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Flavour Physics

In SM, force carriers and 3 generations of
matter

Quark sector: Higgs mechanism responsible
for quark masses and quark flavour mixing

Unitary CKM matrix = no flavour changing
neutral current (FCNC) at tree-level

sector: vanishing v-masses =
accidental lepton flavour conservation

BUT: v oscillate, thus have (tiny) masses
=> explaining v oscillations opens the door
to lepton flavour violation (LFV)!
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Lepton flavour universality
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Only difference between leptons is their masses:

me ~ 511 keV,

my ~ 105 MeV,

my ~ 1.7 GeV

Accidental “symmetry” in the SM: couplings of electroweak gauge bosons are “blind”
to lepton flavour = Lepton Flavour Universality (LFU)
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=> BUT: current measurements in semi-leptonic B-meson decays and low energy precision

observables appear to tell a different story!
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B-meson decays

B-mesons offer powerful probes of the SM and hints of new physics:

o Theoretically “clean(ish)” - due to large mass of b-quark, certain theoretical
approximations apply and precise predictions are possible (thanks to non-pert. QCD
methods)

o Experimentally accessible - mostly produced in forward region (design of LHCb),

hundreds of decay channels to explore

Exciting future programme (LHCb, Belle II, ...)

Charged current B-decays used to measure CKM parameters (|Ves|, |Vus|, v, dcp)
B and B.-meson oscillations offer insight on CP violation in the SM

Due to extremely low SM background, rare FCNC B-meson decays are powerful
probes of new physics

O O O O
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BR(B — D™1v)

R =" " 7
D™ = BR(B — D™iv) N ‘ IR ]
g b D HFLAV average =10 contours
o Charged current tree-level decay ossE- ﬂ =
o Theoretically clean: hadronic 035_ I S _E
uncertainties cancel in the ratio E ’ ‘ N ﬁ/ ]
025 = Wi BellelS i
o SM: Rp = 0.299 + 0.003 E | ]
C Belle17 7
F HFLAV B
Rp+ = 0.258 £ 0.005 02 +'L:E’?:‘%‘;2§“f&’”df"°“‘
E Ribh— 0% £0.0: EOE
o EXp.Z RD = 0.340 % 0.030 02 0'3 04 03 R(D)

Rp+ = 0.295 £ 0.014

=> SM predictions are significantly smaller than experimental results,
(combined) deviation from SM ~ 3.1 ¢!

=>Violation of LFU? New physics coupled to 77
JRJC 2021 22 October 2021 6 / 20
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Observables in b — séf

BR(B — K™ pup)
BR(B — K(®*)ee)

Ry =

o FCNC penguin decay

o Theoretically clean: hadronic
uncertainties cancel in the ratio

o SM: Rk = Rg+ ~1
o Exp.. Ry =0.846700511 (NEW!)

Rg+ =0.69+0.12

= First evidence for
violation of LFU @ 3.1¢!

= Strong hint on new physics coupled to !

(and/or to €)

O (Recent measurements of Rxg and Ryt

. orticules

(A s,

& A
Tamtord gt Gormen

q
iveasite
Clermont
Auvergne

IN2P3

Les deux infinis

T

LHCb [2103.11769

—_— .

i, Belle

BaBar
0.1 < ¢?<8.12GeV¥c

1.0 < ¢>< 6.0 GeV¥/c*

corroborate the picture, but too low statistics)

Jonathan Kriewald LPC

ot LHCb 9 fb!
1.1 < ¢2<6.0 GeV¥c*
1 1
0.5 1 15
RK
2.0 — T T —]
,:% ]
15) E
" ]
1.0
0.5 ® LHCH |
M BaBar
LHCb Belle
00 L L Il PR L I B L
0 5 15 20
¢ [GeV?/c]
JRJC 2021 22 October 2021 7/
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Observables in b — sup

[ r

e LHCbdata © ATLAS data
= Belle data CMS data
0.5) [] SM from DHMV
7] SM from ASZB
12 o0 125, P 10
ol nu;v ” 938

il
+

3,

[GeVZ/H]

o Angular observables and BRs in
Bt 5 K*utp~ and Be = gptp,

(local) deviations 2 — 3 ¢!
o ATLAS, CMS and LHCb

Oyt

(/-

A
e,

uNIveRsITE

measurements of BR(Bs) — pp7)

consistent with SM

Jonathan Kriewald LPC

JRJC 2021

BR(B° — uu”)

