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A bstract

T he Supersym m etry Les Houches A ccord (SLHA ) provides a universal
set of conventions for conveying spectral and decay inform ation for su—
persym m etry analysis problem s In high energy physics. Here, we propose
extensions of the conventions of the st SLHA to include various gener—
alisations: the m inin al supersym m etric standard m odel w ith violation of
CP,R-parity, and avour, as well as the sin plest nextto-m Inin alm odel.
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1 Introduction

Supersym m etric (SU SY ) extensions of the Standard M odel rank am ong them ost prom ising
and wellexplored scenarios for New Physics at the TeV scale. G wven the long history of
supersym m etry and the num ber of people working in the eld, severaldi erent conventions
forde ning supersym m etric theories have been proposaed over the years, m any ofw hich have
com e into w despread use. At present, therefore, no unique set of conventions prevails. Tn
principle, this is not a problem . A s long as everything is clearly and consistently de ned,
a translation can always bem ade between two sets of conventions.

However, the proliferation of conventions does have som e disadvantages. Results ob-
tained by di erent authors or com puter codes are not always directly com parable. H ence,
if author/code A w ishes to use the results of author/code B In a calculation, a consistency
check of all the relevant conventions and any necessary transhtionsmust rstbemade { a
tedious and errorprone task.

To dealw ith this problem , and to create a m ore transparent situation for non-experts,
the original SUSY Les Houches A ccord (SLHA 1) was proposed [L]. T his accord unigquely
de nes a set of conventions for supersym m etric m odels together w ith a comm on interface
between codes. Them ost essential fact isnotw hat the conventions are in detail (they largely
resam ble those of [2]), but that they are consistent and unam biguous, hence reducing the
problem of translating between conventions to a linear, rather than a factorial, dependence
on the num ber of codes involed. At present, these codes can be categorised roughly as
follow s (see [3,4] for a review and on-line repository):

Spectrum calculators [5{8], which calculate the supersymm etric m ass and coupling
Spectrum , assum ing som e (given orderived) SU SY Jbreaking term s and a m atching to
known data on the Standard M odel param eters.

O bsarvables calculators [9{19]; packages which calculate one or more of the fol-
Jow Ing: collider production cross sections (cross section calculators), decay partial
w dths (decay packages), relic dark m atter density (dark m atter packages), and indi-
rect/precision observables, such as rare decay branching ratios or H iggs/electrow eak

observables (constraint packages).

M onte€ arlo event generators [20{28], which calculate cross sections through explicit
statistical sin ulation ofhigh-energy particle collisions. By including resonance decays,
parton showering, hadronisation, and underlying-event e ects, fully exclusive nal
states can be studied, and, for nstance, detector sin ulations interfaced.

SUSY and CKM tting program s [29{32]which tm odelparam eters to collidertype
data.

A tthe tin e of w riting, the SLHA 1 hasalready, to a lJarge extent, obliterated the nead for
Separately coded (and m aintained and debugged) interfaces between m any of these codes.
M oreover, it has provided users w ith input and output in a comm on form at, which ism ore
readily com parable and transferable. F inally, the SLHA convention choices are also being



adapted for other tasks, such as the SPA progct [33]. W e believe, therefore, that the
SLHA profct hasbeen ussfil, solving a problem that, for experts, is trivial but frequently
occurring and tedious to dealw ith, and which, for non-experts, is an unnecessary headache.

However, SLHA 1 was designed exclusively with the M SSM w ith real param eters and
R -parity conservation In m ind. Som e recent public codes [6,7,17,18,34{38] are either in -
plem enting extensions to this base m odel or are anticipating such extensions. Tt therefore
seam s prudent at this tin e to consider how to extend SLHA 1 to dealw ith m ore general
supersym m etric theories. Tn particular, we w ill consider R fparity violation (RPV ), avour
violation (FLV ),and CP-iclating (CPV ) phases in them inin al supersym m etric standard
model (M SSM ). W e will also consider next-to-m inin alm odels (ie., m odels in which the
M SSM el content is augm ented by a gauge-singlet chiral super eld) which we shall col-
Jectively labelby the acronym NM SSM .

R ather than giving exhaustive historical references for all concepts used in this article,
we provide a list of usefiil and pedagogical review s to w hose contents and references in tum
we refer. For the various topics treated in the article, these review s are:

SUSY [39],

FLV [40],

N eutrinos [41],
RPV [42,43],
CPV [44],

NM SSM [45],
SUSY Tools [3,4].

T here is clearly som e tension between the desirable goals of generality of the m odels,
ease of In plem entation in program s, and practicality forusers. A com pletely general accord
would be useless in practice if it was so com plicated that no one would In plement it. W e
have agreed on the follow ing for SLHA 2: for the M SSM , we w ill here restrict our attention
to either CPV orRPV ,butnotboth. ForRPV and avour violation,we shallwork in the
Super-CKM /PM N S basis, as de ned in sections[4.]] and [£J. For the NM SSM , we de ne
one catch-allm odeland extend the SLHA 1 m ixing only to lnclude the new states,with CP,
R parity, and avour still assum ed conserved.

Tom ake the iInterface Independent of program m Ing languages, com pilrs, platfomn s etc,
the SLHA 1 isbasad on the transfer of three di erent ASCIT les (or potentially a character
string containing identical A SC IT Inform ation): one for m odel input, one for spectrum
calculator output, and one for decay calculator output. W e believe that the advantage of
In plem entation independence outw eighs the disadvantage of codes using SLHA 1 having to
parse input. Indeed, there are tools to assist w ith this task [46{48].

Care was taken in SLHA 1 to provide a fram ework for the M SSM that could easily be
extended to the cases listed above. The conventions and sw itches described here are de—
signed to be a superset of those of the original SLHA 1 and o, unless explicitly m entioned in



the text, we w ill assum e the conventions of the origihal accord [1] in plicitly. For nstance,
all dim ensionful param eters quoted in the present paper are assum ed to be In the appro—
priate power of G €V, all angles are in radians, and the output form ats for SLHA 2 data
BLOCKs follow those of SLHA 1. In a few cases it w ill be necessary to replace the original
conventions. This is clearly rem arked upon in all places where it occurs, and the SLHA 2
conventions then supersede the SLHA 1 ones.

2 Extensionsof SLHA 1

Since its rst publication, a few usefill extensions to the SLHA 1 have been denti ed. These
are collected here for reference and are independent of the m ore general SUSY m odels
discussed In subsequent sections. (A 1so note the recent proposal fora pint SLHA+ LHEF
form at for BSM event generation [49,501.)

F irstly, we introduce additional optional entries in the SLHA 1 block EXTPAR to allow
for usihg either the A° or H * pole m asses as input instead of the param eter m 5 M iput)
de ned in [11.

Secondly, to allow fordi erent param eterstobede ned atdi erent scales (eg., de ned
atM gy sp , the ram aining param eters de ned atM y,5,¢) we Introduce a new optionalblock
QEXTPAR w hich, if present, overrides the default MINPAR and EXTPAR scale choices for speci ¢
param eters, as de ned below .

W hile there is no obligation on codes to Im plam ent these extensions, we perceive it as
useful that the accord allow s for them , enabling a w der range of input param eter sets to be
considered. T he entries de ned in EXTPAR and QEXTPAR in the SLHA 2 are thus (repeating
unchanged EXTPAR entries for com pleteness):

BLOCK EXTPAR

O ptional input param eters for non-m inin al/non-universalm odels. This block m ay be en—
tirely absent from the nput le, n which caseam Inin altype of the selected SU SY breaking
model will be used. W hen block EXTPAR is present, the starting point is still a m Inim al
m odel w ith param eters as given in MINPAR [1]but with each value present in EXTPAR re—
placing them inim alm odel value of that param eter, as applicable. If MINPAR is not present,
then all m odel param eters m ust be speci ed explicitly using EXTPAR. A 11 scale-dependent
param eters are understood to be given in the DR scham e.



Input scale

0 :M jpue. Input scale for EXTPAR entries In SUGRA , AM SB, and general
M SSM m odels. Ifabsent, the GUT scale derived from gauge uni cation
will be used as input scale. Note that this param eter has no e ect in
GM SB scenardos where the Input scale by de nition is ddentical to the
m essenger scale, M pess- A goecialcase iswhen Q = M gy sp pm
is desired as input scale, since this scale is not known beforehand. T his
choice can be nvoked by giving the special value My, = 1. To
de ne an altemative input scale for one orm ore speci ¢ param eters, see
QEXTPAR below .

