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Semileptonic Decays b — suu

kaon

... muon
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Semileptonic Branching Ratios
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Constraints from LFU observables
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Experimental results for

BR(B — Kupu)
BR(B — K* )
BR(Bs — dpp)
are consistently low
across many g2 bins
(~ 20 — 30)
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The B — K*(— Km)u"u~ Decay
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The P; Anomaly

P ~ a moment of the B — K*ut .~ angular distribution

LHCb 2003.04831

-~ — T T T T T T T T T T T

VR | N
LHCb Run 1 + 2016 1

[T SM from DHMV

o
W
T T T T

&
N
I UL I LB
JIp(1S)
W(2S)

| 4

" 1 L
0 15
q* [GeV¥ 4]

o
(9}
—

~ 20 — 30 anomaly persists in the latest update of B® — K*0utpu~.
(Anomaly also seen in B* — K** ;% 1~ LHob 2012.13241)
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Evidence for Lepton Flavor Universality Violation
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Charged Current Decays: B — D)7y
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LFU in Charged Current Decays: Rp and Rp-

Bernlochner, Franco Sevilla, Robinson, 2101.08326
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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)

Wolfgang Altmannshofer (UCSC) Constraints from LFU observables November 16, 2021 11/36



Anomalous Magnetic Moment of the Muon
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New Physics?
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Standard Model Experiment
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4.2 o discrepancy between the experimental average (Fermilab g-2, 2104.03281)
and the SM consensus (Aoyama et al. 2006.04822)
(see, however, the lattice results from BMW 2002.12347)

Aa, = (251 +59) x 107"
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(Selection of) Flavor Anomalies in 2021
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(Selection of) Flavor Anomalies in 2021

BR(B -~ K pp)
BR(B - K*uu)

— relevance of hadronic effects

b-clv
charged current
decays

BR(B, — ®pp

b—sll
FCNC decays
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4 . .
(inspired by
Zoltan Ligeti)
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What Could It Be?

Bs — up semileptonic angular LFU (9—2)u
rate rates observables ratios
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What Could It Be?

Bs — up semileptonic angular LFU (9—2)u
rate rates observables ratios

experimental 7 7 7 7 7

issues? . . . . .
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What Could It Be?

LFU
ratios

semileptonic
rates

angular
observables

Bs — pp
rate

(9-2)u

experimental
issues?

statistical
fluctuations?
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What Could It Be?

Bs — up semileptonic angular LFU (9—2)u
rate rates observables ratios

experimental 7 7 7 7 ?

issues? . . . .
statistical

fluctuations? \/ \/ \/ \/ X

parametric \/ \/ X X X

uncertainties?
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What Could It Be?

Bs — up semileptonic angular LFU (9—2)u
rate rates observables ratios
experimental
issues? ? ? ? ?

statistical
fluctuations?

uncertainties?

underestimated
hadronic effects?
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What Could It Be?

Bs — up semileptonic angular LFU (9—2)u
rate rates observables ratios

experimental 7
issues? H
statistical
fluctuations?

parametric
uncertainties?

underestimated
hadronic effects?

< X X L~

X
X
v
v

X o™
LU
LU XU

New Physics?
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Interlude:
Model Independent
Implications
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Model Independent Analysis of (g — 2),

The leading effective operator that modifies the anomalous magnetic
moment of the muon and that respects SU(2), x U(1)y

C . 4m,v
Lot = —H(ﬂa(w/g/l)l—_o“‘j = Aag,~ "
A% | " ev2Ag,

Wolfgang Altmannshofer (UCSC) Constraints from LFU observables November 16, 2021 16 /36



Model Independent Analysis of (g — 2),

The leading effective operator that modifies the anomalous magnetic
moment of the muon and that respects SU(2), x U(1)y

C 4m,v
Lot = — H(jio,sp)FY7 = Aag, ~ AV
e e\/_/\
Ly Fo?
strong coupling A2, (Roasn) Anp ~ 290 TeV
e 1 H( =2
weak coupling 1672 A2, (Roasp) Anp ~ 14 TeV
e 1 _ o
weak coupling + MFV 16?2‘;2 ATH(M%BN)F 7 Anp ~ 280 GeV
NP

