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Outline

Minimal left-right model (MLRM), gauge and mass states
MLRM sterile neutrino warm dark matter

vMSM model. Seesaw type | mechanism (minimal seesaw).
Seesaw type Il mechanism in the framework of MLRM

!

Inverse seesaw mechnism

Summary
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50(10) GUT — SU(3)C X SU(Z)L X SU(Z)R X U(l)B_/_
— SU(Q)/_ X U(l)y
LRSM gauge group may appear in the sequence of SO(10) Grand Unification

symmetry breaking steps down to SM. G3221 corresponds to minimai left-right
model (MLRM in the literature).

SO(10)

O6o3HayeHus:
Gs1 = SU(5) x U(1)
gs = SU(5)
Gps = SU(4)C><5U(2)L x SU(2)r
Gaz1 = SU4)c xSU(2)L x U(1)g—1
3221 = SUB3)cxSUR), X SUR)R X U(L)5_,
G3211 = SU@)cxSUR) X UR)R X UL)g_

Figure: & u Py s0(10)
cummetpun go Gy [Fig. from M.Pernow,"Models of

SO(10) Grand Unified Theories", 2021.]
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Neutrino mass problem

>

Neutrinos have extremely small non-zero masses. Neutrino oscillation
data:

Mighe =| 7] 1/|1Am3,| ~0.009 eV {/|[Am2,| =0.049eV /|[AmZ, =0.050 eV

Neutrino mixing matrix Upmns

Vi = Z(UPMNS)aiVa

«@
In the Standard Model right singlet Dirac neutrino is sterile and does not
mix
More natural framework - Majorana neutrinos, mixing, seesaw mechanism
(and its variations)

1. Seesaw | (minimal seesaw)
2. Seesaw Il (MLRM seesaw)
3. Inverse seesaw (ISS)

They can be used as models with fermionic warm dark matter (WDM)
candidate mpy ~ O(keV)
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KanunbposouHas rpynna mogenun MLRM:
G[_R = 5U(3)C X SU(Z)R X SU(Z)L X U(l)B,/_

MLRM: CnuHopHble n BEKTOpPHbIe Noas

Fermions SUB)c | SU(2). | SUQ)r | U(1)B-1 New
Lo, = (”at) 1 2 1 -1
I,
Lo, = (’fw) 1 1 2 ~1 N1, N, N3
Uy
Q., = <dai) 3 2 1 z
_ uaR l
Q= () 3 | 1 | 2 3
W, = (W, W, W3} 1 3 1 0
Wg = {Wg, Wy, W3} 1 1 3 0 W, 7
B 1 1 1 0

Table: Mpeactasnenus ans hepMUOHHBIX N KaNMBPOBOYHLIX Nosel

5/35



LRSM: CkanspHble nons

Higgs fields SUB)c | SU2)L | SUR)r | U1)-1 New
6+
Lo 5t A0 A0
I V) L 15 25
AL—((SO IS ! 2| (i
L~
Sk gtt
Ag = \/05 R5+ 1 1 3 2 Hlii’Héti
L
L
?1 1) <H125, HY
o=(1 1 2 2 0
<¢2 g Hgv Hig

Table: MNpeacTasneHns ckansiphbix nonein 8 LRSM

LHiggs = tr|D, &> 4 tr| D, AR + tr|D AL — V(®, AL, AR)
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Higgs potential

V($, AL, AR)

+ + + + + + o+ o+ + o+ o+ o+

—ii3 (116" 01) — i3 (11661 + (7181 el) ) — 13 (Trlaca]l + Triaral])
M ((T100')7) + 22 ((T1601)" + (T18761) ) + 2a (T30 151 61)
Aa (Troe') (1661 + TiHG' 41) )
o ()" + (rnoi))
p2 (THAANTHA] A]] + TriARARI THALAS])
p (
(

pa (THALATHALAL] + Tr[A*A*]Tr[ARAR])

o
A Al THARAT ])

Q

1 (Tries] (Triaa]] + THaRAL))

Q

2

(
(

a3 (Tre! AITrIARAL] + TS 01 THALA]D)

Trled | THARAL] + Trlg! 31 TrALA]])

Q

2 (Trloo! Aa]]+ Tro' o2RAL))
(T [0ars" Al + Tro ALpAL]) + B2 (TrBARs Al + TG ALoAL])

