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7 4 »@m/ea/ '/an [ﬂ'n‘ad-! 754@ /qr;’f of J{jff/éoj
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Tr T;Y: O Tr Y3 =0
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hove Y=0 amd 50 do net cmtribate o % ao«maey
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{ Sk sposrat: ot
As we shall cee, e most pereal set of allocsed
/hbﬂfﬁw Con/lf)n Sowme. vév»‘«f ﬁa‘/{ ijd"é éclf on
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of e SMondangd Modol (MSSMm ).
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Band L. viota 1—44“3 intenac bors do forddd..
by a Jlfmfe .fy»wma“lﬁf(y. )
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(1)t 450 rome B or L vietrton ot oo P

(1¢) extend e matles Sect rer T WSS

ane! @/ﬁé’@f v 1= 4 ,
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wd repeat cteps [— 4.
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A Sumwmré o'F S&oersfymmezf‘p,‘c fm'llef@a-w
@ Seff—(}\kmcﬁ&u % e gomge Supermu/‘étf':&;f
origim of ferms: :!Z‘ fdte tr W0, + 4.c
i 53’#-@*'{&33 0‘ Jauge feleds [ dictated lcy non~abelran gouge '/ieagd
. prz*a o fhe gauge el Fo the Jaugiaos
{adso fixedl b‘_y e now-abeliam gouga. -{{Qa,}g)
@Iﬁ'}mCh;ﬁ e‘p ffaga.«;e anw{ M«‘I‘I-er .SV)DerMu/L{{}.éé
Origen of derms: [4'49 Jeaﬁvqﬁ
e CaUP&)\J o( ﬂ gau’a? Md 7“’ f/ﬂlll "'0 maf'/&)
v Coup% a{ ﬂe;a«,e—@eﬂa( fo SPM“% ma fren
(Hese furo ane fried by gauge invariance )
o Coupeﬁ? q{ e gwfl;xd 7_& spin- 71 Mld"!l&! and /'[f JUF@F@,#@'
Of: ~,(ﬁf (/\4%7—;:;/4;‘ “'qu*n; }f; )q/
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B Set#-itvnaction of 1 mabler speamllliptu
¢ Scalen pof%-émj
Viter = Z_F*F; + oD% + (p)?]
e g roup aocini 2 LU Factr

* \okawa interactions

2 r o — ‘
I: -1 d W T SRS alzh/ ) . }L
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The MQ{"IL@ILW&*‘ of the MSSIV Or(g,o'na;fe fromin
chiadl :upa\ﬁééa[s: ) A

‘ A A AN

ﬁ)E}Q) U, D) Hla""d H}
whoe hats wrld be vsed 4o mdiente supertieddr.

For?/)f‘;*f‘eﬁ/ ,
E=p 0¥ - 00K

wth Aez T and (%)= Per= ef

rale _!‘ - . _,! . 7( R
SvupersymmeTrc 1T CrALLINS

T/{é SU{Y /h71&lac ﬁhmr ap known oncg we Specn@ /Iq
Svpen pm‘eﬂ‘ﬁj\ TXe mosT fm&cﬂ 07&«;2 mvaerarX

: : , WARNING: FwO
5(?-&\,0 o"'%flbd has % 14: //ow”bf érm. gmﬁw o
W= We + Whe rn the Literature
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ew & L FLL5 » W TG15 w4, B0 0 AR

EMA ;} a~e \&Eﬂk SU[&) i;ldléef . Here En_: ""Egg = +1 .

/(,: .Su’effa—nme'&}c H‘lggf magy PaAMLefer.

@ey\eraﬁ‘am &be& /Iave bees. St///rc’rfea/ . Az J Ab and 4,5 are
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A A N

AA”r A A‘. A N A ;
U= 65 [ 2 LTE + N [4G?D - w/L*H?] + 4 UDL
wileee genem-ha'h Jabels ace again soppressed. Note Hat J, most be

Mflf}mefric vpon mzl&r/amp of ZA andd ZJ

Oha 3:/[6“;1 obsewves Hat te lerme in Wug wb&lz @zﬁ,
LM‘dm\ nomben (B) or ert[m numbea (L) :

|7t MSSM, ot W= O,

In thes reoqmg/J the MSSM s not as a@cjewf as S, Pear ) At
i€ o imposes SUB)xSUR)x V(1) an all pessible S interactions,
one 4inds flat ol Lerms o dimensin 44 preseave Band L .

