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Motivation (LFV)

After the discovery of v oscillations, flavor violation only remains unmeasured in the charged lepton sector.

B(p — ey) = 10*’“ Marciano-Sanda ‘77, Bilenky-Petcov-Pontecorvo ‘77, Cheng-Li ‘77
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I1) Hierarchy v/f<<1.

lIl) Higgs potential is (entirely or partly) radiatively generated.

Features of LH models:

I) Loop-level generated Higgs mass.

Il) Tree-level generated quartic coupling (see however Schmalz-Stolarski-Thaler ‘09).

l1) ‘Little” particles with masses of O(f), that cancel the main one-loop corrections to the Higgs mass in the SM (consequence of
collective symmetry breaking).
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Motivation (SLH)

LH models are composite Higgs models (Georgi-Kaplan ‘84, Dugan-Georgi-Kaplan ‘85). These assume:
| ) A scale of compositeness, f.

I1) Hierarchy v/f<<1.

lIl) Higgs potential is (entirely or partly) radiatively generated.

Features of LH models:

I) Loop-level generated Higgs mass.

Il) Tree-level generated quartic coupling (see however Schmalz-Stolarski-Thaler ‘09).

l1) ‘Little” particles with masses of O(f), that cancel the main one-loop corrections to the Higgs mass in the SM (consequence of
collective symmetry breaking).

IV) UV completion of the model is expected at A ~ 4nf > 12 TeV.

Two types of LH models:
1) Product group models [SU(2)xU(1)]N (needs T-parity).
I1) Simple group models SU(N)xU(1) (like SLH).

See also Moyotl et. al. &
Arroyo et. al., poster session
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Motivation (SLH, Schmaltz ‘04)

- Solves the hierarchy problem without T-parity.
- SU(2)xU(1)y from the breakdown of SU(3),xU(1).
- Every fermion family conta/i/rls,,,,,a,,,,,LJ»SU"(’3)'"triplet and the corresponding R singlets. We follow the anomaly-free embedding:
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Motivation (SLH, Schmaltz ‘04)

- Solves the hierarchy problem without T-parity.
- SU(2)xU(1), from the breakdown of SU(3),xU(1).
- Every fermion family contair/lg/a/L/S'U'(S")/triplet and the corresponding R singlets. We follow the anomaly-free embedding:
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Motivation (SLH, Schmaltz ‘04)

- Solves the hierarchy problem without T-parity.
- SU(2)xU(1)y from the breakdown of SU(3),xU(1).
- Every fermion family conta/i/rls,,,,,a,,,,,LJ»SU"(’3)'"triplet and the corresponding R singlets. We follow the anomaly-free embedding:

_—

- - Two complex scalar fields, triplets under SU(3):

L;l“"ﬂ = (1%, '-[A--fNA-);r_ ) (;1]{- Nir: E=1.223 . .
Lo = (D,®y) D*®q + (D, ®s)' D' dy
Q] = (d,—u, iz ; (IE]"';G. uf{lz. D;l‘m.
QY =(s,—c, IIT H1—21} (‘?\f:;. SEI”HB.
ani_,_-;; = (t,b, i{ ; blﬁgl’;ﬂ. l‘f{} T;:{‘f:}.
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Motivation (SLH, Schmaltz ‘04)

- Solves the hierarchy problem without T-parity.
- SU(2),xU(1), from the breakdown of SU(3),xU(1).
- Every fermion family contains a L SU(3) triplet and the corresponding R singlets. We follow the anomaly-free embedding:

- Two complex scalar fields, triplets under SU(3):

L;l“lﬁg = (v, '-[A'- ) .‘V;‘- ];r " [A_I]f .V:\.IH. A‘ = 1. 2 3 . .
Lo = (Dy®,) D*®q + (D, ®y)" D" ®y
9 — (d —u.ilDIT -1/3 2/3 —1/3
(-J:. = ”'.?’* ; d_f"] & lif?:; ; _l?’f,x ' - Scalar potential with [SU(3)xU(1)]? symmetry, breaking to
(-'312_5 = (8, —¢ ’1 '“"Rl L "’R}- SR ; ' [SU(2)xU(1)]? with vevs of order f and NGBs. The (gauged)
[T 1/ 2/3 | n2/: .
Q3" = (t,b, "L ; bp "t IR diagonal subgroup SU(3),xU(1), breaks down to the SM EW

group via the vevs. The scalar multiplets are given by non-linear
sigma models (including the SM Higgs and new NGBs):

[SU(3)XU(1)]29 [SU(Z)XU(I)]Z 5 additional massive gauge bosons (W%, YO() Z)

Only the diagonal part is gauged: SSB of global symmetry & of local gauge symmetry

Higgs d.o.f & N (Cheung, Songet. al. ‘07, ‘08 )

tg = tanf = fi/fo, s5 = sinf, ¢g = cosPB and f* = ff + fi.
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PART I: Semileptonic
LFV tau decays

Improved analysis with respect to Phys.Rev. D93 (2016) no.7
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Motivation
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And 2 orders of magnitude improvement expected for Belle-Il !!

See also Emilie’s

introductory talk
See also Toshiki Yoshinobu, poster session
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Motivation
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And 2 orders of magnitude improvement expected for Belle-Il !!

See also Toshiki Yoshinobu, poster session
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But not so much activity on the
theory side (but for L=>1 y()):

SUSY (Brignole-Rossi ‘04,
Fukuyama-Illakovic-Kukuchi ‘08,
Arganda-Herrero-Portolés ‘08
Arganda-Portolés-Rodriguez-
Sanchez ‘09)

LH with T-parity (Liu-Yue-Zhang
’10, Goto-Okada-Yamamoto’11)

3-3-1 models (Hua & Yue ‘14)

EFT (Celis-Cirigliano-Passemar
14)

See also Emilie’s
introductory talk
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Unitary gauge
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1-loop diagrams (y,2,2')* = o
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Unitary gauge

1-loop diagrams (y,£,')* = q g omitted "™
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Unitary gauge

1-loop diagrams (y,£,2')* = q q omitted ™"

Subtle
cancellation of
divergences !!
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LFV in the SLH mode| The internal quark states are (u,%) — {d, D}, (d,d) — {u},(s,5) = {c}. Pablo R0|g (Cinvestav)
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External momenta set to zero in the
computation of boxes

Unitary gauge
throughout!!
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Unitary gauge

/ & Z’ contributions(Z')* 5 g q omitted) e
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Unitary gauge

Z & Z' contributions(Z* = g g omitted) o
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Unitary gauge

Box contributions froughout
T > > H
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Hadronization
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Hadronization
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Chiral symmetry + Dispersion relations (unitarity, analyticity,
crossing symmetry) + Brodsky-Lepage behaviour + Accurate data

(Dumm-Roig ‘12, Shekhovtsova-Przedzinski-Roig-Was '12, ...)
LFV in the SLH model

See also
Sergi Gonzalez-Solis &
Rafel Escribano talks
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Hadronization

