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Introduction: WIMP dark matter

e WIMPs have long been a favorite candidate for particle dark matter

annihilation
Thermal freeze-out:
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Introduction: WIMP dark matter

e WIMPs have long been a favorite candidate for particle dark matter

colliders

direct \

detection )\

annihilation
Thermal freeze-out:
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e Relic density fixes A m, , can be tested with complementary probes



Introduction: WIMP dark matter

e But so far,
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no signs of WIMPs at direct detection experiments
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* For example: scalar DM with coupling £ 2 M| H|?|x/|?
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Pseudo-Goldstone dark matter
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* The tension | just IDM—SM (E)
sketched: -
deq[ieritcit,n annihilation

LHC

V= < 100 MeV Moy




Pseudo-Goldstone dark matter

: . 2
* The tension | just IDM—SM (E) 52
sketched: | ﬁ
direct e
detection annihilation LHC"

Frigerio, Pomarol, E
Riva, Urbano 2012 v —q2 <100 MeV My TeV
Bruggisser, Urbano,

Riva 2016

e \What about this instead? Goldstone DM:

X — X




PNGB Dark Matter

e Take scalar DM candidate X

Lesm = |0 X[ + 70ulX [P0 HI? —mi|x|* = AXRIH]? + ...



PNGB Dark Matter

e Take scalar DM candidate X

Lesm = |0 X[ + 70ulX [P0 HI? —mi|x|* = AXRIH]? + ...

_ _ 1 Roceee / CLIC
e Freeze-out reproduces relic density e
for f ~ TeV and m, ~ my £ 2
[TeV]
2 1+ E
m ’ m 1/2 HL-LHC
(ov) ~ 7 — [fx~1l1 TeV (35dev) 2
hZZ corrections ~ Y5
0.5 f
160 260 560 1000 2060
m, |[GeV]

ok 0| H |20 | H|?



pNGB Dark Matter °

e Take scalar DM candidate X

Lesm = |0 X[ + 70ulX [P0 HI? —mi|x|* = AXRIH]? + ...

FCC-ee / CLIC

e Freeze-out reproduces relic density e

for f ~ TeV and m, ~ mp fz )
[TeV]
m’ My >1 /2 1 HL-LHC -

2
~Y X Ny omy
<O'U> — T f4 — f ~ 1.1 Tev (130 3oV = ;
05 hZZ corrections ~ 72

100 200 500 1000 2000

m, |[GeV]
e Direct detection T ——
o2 OuH 20" | H?
extremely suppressed 5720
X X

. in—Pout ) 100 MeV)?2 _
7 O((p f];t) :%SJ(TeVeQ)NIOS




PNGB Dark Matter

* This picture can arise if both Higgs and DM

2
' gom-sm(E)
are composite pseudo-Goldstones DM-SM
with decay constant f ~ TeV o
detection
H,x _
.. V= < 100 MeV
Frigerio, Pomarol,
Riva, Urbano 2012 o r—e
r ~ (TeV)™!

e Attractive solution to Higgs naturalness problem

e Extra pNGB stabilized by discrete or continuous symmetry

annihilation

-
“

* Naturally light and weakly coupled at low energies



pNGB Dark Matter 10

* This picture can arise if both Higgs and DM

2
. Ion_av (E
are composite pseudo-Goldstones bu-su(P)
with decay constant f ~ TeV diect P
detection
H7 X . —‘/,-'
‘. V—¢% 5100 MeV My TeV L
Frigerio, Pomarol,
Riva, Urbano 2012 e
r~ (TeV)™1
e Attractive solution to Higgs naturalness problem
o Extra pNGB stabilized by discrete or continuous sym [l BEE® TO P

* Naturally light and weakly coupled at low energies

Hold up, wait a minute.

PROCEED

WITH
CAUTION




pNGB Dark Matter "

* This picture can arise if both Higgs and DM

2
' gom—sm(E)
are composite pseudo-Goldstones DM-SM
: .
with decay constant f ~ leV deteston annihilation ,," f?
.. V—¢% <100 MeV My TeV E
Frigerio, Pomarol,
Riva, Urbano 2012 *r—e
r ~ (TeV)™!

* Explicit symmetry breaking required to generate (radiatively) DM mass

* in general, \|x|*|H|? appears too. Dangerous even at 1-loop

* Need to write down concrete models where A ~ 0 while m, 5 ~ O(100) GeV

Balkin, Ruhdorfer, Salvioni, Weiler 1809.09106



Framework: composite pNGB Higgs 12

 Higgs and DM as approximate Goldstone bosons, like SM pions

f
Strongly Q — H
Elementar ~ * 2W K int ti
e\ 99+ W [ interacing H, .
W#, q ~ €q pr,
) qw ’ mp,lb ~ g*f

Agashe, Contino,
Pomarol 2004

e SM vectors coupled by gauging SU(2)p x U(l)y CH (= photon-rho mixing)

* Fermions also coupled linearly to fermionic resonances

Kaplan 1991
o Except pNGBs, all states are partially composite:

