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New physics in muon g-2

@ No compelling evidence of new physics from the energy frontier (LEP,
Tevatron, LHC) so far.

@ Other experimental observations necessiate new physics.

1) Neutrino mass: Impossible to generate non-zero neutrino masses within
the SM alone — Seesaw mechanism!

2) Muon anomaly: A 3.6 o discrepancy between SM prediction and
experimental data (from BNL) gives

Na, = a%% — 2™ = 288(63)(48) x 1071 .

"

@ Our motive: To search for a common framework to accomodate the two
aforementioned issues.
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New physics in muon g-2

@ Hadronic light-by-light scattering amplitudes are difficult to evaluate.

LN L

o Lattice QCD techniques have enabled more accurate evaluation of such
amplitudes (arXiv 1911.08123)

The hadronic light-by-light scattering contribution to the muon anomalous magnetic
moment from lattice QCD
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o A generic New Physics (NP) contribution to muon g-2 ~ O((m,,/M)?)
@ Sensitivity to 10 MeV < M < 1 TeV
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A Type-ll seesaw solution?

o Features a complex scalar triplet with mass scale Ma (See the talks by
E.J.Chun and M.Mitra)
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e Majorana neutrino mass mj = v2YZva ~ YA ¥
A
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A Type-ll seesaw solution?

o Leptophillic H*, 6" = Additional contributions to Aa,
@ The contribution turns out to be negative. (Tsumura et al, 2003)

° Aa# — Aazingly charged + Aa/cloubly charged
(mp)es _mi, _ (mp)er m

w
- 72 - 7 22
967> vy m. 1272 vim?

2 m

@ Opt for non-minimal framework

Nabarun Chakrabarty (CHEP) Muon g-2 09.12.2019 5/ 40



|
Extending the Type-Il seesaw

e A possible remedy(?): Two doubly charged scalars H; ", Hy *

4

Interference between the 1-loop diagrams can generate a positive contribution
@ A second doubly charged Higgs can emerge from various multiplets
@ We choose the simplest: An SU(2), singlet k™

o A §**-k** mixing can be arranged by the operator (¢TAgk~~ + H.c.)
\

4 ptt
H " H;
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Type Il + more charged scalars

@ We augment the Higgs Triplet model with the charged scalars

kTt kT, k:[, k.
@ A Z3 symmetry is introduced.
[ Field [ SUQB)exSUR)LxUQ)y | Zs |

2 (1,2,1/2) 1
Le,L,, L, (1,2,-1/2) 1,w,w?
€rR, MR, TR (131571) 1awaw2

A (1,3,1) 1

kTt (1,1,2) 1
2
k& kb kit (1,1,1) 1Lw,w
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Scalar sector

@ The scalar potential V = Vo + V5 + Vi (a = e, pu, 7):

Vo = 12 (67¢) + MATe(ATA) + ml (kT2 + M2 k1K,

Vs = iy 67 (i) AT) + jug Te(ATATNENF 4y kT RS R + He.

Vi = A(010)? + A\ ¢l oTr(ATA) + 0 [Tr(ATA)? + A Tr[(ATA)?] + N, 0T AATG
FAsd T2 4 A Tr(ATA) A2 4 A (T AGE™ + Hoe) + gt
FAgd ke 4 Mg Te(AT AV ke + Ak kg kR
A0  ATGR + Akl kR kg

o Mo

@ Assumption 1: Soft Z3 violation through off-diagonal entries of 113

@ Assumption 2: A\;p — 0
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0t — kT mixing

o M\ (¢TAgk™ +H.c) E%58 Mixing between 5+ and k*+

St = oMt syHy T

KM = —sHIt 4 coHt

e M;J are the masses of the Hi »
@ We choose a real A7

@ Assumption 1 and 2:
No mixing amongst (H*, k", k!, k)
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Yukawa sector

@ Seesaw-like Yukawa interactions get flavor-restricted + New terms:

Ly = —yx Lg(io))ALe — y&¥ e egk™ —2yR" LS ion AL, — 2yE™ g k™
Z yaePrLe L ioal ki +H.c
a=e,u,T
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Radiative contributions to r-mass

@ 7Z3 symmetry = A contributes to the ee and u7 elements of m,

@ Two-loop contributions arise:

+ +
G G
e \

/ | \

vy | < <l 5 > 1 <V

(© ¢

® 73 breaking 1,5 enter these amplitudes.

@ Diagram on the left is similar to what is seen in the Zee-Babu model.

