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Overview of
the Anomalies
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The Bs — 't~ and By — utpu~ Decays

WA, Stangl 2103.13370; combination of LHCb-paper-2021-007, CMS 1910.12127, ATLAS 1812.03017
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Semileptonic Branching Ratios
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The P; Anomaly

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

LHCb 2003.04831
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Anomaly persists in the latest update of B — K*0y* .~ with 2016 data.
(Anomaly also seen in B* — K** ;% 1~ LHob 2012.13241)
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Evidence for Lepton Flavor Universality Violation
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LFU in Charged Current Decays: Rp and Rp-

world average from the heavy flavor averaging group
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Ry® =0.340 £0.027 £0.013 , RpP =0.295+0.011 +0.008

R3V' =0.299 +0.003 , ASM = 0.258 +0.005

discrepancy with the SM by ~ 3.1¢
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B Decay Anomalies 2021

BR(B, ~pp)

B~ K*up
angular (P,")

BR(B -~ K pp)
BR(B — K*py) BR(B, - ®pp)

— relevance of hadronic effects

N (inspired by
mgmﬁcance
(O) Zoltan Ligeti)
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B Decay Anomalies 2021

b-clv
charged current
decays

BR(B, ~pp)

B~ K*up
angular (P,")

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

BR(B, - ®pp)

— relevance of hadronic effects

b-sll
FCNC decays

N (inspired by
mgmﬁcance
(O) Zoltan Ligeti)
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What Could It Be?

Bs — up semileptonic angular LFU
rate rates observables ratios
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What Could It Be?

Bs — up semileptonic angular LFU
rate rates observables ratios

experimental 7 7 7 7

issues? . . . .
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What Could It Be?

Bs — up semileptonic angular LFU
rate rates observables ratios
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What Could It Be?

Bs — up semileptonic angular LFU
rate rates observables ratios

experimental
issues?

statistical
fluctuations?

parametric
uncertainties?

? ? ? ?
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What Could It Be?

Bs — up semileptonic angular LFU
rate rates observables ratios

experimental 7 7 7 7

issues? . . . .
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uncertainties?
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hadronic effects?
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Bs — up semileptonic angular LFU
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New Physics?
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Implications for
New Physics
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New Physics in Rare B Decays
b S b t s b S
+ = Y .t +
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167= mg, my, ARp
A ‘\
measure calculate precisely get information on
precisely the SM contribution NP coupling and scale
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New Physics in Rare B Decays
b S b t s b S
+ = Y .t +
‘g/x p WELE Wiee I ‘ﬁg "

1 4 ) C
G ~ I My v "

2 m2 m2 2
167= mg, my, ARp
A ‘\
measure calculate precisely get information on
precisely the SM contribution NP coupling and scale

Anomalies in rare B decays could establish
a new scale in particle physics
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Model Independent New Physics Analysis

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

magnetic dipole operators semileptonic operators scalar operators

bR HL(R R(L) HR(L
SL(R) / / \ ML(R SL(R) / \ HL(R

CV (5o Panb)F*™ , C{EuPLmb) (i ) C8(8Pawb)(EPump)

C{ (57 Pur) b) (75 11)

neglecting tensor operators and additional scalar operators
(secretly dimension 8: Alonso, Grinstein, Martin Camalich 1407.7044)
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Global Fits of b — s Data

many processes and many observables
are modified simultaneously

= global fits are required

most recent papers:

Geng, Grinstein, Jager, Li, Martin Camalich, Shi 2103.12738
WA, Stangl 2103.13370
Cornella, Faroughy, Fuentes-Martin, Isidori, Neubert 2103.16558
Lancierini, Isidori, Owen, Serra 2104.05631
Alguero, Capdevila, Descotes-Genon, Matias, Novoa-Brunet 2104.08921
Hurth, Mahmoudi, Martinez Santos, Neshatpour 2104.10058
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New Physics in Electrons

WA, Stangl 2103.13370

LFU, Bs — pp all rare B decays
Wilson coefficient best fit pull best fit pull

Cg*e* +0.74157%% 410

Crsee -0.67%1% 4.20

Cee +0.3673% 210
Cieee 0311973 2.00

G50 = (G5 ~1.3979% 400
Cg**° = —Cfp®° +0.3719%%% 4.20

for comparison: C3" ~ 4, C3M ~ —4
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New Physics in Electrons

