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Motivation: composite Higgs

e Alight elementary scalar particle is fine-tuned:
the Higgs naturalness problem

H
* Plausible resolution: the Higgs is bound state .
of new degrees of freedom .
*o—e
The description of the theory changes above ~ TeV, o~ (TeV)_l
Higgs mass is naturally “screened”
e In viable composite Higgs models, Higgs doublet g i 7_[
arises as set of (pseudo) Nambu-Goldstone bosons
H..

e Minimal model: 50(5) L 50(4)
H

Agashe, Contino, Pomarol 2004



Motivation: Goldstone scalar dark matter

* In viable composite Higgs models, Higgs doublet  SO(5) EN SO(4)
arises as set of (approximate) Goldstone bosons H

e But from bottom-up perspective, no reason for H to go alone:

G4
H,x, ...

e |f stable, extra pNGB scalars make attractive WIMP candidates
e Naturally light and weakly coupled at low energies

Frigerio, Pomarol, Riva, Urbano 2012
* DM mass and interactions dictated by

global symmetry + some amount of explicit breaking 3



PNGB dark matter

radiative,
e Higgs portal to the Standard Model: / X explicit breaking

oy 70u(B?)0(x*x) + ARAX*X

leading, derivative interaction

f~1TeV



PNGB dark matter

radiative,
e Higgs portal to the Standard Model: / X explicit breaking
L0, ()M (™ AhZy*
vy 2Ou(P7)O* (X X) + ARTXTX
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X X direct detection:
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PNGB dark matter

radiative,
e Higgs portal to the Standard Model: / X explicit breaking

v 72 O0u(B?)0"(X"X) + ARPXTX

leading, derivative interaction

2 E see Bruggisser, Riva, Urbano,
g DM—SM 1607.02474 & 1607.02475
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PNGB scalar is attractive WIMP

720, (h?)0" (X" x)

derivative Higgs portal can easily satisfy
strong constraints from direct detection

SuperCDMS Soudan CDMS-lite
SuperCDMS Soudan Low Threshold
ENON 10 S2 (2013)
«CDMS-Il Ge Low Threshold (2011)

1401.6085
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see excellent
overview by

K. Palladino,
Tuesday morning



Origin of DM stability?

Gripaios et al. 2009,

. . Frigerio et al. 2012
* Real scalar with parity symmetry, Marzocca et al. 2014

S0(6)/SO(5) — (H,n)~4+1 n i —n

In this case, some assumptions needed on UV completion:

WZW term 1%‘:2 n (g2WlfVV~Va W g'2B,, B")
Balkin, Ruhdorfer,
Salvioni, Weiler,
e Complex scalar charged under unbroken U(1), e.g. 1707.07685
SO(7)/S0(6) — (H,x)~4+14 U(1l)pym C SO(6)

e

Can be weakly gauged, robust DM stabilization
+ consequences on phenomenology 8



Couplings of elementary fermions

e Non-derivative interactions of DM are subleading,
but important for pheno: direct

1 2 2
720u(h7)0" (X"X) + AR*X"X
Strength is model-dependent: Yukawas from partial compositeness

Luv ~ €30, + €,UROy + €4drOy

e Pick reprs. for the O; * fix size of breaking of DM shift symmetry



Couplings of elementary fermions

e Non-derivative interactions of DM are subleading,
but important for pheno: direct

1 2 2
720u(h7)0" (X"X) + AR*X"X
Strength is model-dependent: Yukawas from partial compositeness

Luv ~ €30, + €,UROy + €4drOy

e Pick reprs. for the O; * fix size of breaking of DM shift symmetry

Example: @ SO(4)sm X SO(3)
- ¥

50(7)/50(6) ;—I {TDM,XRe,XIm}
% \—’

Broken Gen(l'ators DM Sh|ft Symmet”es
- - U( 1 ) DM



Three scenarios

DM shift symmetry is...