--- Gaussian comb.
*  SM prediction

22 October 2021 8

2 s ;
BR(B, — ptp) x10~°

R IN2P3
Les deux infinis
x107*
< ; == LHCb oM '
% 14F  LHCb [2105.14007] -
! E LHCb 3fb
% 12 i- | SM (LCSR+Lattice)
e 100 SM (LCSR)
'_"g £ SM (Lattice)
by
Q o Iy v(2S)
2 6F g =
X f .
S aF =+
T o ———
cn 2F 3
N F
! L )
% 00 5 10 15
¢? [GeV¥c*]
%1010

ATLAS 2018

CMS 2019 W. Altmannshofer, P. Stangl [2103.13370]

LHCb 2021 -

—— full comb. =,



.
(- € onclier 3
(A s,
LPC5
A,

uNIveRsITE

Clermont
Auvergne IN2P3
JRJC 2021 Les deux infinis
Observables in b — sup
x 10~
- : T
ar F T LHCb [2105.14007) +t:€:§::'
* ;Hlfbdd;“a ° 2;[;“ data SM (LCSR+Lattice)
= Belle data SM (LCSR)
05 J D SMfrd SM (Lattice)
— SM fro
.5 W wes)
0 H =
ow can E=
-0.5 +
% U R U ———
-1 i 1 L | <0 5 10 15
0 5 10 15 I [GeV¥/c!
¢* [GeV¥ch i
' amasans WA ofer, P. Stangl [2103.13370]
SO v pmanshoer, P.Stan! (21001
o Angular observables and BRs in 5] " thcwom ) ~
0o Kt uT, T e T
B™" = K*p"p~ and B, = ¢p"p”,  Top e
(local) deviations 2 — 30! s
) .
o ATLAS, CMS and LHCb >
measurements of BR(Bs) — pp7) .
consistent with SM ,
o i ; 3 i 5
BR(B, = ptp”) o
JRJC 2021 22 October 2021
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Electroweak penguins in b — sf/

FCNC transitions in the SM are “loop-suppressed”: (e.g. B® — K%*¢+¢7)

Jonathan Kriewald LPC JRJC 2021 22 October 2021 9/20
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Electroweak penguins in b — sf/

FCNC transitions in the SM are “loop-suppressed”: (e.g. B® — K9 ¢t¢~)

Heavy BSM contributions are “mass suppressed” = If required to be large, must be
present at tree-level:

L
& &
oi 2/
» 2 B° Ko
T 4

Jonathan Kriewald LPC JRJC 2021 22 October 2021 9/20
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Electroweak penguins in b — sf/

FCNC transitions in the SM are “loop-suppressed”: (e.g. B® — K%*¢+¢~)

Heavy BSM contributions are “mass suppressed” = If required to be large, must be
present at tree-level:

f,+

- & &

P-4 N —

5 _ b /_L_Q_ / 5
S >
0 Ko

3 Ko 3
d d
d d

Leptoquarks: scalar or vector fields coupling
leptons to quarks

Jonathan Kriewald LPC JRJC 2021 22 October 2021 9/20

Z': BSM “cousin” of SM Z-boson
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Electroweak penguins in b — sé/
FCNC transitions in the SM are “loop-suppressed”: (e.g. B® — K%*¢+¢~)

7,2 P
. BUT:
, which classes of new physics? o .
’ analysis to find requirements on | .
* first step!
Heavy BSM contrivcucivis aiv  111ao0 supprcoscu —r 11 iequiieu wo v 1dlgE, must be
present at tree-level:
Lf
s o /U /(f
c . b /e 5 )
p 3 K
BD Ke
£ @
T @
Leptoquarks: scalar or vector fields coupling
leptons to quarks
22 October 2021 9/20

Z': BSM “cousin” of SM Z-boson
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EFT intermezzo |
Effective Field Theory ~ SM Lagrangian + non-renormalisable operators

Heavy fields are “integrated out”: only valid in certain energy regime

Jonathan Kriewald LPC JRJC 2021 22 October 2021 10 / 20
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EFT intermezzo |
Effective Field Theory ~ SM Lagrangian + non-renormalisable operators

