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WHAT WE DON'T KNOW

.

In this talk

Neutrino masses
Dark Matter
Hierarchy Problem
Baryon asymmetry
Flavor

Strong CP



2 FACTS about the SM

1. There are no fermion gauge singlets. In fact all fermions are
charged under a gauge U(1) (hypercharge)

2. Fermion content is CHIRAL. If particle with charge Q => NO

particle with charge -Q

Need Higgs mechanism to give particles a mass

All SM fermions are massless above some scale



ASSUMPTIONS

New degrees of freedom are needed - Dark Sector
(DS). The DS has, at least, one gauge chiral U(1)

symmetry

Chiral fermionic degrees have mass bounded from
above — they are “light”. They acquire mass through a

Higgs-like mechanism.
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Looking ahead...

DS is qualitatively as complicated as the SM (anomalies!)

Dark Matter emerges as a consequence of accidental
symmetries — proton analogy.

Other features of the DS may help solving other
problems - neutrino masses, matter-antimatter
asymmetry and so on.

Not a unique model obviously. We can all play!



ANOMALIES

16 16
i=1 i=1

How to build an anomaly-free
chiral model?

Babu, Seidl; 2004
Batra, Dobrescu, Spivak; 2006



Consider the SO(10) Cartan subalgebra
in the 16 representation

1
H(a,b,c,d,e):Ndiag{a—|—b—|—c—|—d—|—e7 —a+b+c+d—e,

a—b+c+d—e, —a—b+c+d+ e,
a+b—c+d—e, —a+b—c+d+ e,
a—b—c+d+e, —a—b—c+d—e,
at+b+c—d—e, —a+b+c—d+e,
a—b+c—d+e, —a—b+c—d—e,
at+b—c—d+e, —a+b—c—d-—e,
a—b—c—d—e, —a—b—c—d+ e}



1
/ﬂahqdﬁﬂzxﬂm53+b+c+d+a—a+b+c+d—e,

a—b+c+d—e, —a—b+c+d+ e,
at+b—c+d—e, —a+b—c+d+ e,
a—b—c+d+e, —a—b—c+d-—e,
at+b+c—d—e, —a+b+c—d+ e,
fK_a):“_H a—b+c—d+e, —a—b+c—d-—e,
at+b—c—d+e, —a+b—c—d-—e,
a—b—c—d—-e, —a—b—c—d+e}

Automatic solution to U(1) anomaly equations:

16 16
i=1 i=1



some cuie things

Model with minimal highest charge:

3x1, —-2x4, 1x5
Minimal number of particles: 5

10x1, -9x1, —-7x1, 4x1, 2x1

Highest charged particle is ALWAYS a singlet of everything else. This
would be the RH electron in the SM.

Does this method generates all possible solutions to the anomaly
equations?



Pick up a model

e three fields with charge +1 — 19r’1’23
e two fields with charge —2 — 21_’2;
e two fields with charge —3 — 31_’2;

e three fields with charge +4 — 49;1’2;

e one field with charge —5 — 59 .

Plus minimal Higgs-like Sector

* One scalar field ¢ with charge +1



DS Yukawas

— Lps—yuk = k1250 + hig 4,52 ¢ + hy 4,35 ¢* + h.c.

Two Dirac fermions. Three Dirac fermions.

3 conserved symmetries Mix of fields of different charge (5 and
One massless particle 3).

Neutrino connection? One conserved symmetry

SM steriles?

P1: Dark Matter candidate



Neutrino connection

Higher dimensional operators made out of the DS fields and the

~(1:.L)(Ho)

P2: Dirac neutrino masses

Requirements: Mediator sector that ties the DS and the SM.
It must break SM accidental LN symmetries and the 3 accidental
DS 12-symmetries.



Mediator sector (example)

Lrted = IXDX + AXX — (K,LZLXqu 4o X H A+ h.c.)

Dirac mass Charged “portal”

X is a Dirac particle charged under both SM
SU(2)xU(1) and DS U(1).



Neutrino mass

Dlrac neutrino mass

(1, L) (H) +h.c. mP =

1 52
@ 2; 27
mg

Mass matrix; 0 0 1%

KRLRj

A\

. D
one generation M, =| my M; 0 1%
sz 0 M- 1%

Active neutrino mix with charge 2 states!



After diagonalization: 2; — N

Neutral current interactions

D

my’ ~ m 7
——151; (LZ — 29,/Z> N1L — —QDL (LZ o ZgI/Z) N2L —|—h.C.,

26W M2 26W

Charged current interactions

D
g my - g — mo - ., —
ﬁ( W N MP LW Nar

P3: Long-lived sterile decay



“Sterile”-Gauge interactions

Decays allowed

Nl">SM ch \/— | M]?

For M/V ~1TeV = rN1_>gW ~ 0.5 S_1



Kinetic mixing
DgKiIl—MiX — _SanB'uy é,ul/

From quantum corrections: WQWWM

/ y /\
Asing ~ €88 log (ﬁ)

P4: 1 ~ 1072 — 1073 is “natural”

Holdom; 1986
Babu, Kolda, March-Russell; 1998



Mz < M3

DS — SM boson interactions
Mz

M2
Z

gsw—5 sinn (v<5,v° — Nry* Ng — 2N " Np — 4RV XR

+X1 9357 x1L) Zu

SM - DS boson interactions

eSin77~ (f) F
SN Z N YDy
Cw ,uzf: 7

P5: Suppressed direct detection, early DS-SM decoupling



Below DS U(1) breaking
(and EWSB)
» A stable Dirac particle that is a Dark Matter

candidate — lowest mass particle in the 345
sector: X1

« Two heavy long-lived sterile” neutrinos (w.r.t. the
SM) that decay into SM particles: Ny, N>

* One light Dirac neutrino.






SUMMARY

Light fermiecns are chiral (hypothesis) and gauge charged

Some recipe (not unique) te bulld chiral models. Cuite
resulis

Model: Dark matiier candidaie easy te get in these medels
Model: Charged “portal”, Dirac neutrine operator at c=5

Model: Cosmoelogy bounds, direct detection, &te, not s©
hard to pass



Cosmology

Dark matter abundance set by annihilation to Dark Sector
RH neutrinos

g
81 M>2< 1

1 TeV\? [ NeQ2 g, \4
ann ~ 1 =2 b X (—V)
(Tannv) ~ 3 10 px(/wx><20 0.1

1

(CannV) ~ o(x1 + X1 = Vv + ) ~ NfQ>2<




Relic density

T : SM temperature

~

T : DS temperature

Am3Go* (x = 1
QXON\/ g* ( )

45
102

(Tann?)

(Tann¥)Per Gl

pb.



Decoupling temperature

DS should decouple before the QCD phase transition!

T (GG (Mzg .\
dec ~ 2 ~ Sin 7
TSM—DS GF MZ

sinny <1073

Strongest bound on sin 7



+ 0.46



DM Direct Detection

DM — nucleus cross section

2

)
m’2V gsin Qv (1-— sin’ 9W)2Z2

M% cos? Oy

ox1+N—=x1+N)~a

Notice that protons are the main contribution.
For the standard WIMP, the main contribution is off
neutrons



DM Direct Detection

For MZ ~ 1 TeV

49 < Q% < 64

2 2
Oyp = 1.2 X sin” ) <1§iz> (5?(\)/ x 107* cm?

LUX: o0,p<6X 10~** cm?