WA, Stangl 2103.13370

LFU, Bs — pp all rare B decays
Wilson coefficient best fit pull best fit pull
Cg>** +0.74157%% 410 +0.7549%% 410
chsee -0.671%17 4.20 ~0.661918 4.30
(OU2 +0.367%8 210 +0.407%19 230
Cigsee -0.317515 2.00 -0.307%'3 2.00
Césee = Co5ee -1.3979% 4.00 -1.2879%% 410
Cg**° = —Cf5e° +0.371%%% 4.20 +0.3715%% 4.30

for comparison: C3" ~ 4, C5M ~ —4
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New Physics in Muons

WA, Stangl 2103.13370

LFU, Bs — pp all rare B decays

Wilson coefficient best fit pull best fit pull
EsE —0.74792 410
Cror +0.60*5 1% 4.70
Crene -0.327918 2.00
Cio +0.0615 15 050
G = G +0.4319 %% 2.40
Coot = —Cpgn -0.3573%% 4.60
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New Physics in Muons

WA, Stangl 2103.13370

LFU, Bs — pp all rare B decays

Wilson coefficient best fit pull best fit pull
CoH —0.7479% 410 —0.80%3 14 570
Cro +0.6075 1% 470 +0.55751% 4.80
cyrem -0.32137%¢ 2.00 —0.14797%3 1.00
Ciot +0.067%% 050 +0.0479% 0.40
G = G +0.43797% 2.40 —0.01%37%2 010
Co™ = —Cp —0.35°G% 460 —0.417%% 5.90

high preference for non-standard muonic Cq and/or Cio:
Ax? ~ 6 if you trust our theory errors, \/Ax? 2 4 if you don’t

Global significance with look elsewhere effect ~ 3.90 (Lancierini et al. 2104.05631)
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Fits of Pairs of Wilson Coefficients
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Fits of Pairs of Wilson Coefficients

2.0

By = pp 1o
—— Rk & Rge 1o, 20
b— spp lo, 20
—— rare B decays 1o, 20

C** (8va PLb) (7" 1)
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@ LFU ratios prefer
non-standard Co, but large
degeneracy
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S

@ Bs — utu~ branching ratio
shows slight preference for
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Implications for the New Physics Scale

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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Testing the Anomalies
at a Muon Collider
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Model Independent Approach at the LHC

Greljo, Marzocca 1704.09015

do (pp - p*p7) [ dor (pp » e*e”) , 59 = (13 TeV)?

even if the new degrees of ' ATV 2@y 0 Tavel )
freedom are not accessible at 12
the LHC, high energy tails of S LIf TV 2@y 0 Tavalo) ]
di-lepton spectra are in principle L 10}
sensitive & 09
pp— ptpT vs. pp—ete” 0.8¢ -0 TeV) (0, y"0 01)LyatLa) ]

T Iy
500 1000 1500 2000 2500 3000 3500 4000
m ¢ - [GeV]

Co™"(&1aPb) (") Cig™ (870 Pub) (i 151)

o operators are currently probed up to scales of 2.5 TeV
@ can be probed up to ~ 4 TeV with 3/ab
o order of magnitude is missing to probe the b — s¢¢ anomalies
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Model Independent Approach at a Muon Collider

[l am not aware of any study. Below a few naive thoughts.]

Co™"(81aPLO) (1) Cyg™ (870 PLb) (v y5)

o At a muon collider look for "~ — bs

o Main background probably from u*p~ — bband u™ = — qq
with misidentified jets. Mis-ID rate O(1%)?
o (Background from WW — bs negligible(?) GIM suppression my /s?)
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Model Independent Approach at a Muon Collider

[l am not aware of any study. Below a few naive thoughts.]

Co™"(81aPLO) (1) Cyg™ (870 PLb) (v y5)

o At a muon collider look for "~ — bs

o Main background probably from u*p~ — bband u™ = — qq
with misidentified jets. Mis-ID rate O(1%)?
o (Background from WW — bs negligible(?) GIM suppression my /s?)

o Very naive estimate for signal over background

S s? 1 Vs \!
B g"‘/\ﬁP €mis-ID 10 TeV
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Model Independent Approach at a Muon Collider

[l am not aware of any study. Below a few naive thoughts.]

