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Why study ;. — e conversion? )

Challenge?

Reflecting New Physics

@ Observing the process will help to
understand why particles change flavors.

@ Discovering it is crucial to understand

CHALLENGE ACCEPTED! what Physics may lay beyond the
- Standard Model.
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In this talk )

» Study p — e conversion as phenomenological implications in a model of
neutrino masses.

» 1 — e conversion and p — ey might be related to each other under a
good approximation that we have established.

» Discuss future searches for y — e conversion at Fermilab and J-PARC
COMET.
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Outline

© Review

@ EW-vr Model
o A, Symmetry
@ A model of neutrino masses

© 1. — e Conversion Process
© A link between i — e Conversion and p — ey

@ Conclusion
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Review

Model of neutrino masses!

Framework Tool

Electroweak-scale
ight-handed Neutrino
Model (EW-v,)

Discrete A,
Symmetry

'P.Q. Hung, T. Le, JHEP 1509, 001 (2015)
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The EW-vr Model 2

What?

Model in which right-handed neutrinos have Majorana masses of the order
of Agw naturally. They can be detected at the LHC!

’P.Q. Hung, 2007
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The EW-vr Model 2

What?
Model in which right-handed neutrinos have Majorana masses of the order
of Agw naturally. They can be detected at the LHC!

How?

For naturalness, Mg has to be related to the breaking scale of the SM =
VR's cannot be a singlet of the SM = Simplest picture: vg is a member of
a doublet of SU(2) along with a mirror charged lepton also right-handed
= Mirror fermions. vg's are non-sterile.

2P.Q. Hung, 2007
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= il
The EW-vr Model 2

What?
Model in which right-handed neutrinos have Majorana masses of the order
of Agw naturally. They can be detected at the LHC!

How?

For naturalness, Mg has to be related to the breaking scale of the SM =
VR's cannot be a singlet of the SM = Simplest picture: vg is a member of
a doublet of SU(2) along with a mirror charged lepton also right-handed
= Mirror fermions. vg's are non-sterile.

Why?
and = VR can be produced at the

LHC with electroweak cross sections = Direct evidence for the seesaw
mechanism such as same-sign dilepton events coming from vg's decays.

’P.Q. Hung, 2007
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Minimal model

e Gauge group:

e Model Content (generic notation)

SM: Mirror:

M
Y A _ (U M_( VR oM _ [ UR
(e )a(a) we(a) - (5)
er; UR, dr e[V’; u[w, d[V’
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Minimal model

e Gauge group:

e Model Content (generic notation)

SM:
o v i - up
eRr; UR, dr

Mirror:

M _ [ VR gM = ug!
R e‘g/l ' YR dll%\'/,

M. M M
e u’, dj

Mirror particles are totally different from the SM particles!

Higgs sector: one Higgs doublet ®,, two Higgs triplet x and £ and one

Higgs singlet ¢s.
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@ Majorana mass of vg

M,T . -
Ly = gu (lR’ 02) (i 7 X) l%[
1
= gMm Vg o, VR X7 — \ﬁ sz:; O2 €AR4 X+

— Lepton number is violated

@ Dirac mass

Ls = gsiln ¢s 1Y +hec

= gsiVrL ¢s VR + ... + h.c.

— Lepton number is conserved
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More details?

See V.Q. Tran, S. Chakdar and A. Aranda talks
on EW-vg Model
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As Symmetry
Ay Symmetry

Why?

o With 3 families, we need a group containing a 3 representation. The
simplest one is Ag.
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Why?

o With 3 families, we need a group containing a 3 representation. The
simplest one is Ag.

@ This symmetry also helps to obtain the experimentally desired form of
neutrino mixing matrix: Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix.
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As Symmetry
Ay Symmetry

Why?

o With 3 families, we need a group containing a 3 representation. The
simplest one is Ag.

@ This symmetry also helps to obtain the experimentally desired form of
neutrino mixing matrix: Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix.

What?