G augino M asses

1 M 1M ipnpue). U (1)y gaugino (Bino) m ass.

2 M 52M inpue). SU (2), gaugino (W ino) m ass.

3 M 3M inpue). SU (3)c gaugno (gluino) m ass.
T rilinear C ouplings

11 :AM ipue). Top trilinear coupling.
12 :ALM jpuc). Bottom trilinear coupling.
13 A (M ppue). Tau trilinear coupling.

H iggs Param eters

| Only one of the param eter sets my ,m3,), ( ;mz), ( ;mao),or ( jmyg: ) should be

given, they m erely represent di erent ways of specifying the sam e param eters.

21 :mil(M nput ). Down type H ggsm ass squared.
22 imy (M ppue). Up type Higgsm ass squared.
23 : M ippue). param eter.

24 :m i M input). Tree{level pseudoscalar H ggs m ass param eter squared, as
dened in [1].




25

26
27

:tan (M ipue). Ifpresent, thisvalue of tan  overrides the one in MINPAR,
and the nput scale is taken asM yp,c rather thanm ;.

:m o0 . Pseudoscalar H ggspolem ass. M ay begiven instead ofm 2 (M g0t )-

:my+ . Charged H iggspolem ass. M ay be given instead ofm 2 M input)-

Sferm ion M asses

31
32
33
34
35
36
41
42
43
44
45
46
47
48
49

:M e (M ppue). Left 1%°gen. scalar Jepton m ass.
:m ., (M ppue). Left 2"%gen. scalar Jepton m ass.
:m ., (M ppue). Left 3%gen. scalar lepton m ass.
Mg, M ipue)- Right scalar electron m ass.

:m ., M ipue). Right scalarmuon m ass.

:m ., (M input). R Ight scalar tau m ass.

iMg, M mpur). Left 15°gen. scalar quark m ass.
tM o, M ppue). Left 2"%gen. scalar quark m ass.
(Mo, M ppue). Left 3%gen. scalar quark m ass.
:M oy, (M inpue)- R Ight scalar up m ass.

:Me, (M nput)- R IOht scalar chamm m ass.

1My M pue) - R ight scalar top m ass.

Img M input). Right scalar down m ass.

Mg M ipue)- Right scalar strange m ass.

Py M input). Right scalar bottom m ass.

O ther Extensions

51
52
53

:N; (GM SB only). U (1)y messenger index (de ned as in ref. [51]).
:N, (GM SB only). SU (2), messenger Index (de ned as in ref. [51]).
:N3 (GM SB only). SU (3)c messenger index (de ned as in ref. [51]).




BLOCK QEXTPAR

O ptional altemative input scales for speci ¢ param eters. This block should nom ally be
absent, In which case the default input scale or M iy (see EXTPAR 0) willbe used for all
param eters. W e stress that m ost codes cannot be expected to allow for m ultiple arbitrary
scale choices, so the relevant m anual and output should be carefiilly checked to m ake sure
the desired behaviour is obtained. C urrently de ned entries are:

1 :Qu, . Input scale forM ;.

2 :Qu,. Input scale forM ,.

3 :Qy,. Input scale forM ;.

11 : Qa, . Input scale or up-type squark trilinear couplings.
12 : Qa, . Input scale for dow n—type sjuark trilinear couplings.
13 : Q4. . Input scale for charged slepton trilinear couplings.
21 :Qmél.mputsoa]eﬁarmﬁl.

22 :Qmiz.lnputsoa]eﬁarmﬁz.

23 :Q . Input scale for

24 :Qpu:.Inputscaleformj ,asde ned in [1].

25 :Qtn - Input scale for tan

31 :Qn. . Input scale for all left-handed slepton m ass temm s.

34 :Q0n . Tnput scale for all right-handed slepton m ass tem s.

41 :0n - Input scale for all lefthanded squark m ass tem s.

44 :Qn,, - Input scale for all right-handed up-type squark m ass tem s.
47 :Qn . . Input scale for all right-handed dow n—type squark m ass tem s.

ar

3 M odel Selection

To de ne the general properties of the m odel, we propose to introduce global sw itches in
the SLHA 1 m odelde nition block MODSEL, as follow s. N ote that the sw itches de ned here
are In addition to the ones in [1].

BLOCK MODSEL

Sw itches and options for m odel selection. The entries in this block should consist of an
Index, dentifying the particular sw itch in the listing below , followed by another integer or
real num ber, specifying the option or value chosen:



3 : (Default= 0) Choice of particle content. Sw itches de ned are:
0 :MSSM .This corresoonds to SLHA 1.

1 :NM SSM .The blocksde ned in section [3 should be present.

4 : (Default= 0) R parity violation. Sw itches de ned are:
0 :R-parity conserved. T his corresponds to the SLHA 1.

1 :R-parity violated. Theblcksde ned in section should be
present.

5 : Default=0) CP violation. Sw itches de ned are:

0 :CP isconserved. No inform ation even on the CKM phase is
used. T his corresponds to the SLHA 1.

1 :CP isviolated, but only by the standard CKM phase. A1l
other phases are assum ed zero.

2 :CP isviolated. Com pletely generalCP phasesallowed. Im ag—
dnary parts corresponding to the entries in the SLHA 1 block
EXTPAR can be given in IMEXTPAR (together with the CKM
phase). In the case of additional SUSY avour violation,
in aginary parts of the blocks de ned in section [4.]] should
be given, again w ith the pre x IM, which supersede the cor-
responding entries in IMEXTPAR.

6 : (Default=0) F lavour violation. Sw itches de ned are:

0 :No (SUSY) avourviclation. Thiscorrespondsto the SLHA L.

1 :Quark avour is viclated. The blocks de ned in section [4.]]
should be present.

2 :Lepton avour is violated. The blocks de ned in section [4.]]
should be present.

3 :Lepton and quark avour is violated. The blocks de ned in
section [4.]] should be present.

4 G eneralM SSM

For convenience, we here repeat the de nitions of the eld content, superpotential and soft
SU SY oreaking potential of the M SSM in the notation of [11].

Speci cally, the chiral super elds of theM SSM have the follow iIng SU (3)c SU (2),
U (1)y quantum num bers

wln
~
~

L: (1;2; 3); E: (131;1);  Q :(3;2;2); U : (31
)

D : (3;1;2); Hi: (1;2; 3); Hap:(1;2;3); (1)
the superpotential (om itting RPV tem s, see section [£.2) is w ritten as
h i
Wyssy = ap (Ye)gHILIE + (Yp)3HTQD 5+ (Yo)5HQSUy  HPHY 5 (2)



and the trilinear and bilinear soft SU SY breaking potentials Vs and V, are

X h i
Vs = a (Te)gHIDD e + (Tp )yHTQY & + (Ty)yH30%w, + hr:;  (3)
ij
V, = mg H Hf+mj H, H}+Q, m2)0% + T, m7)u03 +
wy, [ 0)yey + & mI)yd, + e, ml)ye, M3 LHTHI+ hx); (4)

where a tilde over the sym bol for a quark or lepton super eld denotes its scalar com ponent
(note however that we de ne, eg., uy as the scalar com ponent of U ). Throughout this
section, we denote SU (2);, fundam ental representation indices by a;b= 1;2 and genera-
tion Indices by i;j = 1;2;3. Colour indices are everyw here suppressed, since only trivial
contractions are nvolved. ., is the totally antisymm etric tensor, with 1, = 2= 1.

4.1 Flavour V iolation
411 The quark sector and the super-CKM basis

W ithin the M SSM there are iIn general new sources of avour violation arising from a
possible m isalignm ent of quarks and squarks In  avour space. The severe experin ental
constraints on avour violation have no direct explanation in the structure of the uncon—
strained M SSM which leads to the wellknown supersym m etric avour problam .