@ Diagram on the right an artefact of 67+ — k™" mixing.
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Chirality flip and Aa,

@ A and k*T can couple to leptons of specific chiralities only
Ly D -2 yZTEiazALT — 2yET G Tkt 4+ Hee

@ The mass eigenstates couple to mixed chiralities

Ly D ZE(Y,‘CZBPL + yﬁ‘?ﬁPR)ég H,-++ + H.c.

where,
o= v,
o=y,
o= yxls
o = —ydPe.
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Chirality flip and Aa,

° Aasingly charged ~ (YKT)Q _ mi(yZ)Z _ mi(YZ)Z
5 - 487r2M2 48w2(MS5)? 48w (M;)?
@ 6 # 0 = Chirality flipping effect in the 1-loop diagrams for muon g-2

Ly D f2yZTEi02ALT —2yET G Tkt 4+ Hee

e For Myt = Mt + AM the chirality flipping contribution is

HT T

A gdoubly charged Ypn Ys  myumz
s 16m2 (M;*)3

m
AMSGCQ |Og m .
1

Size of the chirality flip is ~ O(m;/m,) = Aa, >0
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LFV

e Z3 symmetry — H;"J" couple only to ee and u7 bilinears
— kI couples to pv.; k:[ to Tve; ki to ey,
4

(1) I = lj7y are absent

(2) Only 7 — fiee has non-zero rates among the /; — E/k// LFV processes

BR‘T‘F’I&E o 1 {(| 'ru| |’l +‘ 'ru| | )5 - ( 1 _ 1 )z
BRyop, 462 W TWAT s Plss ) soco\ Gy — e
2 2 9
2|, el 2( ‘0 % )
s (M52 My
Tﬂl z 85 z
X PP (b + i)+

+lyg

@ We take all Yukawa couplings real. The EDM amplitudes vanish at one-loop.
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Parameter scans

@ We choose the following parameters:
(Va, My, M My yse, yE, yh™, yE™,6) as independent.

0 12x1079< Na, <4.4x 10~° (20 range)

e Constraints
(a) BR; i jiee < 8.4 x 107° (most recent limit)
(b) Az =259 co [(My+)2 — (M F)?] /v? remains perturbative, i.e., [A7| < 4w
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Parameter scans

o My+ = M+, MI ~ 800 GeV, va = 10715 GeV

e y\" is free from the m!™ constraint.

T
AM=10GeV
AM=50GeV
AM =100 GeV

LHC bound

L A . . .
1000 1500 2000 2500 3000 3500 4000
Mi* (GeV)
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Parameter scans

o Parameter space most relaxed for maximal mixing (6 = 7)
6 T T T T 0.1 T T T ml
. AM=10GeV AM=10 GeV
0=m/4 L AMo50Gev 6=m/4 . AM=50Gev
AM=100GeV AM=100 GeV
Al ] ]
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ol ]
;§ of 1 E;: (U b
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¥ &

@ BR;_,jee can be suppressed by choosing yz° and y&° to be small.
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Chirality flip and v-mass

® m, = Treeqypenl + Loopzg + Loopg++ _j++

af af
my,” = ﬂyA‘ VA
" rol (’! ‘/([‘/j] l./! l/(l/ !(’ Hl//l //l
—16 Z torrgnyy €40 yj A58 {ygj [5311?1 pra'f +C§I‘?2‘j a‘j}
QI.B’CXHSH

C)(, Sl a’/ E’/alﬁf Q’IH’IQ’ 3/
YA Sg(:g[ffAl' ‘ +IA2‘ : :|},

Ii.(my, ma, m,me, my)
_ f dipg diqp MMy
2m)d (2m)d (pf + mi)(pg + m2)(ag, +m3)(aE +m3)((pe +qr)? +m?)

Ia(my, mo,m,me,my)

_ / d’pr d%qp PE-E
(2m)® (2m)4 (py, + m3) (P + m2)(ag; + m3)(af; + m3)((pe + &) + m?)

myo2 — MY, m— M, m.4— lepton mass
:
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Fitting with neutrino data

my = Uyxs My Uyns »
Upnns = Vs x diag(1, €2/, e@91/2) and [
€12€13 512€13 s13e~t0r
Veus = | —s1223 — C12523513€%CF  cracas — s12523513¢ 07 sascrs

i6, id
s12823 — C12€23813€" 797 —c12823 — S12¢23513€"°CF  ca3ci3

We take the following for the neutrino sector parameters

sin01, = 0.307 , sin%0y; = 0.510 , sin%6;3 = 0.021 ,
Am?, =T7.45x 107° GeV? | Am2, =253 x 1073 GeV? |
5CP =141n , Q1 = (31 = 0.