@ Non-Abelian discrete group

@ Four irreducible representations: Three 1-dimension representations
called 1, 1', 1" and One 3-dimension representation called 3
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A model of neutrino masses

@ The discrete symmetry group A4 is widely popular in discussions on
neutrino masses and mixings. Usually, it is applied to the charged
lepton mass matrix and involves many Higgs doublets (5 or so) =
potential problems with the 125-GeV scalar.
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@ The discrete symmetry group A4 is widely popular in discussions on
neutrino masses and mixings. Usually, it is applied to the charged
lepton mass matrix and involves many Higgs doublets (5 or so) =
potential problems with the 125-GeV scalar.

o Let us apply A4 to the neutrino Dirac mass matrix which involves a

Higgs singlet ¢s. With A4 symmetry, we have an extension to
= No constraints from the LHC!
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A model of neutrino masses

@ The discrete symmetry group A4 is widely popular in discussions on
neutrino masses and mixings. Usually, it is applied to the charged
lepton mass matrix and involves many Higgs doublets (5 or so) =
potential problems with the 125-GeV scalar.

o Let us apply A4 to the neutrino Dirac mass matrix which involves a
Higgs singlet ¢s. With A4 symmetry, we have an extension to
= No constraints from the LHC!

@ Assignments of the model's content under Ay

Field || (v,0) | (,1M)g | er | ¥ o,
Aq 3 3 3

(e8]
[—=
(o8}
[—=
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Ls = 11 (o5%os + 91505 + Go505) 1N + h.c. (3)

3N. Cabibbo, 1978
4L. Wolfenstein, 1978
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Ls = 11 (o5%os + 91505 + Go505) 1N + h.c. (3)
Ay 3@( 1 3 3)3

Neutrino Dirac mass matrix

GoSVo G15V3 G25U2
/\/II,D = | G25V35 GosVo GisU: where v, - 50 VEVs of Higgs singlets.
g15U2  G28U1  GoSVo

MP can be diagonalized by

1 1 1 1
U, = UEW =— [ 1 o? w with w = e/27/3
\/§ 1 w w?

Ucw: the Cabibbo3-Wolfenstein® matrix

3N. Cabibbo, 1978
4L. Wolfenstein, 1978
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Model of neutrino masses (con't)

Not to forget the PMNS

Upmns = UlL Ui
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Model of neutrino masses (con't)

Not to forget the PMNS
Upmns = U, Un

o With exact A4, Uy = 1. Not satisfied because of degenerate charged
leptons! We need a small breaking of A, in the charged lepton sector.
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Model of neutrino masses (con't)

Not to forget the PMNS
Upmns = U, Un

o With exact A4, Uy = 1. Not satisfied because of degenerate charged
leptons! We need a small breaking of A, in the charged lepton sector.

e Ansatz for Uy : use Wolfenstein-like parametrization to have a small
deviation from a unit matrix

A2 .
1- 2 Ao AN (o — i)
UL — Up = -\ 1— § A)? (4)
AN (1 = pr—im) —AN 1

where A;, p;, n; are real parameters of O(1).
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o — e Conversion Process

Muon-fo-ElecCtfrop, - —
Conversion Experime, - ;|

L Fermilat @ ENER < Northt

hoto by Reidar Hahn, Fermilab

Matenai®and Life',

Science Ex| erimer;f;]
SINDRUM II: B(w + Au — ¢ + Au) <7 X 1073 p ettt s

<

/ SINDRUM II: B(p + Ti — e + Ti) < 6.1 x 10" 3 g;::

<

( . -17 |
Projected Sensitivity for ‘ Muze: 6 x 10 ‘

B(p + Al — e + Al

~

COMET:3 x 10"

J
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o — e Conversion Process

1 — e Conversion

Effective Lagrangian for u — e Conversion

1 S A~X S~
Leg = — M[(CDRm,uea' PP+ Cprmyeo BPRM) Faop
+ > (e Pru+ Cer Pun) drag
g=u,d,s
+ ) mumgGe ( ePRrp + éPL,u> aq
g=u,d,s
+ my (CGQRGFE’PL,U, + CGQLGFéPR,u) 26;3 GEQBG;B + H.C.:| .
S
(5)
where Cp(; gy, C\(/q()L R)’ and Cgq(L,Rr) are dimensionless coupling

constants depending on specific LFV model.

Trinh Le (UVA) PASCOS 2016, ICISE Quy Nhon, July 12, 2016 15 / 35



o — e Conversion Process

Conversion rate (general formula) °

5

Mconv = 4/\4 (’CDRD—G—ZI»C(IJ)\/( )+4€-‘(/r3 \/(”)+

2
+4Grm,, (mp&g,;)s(f’) m,C st ))’
+ ‘ CoLD +4CE V) 4 agl yin)
~ ~ 2
+4Gem, (mp LS + m, P s™) ‘ ) . (6)

where D, V, S are overlap integrals of the relativistic wave functions of u
and e in the electric field of nucleus.

