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Need New Physics-1

New phys. beyond the SM are called for: (1) m, # 0 and (2)
Qpmh? ~ 0.12

(Too) Many models. The key is the Weinberg operator (LH)?
at the low energy which breaks U(1);.

Accidental global U(1), is free in SM and it connects to
neutrino masses.

Majorona mass is controlled by the scale of U(1), SSB in the
type-l (and inverse see-saw) ( PLB730, 347.)

yNCNSL — My = y<5L>

We need something electrically charge neutral and
(meta)stable.

DM is stabilized by the Krauss-Wilczek, U(1), — Zo.

Goldstone is built in global SSB U(1); DM-m, model, and it
contributes to radiation energy density.
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Need New Physics-2:effective neutrino number

@ Neutrinos decouple at T ~ 1IMeV ( yeax S H ). Later, the
photons were heated up by e™e™ annihilation,

4\ 1/3
T, = (11) T, ~2K

@ The present relativistic energy density of the universe

2 7 4 7 4/3
) JUERE S LR (b BT
Prad = g’Y30 ’y+ 308 v +8(11) eff p’Y

o Taking into account the incomplete decoupling, N2¥ = 3.046
(Mangano et al. 2005). Nonzero AN = Nes — 3.046 call
for new relativistic DOF beyond the SM.

@ This new DOF is coined as dark radiation.
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N.g¢ After Planck 2015

e Planck 2015, 1502.01589, N = 3.15(46) at 95%CL.
Although the SM seems OK, the statistical significance to rule

out DR is still very poor.

ACDM*Sim, +N.y

. _BBN+CMB Joint Fit 2015
No WiMP 1
1 ;&HH&Neumne—E-xeNded%

AN, = 029 +0.15
Qgh? =0.0224 + 0.0003

I R S ST I
.08 3 2 62 64 66 68 70 72 74
Hy (kms™ Mpc)

@ 2.5 < Ngg < 3.5 at 95%CL, Valentino et el, PRD93,083523.

@ ANgr = 0.29(15), G. Steigman, June 2015, INT talk.
® AN = 0.4 — 1.0, Riess et el(WFC3 on HST), 1604.01424
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One more thing to be taken into account

o utH ~ 1010712 Gev

o (M) =0.118

L [ A

T I AT AR A
10% 106 10° 1012 1015 1018
AlGeV]

@ Operational see-saw needs stable vacuum at the I/ scale iy,
or pry < M\s/’_\q/’

— 0 YDVsm )( v >
(v, 7R) ( yovsm  Mpn(= ysvi) Ve

@ For ¢pa,pp in V= )\Agbj + )\B(bg + /\ABgf)igsz + ..., 24 >0,
Ag >0, Aag > —2v/Aa)pg at any given energy scale. RGE
study is necessary.
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Particle content:

L, 7> SU(2) | UQ1)y
S 255B,+ 1 0
o 1_ (DM candidate) 1 0
H 0ssB,+ 2 3
Nir 1 1 0
L; 1_ 2 -1

Renormalizable Lagrangian: (8 new parameters)

Locatar = (D H)(D'IT) + (9,8)1 (0" ®) + (9,5)1(9"S) — V(I S, D)
V(H.S, &)= —p?H'H — i281S + mi@T®d + \g(HTH)? + \p(DTd)?
+A:(819)2 + Asp (STS)HTH) + Appr (®T®)(HTH)

(STS) (@) + — [(D1)25 + T2
Flas(s1s)(#18) + —= [(#1)75 + 510

and we take x to be real, mé > 0, and define K = ApsVs + K.
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o After SSB, (S) # 0 and (H) # 0, the fields are expanded as

¢ = %(p+ ix), S= %(vS + s+ iw) and for the Higgs
H = (0, %)T w is the massless Goldstone or Majoron.

e (S) is inv. under a U(1); m—rotation, a Z» parity remains:
s,w,h— s,w,h
PrX — =P, —X

@ Due to mixing, the physical mass eigenstates are

hi\ _ (cosf —sinf\ (h
hy/  \sinf cosf s
1 el — AHSVHV:
with mixing angle tan20 = Asﬁéi—H/\\ff,

@ Identify hy = hsy with a mass of 125 GeV, h; is a new
neutral scalar(just call them H and S).
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@ In terms of the physical masses and mixing, we have

AH

As

cos® M3 + sin 0> M2 sin 0 cos (M2, — m2)
= Ve = —
2VI%I s VH)\SH ’
B sin29l\/l,2_, + cos 92I\/I§ - V2Mpy
- 22 yYS = v .
S S

o vy = 246GeV, my = 125 GeV

e for a given set of {Ms,0,\sy}, vs and As are determined.