(MFV = Minimal Flavor Violation)
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Model Independent Analysis of Rx and Rk~

Mt = =2 Vo Vi g zz(c,o,w' )

magnetic dipole operators semileptonic operators scalar operators
bH(L) \\ \ / HLR R(L) \\ / HR(L
¢ BAAN o cer
SL(R) / / \ ML(R SL(R) / \ HL(R
CY (80w Pryb) ™, C{(EnPumb)(iy"0) ,  CL(SPawb)(IPia)l)

CiQ (874 Pumyb) (77" 50)

neglecting tensor operators and additional scalar operators
(they are dimension 8 in SMEFT: Alonso, Grinstein, Martin Camalich 1407.7044)
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Global Rare B Decay Fits

2.0
——— Rg- lo
—— Rk lo
—— Rk & Rg+ 10, 20
1.5 < _ _
Cs™* (370 PLb) (" 1)
101 Crot™ (8va Pub) (v ysps)
% 051 » LFU ratios prefer
non-standard Co, but large
o degeneracy
051
—-1.0 T T T T
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
Cgsuu

WA, Stangl 2103.13370 (other recent fits: Geng et al.
2103.12738; Cornella et al. 2103.16558; Alguero et al.
2104.08921; Hurth et al. 2104.10058; Ciuchini et al.
2110.10126)
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Global Rare B Decay Fits
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WA, Stangl 2103.13370 (other recent fits: Geng et al.
2103.12738; Cornella et al. 2103.16558; Alguero et al.
2104.08921; Hurth et al. 2104.10058; Ciuchini et al.

2110.10126)
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CE*M* (80 PLb) (A )
CP(8va PLb) (i s 1)

LFU ratios prefer
non-standard Co, but large
degeneracy

Bs — ptp~ branching ratio
shows slight preference for
non-standard Cio

b — suu observables
prefer non-standard Cy

best fit point
C&* ~ —0.63
ChsHi ~ 1.0.25

November 16, 2021 18/36



The New Physics Scale of Rx and Rk

47 _ _
unitarity bound /\T,\‘P(SAY”PLb)(‘W ») Anp ~ 120 TeV x (C§7)~1/2
v Pl _
generic tree /\ﬁ,,(s7 L) (" 1) Anp =~ 35 TeV x (C57)~"/2
MFV tree /\2 Vi Vis (87 PLb) (117" 1) Anp = 7 TeV x (CyP)~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)

(MFV = Minimal Flavor Violation)
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Model Independent Analysis of Rp and Rp-

4G
Hotr = \/_F VesOv, + 13 Zco

byr \ / TL/R
CLR / \

O; = contact interactions
with vector, scalar
or tensor currents
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Model Independent Analysis of Rp and Rp-

4Gr
\/_

bi/r TLR Shi et al. 1905.08498
/ \ 0.35] E
CLR

Heﬁ VcbOVL /\2 Z C O

£ 0.30
. . o

O; = contact interactions

with vector, scalar

or tensor currents . fioatar.

! Tensor

rescaling Of the SM veCtor 0.20 0.25 0.30 : 0.35 0.40 045‘050
operator fits the data best Rp

combinations of operators

\ (also Murgui et al. 1904.09311, Asadi, Shih 1905.03311,
are also possible

Cheung et al. 2002.07272, ... )
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The New Physics Scale of Rp and Rp-

ar _ _
unitarity bound /\TNP(C%PLb)(T'Y Pv) Anp =~ 8.4 TeV
L @wPb)(F P
generic tree /\TNP(C'V” Lb) (77" PLv) Anp ~ 2.4 TeV
1 - o
MFV tree rz Voo (CrPLD)(TY" PLv) Anp ~ 0.5 TeV
NP