@ The six complex m3# can be expressed as linear combinations of the six jiqp
. € er
Example: m# o< pier, mgT o< fley

@ [inp have to be complex

@ /1,3 do not enter into the one-loop muon g-2 and LFV amplitudes.
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Fitting with neutrino data

k,y/ - T ~ k4 it okt
/ I \ TN
, k++| \ , k >|< \
v, | ! L vf ( sl \
vy | / C
/C < 14
¢ © g

Ia integrand has a different momentum structure.

IA ~ (mgcalar/mlzepton) lk

0 # 0 causes the new 2-loop amplitude to be dominant.

I

Hag << Trilinear parameter in the Zee-Babu model
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Conclusions + Future directions

@ FNAL is aiming to measure the muon g-2 more precisely. The muon anomaly
(as long it persists) signals new physics.

@ &7 — k™ mixing = Chirality flip leading to a possible explanation of the
muon anomaly

= A two-loop amplitude different from the Zee-Babu case.
= Zero EDM at one-loop.
= LFV within bounds

Possible extensions
@ Collider search of doubly charged scalar that has sizeable couplings to p — 7

@ Extending and using such a framework to explain the flavor anomalies
(Leptoquarks?)
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Thank you
for your attention
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(g +mi) (g% +m3)(pe + qp)? +m?)
1

(g +m1)?(qz +m3)((pE + ap)? +m?)

(milmalm) = /ddpEdqu

(2m|ma|m) = /ddpEdqu

Ia(my,ma,m, me, ma)

__ [ d%p d'qe PE-9E
(2m)® 2m)* (p, + mD) (0 + md)(ag, + m3)(ag, + m3) (e + ap)? +m?)

We define

Dy = ph +m?
Dy = qj +mj
De = ph+m;
Dy = g +mj
D = (pg +qr)’* +m?

and
In(my, ma, m, me, mg)

1 / dpp d%p | (D —m? - D +mf — Dy +m§)
T2/ (@2n)d(2n)d DyD.DyDyD
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IA(mi, ma, m, me, mq) 1 [ dpp dqp 1
almy,ma,m,me, ma) = —5 L
' 2J (2m)d(2m)¢ | D1D:D2Dy

1 1 1
T2 @ (] —m2) [(mc\mz\m) - (mc\md\m)]
1 1 1
3 (27)8 m {(m1|md|m) - (mc\md\m)]
11 2 m2 2
3 % {(m1|m2|m) = (ma|mg|m)

—

me|ma|m) + (me|ma| m)}

1 d'pp dqp 1
2 @mi(@n) | DiD,DsDy

11 1

3 @ W (m? +m3 —m?)(mq|ma|m)
c

+(m? — m3 — m?2)(mema|m) + (m? — m3 —m3)(ma|ma|m)

+(m2 4+ m3 — m?)(me|malm)
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1 / dg diqp 1 1 1 1 1
~ 2/ @m)d@2r)d | D1D.DyDy 2 (3—d) (2m)3 (m3 — m2)(m3 — m2)

(m} +m3 — m?) (3 @ma|malm) +m3(2malma|m) + m?(2m|my|ms))

+(m? —m3 —m?) (7715(2mc|m2|m) +m3(2ma|me|m) + 77L2(27n\7715|m;))
+(m? —mi —m3) (m%(Zml\md\m) +m3(2mg|mi|m) + m2(2m\m1\md))

+(m2 4+ m3 — m?)

(mf(?mc\md\m) + m3(2ma|me|m) + m2(2m|mc\md))] (A.18¢)
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Model B: Introduction

e A new model comprising k™1, A, A, A,

@ Again a Z3 symmetry

’ Field H 5U(3)C X 5U(2)L X U( )y ‘ Z3 ‘
Pans (1,1,2) 1
A. (1,3,1) 1
A, (1,3,1) w
A, (1,3,1) w?

Table: Quantum numbers of the additional scalar fields in Model B under the SM

gauge group and Zs.

o A complimentarity to Model A noted.
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Model B: Scalar potential

@ The scalar potential V = Vo, + V3 + V-

Vo =p3(6'6) + M35 Tr(ALAg) + MEKTH,
Va =p, ¢" (io2) Al + pn, 6" (i02) Ald + 1, 0" (i02) Al
+ iy KT Tr(ATA) + Hee.,

Vi =A\676)” + Aia(6¢)Tr(ALAL)
+ (A2asys Tr(ALAR) Tr(ATAs) + Hec))
+ (Asaprs Tr(ALAATAs) + Hee)
+ Aad Do AL p + Asd Gl 4+ Ao Tr (AL AG) [k
+ M (BT Achpk™ + Hoc) + Ag] kT

@ The trilinear Zs-breaking terms with pi,,, i 7# 0 ensure all the triplets acquire
VEVs.