@ No solution found for My < 0.5TeV, not sensitive otherwise.
We take My = 1TeV as a benchmark value.

@ leptons interact with the Majoron via

1 _
27‘/5(8;1‘*1 1/11’7%/)

@ couplings of the Majoron to charged fermions generated at the
one-loop level. Very small, no constraints from stellar cooling
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Majoron decoupling

@ However a dim-5 int.

@ Order of magnitude estimation gives

r(ff<—> ww) ~ )\%flsmf X Tgec X Ng
MHMS

e Since H ~ T3,./M,,

2 2 5
NC)\HS Mg Tdec MP/ ~
4 N 14 ~

M2 M
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ANeff and Tdec

@ Conservation of Entropy in the co-moving volume give:

o =3 (275

where g, is the effective number of relativistic DOF.
ANyg = {0.39,0.055,0.0451, 0.0423} for
Tdec = {my,1GeV, mc, m;} respectively.

@ Due to scalar mixing, H can always decays into a pair of
invisible w's,
ro_ 1 sin? OME,
Y 32w vg

o M < TV < 0.8 MeV gives MT* via

4
. MS s < COS 9327rmeff T(;ecM rinv
(MH - MS) HMH
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Ms, Tgec, and sin 62

@ LHC-I, 1 = 1.1 4+ 0.11 gives indirect bound sin#? < 0.13 at 2
o. Direct search from OPAL ete™ — hZ.

T T T T TTTIT T T T T TTIT

T sinZ g
' MY E excluded by LHC-I

—~ 10%F 3 Y S N
o) ] 1071E E
s 1 10-2F excluded by OPAL .
10 E s 3
i ] 1073 E
I A A, 1“74 [ AR | ! I |||\||I.
1.0 2.0 10! 102
Toee( GeV) My(GeV)

e From rare B decay, |f| < 0.002 for Ms < 2GeV.
@ With this, the decoupling condition yields

Mi M3

—_ <1
Tdec M pl

ASH ~ 3

dec
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Relic density and direct detection

(a) (b) DM DM
- — =

. roe, Z(W-)
N N :
S o e oo I
P h . h I
. p I
o i 2(ve)
(a) (b) (c)
» hysw P o h N L
\\ | PN
1
-—-=-= 1 p X
s ! !
R g | [
AN — — _ N
P h)s,w T / h
(d) (e) (f)
/1\\ /I;..\g r_ - r_ - o
N | 1 A
X N X
« | I, AN
7 N el I N

@ Relic density/ Sl scattering can be calculated.

o Thermal Qpyh? ~ °<-;‘3>b, (ov) = 2.5(1) x 107°(GeV) 2,

o limit from LUX (M, ~ O(TeV))




1-loop beta function

16721 = 1203 + 6MyP -3y — SAu(3g3 + g1 + — (6 + 03)° + 23]
dt 2 16
1. .
+§(/\1%~IS + A3
d)\p s L 1..
1ow2(d; = 10X} + Npm + 3 Abs
L od)\g 2 9 1.5 I By
1(’)W‘7 = 1OAS + Ai.]‘g + EA@S'*?,\S s + 4Y5~AS
odAis , , , 3 , .
1672° dff = 2\ + As(6u +4As) +20sYE — [ s (393 + 97)
+3/\H5y$ + A\psAeH
ydAg . , 3 ,
1672 ([ITH =2)3 4+ dou(6Ay +4p) — 1)4;}1(3(/5) +4%)
+3/\<1>Hy;2 + ApsAHs
yd)\as . A
16727 (1; S = 202+ Aas(Ae + As) + 20652 + 2\omAas
,dYs s odr ,
ww“d—f = 3Y%, 1672% =k (2Aas +2)a + Y2)

@ Fermionic y* contributions responsible for vacuum instability.
@ In general, new scalar DOF's help VS.
@ Possible new Landau pole in A\g
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Numerical Scan

@ Comprehensive scan of the whole parameter space.
Randomly scan Tgec, Ms, 0, M, Xos(€ [-4v/TAs, 4]), R,
AoH, Ao.

@ Requirements and experimental constraints in our search:

e Improve the SM vacuum stability, pvs > uf,’\s/’

(V81— 1o0p = 2 X 10°GeV)

No Landau pole below uy¥

M < 0.8MeV.

mnv
Tdec € [M,,2GeV].
# complies with all experimental bounds.
relic density (ov) = 2.5(1) x 107°(GeV) 2.
Spin-independent direct DM search bound (LUX)
o The largest Rys = logyg fivs/pie we got ~ 11. New scalar
DOF help to go up to GUT scale, but not M.