Not o n 5UF0"5W{';7 /

How does one Impose Wye=0 7

4 /
[/ * e / T o " i A
_/"‘f»' ] , . it o i .
. - . 0y s = LN via { . .

. o A

|. Matteq parity

kiatbe, paty suih Hot il Ganl/, Z.ekfw Supe el Aenge Siom bt 1%
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. e,

Tn supenspace, a chirall swectield
A
b= Ale)+ FOVI)+ O Flx)

Under @ cotimvmo U1)g synmetry, §—> e%*f

amd 44,5“’ eindé. The sypehield has R=n. This means

thit to compnent {ields have R(A)=n, RI#)=n-1, RIF)=n-2.
The superpoteatiacl W must have R(W)= Q. & ordes tht 14
ﬂo_m% cmsenve (1), , Sinee [W]the. appears in e

Supersymmatnig ngxmmgiam.
T‘MI, ‘{"0 Sd WNH_ OJ (‘oa.f'e

E":I 'gr‘ HjJH;_
R=Ys for L E U D

In -cht U(l) /.( 7Lao résfr/czlwe 611.}!0@1 % ﬁwjﬂ J‘OM#WW
Sinie st real, we musi Aave F/V/-— O which means 1At
E/l/) 0, Rr()=1. 7741//1 UL1), for bids Ma}oram'h masses for

’H&gMgAMD
D S O  PY S yse cg
caQQecl (’ N
R= (- /}3(B~L)+QS
‘F/‘(\:;r/i)aq'# I O - 7 /A'Vm@ncem A//V/@ =0. .



At 1Ais pont, our moded comsists of a supersymmetric
gange hell feory based m SUI3)=SU(E) x U(1),
But, i /s not yot readistic for fro reasoms :

o SupeSymmetry (s anm ex‘amz sy mmetry

e SU(RYRU(LL) s unbroken

To Jvstrate 7 second ,oo/'nl[, examine Tle rraton
poienﬁa‘f '

ftalm" ZF’F + I[DQDQ'*‘ [D')]

Tle resuld .
t/ﬁ;(sg'g,s - /“/l[/y:/%"“//'?/z)?'] &2 Hrom 1l F—rerms

s 1= 1K) T+ L IR, ) >

(emel:fe'- derive -ﬂu'] From 1Ra_
D—termg

C&m@g} VH;”JZO ond Hi=Hy=O minimizes 12

/"/ljj_.t ,007[?47"{3—@ {ju}(rzy < %/%Q:O as ex/e(fea/ for a

Supersymmetric vacwm ). Hence ) he SUL2)xUCL) breaking.
We shill seo el tlo adlelytron ({:of{—SUJ}’ ﬁremé//g

7lerms will also f)er‘nV{ /A éféakwy t{f 72 elpr froweq F
f;mmefr;
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Saf\-é"SUS}’-—breq/ahg derms

Ascume E'—parizly Inve~daned.

notatini  Zanf z Lo viE v s (246 Gel)®

Mw = —-—g_\/

v!ap'é = /H’/ + mzzl/'/z - "”’19- (‘; U ’U¢4 / C.)
FMZ (L4 b5+ ME Efe + My bk

ML (S TIE )+ Me Ta T

Y L ST Y
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¢ L
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Mass Egenslatss of te MSSM =

% v ,'
f 4 i “ -7 f 4 7
Z e ! j_. % 7 - Va “
(' 'I' - /
& J . / \ n
/ A /
[ . l
. £ .
[T pad B 2
¥ < o 7
e -
PN .g .-j‘

( ¢ ) 554/M‘50a4/é Sector

In principhe ; T masart 0/(“}

O?\a»&-ze é é ma’t?/a.? Corre. on dom
to e basis (g, 9;,) K

(= l,2, 3<~Wa£m\ Glel;s .

v . / :
% ¥ v E - i s . . // L
.

7 i ; s
. - ‘. ! S -
. o . e '
. . . 7
i 4
. . S
. . b PRI -
B . . . ‘

/} . 7 e 7
re //ﬁf) Y R . .

