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Rare B Decays as a Probe of New Physics
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measure calculate precisely get information on
precisely the SM contribution NP coupling and scale

b — s¢¢ decays probe high new physics scales
CNp ~1 & Ayp~35TeV
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b — s¢¢ Status, Winter/Spring 2023

2.0
By = puu 1o flavio
—— Rk & Rg+ 1o, 20 b - —
15| b o 1o, 20 G5 (570 PLO) (A" 1)
o Cio"" (87 PLb) (i ys11)
3 » LFU ratios in agreement
.%Dg 0.5 1 with SM
» Bs — putp~ branching ratio in
0.0 agreement with SM
» b — sup observables prefer
—0.59 non-standard Cgy
» Tensions in the global fit
-1.0 T

-20 -15 —-10 -05 00 05 1.0
bspp
Cy

Greljo, Salko, Smolkovic, Stangl 2212.10497
(+ many others, see previous talk)
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b — st¢ Status, Winter/Spring 2023

2.0
By — pp
— b e flavio
— Ri &Ry - -
L5 — r:re&BFfle('ays, Winter 2023 ACg(S’Y"‘ PLb)(/m/ ,u,)
—————— rare B decays, 2040 _ Ca
\\ ACH, (37 PLb) (Y s i)
1.0
RN » LFU ratios in agreement
0] [ 4\ "\ with SM
< | .
- / > in
00 NN z agreement with SM
D
» b — sy observables prefer
051 8 non-standard Cqy
AN » Tensions in the global fit
\ .
10 , ; : : - (actually not too terrible...)
-2.0 —15 -1.0 A—UC-EH 0.0 0.5 1.0
! ACY ~ —0.53+0.18
WA, Gadam, Profumo in preparation AC1“0 ~ —-0.16 +0.13
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Approach 1: Ignore b — suu

2.0

By — pp
Ry & Ry flavio 2

| ACH (8vaPLb)(fiy™ 1)
ACH,(87aPLb) (i vsp)

» LFU ratios in agreement

0.5 with SM

» Bs — u'tp~ branching ratio in
agreement with SM

ACY,

» b — s observables “fixed”
by hadronic physics

» Constraints on muon specific

New Physics
ACY
! ACY ~ —0.28 £0.33
WA, Gadam, Profumo in preparation AC1“0 ~ —0.07 £ 0.22
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Approach 2: Assume NP is Lepton Universal

2.0
By = pp
— boem flavio .
—— lepton universal fit, Winter univ. = 7
15 e ie:)ton universa: ;:,3)41; o ACsT (872 PL) (")
ACHE" (37 PLb)(Py*750)
1.04
. » LFU ratios don't give
i)s s constraints
< » Bs — uTp~ branching ratio in
00 agreement with SM
» b — sy observables prefer
~051 non-standard Cg
» 2.80 preference for new
[ T R Aéé.s' 0.0 05 L0 physics in Co
? ACS™ ~ —0.80 &+ 0.22
WA, Gadam, Profumo in preparation Acfgi"- ~ +0.12+0.20
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New Physics or Underestimated Uncertainties?
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Main Sources of Theory Uncertainty

Bs — up b — suu angular LFU
rate rates observables ratios
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Bs — up b — suu angular LFU
rate rates observables ratios
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Main Sources of Theory Uncertainty

Bs — up b — suu angular LFU
rate rates observables ratios

wt | VX X

(local) form
factors v \/ v X
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Main Sources of Theory Uncertainty

Bs — up b — suu angular LFU
rate rates observables ratios

wi | VWV
(local) form \/ \/
v

X X
Vv X
v/ X

factors

“charm
loops” X
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The Role of Vg

1 B-Kuu @ low ¢
- 1 B-K'uu @ low ¢

° 1 Bydup @ low ¢

| BoKuu @ high ¢
1 B-K'uu @ high ¢

1 Boo¢pu @ high ¢

1 B-Xy

1 Beopu

| Vep| from all T 1 1 Veblexcl.

rare decays ———— 1 | Veblinel.

30 35 40 45
[Vepl x 10°

WA, Lewis 2112.03437
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Predictions for b — suu
rates depend sensitively
on |Vep|.

Since many years there
are tensions between
inclusive and exclusive
determinations of V.

The rare B decay rates
could be partially
explained by a

(very) low | Vgp|.

Why does almost

everyone use the
inclusive Vg, value?
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B — K Form Factors

» B — K form factors are determined
with very high precision from 20
lattice calculations

Fermilab/MILC 1509.06235
HPQCD 2207.12468 10

(see talk by Parrott in the afternoon) 03

Feol@®)

0 5 10 15 20

» combination by Becirevic, Piazza, £ (Gev
Sumensari 2301.06990 has
percent level accuracy!