The SuperC KM basis of the squarks is very usefiil in this context because in that basis
only physically m easurable param eters are present. In the SuperCKM basis the quark m ass
m atrix is diagonaland the squarks are rotated in parallel to their superpartmers. A ctually,
once the electroweak symm etry is broken, a rotation iIn avour space

D°=V4D; U°=V,U; D°=U,D; U°= U,U; (5)

of allm atter super elds in the (s)quark superpotential
h i
Wo = a (Yp)yHJQYD O+ (Yy) HIQIUS (6)
brings ferm ions from the interaction eigenstate basis £d} ;uf ;d; ;uz g to their m ass eigen—
state basis fd;, ;u;, ;dg ;UrRg:

di = Vady 7 ul = Vyur;  dp = Ugdsr 7 Uz = Uyl 5 (7)

and the scalar superpartners to the basis fd;, ;u, ;& ;R g. Through this rotation, the
Yukawa m atrices Yp and Yy are reduced to their diagonal form fD and fU :

A p—md' A p_m .
(Tp )= (UIY, Va)u= 2 - = ; Ty)u= U Vy)p= 2 V“ :
1 2

(8)

Treelevelm ixing temm s am ong quarks of di erent generations are due to the m isalignm ent
of V4 and V, , expressed via the CKM m atrix

Vegy = Vude ’ 9)

10



which is proportionalto the tree-develuy, ;dy, W * ,up,idr sH * ,and ugidy, sH © couplings (1;] =
1;2;3). This is also true for the supersym m etric counterparts of these vertices, in the Iim it
of unbroken supersymm etry.
In the superCKM basisthe 6 6 m assm atrices for the up-type and dow n-type squarks
arede ned as
L m ass — Yy M

e u o u

Mo (10)

where = (o0 ;% itr ik i) and 4 = (& s, B ;& ;s B ) . W e diagonalise the
squark massm atricesvia 6 6 unitary m atricesR , 4, such thatR, g M iﬂRZﬂ are diagonal

m atrices w ith Increasing m ass squared values. The avourm ixed m assm atrices read:

0 . 1
M 5 a VCKM méVCyKM + mi‘f‘ DuLL %Té/ muCOt 2 (11)
- '132—5']?\[} muCOt mi+mi+ DuRR ’
0 . 1
P rﬁ‘é+m§+ DyLL é%TDY m 4 tan 1)
a in—E'I/‘\D m 4 tan rﬁé+ m§+ Dg4rr
In the equations above we Introduced the 3 3 m atrices
M2 VImive; m2 UYmZ U,; M2 Uim? Ug; (13)
Ty UYTIVe; To UJITI Vs (14)

w here the un-hatted m assm atricesm ; up and trilinear Interaction m atrices Ty 5 are given
In the interaction basis.

Them atricesm , 54 are the diagonal up-ype and down-type quark masses and D ¢11, gr
are the D termm s given by :

Dipogr = 082 m; T2 Qesin® 4y 1h; (15)

which are also avour diagonal. Here, Q ¢ is the electric charge of the lefthanded chiral
superm ultiplet to which the squark belongs, ie., it is 2=3 for U and 2=3 for U®. Note
that the up—+type and down-type squark m ass m atrices in egs. (1) and (12) cannot be
sin ultaneously avour-diagonal unless m é is avouruniversal (ie., proportional to the

dentity In avour space).

4.1.2 The lepton sector and the superPM N S basis

For the lepton sector, we adopt a superPM N S basis, asde ned In this section.

N eutrino oscillation data have provided a strong indication that neutrinos have m asses
and that there are avour<hanging charged currents in the leptonic sector. O ne popular
m odel to produce such e ects is the see-saw m echanisn , w here right-handed neutrinos have
both M a prana m asses as well as Yukawa couplings w ith the lefthanded leptonsiW hen the
heavy neutrinos are integrated out of the e ective eld theory, one is left w ith three light
approxin ately left-handed neutrinos which are denti ed with the ones obsarved experi-
m entally. T here are other m odels of neutrino m asses, for exam ple involving SU (2) H iggs

11



triplets, that, once the triplets have been integrated out, also lead to e ective M a prana
m asses for the neutrinos. Here, we cover all cases that lead to a low energy e ective eld
theory with M a prana neutrino m asses and one sneutrino per fam ily. Tn termm s of this low
energy e ective theory, the lepton m ixing phenom enon is analogous to the quark m ixing
case and so we adapt the conventions de ned above to the leptonic case.

A fter electroweak symm etry breaking, the neutrino sector of the M SSM contains the
Lagrangian pieces (in 2{com ponent notation)

oT

1

L = m ) °+ hxcy (16)

wherem isa 3 3 symmetric matrix. The interaction eigenstate basis neutrino elds ©
are related to the m ass eigenstate ones by

°C=V ; (17)
reducing themassmatrix m to itsdiagonal form

M )= (V'm V )y=m (18)

The charged lpton elds have a 3 3 Yukawa coupling m atrix de ned in the (s)lepton
superpotential

Wg = o(Yg)uHILYPES; (19)
w here the charged lepton Interaction eigenstates fef ;e; g are related to them ass eigenstates

fe, jer 19 by
e = Vee, and & = U : (20)

T he equivalent diagonalised charged lepton Yukawa m atrix is

A P-m i
(Ve i= (UIY, Ve)y= 2—

(21)
Vi
Lepton m ixing in the charged current Interaction can then be characterised by the PM N S
m atrix
Upuns = VeyV 7 (22)

which is proportional to the treedevele,; W  and e; jH couplings (1;j= 1;2;3). This
is also true for the supersym m etric counterparts of these vertices, in the Iim it of unbroken
supersym m etry.

R otating the interaction eigenstates of the sleptons dentically to their leptonic coun-—
terparts, we obtain the superPM NS basis for the charged sleptons and the sneutrinos,
described by the Lagrangja.rﬂ

LU= YW Z . oYM 2 (23)
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where = (~;~;~) and o= (e~ ivni&i~=i+w) .M 2isthe6 6matrix

0 . 1
oG m2+mZ+ Doy H£TY motan . o)
© LTy m . tan M2+ mZ+ Dy

and M 2 isthe3 3matrix

M%:UgMNSméUPMNS-’-D LL; (25)

whereD ., and D ; aregiven in eg. (I3). In the equations above we introduced the 3 3
m atrices

w2 vimlve; m2 U¥m?2 U.; (26)
Ty  UYTS Ve (27)

w here the un-hatted m ass m atrdces m i;e and the trilinear Interaction m atrix Tr are given
in the interaction basis. W e diagonalise the charged slepton and sneutrino m ass m atrices
via theunitary 6 6 and 3 3 matricesR,, respectively. Thus,Re, M i,-~R ¢, arediagonal
w ith Increasing entries toward the bottom right of each m atrix.

4.1.3 Explicit proposal for SLHA 2

As In the SLHA1 [1], for all munning param eters in the output of the spectum e, we
propose to use de nitions in the m odi ed din ensional reduction (DR ) schem e. T he basis
is the super-CKM /PM NS basis as de ned above, that is the one In which the Yukawa
couplings of the SM ferm fons, given in the DR schem e, are diagonal. N ote that the m asses
and vacuum expectation values (VEV s) in egs. (8), (18), and (2I) must thus also be the
running ones in the DR schenm e.

The nput for an explicit m plam entation in a gpectrum calculator consists of the fol-
low ing inform ation:

By default, all input SUSY param eters are given at the scale My, as de ned In
the SLHA 1 block EXTPAR (see above). In principle, advanced codes m ay also allow
for separate input scales for the sferm ion m ass m atrices and trilinear couplings, via
the block QEXTPAR de ned above, but we em phasise that this should be regarded as
non-standard.

For the SM input param eters, we take the Particle Data Group (PDG ) de nition:
Jepton m asses are allon-shell. The Iight quark massesm , 4,5 aregiven at 2 G €V , and

the heavy quark m asses are given asm .(m )5, mp@m ) % and m & %, The latter
tw o quantities are already in the SLHA 1. The others are added to SMINPUTS in the
follow ing m anner (repeating the SLHA 1 param eters for convenience):

1 : eml (m 3 )ﬁ. Tnverse electrom agnetic coupling at the Z pole in the M S
schem e (w ith 5 active avours).

2 : Gy . Fem iconstant (in units of G &V 2).
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3 : .my)M°. Strong coupling at the Z pole n the M S scheme (wih 5
active avours).

4 :my ,polem ass.
5 :mb(mb)ﬁ.bquark runnjngmassjntheﬁ schem e.
6 :m ¢, polem ass.
7 :m ,polmass.
8 :m ,,polemass.
11 :m.,polemass.
12 :m | ,polemass.
13 :m ,polem ass.
14 :m ,,polemass.

21 :md(2GeV)ﬁ.dquaJ:krunnjngmassjnthem schem e.

22 :mu(ZGe\/’)Ms.uquarkrunnjngmassjnthemscheme.

23 :mS(ZGeV)ﬁ.squaﬂ<runnjngmassjntheM—S schem e.

