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Outline

pseudo Nambu-Goldstone Bosons (pNGBs) & the QCD scale;
today’s talk: pNGBs & the electroweak scale

PNGBs coupled to the Higgs as dark matter (DM) candidates

first candidate: a sub-GeV scalar, associated to a symmetry of
the neutrino sector

second candidate: a multi-GeV composite scalar, associated to
a symmetry of the electroweak symmetry breaking sector



PNGBs: generalities

® for any global symmetry that is spontaneously
broken, there exists a spin-0 field with only derivative
interactions, that is, massless and with no potential:
an exact Nambu-Goldstone boson (NGB)

® when the global symmetry is explicitly broken
(by a coupling, or an anomaly), the NGB acquires
a mass and non-derivative interactions, thus
becoming a pseudo NGB

® the symmetry is approximate, as long as the scale of
spontaneous symmetry breaking (SB) is much larger
than the scale of explicit SB



PNGBs associated to the QCD scale

MPIanck

Natural cutoff of the gauge theory

Ozle, SU(g)LXSU(S)R%SU(S)V

Spontaneous breaking of chiral symmetry

leads to 8 NGBs: the pseudoscalar mesons 1Ts, K’s, ...
Explicit breaking by quark masses makes them massive

Pions are unstable under weak/electromagnetic
decays: no good dark matter candidate here...



PNGBs associated to the QCD scale

MPIanck

fp0

Spontaneous breaking of the Peccei-Quinn U(I)
symmetry, introduced to solve the strong CP problem

The axion, the Peccei-Quinn NGB, receives a mass
from the anomaly of U(1)pq w.r.t. SU(3)aco
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The axion can be long-lived, since its interactions can
be suppressed by a large fpq. For fpo = (10" - 10'%)GeV,
the axion is a good dark matter candidate.



EWV scale & the hierarchy problem

MPIanck

Natural cutoff of the gauge theory

Around the TeV scale, new physics is required to
protect v = 246 GeV from quadratic divergences.
Either low energy supersymmetry, or Nature may
repeat itself, with a new strongly interacting sector.

The lightest states of a strong EWSB sector should be
the pNGBs associated to its global symmetries

If a composite Higgs doublet emerges as a pNGB,
it is naturally lighter than the new strongly-

interacting physics: v << Agw
Kaplan Georgi 84
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PNGBs associated to the EVV scale

MPIanck

Heavy sterile neutrinos are introduced to generate
Mseesaw light neutrino masses; their heavy mass may originate
from spontaneous SB, e.g. of lepton number U(1)L

The composite pNGBs can include H & a real singlet
SO(6) — SO(5)  (H,n) ~5s0(5) = (4+ 1)sow)

MH, Mn
Explicit breaking is provided by the gauge couplings g,g’
and by the Yukawa couplings yy, yb, ...
me The pNGBs of the sterile neutrino sector can receive

mass from the neutrino Yukawa couplings to the Higgs



Motivations for pNGB dark matter

® pNGB couplings to SM particles are suppressed by the

spontaneous SB scale f = the pNGB

One needs Topm > To =5 - 10!s,but a

ifetime grows with f2

so T(DM—e*e’) > 10%s

® [he pNGB mass scale is not chosen ad-hoc: it is induced by a
physical scale, e.g. Aew, and it can be radiatively stable, even

down to scales much below Aew

® The same source of explicit SB induces both the pNGB mass,
and its couplings that determine its relic density:

one-to-one correspondence between mpm and ()pm



Dark matter as sub-GeV
PNGB from the seesaw scale



The Higgs portal to dark matter

Let us assume that (i) a pNGB 0 from a large scale f receives
a mass below Aew from the coupling to the Higgs H:

A
['eff = Lgp — 592HTH -+ 0(94) mg — \v°

(i) a parity O = —0 is preserved, as a residual global symmetry

(iii) a direct mass term 072 is absent, because of the pNGB nature of 0

At temperatures T~mp the interaction A may or may not thermalize O

2
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!
I'(h — 60) —)\QU—\/ me versus  H(T =myp) ~ 17
MPlanck:

mp

120 GeV

3/2
Thermalization for: A > 6 x10~° ( ) or my > 44 MeV



Freeze-out or... freeze-in

. Hall, Jedamzik,
® Freeze-out: O thermalizes and later, March-Russell, West.
at T < meg, it decouples Yo = nols 2009
The correct QQpm is obtained for
26 3 | thermal value
<O-annVre|> ~ IO cm-s Of (Of ) freeze

Then, the constrained Higgs portal
requires mg = 50 GeV

Farina, Pappadopulo, Strumia, 2010

® Freeze-in:a less-than-thermal
population of O’s is produced by

the annihilation/decay of a heavier ZZ’: _ m,?//TT

particle X.The O number density
reaches a plateau at T = mx.

In the case of the Higgs portal,
X=hW/..

arrows indicate
increasing values of A



A prediction for mpm

We studied the freeze-in of O-particles through the Higgs portal

Yo(2) \
HEY () = |1 (e ) | S
Frigeri 0 (Z) '
gerio, 7
/szzgye’ Here z = mn /T, s is the entropy density,Ys = no/s, and
201 | ’ Yi is the thermalization rate in the channel i

e Decays and inverse decays dominate
over annihilations

® The freeze-in is infrared dominated,
with Yp growing as T-3 down to T~m

* The final value of Yo depends only on
the strength A of the Higgs portal

* For mh = 120 (140) GeV, we find
that (Qpm requires mg = 2.8 (3.0) MeV




PNGBs from the seesaw scale

e 2
—Lyec = loma,V; (f) + %VZ-CMZ-J-V;? + h.c. = m, = —m M *m?’
N )
M; break lepton number U(I)L o .
In the case of spontaneous SB, M=g> ©¢= ﬁezg/f (p)=1F
the NGB is the singlet Majoron O

Majoron as dark matter: its mass must be induced by
explicit U(l)L breaking in another sector of the theory

-

Akhmedov et al. ’92
Rothstein et al. ’93

Valle et al. 93,07,08,10
Guetal’lO

Here we consider instead lepton flavour symmetries

broken explicitly by some entries M;; and/or mg
= pNGB masses are controlled be seesaw scales only

Vepp =~ Tr(MMTA? + Tr(MMTMMT) log A?

Depending on flavour charges, mg? may or not receive a /A? contribution
\_
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PNGBs from the seesaw scale

Here is an explicit model with no quadratic divergence in the pNGB mass

' | 10/ f | . c
e W VY Y
2 | ‘\[1-_3 ‘\[23(':‘~Z""“ I./-j}

Explicit breaking in mgy; only A ; 4
= no 00 term is generated Verr = 599}] H +0(0")

: ,, . 9
1 Mya(Myy + Mag) Y- maimea i %y

~ log —

f 2

2 The pNGB mass lies
i (well) below the EVV scale




0-couplings to N and to H

N = (ve ven)T my = 0.05 eV
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freeze-in through the H portal
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O-couplings to SM fermions

Since O has the coupling gONN, and since N mixes with v,
O decays into light neutrinos at tree-level

1
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Since V couples to Z and W, at one-loop O couples also to
charged fermions, both leptons and quarks
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For O to play the role of dark matter, one needs,

at the very least,

| /Te>To=5 -

107 s




Allowed regions for O dark matter
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Dark matter as composite pNGB
from the TeV scale

(some equations & plots are preliminary here)



Higgs & DM as composite pNGBs
L= LG entory + Llomponte + L0l

SM + a new sector strongly coupled & approximately conformal
from Mpianck down to Aew ~ TeV, where strong dynamics breaks

conformal & global symmetries: G — K

= SO(6) xU(1)
SO(5) x U(1) D SU(2);, x U(1)y with custodial

m? v?
W =1, without custodial Ap ~ — <107°

2

= Q@
|

PNGBs: a gauge singlet accompanies the Higgs doublet

symmetry breaking is consistent with the parity N = — n
. J




More on the composite setup

The coupling of elementary fields with
composite operators breaks explicitly r
(weakly) G, while preserving Gsm x Z».