®R. Kitano, M. Koike, Y. Okada (2007)
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o — e Conversion Process

Contributions to the conversion rate

OkS

- ~
’ \
£opmeo oy
L 1 e

¥, Z

Photon and Z boson exchange
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Contributions to the conversion rate

LS LS

- -~ N 7 - ~

, N ’ N
rom P rom moy
I 1 e H L I

1
I
v Z VH
1
I
‘

Photon and Z boson exchange Higgs exchange with light quarks

Trinh Le (UVA) PASCOS 2016, ICISE Quy Nhon, July 12, 2016 17 / 35



Contributions to the conversion rate

Drs LS
PN PR
, N 7 N
Sgme mey Sgmemey
L I L )

|

I

v Z VH
1
I
‘

Photon and Z boson exchange Higgs exchange with light quarks

ks

’ N
Sogmeomoy
L 1

Higgs exchange with heavy quarks
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Contributions to the conversion rate

OkS

- ~

’ \
£opmeo oy
L 1

¥, Z

Photon and Z boson exchange

ks

’ N
Sogmeomoy
L 1

Higgs exchange with heavy quarks

Trinh Le (UVA)

kS

\
m o
I

:
|
l
VH
|
1
I

Higgs exchange with light quarks

I m

q | "

Box diagram
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o — e Conversion Process

Contributions to the conversion rate

OkS

- ~

’ \
£opmeo oy
L 1

¥, Z

Photon and Z boson exchange

kS

- ~

’ \
£opmeomoy
L L

:
|
l
VH
|
1
I

drs
u ‘, |m ‘ |m \l . e ‘ m ‘ e
! [ [
( :‘ H y s f o
9 s 9 q l " l q
Q0000000000000 / "00000000000000"
. . Box diagram
Higgs exchange with heavy quarks
The main contribution comes from  exchange! )
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A link between o — e Conversion and . — ey

The formula for the conversion rate (from ~ contributions ONLY)

2

2
) : (7)

5
My

CET (\CDRD+45<V';gv<p>+4a<Vn,gv<n>

| CouD +4E VO 1 a0
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A link between o — e Conversion and . — ey

The formula for the conversion rate (from ~ contributions ONLY)

m5 . . 2
Feomv = 477 (‘ CorD +4CPIVP) 4D y(0)
- . 2
+ ‘CDLD + 4C\(/’Z) v(p) 4(:\(/’? v(n ) _ (7)
Question
Is there any relation between p — e conversion and u — evy? |
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The formula for the conversion rate (from ~ contributions ONLY)

m5 . . 2
Feomv = 477 (‘ CorD +4CPIVP) 4D y(0)
- . 2
+ ‘CDLD + 4C\(/’Z) v® 4 4(:\(/’? v(n ) ) (7)
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1 — e Conversion and p — ey

The relation is

Y*
I_COI‘IV

(¢* = 0) ~ 7D (8)

Trinh Le (UVA) PASCOS 2016, ICISE Quy Nhon, July 12, 2016 19 / 35



A link between p — e Conversion and 1 — e~y

1 — e Conversion and p — ey

The relation is

Mon (@° — 0) = 7D

Nucleus D v oy g g

2TAL - 0.0362 0.0161 0.0173 0.0155 0.0167
48Ti 0.0864 0.0396 0.0468 0.0368 0.0435
BTAu  0.189 0.0974 0.146 0.0614 0.0918
25Ph  0.161 0.0834 0.128 0.0488 0.0749
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1 — e Conversion and p — ey

The relation is

Y*
I_COI‘IV

(¢> = 0) ~ 7D

Nucleus

D

v ym gl gm)

27
13A1
4874
»Ti
197

70 Au

208
2o Pb

0.0362
0.0864
0.189
0.161

0.0161 0.0173 0.0155 0.0167
0.0396 0.0468 0.0368 0.0435
0.0974 0.146 0.0614 0.0918
0.0834 0.128 0.0488 0.0749
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A link between p — e Conversion and 1 — e~y

