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Flavor in the Standard Model and Beyond
Vacuum

stability?
Loy ~ AN+ N2H2 + \H*

Hierarchy
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Strong CP
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SM flavor
puzzle

Flavorful new
physics?

Neutrino
masses

Q1: What is the origin of the hierarchies in the SM sources of flavor violation?
Q2: Are there other sources of flavor violation beyond the SM?
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New Physics in Rare Decays
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New Physics in Rare Decays
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measure calculate precisely get information on
precisely the SM contribution NP coupling and scale

To establish new physics in rare decays we need
high precision experimental results and theory calculations
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Complementarity of Rare Decays

b — s decays

b — d decays
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Q3: Are there hierarchies in the new physics sources of flavor violation?
If yes, what is their origin?
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A Wealth of Rare b — s Decays

leptonic decays

radiative decays baryon decays

+_
B = Xo Bs — {7/

Ao — NHE™
B Ky

Bs — ¢y semileptonic decays

B — X0~
neutrino final states
B— Kite

B— Kt
Bs — ¢l

B — Kvi
B— K'vi
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The Effective Hamiltonian Framework

Useful setup to frame the discussion of b and ¢ decays.

(Works as long as the new physics is heavy compared to b and ¢ quarks.
In the presence of light new physics, one needs dedicated studies.)

Here: example of effective Hamiltonian for b — s¢/¢

Hgf?s = 4\/65 thvts 16 > Z (CIOI + C/ /)

magnetic dipole operators semileptonic operators scalar operators
bR(L)\ \ / HL(R \ / HR(L
’ (') (’)
L < AVAVAV)V Gt
SL(FI‘)/ / \ LR / \ LR
CV (3o Pryb) ™, CY (& Pumb)(@v"s) »  CY(8Prwyb)(aPumm)

Cio (39 Pus) D) (" 351
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Complementary Sensitivity

C7, C; | Co, Cy | Cyo, Ciy | Cs, Cg

B — (Xs, K*)y *

Bs — ¢y *

B— (Xs, K,K*) (70~ * * * *
Bs — ¢ 00~ * * * *
Ny — NOHE— * * * *
Bs — (1~ * *
B— (K,K*)v* * *

(* SU(2) invariance implies that the neutrino modes are sensitive to Co — C1o and Cy — Cf.

Wolfgang Altmannshofer

Measurements sum over all neutrino flavors)
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Bs — ptp~and B — putp
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SM Prediction

amplitude ~ Wilson coefficient x decay constant
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SM Prediction

amplitude ~ Wilson coefficient x decay constant

o Decay constants known from lattice QCD with sub-percent precision!
fa, = (230.3 £ 1.3) MeV  FLAG review 2021, 2111.09849

fgo = (190.0 & 1.3) MeV
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SM Prediction

amplitude ~ Wilson coefficient x decay constant

o Decay constants known from lattice QCD with sub-percent precision!
fa, = (230.3 £ 1.3) MeV  FLAG review 2021, 2111.09849

fgo = (190.0 & 1.3) MeV

o Precision of the SM prediction is limited by the CKM input
BR(Bs — p"~) = (3.66 +0.14) x 107 Beneke, Bobeth, Szafron 1908.07011
BR(B® — putpu~) = (1.034+0.05) x 10~

o Note: the above SM predictions use the inclusive value for
\Veplinel, ~ 42 % 1072, Using instead the exclusive value, the Bs
branching ratio is lower by ~ 10%

(e.g. Bobeth, Buras 2104.09521; WA, Lewis 2112.03437)
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The Effective Bs — pu*u~ Lifetime

o The sizeable width difference of the Bs mesons gives the opportunity
to test new physics in a complementary way through measurements
of the (De Bruyn et al. 1204.1737)

f0°°dtt F(Bs(t) = ptu™)) g, <1+2Ag’rys+ys)

fo at (T(Bs(t) — ptp™)) 12 T4+ A ys
with ys = Als = 0.068 £ 0.004 HFLAV
2l

o In the SM, A% =1, but in the presence of new physics it can take
any value —1 < Ag’r <1
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The Effective Bs — pu*u~ Lifetime

o The sizeable width difference of the Bs mesons gives the opportunity
to test new physics in a complementary way through measurements
of the (De Bruyn et al. 1204.1737)

