Muon Anomalies
and Their Future Investigations

Fermilab
Muon Department Journal Club

Jason Bono, Fermilab



OUTLINE

Muons

® A few nice properties

® A historical perspective

@ Anomalies and Future Investigations

<
<
<

The Proton Radius Puzzle

The Muon anomalous magnetic moment

Hints of Lepton Flavor Non-Universality in B decays
Searches for Charged Lepton Flavor Violation

Extra: Muons and The Great Pyramid of Giza

Jason Bono, jbono@fnal.gov



A Few Nice Properties 3

Why We Like Muons

® They're easy to produce

» Natural product of pion’s weak decay

Helicity suppression of electrons

» Come out 100% polarized
® They're charged

» Can be contained with EM fields
» Can be detected directly

» Can p- can make muonic atoms, and p* can make muonium

@ They're much heavier than the electron, but lighter than the pion
» Access to virtual effects on high mass scales

» No hadronic decay

» Lifetime of 2.2 ys: Long enough to study interaction, short enough to study decay

» Penetrating: most abundant charged cosmic ray at sea level (~10K/s-m?2)
® They don't participate in the strong interaction

» Interactions subject to precise theoretical predictions

» Decay is “self analyzing” and contains an easily detectable electron

Muons offer a unique combination of theoretical “Cleanness,” experimental sensitivity, and New Physics reach

Jason Bono, jbono@fnal.gov



A Historical Perspective

Nuclear Physics from 1930-1934

@ Two new particles arrive on the scene!

» Alow/no mass neutrino is invoked by Pauli
- to save the fundamental conservation laws in B-decay
» The neutron is discovered

- The proton-neutron model of nucleus arrives

- Fermi proposed that nuclear B-decayis aresultof n=2p e v

Jason Bono, jbono@fnal.gov



A Historical Perspective

All Is Well

@ Rutherford’s atomic model and nuclear theory are successful

» By far the best theories, so far, of elements & particles
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More Success

® 1931: Dirac predicts the positron
» Ahole in the infinite sea of negative energy electrons

® 1932: Anderson and Neddermeyer discover the positron in cosmic rays

» Using a cloud chamber in a strong magnetic field

» Totally unaware of Dirac’s prediction!
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A Particle “of uncertain nature” Appears

® 1933: Kunze publishes the first observation of a muon

» “The nature of this particle is unknown; for a proton, it does not ionize enough, and
for a positive electron, the ionization is too strong”

Next, cosmic rays get more interesting...



A Historical Perspective

The Mu-Meson

® 1934: To explain the cohesion of the nucleus, Yukawa predicts a “meson”
» Conserved force carriers gives long distance forces; F(r) ~ 1/r2
» Let the force carriers decay! N(r) = N exp(-(a/v)r) =» F(r) ~ exp(-Ar)/r®

» Expectthe meson to have m~200-m,

® 1935: J.C. Street narrows in on Kunze's bizarre particle
» Identifies individual, highly penetrating, charged particles, at sea level
» Are these electrons that somehow penetrate? “Red” and “green” electrons are spoken of
» Or does quantum theory break down at higher energies?
® 1936: Three groups independently conclude that the penetrating particle is a new
one, and of intermediate mass between the electron and proton.
» The Caltech group published first, and are credited with the discovery of the the “mu-meson”
® 1937: Yukawa-meson = mu-meson
» Whops... Idea not abandoned till a decade later!

- Observed that the mu-meson doesn’t feel the nuclear force

- Discovered the pi-meson: observed mw—pv

A decade passes...

Jason Bono, jbono@fnal.gov
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A Heavy Electron?

&(' Isidor . Rabi
t‘

The muon: who ordered that !?
& Renlvy LTI Retwee w Fa t eee )

Image by Rani Harnik

® When it became clear that the the pion and muon were distinct,
Rabi is said to have asked, about the latter, "Who ordered that?”
® 1948: The muon is not an excited electron

» M — ey excluded as a major decay mode
» Whatis going on?

» We still don't know, and we're still searching

Soon after, nuclear physics splits, and a new field, HEP, appears
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The Muon Has Since Provided:

The birth of HEP

The first evidence for particle generations

The decisive test of time dilation

The best determination of the Fermi constant

4
4

Quantifying the universal strength of weak interactions
Through precision lifetime measurements

First hint of weak universality

The coupe de gras for universal parity conservation

4
4

Through anisotropies in muon decay

Preceded by the Theta-Tau Puzzle, and Lee and Yang's proposed solution, in which parity is violated in the
weak interaction

The conclusion that ve#v,

>

BR(u—ey) < 10-4 =» the electron does not absorb the neutrino emitted by the muon in p—=ew

Precision tests of V-A theory

>

Through the muon’s decay angle/energy distributions

The most precise measurement of the proton radius

4
>

Through energy splitting in muonic hydrogen
Anomalous results! Stay tuned

Arguably the best direct evidence for physics beyond the current SM

Jason Bono, jbono@fnal.gov
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Are Recent Muon Measurements Pointing to New Physics?