® Tgec > 1.3GeV, 1.5TeV < M, < 4TeV, Ms € [20,100]GeV,
vs, —k € [2 — 20| TeV
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Some qualitative understanding

0 Tyec < 2GeV, small Asy.
@ \s V.S. needs large vs to suppress ys = v2Mp/vs.
@ large vs = large mixing = large Ms and higher T .
@ To counter act ys in As V.S. = sizable A\os.
@ to improve Ay V.S. = Aoy ~ O(1).
® Aoy~ O(1) = M, > 1.5TeV.
@ to avoid A¢ Landau pole = small A\g, Aps are preferred.
e small A\¢ps = M, < 4TeV, or too much DM.
Vs(GeV) Aon Aos
: B P g :

ol ,lj,:u.\luuluu
0.5 1.0 1.5 2.0 1.0 2.0 3.0 4.0

Tpoo(GeV) M, (TeV)
Rys , B:4—-6,R:> 6.
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Numerical Scan: 2 examples

Config. | Tgec | Ms 0 M, | vs | Rvs | Br(ww) | Br(bb)
A 194 | 273 | -003 | 22| 6.7 | 2.1 0.87 0.11
B 187 | 67.6 | -0.32 | 1.8 | 121 | 10.0 | 0.07 0.78

Tdec and Ms ( M, and vs ) are in GeV (TeV).

Alp) Ap)
g E 100 E
0 - - =
10 100 Fooe==—-"7 ___,' E
W0t Ee>~_==-_ "9 1
107t E E
1072 [
" 1072 E E
1073 F E
- 1073 E E
104 E
s —4 -
10 E N T I —— E
- x 1078 (TeV )
]“,(; 1“,; N T N T TN T T N T T T I |
10° 1010 1015
1 (GeV)
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umerical Scan:DM annihilation

For As, Asy < 1 and M, > My, Mz, My, the total annihilation cross
section of pp — WTW™,ZZ, HH can be estimated to be
2

1 Aoy
<UV>W/Z/H = <0-V>W+W* + <O'V>ZZ + <UV>HH ~ 6TW X [2+ 1+ 1]

_ o [ AoH 1TeV) 2
~5x107°(GeV)™? () ( )
0.5 M,

The channels pp — SS, ww open only when M, > 2TeV.

(ov)wy/z/m (ov)ss (00}
(ov)total (o) total {o0)total
l.()\\l\.|llll|l\\\- 1[,_\\l\|llll|l\\\_ lv“_|||||||\\|\\\|_
08 1 08 F 1 08 F 1
0.6 | R 1 0.6 | 1
04 F 1 1 04F E
02F 1 1 02 F E
ol 0 I (_I_l-{ilm“.'t.j.
1.0 2.0 3.0 4.0 3.0 4.0 1.0 2.0 3.0 4.0
M, (TeV) M,(TeV) M, (TeV)
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Indirect search at LHC

@ A universal value cos? 6 for all signal strengthes due to H — S
mixing. Ms > 40GeV deteactable at LHC14 with 3ab~ 1.

@ the SM Higgs triple coupling )\5 Ly = = 3M? %/ vi is modified to
/\HHH = 6>\HVHCg — 6/\5V5593 + 3)\5H59C9(VH59 — V5C9). And
OHHH = (AHHH — HH)/)‘HHH

o similarly, A2 = 6\ = 3(My/vi)? is replaced by
A = 6(Ancy + )\553) in this model.
dan = (\gy — /\ )//\4,_,, XS for triple Higgs production is

too small. ‘ 7
sin’f OHHH 01p
10" LI L) ) e A 0.05 UBLELERLLL B B AL B R “'sz L B L L ¥
E ———— % E 0.00 F e
LICIA with 3ab ook ot
E : —0.05 F
3 —0.05 F 0.10 F
Iy VHC at 100 TeV 015 F
N 1 S o E
E ! CLIC at 3 TeV —020F
E e T 1l -0 F
015 etem ar 1 TeV th 3 A
E 0.30 F E
10 PTTT R R [T Y{)) ST RS UTIIY EARUIETITN Rt S RETH R RT R .mmF)
100 10! 102 100 10! 102 100 10! 102
My(GeV) Ms(GeV) Mg(GeV)
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The relevant modes are s into quarks, leptons, and w's.