Tt t(N(Bs(t) — pt ) 8, <1 + 2400 ys + y§)
t

T Tt (T(Bo(t) » ptum)) 1 —y2\ T+ ALy
with ys = Als = 0.068 £ 0.004 HFLAV
2r,

o In the SM, A% =1, but in the presence of new physics it can take
any value —1 < AL < 1

@ Want precision measurement of 7 to access AW
Tett = (2.07 £0.29 &+ 0.03) pS  LHCb 2108.09284

Tett = (1.70791) ps  cwvis 1910.12127
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Sensitivity to New Physics

0.02

—— B, = pplo, 20 . .
flavio o scalar new physics is
001 strongly constrained.
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= 0w additional Higgs bosons
> from the MSSM)
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z degeneracy in the
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—0.04 4
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Sensitivity to New Physics

[GeV Y]

#hs g
= CP

thsppe

C

0.02

Tog 1o
—— B, = pplo, 20
0.01

flavio

—0.01 4

—0.02 4

—0.04 1

—0.05

0.00 /';_\\

‘ :
—0.01 0.00 0.01 0.02
—Cl [GeV ]

T T T
—0.05  —0.04 003 —0.02

bspp
Clom —

WA, Stangl 2103.13370

Wolfgang Altmannshofer

Theory of Rare Decays and LFUV/LFV

o scalar new physics is

strongly constrained.
(certain leptoquarks, or
additional Higgs bosons
from the MSSM)

branching ratio data
alone leaves
degeneracy in the
allowed parameter
space

latest results on the
already
start having impact
(despite the sizable
uncertainties)

May 17, 2022 11/43



Adding a Photon

' S f] o —— b E

» The Bs — u™p~ v decay is 24 e . 1
sensitive to additional terms in 230 o e 3
the effective Hamiltonian > SN & ]
£20p . ﬂhl-”/“,:’ -

» For theory predictions, need N ‘{_ ______ A
Bs — v*) form factors. SF .

» Not yet observed, but might 0 i :

become accessible at HL-LHC. 5000 5500 6000
mye, [MeV/c?]

» Can perform lepton flavor universality tests, where form factor
uncertainties largely cancel (Guadagnoli, Reboud, Zwicky 1708.02649)

BR(Bs — utu7)
BR(Bs — ete™v)

R, =

» Also the effective lifetime of Bs — p*p ™ is an interesting
observables sensitive to new physics
(Carvunis, Dettori, Gangal, Guadagnoli, Normand 2102.13390)
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B — KXup
Bs — v, Ny — Nvw
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SM Predictions

amplitudes ~ Wilson coefficients x form factors

v o form factors from

o lattice QCD (high ¢?)

o light-cone sum rules (low g?)
o combined fits available

b s
B M (Bharucha, Straub, Zwicky 1503.05534;
Gubernari, Kokulu, van Dyk 1811.00983)

o typical uncertainties < 10%

1

BR(B" — KTvi) = (4.23+0.56) x 107® Bause etal. 2109.01675

BR(B® — K*%wi) = (8.24 +0.99) x 107° Bause etal. 2109.01675
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Sensitivity to New Physics

SM rates of B — K*)u can be observed at Belle Il
(first limit on B — Kv from Belle Il: 2104.12624)

For Bs — ¢viv, Ay — Aviv need Z-pole machines FCC-ee, CEPC
(Li et al. 2201.07374)
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Sensitivity to New Physics

SM rates of B — K*)u can be observed at Belle Il
(first limit on B — Kv from Belle Il: 2104.12624)