Jason Bono, jbono@fnal.gov
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The Proton Radius Puzzle 13

The proton’s charge radius, ry, is defined as the RMS of its charge distribution

Laser spectroscopy of Hydrogen has long been used to measure physical constants such
as R. and rp,

» R.,the Rydberg constant, is the wavenumber of the lowest energy photon capable of ionizing hydrogen

E(nS) ~ |

® The Lamb shift, L5, contains dependence on
4

It's the splitting between L=0 and L=1 orbital angular momentum states

» L=0 has penetration to the nucleus, so its energy is raised due to finite nuclear size, more so than the L=1 state

® One can extract both terms with two transitions

Jason Bono, jbono@fnal.gov
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The proton’s charge radius, ry, is defined as the RMS of its charge distribution

Laser spectroscopy of Hydrogen has long been used to measure physical constants such
as R. and rp,

» R.,the Rydberg constant, is the wavenumber of the lowest energy photon capable of ionizing hydrogen

E(nS) ~ |

® The Lamb shift, L5, contains dependence on
» It's the splitting between L=0 and L=1 orbital angular momentum states

» L=0 has penetration to the nucleus, so its energy is raised due to finite nuclear size, more so than the L=1 state

® One can extract both terms with two transitions

® Additionally, electron proton scattering has been used extensively to measure r,
»  Differential cross section =¥ electric (and magnetic) form factor

»  Typically extrapolate the slope of the electric form factor, from low Q?, down to Q2=0

2\ (_1)n 2n 2n
GE(Q)_1+T;)(27L+1)!<T > ()

dGp(Q? 12
r, =V<r2>= (—6 dEQ(gz ) Q20>
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CREMA (Charge Radius Experiment With Muonic Atoms)

® 2010: Study muonic hydrogen to dramatically increase precision of r,
» The Bohr radius is reduced by a factor of 200
» The Lamb shift is exaggerated by 6(1077)

» Finite nuclear size effects in energy transitions are enhanced by a factor of 100!
~2% for of the total lamb shift for 25-2P!

@ Achieved, in one measurement, 10x better precision than the all of the
world’s electron data combined
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Subsequent electron measurements worsened the discrepancy
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Possible Explanations

® Lepton non universality?

» Past experiments have compared e-p and u-p interactions, with no
discrepancies

® Have the majority (or all) of laser spectroscopy and electron
scattering experiments have much larger error bars than stated?

» All relevant results have been triple checked by independent groups!

® Finite proton mass effect for muonic H?

» This has recently been shown to be small

® Flaws with QCD calculations for atomic H?

Results from a few weeks ago may provide a clue

Jason Bono, jbono@fnal.gov



Krseanch

RESEARCH ARTICLE

ATUMIC PHAYRIES

The Rydberg constant and proton size
from atomic hydrogen

Al Buyer,' Lotoer Maiscolraduer,

Sutloae M

Rocalulf Peld,' |

bocnis Khas nu\i."‘ Alcoey Lo, ' Yobias Lamcuc, Urian L, \-u:.':

Mrasar W. 1lanwh,

Atrpcces sE e peton rad us ey
Uworclon L~ TN
el hy mesls

UviyaFlaoinn

SN, It msher e

el ohadaid deviad

rgrasEenl wls e p e

Ntani el arbmaky,

hondcur stensiamd cosbrtine cdibere mocry
00 Jele mined Tor T ras Ao Ddiosen (4
o Livdng s sryaper o =eamnl N osd=me, wn e s ooed
M s e Uie valuess ol U ydoe g o slinl ¥, -
195w = sg enl o & 53

e ala Vanle cervus b aciddala Wil igood

Vi reoctreabs 20 Aoy el St Sinzhes whet® sl abhes ine

* Tacmaas VUdem' *

antern

shills oo guanilam inde Te sncw of 18 g 1o0o0ing $ C 1 soneees.

A ovlady W U cau e

zeen ke

=dom plracza lvocmen aaer

apr JE 2z ol el o deiziuse lun

camemy phoeetal coredyate cich gty
Folleig ousbaal & asd Ui prowa 2
doan v, caluad o Loz oued sds wome | 82N
rf ‘v o=y dberitenton Doadng o che drnplive
Wh Lavisava ool ans v lecaval ml

vih aanisang T T

v ) s

s v, e
deive: e zsiaub w05 can ligle wce
ruparhe S detmal po
T Lasioanld oy dae el Lo
¢ mandriore fcqanry In 1
doiakr laweh i M cam Lo ol o

Fuy =B |

voore o 4 and f oo the princtral cethal and
bl 2=y ar oyt e m neirnbyees, D

soodiedy e Ll da . deade

‘minal g
el uowial
e ckana b oodlilzg a >cinel and. !'n im
plat acgoocrabion, wetrrdcly Lany proton gro-

v . X i
3 BRrmasvtow e T

LB quanla X
nozanl ooy oake of

Arvenrry of £ are 1y K0, st % ome o
ol perassads Ol wd oo sliab ol v
and o rome b e ghodad el usmen:
rdarrarse coneama (J)
v soonnl -
PPl - Lot o
it v rorecitng aour e nndess
ESTTTES) TTDNFRN TESFTRERT ISR TRS T S T
3 ren arth the craneer o s
sacamn bl um <l
(R o 15 (OF
P a0 A e
-\h--m -
da llax podos s
Te¢ "ar or= In T | &b ror™Mrom O

wins liz andle
T et ramat )

TN

st herexn s e A sy aren
el i anili

ooy sakas vy
s ane et skt o 0 -

The geaten madlue puosin

Tz Joo0on eriry. 7. hae boon unde: Ce
X TIE IOCTRE TENE AN Deicaias the very mos

e ville from koer ope

rronanes i n steen L uld

du. ot ogpanling

dn JA N3 valin Ay
e ey or 10 b T

ywifesi gk

wdiat o x cudaalouud Moas o e
JIIY maxLrem.