0 <Ay >=v, (a=eu7), Vi =V2+ v+ V2
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Model B: Scalar mixings

& 6++
Aa - \/§ 046+
(Va+60a+i51a) —ﬁ

@ For va < vy

G+ o EtT —sinf cosf 00\ [(Hy*
HY| |6+ 5T | cos@ sinf 00| | HfF
I Y ++ | = ++
H 5# 5# 0 0 10 Hj
HF 5t gt 0 0 01/ \Hf"

° H;L(;L) has mass M1+(2).
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Model B: Yukawa sector

@ Seesaw interactions get restricted by Z3

Ly = —y< LE (i09) A Le — v es epht™ — 2y fﬁiagAcLT - 29 @TRICH'
*yZHL_ﬁ (i02) ApLy — 2y& L (i09) Ay Ly — yi LS (i09) Ar Lr — 2y LE (i09) ALy,
+H.c. (2.16)

@ Neutrino mass generated at the tree level

ee ep eT
YA Ve YA Vr YA Vu
_ e At BT
my, = \ﬁ YA Vr YA Vu YA Ve
er HT TT
YA Vu YA Ve YA Vr

o Complex ygﬁ and v, # 0 needed to satisfy neutrino data
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Model B: Similarities with Model A

@ kTt — 5t mixing in model A <= k™t — §+* mixing in model B
4

@ The chirality flipped contribution to Aa, remains the same

@ The branching fraction in the 7 — [iee rate is also the same
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Model B: Differences with Model A

@ Radiative neutrino mass in Model A vs. Tree level neutrino mass in Model B

o Real y2” in Model A vs. complex y2? in Model B

28
EDM # 0

e 7 — e is turned on in Model B (apart from 7 — [iee)
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Model B: EDM

Model prediction for electron EDM (for instance):

2eme sind cos Oy Tm(y5¢)

d. =
‘ (4m)?
—2log (M{)2/m2)+1  2log (M5 +)?/m?) — 1
) { (M )2 (M )2 }

Latest constraints:

|de| <1.1 x 1072° e-cm,
|d,| <1.9 x 107 e-cm,
|d-| <(—0.22 —0.45) x 107 e-cm.
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Model B: Parameter scans

o The independent parameters here are (M, M:"", v, y£7, yé, 6)

ee nT
my my

oy = 7 and yZT = -

@ v, must be in the optimum ball-park to appropriately enhance (suppress) yx"

(&)

BR. .. = DAPIA"P

Tepup T 4G£—(M7'f+)4 '

BR:Lauu < 108 gives

v fmgTlmt g

> £ x 107" GeV .
AV Tev Tev
4

e v, = v, = 1078 GeV evades the constraint
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Model B: Parameter scans

Assuming normal hierarchy:

1 F T T T 0.08 T T T T
AM =50 GeV =1/4 . AM=50GeV
AM=100 GeV 0=m/4 AM=100GeV
86 | LHC bound
oun 0.06
0.6} g
) 2
[
& &
0.4
J
0.020 ]
0.2
50 1000 1500 2000 2500 3000 Z75x107 5x107 -25x107 0 25x10° 5x10°
1 (Gev) e
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Model B: Parameter scans

1 T
0=11/4 © AM=50GeV
AM=100GeV
0.8f 1
0.6f 1
—
ag
=
3]
(=<1
0.4
0.2
. . .
-4 -3 -2 -1 0
w
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Muon g-2 09.12.2019 37 / 40



Model B: Parameter scans

1 T T T T
0=m/4 AM=50GeV
AM =100 GeV
0.8} 1
06
[
e
=
[}
=]
04
02
0 . . . 1
5x107™" 10 2x107"° 5x107"
Ve (GeV)

@ The VEV of A, gets bounded from both ends.
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Model B: Parameter scans

T T
AM=50Gev |0 =m/4 AM=50Gev | O=1/4
AM=100GeV AM=100 GeV
102 e EDM bound | 10k e EDM bound
g £
3] 4 © B
i) g
= o
2x107°F 1 2x10™ 1
10 10 107 10 10 10" 0 10

d. (e cm) d. (e cm)

@ Parameter region mostly compatible with EDM constraints.
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Model B: Conclusions

o A.~k™T mixing paves the way for a chirality flipping contribution in the
muon g — 2 loops.

@ In the case of a normal neutrino mass hierarchy, the parameter space favoring
an enhanced muon g — 2 also complies with the bounds on the branching
fractions of 7 — piee and 7 — eupu.

@ The present scenario disfavors an inverted neutrino mass hierarchy.

@ Unlike in Model A, the triplet VEV gets bounded from both ends in the
process of reconciling the muon g — 2 anomaly with LFV constraints.
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