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e 4 Flavor Violation

* We've known for a long time that quarks mix

v’ Mixing strengths parameterized by Vckm

Vud Vus Vub_
VCKM — Vcd Vcs Vcb
_V;td V;ﬁs V;fb |

* Inlast |5 years also neutrinos (neutral leptons) mixing was measured

v Mixing strengths parameterized by PMNS matrix

* Is there violation for charged leptons?



. Some CLFV processes

Process Current Limit Next Generation exp
T =2 uUn BR <6.5 E-8
T > Uy BR <6.8 E-8 10° - 1010 (Belle II)
T =2 LU BR <3.2E-8
T - eee BR < 3.6 E-8
K. -2 eu BR <4.7 E-12
K* 2> nteu* BR < 1.3 E-11
B? > eu BR<7.8E-8
B* 2> K*eu BR <9.1 E-8

BR <4.2 E-13 10-14 (MEG)

BR < 1.0 E-12 10-16 (PSI)
R,e<7.0E-13 1017 (Mu2e, COMET)

® Global interest in CLFV
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What is py—e conversion

* M could convert to an electron in the presence of a nucleus ¢y~ N — e~ N

(Ec = my, ¢® - B(Z) - C(A) = 104.973 MeV

. : . J B,.(Z) is the muon binding energy (0.48 MeV)
for Aluminum: { A) is the nuclear recoil energy (0.21 MeV)

* new interaction in nature if there are no neutrinos!

m /_\ ‘u_ (%) d ‘u_ (X) e u e
q q q d (X) e q ) q N N

nuMSM
Muon :onversion: Supersymmetry Heavy Lepto-quark Z’ exchange  Eff contact
R~10-52 : R <10-13 neutrino exchange interaction

Mu2e goal
R _ F'(p~ +N(AZ) e +N(A,Z))
pe —

I'(u= + N(A,Z) — all muon captures)
Mu2e will start data taking at Fermilab in 2021

—8-107'" @ 90%C.L.
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/2. History of y—e search
History of u — ey, uN — eN, and u — 3e
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. Experimental setup

(1) Production Solenoid:

= Proton beam strikes target, producing
mostly pions

= Graded magnetic field contains
backwards pions/muons and reflects
slow forward pions/muons

(3) Detector Solenoid:

= Capture muons on Al target

= Graded field “focuses” e- in tracker
fiducial

= Measure momentum in tracker and
energy in calorimeter

Al stopping
target

e
e
= ,
o >
o / :

S, ot

" calorimeter
\ cosmic ray veto

tracker

(2) Transport Solenoid:
= Select low momentum, negative muons
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o 4 Physics background

e y decay-in-orbit
e Cosmic-induced background
* Antiproton-induced background

* Radiative TT capture
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o 4 Physics background

e y decay-in-orbit:

¢ Cosmic-induced background

* Antiproton-induced background

* Radiative TT capture
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o 4 Physics background

* u decay-in-orbit:

v low-mass tracker with high performance
e Cosmic-induced background:

v cosmic ray veto and PID
* Antiproton-induced background

* Radiative TT capture
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o 4 Cosmic Ray Veto

WLS fiber

* Veto system covers entire DS and half TS

* 4 layers of scintillator

each bar is 5x2x~450 cm?3

2 WLS fibers/bar

read out at both ends with SiPM
* required inefficiency ~ 10-4




o 4 Physics background

* u decay-in-orbit:

v low-mass tracker with high performance
* Cosmic-induced background:

¥ cosmic ray veto and PID

* Antiproton-induced background

v' absorbers in the beam line to annihilate p-bar and PID

* Radiative TT capture
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o 4 Physics background

* u decay-in-orbit:
v low-mass tracker with high performance
* Cosmic-induced background:
¥ cosmic ray veto and PID
* Antiproton-induced background
v 3 thin absorbers in the beam line and PID
* Radiative 1T capture: TT-N: = N*..; Y, asymmetric y—e-e+

v pulsed beam and extinction of out-of-time protons
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o 4 Pulsed beam

* Beam period :|.7 ys~2x Tfl My2
€ ey
* Beam intensity: 3.9 x 107 p/bunch tay, - Xtincy;
Y P k*AAV On Mon;
* duty cycle :~ 30% e’yA,che’:’,tor

* out-of-time protons / in-time protons < [10-10
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Mu2e sensitivity
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Mu2e signal?