ol rear il B

AL The sonmaey

Uy Bae M Ulal e s bl i

e o ¥ermavreh wh

are v thes ttr st
= = ey redere o Moght

i s camapy hade

Fy= o emorly the qverarpén ow

o ey, s Arflar dlenyon
Tot e deabsos cadiw aithe aveaat s
ety <7 o seek e
ooy sge b T ad e o Lol N sl 2 3

—
e a8
b B | o)
ol At moe
freepi=oy
Uars gy

sonly (1o
amenrrr W The K25 =t
NIV O e
o el
JRTRRTEN ¥ IR T M
e a e e e b 1o anr sther transa.
dan Bogscmy o 3L vdiooe Gpras lioee vids
NI crmees
o Jolonuin st o
| ECTR TESST T

Ve

CpdQ O U melsu e et
Hac vl ipnl o g O et a Ue -t

Vil

s calue Joora e, vioidic
flr maenrasd ==r 95l mamdthn Paqen-
\ P8 FESRTRRL S DTSN O TUTFIRTL AR FRFSE TR ) P
of “hes pvar o =re T Ty e ance: ene par
LULIIOU A U Aoy o Buse willl <l 20 s

el . aadade oo cocuauls
A=V A vy ey utherit ] v e

deervnsthievch Inhmm abmecalrirah
ancies o Bevwda L S hklat e
mndonter o
ad aoBaloaiils o La edlalion T sadl

P CRR TR T LN T SR

Tl TP NI

e, Duppd fivetn

Al ez~ md vty o £
ahivwl wiheer Impe g AOdony mamen
R TTRLN I P

Y Faervon

EXU AN = |

LA

RS e WA

Results from a few weeks ago may provide a clue



Agreement with the muonic hydrogen results

Protcn charge radius v, (Im)
054 0.85 0.88 0.&7

-

H world data

—v—

COCATA 2011 '

T
-
]
24
(3
-
=
>
-
o
=
=

i H world datz

.86 038 0.9 Q.92
Proton charge radius r. ()




The Proton Radius Puzzle 23

Looking Forward
@ The Muon Proton Scattering Experiment (MUSE) @ PSI

» Compare e-p with = p, and e* p, with u* p scattering

® New CREMA measurements

» Have/will continue to investigate muonic deuterium and muonic-
ionic-helium

® PRad @ Jlab

» Will collect statistics for scattering at very low scattering Q2 for
reliable extrapolation

® Various improvements on atomic energy level splitting
measurements

The muonic measurements have revealed something, but we don’t know what, yet

Jason Bono, jbono@fnal.gov



The Muon's Anomalous Magnetic Moment
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The g-factor

® A particle’s magnetic moment is coupled to its spin by its
gyromagnetic ratio:

® For a Dirac particle,

® The anomalous component of the magnetic moment comes in internal
structure, and from vacuum fluctuations from everything, known and
unknown, that couples, either directly or indirectly, the the system in question

Sensitive to a wide range of phenomena

Jason Bono, jbono@fnal.gov
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The g-factor

® A particle’s magnetic moment is coupled to its spin by its
gyromagnetic ratio:

® For a Dirac particle,
g =2

@ E.g.the magnetic moments of nucleons:

X 9.6 £ 2
gipz —3.87;() * Internal Structure

® E.g.the magnetic moment of the electron

g®*P /2 = 1.00115965218073(28) I Independent measurement of o

QED _ . _ QED corrections work!
g " /2 =1.001159652181643(764)
Phys. Rev. Lett. 100, 120801 (2008)

Jason Bono, jbono@fnal.gov
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The g-factor

+ Easy to produce and stable
6 = measured to 0.28 parts per trillion!
- Small mass

= Low sensitivity to new physics

= (Clean calculations

{ + Abundant from pion decays

+ 200 times the mass of the electron

= ~40,000 times the sensitivity to new physics

Unstable
=  Utilize the decay

=

+ long lifetime of 2.2 us

= Sufficient time to interact with external magnetic field

+ 17 times the muon mass

7- = More sensitivity!
- Disproportionally difficult to produce
- Short lifetime, ~0.29 ps

Jason Bono, jbono@fnal.gov
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The Muon's g-factor

&

—

ii 5

= By 2m,,c

Dirac: 8, = 2
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The Muon's g-factor

—

(L

Dirac:

1s:order QED: g, = 2.0023

T

= By 2m,,C

& —

S

By, = &
+

104, order QED:

g, = 2.002331
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The Muon's g-factor

+
Hadronic Corrections: g, = 2.00233184
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The Muon's g-factor

Electroweak Corrections: 8 = 2.00233184178
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The Muon’s g-factor

& —

lu,u — g,u QmMCS
Dirac: &, = 2
+
1. order QED: g, = 2.0023 104 order QED: g, = 2.002331

Hadronic Corrections:

Electroweak Corrections:

I
g, = 2.00233184

=
g, = 2.00233184178

Jason Bono, jbono@fnal.gov
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The Muon’s g-factor

& —

lu,u — g,u QmMCS
Dirac: &, = 2
+
1. order QED: g, = 2.0023 104 order QED: g, = 2.002331

Hadronic Corrections:

Electroweak Corrections:

I
g, = 2.00233184

=
g, = 2.00233184178
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The Muon's Anomalous Magnetic Moment

Gu — 2
2

a, =

[heory (420 ppb)

aM = a?P + ™V + a2 = (11,659, 182.8 £4.9) - 1071

Hagiwara etal. J.Phys.G38 085003 (2011)

Experiment (540.ppb)
a, ™" =116,592,089(63) - 10~
2004: E821 @ BNL

Jason Bono, jbono@fnal.gov
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B

BLN's EB21 was in uncharted territory.
Did they see the effects of something new?