For Bs — ¢viv, Ay — Aviv need Z-pole machines FCC-ee, CEPC
(Li et al. 2201.07374)

Role of b — svi in probing New Physics

» modification of b — svv rates by heavy new physics,
e.g. leptoquarks, Z’, ... (e.g. Browder et al. 2107.01080; Bause et al. 2109.01675)
» neutrino flavor is summed over in the measurement — indirect
sensitivity to new physics in b — sr7 because of SU(2),

» new invisible decay modes into light dark sector particles
b — sX, b— sXiXo, ... (e.q. Hostert et al. 2005.07102; Felkl et al. 2111.04327)
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B — K&gtg-
Bs — o0 0, Np — N0
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SM Predictions

amplitudes ~ Wilson coefficients x form factors

o form factors from

o lattice QCD (high g?)
o light-cone sum rules (low g?)

I=
% Vad
b s o combined fits available
B M (Bharucha, Straub, Zwicky 1503.05534;
Gubernari, Kokulu, van Dyk 1811.00983)

o typical uncertainties < 10%

(recent progress in A, — A form factors Blake, Meinel, Rahimi, van Dyk 2205.06041)
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SM Predictions

amplitudes ~ Wilson coefficients x form factors
+ non-local terms (aka “charm loops”)

o various model approaches:
@ sum of resonances

£ (Blake et al. 1709.03921)
v o o polynomial fit to data
b s (Ciuchini et al. 1512.07157)

o LCSR estimates (Khodjamirian et al.

B (}{ Eﬁ}vvﬂ( 1006.4945; Gubernari et al. 2011.09813)

M : S

) @ analytic function fit to data

(Bobeth et al. arXiv:1707.07305; Gubernari
etal. 2011.09813)

o uncertainties ~ 10%?
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Angular Distributions

2 VM 1 dr+T)

(T +T) dg2ad

= %(1 - FL) sin? Oy« + Fi cos? O«
+ %(1 — FL) sin? Oy« cos 20, — F| cos? O~ cos 20,
+ Sy sin® Ok~ sin® 6, cos 2¢ + Susin 20k« sin 20, cos ¢ + Ss sin 20k« sin 6, cos ¢
+ %AFB sin? O+ cos 0, + Sy sin 20k+ sin O sin 1}

+ Ss sin 20k« sin 26, sin ¢ + Sg sin O+ sin® O, sin 2¢

angular observables have (somewhat) reduced theory uncertainties

Wolfgang Altmannshofer Theory of Rare Decays and LFUV/LFV May 17, 2022 18/43



Distinguishing New Physics from Hadronic Effects

(heavy) New Physics Hadronic Contributions
described by local a non-local and
four fermion operator non-perturbative effect
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Distinguishing New Physics from Hadronic Effects

(heavy) New Physics Hadronic Contributions
described by local a non-local and

four fermion operator non-perturbative effect
independent on ¢° could be g° dependent
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Distinguishing New Physics from Hadronic Effects

(heavy) New Physics Hadronic Contributions
described by local a non-local and
four fermion operator non-perturbative effect
independent on ¢° could be g° dependent
might involve RH currents mainly affect LH currents
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Distinguishing New Physics from Hadronic Effects

(heavy) New Physics Hadronic Contributions
described by local a non-local and
four fermion operator non-perturbative effect
independent on g? could be g° dependent
might involve RH currents mainly affect LH currents
might be CP violating CP conserving
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Distinguishing New Physics from Hadronic Effects

(heavy) New Physics Hadronic Contributions
described by local a non-local and
four fermion operator non-perturbative effect
independent on g? could be g° dependent
might involve RH currents mainly affect LH currents
might be CP violating CP conserving
might violate lepton flavor universality lepton flavor universal
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Lepton Flavor Universality Tests

SM predictions for b hadron decays require non-perturbative input

@ form factors (— lattice QCD)
@ non-factorizable effects (need to be modeled)
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Lepton Flavor Universality Tests