Trloard! All + Trio AGAL) (1)
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HapyweHne cummetpun

5U(3)C X SU(Z)[_ X SU(Z)R X U(l)B_[_

1. The initial LR symmetry is spontaneously broken

(AR)

5U(2)1_ X 5U(2)R X U(l)B,/_ —R>5U(2)L X U(l)y, (2)
1 0 0
@o=2 (0 o) @

2. The bidoublet and the left handed triplet acquire VEVs as a result of
spontaneous symmetry breaking

SU@)e x U(L)y 2422, ya),, (4)

u(1
1 [k 0 1/0 0
<¢>_$<0 k2>’ (Ar) = 7—( 0)5 (5)
where \/k? + k3 = 246 GeV,
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Seesaw relation for Higgs triplet VEVs

(-sector of the Higgs potential:

Va(®,A1,88) = Ba(Trlpare All+Tr[of ALeAR])+B2( TrdAreT All+THE ALGAL])+
B3(Troardt Afl+Tr[eT A dALY),

Additional GUT motivated assumptions — 3; =0 or 5; ~ 0

"Vev seesaw’ relation for v, and vgr

Lo (246 GeV)? where ~ — Bok? + Brkiky + Bak3
=7 VR ’ 7= (2p1 — p3)(246 GeV)? ’
Bi=0: (2p1—p3)vrvL =0 Bi =0
General LR-condition: (246 GeV)?
— VR ;ﬁ 0 v = ————:Z;————
Vacuum stability
—(2p1—p3) #0 (vr > 246 GeV or v < 1)
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Macwtabbl macc kanMbpoBOHHOrO N XMUITCOBCKOro CEKTopa
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Figure: Masses of new vector gauge bosons
Zz and Wz
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Figure: Masses of all 14 Higgs bosons in

LRSM with tuning of self-interaction constants:

a3 = 0.01 P11 = 0.1, P2 = 0.3, pP3 = 0.9,
Al = )‘SM = 0118,
A2 = 0.01, A3 = 0.1
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keV sterile neutrino as warm DM, simplified

Warm Dark Matter: The lightest sterile neutrino with mass ~ 1 — 10 keV.
» Lifetime: quasi-stable because of very small mixing with active neutrino

. =10 (2

-5 1 -1 17
—_— Hy  ~1
I keV) sin2(20) sec > H, 0" sec

» Non-observation of radiative one-loop decay
[Aliev, Vysotsky, Sov. Phys. Usp. 24 (1981)]

29

1079 E
10% | \ = X-ray bound:
T 5 | ‘ ] Ny — ~,v with Ey ~ My /2
9D L & . . . .
S lead to strong lifetime limit
o 10" & ! 25
E E \ | H
g F - XWM,  ply HEAO-1 SPI E Tvs > 107 sec
= r Chandra 1
26 [ ] L2 —6 ms -5
107 B " = sin (20) <10
E 1 = Universe life-time x 10 3 1 keV
1025 | NI | el Lol vl
107 10° 10’ 102 103 10*

Mpw [keV]
[Boyarsky et al, arXiv:0811.2385v1]
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DM relic density: production via oscillations

Framework of 1 v, + 1 vs states. Mixing parameter is sin(6)
» Boltzmann equation for DM production via v, <> vs
0 0
afs(pv t) - Hp a_pr1 (pv t) = Coscl(pa tv T)
where Cog/ ~ raT(P) 5in2(20eﬂ) {14‘(%)2] _1[7(1/& (pvt)_fs(Pvt)]

.2 — A2 (p)sin? 20 (2 2
sin”(Pesr) A2(p) sin? 20+[A(p) cos 20— VD — VT ()] A=(m;—my)/2p

[Abazajian et al, Phys.Rev. D64 (2001) 023501]
» Gives an estimate for relic density of sterile neutrino

.2
> sin“(20) ms \2
b= Ka(ms)( 10-8 (1 keV)

where K, ~ 0.3 with weak dependency on M; within the considered
limits, « = e, pu, 7
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Seesaw type | mechanism. Three generations,
MLRM with vg — 00, v, = 0: vMSM model.
Additional fields: SU(2), x U(1)y - singlets vz «, k = 1,3 (flavour

basis) with heavy Majorana mass term ~ Mg. Mass states N, J = 1,3
are heavy neutral leptons (HNL).