1 — e Conversion and p — ey

The relation is

Mon (@° — 0) = 7D

Nucleus D v oy g g

2TAL 0.0362(0.0161 0.0173 0.0155 0.0167
BTi 0.0864/0.0396 0.0468 0.0368 0.0435
BTAu  0.189 [0.0974 0.146 0.0614 0.0918
25Ph  0.161 |0.0834 0.128 0.0488 0.0749

So in terms of the branching ratio, we have

*
B _ [ onv — 1D2 ru B
uN—eN = r =TT r —>ey (9)
capt capt
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A link between o — e Conversion and . — ey

Numerical analysis

Log,oB(u2e_conv_Scen2) (Normal)

LogqoB(u2e_conv_Scen1) (Normal)
800 T v T ! B 800 [ ’
1 1]
1 1
700 .' ] 700 ff: ]
s ‘ s '
2 600 : . Q 600} b 1
s [ s '
£ ' £ '
= 500 : ] = s00f 1 ]
(7] L] [7] 1
8 ' 8 '
= ' = '
'
§ 400 ; ] § 400f ! §
& ' o '
- 1 - L
5 300 ; ] 5 300 4 .
s ! s f
200 F f ] 200 YA g
) ¥ /Il
/) /e
1004 i . . . a 100 L ML . . . d
-5.0 -45 -4.0 -35 -3.0 -25 45 40 -35 -30 -25 -20 -15
Logio(gos) (with g15=gos)

Log1o(gos) (with g1s=gos)

Figure : gos = gys = 815 = &1s-
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A link between o — e Conversion and . — ey

Let's zoom in
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Let's zoom in

Log1oB(p2e_conv_Scen1) (Normal)
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Let's zoom in

Log1oB(p2e_conv_Scen1) (Normal)
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Conclusion

Conclusion

@ In our analysis, we are showing that constraints from 1 — e conversion
imply Yukawa couplings < 1073.
e Due to small couplings, searches for mirror particles of this model at
the LHC would be quite interesting since they might decay outside the
beam pipe and inside silicon vertex detectors (displaced vertices).
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Conclusion

@ In our analysis, we are showing that constraints from 1 — e conversion
imply Yukawa couplings < 1073.

e Due to small couplings, searches for mirror particles of this model at
the LHC would be quite interesting since they might decay outside the
beam pipe and inside silicon vertex detectors (displaced vertices).

@ We found a relation between u — ey and u — e conversion within a
good approximation.
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Conclusion

Conclusion

@ In our analysis, we are showing that constraints from 1 — e conversion
imply Yukawa couplings < 1073.

e Due to small couplings, searches for mirror particles of this model at
the LHC would be quite interesting since they might decay outside the
beam pipe and inside silicon vertex detectors (displaced vertices).

@ We found a relation between u — ey and u — e conversion within a
good approximation.

@ The current limit from p — ey excludes almost half of the searched
region for the branching ratio of © — e conversion. Therefore, our
work may help to narrow down future searches for ;1 — e conversion at
Mu2e and J-PARC COMET within this model.
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Backup

Backup slides
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Conclusion

m?"

MEG
Experiment

MEG apparatus by Prof. Saoshi Mihara

B —e"y)<57x10"
AN
Projected Sensitivity = 4.0 x 104 |

© MEG collaboration
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Conclusion

=

Recall that Model of Neutrino Masses has an Aj-singlet ¢gs and an
As-triplet {gf),'s} (i =1,2, 3)

Total Yukawa interactions
Ls =T Ubying Ms USins ¥ — Tr Upyins Ml Uing i + Hee. (10)

where
o My = UiMyU,, M, = UM, U, and M), is the same as M,.

M
(] UpMNs = U:EUII_, Ul,?\’/,MNS = U:EU,IQ

o Upyng = Uf URa UPMNS =Uf U[
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li = ly (con't)

For the process /. (p) — /j*(p') +7(q)

@ The amplitude

M (I = 177) = @) {io™a, [P+ P b up) |
(11)
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li = ly (con't)

For the process /. (p) — /j*(p') +7(q)

@ The amplitude

M (I = 177) = @) {io™a, [P+ P b up) |
(11)