» | get a bit nervous seeing such a
high precision. Are the results

fr(g®)

[On the right | am ploting the form factors 03
from Becirevic et al. 2301.06990] 0 -

¢ [GeV?]
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B — K* Form Factors

» LCSR + lattice combinations by

Bharucha, Straub, Zwicky
1503.05534

Gubernari, Kokulu, van Dyk
1811.00983

(see talk by Gubernari in the afternoon)

S

10 15
¢ 1GeV?]

» Uncertainties around 5% - 10%

» How reliable are the uncertainties?
What even is a B — K* form factor?
Bettertodo B — K=?

(see talk by Virto/Reboud in the afternoon)

[On the right | am ploting
form factors from BSZ ]

T12(¢%)

10 1
¢ [GeV?]
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“Charm Loops”

A
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[Note: Thisis a
sketch of my own
very naive
understanding]

Paramterize them
and fit them to data
and/or LCSR
calculations
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sketch of my own
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Paramterize them
and fit them to data
and/or LCSR
calculations

How reliable are the
LCSR calculations?
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“Charm Loops”

A [Note: This is a

() HCl ok sketch of my own
L * very naive

understanding]

leeton Paramterize them
wniveesal and fit them to data
new phpics and/or LCSR
n bes 1 calculations

How reliable are the
LCSR calculations?

LCSKR
caletechons
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“Charm Loops”

A [Note: This is a
() LHCh ddta sketch of my own
very naive
understanding]
no mode(
of hig) Paramterize them
womts +o T and fit them to data
do this and/or LCSR
calculations
How reliable are the
N LCSR calculations?
/ g Maiy 7 How flexible are the
LCSR parameterizations of
col.culd"“\w\s

the non-local effects?
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New Physics Model Building

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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My Perspective on New Physics (I)

» Looking back to 2013: explanations of the “P anomaly” want
ACgy ~ —1 (could be lepton universal or muon specific)

» ACy = —ACyo was also OK, but the data then (as now) is perfectly
compatible with SM-like Cig

— new physics only in Cyg seems the more minimal option

» Simplified model approach:

with vector coupling to muons 9;‘4/;» and flavor changing
coupling to left-handed quarks g,
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My Perspective on New Physics (II)

N
b p
5
IA*
P% wants
95y |ACs|
m, (35 TeV)?
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My Perspective on New Physics (II)

b s
s "
b s
2 =
p < ‘
P% wants Constraint from Bs mixing
95y |ACs| (9)° o 1
m2, (85 TeV)? m2, ~ (250 TeV)?
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My Perspective on New Physics (II)

b s
s "
b s
2 =
p < ‘
P% wants Constraint from Bs mixing
95y |ACs| (9)° o 1
m2, (85 TeV)? m2, ~ (250 TeV)?

Vp
Vh fA.
2
N

Fairly weak constraints on the muon
coupling from neutrino tridents

(Gun)® o 1
m2, "~ (300 GeV)?
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My Perspective on New Physics (II)

b S
S 2
b s
z < —l;
,A*
P% wants Constraint from Bs mixing
JsoGses _ _|AG| (9)° 1
m2, (85 TeV)? m2, ~ (250 TeV)?
Vp
Vh P.
2
]
I — Want a Z’ with O(1) vectorial
Fairly weak constraints on the muon couplings to muons and small flavor
coupling from neutrino tridents changing couplings to quarks.
(Gun)® o 1

m2, "~ (300 GeV)?
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My Perspective on New Physics (llI)

From a model building perspective, the most straight forward thing is to
gauge muon number minus tau number, L, — L.

by

SL

Genuine prediction:
Violation of lepton flavor universality in b — sé¢ at the ~ 20% level.
WA, Gori, Pospelov, Yavin 1403.1269; WA, Yavin 1508.07009

BR(b — suu)

BR(b — s77) 12
BR(b — see) ’

08, BR(b — see)
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My Perspective on New Physics (IV)

» Now we know that ;. — e universality holds to a good approximation.
— Gauge Le+ L, —2L; 7

» Possible issue: the Z’ has also O(1) couplings to electrons
— Strong constraints from LEP

e ¢:lf"
%\

(gl\l/H)Z ~ (g;/e)Z < 1
, m2, — m2, "~ (3.5TeV)?
¢ S

» One finds an upper bound on |ACg| < 0.7
(WA, Straub 1411.3161; also Greljo, Salko, Smolkovic, Stangl 2212.10497)

— Z' seems uncomfortably close to the bounds from LEP and Bs mixing
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My Perspective on New Physics (V)

» What about leptoquarks? (much weaker constraints from Bs mixing)

» But single leptoquarks don'’t like to be lepton universal.
One tends to run into trouble with lepton flavor violation.

q q
e (R @ R

e
LG

» Most natural scenario seems to be multiple leptoquarks that are
related by SU(2) or SU(3) flavor symmetries.