1. Broken by top quark couplings
2. Broken by bottom quark couplings

3. Respected by all SM fermions



1. Top quark breaks DM shift symmetry

e Top quark loops give mix*x + AR A+

with
My 2 Mp A< 2k~ few %
e Direct detection X X S X
o /4/ e
/\\ ' !
/\\
q q q q
1 A
5z K 3
2 my
XN . f& myA? —46 2 (LA )2 (300 GeV
— 05 = e T ~ 4 x 107" cm (0.03) mxe
X

)
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1. Top quark breaks DM shift symmetry

vvvvvvvvvvvvvvvvvvvvv

Balkin, Ruhdorfer,
Salvioni, Weiler
1707.07685
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13



2. Bottom quark breaks DM shift symmetry

e Bottom quark loops give mix*x + AR+

with
< \ Ny, m; <103 very
My S M ™~ 82 F2 N suppressed
e Direct detection A P S
//\\
1 A
2f2 > mi
X fr _mj 27 2 (1Tev )" (100 Gev )7
~V N N ~U — (S e
— Os1 = I4n mif4 10 ClI ( f ) ( My )

(]EN ~ 007) 14



2. Bottom quark breaks DM shift symmetry

Annihilation dominated by derivative portal: one-to one correspondence
between f and M,

3000 . ‘ -
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[ XenonlT
SM |
X - —— XeponlT Projection -
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. ................... 2000 ;\ —— RA Contour
X S M O 1500 f—1410GeV |
5 L |
am’ ~ B
U oo b N f=1180GeV |
f 2 I
S e R e
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SI — f M
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3. All SM fermions respect DM shift symmetry

* \We can construct a model where all fermions exactly preserve
the DM shift symmetry. For example in SO(7)/SO(6): qr ~ 7
UR, dR ~ 21
e Coupling between DM and SMis ~ 729(h*)9(x*x)

e Direct detection cross section negligible

* But also, DM has no potential... Balkin, Ruhdorfer,

Salvioni, Weiler,
1807 .xxxXxXX

16



3. All SM fermions respect DM shift symmetry

* \We can construct a model where all fermions exactly preserve

the DM shift symmetry. For example in SO(7)/SO(6): qr ~ 7
UR, dR ~ 21

e Coupling between DM and SMis ~ 729(h*)9(x*x)

e Direct detection cross section negligible

* But also, DM has no potential... Balkin, Ruhdorfer,

Salvioni, Weiler,
1807 .xxxXxXX

e Gauging of U (1)pn

YD ,
* mi ~ 38g€ m% (think of pion mass
" difference from EM)

A2X* X not generated at 1 loop 17




Gauged U(1)om

Balkin, Ruhdorfer,

* Gauging has important effects on pheno Salvioni, Weiler,
1807 .xxxxX

e Take U(1)omand U(1)y unmixed kinetically (motivated by explicit model),

DM-SM interactions: N YD N

, YD 0 \SM

e Dark photon can get a Stuckelberg mass. If very light (or massless),

it mediates long-range DM self-interactions

e If m, > m~,, new annihilation channel for the DM

2
2ma

m2
X 18

XX~ — YDYD (ov) =
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Constraints?

e Take massless dark photon

20



Constraints: Nest

e Take massless dark photon

e Bounds on extra radiation from BBN and CMB?

e At early times, the dark sector (DM + dark radiation) remains in
kinetic equilibrium with the Standard model via Xf — Xxf
scattering mediated by (derivative) Higgs exchange

e Below T4ec Where the two sectors decouple, entropies are separately
conserved. At BBN:

9ap&(TeBN)? (94, +9%)€(Tace)? — Tp _
g*s,vis(TBBN) o g*s,vis(Tdec) 5_ TViS ’ g(TdeC) 1
4 7 Feng et al. 2008
gApg(TBBN) S ) 2 (Neff - 3) Ackerman et al. 2008

Feng et al. 2009

Neff S 3.90 Q 95% CL — g*s,vis<Tdec) Z 12.8

» Tiee > 100 MeV 1



ANess

CMB bounds and decoupling temperature

current 95% CL exclusion |

1309.5383 (Snowmass)

QRN EME ] g 0 (Negg) = 0.02
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CMB bounds and decoupling temperature

current 95% CL exclusion |
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Constraints: DM

* Take massless dark photon (it is dark radiation today)