@ The partial width

2\ 3
1 my; ij ij
FM%MFHMﬁG—#>OQFH%@- (12)
I

Trinh Le (UVA) PASCOS 2016, ICISE Quy Nhon, July 12, 2016 26 / 35



Conclusion

Coefficients

3 3
i e 1
W =
k=0 m=1 I m
]‘ Z/le uLk *j mikS 13
+ m, Jm ( m ) m/2M ) ( )
e S 1 mi
ch = + o [ )  mURE )T T (5
R 1672 kZ:% mz::l { ml2,é,” J ( ) Pl ( ) mlz,’,‘f
1 uLk uRk *j miks 14
+ M m ( im ) ml2,,";’ ( )
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li = ly (con't)

Figure 1: One-loop induced
Feynman diagram for /; — [y
in EW-scale vg model

@ The work makes full use of the results on mixings developed above.

@ Many possibilities which depend on the relative sizes of the Yukawa
couplings and to the Higgs singlets. One example shown in
the plot here.
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Conclusion

Log,,B(u—ey) Scenario 1/2 (Normal)

800F T2 1

700+
3 3
3
S eo0f e
s s
T 4
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= ool =
[=} [=]
: :
5 0t 5
s s

o /
100, 1.-12.24
-5 .

4 -3 -2 -1 0
Log(gos) (With g1 5=0os) Log(gos) (With g1 5=Gos)

Figure : gos = gps = 815 = &1s-

-13.4 — Log;oBR(MEG-projected); -12.24 — Log;,BR(MEG-limit). J

H . M Ty M oyt
—scenario 1: Upyns = Upning = Upning = Uew

; .M .y _ M —
—__ scenario 2 UPMNS = UPMNS = UPMNS - UPMNS
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Conclusion

Charged-lepton mass

°P.Q. H
.Q. Hung, 2007
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Conclusion

Charged-lepton mass

e Charged leptons can couple to singlet Higgs field which give rise to a
mass mixing between charged SM and mirror leptons. However, the mixing

is very small so its contribution to the charged-lepton mass matrix can be
negligible ©.

5P.Q. Hung, 2007
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Conclusion

Charged-lepton mass

e Charged leptons can couple to singlet Higgs field which give rise to a
mass mixing between charged SM and mirror leptons. However, the mixing

is very small so its contribution to the charged-lepton mass matrix can be
negligible ©.

e The Yukawa couplings (with Higgs doublet)

Lyl = q l_L @2 eR—i—h.c. (15)
3®1l®3
5P.Q. Hung, 2007
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Conclusion

Charged lepton mass

The charged-lepton mass matrix is

—_
o

v
M =g—
2

0 (16)
V2o 01

which gives rise to

100
Uur=[ 01 o0 (17)
00 1

é This is not satisfactory because it causes degenerate charged
leptons. We will modify this later.
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Conclusion

Numerical Analysis

@ For the masses of the singlet scalars ¢xs
Mgos = Mg s @ Meys - My, = Ms : 2Ms : 3Ms : 4Ms with Ms = 10
MeV.

o For the masses of the mirror lepton /Y
mpy = Mpirror + 0m with 61 = 0, 95 = 10 GeV, d3 = 20 GeV and
100 GeV < Mhirror < 800GeV

o Scenario 1 Uins = Upyins = Uplins = Ubw
e Scenario 2 UM ns = Ubying = UMing = Upnins
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Conclusion

p parameter

My

w4
M2 cos26y

p

_T(T+1) = TEiviery
255 T5vP

o If only the Higgs triplet is present to break SM, p =1/2.

@ Experimentally, p = 1 to a good precision.
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Conclusion

Possible signature of EW g model

The fact
Q vR interacts with the W and Z (part of a doublet)

@ Both vg and e,’%/’ interact with v; and e; through the singlet scalar

field s
Since my, ~ O(10° eV), it's possible

VR — v+ ¢s
e/%” — e+ ¢s

If my,, < Mey:
e,\R4—> vR+e + 7L
VR = VL + s

Trinh Le (UVA ) PASCOS 2016, ICISE Quy Nhon, July 12, 2016

34 /35



Conclusion

Possible signature of EW g model

The heaviest vg could be pair produced

g+q9 — Z—>vRr +UR
vR — eM 4+ WH(W)
ek — e +¢s
at a 'displaced’ vertex.

If vg is Majorana

eM T LW p el T LW e e+ W+ W 420

same-sign dilepton event which is distinctively different from the Dirac
casel!
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