® A next-generation Mu2e
experiment makes sense in all
scenarios:
v Push sensitivity or
v Study underlying new physics
v Will need more protons

upgrade accelerator
Higher Sensitivity v Snowmass white paper,
search
arXiv:1802.02599

Precision
Measurement if
necessary

Measure
conversion rate as
a function of Z

Accelerator
Upgrade
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o 2 Summary

* Mu2e will improve the sensitivity by four orders of magnitude

* Provides discovery capabilities over a wide range of new Physics
Models

* R&D mature with data taking scheduled on 2021

* More info: http://mu2e.fnal.gov

W ithin this session checkout:

= Mu2e extinction monitor from Avery Archer

= Mu2e Straw Tracker design from Kate Ciampa & Fawzi Abusalma

= Mu2e Calorimeter clustering studies from Emma Castiglia
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30  Muonic atom life times
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Rue rate vs Z

V. Cirigliano et al., phys. Rev. D80 013002 (2009)
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Discovery Sensitivity

Fok ok

G. Pezzullo (Yale University)

MuZ2e sensitivity

W. Altmannshofer, A.J.Buras, S.Gori, P.Paradisi, D.M.Straub

AC | RVV2 | AKM | 6LL |FBMSSM | LHT | RS
D°— D° Yokk | K * * * *hk | ?
€x * [ hkk [ kokk | K * *hk | kkk
Sye *okk | kkk | hkk | K * F*okok | dkk
Seks Jokk | khk | k[ kokk | kkk * ?
Acp (B — X) * * * | kdkk | kK * ?
Arg(B— K'utp™) | % * * [ hokk | kkk | kK ?
Ay(B— K p'tp”) * * * * * * ?
B— Kup * * * * * * *
B,—ptp Jookok | dkok | kkok | kokk | kkok * *
Kt > atvw * * * * * dk ok | dedkok
K — nvw * * * * * H*ookok | dedkok
1= ey Fokok | Aok | kkok |k | kkk | kkok | kkok
T =y Yokok | kkk | k[ dokk | kokk | kkok | kkk
p+N-se+N ok | ok | dkok | kokk | kkk | kkok | kkk
d, Jookk [ kdok | dokk | kok | kokok * | kkk
d, *okk [ kkk | Kk | K Fokok * | kK
(9-2), dokok | kkk | ok [ dkk | kkk * ?
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Table 8: “DNA™ of flavour physics effects for the most interesting observables in a selection of SUSY
and non-SUSY models % ¥ % signals large effects, %% visible but small effects and s implies that
the given model does not predict sizable effects in that observable.
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(TeV/e?) B(uN — eN) in AL < 1071%
T el - l
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CLFV limits |

Process Upper limit
ut — ety < 5.7 x 10713
ut —ete"et | <1.0x 10712
pTi—e Ti | <1.7x 1071
p"Au — e Au | <7x107%
pute” = p"et | <3.0x1071
T — ey < 3.3x10°8
T — Wy < 4.4 %108
TT —weete” | <2.7x1078
TT = uptuT | <21x1078
TT e putuT | <2.7x107°
T~ = puete” | <1.8x107°
T —etupuT | <1.7x107°
T~ = ute e | <1.5x107%
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H MuU2
e

CLFV limits 2

Process Upper limit
T o pe < 8.6x107
K} — pe < 4.7x 10712
KT - ntpute” | <21%x1071°
K} - mluTe™ | <4.4x1071°
7Y - e < 1.7%x1076
7Y o re < 9.8% 1076
7° - T <12x10°°
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Particle identification



LZ““’}»Z o Why Particle Identification is needed

e Cosmic ray and antiproton induced background can be divided
into 2 main categories:

|. e~ generated via interactions producing a track mimicking the CE

2. non-electron particles (p and TT) that are reconstructed as track
mimicking the CE

® (1) represents the irreducible background, while (2) can be suppressed
using a PID

Mu2e PID method:

® |nformation from reco tracks and calorimeter clusters is combined

® We require contribution from mis-identified y to smaller than the
irreducible background from cosmic p.