(MFV = Minimal Flavor Violation)
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The Flavor Anomalies
in the MSSM
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It is very well known that the
MSSM can give sizeable
contributions to (g — 2),, via
tan 5 enhanced smuon
chargino/neutralino loops
(talks by John Ellis, Sven Heinemeyer)

Smuons, charginos, neutralinos
need to be pretty light

Compressed spectra to avoid
exising LHC constraints

Good discovery prospects at
the high luminosity LHC and
ete colliders (ILC, CLIC)

p (TeV)

=M, =

M,

0.5-

Constraints from LFU observables

The Anomalous Magnetic Moment in the MSSM

MSSM, 15=50 | -]
MSSM, 5=20

0.5 1

my, = myg, (TeV)

n"
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Wolfgang Altmannshofer (UCSC)

It is very well known that the
MSSM can give sizeable
contributions to (g — 2),, via
tan 5 enhanced smuon
chargino/neutralino loops
(talks by John Ellis, Sven Heinemeyer)

Smuons, charginos, neutralinos
need to be pretty light

Compressed spectra to avoid
exising LHC constraints

Good discovery prospects at
the high luminosity LHC and
ete colliders (ILC, CLIC)

Constraints from LFU observables

The Anomalous Magnetic Moment in the MSSM

i (TeV)

=pu=

M =M,

e
w

» With

, sSmuons, charginos,
neutralinos can be significantly
heavier wa, Gadam, Gori, Hamer

2104.08293 (— backup slides)
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Rk and Rk- in the MSSM

by, br 5L SL
———9-->- - -———
WA, Straub
Wy AW 1308.1501, 1411.3161
1 l Ju
—_— - <----- *——<—

o only way to get lepton flavor non universal contribution to rare
b — s¢¢ decays is through box diagrams with light winos (or Binos)
and large non-universality in slepton masses.

o requires an extremely light spectrum to get Cgs"“ ~ —0.5:

winos and smuons around 100 GeV;
sbottoms around 500 GeV;,

to hide this at the LHC...
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Rp and Rp- in the MSSM

» There are tree level contributions to
B — D™y from charged Higgs exchange

b [&
m:-mp :

R

—er~1-15 tan? 3 .\
Ao s H W= % vy
% 120120 Mo n2 g <
RD* mH:l:

» Effect goes in the wrong direction and is
much smaller for Rp-
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Rp and Rp- in the MSSM

» There are tree level contributions to
B — D™y from charged Higgs exchange

b [&
m:-mp :

Rp

~1-15 tan? 3 .
‘PSM .
R rnH:t H /W~ ‘\ v,
Rp-
— ~ 1-0. 12 b tan 23 -
REM m,_,i ’

» Effect goes in the wrong direction and is
much smaller for Rp-

» Correlated with effectin B — 7 .
."
BR(B — 7v) m2 """
_— 0 X~ 1 tan
BR(B — TI/)SM

in the MSSM
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The Flavor Anomalies
and R-Parity Violation
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The MSSM with R-Parity Violation

(see talk by Herbi Dreiner)

o give up on a dark matter candidate, but open up possibilities to
address the flavor anomalies

Pragmatic phenomenological approach:
o consider the lepton number violating

(no baryon number violating UDD interactions to avoid constraints
from proton decay)

I~ 3 i Jx =C = 2 ~ 7 Jx =C
Liop = Ak [ViLddejL + A dkariL + dI:RViLdjL — eiLdkpUy — Uy dkpeiL — d;ReiLUjL] +H.c.

1 ~ . ~ ~ - ..
Li1E = 5Nk |ViLBKkREJL + EjL8KRVIL + e;RViie/L — (i <> J)] +Hec.
2

o assume that only the 3rd generation sfermions are light
= 7 X couplings and 19 )\’ couplings are relevant

— RPV3 (WA, Dev, Soni 1704.06659; WA, Dev, Soni, Sui 2002.12910; ...)
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The Anomalous Magnetic Moment with RPV3

A A Fr o TR upooMm NG el PR oap T I
7y Vi, ‘9;: VL
¥ ¥ 7 K
Xosi N3k Aaja é Njs s N /\”k_ . é N
N O N Tn b P AN N R i i Hy
. N .
i b di