P = {Tr“, 1, 1)'}

i A ] A’ 1. 7= uP
Vi=Tm549 Ay =T 59, g = (u,d,s)T K
Basically only f, decay constant
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See also

Sergi Gonzalez-Solis &

Chiral symmetry + Dispersion relations (unitarity, analyticity,
Rafel Escribano talks

crossing symmetry) + Brodsky-Lepage behaviour + Accurate data

(Dumm-Roig ‘12, Shekhovtsova-Przedzinski-Roig-Was '12

LFV in the SLH model

)
Pablo Roig (Cinvestav)




Hadronization

2. T—=uPP PP = {W*ﬂf.]\'*l{*.h’”fﬁ}

(P1(p1) Pa(p2)|T:"10) = (P1— p2)u Q = p1+p2
(Explicit
expressions in
additional
material)
Chiral symmetry + Dispersion relations (unitarity, analyticity, See also
crossing symmetry) + Brodsky-Lepage behaviour + Accurate data Sergi Gonzalez-Solis &

Rafel Escribano talks
(Dumm-Roig ‘12, Shekhovtsova-Przedzinski-Roig-Was '12, ...)
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Hadronization

9. - uPP PP — {ﬁﬁf.;\—ﬂ\-f.;\-uﬁ} Chiral symmetry + Dispersion relations (unitarity, analyticity,
' crossing symmetry) + Brodsky-Lepage behaviour + Accurate data

Py(p1) Po(p2)|T2™ : Q = p1+p : o
(Pr(p1) P2(p2)|T710) = (p1 = p2)s (Dumm-Roig ‘12, Shekhovtsova-Przedzinski-Roig-Was '12, ...)
(Explicit
3. T uVv V=po expressions in
additional
material)
B(t — pp) = B(t — ,urr+rr7)’ ,
p
B(t = po) = B(t = u K"K~ )‘ e B(t = uK°K0) L%
5, .
sS4 = ;\[1; + 3;\Ip1‘p(4\15)
See also
gy = B8 2 %M@ T,(M2), Sergi Gonzalez-Solis &

Rafel Escribano talks
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Numerical results

2TeV < f < 10TeV 2 heavy neutrinos 1 <tg <10 04 = 0 = =04, (small mixing for q)
(GIM-like)
Previous work within SLH in Del Aguila-lllana-Jenkins “11: p > ey, i > eee & p - e in nuclei
J—

ftg > 3.48 TeV

: - —1 v
2 V2t anfd T

Allowed heavy neutrino mass hierarchies
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Numerical results

2TeV < f < 10TeV 2 heavy neutrinos 1 <tg <10 04 = 0 = =04, (small mixing for q)
(GIM-like)
Previous work within SLH in Del Aguila-lllana-Jenkins “11: p > ey, i > eee & p - e in nuclei
— _—
ftg > 3.48 TeV
i 1 v
_< Oy \/_t anfd T

Allowed heavy neutrino mass hierarchies

All low-E constraints taken into account for our analyses of t = | (P/PP/V) & H > | I’
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Numerical results

2TeV < f < 10TeV 2 heavy neutrinos
(GIM-like)

Process B x 10° [90% C.L.) [1]
=y l=e

T — €y <44 <3

T i’ < 11.0 < 8.0
T—n < 6.5 <9.2
T—=Iln < 13.0 < 16.0

T lnta~ < 21 <23
T2 EeKTK™ <44 <34
T —¥ [I\.S I\‘S < 8.0 = T
T—fp < 112 < 18
T—=L <84 < 3.1

TABLE II. Experimental upper bounds, at 90% C.L., on the
branching ratios of the LFV decays v — £(P,V, PP) for £ =
[, e, studied in this article. We quote them from the PDG

And 2 orders of magnitude improvement expected for Belle-Il !!

LFV in the SLH model

1 <tg <10 Og =~ 0 =~

—d,  (small mixing for qy)

le-08 —

[lﬂTl

Illﬂl

AL T LRLLL p—
le-OGE - -

LRULLLLLI T T l TTTTIm I TTTI

w

l[m

le-18
1e-20
le22f . RN

1e_24 IR ] ] LLinm | l'IILlLIIJ | 1L

Luum

| L | 1L | Lo | L1

le-24 le-22 le-20 le-18

le-16 le-14 le-12 le-10

BR(T—> 1L Y)

Scatter plot for reasonable values of model parameters
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Numerical results

And 2 orders of magnitude improvement expected for Belle-Il !!

le-22

1e-20

2TeV < f < 10TeV 2 heavy neutrinos 1 <tg <10 0q =~ 6s =~ —0,,  (small mixing for q)
(GIM-like)
8 0 Al
Process B x 10° [90% C.L.) [1]
(:IJ (:6 16-12 T ll]lllll T ITIHHI T lTlII”I T []lll”l T |1|||”I T 11[””] T llfl”]] T T
T— <44 <33 .
T En° < 11.0 < 8.0 le-13
T =€y < 6.5 <92
T— Ly < 13.0 < 16.0 le-14
T3 éntn~ < 2.1 <23
T3 KK <44 <34 le-15
T — KsKs < 8.0 < 7.1 ~ 1e.16
T—{p" < 1.2 < 18 +®
|
TABLE II. Experimental upper bounds, at 90 % C.L., on the 5’ le-18
branching ratios of the LFV decays 7 — £(P,V, PP) for £ = e
it e, studied in this article. We quote them from the PDG le-19
1e-20 E
le-21

1 IIIIIII| | IIIlIII| 1 IIIlIIIl | IIIlIII| 11

le-19 le-18 le-17 le-16 le-15 le-14 le-13
Bu—>ey)

Scatter plot for reasonable values of model parameters
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Numerical results

2TeV < f < 10TeV 2 heavy neutrinos 1 <tz <10 04 = 05 = —0,  (small mixing for q)
(GIM-like)
) o "
Process B x 10° [90% C.L.) [1]
=y l=e peoys
T_)(‘\" <_1.4 <3.3 e- T Illlln] T TTTTI |||||||T| T ||||||T| T !|||l|T| T |||l||T| T Illlllll T Ililln] T TTTIm
T— (n” < 11.0 < 8.0 le-13 : -
T =€y < 6.5 <92
p—— < 13.0 < 16.0 le-14
T entn~ <21 <23 le-15
T (KK~ <44 <34
—— — le-16
T+ EKsKs < 8.0 < 7.1
T—{p’ & 12 < 18 ag le-17
T—= {0 < 84 <.3.1 A le18
(e
TABLE II. Experimental upper bounds. at 90 % C.L., on the & 1e-19
branching ratios of the LFV decays 7 — £(P,V, PP) for £ =
[, e, studied in this article. We quote them from the PDG R
le-21
le-22

o . le-23
And 2 orders of magnitude improvement expected for Belle-11 !!  *° ; J ; ; ; | 4' | |
16'211»_22 I ie-zl l Jlle-20 J11t1:-19l lllle-lﬂll lle-17 l1e-16 J ie-lS l le-14 l lle-13