Jason Bono, jbono@fnal.gov
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Did BLN's E821 See Beyond the Standard Model?

Higher precision needed

| 330cdiscrepancy ‘
a P —aSM = (26.1£8.0)- 10710 |

)

Jason Bono, jbono@fnal.gov
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Higher Precision on the Way

@ A new muon beamline at FNAL will deliver 21x the statistics as in E821
» As well as reduced 3x systematic uncertainty from B field uniformity
» Overall 4 fold improvement: 540 ppb @ BNL =140 ppb @ FNAL

@ First physics run to begin this month!

» Should be the highest statistics dataset in a few months

@ Theory expected to improved by a factor of 2 on experiments timescale

» If central values remain the same:

~50 discrepancy if theory does not improve

~7-80 discrepancy if theory improves as expected

CERN I(E2) CERNI(72) CERNNI(79) ONL (04) FMAL (geal)




The Muon’s Anomalous Magnetic Moment: Fermilab’s g-2 40

~3 GeV, polarized muons kicked into the storage
ring, which has a uniform 1.45T B-field.

8 GeVl proton b Pions in the delivery ring,  viertical confinement by electric quadrupoles Anisotropic
eV proton beam wait out decay positions detected

® R0 @20
@° " Oz0 " ege

Incident on production target, ” - Y~ 293
select pions Select “forward going” muons lifetime: 2.2 s — 64.4 us
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The Extraction of a

i . B
it B.P,=0 thenthecyclotron frequency is &. = —%
. | . B ¢B
The spin precession frequency is @, = — = LS P>
e spin precession frequency is @ s WS -

Andlf g=2—>(«35=¢3c

. ~2¢B
So, one may define lz Ta 7 gy i BT N
in, relative t tum, precessi » UL
SpIn, relative 1o momentum, precession

anomalous magnetic moment

v 1 BxE
However, because of.the quadruples, @, = —1[%3 — (@, )6X
m Segla C

But at the “magic momentum” (y ~ 29.3), the 2nd term vanishes %

|
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The Extraction of a

F x4 - 3 I N g
8" 5 50 then the cyelotron fretency -is. &. = — 2
my

. | B B

I8 spin precession frequefty is . = ng (@S 95

m Yin

Need to measure this, too.
Won't be covered here!

[‘;'u\: ;] g:2_>d}_)8 :ﬁc
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spin, relative to momentum, precession anomalous magnetic moment
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But 8t the "magicmomentum® (Y. ~ 29:3),'the 2nd termvanishes
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The Extraction of a

5 o B
B 77 % then the cyelotron fréotiency -is. o, = — 4
my

. | B B

The. spin pregession frequdfity (s w, = ng (1 =)
T 11

Need to measure this, too.
Won't be covered here!

\

1‘.‘ ;] g:2—>ﬁs‘:(«:}c

-
na | f ',f"..D = o | B g—2qB_
| C ) | 3 :Ws _wC — =
.
spin, relative to momentum, precession anom Q< - Magnetiemomenl
| oo : \, y q = 1 OxE
jever bectause ohthe quadiuples @y = = | B (d ) ]
' hing < B2 —1"

A non- zero electric dipole moment would also affect the spin

SUTATINE Torecession, bt we're not going in to'that! ¢

Jason Bono, jbono@fnal.gov
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The Extraction of e,

® w,is the difference between the ensemble averaged muon spin
precession and cyclotron frequencies

® Inthe CM frame, muon spin direction is correlated with positron angle

@ Inthe lab frame (as well as the CM frame), the positron energy is
correlated with it's angle relative to the muon spin

Jason Bono, jbono@fnal.gov
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The Extraction of c;

® w,is the difference between the ensemble averaged muon spin
precession and cyclotron frequencies

® Inthe CM frame, muon spin direction is correlated with positron angle

® Inthe lab frame (as well as the CM frame), the positron energy is
correlated with it's angle relative to the muon spin

» Maximal energy when positron momentum and muon spin are parallel

Fe1ab = V(Ee.oMm + BP..cm cosOcom) = YEe.cm(1 4 cosOcm )

Jason Bono, jbono@fnal.gov
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The Extraction of cw;

® w,is the difference between the ensemble averaged muon spin
precession and cyclotron frequencies
® Inthe CM frame, muon spin direction is correlated with positron angle

® Inthe lab frame (as well as the CM frame), the positron energy is
correlated with it's angle relative to the muon spin

» Maximal energy when positron momentum and muon spin are parallel

Fe1ab = V(Ee.oMm + BP..cm cosOcom) = YEe.cm(1 4 cosOcm )

500 1000 1500 2000 2500 3000 3500 4000
Decay Time (ns)
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The Extraction of c;

® w,is the difference between the ensemble averaged muon spin
precession and cyclotron frequencies

® Inthe CM frame, muon spin direction is correlated with positron angle

® Inthe lab frame (as well as the CM frame), the positron energy is
correlated with it's angle relative to the muon spin

» Maximal energy when positron momentum and muon spin are parallel

Fe1ab = V(Ee.oMm + BP..cm cosOcom) = YEe.cm(1 4 cosOcm )

@ Also note that the electron angular distribution peaks for parallel
alignment:

dn N o
o = LT a(E) (S, F.)

