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a strongly-coupled sector at the multi-TeV scale and the
Higgs as a composite pNGB

DM as a composite pNGB coupled to the composite Higgs:
the interactions are determined by global symmetries

phenomenology: the effect of compositeness on
the DM relic density, the Higgs searches & the DM searches
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PNGBs: generalities

® spontaneously symmetry breaking (SB) of a global
symmetry: massless spin-0 field with only derivative
interactions, an exact Nambu-Goldstone boson (NGB)

® explicitly SB (by a coupling or an anomaly): the pseudo-
NGB acquires a mass and non-derivative interactions

® approximate symmetry: the scale of spontaneous SB is
larger than the scale of explicit SB / the source of
explicit SB are weak couplings
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Virtues of pNGBs as dark matter

° it is induced by a
physical scale, e.g. Aqcp or Aew, and it is radiatively stable

® Explicit SB parameters induce both the pNGB mass & its
couplings to the SM, that control its relic density:

e Rationale for DM stability: either SB preserves
or DM is sufficiently long-

lived because the spontaneous SM scale f is very large,



A oversimplified set-up

® Before coming to compositeness, a light
PNGB just means that the effective theory
to be studied amounts to the SM plus a Minimal renormalizable model

gauge singlet real scalar . extensively stuaiea:
Silveira Zee ’85, McDonald ’94,

® Assuming a parity | —* -N, the only Burgess Pospelov ter Veldhuis "0 1,

renormalizable coupling to the SM is the
Higgs portal: A HT H n n

® A warm-up exercise: let us compute the 1
relic density in this minimal case
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The Higgs portal to dark matter

A

Lopp = Lsa — SH Hapy my = v

2
M
(i) explicit SB induces a quartic coupling between H and a pNGB n

(i) a parity N — —n is preserved, as a residual global symmetry

(iii) a direct mass term 1? is suppressed, that can be the case in some models

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

| 2 4m? 2
['(h — nn) = 167’(')\2 ;h\/ — m—" versus  H(T = my) ~ 17M;rllh X
h anc

mp

125 GeV

o 3/2
Thermalization for: X\ >6 x107° ( ) or m, 2> 42 MeV
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To obtain the correct (Qpm one
needs mn = 50 GeV.
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® Freeze-out: N thermalizes and later from Hall, Jedamzik,
d March-Russell, West,
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Freeze-out or... freeze-in |z > Satiny

® Freeze-out: N thermalizes and later from Hall, Jedamzik,
d March-Russell, West,

decouples,at T < mq,. Y = n/s 2009
To obtain the correct (Qpm one
needs mn = 50 GeV.

e.g. Farina, Pappadopulo, Strumia, 2010
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® F[reeze-in:a less-than-thermal | IS

population of N’s is produced by e
the annihilation/decay of heavier

particles, X= h,W, Z. -
The N number density reaches a Zfo. = my/T
plateau at T = mx. zfi. = malT
We found that (Qpm is reproduced arrows indicate
for mp = 3 MeV (A= 10-19). increasing values of A

Frigerio, Hambye, Masso 201 |
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The QCD scale and the pions

MPIanck

A ~ Mo ex 1 dimensional transmutation
Qep PLEED boaus(Mp;) ) ColemanWeinberg °73

OéSNl, SU(Q)LXSU(Q)R%SU(Q)V

Spontaneous breaking of chiral symmetry leads to
/\QCD 3 pNGBs: the composite mesons 10, T1*
Explicit breaking by quark masses makes them massive

M7
o My + My A3
my = 5 QCD
[

In fact the global symmetry turned out to be larger,
leading to : kaons and n°

OﬂSNl, SU(B)LXSU(g)RHSU(Z%)V
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The EVV scale and the Higgs

MPIanck

Around TeV scale, new physics is required to protect
mh = 126 GeV from quadratic divergences ~ Mp?? : maybe

Nature repeats itself with a new strongly coupled sector

The lightest states of a strong sector are the pNGBs
associated to its global symmetries

Remnant symmetry is
SO(5) — 5S0(4)  H ~4so() SU(2). plus custodial

The pNGB composite Higgs h is naturally lighter than
the new strongly-coupled physics: mp << Agw

Kaplan Georgi '84
Agashe Contino Pomarol "04

Gauge couplings g,g’ and Yukawa couplings y, yb, ... break

explicitly SO(5)—SU(2)L and induce EWSB radiatively
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The EVV scale and the DM

MPIanck

Mn Mhp

The global symmetry may be larger

In particular, the set of composite pNGBs can include the
Higgs doublet H and a gauge singlet n

O(6) — O(5) (H,n) ~505) = (4+ 1)s0(1)

Gauge couplings g,g’ and Yukawa couplings y, yb, ...

break explicitly O(6)—Z> x SU(2)L with n = -n

The composite singlet N is born automatically
with the mass & the interactions of a WIMP

MFEPomarol,Riva,Urbano’l 2
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The composite sector (l)

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

conformal & global symmetries: G — K

G = 0O(6)xU(()
K = 0O0B)xU(1)D>SU(2), xU(1)y with custodial

m? v?
p=— W — 1, without custodial Ap ~ — <1073

2
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The composite sector (ll)

The couplings of elementary fields with o
composite operators break explicitly ﬁmimng — giA,f-L T L -+ A¢¢O¢
(weakly) G, while preserving Gsm

composite resonances with mass mp =~ few TeV
mp = gpf and inter-composite coupling | < gp < 41T

f the characteristic scale of the pNGBs chiral lagrangian

v = 246 GeV A non-zero Vef(H,N) is generated radiatively by gauge and
fermion loops. At the minimum <H> = v realizes EWSB.