Bu—> eY)
Scatter plot for reasonable values of model parameters
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Numerical results

2TeV < f < 10TeV 2 heavy neutrinos 1 <tg <10 0q = 0z = —06,,  (small mixing for q)
(GIM-like)
8 0 al
Process B x 107 [90% (I(*) [1]
t=pu =€

T —> (‘\" < -1.-1 < 3_:3 18"12% T lll]lrrl T lIlllI[[ T l||1l|T| T T 11T T |||||T|'| T IHIITTI T ||||||T| T ]I]Illi] T ||[|"TI TTTIT
T ln° < 11.0 < 8.0 E a
T—= Iy < 6.5 < 9.2 le-13
T—=Iln < 13.0 < 16.0 o

T 3 bntm <21 <23 -

T2 EeKTK™ <44 <34 le15k-

T+ (KsKs < 8.0 & T E
T—=L{p « L2 <18 -~ le-16 -
Tl < 8.4 < 3.1 E

TABLE II. Experimental upper bounds, at 90% C.L., on the
branching ratios of the LFV decays 7 — £(P,V, PP) for £ =
[, e, studied in this article. We quote them from the PDG

And 2 orders of magnitude improvement expected for Belle-Il !!

vl vl v vl vl v vl an
-18  le-17 le-16 le-15 le-14 1le-13 le-12

B(T—>UT X )
Scatter plot for reasonable values of model parameters
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Numerical results

(GINKfike)

2TeV < f < 10TeV 3 heavy neutrinos 1 <tz <10 04 = 05 = —0,  (small mixing for q)
. B x 10° [90% C.L.) [1] Scatter plot for reasonable values of model parameters
rocess
( :Il [:E\ 1e‘06 T llllllll T l[]lllll T [[]ll]ll T [ll””l T l]f”lll T []i]llll T [ll]ll]] T
T — €~ <44 <33 1e-07 ;
T—}(TTU < 11.0 < 8.0 1e-08
T—= Iy < 6.5 < 0.2 1e-09
T— Ly < 13.0 < 16.0 le-10
T —fntm- < 2.1 <23 le-11
T+ (KK <44 < 34 le-12
T = FKsKs < 8.0 <73 e
T €p <12 <18 8 le-14
T 1o <84 <31 5 le-15 -
N le-16
TABLE II. Experimental upper bounds, at 90 % C.L., on the % le-17
branching ratios of the LFV decays 7 — ¢(P,V, PP) for £ = le-18
i, e, studied in this article. We quote them from the PDG ie_;i
e-
le-21
le-22
le-23
And 2 orders Of magnitUde improvement eXpeCted for Belle-ll !! ie-gg 11 ||||II| 1 11 |||II| 1 11 ||||I| 11 I-Illlll 11 |E||l|| 1l |I]III| | . Iilllll 11
e-
. . . . . le-20 le-19 le-18 le-17 le-16 le-15 le-14 le-13
(Vanishing CPV phase for simplicity) B(L—>e7)
if S SR o cij = cosBi;, si; =sindij, i = 1,2,3and f = e, p, 7.
V' = —S12023 — €12523513  €12023 — S$12823513  $23C13
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(GINKfike)

2TeV < f < 10TeV

Numerical results

1 <tg <10 dq =~ 0; =~ —6,,  (small mixing for q)

3 heavy neutrinos

5 B x 10° [90% C.L.) [1] Scatter plot for reasonable values of model parameters
rocess
) £= L=e
™= A < 44 < 3.3 1e-10 g—rrrmm [T TTTTTm T T T TTTTmm
T {7 < 11.0 < 8.0 le-11
T —€n < 6.5 < 9.2
- le-12
Py < 13.0 < 16.0 ¢
T Eéntnw < 21 <23 le-13
T+ (KK <44 <34 le-14
T — £ [\.5 Ks < 8.0 < 7.1 le-15
T ip <12 <138 . Wi ‘ : o5 B
) <84 <31 - ' £y
A 1e-17 : BRI
TABLE II. Experimental upper bounds, at 90 % C.L., on the \\\ 5’ le-18 “ o BT 2
branching ratios of the LFV decays v — £(P,V, PP) for £ = \ P ) - v b
it e, studied in this article. We quote them from the PDG \ ) . .. s
\ le-20 S .. -t“ Tt
le-21 " g
le-22
And 2 orders of magnitude improvement expected for Belle-11 I!" 123 ‘ ,
. . . . . \\ le_24 L ] L | P | 1L | I | ||.4| !
(Vanishing CPV phase for simplicity) \ le24 le-22 le-20 le-18 le-16 le-14
Bu—>ey
€12€13 S$12€13 813 cij = cosbyj, sij =sinb;;, i = 1,2,3and f = e, p, 7.
] V;7 = | —sizcos —c1zsa3s13  cracas — s12823513  s23c13
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Numerical results

2TeV < f < 10TeV 2 heavy neutrinos 1 <tg <10 0g = 0g = —0,,  (small mixing for q)
(GIM-like)
8 0 al
Process B x 10" {90% C.1.) [1]
£=p =e le-08
T — €~ <44 <3 =
T3 {n° <11.0 <« < 8.0 .
T — Iy <65 <02 —{ Respect to the UL | te-09=
T—=Iln < 13.0 < 16.0 u
T lnta~ < 21 <23 le-lo_
T KK <44 <34 3
T (KsKs < 8.0 < f.1 . C —  All confributions
T— {p" < 1.2 <18 Slell<. e Only box
T—=0d <84 < 3.1 A - -~ OnlyZ
E i -—-- Only Z’
TABLE II. Experimental upper bounds, at 90% C.L., on the & IR )
branching ratios of the LFV decays 7 — £(P,V, PP) for £ = -
it e, studied in this article. We quote them from the PDG le-13 — ) s
le-14 R .
And 2 orders of magnitude improvement expected for Belle-Il !! - | | t | |
S 6 8 10
f(TeV)
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Fixed (average) values of model parameters
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2TeV < f < 10TeV

2 heavy neutrinos

Numerical results

1<t§<10 ddZ(Ss:_é‘u

(small mixing for q,)

(GIM-like)
8 0 al
Process B x 10° [90% C.L.) [1]
=y l=e
7 5 4% <44 < 3.3 E | ' | ' [ ' 3
T—=ln" < 11.0 < 8.0 - 3
T —= iy <6.5 <02 | Respect to the UL < 1
T—=Iln < 13.0 <160 le-08
T bntn~ <21 < <23
T EeK K <44 <34
T — {KsKs < 8.0 Ebe | -
T—{p’ & 12 < 18 B
T—= {0 < 84 =310 g
A s _
TABLE II. Experimental upper bounds, at 90 % C.L., on the é i — gllnl contributions
branching ratios of the LFV decays 7 — £(P,V, PP) for £ = = e = i
) g . - g ) . L ~~- Only box |
it e, studied in this article. We quote them from the PDG - i S e Zag 3
le-12 |- T _ —
And 2 orders of magnitude improvement expected for Belle-Il !! i
1 | | |
6
f(TeV)