Jason Bono, jbono@fnal.gov



The Extraction of cw;

The "wiggle plot”
Choose a cutoff energy, and and fit for cw,!

TMethod
5498726

1989 /1995

©“/n
1.27784004 - B.0198+000
' 8 g - B.A29e+004 + 3.086¢+001

— 4
Waq — EO',UIB

3 0.4223 £ 0,0006
1024 1 17.26
1.8%4 - 0,002

—p Momentum

—’Spm OU 20 40 60 B0 100 120 140 160 180 200

t(18)

One could just plot number of event with equal weighting, as above.
Or, one could weight the probability according to energy. Many possibilities!
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DHMZ
180.2+4.9

HLMNT
182.8+5.0

.30

BNL-E821 04 ave.
208.916.3

ad: ~70

New (g-2) exp.
208.9+1.6

140 150 160 170 180 190 200 210 220 230
a,-11 659 000 (10™"")

Stay tuned in the coming months for preliminary results!
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Semi-Leptonic B-Meson Decays

@ Lepton Universality: e, y, and t differ only by their masses

» ldentical coupling constants
® In semi-leptonic decays of B mesons, both e and i can be treated as massless

» Therefore expect identical rates and kinematics of the decay for either lepton in the final state
@ The mass of the T must be accounted for

» m:~ 1777 MeV ~ 17 xm,

» hadronic effects

® These decays are well understood in the SM, and so can be used to probe for new phenomena
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Semi-Leptonic B-Meson Decays

@ SM predictions for the semi-leptonic B branching ratios:

» Small suppression for rin the final state

B — D*1 1, B — D*r i,

gy _ BB = DT V) BB = DT V) (959 4 03
B(B =+ D*e~v.) B(B— D*u—v,)
B(B— Dr~v;) B(B— Dt u,)

RYM = 2 = — 0.300 %+ 0.008
D B(B — De v.,) B(B— Dy v,)

Jason Bono, jbono@fnal.gov
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Semi-Leptonic B-Meson Decays

@ SM predictions for the semi-leptonic B branching ratios:

» Small suppression for rin the final state

gy _ BB = DT V) BB = DT V) (959 4 03
B(B =+ D*e~v.) B(B— D*u—v,)
B(B - Dr~v;) B(B— D1t i;)

RYM = 22 A "2 = 0.300 £ 0.008
D B(B — De v.,) B(B— Dy v,)

® These ratios have been measured in pp and e+e- production

» BaBar & Belle: ~10 GeV lepton collider data collected from 1999 to ~2010
» LHCb: 7-8 TeV hadron collider data collected from 2008 to 2012

Jason Bono, jbono@fnal.gov
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B-Meson Measurements

® All analyses fit to m2,,ss, E¢, and g2

» The invariant mass squared of all undetected particles, lepton energy in the B rest frame, and
invariant mass squared of the £v system

® BaBar and Belle require Bi,g, D™ and ¢ in the final state

» Hadronic B tagging algorithm
» Semileptonic B tagging algorithm

® Similarly for LHCb




The invariant mass squared of all undetected particles, lepton energy in the B rest frame, and
invariant mass squared of the £v system

HT: Hadronic B tagging algorithm
ST: Semileptonic B tagging algorithm

doi:10.1038/nature22346

BaBar (HT) 0.440 = 0.072 0.332 + 0.030

Belle (ST) 0.302 + 0.032

Belle (HT) 0.375 + 0.069 0.293 + 0.041

LHCb 0.336 + 0.040




doi:10.1038/nature22346

BaBar (HT) Belle (HT)
LHCb Belle (ST)

— Heavy Flavor — Standard model
Averaging Group expectation

—
—
—
—_
—_—
.
—
—
—
—
—
—
—
p—
—_
—
—_—

Accounting for correlations, the combined discrepancies from Rp and Rp+ gives ~4G
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B-Meson Measurements

@ Similarly, can test lepton universality with a kaon in the final state

K P p— Il Y
B(B— Kte v,)

® These ratios have been measured in pp and e+*e- production

» BaBar, Belle & CDF had large error bars, results consistent with the SM
» LHCb produced a better measurement: Phys. Rev. Lett. 113, 151601 (2014)

Jason Bono, jbono@fnal.gov
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B-Meson Measurements

@ Similarly, can test lepton universality with a kaon in the final state

K P p— Il Y
B(B— Kte v,)

RIACP = 0.745 £3-099 £0.036

A2.60 departure from unity

Jason Bono, jbono@fnal.gov
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B-Meson Measurements

® SM discrepancies in Rp from three independent experiments
» Adds up to 40 departure

® SM discrepancy in Rg from LHCb
» 2.60 departure

@ Could be seeing the effects of a new interaction that breaks lepton flavor
universality
» A new vector boson, W'-, with different couplings for different quarks and leptons?
» Ascalar, i.e. charged Higgs, H- ?
» Leptoquarks?
@ No conclusion yet
» Underestimated experimental uncertainties?
» SM predictions lacking some ordinary ingredient?
» Awaiting Belle Il and the LHCb upgrade

Jason Bono, jbono@fnal.gov
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Charged Lepton Flavor Violation

@ The recent anomalies in the lepton sector certainly add to the
excitement of looking for Charged Lepton Flavor Violation (CLFV)
@ Butthese searches have always been interesting!