E.g. take Oy in the 6 of SO(6) for all .

mixring — ngéLj,u + )\7,0@010

G — K, composite resonances with mass mp = few TeV
mp = gpf and inter-composite coupling | < gp < 41T

Characteristic scale of the pNGBs parametrizing G/K:
f the Higgs doublet H and the DM singlet n

Elementary-composite couplings generate radiatively

v = 246 GeV Veif(H,Nn). At the minimum <H> = v realizes EWSB.
Departures from the SM Higgs couplings go as (v / f).

Giudice-Grojean-Pomarol-Rattazzi °07



Effective lagrangian for h and n

arpa 1 T
Z:eXp (Zﬂ-f ) — ? (haoaoaoanv\/fZ_h2_n2)

1
20W

2
o — I~ \D Y% =

((%h)Q (6,u77)2 (ha,uh + 778,1177) —h2 [W/L—I—W 4+ Z,U,Z'u

> T2 Tap_m—p) 4

Gauge and fermion loops generate an effective potential for the pNGBs
that breaks EW symmetry with <h) =v and {n) =0
PRl 4 g Akt 4 20 h20 4 Ay Ne

Am, ~
2 4 1672

Veff(ha 77) ~ =

Beside the interactions with h, the dark matter N couples to fermions
2 T2 1

Loy = 772 u2R (cyuy" PrOy,u+ h.c.) + §muﬂu
219




Dark matter composite interactions

€ = (v/f)? Couplings irT the

case SM + singlet

o n L 10D ®+p)*  2ikpp
EG Tl | hree effects of

compositeness:

* order & corrections to

2ix{_E [(p,+p,)” - P, Higgs couplings

* new DM-U couplings
of order my/ f?




Relic density from N freeze-out
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dotted line: tr decoupled from n




Bounds from LHC Higgs searches

Two main modifications w.r.t. the SM:
* Higgs couplings modified by ¢ = (v/f)? corrections
* if 2mp < mp , invisible Higgs decay into DM: [w:=ITsm + [(h—=nN)

SM-like Higgs T e e
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Bounds from LHC Higgs searches

Two main modifications w.r.t. the SM:
* Higgs couplings modified by ¢ = (v/f)? corrections
* if 2mp < mp , invisible Higgs decay into DM: [w:=ITsm + [(h—=nN)
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Bounds from DM direct detection

A, =107, m, = 125 GeV
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Composite DM-Higgs interplay

The SM + a real scalar singlet
is 2 minimal but not natural
model: the hierarchy problem
affects both the Higgs and the | Xenon 100
DM particle Tl

CoGeNT

my, = 125 GeV, f = 1 TeV, g € 15

CRESST
Compositeness solves the | ‘*-
hierarchy problem and
modifies the h and n
couplings

Complementary constraints
from LHC Higgs searches,
DM direct experiments,
and DM relic density

Qn = Qpm
dashed: non-composite
solid: composite

Putting all together, the
allowed parameter space is ...




Composite DM-Higgs interplay

The SM + a real scalar singlet
is 2 minimal but not natural

model: the hierarchy problem
affects both the Higgs and the DAMA Xenon | 00

CoGeNT

DM particle | CRESST

my, = 125 GeV, f = 500 GeV, 1z € 15

Compositeness solves the
hierarchy problem and

modifies the h and n
couplings

Complementary constraints
from LHC Higgs searches,
DM direct experiments, o -0

n DM

and DM relic density berween the
ark & light

purple lines

Putting all together, the
allowed parameter space is ...




Conclusions

in this decade we will be able to scrutinize the EVV scale

PNGBs coupled to the EWV scale could be a first (the lightest)
evidence for new physics

such pNGBs are natural & promising candidates for dark matter

a sub-GeV candidate O emerges from the connection between the
EW and the neutrino mass scale: probed in indirect DM searches

a multi-GeV candidate N emerges from Higgs compositeness:
probed in Higgs searches and direct DM searches