1]

e Matm + micesdpl-ess)  mo(Hy-uctg)

] mt‘(A‘é‘/uCof/é} M:i' mz-i- »@cos;lﬁeqsu‘?

r M; b 2 ! 3
) gt g cosa,g(:ifedst*{) ", (Ab*/‘"L“/g/

m, (A, -/u%a,,. 4) Moy + wieesdp ey

Lul\ere ey= /3 é(<— [g, -Sm 9,,., a,ncl ‘/‘MB (H§>/(/-/°)

30



(¢) Jcaﬂm-&p/m Jector
M;: ML+ —Z-{Pn.zt'CoI 2P
nEo | M miastp(R-5E)  mp(Arsuting)
y = |
mg (Az —utfanp) ME+mE— mEcos 28 5t

L -

v
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and ﬁ«—_r/e/ﬂlw\ ( “ctlau’) mrxing hay also be rellvant
F fon f>>1 '

&Q&m@;_lg_i %per*qﬁ'ofwg for ﬁm(@
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(i) charged SUS Y fermions (X5 ie1,2) CHARGNOS

CXM}&M»J ae mix-/u«-u 0{ jM}MoJ and /g:;_ﬂ'aaf. 7—@
onse o Re SUSY-raterachon
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Tlew.,
~rass = X (M), X+ he.
whee My ¢ a diagomal mafrix Witk positive entries aud.
UXX V™ = Mp
To detecmine U and V, note fZaA -
Mitmp = VXV
Mo MJ: U‘/(X{. p¥-!
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(wv) neufra.g SUSY termioms ,?’le (=, j NEVIRALIMNOS

/Veui’ra,évi\ox ae mix{ures f nevtral Fouginos and /%ru’w.r.
Fo/(o'mhy 1% fr'eV/'ou.r Ma%//?/ we obtain.

Trass = F Y+ he

with L, o o
SEINCOP YR A
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>/\ / MI O | —/”sz(;l ma Su 54
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[.lmr{:lMg fases véf ”76 neuf”lﬁcm.o mass Ma‘[‘f‘lx :
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Toe [T Felircup-Tonap] e ma
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wlewe o |

¥ = (wB"L'SW WJ '79/@7‘7}\0 !
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(v] The MSSI /'/fg_c Sector

I;lc&dvﬂj ﬁe ,fof/ KUJY‘bfécan %erm.r % /74;5]‘ PofEA?Sa/

now reads \ c :urﬁbrgtakmg)
. —{erm
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D-term

wheoe  mz lul™+my
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7

F-ferm  SVIY-breaking

L&f vS Jeaztcl 14/' a mr)ﬂfmum wM

Hr= g (1) <Hp= é/;)

whe-e He vacoum expectaton values (''vevs®) appoan
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L / 142
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aV T 2 | X
— Zo0 my = maYi =L (-t T, o/
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I‘)Cwe wh‘le-'

Mg D = 57l (v + Ly ‘-’?’/ " m'}) ( ;
‘ —m; m«l’- e
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For 42 mafe}’w&mf case, re,aﬁm m,§ é’(y Imt) o Te aboe |

fuv cond s
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lo Cow,owle - /%ﬁ.s mats speclrom, we wrrte :

= L[ W+ hi+ia? L [ h
[ — = ( S — _
\fi/ b A_ HZ U-i lo .
’ [ V?_'!'I‘lz tsa,
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Pl‘gflck@ 1/74;5\/ /efmf of treedom = g
he, He, A°, HE

38



I & easy Jo how Rt o (Feves /Lﬁjg; boron aicse Simplly

AJ Cwsw _
Laged =2 (w ) / T )( 3"5(33‘5’9(‘4“"3)

h‘ln, m,,
Imldenhha tHhs result,
M_z —_ a (VH(J’J> wuxe#e mintmom
My = . .
J / m[ Mo( m; .
Tewm,
M2 0 mavtempy, —(mg+me ),
= Lt
viert —(maemzdv vy AVt ma vt

Lkt - v L 2
MA = Mo (1ei)
v,

(g 9" v ")
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j?ua«el-majs el }Lm/%ﬂf
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T &«qjm»&'%v;ﬂ e CP-even sguased- Higgs mass matrix,
o correspording plysical egonstates ae: ,
h = -»‘-/1,°_§m;! Fhicos o
H = hicoso+h sint s
wlee the CP-evem miking ongld o (5 g1vem by
cas Ja = —cor 2P ( M)

M,f,"mh"

v v
Sth 2ol = —Sin 2} My +my,
mi-m,"