LFV in the SLH model

Fixed (average) values of model parameters
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Numerical results

2TeV < f < 10TeV 2 heavy neutrinos 1 <tz <10 04 = 05 = —0,  (small mixing for q)
(GIM-like)
8 0 Al
Process B x 10° [90% C.L.) [1] ~
r'=p f=¢e le-06 T T T T 3
T — €y <44 <33 — un'm 3
T ex° < 11.0 <80 | _ £ T K'K ]
ey 2 <65 <902 Respect to the ULs 1co7 i _:
T Iy < 13.0 < 16.0 KT E
—y <21 <23 — == 2 ]
T eKTK™ <44 <34 1e-08 g 0 -
T — ¢KsKs <80 <71 NN E
T Ep <12 <18 . M TN ]
T 0 <81 <31 109 N .
— = L "“o,‘q
C s e
TABLE II. Experimental upper bounds, at 90 % C.L., on the N \“""*-h
branching ratios of the LFV decays 7 — £(P,V, PP) for £ = le-10 —
[, e, studied in this article. We quote them from the PDG -
le-11
And 2 orders of magnitude improvement expected for Belle-II !! sl , |
2 4

f(TeV)
Fixed (average) values of other parameters
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Numerical results

2TeV < f < 10TeV 2 heavy neutrinos 1 <tg <10 0q = 0g = —0,,  (small mixing for q)
(GIM-like)
8 0 al
Process H 3 1010 ] -
S H t=e le-06 T T T T 3
T — €7 <44 <ds - ! ! — ux'w
T — ( ﬂ'a < 110 < 80 : _____ IJ.K*K7 :
T — €7 <65 <02 Respect to the ULs - g 1
Py < 13.0 < 16.0 1e-07 o :n -
T entn~ <21 <23 B un’ g
T3 KTK™ <44 <34 o MPO 1
T+ EKsKs < 8.0 < ¥ —— ub
y U 5 1@-08:_ ________ S
T—Lp <12 <18 E- RN i e - 3
T—=109 <81 <31 R . ;
TABLE II. Experimental upper bounds, at 90 % C.L., on the 1e-09 E— B R S SO RRE DU =
branching ratios of the LFV decays = — ¢(P,V, PP) for £ = S T i 3
it e, studied in this article. We quote them from the PDG A e 4
le-10|— i -
c \ P =
= \ = 3
And 2 orders of magnitude improvement expected for Belle-Il !! C 1 | 1 1
le-11 ] . ' :
2 4 6 8 10
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Fixed (average) values of other parameters
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Numerical results

2TeV < f < 10TeV 2 heavy neutrinos 1 <tg <10 0q = 0g = —0,,  (small mixing for q)
(GIM-like)
Process B x 10° [90% C.L.) [1] ~
SN t=e le-07
T— <44 <33
T En° < 11.0 < 8.0
T — €7 <65 <02 Respect to the ULs 1e-08
T—=Iln < 13.0 < 16.0
T—enta™ <21 <23 [
> EKTK- <44 <34 =
T+ EKsKs < 8.0 < 7.1
T—{p’ & 12 < 18 le-10
T+l <84 < 3.1 ]
TABLE II. Experimental upper bounds, at 90% C.L., on the te-llEr
branching ratios of the LFV decays 7 — £(P,V, PP) for £ =
[, e, studied in this article. We quote them from the PDG le-12

And 2 orders of magnitude improvement expected for Belle-Il !!

—_— , | . | . |
0 0.05 0.1 0.15

Fixed (average) values of other parameters
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Numerical results

2TeV < f < 10TeV 2 heavy neutrinos 1 <tz <10 04 = 05 = —0,  (small mixing for q)
(GIM-like)
— B x10° [90% C.L.) [1] B Large splitting case for the heavy neutrinos
=y l=e : I i | i [ ' [
T — €~ <44 <33 le-08 == —]
T n < 11.0 < 8.0 R e .
T — €7 <65 <92 Respect to the ULs C S e ———— e
=Ty < 13.0 < 16.0 - T
T entn~ <21 <23 B il T e ] §
T EeKTK™ <44 <34
T = KsKs <80 <71 e =
T—{p’ & 12 < 18 [ TeemeeREI ]
T—= {0 < 84 <. 3.1 B B N
TABLE II. Experimental upper bounds, at 90 % C.L., on the ] — pr'm
branching ratios of the LFV decays 7 — £(P,V, PP) for £ = il [ UK'K Sl W S ]
it e, studied in this article. We quote them from the PDG E - ul‘co T, . E
C —— e ]
_ un’ i
= — “po —
And 2 orders of magnitude improvement expected for Belle-II !! . . | , | , |
T 0.1 02 03 04
M, (TeV)
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Fixed (average) values of other parameters
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Numerical results

2TeV < f < 10TeV 2 heavy neutrinos 1 <tg <10 04 = 0s = —0,  (small mixing for q)
(GIM-like)
— B x10° [90% C.L.) [1] Small splitting case for the heavy neutrinos
t=pu [ : (‘ i I T I T I T T T T T | T T T T
T — €y <44 <33
T — (ﬂ'” < 110 < 80 le-10 — /__
T —= iy <6.5 <02 Respect to the ULs = pe ]
T—=Iln < 13.0 < 16.0 e - _,,,.-f‘”/ :
T lntn <21 <23 B . — R — = ) -
T3 KTK™ <44 <34 L — ~—— .
T = € KsKs < 8.0 < 74 o e i
T Lp <12 <18 2 R ™
T =L < 84 <. 31 ek .
TABLE II. Experimental upper bounds, at 90 % C.L., on the : — u'n ]
branching ratios of the LFV decays r — ¢(P,V, PP) for ¢ = | [ K| e =
it e, studied in this article. We quote them from the PDG le-12 """ sl e LT
C —— un i - »J,-’/ ]
i uny’ s -7 i
0
B = up _
And 2 orders of magnitude improvement expected for Belle-Il !! P PR T T T
© 0.1 0.2 03 04 0.5 0.6 0.7 08
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Fixed (average) values of other parameters
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Numerical results

2TeV < f < 10TeV 2 heavy neutrinos
(GIM-like)

Process B x 10° [90% C.L.) [1]
t=pu l=e
T— €y <44 <33
T en" < 11.0 < 8.0
T—=1n < 6.5 <9.2
T—=Iln < 13.0 < 16.0
T éntn™ <21 <23
T (KK~ <44 <34
T+ (KsKs < 8.0 < 7.1

T—Llp <12 <18 Log[ Bt » 7
Tl <84 <31

Log[BR(pmr)]

TABLE 11. Experimental upper bounds, at 90 % C.L., on the
branching ratios of the LFV decays 7 — ¢(P,V, PP) for £ =
i, e, studied in this article. We quote them from the PDG

And 2 orders of magnitude improvement expected for Belle-Il !!