» Recall the role that the early muon experiments had in piecing together the SM

Jason Bono, jbono@fnal.gov
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Flavor Violation in the SM

® The quarks commit Flavor Violation ELEMENTARY
» They mix via the W PARTICLES

Leptons Quarks
Force Carriers

I 1 I

Three GGenerathons of Matter

Jason Bono, jbono@fnal.gov
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Flavor Violation in the SM

® The quarks commit Flavor Violation ELEMENTARY
» They mix via the W PARTICLES

® The neutrinos can change into their
partners (and vice versa)

Leptons Quarks
Force Carriers

1 1 I

Three GGenerathons of Matter

Jason Bono, jbono@fnal.gov
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Flavor Violation in the SM

® The quarks commit Flavor Violation ELEMENTARY
» They mix via the W PARTICLES

® The neutrinos can change into their
partners (and vice versa)

® And the neutrinos also mix!

M trangc

Force Carriers

Leptons

1 I

Three (Generathons of Matter

Jason Bono, jbono@fnal.gov
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Flavor Violation in the SM

® The quarks commit Flavor Violation ELEMENTARY
» They mix via the W PARTICLES

® The neutrinos can change into their
partners (and vice versa)

® And the neutrinos also mix!

[ O I

I'hree (Generanons of Matter

at! going on with the charged leptons?

Jason Bono, jbono@fnal.gov
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CLFV in the Standard Model

@ All CLFV processes are dynamically suppressed in the SM

» it's impossible to proceed through SM interactions without
violating deeper conservation laws

But neutrino mixing implies an encouraging fact. ..

Jason Bono, jbono@fnal.gov
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CLVF Must Occur

® Neutrino oscillations require CLFV on some level

3o

eg. B(p—ey)=—

10—54
32T

® Butthatlevel is tiny, because all SM CLFV processes involve loops with W and v

| . >

L S |

q S q

S
W, W

|- pa P . [
= L L~ =
ﬂ V[J Ve e

Charged lepton flavor is not an exact symmetry in our universe, so there's no formal reason for new phenomena to feature it.

Furthermore, if CLFV is observed, it's physics beyond the standard model, unequivocally
Jason Bono, jbono@fnal.gov
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CLFV Searches

Process Current Limit
T2 un BR<6.5 E-8
T2 uy BR<6.8 E-8
T=> Hpp BR<3.2E-8
T - eee BR<3.6 E-8
L T BR <4.7 E-12
K" = nteu* BR < 1.3 E-11
B% 2 en BR<78E-8
B* = K*ep BR<9.1 E-8
put > e*y BR<4.2E-13
put > e'ete BR<1.0 E-12
uN =2 eN Rue < 7.0 E-13

Jason Bono, jbono@fnal.gov
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CLFV Searches

Process Current Limit Next Generation exp
T2 un BR<6.5 E-8
T2 Ny BR<6.8 E-8 10 - 1077 (Belle I1)
T=> UM BR<3.2E-8
T - eee BR < 3.6 E-8
K. 2> eun BR <4.7 E-12
K* = nteu* BR<13E-1
B% 2 en BR<78E-8
B* = K*ep BR<9.1 E-8
put > e'y BR<4.2E-13 104 (MEG)
put > e‘ete BR<1.0 E-12 10'¢ (PSI)
uN = eN Rue < 7.0 E-13 107 (Mu2e, COMET)

Next generation experiments will bring us a ~1-4 orders of magnitude increase in sensitivity

Jason Bono, jbono@fnal.gov
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CLFV Searches

Process Current Limit Next Generation exp
T2 un BR<6.5 E-8
T2 Ny BR<6.8 E-8 10 - 1077 (Belle I1)
T=> UM BR<3.2E-8
T - eee BR < 3.6 E-8
K. 2> eun BR <4.7 E-12
K* = nteu* BR<13E-1
B? 2 en BR<78E-8
B* = K*ep BR<9.1 E-8
put > ety BR<4.2E-13 104 (MEG)
put > e‘ete BR< 1.0 E-12 10'¢ (PSI)
uN = eN R.e < 7.0 E-13 107 (Mu2e, COMET)

Muons, with their relative ease of production, long lifetime, large mass, and simple decay,
offer the best combination of access to new physics and experimental sensitivity

Jason Bono, jbono@fnal.gov
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Many Muon Searches Planned

L —> €7Y Theoldestsearch

'uN — e /N wu-econversion. Extremely sensitive searches to come!

L —2 €€E Excellent complimentary to above

,U_N N 6+N(Z N 2) Lepton number violation can also be searched for

by the u-e conversion experiments!

'u e S e e L|kelywontﬁe gearched for until CLFV is observed
imits come from pu—eee
I

lu_l_ 6— —> ,lL e’ I\/Iuonium-ant.imuonium conversion. Best limit is from
the 90s. Nothing new planned yet! (to my knowledge)

Jason Bono, jbono@fnal.gov
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A Long History of CLFV Searches With Muons

@ Despite nearly eight decades of searching, it's never been observed

Why continue to search?

Thanks to Nina Hazen, NYC
. Jason Bono, jbono@fnal.gov
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A 10 to 10000 Fold Leap In Sensitivity

® Leading New Physics models predict CLFV rates to be within reach

® The next generation of rare muon decay searches, with their revolutionary
sensitivity, will ultimately help guide future experimental and theoretical

developments in HEP

—
L g -
—— —— e

—
e .
Hidden structures.offBFPiuTkingeatbetter “resolution”

a 10K increase in pixels——.
R T~
— : S Jason Bono, jbono@fnal.gov
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A 10 to 10000 Fold Leap In Sensitivity

® Leading New Physics models predict CLFV rates to be within reach

g The Adventure of Silver Blaze

From Wikipedia, the free encyclopedia

For the 1937 film, see Silver Blaze (1937 film). For the 1977 film, see Silver Blaze (1977 film).