Heavy fields are “integrated out”: only valid in certain energy regime

AN W
=Fermi constant G is an effective coupling constant

Jonathan Kriewald LPC JRJC 2021 22 October 2021 10 / 20
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EFT intermezzo |
Effective Field Theory ~ SM Lagrangian + non-renormalisable operators

Heavy fields are “integrated out”: only valid in certain energy regime

=Fermi constant G is an effective coupling constant

EFT Lagrangian for b — 8€l: Lef 4G72F >k Cr () O (1)

€2

o Effective operators Oy are OF = (rpliow PRa) P, OF = oyt PLdy)(E ),
accompanied by effective coupling O = _E it Py s €), O = (@ Prdy)(@0)
. .. 107 (4r)2\™ Jj L) = @\ i )
constants Wilson coefficients R . R .
) ( ) OF = GG Prd)Est),  OF = (o (diow i) E™ €),
o Couplings run! (depend on energy e A ]
OF = (i o )l )

scale u)

Jonathan Kriewald LPC JRJC 2021 22 October 2021 10 / 20
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EFT
Effectiy
He
b b
B° B° Ko
d d a4 q
.. emq. - s pp! 62
OF = Tl Prd) P OF = (it P ()
9
ijiee e _ _ ijiee! e
O = (@7 Prd) @5 ) | 08 = s (di Prdy) (E0),
ij;00' er - 7 ij;0e e? - 7 v
0p" = (47r)2(d¢PRdj)(€'ys€'), 07" = W(di%vdj)(fap ),
gt e? _ _
O’.leé” = (47r)2 (diUiW dj) (Lot 5 gl)
e gy

Jonathan Kriewald LPC JRJC 2021
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EFT intermezzo Il

=>All diagrams contribute to the Wilson coefficients!

Jonathan Kriewald LPC JRJC 2021 22 October 2021 11 /20
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EFT intermezzo Il

o Different kinematical bins are
sensitive on different Wilson
coefficients

= Wilson coefficients on data to
discriminate between new physics
scenarios!

Jonathan Kriewald LPC JRJC 2021 22 October 2021 11 /20
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Constraints on (pseudo-) scalar operators
Weak effective theory fit @ 4.8 GeV for all b — s€€ data:
Cgsuu Ci}guu, Cébsup, Ci}(])sw;, C?S
—1.17 £0.16 0.09 + 0.14 0.41 + 0.34 —0.19 £ 0.20 | 0.002 + 0.014
C;bs ChsHE = —C;s”‘“ CosHE — Cgs““ Pullsy p-value
0.006 & 0.017 | —0.001 £ 0.025 —0.001 + 0.025 5.8 49.7%
0.02
—— B, utpm
0.011
0.00 o Primed operators:
o014 right-handed quark current,
vanishing in SM
—0.02+
o Scalar and pseudo-scalar
—0.031 operators tightly constrained
—0.041 by Bs — ut ™ and effective
s lifetime, consistent with 0
2005 004 003 002 001 000 001 002
Acgsu — *AC?,S“
Jonathan Kriewald LPC JRJC 2021
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Constraints on dipoles
Weak effective theory fit @ 4.8 GeV for all b — s€f data:

Cg 010 Cé C{O C7 C; PU”SM
TISTOT [ 0T [ 0543 [ 0280t | 000 gur | 0005 gt | 61
0.15 7

— B K%y
B - X,y
0.10 | B, — &
—— b see

0.05

1bs

)

Xﬁ & b— see

0.00

ReA (!

—0.05

—0.10

o

3

N

\
N N
A N

o Primed operators:
right-handed quark current,
vanishing in SM

o Dipole coefficients tightly
constrained by b — s and

, consistent with 0

—0.15 -
—0.100—0.075—-0.050—0.025 0.000 0.025 0.050 0.075 0.100

Re A C¥

DISCLAIMER: take pulls with a grain of salt, only a taste of how things are moving qualitatively...