-~ 1
Lagrangian: £ = Lsy + i7r0O,Y'VRr — <Y lLpvr + EI/CRMRI/R + h.c) ,

. . — O mp z/f 171 . v
ersse e 5 om0 (& 1) () () =ru( )

Casas-lbarra diagonalization: [Casas J., Ibarra A., Nucl.Phys.B 618 (2001) 171]

o -4 I — oot —0
U=Wwv W—exp(m @)f_v< 9% /_%9T9>+O(93)

V= (‘é" l?N) m, = U,mUT My = UyKIUJ,
here [ = diag(. .. ) - diagonal matrix.

| (v — N)-mixing: © = 0Uy | PMNS: Upyns = (/ - %9*9) U,

1373




Heavy neutrino mixing and vMSM

A system of matrix equations for diagonalizing transformation U: (leading order 0-accuracy)

0~ mp Ml;, 7 seesaw | equation
MN >~ MR
Seesaw | equation can be rewritten
= T =
1=00" = [WVEIUmoUW I [—iVETTUmo UV I
mp = iUbynsVAQVIM-T o @ = iUl s VAQV M1

vMSM - model [T.Asaka, M.Shaposhnikov,Phys.Lett.B 620, 17(2005)]

3 sterile neutrino:

Ny - WDM with My ~ O(keV)

N> and N3 heavy neutrinos with masses M> >~ Ms ~ Agy, A = |[M2 — M3| < Mz 3 need for
Resonant leptogenesis (lepton asym. — baryon asym.)

(DaKTOpr CMEeLWNBaHNA, N3MepPsSEMbIE B SKCNEPUMEHTAX:
2 2 2 2
al = \@al\ ’ Ui = E Uars UNES E :Ui
a i

MIZ|ea1| _mD Z‘Ual(f)u Jll _lflkn 1 Q-
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Neutrino mixing in MLRM: Seesaw type Il

= > {Lal(h)ijé + (Al — (Lir)® Tr(hm);Lir — (Li)® To(hm);Li} + hec.,
isJ
rae ¢; = 720" T2, X1 g = iT2AL R v h, HL, hy — 3 X 3 maTtpuupbl FOkasbl B kanubposo4Hom
6asuce. Maccosasi maTpuua B kaanbposoyHom bHasuvce

(ML mD> Mp = %(hdﬁ + hikz),
mp Mg M. = V2hyvi, Mg = V2hyvg,

here hy, f~1L, hy are Yukawa couplings with left triplet A; and bi-doublet ®

Mixing matrix in Casas-lbarra parametrization

seesaw |l equation: |m, = M; — MDM,\_,II\/IE

©=il, (\/ﬁ)Q\/m, Vi = \/’?7 - UIIMNSMLU;MNS

Assumption: Uy =1/, > < 1

M 73 T ~
~ A *
=|m=m-— V_R UPMNSMUPMNS
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DM mixing: seesaw | and seesaw I

mE" = |Vl m

M, keV

vMSM limit: pure seesaw |

vi=0— \/EZ \/E Strong DM
constraints and v-oscillation data lead to a
fine-tuned (FT) form of Q

QNH ! le — (51'1

Q/H Qj3 — 5]3

mdDm(VL = 0, Q— FT) = Miight

|©om|* = -

Miighe = 107 eV, My=Mj=vg=3 TeV

My, keV

MLRM with v; # 0: seesaw Il
> Miigne > vy ML My — yMSM-

L VR
limit;
> mignt K VL%‘ — seesaw |l

dominance —> strong increase in
mixing, inconsistent with DM
constraints;

> = Upyins MLUpyins — DM
mixing decreases by 1-2 order due to
seesaw | — seesaw |l cancellation for

some entries of |\/%|in 16/35



Cancellation effect in the seesaw Il mixing

2
vMSM-benchmark for Q : ‘\/ PMNSMUPMNS
VR

11 (NH) or 33 (

1 0 0 0
(FT) (FT) Qax2
Qne'= 0 QZ ) ) Q= 0
0 x 1 0 0
2= 3 0wl U= ¥ 10wl |Opuf=Uf
2= 5 10l P= wl?, Oouf? = U]
1=1 a=e,|,T
My=My=vp=3 TeV, mygn = 105 eV, 6p=238° o My=Ms=Vg, Scp=238°
1078 ey ey NI
=)
n
1078 &
~ 5
s <
=]
o S o
qobl il il il il i
107 107 1074 0.001 0.010 0.100 1
Y, Vi/Miight
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Inverse neutrinoless double beta decay, (0v55

e e - W W~

NH: My=M3=Vg=10 TeV, mygy = 105 eV, 6¢p=238° ys=3 TeV

7.2306 -

— M;=10 keV
7.2304 — M,=10 GeV
— M,=1TeV

7.2302

7.2300+

ax105[fb]