"Silver Blaze", one of the 56 Sherlock Holmes short stories written by British author Sir Arthur Conan Doyle, is ¢
ranked "Silver Blaze" 13th in a list of his 19 favourite Sherlock Holmes stories.!"]

One of the most popular Sherlock Holmes short stories, "Silver Blaze" focuses on the disappearance of the epor
on the apparent murder of its trainer. The tale is distinguished by its atmospheric Dartmoor setting and late-Victc
plotting, hinging on the "curious incident of the dog in the night-time:"

Gregory (Scotland Yard detective): "Is there any other point to which you would wish to draw my attention?"

Holmes: "To the curious incident of the dog in the night-time."
Gregory: "The dog did nothing in the night-time."
Holmes: "That was the curious incident."]

Hidden structukess-o e iuTking etbetter “resolution”
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Breaking Through the Plateau... And Beyond the SM?
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The Future of Muon CLFV Searches
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Effective CLFV Lagrangian: de Gouvea, A., and P. Vogel (2013)
L= +

Magnetic moment type operator

Compositeness Leptoquarks New heavy bosons /
anomalous coupling



Effective CLFV Lagrangian: de Gouvea, A., and P. Vogel (2013)
L= +

A. de Gouvéa, P. Vogel, arXiv:1303.4097

3CO0 -
all limits at 90% CL

A

(Te\" /e )

K>> 1

SINDRUM 11
\\\ CRuN — eN) on Au

<ix N3

Contact
dominated



AKM  4LL | FBMSSM | LHT RS

v Vanishingly small effects prere n ok | 7

€ R | kokk
Y W Moderate, but visible effects | s.. | ek Fww

‘Svt'j( » * '?

Yy % Large effects Acr (B 3 X.m) o

Arg(B—= K*u'p ) ) & f ?
GLOSSARY Ag(B » K*p p ) * 4

RH currents & U(1) flavor B — K™ up w *

AC [10] symmetry

By = ptp~ * *
RH ts & SU(3) famil KT L L KAk | Kok
currents amily -
AKM [12] symmetry Ky »m've * * dahk | khkk
SLL [13]  CKM-like currents podey *okk | kkk *kk | dokk
:f:;ssu Flavor-blind MSSSM el latot R AN | AXN
i+ N e+ N > wwH wHk W
LHT [15] Little Higgs wth T Parity
. 1. 0.0 . 6.0 1 w *
d, | 1. 0. 5. SR 0.1 *
(9—2), | *kk | hk  hkk L
Altmannshofer, Buras, et a/, Nucl.Phys.B830:17-94, 2010

RVV2 [11] SU(3)-flavored MSSM

RS [16] Warped Extra Dimersions
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Jason Bono, jbono@fnal.gov
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@ Precision searches and measurements needn’t be theoretically motivated

» Recall the discovery of the muon!

» Or, Pauli to Stern: “Don’t you know the Dirac theory? It is obvious that 9,=2."

Jason Bono, jbono@fnal.gov
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@ Precision searches and measurements needn’t be theoretically motivated

» Recall the discovery of the muon!

» Or, Pauli to Stern: “Don’t you kn:ﬁ“t sRirac theory? It is obvious that 9,=2."

4 =
/
¢

Luckily for Stern, he didn't listen

Jason Bono, jbono@fnal.gov



Complementarity

®

I's MFV
SUSY!

It’s
/ Anarchie! |

It’s
Anthropic!

It’s Rar.dal'l- [t's Littlest
Sundrum! Higgs! R. Bernstein




Cirigliano, V., R. Kitano, Y. Okada, and P. Tuzon (2009), Phys. Rev. D 80, 013002, arXiv:0904.0957 [hep-ph]
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Jason Bono, jbono@fnal.gov



Muons and The Great Pyramid of Giza




Muons and The Great Pyramid of Giza

Pl N

nature Accelerated Article Prévicw

LETTER

Dlsmwr} of a big void in Khufn's Pyramid by obscrvation

of cosmic
E Nnhu v e, Masaki Moo, Faaihiko Takasaki
%®b 2 Procuncur. David AL, SmoaGouteillc
noit Marinl Flatre Gablk, Vosidkasn Dz,
‘A n S, NicolasSau b a'l

“We have been very surprised to discover something so big—a big anomaly™

Not quite the type of anomaly that we've been talking about, but that's ok!
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The Great Pyramid of Giza

® The oldest of the six “pyramids of Giza”

»  Built more than 4.5 millennia ago, as a Mausoleum for the fourth dynasty Egyptian Pharaoh Khufu
® The oldest and only standing of the Seven Wonders of the Ancient World
® Was the world'’s tallest man-made structure for nearly four millennia (135x230 m)

» The finishing of the pyramid marked the end of an “period of experimentation”

» Subsequently, conventions of visual art became fixed, and architecture simplified

® Has a comparatively complex internal architecture

»  Butthe most complete account of construction is from Herodotus, two millennia later!