Kim, Kyae, Lee hep-ph/0103054; ...

o 1-loop contributions from )\ and A couplings
(in addition to the standard MSSM contributions)

3
Ag — m, 2(|Mazk|® + [Makal®)  Aakel®  kes|? N 3| \ys?
T m2 m2 m2 m2
k=1 vr TL TR br

@ No tan 8 enhancement — need light sbottoms and/or sneutrinos with
large couplings to get a relevant contribution in the right direction
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Rp and Rp- with RPV3

(*]

(*]

(*]

Deshpande, He 1608.04817; WA, Dev, Soni 1704.06659; ...

Tree level contributions from sbottom or stau exchange

Stau behaves like a charged Higgs (but its couplings are less
constrained). Stau contribution disfavored by B, — v branching
ratio and kinematic distributions in B — D®) 7.

Sbottom behaves like a leptoquark. Chirality structure as prefered by
model independent fits (shi et al. 1905.08498; Murgui et al. 1904.09311; Asadi, Shih
1905.03311; Cheung et al. 2002.07272; ... )

for sbottom masses O(1 TeV)
and couplings X' ~ O(1)
need to be careful to keep 1 — e universality in b — cév
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Viable Parameter Space

N B-Kwv Bonvy B R)+Rp B B-ow B direct searches
N Zcouplings % tdecays
/\;13 = X323 =0 1;13 =-0.05, /\‘323 =0.01

4

e

LA
i
i

960 1060
m; (GeV) m; (GeV)
R R

WA, Dev, Soni 1704.06659
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Collider Signatures of Rp.) Explanations

Crossing symmetry

S
Expect non-standard

mono-tau production b
at the LHC s ‘e
T \
(possibly in association \V,
with b-jets)

WA, Dev, Soni 1704.06659; Greljo et al. 1811.07920;
Marzocca et al. 2008.07541; ...
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Collider Signatures of Ry Explanations

Crossing symmetry

S
Expect non-standard

mono-tau production b
at the LHC s N
T \
(possibly in association \V,
with b-jets)

WA, Dev, Soni 1704.06659; Greljo et al. 1811.07920;
Marzocca et al. 2008.07541; ...

» In RPV3, look for sbottom production gc — br — bur
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Implications for Neutrino Masses

PIR/ N."-\?mL d[R 4,1‘ "*‘Cme

i { Vit v / k vir
vip ./\w )\jmk' J iL )\i“ )‘;'mk 7
253 erR dir din
Barbier et al. hep-ph/0406039; WA, Dev, Soni 1704.06659
o The RPV couplings needed to address Ap and Ap- give also
1-loop contributions to Majorana neutrino masses
3 m2(Ap — ptanB) 1 m2(A; —ptanp
() = (M )jeot o= == /\;33)\]33_,_87—7( — I xaadat-..
b 7

o Generic size of neutrino masses for sbottom/stau masses
of O(1 TeV) and couplings of O(1) is ~ 0.1 MeV

[+ to obtain sub-eV neutrino masses
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Rk and Rk- with RPV3

’ ’*
sz Vip M
br
! '
! 1
- Vs
br Vor
! '
! 1
rr
: I
Aoy JL Majs
,
M3z Vo Aa2j
by, —>—p------
dip lin
Sp —e—A -
’ X
A3 VTp 32

Das et al. 1705.09188; Earl Gregoire 1806.01343; Trifinopoulos 1807.01638; Hu, Huang 1912.03676;

WA, Dev, Soni, Sui 2002.12910; Bardhan et al. 2107.10163

o Tree level contribution from stop exchange have the wrong chirality

o Several loop contributions with the right chirality and Cg = —Cyg

@ Both A\ and )\ couplings can be involved

1229

KL
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Combined Explanations of the Anomalies in RPV3

@ We consider a few
benchmark scenarios

@ We include a very
long list of constraints:
meson mixing;
rare decays;

Z decays;
lepton flavor violation;
direct LHC searches;