LFV in the SLH model

1 <tg <10

moo_, [

f{TeV]

f (Tev) A

Scatter plot for reasonable values of model parameters
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Numerical results

2TeV < f < 10TeV 2 heavy neutrinos 1<tz <10 4= 0 = —0,  (small mixing for q)
(GIM-like)

_— B x10°[90% C.L.) [1]
L= I f =€
T— €y <44 <33
T e < 110 < 8.0
T—=1n < 6.5 <9.2
T—=Iln < 13.0 < 16.0
T lrta~ < 2.1 <23
T EeKTK™ <44 <34
T+ KsKsg < 8.0 <ra
T—lp « L2 <18

Py <84 <31 i

TABLE II. Experimental upper bounds, at 90% C.L., on the Log[BR(unm)] ..

branching ratios of the LFV decays  — £(P,V, PP) for £ =
i, e, studied in this article. We quote them from the PDG

And 2 orders of magnitude improvement expected for Belle-Il !!

Scatter plot for reasonable values of model parameters
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Numerical results

2TeV < f < 10TeV 2 heavy neutrinos 1 <tg <10 g = 0 = —0,  (small mixing for q,)
(GIM-like) P
 e———— r |
8 (4 5
_— |B x 10° [90% C.L.) [1] |
L= l=e '
Py <44 <33 | ‘
T en < 11.0 <80 - ‘l
T—=fn <6.5 <9.2
T—=Iln < 13.0 < 16.0
T fnTaT < 2.1 <23
T KTK <44 <34 S
T — [I\.s I\'s < 8.0 <t ) | .:_
TP <12 <138 e L -y
T—= {0 < 84 <. 3.1 Log[BR(wm)]

TABLE II. Experimental upper bounds, at 90 % C.L., on the
branching ratios of the LFV decays 7 — ¢(P,V, PP) for £ =
i, e, studied in this article. We quote them from the PDG

And 2 orders of magnitude improvement expected for Belle-Il !! f(Tev)

Scatter plot for reasonable values of model parameters
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Numerical results

2TeV < f < 10TeV 2 heavy neutrinos 1 <tg <10 a2 0s = =0,  (small mixing for q )
(GIM-like)
stono” 1 )\ 11| e
Process |B x 10° [90% C.L.) [1] A
L= l=e s \
T — €y <44 <33 ‘
T Ix’ < 11.0 < 8.0 . |
T—=€n < 6.5 <92 s 1
T—=Iln < 13.0 < 16.0 / o
T lnin <21 <23 L L T | Nage
T (KK <44 <34 | Prom g’ M ,
T = (KsKs < 8.0 <71 N (
T Lp < 1.3 <18 AR 0 B S -
T 0o <84 <31 Leatemi e b ) el g
TABLE II. Experimental upper bounds, at 90% C.L., on the ) -:i_‘ ) -, I
branching ratios of the LFV decays 7 — #(P,V, PP) for £ = Log[BR(].,LTCTC)] it 't T
i, e, studied in this article. We quote them from the PDG m e
' - My, (TeV)
And 2 orders of magnitude improvement expected for Belle-1I !! s 4
My, (TeV)

Scatter plot for reasonable values of model parameters
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PART II:
LFV Higgs decays

Phys.Rev. D94 no. 5, 056001 (2016)
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Motivation

At the end of last century H - 1 1 was proposed as a promising channel to discover flavor violation of charged leptons: Pilaftsis
‘92, Korner-Pilaftsis-Schilcher '93, Diaz-Cruz & Toscano ‘00, Han-Marfatia ‘00, Diaz-Cruz ‘03, Arganda-Curiel-Herrero-Temes ‘05, ...

LFV in the SLH model Pablo Roig (Cinvestav)



Motivation

At the end of last century H - 1 L was proposed as a promising channel to discover flavor violation of charged leptons: Pilaftsis
‘92, Korner-Pilaftsis-Schilcher '93, Diaz-Cruz & Toscano ‘00, Han-Marfatia ‘00, Diaz-Cruz ‘03, Arganda-Curiel-Herrero-Temes ‘05, ...

Renewed interest in this process was motivated by the improved limits on LFV decays obtained by the B-factories and by the
2015 CMS hint of LFV Higgs decays at a rate of ~ 1 %: Kanemura et. al. ‘06, Diaz-Cruz et. al. ‘09, Bhattacharyya et. al. ‘11,
Blakenburg et. al. “12, Harnik et. al. ’13, Davidson et. al. ‘12, Arana-Catania et. al. ‘13, Celis et. al. ‘14, Falkowski et. al. ‘14, Dery et.
al. 14, Aristizabal et. al. ‘14, Arganda et. al. '15-'16, Lee et. al. ‘15, Heeck et. al. ’15, Crivellin et. al. ’15-"16, Dorsner et. al. ‘15, He
et. al. ‘15, Aloni et. al. ‘16, Botella et. al. ‘15, Baek et. al. 16, Bizot et. al. ‘16, Herrero-Garcia et. al. ‘16, ...

CMS ‘15: BR(H — ) = (0.841039) % (< 1.51% at 95% CL)

ATLAS ‘15: BR(H — ) < 1.85% at 95% CL
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Motivation

At the end of last century H - 1 L was proposed as a promising channel to discover flavor violation of charged leptons: Pilaftsis
‘92, Korner-Pilaftsis-Schilcher '93, Diaz-Cruz & Toscano ‘00, Han-Marfatia ‘00, Diaz-Cruz ‘03, Arganda-Curiel-Herrero-Temes ‘05, ...

Renewed interest in this process was motivated by the improved limits on LFV decays obtained by the B-factories and by the
2015 CMS hint of LFV Higgs decays at a rate of ~ 1 %: Kanemura et. al. ‘06, Diaz-Cruz et. al. ‘09, Bhattacharyya et. al. ‘11,
Blakenburg et. al. “12, Harnik et. al. ’13, Davidson et. al. ‘12, Arana-Catania et. al. ‘13, Celis et. al. ‘14, Falkowski et. al. ‘14, Dery et.
al. 14, Aristizabal et. al. ‘14, Arganda et. al. '15-'16, Lee et. al. ‘15, Heeck et. al. ’15, Crivellin et. al. ’15-"16, Dorsner et. al. ‘15, He
et. al. ‘15, Aloni et. al. ‘16, Botella et. al. ‘15, Baek et. al. 16, Bizot et. al. ‘16, Herrero-Garcia et. al. ‘16, ...

CMS ‘15: BR(H — ) = (0.841039) % (< 1.51% at 95% CL)

ATLAS ‘15: BR(H — ) < 1.85% at 95% CL
CMS’16: BR(H — 7u) = (-0.76 £0.81) %
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Unitary gauge

1-loop diagrams froughout!