C3™"(87aPLb) (V") Cig™ (872 PLL)(r* 1)

o At a muon collider look for "~ — bs

o Main background probably from u*p~ — bband u™ = — qq
with misidentified jets. Mis-ID rate O(1%)?
o (Background from WW — bs negligible(?) GIM suppression my /s?)

o Very naive estimate for signal over background

S s? 1 Vs \!
B g"‘/\ﬁP €mis-ID 10 TeV

o Because of SU(2), also expect operators with top quarks
Search for single top production p*pu= — tc ?

[+) to identify the chirality structure of operators?
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Simplified Models

_ N
possible tree level b H b ‘ H
explanations: ! ‘

P A LQ

o Z' Bosons |

o Lepto-Quarks 5 ot 5 ! ,u+
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Simplified Models

_ N
possible tree level b H b ‘ H
explanations: ! ‘

P A LQ

o Z' Bosons |

o Lepto-Quarks 5 ot 5 ! ,u+

upper bounds on flavor violating couplings from Bs mixing imply
upper bounds on the particle masses

o mz < g, x several TeV
0 mg < 20 — 40TeV (depending on the lepto-quark representation)
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My Favorite Z’ Model

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 Z’ Model

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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L, — L, at a Muon Collider

Huang, Jana, Queiroz, Rodejohann 2101.04956

1
o The Z’ of gauged
L, — L; is hard to miss
at a muon collider 1071
o For heavy Z’, look for 44 %0 1028
contact interactions g
. =1 i
o For light %’, look for 10 v -3 Tev E
H = fYZ Luminosity = 1 ab™!
104 S
0.1 1 10

Mz (TeV)
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Leptoquarks at a Muon Collider

o pair production

1
pieT - LOLQ 0.500
o single production
0.100
pV — LQ+ jet 2 0,050}
Q —"
o Drell-Yan with 5
t-channel LQ 0.010 g
0.005} £ All Production Channels
uwtp=™ — bb g N5 =3 TeV
Flavor Scenario 2
ptu™ = ss 0001 —— 57710 20 50

myq [TeV]

Asadi, Capdevilla, Cesarotti, Homiller 2104.05720
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Leptoquarks at a Muon Collider

o pair production

1t
+ —
prem o LQLQ 0.500¢
o single production
) 0.100 .
uwV — LQ + jet o 0.050E-
«Q
o Drell-Yan with
t-channel LQ 0.010} g
L 0.005¢ -§All Production Channels
phpT — bb & V5 = 14 TeV
n g:j Flavor Scenario 2
pp —SS 0.001—— 510 20 50
miq [TeV]

Asadi, Capdevilla, Cesarotti, Homiller 2104.05720
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Leptoquarks at a Muon Collider

o pair production
ptuT = LQLQ

o single production
uwV — LQ + jet

o Drell-Yan with
t-channel LQ

uwtp=™ — bb

,u+,u_ — 8S

uwrpu~ — bs

Wolfgang Altmannshofer (UCSC)

QL. ,.QL
Y Yn

107!

1072

1073

Leptoquark

== 3TeV, 1ab!

== 6TeV,4ab”!
== 10 TeV, 10 ab~!
3 &
DS

LHC
HL-LHC _ .

| . 1

1 10
Ms, (TeV)

100

Huang, Jana, Queiroz, Rodejohann 2103.01617
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Summary B

Rare b decay data shows persistent discrepancies
with SM predictions.

If significance of LFU violation continues to grow with more
statistics = clear indication of new physics.

The discrepancies point to bsuu 4-fermion interactions
with a new physics scale of ~ 35 TeV.

Model independent test at a muon collider: p™u~ — bs

Z' models and lepto-quark models should be in reach of a
muon collider with /s of several TeV.
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Future Prospects for Rx and Rk-

0.30— T T T T
—— Belle —II Ry
j Belle — II Ry,
1251 H
» LHCb and Belle Il can ! — o i
. . D K*
push uncertainties Eoal — LHCb R, |
down to few percent £ \ — LHOb R
Z 0.5 4
» (can ATLAS and CMS e
say something?) E’“‘“" i
» with sufficient ool i
statistics, LFU of
angular distrib. can 0.00L—1L I I
2015 2020 2025 2030 2035
be teSted Year

Bifani et al. 1809.06229

» LHCb can cross check in other modes:

R¢° y RpK ;
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