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MoOTIVATION

® Flectroweak Hierarchy Problem and Dark Matter are two of the main
motivations to go beyond the SM.

® the Higgs mass is sensitive to new physics scales

m A 125 GeV Higgs is unnatural, unless there is some mechanism that
explains the hierarchy

® No collider discoveries so far, but the problem remains

® Maybe some symmetry makes the Higgs mass insensitive to higher
scales

® |n supersymmetric theories the masses of scalars are related to fermions,
which can be protected by chiral symmetry
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MoOTIVATION

® Beyond this theoretical puzzle, there is experimental evidence for DM

® |f the DM has weak scale couplings to the SM and a weak scale mass
then its thermal relic abundance matches observation

® |t is suggestive that both Higgs naturalness and WIMP dark matter point
to the weak scale

® This connection has been explored in many ways, perhaps most pop-
ularly through SUSY neutralinos, supersymmetric partners of the elec-
troweak gauge fields
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MOTIVATION
® Another possibility to have naturally light scalar is if they are pNGBs,
which are generated when global symmetry is sponteniously broken

® |n Composite Higgs models, the Higgs doublet arises as a pseudo
Nambu-Goldstone bosons (pNGBs) of a spontaneously broken global
ngmetrg. Kaplan, Georgi: 84

® Minimal composite Higgs model: SO(5) — SO(4), the 4 Goldstone
bOSOI’]S make the nggS dOUblet H Agashe, Contino, Pomarol:hep-ph/0412089

® Non-minimal composite Higgs models involve extra pNGBs

® Extra pNGBs can be WIMP dark matter candidates if they are stablel!

Frigerio, Pomarol, Riva, Urbano:1204.2808; Balkin, Ruhdorfer, Salvioni,Weiler:1707.07685 +

® pNGB dark matter is naturally light and weakly coupled. Its mass and
interactions are determined by the global symmetry.
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ExampLE PNGB WIMP

® Consider a SO(7)/SO(6) model

with pNGBs given by —iImh*

Balkin, Ruhdorfer, Salvioni, Weiler, R,€h+
' ' ' ’ 4 )

1707.07685, where S0(4)c iImh?
d=f/1— 72|H‘2;g2‘><‘2, fis V2H = Reh®
symmetry breaking VEV U(l)D Imy
Rey
® The complex scalar x is V2

stabilized by the residual global
symmetry SO(2) =~ U(1)p
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ExampLE PNGB WIMP

X is neutral under all SM gauge groups, but develops couplings to
the Higgs through explicit breaking of the SO(7)

ii)L
For instance, elements of the top SO(4)c _bL
multiplet must be lifted to higher i
scales due to collider bounds V20 = —tr
This is a soft breaking of the Ul)p 0
SO(7) 8

And generates a potential at 1-loop
Vs = guph® + 40+ i Ix® + Axlt + Ak [x |
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NATURALNESS AND DARK MATTER

® (Collider bounds on new colored states imply that the soft symmetry
breaking is somewhat large, with new colored states above the TeV
scale

® This increases the size of the potential terms, producing heavier dark
matter and stronger coupling to the Higgs
Vs = gih® + 0 + i Ix? + Adx|* + A h[x1”

® Thus, minimal realizations of this model are in tension with direct DM
searches

® |f we can lower the scale of the top partners, we not only make the
model more natural, we explain why we have not yet seen the WIMPs!
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NEUTRAL NATURALNESS FROM SO(7)/SO(6)

The global symmetry structure: SO(7) x U(6)

U(6) ~ SU(6) x U(1)x D SU(3)e x SU(3)e x U(1)x

At some scale f the global SO(7) is broken to
50(6) D 50(4) X 50(2) = SU(2)L X SU(2)R X U(l)D

® We gauge the SM subgroup ~ SU(2), x U(1)y,
where YV = T3 + X
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THE MoDEL

—ilmh™
Reh*
SOWe | o
® Same scalar s;lit‘gr 2a‘slg)efore: VU = Reh?
_ _ +2Ix
®=fq/1 72 U()p Tmy
ht Rex
H = hO \/i(I)
® But, now the top multiplets SU@3).  SU®3).
are iy, iy,
SUB). SU®B)z SO(4) ZL ZAL
_ L L
Te= ( tr ‘ Tr ) V29, = —tr —tL
0 1 X —1iYp
U(1 ~ =
Mo 0 X, +Yg
0 V2T,
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THE QUARK SECTOR

® |n order to get the correct hypercharge for t7,tr, by, both Q and Tr
have a U(1)x charge of %

® This would introduce hypercharge for : f,tAZ)A(JA/

® This feature of top-partners give interesting collider signatures!
® | EP excludes such new EW charged fermions for < 100GeV

® Top sector Yukawa coupling: LDONOLHTR +He

® These hidden quarks can be lifted through vector-like mass terms

Lyec mass = _mQa\La\R —-mxXpXr—myY Yg+Hc

where gr = (tAR,BR)T, an SU(2)p,
For simplicity: mx = my = my
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TopP PARTNERS

LOMOLYTR + He
o AN T e T HE 4P V& -
=)\t qrtr +q1.Tr ) H+ X1 TrX +YrTrx+ f I—T-i- T Tr| +Hc

® These fermion interactions induce potential for for pNGBs.