7.2298

7.2296

7.2294
0 200 400 600 800 1000

v, eV
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OrpaHundenna gna N,, N3 mogenun vMSM

» OrpaHnyeHusi CBEpXY N3 YCKOPUTESbHbIX SKCNEPUMEHTOB ABYX
TWMOB: 3KCMEPUMEHTbI C ONPEefENeHNEM HELOCTAIOLLEN SHEPrun
(PIENU, TRIUMPH, KEK, NA62, E949) n skcnepnmeHTsl no
onpegeneruto cmetyenrbix sepwnd (PS-191, CHARM, NuTeV,
DELPHI). CoBokynHOCTb 3TUX OrpaHuyeHuli JaeT BEpXHME rpaHunLLbl
ans

3 my NH NH
2 =S jou = | TalUnl 410G 17 + O T, i
C 5 2| Uns? + 1005 + 1002, H

» HepaseHctBo ans BpeMenun xusbum No n N3, 7y < 0.02 cekyHg, npu
KOTOPbIX HE BO3HMKAET Nepenpon3BOACTBa JIETKUX 3/IEMEHTOB
(*He, ?H) & nepeuuHoii nnasme, (A. Boyarsky et al, PRD 2021)
(nepBuuHbIi HykneocunTes nam Big Bang nucleosynthesis, BBN).
[aet orpaHuyeHne cHusy Ha napametpsl U2.
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OrpaHunydeHnsa gna cMmewmnBaHN Ue2 n Ui B

mogenn vMSM

NH, My=M;=M

NH, My=M;=M

10-¢

«
)

=)
1070
107"
1012 | | |
100 200 500 1000 500
M, MeV M, MeV
TH, Mp=M;=M

IH, Mp=M3=M

M, MeV

M, MeV
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Inverse seesaw: General approach /S5(p, q)

Field content of the /SS(p,q)

Consider three types of neutral lepton fields:

— left-handed flavour neutrino v, ,, a=e, T,
— right-handed neutrino Ng , a=1p

— right-handed sterile fermions Sg 4 b=1,q

Lagrangian after SSB: (Naturalness condition: 1 < mp < Mg)
1 - (07)_3><3 mp 3xp  O3xgq v
Liss = E(DLv VR, XR) m(OE)) px3 I\EI)TPXP Mg pxq ;R
. . . 3 2 R
Diagonalization: step 1 9 R axp e
Rewrite mass matrix to the seesaw I-like form mp = (mp, 0)
@) m (0) M
Moxg = (~T 3x3 D);X(erq)) where X = <MTPXP K pxq)
mp (p+q)x3 qaxq R gxp H gxq

UTMU, U=W (@Uu 3x3 u@3x(p+q) > W = exp (w) ~ lHw+. ..
(p+q)x3 (p+q)x(p+q)
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Inverse seesaw: ISS(p,q) diagonalization

Technical comment: Inverse matrix (Frobenius)
A B\'_ (A4 ATIB(M|A)TICATT  —ATiB(M|A)T?
cC D - —(M|A)~tcAa? (M]|A)~*

A B

where for a matrix M = (C D

) Shur complement is (M|A) = D — CA™*B
Neutrino effective mass operator

1 T —1
m,=(M|X)=—mpX " ml=—(mp, 0) <(X|:) :) <ED> =mp ((MR)/LA(MR)T) mp

2
Hmp

MZ

Onlyifp=gq: |m,=mp(ME) " (Mg)"*m} ~

Diagonalization: step 2 (Sterile block)

Case 1: All sterile fields form pseudo-Dirac pairs

0 Mg ~=Mg+p O
X/ =U PXp P><Cl> MT: (
(ME axp M O() ~ Mg+ p
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Inverse seesaw: Toy-model ISS(1,1)

Toy-model 1SS(1,1):

me = ,u:l:\/,u;-s-4M2
(0 M m_ 0\ (p—M 0
A VIR C P B i)
1 1
U \/1+m \/1;%2 N 1/V2 12
*2 —1/V2 1/V2
M\/1+— M\/1+;—§