2.0 . . K @ Agreement with the
g, (TeV) anomalies 2t the
border of many
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Combined Explanations of the Anomalies in RPV3

C 3 .
i o We consider a few

benchmark scenarios

@ We include a very
long list of constraints:
meson mixing;
rare decays;

Z decays;
lepton flavor violation;
direct LHC searches;

g = 20GeV

@ Agreement with the
anomalies atf the
border of many
constraints

WA, Dev, Soni, Sui 2002.12910
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Collider Signatures of Rk Explanations

o Based on crossing symmetry expect the processes
bs — ¢, gb — st¢, and gs — blX.

o In RPV3: for example single stop production giving a by resonance,
or single sbottom production giving a tu resonance.

my, = my (TeV)

Dev, Soni, Xu 2106.15647
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Summary B

Rare B decays show persistent discrepancies with SM
predictions.

If significance of LFU violation (Rp and R)) continues
to grow with more statistics = clear indication of new
physics. (Recent updates by LHCb are reassuring!)

It's not possible to explain Rp.) and Rk in the MSSM.

In RPV3, explanations of Rp-) and Rk are borderline
compatible with constraints.

Collider signatures:
“single production of flavored leptoquarks”.

Constraints from LFU observables November 16, 2021
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The FSSM Setup

o Extended SUSY Higgs sector with 4 Higgs doublets H,, H,,, Hy, H}
o The superpotential of the model is
W = 4 f:/uf:/d + MQI:I{,F/& + ,U3HL/,/:Id + /L4/:/uf:/é
(Yul:lu + Y;F/;)éffc + (Yd/:/d + Y[;/:/&)éﬁc + (Yz:/:/d + Y/H&)ZEC

100—@ o Four u terms

N
o

@ Third generation gets mass
from H,, Hy

@ First and second generation get
' mass from H},, H
0.01
1073 )
FSSM = Flavorful Supersymmetric

104 Standard Model

-

particle masses in GeV/c2
o
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Muon and Smuon Masses in the FSSM

4 Higgs doublets = 4 vevs vy, V[, Vg, v}, With v2 + v+ v3 + v/? = v2
o Useful to introduce the ratios

Vu Vu Vd
tanﬁzv—d, tanﬁu:W, tanﬁd:7
u d

Wolfgang Altmannshofer (UCSC) Constraints from LFU observables November 16, 2021 2 / back-up



Muon and Smuon Masses in the FSSM

4 Higgs doublets = 4 vevs vy, V[, Vg, vV, with v2 + V2 + v3 + v[2 = v?

o Useful to introduce the ratios
Vu P Vu Vd
tanf=—, tanf,=—, tanfByg=—
Vg v/, vy

@ tan 4 controls the size of muon Yukawa
(independently of the tau and bottom Yukawas)

v’ N\/Eﬂ tan S tan By Y. ~ 2& tan g
e v 1+¢tanBtan By’ T Vv 14+e tanp

© Muon Yukawa Y/, can be O(1) without running into Landau poles
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Muon and Smuon Masses in the FSSM

4 Higgs doublets = 4 vevs vy, V[, Vg, vV, with v2 + V2 + v3 + v[2 = v?

o Useful to introduce the ratios
Vu Vu 7]
tan f = — tan B, = — tan By = —
ﬁ Vq 5 P)u VL// P Pd Vclj

@ tan 4 controls the size of muon Yukawa
(independently of the tau and bottom Yukawas)

v’ N\/Eﬂ tan S tan By Y. ~ 2& tan g
e v 1+¢tanBtan By’ T Vv 14+e tanp

© Muon Yukawa Y/, can be O(1) without running into Landau poles

o tan By also boosts left-right mixing of smuons

2 _ tan B tan By
Mg -~ mﬂL mM'U’41+eg tan B tan By
I /
tan 3 tan By 2
_ml’«'u41+q tan [ tan By mﬁR
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Chargino and Neutralino Spectrum in the FSSM

@ 4 Higgsinos + Winos + Bino = 3 charginos + 6 neutralinos
o Chargino mass matrix