Jonathan Kriewald LPC

JRJC 2021
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Cy vs Cho
Add BSM to SM contribution in LH V' and A currents (SM: Cg &~ —C19 ~ V — A)
= best fit: ACS™ = —0.861515 ACYH* =0.10712, Pullsy = 5.8

2.0
----- ACy = —ACy
i — Rge
1.5 7 ."-... ang. obs. B — K*up

—— global b— st¢

O: SM

% best fit

small tension between
Rk and Rg+ with ang.
obs.

-1.5 -1.0 —0.5 0.0 0.5 1.0
bspup
AC

DISCLAIMER: take pulls with a grain of salt, only a taste of how things are moving qualitatively...

Jonathan Kriewald LPC JRJC 2021 22 October 2021 14 / 20
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09 VS 010

Add BSM to SM contribution in LH V' and A currents (SM: Cg &~ —C19 ~ V — A)
= best fit: ACg™" = —0.867013, ACT5"" =0.107013, Pullsy = 5.8

2.0
..... ACy = —ACy
— Rk
1.5 — Rk~
N ang. obs. B — K*uu
—— global b— stf
1.0 A
< . O: SM
o e H
T oosd e ¥ best fit
< o small tension between
* >, i
00— - Rk and Rg+ with ang.
) obs.
—0.5

T T
-1.5 -1.0 —0.5 0.0 0.5 1.0
bspup

ACq

DISCLAIMER: take pulls with a grain of salt, only a taste of how things are moving qualitatively...

Jonathan Kriewald LPC JRJC 2021 22 October 2021 14 / 20
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JRJC 2021
Cy = —Cig vs Cym-

First considered in Alguéro et.al. [1809.08447]: C%¢¢ = ACE"™, CSSMM _ AC’SSH” + ACYniv-

= best fit: ACI™" = —ACPH = —0.331508 ACY™ = —0.861512 Pullsy = 6.4

—0.08» —0.17»

0254 — HBxo
ang. obs. B — K*up
0004 — global b— st .
Q: SM
~0.25 4 % best fit
g ~0.50 1 ﬁ
3 oms1 Cs™" can be RG
~1.00 running induced
s (e.g. from large C5°™7)
~ Rp@?
—1.50

-1.0 —0.8 —0.6 —0.4 -0.2 0.0 0.2

b bs,
ACQ“M' _ 7ACI)6““

Unknown ¢€ corr. can mimic C4™ = Lancierini et. al. [2104.05631]: 4.3 0 significance (with LEE)
DISCLAIMER: take pulls with a grain of salt, only a taste of how things are moving qualitatively...

Jonathan Kriewald LPC JRJC 2021 22 October 2021 15 /20
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Consider Standard Model EFT (SMEFT) at Anp ~ O(TeV) > Agw
Semileptonic operators:
SU(2)z-singlet: (C1)3™" (LivuLi)(Q@my" Qn)

SU(2)-triplet: (C3),™" (LivuTaL;)(Q@my*7aQn)
Tree-level matching SMEFT — WET:
° Cgs,u,u _ _Ci)guu (01)2223 (C )2223

JRJC 2021

RG tales from the SMEFT

o Ry o (C3)752%; also leads to C5*™™ = —C§™™ z

q 10 b, - b .
and under RG running to Ccniv- L 5U(2), A
)eeza e T, c Ve,

o Require (C1 (C3)§E% to evade constraints
from !

Jonathan Kriewald LPC JRJC 2021 22 October 2021 16 / 20
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SMEFT @ 2TeV: (C1)322 = (C3)22% vs (CL)H™ = (Ca)ip®
(01)3223 = (03)2223 = large C8*™™ via SU(2). invariance = RGE induced C§™"
best fit: (C1,3)722% = (3.010%) x 1074 TeV =2, (C1,3)33% = —0.0697(:(} TeV~2, Pullsy = 7.4

0.00 * — Rk«
:‘“ 0.02 ,iul’ 1 b 14
L -om global b — s
é‘; global
~ 0 O: SM
25 006 %: best fit
~0.08 Massive enhancement of
b — sTT processes; for example:
0.10 —_
BR(BS - 7tr )SMEFT ~ 103 x SM
12 Capdevila et. al. [1712.01919]
—0.14
—0.0002 0.0}]00 U.U;)UZ U.Ull]O-l 0.0}]06 0.0008

()22 = (C5)22 ) TeV

lq

Candidate model: Vi ~ (3,1,2/3) vector leptoquark (e.g. Buttazzo et. al. [1706.07808])
Global likelihood now also contains RD(*) and binned data for BR(B — D(‘W:/)!