5", N are mass-states, N’, S’ - "middle” basis states (after the 1st step
of diagonalization) Pseudo-dirac HEAVY (

~ M) states with small mass
splitting ~ p.
N"=N_ ~ %(N’ -5
S =Ny ~ \}E(N/ +5)

Warm dark matter candidate is absent in such a model
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Inverse seesaw: model ISS(1,2)

I1SS(1,2): my ~ £/ M2+ M3 +O(u) ms~O(n)
0 0 )

0 M M
X =M 1 0 =X+ 5X(,u) X, — 0 m_ 0
My 0 o 0 0 my

Mz,u1 + /\/l2;1,2
Mass of light sterile state: ~ 2t P~ O(keV
igl ri ms ME T2 ,u (keV)

My My Mo
V2MEAME)  \J2(MEAME)  \/MEAME N Ny
1 L stl=ul N

—= ——= 0
Rﬁf A)ii My f;z I!i!l

V2AMEEME)  \2(MEAME)  /ME+ME

phys.states

Light sterile fermions (g — p states with masses at the scale ) are
embedded in ISS(p, g) model when p < g.
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Summary

» Minimal Left-Right Model (MLRM) Higgs potential demonstrates a
number of phenomenologically acceptable regimes with splitting of 16 new
states which are not observed at the LHC. 3-terms of the potential are
important for active neutrino and sterile neutrino mixing scenarios. The
vMSM (neutrino minimal standard model) can be embedded into the
MLRM as a limiting scenario vg — oo, ka =0.

» Comparisons with data are possible in the limiting scenarios and are model
dependent.

» Modification of seesaw type Il for MLRM yields mixing in the lepton
sector defined by VEVs. Four VEVs participate in the neutrino mass and
mixing matrices with untrivial (orders of magntude) cancellations
dependent on v;, vg of scalar triplets and Upuns

= iUpmns VLV M1, Vin = \/ PMNSM Umns

» Other mass neutrino and HNL mass hierarchies are possible within the
inverse seesaw 1SS(2,3) or ISS(p, p + s), p,s € N: these models can
naturally provide a light warm dark matter candidate and lepton number
violation scale y of the order of keV.
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1 sterile + 1 active framework, non-resonant case, |6? = 108

1x10_5:—m‘ AR R A AL PR Hul
5x107°— -
>
@ -6
G 1x107°— —
= 5x107 -
r —— astro-ph/0101524v3 (Abazajian etal.) -
[ from Gorbunov, Rubakov, vol.1, Eq. 7.287
1x107 — —— own result N
107 0.001 0.010 0.100 1 10 100
Qnh?
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MNpencraBneHns 3apsi>keHHbIX U HENTPaAsibHbIX
TOKOB B 0bOLiem Buge

Lye 5 > X (Uiva)L(PL + UﬁvaﬁPR) v,
X=23,Z2,A
1 — 1 R
LN = > ST NX(UgyaxPL+ a§Pr)N + 5 ST VR(UsyaxPL— USyaSPRIN + hc. |
X=24,Z5,A X=23,75,A
LY i’W*(UL P+ UR Pg) ! Wy (U, P — UF Pr)V + h
e = B Uy 81cePL+ Uy grse Pr)V + 7' Wa Uiy ersePL = U gree Pr)Y +h.c,
N 14 R 14 0 R
Lee = ﬁlwl (UngrceP — Ungrse PrIN + — IW, (Upgiss P+ Ungree PRIN + h.c.,
rpe
Uyy = Ubyins Upnins, Ui, =ugetetuy,
L L R T p*
Unn = 9T97 Uy = UI.LMNSe’ Uyny = U, 0" Un,
U/Lv = (VLI)TUPMNSa Uﬁ/ = (V//?)TGTU:v
L 1 R 1
Un = (VL)Tea Un = (VR)TUNv
L ’ R ’
az, = 81511 — & 531, az, = 8rS21 — & 531,
aéz = g1512 — g,ng, 352 = grS22 — glssza
35\ = g1513 —g/533, 35 = grS23 —glsss-
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yl‘lpOLIJ,eHHbIe npegcrtasjieHus Ons TOKOB.
ObbivHO ncnonbaytoTes. [peanonoxum, YTo CEKTOPbI 3apsKEHHbIX
JIENTOHOB U CTEPUJIbHBIX HEATPUHO AMArOHaNbHbI

Vig=1, Uy =1, g =gr =g, 06" < I, Torna © ~0U; =6, Upnns ~ Uy,
(6)

To ecTb (3geck n Hwke U = Upmns)
ut, =utu, UE, =wTere’u),
ULy =oete, Ui, =ute, Uf,=uU"e",
U, =u, Ut =eTur,
Uy=©, Uj=I.