W, W’

Also in the I’ leg)
i {
- — - I

v, W'

H H H
v
[f
J\[S . j\[?’- 4’\[2 ‘ 4\12» o s ‘ 1,2 ﬂ[:- j\l‘i ) . v
—y'fu;\.]_ - _}'LMR.J_ gl g e g 1y ~ e = X~ O() Oy ~ %
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Unitary gauge

1-loop diagrams Froughoutt
Also in the I’ leg)
; {
W, W'’
- - - - — — = - — = W, W
H H H
I
(GIM-like)
2TeV < f < 10TeV 2 heavy neutrinos 1 <tg <10
(3 heavy neutrino case also considered)
(GIM<like)
M'f[ LMy Mp My 2 Mz, My, _ : ;
A[i’- A[R'?- AI\-\” A[HL\",, = W 7z el 4”‘;"}; ~ 4”,?‘:, = Xj ~ (,’)(1) Oy ~ 7
Pablo Roig (Cinvestav)
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Unitary gauge

1-loop diagrams froughout

/Also inthe I’ leg)
[ 7

W, W’

No w-dependence ) ] _
in the 2 N case 2TeV < f < 10TeV 2 heavy neutrinos 1 <tg <10

(3 heavy neutrino case also considered)

fm?a,GDE VeV - — T

, , 5. M2 — 13M2,
L Olog x; — P(x;)] u(p') Pru(gq, m-) e e M — 1M

My =—

s3 ME, 16 My,
M (3x3 — 9% +8x; — 2) + M x; (12x7 — 23x; +10)  w (2x} + 20x3 — 74x% + 35x; — 1) o Xj oy s g . » -
Py = 28 - - r - — .'l.[“ 3 cos -1»7) 4.‘“[“ p— .“.{‘_
() = eot(26) 8Mw- Mwx; (xj — 1) i 48 (x; — 1)° 2403, sin? (27) L T30 ) (4Myy = M)
J’\Iz )?\12- A[? 4\]2- 1-2 \]2 ﬂf?&, ) - y
i . Tt ‘ T W — )~ T A | [ L
My, ™~ Mz - J’U‘-‘., - RI‘-‘., o Fid <<1 Mj, Mf",, — Ky (',)(1) Oy ~ F
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Unitary gauge

. throughout!!
1-loop diagrams
M? M2, MZ M3, 2
1y it ik '+ ik sl <<l .
] N /(Also inthe I’ leg) _ y
v g Oy ~ f 4

i W/ w!
Mz, My

W, W’

—— = - === W, W M7 © MZ,
¢
No w-dependence ) _
in the 2 N case 2TeV < f < 10TeV 2 heavy neutrinos 1 <tg <10

(3 heavy neutrino case also considered)

ianci,GDE VeV T

6, M}, — 13My;,

My = — B Olog vi — P(x:) u(p) Pru(q, m 0] :
;\[?ﬂ, (3\3} —9\;'-1-8\] —2)+ﬂ[ﬁ—\j(l‘2\f—23\j+ 10) w (‘2\}4—20\1}—74\}3-&—35\}— 1) (Su\j =y o s : 5 o
P(x;) = cot(23 + - , —— |—5M7}; + 3cos (453) (AM G, — M
Ueg) = ostid) 8Mw Mw x; (x; — 1) 48 (x; — 1)’ 240G, sin? (28) L M (48) (4, — M)

2

M2 —m2)2a%0?62m?2 [sin26?
BRIE s sy o NG L6 VG (“m ) [Olog(i)+P(\g)—P(\1)]

LFV in the SLH model exMatlpse % 2

Pablo Roig (Cinvestav)



Unitary gauge

1-loop diagrams froughout

Also in the I’ leg) ) y
? | Oy ~ F
¢

W, W’

My My M M3, _ 2

M My

e i = W, W’ M, Mz,
{'f
w-dependence

in the 3 N case 2TeV < f < 10TeV 3 heavy neutrinos 1 <tg <10

) T S C12€13 “l.?‘—'l/i 813
1.'{'f = | —Sizeas — C12523513  C12C23 — 512523513 523€13 (Vanishing CPV phase for simplicity)

I
$12823 — C12C238 —C12823 — §12€238 293¢ . .o .
S12523 ﬂz@&‘ag\\\f 12823 — S12€23513 €23C13 i =sinfy;, i = 1,2,3and f = e, p, 7.

~—
~—

2 T i

iz 2 2 3 "
2 heavy neutrinos = 3 heavy neutrinos: (‘““;29) [mog (M) 4 Plsa) = p(«”)} b 1}1»%1{&12% (h) n p(\l)}

5 : \Nw
X2 i=1 'S
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Numerical results

2TeV < f < 10TeV 2 & 3 heavy neutrinos 1<itg <10

(GIM-like)

BR(%)

BR(%)

R Ir- T Ill-. ]rr. O

8 10

5
f(TeV)

Figure 2: Dependence of the scale of compositeness, f, of the branching ratio (%) of the H — 7/ decays
in the SLH model with two (left) and three (right) heavy neutrinos. The red line shows the 95% CL upper

bound by CMS.
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Numerical results

2TeV < f < 10TeV 2 & 3 heavy neutrinos 1<itg <10
100 ] J !m T l T I T I T ]
1 = 1 =
0.01 E 0.01 L
0.0001 2 0.0001 L
le-06 —! 1e-06 _!
le-08 L 1e-08 L s
= ] o .
. o~ le-10 — X le-l0F Gl ke
(GIM-like) 2 i F I ( @xﬁ )
le-14 E le-14F
s s le-16F k-
le-18f = le-18 i
1e-20F £ 1e-20 .
le-22 ! 122 L
o) ] ! 4 1 | L | 1 | -; !
o 2 143 1 15 2 25

Figure 3: Dependence on the lightest mass of the heavy neutrinos, My, , of the branching ratio (%) of the
H — 7{ decays in the SLH model with two (left) and three (right) heavy neutrinos. The red line shows the
95% CL upper bound by CMS.
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Numerical results

2TeV < f < 10TeV 2 & 3 heavy neutrinos 1 <tg <10

’°°L | ' T ' T T T T 100 T T I ' T T T T

le-06
le-08

le-10

(GIViike)

S
(GIM-like) |ﬁm¢ fe12

le-14
le-16 F-
le-18 X
16-20 [
le-22 <

le-24 B

tan

Figure 4: Dependence on the ratio of the two vevs, tan /3, of the branching ratio (%) of the H — 7/ decays
in the SLH model with two (left) and three (right) heavy neutrinos. The red line shows the 95% CL upper
bound by CMS.
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Numerical results

2TeV < f < 10TeV 2 & 3 heavy neutrinos 1<tg <10

100 T T T | T I

(GIViike)

BR(%)

(GIM-like)

BR(%)

J4E" il Uy ‘

e 0.05 0.1 015 02 025 s 0.1 02 03 04 0.5
1 iT

max([V"V )

Figure 5: Left plot: Dependence of the mixing angle between the two heavy leptons, sin 26, of the branching
ratio (%) of the H — 7 decays in the SLH model. The red line shows the 95% CL upper bound by CMS.