Jonathan Kriewald LPC JRJC 2021 22 October 2021 17 /20
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Requirements on (minimal) single-particle BSM explanations

o b — sll requires FCNC at tree-level (competing with SM at 1-loop)
o b — clv requires charged current at tree-level (competing with SM at tree-level)

=> Single particle explanations need very different couplings,
for b — clv a low mass is required O(TeV)

= Expect stringent constraints from cLFV observables (e.g. B — K1)

o Heavy Z’ can explain only b — s£¢, most models ruled out by B; — B, mixing
o Scalar SU(2)r-singlet leptoquark Si: only b — cfv

o Scalar SU(2)r-triplet leptoquark Ss3: only b — s¢

o Vector SU(2)r-triplet leptoquark V5: ruled out by B — Kvi

= Vector SU(2).-singlet leptoquark Vi: explains both anomalies,
but heavily constrained from cLFV!

Extensive list of dedicated analyses, ©(102%) relevant contributions...

Other approaches rely on more non-minimal field content (e.g. “4321"-models [EPJC 79(2019)4, 334],
PS? [PLB 779(2018)317], RPV SUSY [PRD 102(2020)1, 015031] ...)

Jonathan Kriewald LPC JRJC 2021 22 October 2021 18 /20



LPC/:» : "ci:m.;‘;: 0
JRJC 2021 : ANz

Conclusions and outlook

First evidence for LFUV in Rg!

o Waiting for R+ updates...
o Patterns of deviations in several b — sup draw
a more and more clear (and consistent) picture

o Slight tension between Rx+ < Rk and .
b — spp can be reduced by considering Cg™"

= C4" can be RG running induced; connection
to RD(*) ?

= "“Combined explanation” implies large

o SM extensions via Vi-leptoquark offer viable
explanations for both B-decay anomalies

o Large region of the parameter space to be
probed in the near future!

Jonathan Kriewald LPC JRJC 2021 22 October 2021 19 /20
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Thank you!!!
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Bonus slides
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Angular observables

T T T
« LHCbdata © ATLAS data
= Belle data CMS data
[7] SM from DHMV
7] sM from ASZB

JHEP 12.2014) 125, JHEP 09 (2010) 089,
JHEP 0 2 Eur. Phys. .75 Q015) 38;

M |

11

!
+
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Statistical setup
Likelihoods: —2Alog £ ~ OT(Cexp + Ctheo)_lO (see e.g. smelli [arXiv:1810.07698])
all observables (and their uncertainties) calculated with flavio

o New/ measurements:
o Rk, ¢% € [1.1,6.0] GeV?
o BR(BT — Ktete™), ¢ € [1.1,6.0] GeV?
o Updated measurement of BR(B(y) — ptu™)
o Angular data and binned BRs in Bs — ¢ut ™

o Other observables included:

o Ry («) measurements by LHCb, BaBar and Belle
Angular LFU Q4, Q5 measured by Belle
Angular data in BT0 — K*utp~

Angular data in BO — K*ete™

(Binned) BR's of B — Kyt~

BR(B — K*v), BR(Bs — ¢7), BR(B — Xsv)

O O O O O

DISCLAIMER: take absolute values of pulls with a grain of salt, only a taste of how
things are moving qualitatively...

Jonathan Kriewald LPC JRJC 2021 22 October 2021 3/9
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Cy = —C1p vs C§
Add RH (quark) V current Cg to Cy = —C1o

= best fit: ACL™ = —ACUH" = —0.547019, ACP*

2.0

Ry
ang. obs. B — K*upu
global b — st¢

1.0 1

/
bspp
ACs
o
&
1

0.0 4 ~

1.5 -1.0 0.5 0.0 0.5 L0
bspp bspup
ACy™ = =ACY

=0.53751%, Pullsm = 6.0

O: SM

% best fit

Better, but ang. obs. vs.
Ry (ay still not fully
reconciled...

DISCLAIMER: take pulls with a grain of salt, only a taste of how things are moving qualitatively...