1072 -

QDMh2 = 01198

dSph
[Fermi-LAT, 1503.02641]
Ellipticity
107 ]
r Indirect Detection ]
107° : P N Y
50 100 150 200
my |GeV] /
T — / T
Sommerfeld-enhanced q — 27D [Vrel ( dSph 10_4)
gy » . _— Y,
annihilation to SM 1—e 27D /Vrel rel




Constraints: DM

* Take massless dark photon (it is dark radiation today)

1072 -

annihilation to YDYD

(bb very suppressed) \:
1073}

ap |
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Constraints: DM

* Take massless dark photon (it is dark radiation today)

annihilation to YDYD

(bb very suppressed) \
1073}

limit on long-range DM
self-interaction
(ellipticity of grav. potential
of NGC720) according to
Agrawal et al. 1610.04611

-
-
-
-
-

1072,

F=14TeV.

QDMh2 = 01198
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Constraints: DM

* Take massless dark photon (it is dark radiation today)

annihilation to YDYD

(bb very suppressed) \:
1073}

limit on long-range DM
self-interaction
(ellipticity of grav. potential
of NGC720) according to
Agrawal et al. 1610.04611
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CMS 1610.09218



Summary & the way ahead

A composite pNGB scalar that accompanies the Higgs
can make compelling WIMP DM candidate

“UV-robust” stabilization by dark U (1)py symmetry of strong sector

Derivative Higgs portal to SM, direct detection xsec naturally very suppressed

Pheno strongly depends on the “quality” of the DM shift symmetries
(model dependence):

. Broken by top quark couplings: tested now @ XENON1T
Broken by bottom quark: @ next generation experiments

. Fully respected by SM fermions:
Leading breaking from gauging of U(1)pm
Out of reach for direct detection, but signatures
in cosmo, astrophysics, and at colliders

28



Backup
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Coupling of the RH bottom

e The coupling of br may break the DM shift symmetry, for ex. bp ~ 7_1/3
* Contributes to DM mass as

j 1 2
2~ _Ne oo 42,2 Ns et s]” _ Ne b0
HDM = 272 f2 fo ap°p (zj:l P> +m? 4 2 i=1 p2+m?
J

Q®);
obtain calculability through UV-finite if ~ ]% or faster
generalized Weinberg Sum Rules, '

which give relations between parameters

Marzocca et al. 2012 Marzocca, Urbano 2014
Pomarol, Riva 2012
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Coupling of the RH bottom

e The coupling of br may break the DM shift symmetry, forex. by ~ 7_1/3
* Contributes to DM mass as

j P2
2 . N X 5 9 9 Ns |€is|2 _ Ne lero
Hom =~ g Jo dP°p (Zj:l pPm? D=1 Prm?
J 7

obtain calculability through UV-finite if ~ z% or faster
generalized Weinberg Sum Rules, '

which give relations between parameters

Marzocca et al. 2012 Marzocca, Urbano 2014 0.100
Pomarol, Riva 2012
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¢ In this model, tree-level corrections
to Z-bL-bL are generated

LEP 99% CL

0.001
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Il Il < 4 5% 0| Il
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Fine-tuning, 7 + 21 model
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orange: all top partners above 1 TeV
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fems

“doubly-tuned” model: A1 ~__ Tt
f? 9.

f2

see e.g. Panico, Redi, Tesi, Wulzer, 1210.7324



f [TeV]

Constraint from DM relic density

X - SM
o
x 7 S reproducing relic density fixes
X f2 SM P 9 _ y
one-to-one relation between
k mpmM  and f
> FCC-ee / CLIC /
ILC /
? / | blue: full Boltzmann solution
s - HL-LHC :
05 | | | | % OUre]l ~ 3 10726 cm?3s~!
100 200 500 1000 2000 9
mpu [GeV] 9 Mpm 33
| — ——— O- ™~ 47'(' f4



Collider pheno, sketch

SO(7)/50(6)
B
g 6
M
typical spectrum top partners charged under
U(1)pwm

V,Z = t+x™
current LHC bounds:

Mx >12TeV My z>1.4TeV

tt+MET

CMS 1705.04650

same-sign leptons