Torpga
1 , . .
Lhe = 5 > WX [WTv)ap+ (UTeN)(OT UMk v,
X=2q,Z2,A
1 _
Lhe = 5 > Ttx, [(e'@)akpL +afPa| N
X=24,Z5,A
1
+ o > vx [(u*e)aﬁﬁ - (uTe*)a’;PR] N+ he. |,
X=23,25,A
LY = %77“W{u [UcePi+(@7U)sePa] v + %H“ Wy, [UscPe— (©TU)cePr] v + hec.,

g - . g -
LY = EIyMW (OcePL — s¢ PR)N + =Ty W, (©s¢ P, + ce Pr)N + h.c.,
cc \/§ 1n 3 3 \/5 24 3 3 30/35



rae
aél = gewe — &' (—sweme + sws), 351 = g(—swsmc — cus) — g’ (—swemc + sus),
aéz = gews — g’ (—swems — smc), 352 = g(—swsms + cuc) — g’ (—swems — smc),

L / R !
ah = gsw — g’ cwewm, a, = gCwsm — & Cwem,

cw = cos O, sw =sinfw,
cos 20w
oy =—7", sy = tan Oy,
cos Oy
s =sing, ¢ = cos ¢,
e , €

8= Gnow’ & T Veos2tw
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Table: Maccoel gononHutensHeix 603oHoe MLRM gnsi ucnonssyemoro
napametpuyeckoro Habopa n ko=0

VR, Maccel, 3B
TsB Wr Zr  HY HY HY A A HE HE HE

3 1412 2360 129 1342 1775 234 1775 1775 212 1775
12 5638 9437 849 5367 7099 854 7099 7099 849 7099

Cp. c
Bambhaniya G. et al. Left-right symmetry and the charged Higgs bosons
at the LHC //JHEP.— 2014.— V. 33— arXiv:1311.4144 [hep-ph].
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D ekt cokpauieHus

M, [keV]

Normal hierarchy, Mgy = 107 eV

05

seesaw | n |l

Inverted hierarchy, mygy = 1075 eV

2 4 6 8 10

m
[l

= v /Myignt
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Inverse Seesaw and Casas-lbarra Parametrization
ISS with (p=q)

Inverse Seesaw Formula
m, = mp(MZ) " u(Mg) ™ mj (ISS with p = q)

§ = fpX~t = (mp, 0) ((XI/:)1 (X|u)iMRM1>

Casas-lbarra Parametrization
Through matrix decomposition:

-1
Q=Vim Ump(ME)t/n mp = UlNm Qyu "ML
where Q is orthogonal (QQ7 = /).
v — N Mixing v — S Mixing

91—Uim9\/ﬁMR1~O< 'A"A“> 92—Ui\/%9\/ﬁ1~o< %)
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Peannzaunn MLRSM

Peanusayus FeynRules

Roitgrund A., Eilam G., Bar-Shalom S. Implementation of the left-right
symmetric model in FeynRules, CPC 2016

Peannzauyns LanHEP

in progress. HabntopatoTcsi MHOXECTBEHHbIE HECOOTBETCTBISI.

FeynRules: Adam Alloul et al, FeynRules 2.0 - A complete toolbox for
tree-level phenomenology, Comput.Phys.Commun. 185 (2014) 2250-2300
(arXiv:1310.1921[hep-ph])

LanHEP: A. Semenov, LanHEP - A package for automatic generation of
Feynman rules from the Lagrangian. Version 3.2, Comput.Phys.Commun.
201 (2016) 167-170

Peannzayus SARAH otcytcTsyer.

CalcHEP: A. Belyaev, N. Christensen, A. Pukhov, CalcHEP 3.4 for
collider physics within and beyond the Standard Model,
Comput.Phys.Commun. 184 (2013) 1729 - (arXiv: 11207.6082 [hep-ph])
CompHEP: E. Boos, V. Bunichev, M. Dubinin, L. Dudko, V. Edneral, V.
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