SM predictions for b hadron decays require non-perturbative input

@ form factors (— lattice QCD)
@ non-factorizable effects (need to be modeled)

clever way to reduce/eliminate hadronic uncertainties:
lepton flavor universality (LFU) tests

_ BR(B— D™7v) BR(B — K™ puyu)

Ao = BRB = Do) Ak = BRBS K™ ee)
LFU ratios of LFU ratios of
charged current decays neutral current decays

Qs = Dp; = Ps(11) — Ps(e€)

LFU differences of angular observables
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How Robust Are the Predictions for Rx and Rx-?

m, Aacp Qem 2 (M
RK(*)=1+(9<q;> <1+(9<mb +0(as) | + O - log m—g

QED corrections
(soft and collinear
photon emission)

phase space hadronic corrections
(tiny effect) (tiny effect)

» QED corrections seem to be under control at the level of the total rate, given
the experimental cuts on e.g. the reconstructed B meson mass
Bordone, Isidori, Pattori 1605.07633, Isidori, Nabeebaccus, Zwicky 2009.00929

R —1.00+001 , R =100+001, RE™'1_-091+0.03
K

» potentially larger QED effects at the differential level (?)
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Even Cleaner Observables

» In the SM with neutrino masses, lepton flavor violating decays are
suppressed by the tiny neutrino mass splittings

2\ 2
e.g. BR(B — Kue) ~BR(B — Kup) x < M, ) ~ 1050
m2W

» Any observation of lepton flavor violating decays in the foreseeable
future would be an unambiguous sign of new physics.
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Overview of
the Flavor Anomalies
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.......... ATLAS 2018
_____ CMS 2019
——- LHCb 2021
—— full comb.
=== Gaussian comb.
*  SM prediction

~ 20 tension between SM and experiment

Wolfgang Altmannshofer Theory of Rare Decays and LFUV/LFV May 17, 2022
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b — suu Branching Ratios

B[ CSR Lattice -e-Data
% 5 BT — K+M+‘u* ’; f 1.5 [ T T T ]
Q. LHCb 3 2 B— K" u'u 1
3 3tb 3 LHCb [JHEP 11 (2016) 047] 3o |
m>< 3 + = oy 1 CMS [PLB 753 (2016) 424] 20.5 fb-t |
= ++H+ x ot ]
=’ +* R ——
3 E 3 osh g e =+
g LHCb [JHEP 06 (2014) 133] g | et —+— ]
= 0 5 10 15 20 L ]
¢ [GeV7ic] S i
q* [GeV %ct]
x 1078
% wufE LHow % LHChoR™ .
sk © LHCb3M Experimental results for
D 12 SM (LCSR+Lattice)
EZ 1ol o SM (LCSR) BR(B — K/L/L)
5 8::{- SM (Lattice) _ BR(B N K*Iu,u)
< E I 28 ] /
PR v W )+ E BR(Bs — ¢up)
3 b &i‘:ﬁ BN = are consistently low
w 2 i ] across many g2 bins
3 % 5 10 15 ° (~ 20 —30)
¢ [GeVHcH

LHCb [2105.14007]

Wolfgang Altmannshofer Theory of Rare Decays and LFUV/LFV May 17, 2022 25/43



The Role of Vg

1 Bokuelows o Predictions for b — suu
| BoKmelows rates depend sensitively
1 Beogup @ low ¢ on |Vcb|-
| B-Kue high o For many years there
> 1 BoK'uu @ high ¢ are tensions between
1 B @ high 47 inclusive and exclusive
determinations of V.
, . +— BoXy
1 Boouu @ The rare B decay rates
could be partially
Vel from all R 1 Veblexel explained by a
rare decays ————  [Vaplna (very) low | Vop|.
30 35 40 45
[Vep| X 10° o Emphazises the
importance of precision
WA, Lewis 2112.03437 CKM determinations.
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The P; Anomaly