Jonathan Kriewald LPC JRJC 2021
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Add RH (quark) V current Cg to Cy = —C1o

= best fit: ACS™ =

—ACTH = —0.5410 15 ACy

2.0
ACy = —AC)
—— Rk
1.5 Ry~

1.0 1

/
bspp
ACy™
o
&
1

0.0 4

ang. obs. B — K*up
global b — stl

—0.5

ACH — _

0.0 0.5

bspp
ACY,

=0.53751%, Pullsm = 6.0

O: SM

% best fit

Better, but ang. obs. vs.
Ry (ay still not fully
reconciled...

DISCLAIMER: take pulls with a grain of salt, only a taste of how things are moving qualitatively...

Jonathan Kriewald LPC
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V1 vector leptoquark

Leptoquarks: scalar or vector fields coupling leptons to quarks (typically arise in GUTs)
Leptoquark Lagrangian: £ D> V{* ( : ’YuK kgk +uJLVJTlfyHK Ukpjyi)

Both b — ¢fv and b — sff at tree-level:

rr, /R
0.5 \ b= spp
\ /:, [ Rp-

04 _ global

o K%”K%3 contributes to b — cTv and L >

|

b— sTT ;5' 02 M )/P ’

o (Large) C$°™ feeds universally into Y . = (
CSSHH and Cgsee (RG running) 0.0 ] ‘
= ACng' o JHEP12(2019)006 ‘;‘“ ‘

0.005 0.004 0.003 0.002 0.001 0.000
£32 22
KP?Kj

Jonathan Kriewald LPC JRJC 2021 22 October 2021 5/9
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LFV Prospects

What does the future hold?
= Fit of 9 LQ couplings == MCMC posterior distributions:

. s -
1073 4=l =
e T T
-] -
107 —H}-
il B
10713 TTT =i -
[REP RN ER S R —
L e e e
it A RN A — m
1071 P | — Current bound
P T | — Future Sensitivity
102 | I | I | I | I | i i 4 SM prediction
1'5 1'5 J‘r s +‘l~ s :F s < :C E Y
G :k 3 'E = T 7 “ T RS
=t t L T 7 el s 2T 32
T e o 1T i Z 2T E =2 &
n DR T g g2 EAE S KA
- &K xr +t = = ~ =
§ym m A& &M )
2 &=
[~}
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Prospects for Rp(.)

BELLE II will improve sensitivities in several b and 7 decay channels!
Fit of 9 LQ couplings:

0.36 4 [HKOIT arXiv:2012.05883]
0.34 1
032 =>Data evolution of R is crucial!
0.30 4
<
0.281 Exp. Combination
0.96 Belle IT 50 ab™"
: All + Belle IT 50 ab™?
SM
0-24 current LEV bounds
0.22 no LFV at Belle II
0.20 T T T T 1
0.20 0.25 0.30 0.35 0.40 0.45

Rp

Jonathan Kriewald LPC JRJC 2021 22 October 2021 /9
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Gauge couplings are strictly universal; how to explain LFU Violation?

JRJC 2021

Non-universality from universal gauge interactions

=> Only unitary g mass missalignment is ruled out by LFV

» Add n vector-like (VL) leptons mixing with (left-handed) SM leptons

effective LQ-g-¢ couplings ng parametrised via non-unitary matrix
(from mixing with heavy states)

= Induce LFUV structure in C’éﬁff Wilson coefficients

ij;ee’ ™ 1 il! prjlx
[09,10 =F V2GF aV3; Vi, m’v1 KL Ki

= Required mixing pattern: induce non-universal Z — ££()
~+ VL leptons have to be SU(2)-doublets!!

= Ry(+) and Rp(.) can be explained, tight constraints from cLFV, EWPO, colliders...

Jonathan Kriewald LPC JRJC 2021 22 October 2021 8/9
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Non-unitary parametrisation

In analogy to neutrino physics, the mixing matrices get enlargened:

UZ_ARVOO
L=\B s/\o 1

In case of n = 3 generations:

A R
( ) = Rs56R16R36R26R16 Ra5R35R25R15R34R24R 14

B S
Vo O
(00 1) = R23R13R12

Defining semi-unitary rectangular matrix:

K = (K1, K2) = “E(AVo, R)

N

Jonathan Kriewald LPC JRJC 2021 22 October 2021 9/9
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