Giudice-Grojean-Pomarol-Rattazzi °07
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The DM global symmetries

At Aew ~ 3-4 TeV, the strong dynamics breaks spontaneously O(6)—O(5)

The coset of this non-linear o-model:

2w 1 T
[Zexp (7’\/_7; )20:?<h17h27 h37 h47 7, \/f2_h2_772) J

A parity N — -n guarantees the DM stability:
O(6) =P, x SO(6) P, = diag(1,1,1,1,-1,1)

The DM mass is protected by a shift symmetry N — n +
SO(6) D SO(4) x SO2), =SU2)r x SU(2)r x U(1),
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DM effective Lagrangian

Below the strong-coupling scale Agw ~ 3-4 TeV, the Lagrangian for h and n
can be expanded in |/f, with f the pNGB decay constant

> 500 GeV
S — ! 0,m)° : 0. | H|?0"n? DM-Higgs interaction
kin = 5 (Oun)” + 5z O HIZOM 4. Higgs
growing with momentum
n’ -
’Cnermions — F (Ctyt q_LHtR + CpYp q_LHbR - hC) + ...

If the top couplings break (preserve) the n-shift symmetry, then ¢ is of order one
(vanishes); analogously for the other fermions

1 _
£, = =20 + NHP? + ... mn > O(100) GeV for ¢ = O(I)

pot = 5 mn > O(10) GeV for ¢, = O(I)
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Composite DM interactions

& = (v/f)? Couplings in the
case SM + singlet

Three main effects of
compositeness:

* new DM-U couplings
of order my/ f2

\21vy, ch(C;a) + 1 Im(cy) ¥ FJ
-

* order & corrections to
the Higgs couplings




The relic density of n

A= 1071, my, = 125 GeV

dashed line: no compositeness (SM + singlet)

solid lines: compositeness with the bottom coupled to n
(dotted lines: compositeness with also the top coupled to n)



Bounds from DM searches
Invisible Higgs decays into DM: h = nn

(plus visible decays corrected at order &)

s 1 ..) ATLAS & CMS:
(b ,' m: [ ms q —\ "
(1 — ! (—h _\‘ - — 2 V1 — &) Hmy — 2m,) [inv = Tsm/ 4
L4 (95%C.L)

-
U= v S

iU - o : .
32mmy, \.' m ;:
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(plus visible decays corrected at order &)

. | . ATLAS & CMS:

Liny = - 5 > = —2)\/1-— &) d(mp — 2my,) [iv = Tsm/ 4
L4 (95%C.L.)

2

DM elastic scattering on nuclei: N = nN N
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Bounds from DM searches
Invisible Higgs decays into DM: h = nn

(plus visible decays corrected at order &)

| . , ATLAS & CMS:
Liny = - 5 > 1\’ - - 20/ 1 — &) d(mp — 2my,) [iv = Tsm/ 4
- (95%C.L.)
DM elastic scattering on nuclei: N = nN N
ogr ~ 3.5 - 10~%%cm? (1()"?0\;)2 (1) TnC eV > XENON IOO.

O = 10%cm? for
mn ~ (20-500) GeV

20° ms . i L . )
x (A(1= =5 ) + 3 Re [ 0.04c, +0.11ca+0.18¢, +022 3 c
. : g=c,b,t

DM annihilations today: N N — b b-bar, WW, YY, ... (work in progress)

The signal is enhanced close to the Higgs resonance, where (Ov:. differs
significantly from the freeze-out one. Constraints from FERMI-LAT, AMS, ...

non-composite case: Cline-Kainulainen-Scott-Weniger °1 3
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Composite DM parameter space

dashed: elementary DM

solid: composite DM
with f = | TeV

Purple: relic density
contours with Qn = (pm

Red: disfavoured by
LHC Higgs searches

Green: disfavoured by
DM direct searches

below the yellow line:
theoretically favoured

(A < mqp2/ f2)

f=1TeV

DAMA/CoGeNT | XENON100

CRESST-II, (201 1)
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J
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Composite DM parameter space
f =500 Gev.

DAMA/CoGeNT XENON100
(2011)

dashed: elementary DM

solid: composite DM -
with f = 500 GeV . Q, < Qpu

Purple: relic density
contours with Qn = (pm
. ), > Qpm
Red: disfavoured by -
LHC Higgs searches

10_2;

Green: disfavoured by

DM direct searches effect of |

composi-|
below the yellow line: te.ne?:s
theoretically favoured 0B B | maximized
(A < mp?/?) 10! 102
my, [GeV]

LHC,5 fb™!
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Monojet + missing Et searches

® | HC is rapidly improving bounds on pp — ljet + missing ET, that
in this scenario mostly come fromgg = gh™ = gnn

® These searches may cover some allowed regions in the plane
mn - A, and be competitive in particular for my > mu/2

® We are studying how the jet pr distribution depends on the
relative size of A and of the derivative coupling ...

2 1 1 (N — L 1 _ Amy
d“o Oéng / / — 2f2 \/ q2 q —|—S —|—£4 —I—’LAL4
= —= dx T dx x .
dprdy 153674 ! fg( ) o min (1) : fg( 2) (q? — mh hmh 32tu

& (Pb/GeV) Sylvain Lacroix, preliminary

— A =0.1 only
— f=1TeV only
— interference

mn = 100 GeV
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Conclusions

PNGBs could be the first (the lightest) piece of evidence
for new physics associated to the electroweak scale

the set of pPNGBs may include the Higgs h as well as
a scalar DM candidate n

compositeness solves the hierarchy problem of light
scalars, and it modifies profoundly the couplings of h and n

composite scalar DM has mass in the range 60 to 500 GeV
and can be probed very effectively in collider searches and
DM searches