In ourCf/hV%'[‘l"iU/ iVv,20 = ﬁn,&>0 Se we Can 744/4&
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? I /) 7 chorged wiVe 4" Vv,
/Vai’lé ﬂa’é é’aﬂ :}Zé.ﬁé‘ Amﬂé’ 2Ll &j@.wzﬁ&f /ﬁ ;{@fé/,-é% éa./r/n
Lrnek %. J@wéé"/'hﬂ;wm.’(-f g 20 . 71«_!', ﬁ& _S‘ff/wd—m@"m‘r g’
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Figure 2: The running of the gauge couplings in the Standard Model (top) and its su-
persymmetric extension (bottom). Both figures assume as(mz) = 0.120 £ 0.01. In the
lower frame an effective SUSY particle threshold at mz has been assumed; adapted from
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| R-Parity Conserving Models I

In the R-Parity-Conserving (RPC) MSSM:

o R — (_1)3(B—L)+2S
e The LSP is stable

e Neutrinos are massless

To obtain neutrino masses consistent with RPC, one must
violate L by two units. The simplest model is the
supersymmetric extension of the seesaw.

One-generation model

AAA

Voot 3 m25*5+m% N* N+ [/\A,,Hgﬁﬁ* + MByNN +h.c

After EWSB, (H?) = v;/+/2, with tan 8 = v, /vg4, one
obtains the usual seesaw result:

0 mp
M =
N (mD M )
where mp = Av,. Thus, taking mp < M, m, ~ m%/M.
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The sneutrino masses are obtained by diagonalizing a 4 x 4
squared-mass matrix. Here, it is convenient to define:

U= (i + i) /V2 and N = (N1 + iN2) /2.

Then, the squared-sneutrino mass matrix (M?) separates
into CP-even and CP-odd blocks:

M2 0 é1°
=1(¢ ¢2)( . M?_)(q;),

where ¢; = (#; N;) and M2 consist of the following
2 x 2 blocks:

(m%+%mzzcos2ﬂ+m2D mD[AV—ucotﬁ:i:M])
mpl[A, — peot B+ M] M?*+mp+mZ £2ByM )’

To first order in 1/M, the two light sneutrino eigenstates

are 71 and vy, with corresponding squared masses:

2 m2 1
ms, , =mi + imy cos 2B F 3Am3,

where AmZ = m3, —mZ . Writing AmZ = 2mz;Am;,

Amy 2(A,, — pcot B — By)

my my

Ty
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Three-generation model

In the three-generation model, one can choose various
alternatives depending on the number of singlet superfields
N. Suppose that there are ng SM generations.

e If there is only one N superfield, then

0 (mD)j> |

Mu = ((mD)i M

where (mp); = A\;v, [i labels generation], which yields
(at tree-level) n, — 1 massless neutrinos and one light

neutrino with mass m, = Y _.[(mp)i]*.

e If there are n, singlets N;, then

0  (mp)e ) |

Mn =
N ((mD)ij M;

where (mp)i; = Aijvy, Which yields (at tree-level) n,
light neutrinos with nonzero mass. In this case, all light

neutrinos have mass, since det My = (det mp)? # 0.

In all cases, if the unperturbed (M — oo0) sneutrino masses
are non-degenerate, then (Amg); # 0 for allk =1,... n,.
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‘ R Parity Violating Models I

e In a general R-Parity-Violating (RPV) model, both L and
B are violated. The corresponding superpotential is

W= e, [ Lo H + Daapm DL B + N L20% Dy

anm o

"J%unjizéjiihn]'+<S\B)pnnﬂ751)nl)nza

where a, # =0,...,3; m,n,p=1,2,3 and Lo = Hp.

The RPC model is equivalent to introducing a Z, matter
parity. To avoid fast proton decay in the RPV model, one
may introduce a Zg triality, which conserves B. This is
the unique choice for a (generation independent) discrete
symmetry with no discrete gauge anomalies in a model
consisting only of the MSSM superfields. [Ibanez, Ross]

Matter discrete symmetries

~~ ~~

symmetry »@n ﬁn ﬁn L, E, ﬁU fID
Z, -1 -1 -1 -1 -1 +1 +1

Zs w wl wl 41 +1 +1 +1
im/3

Note: w=e¢e



| The B-COnserving RPV model

H p and f)i are indistinguishable Y = —1 weak doublets
o Neutrinos mix with neutralinos = m, # 0

e Sneutrinos mix with Higgs bosons =— Amg; #0
Amg: sneutrino—antisneutrino mass-splitting