24 :m.m.M%. cquark runnihgmass in theM S schem e.
The FORTRAN fom at is the sam e as that of SMINPUTS in SLHA 1 [11].
Vgw : the nput CKM matrix In the W olfenstein param eterjsatjorﬁ, in the block
VCKMIN. Note that present CKM studies do not precisely de ne a renom alisation
schem e for this m atrix since the electroweak e ects that renomm alise it are highly
suppressed and generally neglected. W e therefore assum e that the CKM elem ents
given by PDG (orby UTFit [31]and CKM Fitter [32], the m ain collaborations

that extract the CKM param eters) refer to SM M S quantitiesde ned atQ = m, , to
avold any possible am biguity. VCKMIN should have the follow Ing entries

1
2 :A
3
4
The FORTRAN fom at is the sam e as that of SMINPUTS above.

Gy ys: the Input PM NS matrix, In the block UPMNSIN. It should have the PDG
param eterisation in term s of rotation angles [52] (all in radians):

1 : 1, (the solar angle)
2 : 53 (the atm ospheric m ixing angle)

’For the W olfenstein param eterswe use the PDG de nition, eq.(11.4) of [52], which is exact to allorders
n
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3 13 (currently only has an upper bound)

4 : 13 (the D irac CPwiolating phase)

5 1 (the rstM ajprana CP-violating phase)

6 : 5 (the second CP-wviolating M a prana phase)

The FORTRAN formm at is the sam e as that of SMINPUTS above. M a prana phases
have no e ect on neutrino oscillations. H owever, they have physical consequences in
the case of, for exam ple, 0 decay of nuclei.

2%, @205, @20, @2RF, @2RF: the spuark and skpton soft SUSY -
breaking m asses at the input scale In the super-CKM /PM N S basis, as de ned above.
They willbe given in the new blocksMSQ2IN, MSU2IN, MSD2IN, MSL2IN, MSE2IN, w ith

the FORTRAN form at

(1x,12,1%x,12,3x%x,1P,E16.8,0P,3%,"#’ ,1x,A).

where the rst two Integers in the form at correspond to i and j and the double
precision num ber to the softm ass squared. O nly the \upper triangle" of thesem atrices
should be given. If diagonal entries are present, these supersaede the param eters in
the SLHA 1 block EXTPAR.

To 28, (Tp BF, and (T 27 : the squark and skepton soft SUSY -breaking trilinear
couplings at the input scale in the super-CKM /PM N S basis. They w illbe given in the
new blocks TUIN, TDIN, TEIN, In the sam e form at as the soft m ass m atrices above. If
diagonal entries are present these supersede the A param eters gpeci ed in the SLHA 1

block EXTPAR [1].

For the output, the pole m asses are given in block MASS as in SLHA 1 (note, however, that
som e PDG num bers have di erent assignm ents in SLHA 2, see below ) and the DR and
m ixing param eters as follow s:

@25, 2T, @208, @ZIRT, @IR: the syuark and skpton soft SUSY -
breaking m asses at scale Q in the superCKM /PM NS basis. W il be given in the
new blocks MSQ2 Q=...,MSU2 Q=...,MSD2 Q=...,MSL2 Q=...,MSE2 Q=...,with
form ats as the corresponding input blocks MSX2IN above.

{EAU )E?, (fD )]f?, and (fE )E?: T he squark and slepton soft SU SY foreaking trilinear
couplings in the super-CKM /PM NS basis. G wven In the new blocks TU Q=..., TD
Q=...,TE Q=...,which supersede the SLHA 1 blocks AD, AU, and AE, see [11].

ty N, e N, (Vs %R : the diagonal DR Yukawas in the superCKM /PM N S basis,
with ¥ de ned by egs. (@) and ), at the scale Q . G iven In the SLHA 1 blocks YU
Q=...,YD Q=...,YE Q=..., e [L]. Note that although the SLHA 1 blocks provide
for o -diagonal elem ents, only the diagonal ones w ill be relevant here, due to the

CKM /PM NS rotation.
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The entries of the DR CKM m atrix at the scale Q . The realand in aghary parts are

given In VCKM Q=... and IMVCKM Q=..., resoectively. T he form at of the individual
entries is the sam e as for m ixing m atrices in the SLHA 1. Note that the com plete
m atrix should be output, ie., all entries should be Included.

The entries of the DR PM NS m atrix at the scale Q . The realand in agiary parts
are given in UPMNS Q=... and IMUPMNS Q=..., resgpectively, w ith entries de ned as
for the Vex v output blodks above.

The squark and skpton masses and m ixing m atrices should be de ned as In the
existing SLHA 1, eg.extending the ¢, Dand ~ m ixing m atrices to the 6 6 case. M ore
soeci cally, the new blocks R, =USQMIX R4 =DSOMIX, R, =SEILMIX and the 3 3
matrix for R = SNUMIX specify the com position of the m ass eigenstates in term s of
the super-CKM /PM N S basis states according to the follow Ing de nitions:

0 1 0 1 0 1
1000001 oi} &
B B B
g 1000003 E & g s
B 1000005 B & ey
E = = DSQMIX;; ; 2
& 2000001 £ T E g SR o e
@ 2000003 & § & x B s S
2000005
d6 m ass ordered b% super CKM
0 1 0 1 0 1
1000002 o o
E 1000004 E W, E >y
E 1000006 B ws B %
E =g = MIX;: B 2
E 2000002 E w, UsQ HE wg (29)
€ 2000004 & @ wus & f & %
2000006 e m ass ordered th super CKM
0 1 0 1 0 1
1000011 & &
B 1000013 E e B o~
E 10000156 B e E o
B =k = SEIMIX;:E ; 30
E 2000011 E e B & ! (30)
€ 2000013 & 6 e & £ ~ &
2000015 S m ass ordered R super PM NS
0 1 0 1 0 1
1000012 ~ ~
€ 10000145 = & ~ & = SNUMIXy& ~ & : (31)
1000016 3 m ass ordered - super PM NS

N ote! A potentialfor nconsistency arises ifthem asses and m ixings arenot calculated
In the sam e way, eg. if radiatively corrected m asses are used w ith treedevel m ixing
m atrices. Tn this case, it is possible that the radiative corrections to the m asses shift
the m ass ordering relative to the treedevel. This is egpecially relevant when near-
degenerate m asses occur In the spectrum and/or when the radiative corrections are
large. In these cases, explicit care m ust be taken especially by the program w riting
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the spectrum , but also by the one reading it, to properly arrange the row s in the order
of them ass spectrum actually used.

O ptionally, we allow for the possibility of the scalar and psesudoscalar com ponents
of the sneutrinos to be treated separately. In thiscase, we de ne ssparate PD G codes
and m ixing m atrices for the scalar and pseudoscalar sneutrinos, as follow s:

0 1 0 1 0 P— 1
1000012 ~s ZRef~g
C C b c
§ 1000014 X = @ ~s X = SNSMIX;§ _ZRef~gXk i (32)
1000016 ~33 mass ordersd 2Ref~ g super PM NS
0 1 0 1 0 P— 1
1000017 ~a 2Im f~g
C c b c
@ 1000018 & = € ~a & = SNAMIX; p2In £~ g & : o (33)
1000019 "B e ordersd 2Im £~ g cuper BM NS
If present, SNSMIX and SNAMIX supersede SNUMIX.
4.2 R-Parity V iolation
W e write the R fparity violating superpotential in the Interaction basis as
Weey = a5 ik LILSE + 50305 Dy SLIHZ
1
+3 Tk xyzUIDIDE; (34)

tensor in 3 dinensions with 1,3 = + 1. In eq. (34), 9k 7 %k and ; break lepton num ber,
w hereas %k violate baryon number. To ensure proton stability, either lepton num ber

consaervation or baryon num ber conservation is usually still assum ed, resulting in either
k= = :=0or § =0frali;jk= 1;2;3.

T he trilinear R parity violating term s in the soft SU SY oreaking potential are

1
Vigev =  ab E(T )ik D5 U?L gr t+ (T O)ijkE?LQV?Ld’kR
1
+ E(T CO)ijk xyz'd?R d?RﬁiR + hcec: (35)

Note that we do not factor out the couplings (eg.as n Tix= i A ;4 ) In oxder to
avod potential problem s with ;5 = 0 but T; & 0. This usage is consistent w ith the
convention for the R -conserving sector elsew here in this report.

T he bilinear R “parity violating soft tem s (all lepton num ber violating) are

Vogey =  aD DR HP+ GLmZ  HY+ hi:: (36)
W hen lepton num ber is no nserved the sneutrinos m ay acquire vacuum expectation
values (VEVs)qh~e,. ;1 Ve, ;= 2. TheSLHA1 de ned the VEV v, which at tree Jevel is

equalto2m,= g2+ g® 246 GeV ;this is now generalised to

d
21 2 .
V= Vit Vi+ V24 VP4 VP (37)

17



T he addition of sneutrino VEV s allow s for variousdi erent de nitionsoftan ,butwehere
choose to keep the SLHA 1 de nition tan = wv,=vy.