1 ¢2M3
Ms = ww) = — 205
( ) 327 V2
- mes
M(s— fF) = ?Nfﬁf (™ 9)
where Bf = /1 — M2 for the fermion.
Br(S = ww) Ty i/Tsor s(GeV)
10° B O R — s 1072 prr—TTT T

” A}@.’f'

100F 10 E E

107 E E 1072 E

: ] E: E

L 1 wE 10 3

o2 b 1 106 E NN T Y Y 3 l()fm E TN T T R T N ]
0 50 100 0 50 100 0 50 100

Mg(GeV) Mg(GeV) Ms(GeV)
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At Z factory

4 % "
g B ¥
’\EV\ i /\/s\/\n- :/ $
‘\‘S & 4 z‘ ;
\ b -
. ¥ 5

o Future Circular Collider expects to have 1012713 Z bosons at
/s = Mz with multi-ab~! luminosity.(JHEP1401,164)
2
o Defining yr = /,\\47,; we obtain

dBHZ = SIT) _ g2sin?0
dy - 192772c0529W\/y'g_2yf(1+r%)+(1_r%)2

2 L 2ve(5 — r2 1—r2)2 )

L+ yf((l _rzy)f ;( 2] Bz s )

where ry = A’\j’,—; and 0 < yr < (1 — rz)?. The kinematic lower
bound can be safely taken to be zero even for yj.

Minimal Model of Majoronic Dark Radiation and Dark Matter a



At Z factory-1

ABr/dy, [1077)

3

B2 51D . Br(S — bb) BrZSIN | s s )

Br{Z—1] - ) B 5 ww | B
10 Ty (Z = bbvo)p

T T T3 3(
s ] (Z — bbvw) 4

2-'.1 L

(Z — bbww) 4

10-¢

10°% !

(]

10 ‘“; 4
E i3

o mEr L 12 B N
0 20 40 60 80 100 0 20 40 60 80 100
0.6 08 1.0

Mg(GeV) Mg(GeV) - . U

@ Note the lower bound for each decay mode.
® Br(Z — bb F)sy = 5.25 x 1078
e Z — Sff signal stands out from the SM background.
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DM bound state?

1.0 2.0 3.0 4.0
AL(TeV)

@ DM p — p interact by exchanging t—channel S and H and this
force is attractive. The relevant terms are:

1
LD 5[)\¢HVHh + /_ﬁis]p2

@ i > AoyVvy, S mediation dominates.
e i/M, € [-1.0,1.0] = DM may form bound state, B,.
@ Write the effective coupling between B, and 2 p as

L~ OéBBp,O2 .

By dimensional analysis, ag ~ (72/M,).
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DM bound state decay Width

e Decay width of B,, g o [1(0)[? x Mg, |2.

o [¢(0)? ~ R6/MS by dimension analysis.

@ Rescale the decay amplitude square and make it
dimensionless, broken into

(M, > = Vs + VHH + Vsh + Yow + YW,z + V7

subscripts label the decay final state.
e drop terms of O(vy/M,).

7212
Vss = [/\cbs - /\/12} y YTHH = )\%H,
P

2 2
K
~ Aps — ——| :3/\2
Yoww { S /\/lg —I€V5:| Tw,z dH

e Finally, the decay width:

— 6
K

g~ Mp (M) [’Yss + Yow + 4>‘§>H]
p
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(ov) and DM bound state

@ Put g into the propagator squared, annihilation XS due to
B, resonant

__ op(Ts/Mp)
(s — M) + T M3

's/Mp takes care the nearly on-shell B, decay.

agv

@ Whenv <1, s~ Mf}, no temperature dependence,

OézB RB 2
B p

and )
M _
Rg = <R”) [Yss + Yoow + 423 1] 2

is the boost factor for indirect DM detection.
e For [Mpg,|> ~ O(10°) and & ~ 0.1M,, the boost factor
around 100.
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At lceCube

e DM annihilate into Majoron pair is a few to 40%. With boost
factor 100, (ov)(DM + DM — ww) ~ 10726 — 10=24(cm3/s).

@ w could be a component of the ‘apparent’ neutrino flux at
E, = M, in IceCube and other neutrino observatories.

@ Shower events, mostly from the Galactic center.

R HE » yd eo“rb pp HE (Y] —hv’"

-

BRI ~ SR ) S
X
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@ Minimal Majoron model with SM singlet scalars carrying
lepton numbers takes care of DR+DM+m,+V.S.

® AN ~ 0.05, or Tgee > mc is preferred.

@ Scalar DM, p, of mass 1.5 — 4 TeV is required by V.S. and an
operational type-l see-saw.

e Ms € [10,100] GeV, mixing as large as 0.1.
@ S mainly decays into bb and/or ww.

o Sensitive search will be Z — S + ff, followed by S into a pair
of Majoron and/or b-quarks.

@ Possible DM bound state due to sizable Spp-coupling.

@ shower-like events with apparent neutrino energy at M, could
contribute to the neutrino flux in underground neutrino
detectors.
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