rise to three types of CP violation:
CP violation in decay

CP violation in mixing

CP violation in interference between mixing and decay

C. Langenbruch (Uni Heidelberg), 01.08.2024

(=)
Flavour Physics

DA




Classification of CP-violating effects

1. CP violation in decay

CPV in decay occurs when ’flf/Af’ # 1,
i.e. the amplitudes for the process M — f
and its CP conjugate M — f differ

CP violation then manifests itself as asymmetry
I(M~ = f7)-T (M= f7)
(M= = f )+ T (Mt — )
AR AP AR AP -1

dir __
ACp =

= = — . (61)
|Af2 +]Af2 [Af/Af2+ 1
This type of CP violation is also called direct CP violation.
The strong phase contributing is due to rescattering
Only type of CP violation possible for charged meson decays
=] (=) = E E A
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Classification of CP-violating effects

2. CP violation in mixing

CP violation in mixing occurs when |g/p| # 1

In this case P(M° — M) # P(M° — MP).

The res_ulting asymmetry assuming no direct CP violation, i.e.
Af=Afand Af = Ay =0, is given by

v DI = 1) ~T(M° = )
T S ) +T(MO s )
N R
-]+ [te-0A 142"

Here, the strong phase is due to the time evolution of the oscillation
(exp(iEt)).
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Classification of CP-violating effects

) 3. CPV in interference between mixing and decay

Can occur when the direct decay M? — f interferes with mixing from
MO to M followed by the decay PV f

If A\t (Eq. 56 and 57) has a non-trivial phase,

i.e.Im (A\y) =Im (q/p Ay/Ay) # 0, this gives rise to this type of CPV

F(M — [)(t) —T(M° = f)(t)

DM = f)(t) + D(MO = [)(t)
_ - (1 = |Af]?) cos (Amt) + 2sin (Amt) ImAy (63)
(1+ [Af[2) cosh (5F¢) — 2sinh (45¢) Re)y

Acp(t) =

Strong phase is due to the time evolution of the oscillation.
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Classification of CP-violating effects 149 / 81

CPV in interference between mixing and decay (example)

For AT =0 and |A¢| = 1 (B system) the asymmetry simplifies to
Acp(t) = sin (Amt) ImA ;. (64)

Example: time-dependent CP-asymmetry in the decay B® — J/ K,
where AT’y = 0 and Im(Af) = —sin(28,).

= s
o — TB=SIIYKY)@)
N | LB —J1wK(@)
,,,,,,,, Acp@

0.6

0.4 "n‘v
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Classification of CP-violating effects

B-mixing and the CKM triangle |

Amg and Amg constrain unitarity triangle (UT)

GQ
Amg = ZMwﬁBMBdedBBd(WbV}d) S(xt) (65)
2
2

Gy
Am, = o —EME Mg, [}, Bp, (VaVii)2S (z4), (66)

Amg and Amg theory dominated, dominant uncertainty from decay
constant and bag factor:

fB,\/ BB, = (225+9)MeV  fp.\/Bp, = (274 +8)MeV
(67)

¢ =18V B 1906 +0.017 (68)

B
fBy\/ Ba,

B?S) mixing measurements used to determine length of right leg of UT

ViV | _ 1 |Vidl
VeaVi | AV

R, = (69)
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Classification of CP-violating effects

B-mixing and the CKM triangle |l

From Amg can determine |Viy| and thus Ry,
remaining dependency on |V,| and uncertainty from fp,v/Bp, is
significant.

Instead, we can use both Amg and Amg according to

ny | ViV :‘@ VisVis | _ | Vaa| 1 Vsl
Vch;;, Vis| | VeaVy Vis | A V|
)\ “Z using (70)
S
Vis| _ 1= AN+ AN(1 — 2(p + in))|
Vet |ANZ|
=| =1+ 331~ 2(p+ i) ~ 1. (71)

Due to the reduced theory uncertainty on |V;4/Vis| and no
dependency on |V,;|, this results in a more precise determination of R;
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