For input/output, we use the super-CKM /PM N S basis throughout, as de ned in sec-
tion [4J] w ith the follow ing considerations speci ¢ to the R “parity violating case.

F irstly, the d-quark m ass m atrices are given by

20 )iy = (Yo )igVi+  yqVk : (38)

where v, are the sneutrino VEV s. Secondly, in the lepton num ber violating case, the PM N S
m atrix can only be de ned consistently by taking into account the 1-loop contributions
Induced by the leptonnum ber violating couplings (see, eg., [43]). W e here restrict our
attention to scenarios in which there are no right-handed neutrinos and, thus, neutrino
m asses are generated sokly by the legpton num ber violating couplings. In this case, the
PM NS m atrix is not an independent input but an output.

Forde niteness, and to keep the changes w ith respect to the R “parity conserving case as
Iim ited as possible, we de ne the superCKM basis as the one where the Yukawa couplings
Yy and Yy arediagonal. The PM N S basis is de ned as the basiswhere Yy is diagonaland
the loop—induced neutrino m assm atrix is diagonalised. In thisway one obtains a uniquely
de ned set of param eters:

A

ijk rstV ;rNe;sjUg;@( 7 (39)
gjk gstv irNdiSjUgﬂ ’ (40)
/\i rve;ri 7 (41)
[al0) o) Yy y y .

ijk rstUu;riUd;sjUd;tk 4 (42)

where the ferm ion m ixing m atrices are de ned in section [4.Jl. The Lagrangian for the
quark-slepton interactions then takes the follow ing form :

L= Agjk ~idg dej + AgskUgM N S;riVCyK M ;stJ #0R xUpj + he:: (43)
Sin ilarly one obtains the soft SUSY breaking couplings in thisbasis by replacing the super-
potential quantities in egs. (39){ (42) by the corresponding soft SUSY breaking couplings.
In addition we de ne:
2 y 2 ]
m? . vim : (44)

ejir ", H 4

421 Tnput/Output B locks

A sm entioned above, we use the super-CKM /PM N S basis throughout, for both superpoten—
tial and soft SU SY breaking term s. T his applies to both input and outpmﬁ . The nam ing
convention for input blocks is BLOCK RV#IN, where the %’ character represents the nam e

3A code m ay need to convert intemally the param eters to the interaction basis. In this case it must
supply { or take as additional inputs { the individual rotation m atrices of quark and lepton super elds
entering egs. (39){ (42).
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of the relevant output block given below (thus, for exam ple, the \LLE" couplings in the
superPM N S basis, ;5 , would be given in BLOCK RVLAMLLEIN).

D efault iInputs for allR fparity violating couplings are zero. T he inputs are given at scale
M input, @s descrbed in SLHA1 (again, if no M jpue S given, the GUT scale is assum ed),
and follow the output fom at given below (w ith the om ission of Q= ...). In addition, the
known ferm ion m asses should be given in SMINPUTS as de ned in section [£.1 3.

The din ensionless super-CKM /PM NS couplings i, Agjk , and A%k are given in BLOCK
RVLAMLLE, RVLAMILQD, RVLAMUDD Q= ... regpectively. T he output standard should cor-
resoond to the FORTRAN fom at

(1x,12,1%,12,1%,12,3x,1P,E16.8,0P,3%,"#’,1x,A)

where the rstthree Integers In the form at correspond to 1, j,and k and the double precision
num ber is the coupling.

Tije, To,and T3 are given in BLOCK RVILLE, RVILQD, RVIUDD O= ... in the same
form at as for the couplings above.

T he bilinear superpotential and soft SU SY breaking term s *;, DAi, and f:iH ) and the
sneutrino VEV s are given in BLOCK RVKAPPA, RVD, RVM2LH1, RVSNVEV Q= ... respec—

tively, In the form at
(1x,I12,3%,1P,E16.8,0P,3x,"#’,1x,RA)

T he input and output blocks for R “parity violating couplings are sum m arised in Tab.[l.
A sfortheR conservingM SSM , the bilinear termm s (both SU SY “breaking and SU SY <egpect-
ng ones, including ) and the VEV s are not independent param eters. T hey becom e related
by the condition of electrow eak sym m etry breaking. T hus, In the SLHA 1, one had the pos-
sbility either to specify mj andmy or andmj . This carries over to the RPV case,
where not all the param eters in the nput blocks RV. ..IN in Tab.[d can be given sin ulta—
neously. Speci cally, of the last 4 blocks only 3 are independent. O ne block is determm ined
by m Inin ising the H ggssneutrino potential. W e do not here insist on a particular choice
forwhich of RVKAPPAIN, RVDIN, RVSNVEVIN, and RVM2LH1IN to leave out, but leave it up to
the spectrum calculators to accept one or m ore com binations.

42.2 Particle M ixing

In general, the neutrinosm ix w ith the neutralinos. T his requires a change in the de nition
ofthe4d 4 neutralinom xingmatrix N toa 7 7 matrix. The Lagrangian contains the
(sym m etric) neutrino/neutralino m assm atrix as

m ass
LNo =

I P+ her; (45)

N

in the basis of 2{com ponent spinors ~° = (.; ; ; B iw’;N;K)'. We de ne the

unitary 7 7 neutrino/neutralino m ixing m atrix N (block RVNMIX), such that:

1 1
Z0Ty M= ZINTN M OLNYN D (46)
2 2 =iz} |z} -z}

~0T d_lag(m ) ~0
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Input block | Output blodk | data

RVLAMLLETN | RVLAMLLE 19k "
RVLAMLQDIN | RVLAMLQD i3k "9
RVLAMUDDIN | RVLAMUDD iik ",
RVTLLEIN | RVILLE 19k Tig
RVILODIN | RVTLQD ik T
RVIUDDIN | RVIUDD ijk T8

N B : O ne of the follow ing RV.

RVKAPPAIN | RVKAPPA iy
RVDIN RVD iD;
RVSNVEVIN | RVSNVEV ivy
RVM2LHIIN | RVM2LH1 im éiH )

. .IN blocks m ust be Jeft out:
(which one up to user and RGE code)

Table 1: Summ ary of R “parity violating SLHA 2 data blocks. A 1l param eters are given in
the SuperCKM /PM NS basis. Only 3 out of the last 4 blocks are iIndependent. W hich
block to leave out of the Input is in principle up to the user, w ith the caveat that a given

spectrum calculator m ay not acocept all com binations. See text for a precise de nition of

the fom at.

where the 7 (2{com ponent) generalised neutrinos ~
m ass-ordered, ie., with the 15,279 379 lightest corresponding to the m ass entries for the
PDG codes 12, 14, and 16, and the four heaviest to the PDG codes 1000022, 1000023,

1000025, and 1000035 (see also appendix [A]).
N ote! although these codes are nom ally associated w ith nam es that I ply a speci ¢

avour content, such as code 12 being

O = (,;u5 ) are de ned strictly

- and so forth, it would be exceedingly com plicated
to m aintain such a correspondence In the context of com pletely generalm ixing, hence we

do notm ake any such association here. The avour content of each state, ie.,ofeach PDG

num ber, is in generalonly de ned by its corresponding entries in them ixing m atrix RVNMIX.

N ote, how ever, that the avour basis is ordered so as to reproduce the usualassociations in

the trivialcase (m odulo the unknown avour com position of the neutrino m ass eigenstates).