M2 9 vy 9 4

V2 V2
My =| FHva m 13
%V{j o M2
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Chargino and Neutralino Spectrum in the FSSM

@ 4 Higgsinos + Winos + Bino = 3 charginos + 6 neutralinos
o Chargino mass matrix

M2 9 vy 9 4

V2 Vv2'u
M, + = \% Va i 13
% V(/j o M2

o It is convenient to first diagonalize the Higgsino block

cosfy sinfy Wi 3 cosfy sinfy \ _ [ un O
—sinfy cosfy a2 —sinf, cosf, /] \ 0 [

Generically expect the rotation angles 6, and 64 to be O(1)
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Wolfgang Altmannshofer (UCSC)

Chargino and Neutralino Spectrum in the FSSM

@ 4 Higgsinos + Winos + Bino = 3 charginos + 6 neutralinos

o Chargino mass matrix

M-
_ 9
MX:(: = V2 Vd
Ry
V2 'd

o It is convenient to first diagonalize the Higgsino block
cosfy sinfy w1 43
—sin 9d Cos Hd M4 2

o Remaining off-diagonal entries are of the order of the electroweak

9
VAL

i1
i

cos b,
—sinfy

scale and can be treated perturbatively

@ Analogous treatment for the neutralinos

gvl

V2 u

/s
i

sinf,
cosf,

)=(52)

Generically expect the rotation angles 6, and 64 to be O(1)

o The Fl{, component of the charginos and neutralinos can have O(1)

coupling to muons

Constraints from LFU observables
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(g —2), inthe FSSM

@ Bino and Wino contributions have a structure that is
analogous to the MSSM

. 2. m2 M
Agb 9 —g ! (pesin Og cos Oy+ji cos O sind,,)

1 tan S tan B4
#1672 m mﬁ

12 1+ ¢, tan S tan By

AaWN 92 m_lz‘Mz

5 tan Btan By
*o 16w mE mE

12 1 +¢,tan Btan By

(p1sin Bg cos Oy+jicosbysinb,)

o Contributions from the Higgsinos with mass
and the Higgsinos with mass i

o Main qualitative difference to the MSSM:
additional enhancement by tan 34
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Explaining (g — 2),, with Multi-TeV Sleptons

i (Tev)

=u=

M, =M,

bt
5

Wolfgang Altmannshofer (UCSC)

10

S

—

WA, Gadam, Gori, Hamer 2104.08293

FSSM, ¥;,=0.7
FSSM, 13=20, 15,=15

[0 MSSM, 13=50
MSSM, §5=20

I
O\ RER 0

0.5 1 2 5
my, =my, (TeV)

Aa, ~240 x 107" x (

Constraints from LFU observables

o Plot assumes
O(1) Higgsino mixing:
Oy=0g=m/2

o SUSY particles can be
several TeV and can still
explain the (g — 2),
discrepancy

25 TeV)2

Msuysy
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My Favorite Model for Rx and Rk-

Z' based on gauging L,, — L. (He, Joshi, Lew, Volkas PRD 43, 22-24)
with effective flavor violating couplings to quarks

WA, Gori, Pospelov, Yavin 1403.1269; WA, Yavin 1508.07009

Q: heavy vectorlike fermions with mass ~ 1 — 10 TeV
¢: scalar that breaks L, — L,
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My Favorite Model for Rx and Rk-

Z' based on gauging L,, — L. (He, Joshi, Lew, Volkas PRD 43, 22-24)
with effective flavor violating couplings to quarks

WA, Gori, Pospelov, Yavin 1403.1269; WA, Yavin 1508.07009

predicted Lepton
Universality Violation!

Q: heavy vectorlike fermions with mass ~ 1 — 10 TeV
¢: scalar that breaks L, — L,
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Probing the Z’ Par

Neutrino Tridents

Bs mixing
0.100
(9—-2),
ve scattering g
0.010
Z— U
Z—4u
0.001
ete” — 4u

0.100 1 10 100 1000
my (GeV)

0.001 0,010
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