® Quadratic divergent terms are canceled M f
tr T
. Moo Mo
H H H H
qL ar
Ty Ty
— Moo oo Mo
X X X X
)?L }/}L
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THE SCALAR POTENTIAL
® The Coleman-Weinburg potential at one loop leads to:

Vszé E Thh + \X\2+)\X]x|4+)\hxh Ix|?
X

3N A% 3N |2 AL
2 L9 (2 \2.2 v A UV
uhNﬁ(mQ ALf?) o mg '’ AhN167r2 3 n 2&;’12
4
J2 3A2m?2, n A2y, - 3Atmi, e 3tmimg,
X 42 AZfE TN Art(mg — mi,)? X 8m2(mg) —mi,)?

® For DM stability we require U(1)p to be unbroken theerfore, the
vacuum is (x) =0, h = v

2 2 2 2 2 2 2
Hp = 7>\}L/U ’ my, = 2)\hv Co, mX = MX + A}I/Xv

® Fixing v = 246CeV and my, = 125GeV would require f = 750CeV and
mq ~ A f
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® Tuning of the Higgs mass parameter is A=

® where

® Minimizing the Higgs potential leads to % =1— =%
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22 (m) — A2f2) In S
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my,
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ELECTROWEAK PRECISION TEST

The top-partners are electroweak charged, so they introduce
corrections to the electroweak precision tests.

W/Z/~ W/Z[~

~ 2Nz mt v2 A%V
" S~ 1)7rm + 127T fQ In ( mi
T 13Nzm}

]2()7erZm?2 sin? 20y

_ 3 1 2 In Ay
167 cos? Oy f2 mi
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HIGGS PHYSICS
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® Higgs signal strength measurements of massive gauge bosons and

fermions are reduced.

® The existence of new fermionic states with electric charge that couple
to the Higgs amplifies its coupling to photons.

SAEREH NAJJARI — JGU A MINIMAL MODEL FOR NEUTRAL NATURALNESS AND PNGB DARK MATTE



SM sector

b,C,T,H,"'

Ve

SM AND HIDDEN SECTOR

SU3)exSU2),xU(l)y SU(3)exSU((2)LxU(1)y xU(1)p
A
= 7,5 |doublet
N singlet-doublet mixing
-7 }singlets t
— XV ~ | =
1%y <T> 2
h -
= No light hidden quarks, implies large
hidden QCD confinement scale Aqer
= Light hidden hadrons are the hidden
_ glueballs.
— '3

79
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HIDDEM GLUBALLS DECAYS

g %\?eba\\
\ édeﬂ
h .
(&
g e,
7
9 gu@ba//

The Higgs coupling to hidden gluons: cgg—;%é\zy@a“”
2

Qsm

Higgs decay width to hidden gluons: T'(h — gg) = ﬁ eyl
Ligthest hidden gluballs: mg, , =~ 6.SKQCD
AQCD ~ [4, 7]G6V
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HIDDEM GLUBALLS DECAYS

Dark gluball mixes with the SM Higgs and decays to SM light
fermions with displaced vertices.

. N . 2
[ (0MF = XouXsm) = |eg|” [L fﬁ)Hz} Fsm (A (mo) = XsmXsm)

6mv mjy —mg
fore = (0| Tr G G| 07+ = Blmd
mg € [30 — 50]GeV
Glueballs decay length about [10 -100] meters which might be
accessible at future MATHUSLA-like detectors.
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QUIRKY SIGNALS

Hidden sector quarks (fi, /l;, 5(\, ?) can be produced through
Drell-Yan due to their electroweak charges LR

LS
q q "PN\N

Kar
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DM ANNIHILATION

® The pNGB DM interacts with the SM via the Higgs portal:
5770 (h?) 0" (X*X) + Anxch*x*x

= DM annthilation to the SM

X W,z x fox hooX ho X, - h
N N N 7 AN e ‘\',’
. h . h N b NS 1
Retainine Retaininie Retuinininie ¥ RaN X1 +cross term
,I ,I ,I \\ ,I \\ “
. . - . N ; N Pt
X W, X f ) X h x-° A

B M (xx* — SM) x (f% — 2)\h)(cv> v

® J(1)p symmetry implies semi-annihilation processes ( relevant when:

X h X ZW),v,g
N \\ T, t
v T. v T (b)
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® Relatively small my leads to very small DM-Higgs portal coupling

HIGGS PORTAL COUPLING

< 1073

1072k

10—4E

05 10 15 3.0
my/mq

® Significant implications for the DM direct detection.
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DARK MATTER: THERMAL FREEZE-OUT
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DARK MATTER: DIRECT DETECTION

Direct detection experiments provide the most stringent constraints on

WIMP DM.
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Where fy >~ 0.3
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DARK MATTER: INDIRECT DETECTION

Indirect signals of DM
annthilation in galaxies
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Current gamma-ray and
cosmic-ray results have large
systematic uncertainties.
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DARK MATTER: SUMMARY

Direct Detection: XENON1TT
Indirect Detection: Fermi-LAT
LHC: quirky signals

Current and future
direct/indirect detection
experiments along with the
collider searches of quirky

1071F

Ahy

1025

contours of my [TeV], Qh? = Q)

heh? + 5o
T T

dynamics would probe all the ".§° .

1073k, /7%, + XENONITly E
natural parameter space. : . o ATLAS(my <550CeV) [
. * Fermi—LAT60dSphs ]
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CONCLUSIONS

A minimal model of neutral naturalness SO(7)/SO(6) pNGBs: SM
Higgs doublet + a complex scalar DM

® The top-partners are SM color-neutral and hence evade the LHC con-
straints (also reduce fine-tuning).

® The hidden glueballs and top-partner quirks lead to interesting signa-
tures at the LHC.

® The pNGB DM is light, weakly coupled, and stable under the global
U(1)p symmetry

® The natural parameter space of our model is within the reach of current
and future experiments.
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