In the Iim it of CP conservation, the default convention is that N be a realm atrix and
one or m ore of the m ass elgenstates m ay have an apparent negative m ass. T he m Inus sign
;asexplhined n SLHAL [11].

m ay be rem oved by phase transform ations on ~;
Charginos and charged leptonsmay also m ix in the case of Lviolation. In a sim ilar

Soirit to the neutralino m ixing, we de n

m ass
L ~F =

NTM

0
i

~+

~+

+ hc:;

jnthebasjson{compon%lEspjnors T o=A(ey; piLs I R

where w

(w

L' w?)= 2. Note that in the lin it of no RPV the lepton elds arem ass

)T

4

~t

(47)

— . . R -
_(QRI Rr7sr R Mrﬁz

4N ote that the absence of a factor 1=2 on the rh.s. of eq. {41) corrects and supersedes the published
version of this paper.
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eigenstates.
W e de ne the unitary 5 5 charged ferm ion m ixing m atrices U;V , blocks RVUMIX,
RVVMIX, such that:

~TM .= ~TulumM .VvYV o (48)
l—{z—} _{z p l={z=}
diagm _, ) '
T he generalised charged leptons ~ (&1 7807683564 785 ) are four-com ponent D irac ferm ions,

and the left-handed and right-handed parts of e; are the two-com ponent ferm ions ; and

|, respectively. They are de ned as strictly m ass ordered, ie., with the 3 lightest states
corresponding to the PDG codes 11,13, and 15, and the two heaviest to the codes 1000024,
1000037. A s for neutralino m ixing, the avour content ofeach state is in no way in plied by
its PDG num ber, but is only de ned by its entries in RVUMIX and RVVMIX. N ote, how ever,
that the avour basis is ordered so as to reproduce the usual associations in the trivial
case. For historical reasons, codes 11, 13, and 15 pertain to the negatively charged eld
while codes 1000024 and 1000037 pertain to the opposite charge. T he com ponents of ~
in \PDG notation" would thus be (11,13,15,-1000024,-1000037). In the lim it of CP
conservation, U and V are chosen to be real by default.

R parity violation via lepton num ber viclation im plies that the sneutrinos can m ix

w ith the H iggs bosons. In the 1im it 0of CP conservation the CP-even (-odd) H iggs bosons
m ix wgi:h real (In aginhary) parts of the sneutrinos. W e write the neutral scalars as °

2Re HYHO;~;~ ;~ ) ,with them ass tem

1
L= = "mM?% °%; (49)
2
whereM 2, isa5 5 symmetricm assm atrix. W ede ne the orthogonal5 5m ixing m atrix
@ (block RVHMIX) by
0T 2 0 OT
M = ; 50
’ N |_{Z_}3§{z} 0)

ot diag(m )

where °  (h?%;h);h9;h};h?) are the neutral scalar m ass elgenstates in strictly increasing
m ass order (that is, we use the label h for any neutral scalar m ass eigenstate, regardless
of whether it is m ore \H Iggs-like" or \sneutrino-lke"). The states are num bered sequen—
tially by thePD G codes (25,35,1000012,1000014,1000016) , regardlessof avour content.
T he sam e convention w ill be followed below for the neutral pseudoscalars and the charged
scalars. p_ n °

W ew rite the neutralpseudo-scalarsas ° 2 (HY;H;~;~ i~ ) ,with themass

1
L= S M%%; (51)

whereM 2, isa5 5symmetricmassmatrix. W ede nethe4 5mixingmatrix @ (block
RVAMIX) by
0T 2 O 0T QT
M = ; 52
0 @M ﬁ?{z} (52)

I—{Z—} I_{z_}

diag(m “ )
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where °  (A%;A9;A9;A)) are the pseudoscalarm ass ejgenstates, again in strictly increas-

Ing m ass order. The states are num bered sequentially by the PDG codes (36,1000017,
1000018,1000019), regardless of avour com position. The G odstone boson G ° (the \5th
com ponent”) has been explicitly left out and the 4 rows of @ form a set of orthonom al
vectors.

If the blocks RVHMIX, RVAMIX are present, they supersede the SLHA 1 ALPHA vari-
able/block.

T he charged sleptons and charged H iggs bosons also m ix In the 8 8 m ass squared
matrixM 2 bya7 8matrix C (block RVIMIX):

0 - 1
5 1
+ 2 B H+
L = H, ;HZ;eL_;eR‘)CyCM CYCE 2 ; (53)
| (7} |—{z—} @ &, A
* diagM ? ) &,
where i;5;k;12 £1;2;3g, ; 2 fl;:::;6gand *© = y (hi ;h3 ;hi ;hy shi she hi);

these states are num bered sequentially by the PD G codes (37,1000011,1000013,1000015,
2000011,2000013,2000015), regardless of avour com position. The G oldstone boson G *
(the \8th com ponent") has been explicitly left out and the 7 rows of C form a set of
orthonom al vectors.

R “parity violation m ay also generate contributions to dow n-squark m ixing via additional
keftright m ixing term s,

1 Ay Vi Ay
ie_EVlTD i3 m d,.itan ij t ie_ET 0k i3 (54)

where v are the sneutrino vevs. However, this only m ixes the six down-type squarks
am ongst them selves and so is dentical to the e ects of avour m ixing. T his is covered in
section [4.]] (along w ith other form s of avour m ixing).

43 CP Violation

W hen adding CP violation to the M SSM m odel param eters and m ixing m atrices (for a
recent review see, eg., the CPNSH report [44]), the SLHA 1 blocks are understood to
contain the real parts of the relevant param eters. T he In aginary parts should be provided
w ith exactly the sam e form at, in a separate block of the sam e nam e but prefaced by IM. T he
defaults for all in aginary param eters w illbe zero. T hus, for exam ple, BLOCK IMAU, IMAD,
IMAE, Q= ... would describe the im aginary parts of the trilinear soft SU SY Jboreaking
scalar couplings. For input, BLOCK IMEXTPARm ay beusad to provide the relevant in aginary
parts of soft SUSY Joreaking nputs. In cases where the de nitions of the current paper
supersede the SLHA 1 input and output blocks, com pletely equivalent statem ents apply.
One specialcase isthe parameter. W hen the realpartof isgiven in EXTPAR 23, the
In aginary part should be given n IMEXTPAR 23, asabove. However, when j jisdeterm ined
by the conditions for electrow eak sym m etry breaking, only thephase ’ istaken asan input
param eter. In this case, SLHA 2 generalises the entry MINPAR 4 to contain the cosine of
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the phase (as opposad to just sign( ) in SLHA 1), and we further introduce a new block
IMMINPAR whose entry 4 gives the sine of the phase, that is:

BLOCK MINPAR

4 : CP conserved: sign( ).
CP viblated: cos’ = Ref g=j I

BLOCK IMMINPAR

4 : CP consarved: n/a.
CP vichted:sn’/ = Im £ g=7 I
Note that cos’ coincidesw ith sign( ) In the CP-conserving case.
W hen CP symm etry is broken, quantum corrections cause m ixing between the CP-
en and CP-odd H iggs states. W riting the neutral scalar interaction eigenstates as °
2R efH fg ;RefH Sg ; Im fH fg ; In fH gg)T wede nethe3 4mixihgmatrix S (blocks
CVHMIX and IMCVHMIX) by

0Ty 2, 9= TsTg M %,sYs 9 ; (55)
|—{z—} | {z} {2z}
0T diag(mzo) 0

where °  (h?;h);hI)" are the m ass eigenstates; these states are num bered sequentially
by the PDG codes (25,35,36), regardless of avour com position. That is, even though
the PDG resarves code 36 for the CP-odd state, we do not m aintain such a labelling here,
nor one that reduces to it. T hism eans one does have to exercise som e caution when taking
the CP conserving lim it.

The matrix S thus gives the decom position of the three physical m ass eigenstates in
term s of the four interaction eigenstates, all in one go, w ith the G oldstone boson G 0 ex—
plicitly projcted out and the 3 rows of S form ing a set of orthonomm al vectors.

For com parison, in the literature, the pro fcting-out of the G oldstone boson is often done
as a ssparate step, by rst perform ing a rotation by the angle . (T his is, for instance, the
prescription followed by CP superH [13]). In such an approach, our m atrix S would be
decom posed as:

0 1
0 Ol 1 0 0 0
B
0 1 0 0
3 °=80s55 08 F 0 o 4 coszéxo; (56)
0 )
0 0O «cos sin

: ;
( ER efH fg’ ER efH gg'A gree s gree )"

where O 3 3 gives the deco&g position of the three physicalm ass eigenstates in tem s of the

ntem ediate basis ~° = ( 2RefH ’g; 2RefH Jg;A% )7, with A _ denoting the tree-
level M SSM non-G odstone pseudoscalar m ass eigenstate. Note that a sim ple rotation by
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su ces to translate between the two conventions, so whichever is the m ore practical can
easily be usad.
A second altemative convention gg. adopted by FeynH iggs [11,38], is to also rotate
the CP-even statesby theangle aspartofthe rststep. In thiscase, ourm atrix S would
be decom posed as:

0 1
0 Ol sin cos 0 0
B .
o_ B cC B COs s 0 0 o .
S =€ Rss SA% 0 0 sin  cos § ! 1)
0 0 cos sin

OHOAOE O

with de ned asthem ixing angle in the CP-even H iggs sector at tree-leveland R 3 3 giving
the decom position of the three physicalm ass eigenstates in term s of the interm ediate basis
~0 = % %A%, that is In term s of the the treeJevel m ass eigenstates. In order to
translate between S and R ;5 3, the treedevel angle  would thus also be needed. This
should be given in the SLHA 1 output BLOCK ALPHA:

BLOCK ALPHA

CP conserved: ;precise de nition up to spectrum calculator, see SLHA L.
CP viclhted: ee. M ust be accom panied by the m atrix S, as described
above, in the blocks CVHMIX and IMCVHMIX.