® That results p-rejection factor of about 200
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2 Cosmic p rejection

® |05 MeV/c e- are ultra-relativistic, while 105 MeV/c y have p~ 0.7 and
a kinetic energy of ~ 40 MeV

e Likelihood rejection combines At = track - teluster and E/p:

InLe, =P, , (At)+1InP. ,(E/p)

m ~ T I L L LI L L L I L L LI L LI L I LI B I B | ™ | T I T T T _
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8 L ﬁ o2/ ndf = 5569 / 90 . 3 0000 :_ —CF _:
% 10000[— | — u @ 105 MeV/c Constant wswefw_zzw — _é 5000 f_ — 1 @ 105 MeV/c _f
2 B Sama 1 T - ]
£ 8000 ~ - -
S : . 1 4000 = l ]
I x2 / ndf 3222/57 | - ]
6000 = Constant 2429 = 145 — 3000 L. -
C Mean -5.375:0010 | - ]
4000— Sigma  1.671x 0.009 —| 2000/— i ]
2000~ o . 1000 E
O _ e "‘;':-' e oo o i 0 - PR—— ; s . T R | l A | I L L

-20 -15 -10 -5 0 5 10 15 20 0 0.2 0.4 0.6 0.8 1 1.2
A t[ns] E/p
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@ PID performance

u-rejection = 200

Muon Rejection

lllllllllllllllllllllllllllIIIIIIIIIIII

I « CE on|y ............... }
|| © CE+background | % o4 0.86 + o©./E=0.05
I o CE+2xbackground | .. % 44 ey } GE/E =0.10
. & 4 S ‘ { oJ/E=0.15
0.82 ¢ o /E=0.20
v e v by v by v by v by v v by by g 1y i 1 111 L L i | y 1 2 | 1 1 L | . N f | L |
08 082 084 08 08 09 092 094 096 098 1 0.8, 0.2 0.4 0.6 0.8 1 .
Electron efficiency o: [ns.

® A muon-rejection of 200 corresponds to a cut at In Lejy > 1.5 and
an e- efficiency of ~ 96%

® |n the range Oe/E<10% and 0:<0.5 ns the e- € varies by less than 2%
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PID for antiproton induced background

® Same procedure tested on p and TT from antiproton annihilation, and
reconstructed under the e- hypothesis with p in [101,106] MeV/c

E :] V. 9.0 ] T I LI I LN I I T [ rrTrT [ 0,6 &8 I N S5 yE l rrTT ] L AR ]: 8 T T I T T T ‘ T T T I T T T I T T T I T T T I T T T l T T
- - -
o L - e’: 1950 entries | Q B . e': 1950 entries
= S 403 —
< 108 [Ju:1msaenties | =10 E B iiistontien S
- = = — = z
~ o D : 2506 entries 3 ** E D m°: 2506 entries -
- — — w — —
=T i e i
m = - ;)
2 t 10 =
B 10° = 1T} = =
(= = S — z
1] C = [ =
10 =
108 E - 3
—1 I L l |- ] Lkl l- L M I] “ l I
-25 0 15 20 25 0 0.2 0.4 0.6 0.8 1 1.2 1.4
At = tirack - teiuster [NS] E/p

® Applying the same cut @ In Le/y > 1.5 used for the Cosmic,
results in < 4x10-3 induced background events in 3 years of run
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Cosmic p likelihood ratio
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Antiproton products

e : 15148 entries
*: 3 entries
“: 91342 entries
*: 7 entries
“: 29369 entries

n*: 4 entries
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Antiproton likelihood ratio
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