P — Ss
° FL(1—FL)
LHCb 2003.04831
iw F T Tt ]
LHCb Run 1 + 2016 ]
1 SM from DHMV 1
T :
r 2 _ ]
-0.5- . { jw 7) —
L + =9 Q -—+—
C - 2+ S
=, ., = L ]
0 5 10 15

q* [GeV¥ ¢4

~ 20 — 30 anomaly persists in the latest update of B® — K*0utpu—.
(Anomaly also seen in B* — K** ;% 1~ LHob 2012.13241)

Wolfgang Altmannshofer Theory of Rare Decays and LFUV/LFV May 17, 2022 27/43



Evidence for Lepton Flavor Universality Violation

& 20 —_—
[ LHCb
15F
; g, . BR(B— K™ ) sm
1of K~ BR(B— K("ee)
= * = BaBar
0.5‘_ a Belle
: P Ry = 0.8465555 0012 (3.10)
00 1 Il 1
0 5 10 15 20
2 1GeV3/ct] R = 0,667 ) +0.03 (~ 2.50)
1.1,6 0.11
_2OF AUy = 0.697% %) £ 0.05 (~ 2.50)
= - - - -
Sk AL = 066757 %% (~ 150)
r I | 0.045,6 0.18 +0.03
10 B4 1 1 l [ — Ri[(*+ ! = O.70t0‘13t0‘04 (N 150’)
L — - RE® = 0.86%1¢ £0.05 (~ 10)
s ® LHCh A Belle
LHCb W BaBar ¥ Belle2019
) J T I S EA A M B R R LHCb 2103.11769, LHCb 1705.05802, 1912.08139,
0 5 10 15 20

¢ [GeV?/el] 2110.09501; also Belle 1904.02440, 1908.01848
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Lepton Universality in Charged Current B Decays

Bernlochner, Franco Sevilla, Robinson, 2101.08326

e — S —
BN Belle 2015 4 Belle 2017
F BaBar 2012 4 LHCb 2015 BR(B — D
L i TV
L6 Belle 2020 4 LHCb 2018 RD ( )

BR(B — Dtv)

[1 Average (pp-)

BR(B — D*rv)

Ao- BR(B — D*tv)

R(D") | R(D*) s

{=pu,e (BaBar/Belle)
l=np (LHCb)

0.8 [ 1 1 1 1
050 0.75 1.00 1.25 1.50 1.75

R(D) / R(D)sm

Ry®/RSV =1.13+0.10, RSP/RSM =1.15+0.06

combined discrepancy with the SM: 3.60

(the heavy flavor averaging group quotes 3.10)
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Flavor Anomalies in 2022

«— relevance of hadronic effects

T T T
R,. R,
R, R,
BR(B, ~py)
(g-2)p
B~ K*pp
angular (P,")
BR(B— K pp)
BR(B -~ K*up) BR(B, -~ ®pp)
| | |
1 2 3 4
significance (a)

Wolfgang Altmannshofer

Theory of Rare Decays and LFUV/LFV

(inspired by
Zoltan Ligeti)

May 17, 2022
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Flavor Anomalies in 2022

b-clv
charged current
decays

B~ K*up
angular (P,")

BR(B— K pp)
BR(B — K*up)

BR(B, -~ ®pp

«— relevance of hadronic effects

b—sll
FCNC decays

1 2 3 4 (inspired by
significance (a) Zoltan Ligeti)
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Flavor Anomalies in 2022

plus several others:

o inclusive vs.

b-clv . 0
charged current exclusive Vg1
decays o inclusive vs.

exclusive V,?

o first row CKM
unitarity?