For the neutralino and chargino m ixing m atrices, the default convention in SLHA 1
(and hence for the CP conserving case) is that they be realm atrices. O ne or m ore m ass
elgenvalues m ay then have an apparent negative sign, which can be ram oved by a phase
transform ation on ~; as explhined in SLHA1 [1]. W hen going to CPV, the reason for
Introducing the negative-m ass convention In the rstplace, nam ely m aintaining them ixing
m atrices strictly real, disappears. W e therefore here take allm asses real and positive, w ith
N ,U,and V complex. This does lead to a nom inaldissim ilarity with SLHA 1 in the Iin it
ofvanishing CP violation, but we note that the explicit CPV sw itch in MODSEL can be used
to decide unam biguously which convention to follow .

5 The Next-to-M inim al Supersym m etric SM

The rstquestion to be addressed In de ning universal conventions for the next—to-m inim al
supersym m etric standard m odel is just what eld content and which couplings this nam e
should apply to. The eld content is already fairly well agreed upon; we shall here de ne
the next=to-m Inin al case as having exactly the el content of the M SSM w ith the addi-
tion of one gaugesinglet chiral super eld. A s to couplings and param eterisations, several
de nitions exist in the literature (for a recent review see, eg., the CPNSH report [45]).
R ather than adopting a particular one, or treating each special case ssparately, below we
choose Instead to work at the m ost general level. A ny particular special case can then be
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obtained by setting di erent com binations of couplings to zero. For the tim e being, how -
ever, we do specialise to the SLHA 1-lke case w ithout CP violation, R parity violation, or

avour violation. Below ,we shalluse the acronym NM SSM for this class of m odels, butwe
em phasise that we understand it to relate to eld content only, and not to the presence or
absence of gpeci ¢ couplings.

5.1 Conventions

W ew rite them ostgeneralCP conserving NM SSM superpotentialas (extending the notation
of SLHA1):

Wyussu = Wyussu  ap SHfH§+§ s3+éosz+ S ; (58)
where W ssv 1S the M SSM  superpotential, eg. (). A non—zero In combination with a
VEV hSi of the singlet generates a contrdbution to the e ective temn . = ©Si+
where theM SSM  tem isnomn ally assum ed to be zero In NM SSM constructions, yielding
e = DNhSi. The sign of the tem in eg. [58) coincides with the one in [16,37] where
the H iggs doublet super elds appear in opposite order. T he ram aining term s represent a
general cubic potential oor the singlet; is din ensionless, ° has dim ension of m as$l, and
r hasdim ension ofm ass squared. T he soft SU SY “breaking tem s relevant to the NM SSM
are

Ve = Vo ssu + Vamssy +meBF+ ( .o A SHIHD+ % A S+ %mfsﬁ sS+hx);

(59)

whereViy ssy aretheM SSM soft term sde ned in egs. (3) and {4), and we have introduced
thenotationm & B° °.

At tree Jevel, there are thus 15 param eters (in addition to m; which xes the sum

of the squared H iggs VEV s) that are relevant for the H iggs sector of the R -parity and
CP-conserving NM SSM :

e em2 em?2 +m2e .+ on .pn . . @0 L e 2.
tan ; rmlemH21m3/ ’ A A rMgs7 r7 s jtlgl/ms . (60)

Them inin isation of the e ective potential in poses 3 conditions on these param eters, such
that only 12 of them can be considered independent. W e leave it up to each spectrum

calculator to decide on which combinations to accept. For the purpose of this accord,
we note only that to specify a generalm odel exactly 12 param eters from eg. (60) should
be provided In the Input, including explicit zeroes for param eters desired \sw itched o ".
However, sihce = m% = 0= m;E = r = g = 0 in themaprty of phenom enological
constructions, for convenience we also allow for a six-param eter speci cation in tem s of
the reduced param eter list:

tan ;mfll;mflz; ; ;A ;A ; hSi;mé: (61)

°Note that the factors 1=2 in front of the %and m ] term s in egs. (58) and (59), respectively, correct
and supersede the published version of this paper.
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To summ arise, in addition to m ; , the Input to the accord should contain either 12
param eters from the list given in eg. (€0), ncluding zeroes for param eters not present in
the desired m odel, or it should contain 6 param eters from the list in eg. (€1l), In which case
the rem aining 6 \non-standard" param eters, ,m3, °m%, ¢,and r,willbe assumed
to be zero; in both cases the 3 unspeci ed param eters (as, eg.,my ,mj ,and mj) are
assum ed to be determ ined by the m inim isation of the e ective potential.

5.2 Input/Output B locks

F irstly, as described above in section [3, BLOCK MODSEL should contain the switch 3 with
value 1, corresponding to the choice of the NM SSM particle content.

Secondly, for the param eters that are also present in the M SSM , we reuse the corre-
sponding SLHA 1 entries. That is,m ; should be given in SMINPUTS entry 4 and m § ;mj
can begiven in the EXTPAR entries 21 and 22. tan should either be given in MINPAR entry 3
(default) or EXTPAR entry 25 (userde ned inputscale),asin SLHA 1. If should bedesired
non-zero, it can be given in EXTPAR entry 23. T he corresponding soft param eter m % can be
given in EXTPAR entry 24, in the form m 2=(cos sin ), see [1]. The notation m? that was
usad for that param eter in the SLHA 1 isno longer relevant in the NM SSM context, but by
keeping the de nition in term s ofm % and cos sin  unchanged,wem aintain an econom ical
and straightforward correspondence between the two cases.

Further, new entries in BLOCK EXTPAR have been de ned for the NM SSM speci ¢ input
param eters, as follows. As in the SLHA 1, these param eters are all given at the comm on
scaleM ypuc, Wwhich can efther be left up to the spectrum calculator or given explicitly using
EXTPAR 0 or QEXTPAR (see section [2):

BLOCK EXTPAR

Input param eters speci ¢ to the NM SSM  (in addition to the entrdes de ned in section [4)

61 : M input). Superpotential trilinear H iggs SH ,H ; coupling.
62 : M snput). Superpotential cubic S coupling.

63 :A (M inpue). Soft trilinear H iggs SH ;H ; coupling.

64 A (M jnpue). Soft cubic S coupling.

65 : NSI(M jnpue). Vacuum expectation value of the singlet (scaled by ).
66 : ¢ (M sput). Superpotential linear S coupling.

67 : s M iput). Soft Iinear S coupling.

68 : M nput ) . Superpotential quadratic S coupling.

69

70

mZ M ppue). Soft quadratic S coupling (som etin es denoted B °).
m §

M input). Soft singlet m ass squared.
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Im portant note: only 12 of the param eters listed In eg. (60) should be given as inputat
any one tin e (including explicit zeroes for param etersdesired \sw itched o "), the rem aining
ones being detem ined by the m Inin isation of the e ective potential. W hich com binations
to acoept is keft up to the individual spectrum calculator program s. A lftematively, for
m inin alm odels, 6 param eters of those listed 1n eg. (€1]) should be given.

For non—zero values, signs can be either positive or negative. A s noted above, the
m eaning of the already existing entries EXTPAR 23 and 24 (the M SSM param eter and
corresponding soft term ) arem aintained, which allow s, In principle, for non—zero valies for
both and hSi. The reason for choosing hSi rather than hSi as Input param eter 65 is
that it allow sm ore easily to recover theM SSM Iimit , ! O0,hSi! 1 with ©hSi =xed.

In the spectrum output, running NM SSM param eters corresponding to the EXTPAR
entries above can be given in the block NMSSMRUN Q=...:

BLOCK NMSSMRUN QO=. ..

O utput param eters speci ¢ to the NM SSM , given in the DR schame, atthe scale Q . Asin
the SLHA 1, several of these blocks m ay be given sim ultaneously in the output, each then
corresponding to a gpeci ¢ scale. See corresgponding entries In EXTPAR above for de nitions.