Right plot: Analogous representation for the largest mixing among heavy neutrinos, |V;*V;7|.
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Numerical results

2TeV < f < 10TeV

3 heavy neutrinos 1 <tg <10

| T TTTTIm

IE T

I T T TTTIm I T T TTTIT | T TTTTmT é

0.01
0.0001
le-06
le-08

le-10

Higgs decays in
agreement with B.
Yang et. al. '16 (LH-T)

Small BRs for LFV ;ﬁ
A

le-12

le-14

BR(H

le-16

le-18

le-20

le-22

See also Moyotl et.
al., poster session

(GIVKfike)

| Lol | L | Lorrinm

13‘7—1— Lrerom | Lo
Te-22 le-20

Figure 6: The correlation between th
trinos, Nj. The x-axis is cut at the current upper limit (UL) at 90% C.L. of

the case with three llgﬂn/
BR(u — ey), 5.7-10~13 [23].
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le-18 le-16 le-14

BR(u—>¢7)

70 and p — e7y decays is illustrated within the SLH model in
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Conclusions

Little Higgs models (particularly SLH) remain as elegant candidates to
alleviate the hierarchy problem on the Higgs mass,
respecting all experimental bounds.
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Conclusions

Little Higgs models (particularly SLH) remain as elegant candidates to
alleviate the hierarchy problem on the Higgs mass,
respecting all experimental bounds.

(S)LH models predict small LFV decay rates which could escape detection
at Belle-Il and (specially) at LHC.

Within SLH, LFV detection would be easier with 3 heavy neutrinos and
for t/pn decays (GINHike)
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Motivation (SLH, Schmaltz ‘04)

- Solves the hierarchy problem without T-parity.
- SU(2),xU(1), from the breakdown of SU(3),xU(1).
- Every fermion family contains a L SU(3) triplet and the corresponding R singlets. We follow the anomaly-free embedding:

- Two complex scalar fields, triplets under SU(3):

~1/: o hT = X .
Lkl : — {I/A'IA'I‘\A]] ) '(A[]i;. .\‘;{l}{. l“ — 1.2‘ ,3

Lo = (Dp®)" DF®y + (D ®2)' DHy

% = ?’T d“]:.j' lff;_s' DRT_ K - Scalar potential with [SU(3)xU(1)]? symmetry, breaking to
@ =(s,— ’H!T - sp’ s en s |Se [SU(2)xU(1)]? with vevs of order f and NGBs. The (gauged)
Q3" = (t,b, "Z ; ba ", s TR diagonal subgroup SU(3),xU(1), breaks down to the SM EW
group via the vevs. The scalar multiplets are given by non-linear
-Gauge part: Du=0, —igA, +igu: Bl g, = gtw/\/1-13/3 sigma models (including the SM Higgs and new NGBs):
+ v0
A= 2 = ( n_l} n(_' w- ) S (%) o (”‘(T:) ( f‘(: )
- S VENYT W a ) Jep
won (12, oo () e (£5) (0 )
AL i fsa
My =gt V‘( = Z (‘ -2 71 1(:;-9) ts = tanf = fi/fa, s5 = sinP, cg = cosfB and 2 = f2+ f3.
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2! 2 2'+6z2,Z = Z-06z2'

. 1—-t2 — 2
0z = Y /3 —t2

1 7 ¥ Iy - a i
Lyv+Ly =— -é-Tr (GuG*"™) + Yp i DY,

Gu = (i/g) [Dy, Dy] and ¢y = {Lg, lkr, Nkr}

c— y — . I ¥ d
Cq = Qk zwk Qk + un‘llDu quRr T QdRI-D qdRr

+ Tl Ty + Dyl Dy % Bail)” S5,

qu = 7{11-.(.'.,17}.7 qa = ,{d'sjb}

D{l.?}u :au + igA:l,
: : L
2

SLH mOdel SU(3)

f

- vk RT . A“ 7
E}' =1 Afr”\r A'kR‘I)g Lk T3 TC fkR Eﬂl[lp (I)rln ‘I"S Lf . i hC‘ s

a2 : rij ) 1 v
” 1-% -4, Viy, ==t
(M) - ( 5, 1-% ) ( Ni Ve
F v — - T

_ i
my, = fsa /\A_,-

P, — P +6,p, and P — pr — 0, P for P = {T,D,S} and p = {t,d,s}

. ) . d ; 2
D=8, +izg:B;, Dy=0u - 3aBy

3
LFV in the SLH model
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Motivation (SLH, Schmaltz ‘04)

- Solves the hierarchy problem without T-parity.
- SU(2)xU(1)y from the breakdown of SU(3),xU(1).
- Every fermion family contair/l/s//a/,Lr/S'U'('S")'/"'triplet and the corresponding R singlets. We follow the anomaly-free embedding:

ZE LH T 13 T T 1 LI-'IT-A T T T T 4; ZE L'.{TT-BT T gT T 7;
= 1.8 central value 7] 1.8] = 1.8 E > ]
-1/3 : dar KNT s—1 A0 a ¢ o 1.6 = X : ;
Lk :(I/A'wl-kwl“\]\')l‘! [kR- ;\A-H- 11‘ = ].. 2._'3 ?:\_‘14 19 _ _ _ 1 ] ]
Jdwte . ;
0 ST ~1/8 _32/3 —-1/3 2 T
1 = (d,—u,iD); , dp'", up ,| D', %a.s ————————————————————— B
0 J T —1/3 2/3 |[o—1/3 0.6 E
Q2 =(s,—¢iS) . Sp s €R 5 [OR T 04 .
~1/3 . T -1/3 2/3 2/3 0.2 4
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Motivation (SLH, Schmaltz ‘04)

- Solves the hierarchy problem without T-parity.
- SU(2)xU(1)y from the breakdown of SU(3),xU(1).
- Every fermion family contai/Q/s/a/,L/S'U'(B’)ﬁtriplet and the corresponding R singlets. We follow the anomaly-free embedding:
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Motivation (SLH, Schmaltz ‘04)

- Solves the hierarchy problem without T-parity.
- SU(2)xU(1)y from the breakdown of SU(3),xU(1).
- Every fermion family contair/l/s//a/,Lr/S'U'('S")'/"'triplet and the corresponding R singlets. We follow the anomaly-free embedding:

e e

—-1/3 v car KT g-—1 AT0
Lk :(I/A.,lk.,l.\]\)l 5 [kR. .’\A.H.
. —1/3 2/3 -1/3
G 24 =(d.—u.z€. dp'", up ,| D',
0 JdonT —1/3 2/3 ~—1/3
Qy = (s,—c,i|S) . Sp 'y €r , |Sk
/3 _ [r]T -1/3 ,2/3 |n2/3
Q3" = (t,b, 'L , bp " trs Tk

LFV in the SLH model

LH models vs
LHC data:
Han, Wang,
Yang, Zhu ‘13

(See also
Kalyniak,
Martin,
Moats ’15)
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FIG. 4: The scatter plots of the parameter space showing the Higgs couplings normalized to the

SM values. These samples satisfy the conditions: (i) within the 3¢ range of the diphoton data; (ii)

within the 20 range of the ZZ* data; (iii) x? < 32.7 (corresponding to 95% C.L.).
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Motivation (SLH, Schmaltz ‘04)

- Solves the hierarchy problem without T-parity.
- SU(2)xU(1), from the breakdown of SU(3),xU(1).
- Every fermion family contair/lg/a/L/S'U'(S")/triplet and the corresponding R singlets. We follow the anomaly-free embedding:
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Yang, Zhu ‘13
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Kalyniak,
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FIG. 5: Same as Fig. 4, but showing different couplings.