B - K*up

«— relevance of hadronic effects

angular (P,")
Qo ...
BR(B- K pp)
BR(B -~ K*uu) BR(B, - dpp
b—sll
FCNC decays
| | |
1 2 3 4 (inspired by
significance (a) Zoltan Ligeti)
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Bottom-Up Approach to the Flavor Anomalies

theory input / bias

A

‘mativated’ address other open questions: hierarchy problem, SM flavor puzzle,...
models T ensure the madel is renormalizable, UV complete, ...

simplified introduce new particles in the simplest way possible
models

(e.g. a single lepto-quark or a single Z’ boson)

effective field
theory
(SMEFT / LEFT)

parameterize new physics model independently
(need to make minimal assuptions, e.g. new physics is heavy)

experimental input

(inspired by Marco Nardecchia)
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Fits of Pairs of Wilson Coefficients

2.0
— Relo S
Ry 1o / fl/é\lié
—— Rk & Rg- 10, 20

Ca™(7a PLb) (v 1)
Cio* (8o PLb) (i 5 11)

@ LFU ratios prefer
non-standard Co, but large
degeneracy

1.0 4

0.5

bspp
&1

—1.0 +— . y . .
20 15  -10  -05 0.0 0.5 10

bspup
Cy

WA, Stangl 2103.13370
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Fits of Pairs of Wilson Coefficients

2.0
By = pp lo
—— Rk & Rg- 10, 20
b— spp lo, 20
151 — rare B decays 1o, 20 bSpp = o
Cg™"" (87 PL) (i 1)
) b. = —
Cia" (870 PLb) (7" v5h)
§a 0.5 o LFU ratios prefer
O

non-standard Cio, but large

degeneracy
0.0 1 .
@ Bs — utp~ branching ratio

shows slight preference for
non-standard Cig

—0.5

Q@ b — suu observables
prefer non-standard Cy

-1.0 T T T T
-2.0 -1.5 -1.0 —0.5 0.0 0.5 1.0

chom @ overall remarkable
consistency

WA, Stangl 2103.13370
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Comparison of Global Fits

(B. Capdevilla, M. Fedele, S. Neshatpour, P. Stangl @ Flavour Anomaly Workshop, CERN, Oct. 20 2021)

» ACDMN (M. Alguerd, B. Capdevila, S. Descotes-Genon, J. Matias, M. Novoa-Brunet)
Statistical framework: \fit, based on private code arXiv:2104.08921

» AS (W. Altmannshofer, P. Stangl)
Statistical framework: x?fit, based on public code flavio arXiv:2103.13370

» CFFPSV (M. Ciuchini, M. Fedele, E. Franco, A. Paul, L. Silvestrini, M. Valli)
Statistical framework: Bayesian MCMC fit, based on public code HEPfit arXiv:2011.01212

» HMMN (T. Hurth, F. Mahmoudi, D. Martinez-Santos, S. Neshatpour)
Statistical framework: y2-fit, based on public code SuperIso arXiv:2104.10058

See also similar fits by other groups
Geng et al., arXiv:2103.12738,  Alok et al., arXiv:1903.09617, Datta et al., arXiv:1903.10086, Kowalska et al., arXiv:1903.10932,
D’Amico et al., arXiv:1704.05438, Hiller et al., arXiv:1704.05444,

o Global fits have reached a high level of sophistication. Are done by
many groups with different statistical approaches, different treatment
of theory uncertainties, different selection of observables, ...
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Fits of One Single Wilson Coefficient

(B. Capdevilla, M. Fedele, S. Neshatpour, P. Stangl @ Flavour Anomaly Workshop, CERN, Oct. 20 2021)

—_——
—

o p—— i N e
[

-25 -2.0 -15 -1.0 -05 0.0 0.5 -12 -1.0 -0.8 -0.6 -04 -0.2 0.0 0.2
NP NPyp _ NPp
CQ CQ - _CIO

o small differences among the groups due to different approaches, but
overall remarkable agreement

o NP scenarios are preferred over SM with pulls > 50

@ Warning: pull # global significance.
o Global significance ~ 4.30 determined in Isidori et al. arXiv:2104.05631
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Fits of Pairs of Wilson Coefficients

(B. Capdevilla, M. Fedele, S. Neshatpour, P. Stangl @ Flavour Anomaly Workshop, CERN, Oct. 20 2021)