Jason Bono, jbono@fnal.gov
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The Technique: Cosmic Ray Muon Tomography

@ 10K cosmic muons per square meter per minute, at sea level
» About 1% of pass though the Great Pyramid

» Weeks or months of data collection

® Get muon flux and momentum angular distribution:
» Three independent muon detection methods:
Nuclear emulsion films, argon based detectors, scintillating hodoscopes
® Obtain angular mass distribution from absorption and deflection

» Radial component requires multiple detection locations

® Because it's passive, it's gaining use in a variety of applications
» Volcanos ->imaging interior -> predict eruptions
» Fukushima -> image the reactor core mass distribution -> safe dismantling

» Non proliferation -> no artificial radiation dose on humans, nuclear warheads, or
other sensitive materials -> easy to enforce -> slow the spread of nuclear weapons

» And, of course, pyramids

Use in Giza dates back to the 1960s (science 167 (3919), 832-839)

Jason Bono, jbono@fnal.gov
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Detector Location

Grand Gallery

King's chambgf —

Queen's cHamber

Subterranean chamber —
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KEK
Scintillating hodoscopes in the
Queen’s chamber

Nagoya University
Nuclear emulsion films in the
Queen's chamber

CEA

Argon based detectors
outside the pyramid

® 8 m? of double sided 70 um film ® 4 scintillating layers in 2 @ 4,50x50 cm micro-pattern gas
® 3D tracks: ~1 um & 1.8 mrad orthogonal sets detectors
® 2 sets, 10 m separated horizontally for ~ ® 120,11 cm2 barsinalayer @© require coincidence in 3 out of 4
stereo imaging of detected structures  © 2 ynits separated ® Gets solid angles of tracks
vertically Yy Tm > No mention of track resolution in paper
© IRt bEmeeh angller ® No stereo imaging of structures
resolution_ o anguar

Jason Bono, jbono@fnal.gov
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Nagoya University
Nuclear emulsion films in the

Queen's chamber
2% -

Subtract Monte Carlo simu
internal structure (~1 cm reso

KEK

Scintillating hodoscopes in the
Queen'’s chamber

CEA

Argon based detectors
outside the pyramid

ations, using the pyramid's known
ution), from data collected since 2015

Jason Bono, jbono@fnal.gov
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KEK

Scintillating hodoscopes in the
Queen'’s chamber

Nagoya University CEA
Nuclear emulsion films in the Argon based detectors
Queen’s chamber outside the pyramid
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Found an excess coming from above
the grand gallery

~8 m high x 30 m long x 1-2 m wide

Jason Bono, jbono@fnal.gov
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KEK

Scintillating hodoscopes in the
Queen's chan

Nagoya University
Nuclear emulsion films in the
Queen'’s chamber

Found an excess coming from above
the grand gallery

~8 m high x 30 m long x 1-2 m wide

Saw a similar excess

Jason Bono, jbono@fnal.gov
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KEK
Scintillating hodoscopes in the
Queen's chamber

Nuclear emulsion
Queen's chs

Found an excess com Ax is the difference between x position in top layer and bottor layer hits (separation = 1 m), in cm
© = arctan(100/Ax)
the grand ga

~8 m high x 30 m long x 1-2 m wide

Saw a similar excess
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KEK

Scintillating hodoscopes in the
Queen’s chamber

Nagoya University
Nuclear emulsion films in the
Queen’s chamber

CEA

Argon based detectors
outside the pyramid

§ oy ,
Rag? TP 7
. Lol
_..A. » £ 'I
o iy s Py /
RO - A s

Found an excess coming from above

the grand gallery Saw the same excess, projected

onto a different plane

Saw a similar excess

Jason Bono, jbono@fnal.gov



KEK

Scintillating hodoscopes in the

Nagoya University Queen'’s chamber CEA
Nuclear emulsion films in the Argon based detectors
Queen’s chamber S — outside the pyramid

Muons Gas Detectors
S SO |

1600

141.3 + 28.3

Found an excess coming from above
the grand gallery

06 07 08 09
tan(0)

No MC used for gas detectors !

Saw a similar excess
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KEK

Scintillating hodoscopes in the
Queen's chamber

Nagoya University CEA
Nuclear emulsion films in the _ i Argon based detectors

Queen's chamber outside the pyramid
.

"void ~8m hlghx%o m \ong X 1 2 m W|de

Found an excess coming from above

the grand gallery Saw a similar excess, projected

onto a different plane

Saw a similar excess

Jason Bono, jbono@fnal.gov
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This m

ScanPyramids Big Vaid

Last year's discovery ‘

Jason Bono, jbono@fnal.gov
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The Archeological Significance

® We've known about “voids” in the design of the pyramids for two decades

» Thought to relive pressure on chambers below

® However, the newly discovered void is particularly large and mimics the
Grand Gallery

» It could be another steeply slanted passage
»  If the great gallery ever contained anything, before being plundered, this could too!

» Or, it could just have an engineering purpose

»  Could shed light on construction details

® There is debate among egyptologists regarding the significance of the find

» Co-director of ScanPyramids: “We are sure there is a void, now let us continue our research”

»  It's too early to conclude anything!

® Next step might be to get drones in to explore the cavity

Jason Bono, jbono@fnal.gov
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Muons

® Afew nice properties

® A historical perspective

® Anomalies and Future Investigations

<
<
<

The Proton Radius-Puzzle
The-Muon-anomalous-magneticmoment

Hints of Lepton Flavor Non-Universality in B decays
Searches for Charged Lepton Flavor Violation

Extra: Muons and The Great Pyramid of Giza

Thank you!

Jason Bono, jbono@fnal.gov