[for more leptoquarks see talk by Stefanek after the break]
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Collider Probes of b — suu

hadeon collider
—_ s
>

L f"

S u?

<G

care B o\eco.gs

<

muon collidee

[see also talk by Wilsch after the break]
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Collider?

Muon collider design is driven by finite muon lifetime

MAP collaboration

Proton Driver Front End Cooling Acceleration Collider Ring
m <— )
~ . |52 5 5|8 ¢
o § 3 & |PlilsE D
£ ® 5 5 [Cg2 E 5|8 & 3 5 g
- El < = S & @ =}
=3 E as9 [==] o I.% Q ‘E) 1 o
3 E 28 5 |82x“ g8 ¢ 9 €5 o £
g C P88 Eflzs 28 8= 8 £ | Accelerators:
< é s =gk E | Linacs, RLA or FFAG, RCS
Short, intense proton .
b é R ’:i Muon are captured, Collision
unches to produce
P bunched and then cooled by

hadronic showers

Wolfgang Altmannshofer

ionisation cooling in matter .
Acceleration to

Protons produce pions collision energy

Pions decay to muons

talk by D. Schulte @ Muon Collider Agora, Feb 16 2022
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A Muon Collider!

o "ol o I < 0
o o o o o
o &l o =3 Ne) - W=
o o~ o~ o~ o
4 ’ =3 ° Technically limited timeline
Baseline design 2 o
S
™ =3
g Facility Conceptual 5
o Design 8
5 5 Technical 8 & S’
= 3| Design % g5
5 13 ~ y o %o
S > Facility Construction X
o a 3
o o a
I @ @
Demonstrator design | & =
Preparatory work
Prototypes Demonstrator g é’
C ion 2=
Demonstrator exploitation and upgrades 2@
g
g
e

Design and modelling

Models, prototypes

Performance
and Cost
Estimation

Pre-series

Production

Ready to
Construct

Ready to
Commit

talk by D. Schulte @ Muon Collider Agora, Feb 16 2022
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Non-Standard "~ — bs at a Muon Collider

do(prp~ —bs) 3 L 5, 8
Jeosd = ﬁg(“’ nwo— bs)(1 + cos 0+§AFB c050>

do(u*p=—bs) 3 . >, 8
Geosd = Eo(u T bs)<1 + cos 0—§AFB cos@)

Total cross section increases with the center of mass energy

G2a

2
ot~ = bs) = 25 [VisVil? s (1Gof2 +[Cuol?)
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Non-Standard "~ — bs at a Muon Collider

do(prp~ —bs) 3 L 5, 8
Jeosd = ﬁa(u nwo— bs)(1 + cos 0+§AFB cos@)

do(u*p=—bs) 3 . 5, 8
Goosd = EU(M T bs)(1 + cos 0—§AFB cos@)

Total cross section increases with the center of mass energy

G2a

2
ot~ = bs) = 25 [VisVil? s (1Gof2 +[Cuol?)

Forward backward asymmetry is sensitive to the chirality strcuture

A _ _—3Re(CeCip)
87 2(|Col2 + [Ciof2)

Need charge tagging to measure the forward backward asymmetry
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Backgrounds

WA, Gadam, Profumo 2203.07495 and in preparation

0.01

1074 01 Loop
o
S —
144
5 qq
1076
Oqq
1078 — ONP
1 2 5 10
Vs/TeV

» Main background falls with /s; new physics signal increases.
» Signal/Background ~ 1 for v/s ~ 10 TeV.
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Sensitivity Projections

WA, Gadam, Profumo 2203.07495 and in preparation
10 TeV with 10 ab~’

10 TeV with 1 ab~!

Co

» Branching ratio (green) and Agg (blue) are complementary.

» If there is new physics in b — s¢¢, a 10 TeV muon collider would clearly see
it, and one does not need to worry about long distance QCD.

» If there is no new physics, rare decays and a 10 TeV muon collider give

roughly the same constraints.

(see also Huang et al. 2103.01617; Asadi et al. 2104.05720; Azatov et al. 2205.13552)
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» Rk and Rk~ are gone, but the b — s¢¢ branching
ratios are still low and angular distributions are off.

» If there is new physics in rare b — s¢/, it has to
(approximately) preserve e — u universality.

— Interesting implications for model building.

» Ultimate test of the b — s¢¢ anomalies could come
from a 10 TeV muon collider.
(but hopefully we can sort this out earlier ...)
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