~—— ACDMN ~—— ACDMN
1.2 A8 125 AS
>1 — crrpsv 1T — cFFpSV
—— HMMN \\ ~—— HMMN
1.00 1.00 SM
0.75 0.75
5 >y
zZ 050 ZzZ2 050
§] 9
0.25 0.25
0.00 4 0.00
—0.25 4 —0.25
—0.50 —0.50
—1.75 —-1.50 —-125 —1L00 —0.75 —0.50 —0.25 0.00 0.25 —1.25 —1.00 —0.75 —0.50 —0.25 0.00 0.25 0.50 0.75
NPy NP
9 9
global fit fit to LFU observables + Bs — pu

o Perfect agreement if only theoretically clean observables are used.
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Implications for the New Physics Scale

AT (5, PLL) (Y
unitarity bound /\TNP(s% Lb)(Bv" 1) Anp ~ 120 TeV x (C§7)~1/2
(51 PL) (1)
generic tree e, T LT Anp =~ 35 TeV x (C57)~"/2
MFV tree /\2 Vi Vis (87 PLO)(1" 1) Awp ~ 7 TeV x (ChP)~1/2
NP
generic loop TR (37, PLb) (" 1) Anp ~ 3 TeV x (C5F)~1/2
NP
1 N NPy —1/2
MFV loop 16 —— VoV BnPb)(in’p) e = 0.6TeVx (Cor)
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Implications for the New Physics Scale

AT (5, PLL) (Y
unitarity bound /\TNP(s% Lb)(Bv" 1) Anp ~ 120 TeV x (C§7)~1/2
(51 PL) (1)
generic tree e, T LT Anp =~ 35 TeV x (C57)~"/2
MFV tree /\2 Vi Vis (87 PLO)(1" 1) Awp ~ 7 TeV x (ChP)~1/2
NP
generic loop TR (37, PLb) (" 1) Anp ~ 3 TeV x (C5F)~1/2
NP
1 N NPy —1/2
MFV loop 16 —— VoV BnPb)(in’p) e = 0.6TeVx (Cor)

— Targets for Future Colliders!
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What's Next?
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Rare Decays with Taus

Capdevilla et al. 1712.01919

o Combined explantions of the
anomalies (Rk) + Rp)
typically predict large
enhancements of semi-leptonic
FCNC decays with taus in the
final state

U Ry &R 20
B Ryw&Ru 10
B BB, 1]

W BBk 7]

x10°

Br

= BrB-KrT
1 Br(Byprr]

11 12 13 14 15

Bs—7tr, B— K®)rr . R

Kamenik et al. 1705.11106; Li, Liu 2012.00665

V/c2)
B

3
3

o To reach sensitivity to the SM
rate, need a Z pole machine:
e.g. expect O(100) - O(1000)
reconstructed B — K*771 events
at FCC-ee/CEPC

Events / (0.02 Ge'

o Results on the tau modes would
in rare decays
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Lepton Flavor Violating Decays

o Combined explantions of the anomalies (R, + Rp-)) typically predict large
rates of lepton flavor violating decays

Bs > 1, B— KWy,
o Complementarity with rare tau decays

1077 107° 107
T J T T T
107

Excluded at 95% CL Excluded at 95% CL

1078
Belle 11 (50 ab™")

107 ; i

107*

B(1 — p1y)
B(t = po)

107101

1071

9 :
1077 | Belle I (50 ab™')

10-12L

1 L L L L vl |
107° 107" 107 107% 1077 107° 107" 107 107*
B(Bs — 7 u') B(Bs — 7 put)

Cornella et al. 2103.16558
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b — d¢¢ Decays

We observe anomalies in b — s¢¢ decays

2 options:
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b — d¢¢ Decays

We observe anomalies in b — s¢¢ decays

2 options:

1) anomalies are due to new physics
= want to study b — d¢¢ transitions to find out if new physics shows
up there as well
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b — d¢¢ Decays