Denote Hp by Lg (lALz ~L, a=0, 1,2,3)

(MSSM)gr (MSSM)g
fovﬁ U ltaf/aﬁ U

W HpliBy Mg Lol sE
hD HpQ;Dx A;i,ci,aé,-bk
bHDHU baLaHU
a;kHDEjEk aaﬁkiaiﬁEk
aﬂHDQg‘ﬁk | a':xjkf’aéjbk
MBHLHp + (M3)i;LIL;  (M})apLiLs
Vd Vo

We define: v2=302, p2=Yp2, B2=3182
and v® = v} +v] = (246 GeV)?,  “Lanf = W/Vu
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Viote = (MZ)mn Q@ + (ME)mn UpUn + (M3)mn D;, D,
+(M2)ap Ly Ly + (M3)mn E;, En + m3| Hy|?
—-(os,-jb,,,Lz H +h.c.) + eij[§aagmL;Ll’3Em
+at Lo @i Dim — (a0)mHyQLUm + h.c.]
+1 [M3 33+ M;W*W*® + M BB + h.c.]

Vo = 3o'{ (1H0l* = 32 1Ll —Zlczml) 23 Il Dyl
+4)  |HyL,|* -2 ; |€:iQm Q51"
43 IHGQ — 43 e, g

+id [|H| —ZlL § +22|Em| +3Z|Qm|

—4> 0 |Unl* +3 Z|Dm|]

“l
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(

‘ Neutrino masses: Tree level I

In the {ﬁ, W:‘,Tzu, Vo } basis the 7 x 7 mass matrix, M® s

M, 0 MZSWUy [V —"mZSW’Uﬂ/'U\
0 M, —MzCwUy, /v  mzewvg/v
MzSWU/V  —MzCwUy /v 0 iy
—MzSWVe/V MzCwUqs/V Loy 0up )

Two zero eigenvalues: two massless neutrinos

Five non-zero eigenvalues: four x° and one v
~det' M™ = mZu?M; cos® B0 x fi|?

sin®€ = |0 x 1> =1 — (9 - 1)? measures the alignment of
Vo and piq

_det' M®  mZuM; cos® Bsin’ ¢

m, = = -
det Mé“) m2ZM5, sin 28 + My My

~ myzsin? &

At tree level, m, # 0 <= sin€ # 0

Y
M;’E M;Cu?;*’Msz
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\ Neutrino masses: Loop effects I

Contributions at one loop:

e |Lepton—slepton loops and down type quark—squark loops.
Proportional to trilinear lepton number violating
interactions

L. ord,
Um ) VUm
2 or d

e Sneutrino and neutralinos loops. Proportional to
sneutrino—antisneutrino mass splitting. Exist in any

model with lepton number violation

Un

-
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Sneutrino—neutralinos loops

2Am;
1 - __92Ms N F(3)IZ;z? ~ 1073 Am;
My = sy j FfWilZiz|* ~107°Am;

where f(y;) = /U5 [y — 1 —In(y;)] /(1 - 95)*, Z;2
projects out the Z eigenstate from x?, and y; = MZ/M )?co

i
This contribution exists in any model.

General structure of the one-loop mass:
(m,,)®) ~ (loop factor) x (RPV parameters)

If the sizes of the RPV parameters that enter here are
roughly the same as the RPV Yukawas that contribute to

(m,){F), then we would expect (m,)(®) to be the dominant

one-loop contribution to the neutrino mass

(m,,)(ﬁ) 1
p)
(m,)) X%

where A5 is a down-type Higgs-fermion Yukawa coupling.
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Sneutrino—antisneutrino
mass splittings

In L-violating RPV models, AL = 1 interactions (acting
twice) yield AL = 2 neutrino masses and

sneutrino—antisneutrino mass splitting. The latter arises as

a consequence of a squared-mass term: m%;_,vU +h.c.

One expects

e Large (~mz) AL = 0 SUSY breaking mass

e Small (~ m,) AL =2 "“Majorana” mass

The sneutrino squared-mass matrix is schematically

2 2
( mg MAL=2 )
2 2
LUTN ) m;

This results in sneutrino—antisneutrino mixing and small
mass splitting of order Am; ~ m,,.
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