1 QP
QP

3 A QPF

4 :A (Q)PF.

5 ISiQ P

6 P QPR

7 s QPR

8 oQPF

9 mZQ)PF

10 :m2@Q)PX

53 Particle M ixing

n

p_
In the C P~conserving NM SSM , the C P-even interaction eigenstatesare ° 2Re HY;HI;S)"

W ede ne the orthogonal3 3 m ixingmatrix S (block NMHMIX) by

M % = TsTsMm %sTs 9 (62)
|—{z—} | _{z—1 {2}

0T . 0
diag(m ? )
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where °  (h{;h);h) are them asseigenstatesordered in m ass. T hese states are num bered
sequentially by the PDG codes (25,35,45) . The form at of BLOCK NMHMIX is the sam e as
for them ixing m atrices in SLHA 1.

In theM SSM Iimit ( , ! O,andparameterssudlthathg RefSqg) the elem ents of
the rst2 2 sub-matrix of Sy are related to theM SSM angle as

S11 sin S, Cos
S]_z CcOos H 522 sin
_n o
In the CP-odd sector the interaction eigenstates are ° 2ln H2;HI;S)Y L We
de nethe?2 3mixingmatrix P (block NMAMIX) by

0Ty 2, 0 0TpTpy 2pTp O, (63)

l—{z—} |z} {2}

diagm?,)

where ° (@A%;A9) are them ass eigenstates ordered In m ass. T hese states are num bered
sequentially by the PDG codes (36,46) . The G oldstone boson G ° (the \3rd com ponent")
has been explicitly left out and the 2 rows of P form a set of orthonom al vectors. An
updated version NMSSMTools [37]w ill follow these conventions.

IFNMHMIX, NMAMIX blocks are present, they supersede the SLHA 1 ALPHA variable/block.

T he neutralino sector of the NM SSM requires a change in the de nition of the 4 4
neutralinom ixingmatrix N toa 5 5 matrix. The Lagrangian contains the (symm etric)
neutralino m assm atrix as

1
LW* = S ™M ., "+ hor; (64)

in the basis of 2{com ponent spinors ~* = ( i&; iw’;H;;H,;s)’ . W e de ne the unitary
5 5 neutralino m xingm atrix N (block NMNMIX), such that:

1
Ve MINTN M OLNYN Y (65)

1
2 21—l |y Mz}

~0 ) 0
: diagm _o)

where the 5 (2{com ponent) neutralinos ~; are de ned such that the absolute value of their
m asses ncrease with i. Asin SLHA 1, our convention is that N be a realm atrix. O ne or
m ore m ass eigenvalues m ay then have an apparent negative sign, which can be rem oved
by a phase transform ation on ~;. T he states are num bered sequentially by the PDG codes
(1000022,1000023,1000025,1000035,1000045) .

6 Conclusion and O utlook

At the tin e of writing of the SLHA 1, a large num ber of com puter codes already existed
which used M SSM spectrum and coupling inform ation in one form or another. This had
several advantages: there was a high m otivation from program authors to produce and
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In plem ent the accord accurately and quickly, and perhaps m ore im portantly, the SLHA 1
was tested \in anger" in diverse situations as it was being w ritten.

W e nd oursslves In a slightly di erent situation in term s of the SLHA 2. There are
currently few program s that utilise inform ation In any of the NM SSM or CP-violating,
R parity violating, or non—rivial avour violating M SSM scenarios. T hus we do not have
the bene t of com prehensive sim ultaneous testing of the proposad accord and the strong
m otivation that was present for im plem entation and writing of the original one. W hat
we do have are the lessons leamed in connection with the SLHA 1 itself, and also several
aln ost— nished codeswhich are now awaiting the nalisation of SLHA 2 In order to publish
their rst o cial releases. Concrete tests nvolving several of these were thus possible in
connection with this w riteup.

W e have adhered to the principle of backward com patibility wherever feasble. W e
therefore expect that the conventions and agreem ents reached w ithin this paper constitute
a practical solution that w ill prove useful for SUSY particle phenom enology in the future.
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A PDG Codesand Extensions

T he existing PDG nom enclature for (s)particle nam es is based on the lim it of the M SSM
In which CP, Ryparity, and avour are conserved. Several of the m ass eigenstates are
therefore lJabeled to indicate de nite R, CP, and/or avour quantum num bers. W hen the
corresponding symm etries are broken, such a labeling becom es m isleading. T hroughout
this paper we have adopted the convention of assigning a comm on label to all states which
carry dentical conserved quantum num bers in the given m odel. W e then reuse the existing
PDG codes for those states, arranged in strictly increasing m ass order.

This iIn plies that, while the PDG num bers rem ain unaltered, their labels change, de—
pending on which scenario is considered. The PD G codes and labels are discussed in detail
In the individual sections on avour violation, R fparity violation, CP violation, and the
NM SSM . In the tables below , we summ arise the PD G num bers and suggested labels rele-
vant to each distinct scenario, for squarks (Tab.[2), charged coloursinglet ferm ions (Tab.[3),
neutral colour-singlet ferm dons (Tab.[4), charged colour-singlet scalars (Tab.[d), and neutral
colour-singlet scalars (Tab.[d), respectively. Note that these extensions are not o cially
endorsed by the PDG at this tin e. C odes for other particles can be found in [52, chp. 33 1.

Scalar Q uarks

FLV

RPV

CkPV
1000001 dy, a1 a1 di, dx d1 d
1000002 oy, o3 o3 o3 o3 o3 o3
1000003 St d; d; St dz dz St
1000004 <, 1o%) 1o%) <, le%) le%) <,
1000005 B ds ds B ds ds B
1000006 i} o3 o3 i} o3 o3 i
2000001 dr d, d, dr d, d; dr
2000002 R Ty Ty R Wy Wy R
2000003 Sk ds ds Sk ds ds Sk
2000004 xR sy sy R sy sy R
2000005 | B & & B, & a %,
2000006 © g g © 1o 03 1o 03 ©

Table 2: Particle codes and corresponding labels for squarks. T he labels in the rst colum n
correspond to the current PD G nom enclature.
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Charged Leptons and Charginos

FLV
RPV
CpPV
11 e e e e S e e
13 e e
15 e, e,
1000024 |~ > e > e ~ ~t
1000037 |  ~} 3 e 3 e 3 %

Table 3: Particle codes and corresponding labels for charged coloursinglet ferm ions. T he
labels in the rst colum n correspond to the current PDG nom enclature. Note that, for
historical reasons, codes 11, 13, and 15 pertain to negatively charged elds while codes
1000024 and 1000037 pertain to the opposite charge.

N eutrinos and N eutralinos

FLV

RPV

CPV

12 .
14
16

0]

1000022
1000023
1000025
1000035
1000045

IR IR

owonNORrO

2

(S

IR IR

owoNOoOrOo W N

2

(S

I o o o &~ w N o=

LSRR SRS

owonNORrO

4

(S

o 0w N

| ,bzo u)zo [\)zo HZO w N

14

2

14

4

4

GO OoOWoONORHrO

Table 4: Particle codes and corresponding labels for neutral coloursinglet ferm ions. T he
labels in the st colum n correspond to the current PD G nom enclature.
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Charged H iggs Boson and Charged Scalar Leptons

FLV >
<

RPV -
0

CPV =
37 HY HY hi HY h7 H* H*
1000011 Sy e h} e h} e e
1000013 ~F e hi ~F hi e ~F
1000015 ~ el h} ~ h} e} ~F
2000011 | & S hi e hi e e
2000013 |  ~ e hi ~ hi e ~
2000015 |  ~ S h’ ~ h’ S 3

Table 5: Particle codes and corresponding labels for charged coloursinglet scalars. The
labels in the st colum n correspond to the current PD G nom enclature.

Neutral H ggs Bosons and Scalar N eutrinos

FILV
RPV
CPV
25
35
36
45 - - - - - -
46 - - - - - -
1000012 | ~, ~ (s) | Y "oy h3 ~ e,
1000014 | ~. | ~ (=s)| 1Y ~ hj ~2 L
1000016 |  ~, ~ (~s) | B ~ hg ~3 ~
1000017 - (~1a ) A - A% - -
1000018 - (~2a ) Al - AS - -
1000019 - (~3 ) Aj - Aj - -

Table 6: Particle codes and corresponding labels for neutral coloursinglet scalars. T he la—
bels In the rst colum n correspond to the current PD G nom enclature. T he labels in paren-—
thesis denote the optional ssparation of sneutrinos into separate scalar and pseudoscalar
com ponents.
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