We observe anomalies in b — s¢¢ decays

2 options:

1) anomalies are due to new physics
= want to study b — d¢¢ transitions to find out if new physics shows
up there as well

2) anomalies are not due to new physics
= want to study b — d// transitions to find out if new physics shows
up there instead
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b — d¢¢ Decays

Expect a b — d/¢ program that
parallels the effort for b — s¢¢ decays
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b — d¢¢ Decays

Expect a b — d/¢ program that
parallels the effort for b — s¢¢ decays

o this includes many processes:
B = utu~, Bt —saxtete, B ataitiT, Bs— Kelti,

Bs — K*(— Km)tte— |, Ny — prlte™

Wolfgang Altmannshofer Theory of Rare Decays and LFUV/LFV May 17, 2022 41/43



b — d¢¢ Decays

Expect a b — d/¢ program that
parallels the effort for b — s¢¢ decays
o this includes many processes:
B = utu~, Bt —saxtete, B ataitiT, Bs— Kelti,
Bs — K*(— Km)lte=, Ny — prlti-
@ and many observables:

branching ratios, angular distributions, LFU ratios

2
J & dg® BR(B — mu* ™)

" g™ dg? BR(B — neter)
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b — d¢¢ Decays

Expect a b — d/¢ program that
parallels the effort for b — s¢¢ decays
o this includes many processes:
B > putp~, BYr—atitem, B s ata i, Bs— KsltiT,
Bs — K*(— Km)tt (=, Ny — prlte
@ and many observables:

branching ratios, angular distributions, LFU ratios

2
J & dg® BR(B — mu* ™)

" g™ dg? BR(B — neter)

o already existing measurements of b — d processes can be used to
probe new physics (Rusov 1911.12819)

o (after high-lumi phase, will have
~ comparable statistics for b — d as there is now for b — s)
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Rare Charm Decays

Bause et al. 1909.11108

@ Due to the strong GIM suppression, L 6 R st S
3

5 1070 plw resonant SM

the sensitivity of rare charm decays
to new physics is in principle even
higher than the one of rare b
decays. (de Boer, Hiller 1510.00311; Fajfer,
Kosnik 1510.00965; ...)

@ Challenge: control the long S
i i Q9 -15
distance physics. 2 10700 ; 5 )
% [GeV?]
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Rare Charm Decays

Bause et al. 1909.11108

@ Due to the strong GIM suppression, T 5 B somreonut SN
the sensitivity of rare charm decays R B e 2
to new physics is in principle even = o
higher than the one of rare b 0
decays. (de Boer, Hiller 1510.00311; Fajfer, }
Kosnik 1510.00965; ...) ;10'“ )
@ Challenge: control the long 107"
distance physics. Rl : 3 !
¢ [GeV?]

o focus on “null tests” (observables that are strongly suppressed in the SM
due to exact or approximate symmetries) e.g. Bause et al. 2010.02225

Examples: LFU ratios in D — =¢¢, Ds — K¢, lepton flavor violating decays,
di-neutrino decays D — wvv, Ds — Kvv, lepton forward backward
asymmetry in D — w7é/, also angular distributions in baryon decays (Golz et
al. 2107.13010), ...

o Complementarity with LHC di-lepton spectra (Fuentes-Martin et al. 2003.12421)
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Final Thoughts

Rare decays have very high indirect sensitivity to new physics at very
high scales.

A comprehensive coverage of new physics parameter space requires the
study of a large set of complementary rare decays.
(too many to discuss them all in a 30min talk!)

The expected experimental precision (see next talk) combined with
improved theoretical predictions will allow us to probe uncharted new
physics parameter space.

The current “B anomalies” might be first indirect signs of new physics.
If confirmed, they would imply a new mass scale in particle physics,
potentially within reach of either the LHC or future colliders.

In the absence of anomalies, the future rare decay program will
quantitatively and qualitatively improve constraints on new physics and
provide critical input for new physics model building.
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