Pablo Roig (Cinvestav)



(Celis, Cirigliano, Passemar, ‘14)

Higgs contribution to semileptonic LFV tau decays

=

h T

Figure 1: Relation between the LHC process pp(gg) — h — T (left figure) and the semileptonic decay
T — punn (right figure): the effective Higgs coupling to gluons enters in both processes.

<7r+(pﬁ+)Tr_(pn-')|m.uﬁu - md(Zd‘()) = I'.(s)

«
_, . o* = -9=G* G myq
<7T+(Pn+)7-' (1),-,—)[771.38\0) — .L\,T(S) M By ¥ 8 + Z q44

040) = 6x(s)

+1(, ——
(7 (Prt)7™ (Pr-) General contribution: Independent of LFV model used !!
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NZ.Z

LFV in the SLH model

Unitary gauge

Z & Z’ Cont“bUtIOnS throughout!!

O(m2 /M?)

To =53 2V VE W) [ (HLPe + HyPe)] 7(0)
J

xq(pq) [V (ZLPL + ZrPr)| q(pg),
Tz = 252 Z‘qu*lfijﬁ(p') [7# (ﬁiPL + INIEPR)] 7(p)
Mz < L

q : . / m2 /M2
X q(pQ) [Af“ (,ZLPL ~+ ZRPR)] q(pq—)’ O(mz /M)
i _ Ow dy
HL_32W{C2\MX 1—¢#2 22
W w by = — m—z
(3\ ixs —2) = 22 (7\2 — 14y, + 4)) x; Inx; Bew f |
AJ\AJ W i Xj (\J — 1)2
—5x] +5x5 +6+ 6 (3x] —x; —4)
+ ‘
S Qw = a‘/sf‘v ;
PG5 +3
v Cw(\j = 1) 0(1)—> XJ — ﬂf%./ﬂ‘[‘%”
Nj
ﬁi . 1 g
o C%m ) -1 v

X; Inx; e e
(x; —1)?
+_5x'; +5x; +6+6¢3 (3xF —xj — 4)]

2(x; — 1) |

(3x5(xs — 2) — 2c5(7x] — 14x; +4))
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>

Box contributions

;VL-
w, W' W, W’ i
(Del Aguila-lllana-
g 49 Jenkins ‘11)
! > -\ >
N
The internal quark states are (u,7) — {d, D}, (d,d) — {u},(s,3) = {c}.
2 Q“,' : / ] o~ 1 — 2 / 2
B] = . [a{; Inx; + BjInd + '}*;}] 0 = m7, /M;
1 3y 68, (6% + 6 0a = 0 2 —0y
= o){ \j( " le)r - 56,055+ 60
Mwlxs o (small mixing for q,)
(6 — 12 172
+\](6 13\).}) ‘\I;\' . (0‘2 . 66) “[.\;’ )
oG —12 M2, M2, 5, = o=l _2
ﬁtanﬁ?
+62683062 o My, }
) ow = o/
o = (85 +6a) ,
MG -1) O(1) —»x; = M3 /M3,
, 34, .
od=—0 " (62+5,), : )2
MRy 1) ) I S W
LFV in the SLH model Sew f2

Unitary gauge
throughout!!

u,a.s

Te=g* > > V"V B]
q J

X R )W PLT(p) - Polpg)y Priby(py)

y e = {u,d, s}
i — 52 5252 M2, L 96-8) M2 g
v M2(6 - x5) ¥ \12 (6 —1)2 M2,
0 —50+4
Op (Od + Od)w}
=gl =0,
. 1 M2
,}J — {3 2 w’
“ oM Xiprz
. 8(3x7 — 16x; +13) — 3x7 + 13x; +4 M2
(6 —-1)(x; —1) Mg,
~ 3
Yo = U\; by (83 + da) X,

J=——24,(8F+ 4,
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Hadronization

" pL : Al - § B — ol gy
Vi =9 51 ; A, =9 539 q = (u,d, s)T - = ub P={n"mn}
' Tz(P) = —i g F, Z(P)Zl Fa /4
o —QQq uq—‘a‘*'—',..—“:f‘ )('“ ‘.[
V3
L x i(p') [@ (H}JJPL + HJRPR)] 7(p),
uyu Pru \/_l# —f—v—/_]“. R
B 2 , : g~
dy, Prd=— By — 0 T = (Vi — AL)/2 i — . £Load 2L
u Py w N ( )/ Tz (P) ’4VW\I’ Z\ V;
7
:"IPI ﬁ__;;‘.ﬁ_'_;,_']ll _
T E T <m0 (@ (B Py + HgPR)] (p),
v — OLnur ¢ _ Lny 7
K c'h"f‘ j:“' ol 0(1’:' b 4
x BY(P) (p') [QPL] 7(

Chiral symmetry + Dispersion relations (unitarity, analyticity, crossing
symmetry) + Brodsky-Lepage behaviour + Accurate data

(Dumm-Roig ‘12, Shekhovtsova-Przedzinski-Roig-Was '12, ...)
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Hadronization

1. 7= pP P={xn,7'}
2
. g F rjuEYsJT
=—iZ——Z(P)Y_ V{*V}
Tz(P) chw ﬂ[%’ Z(P) j ¢ ¢

<) |@ (H Py + H}Pr) | 7(0),

2
. g F rIu*y 73T
Tor(P) = _7'(P) Y VRV
Z() 24\/Wﬂfi ()zj:[ £
<) |@ (B Py + H}Pr)| (),
Ts(P) = —ig’F ) _V**V]"
J

x BY(P)(p') [@QPL]7(p).

LFV in the SLH model

P=x" P=g P=y
Z(P) 1 L (sin6y, + v2cosby) 7 (V2sin6y — cosy)
Z'(P) V3t cos Oyte — V2sin by, (3 — 3,) sinOyte 4+ V2 cosby (3 — )
B;(P) 1(Bj-Bj) 727 [(V25in8, — cos8,) B;, 373 [(siny — 2v2cos 6,) B}

+ (‘2 2sin 0y + cos 9.7) Bg']

- (sin On + \/gcos 6.7) Bi]
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Hadronization

1. T puP P={xn,7'} 7\ — " -
. B(r — uP) wmdT. 2 ij T(P)|
Tz(P) = 2.:- \12 Z £ :
w . . :
Z IT(P)? = - Z [(m? +m) —m}) (apap + bib)
y T
X ,_—[(pf) [@ (H.} PL 4 H)JQPR)] T(p), i.f k.l
P Z | | +2mym, (apals — bpbp)] | kl=2ZZ,B.
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Hadronization
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