‘Qphysical> — \/% ‘Qelementary> + m ‘¢>



Framework: composite pNGB Higgs 3

 Higgs and DM as approximate Goldstone bosons, like SM pions

4 t f2 y Strongly Q L) H
ementary ~ * int ti
felds I (el H,x,
W, q ~€q pr

7 79 7 Mpap ™~ g«

Agashe, Contino,
Pomarol 2004

qr 0
. € €
e Fermion masses Mg ~ g« mI;b mZ/ v > H
qr Y’

e “RS-GIM” flavor protection: FCNCs suppressed by small mixings

N |
f — . ~ (92 9‘7 ok (93 72 (fﬁf}?szkf]l%)
e U

Frigerio, Nardecchia,

Serra. Vecchi 2018 (some tension remains, Kaon mixing and neutron EDM)



Origin of DM stability? 1

e Minimal realistic model SO(5)/50(4), Higgs doublet as 4 GBs

e Real scalar with parity, e.g. P el 2012

Marzocca et al. 2014

SO(6)/SO(5) — (H,n)~4+1

e Complex scalar charged under U(1), e.qg.

SO(7)/SO(6) — (H,x)~4+ 14+

can be weakly gauged

—

Agashe, Contino,
Pomarol 2004

n—=-"

Balkin, Ruhdorfer,
Salvioni, Weiler 2017

X — €%X

U(l)DM C 50(6)



Composite Higgs + DM

e Minimal realistic model is SO(5)/SO(4) : Higgs doublet as 4 GBs

Agashe, Contino, Pomarol 2004

15



Composite Higgs + DM 16
e Minimal realistic model is SO(5)/SO(4) : Higgs doublet as 4 GBs

e To include DM, take SO(7)/SO(6) : 6 real GBs, (H, )

complex scalar DM

custodial g\
SM electroweak ~~a [| SO (4) 5 Balkin, Ruhdorfer,
~ ; Salvioni, Weiler
o TG Q 10 y
SU@L % SU () : X —7€7X 1707.07685
SO(2)|& SM — SM
U()pm

Broken Generators

T —



Composite Higgs + DM 17
e Minimal realistic model is SO(5)/SO(4) : Higgs doublet as 4 GBs

e To include DM, take SO(7)/SO(6) : 6 real GBs, (H,x)

complex scalar DM

custodial o>
SM electroweak ~~a [| SO (4) 5 Balkin, Ruhdorfer,
~ ; Salvioni, Weiler
o TG Q 10 y
SU(2)1 % U@ gl X —7€e7X 1707.07685
O@) 5, SM — SM
U()pm

Broken Generators

SO(3) / T

(72 Zae Yo}

B

partial compositeness

uv - I 1
Lmix ~ €q QLOq + €4 tROt + €p bROb
DM shift symmetries

* Fix SO(7) » explicit breaking of
reps for (0, shift symmetries for GBs

» structure of
non-derivative interactions



Origin of dark matter mass:

O Top quarks?
o Bottom quarks? . e,

0 BSM physics?



Origin of dark matter mass:

O Top quarks?




Coupling of LH quarks

,CUV

mix

~ €q qLOq + e, tp0O; + € BROb

TPM, XRe; X1m SO(3)
U(1)pwm DM shift symmetries

Agashe, Contino,

Da Rold 2006
d1. respects both U(1)om
1= (1,1,1) / and DM shift symmetries
7 =(2,2,1)®(1,1,3)
21 = (2,2,3)®(3,1,1) @ (1,3,1) @ (1,1,
27 = (3,3,1) 4 (2,2,3) ¢ (1,1,5) & (1,1,

d1, loops do not contribute to DM potential

/ DM
Broken Gen[ators

uayoIg]

T



Coupling of RH top

LUV ~ ~ €q qL(’)q + € EROt -+ € BROb

mix

{T"M, Xge, Xim } SO(3) o
U(1)pwm DM shift symmetries

U R respects the U(1)om

1 =(1,1,1) / but breaks DM shift symmetries
7 = (2,2,1) @ (1,1,3)

21 = (2,2,3) @ (3,1,1) @ (1,3,1) @ (1,1, 3)

27 = (3,3,1)® (2,2,3) ® (1,1,5) ® (1,1,1)

tr loops generate a potential for the DM, 11, 2 mp

tR—>

uayoIg]
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\

L
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o O O oo

-

LR
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DM mass from top loops
e |f top quark mixings break DM shift symmetry,

Vo MHP|x]?+ M|H|*  with A~ Ab 1072

107" ¢

over-abundant

= = observed

1072+ . .
: relic density

100 150 200 250 300 350 400 450 500
mx [GGV] also Marzocca, Urbano 2014

Tested at XENONAIT

Balkin, Ruhdorfer,
Salvioni, Weiler 1707.07685
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Origin of dark matter mass:

o Bottom quarks?




Coupling of RH top

LUV ~ ~ €q qL(’)q + € EROt -+ € BROb

mix

{TDM, %} SO(3)

U(1)pwm DM shift symmetries

4 DM
Broken Gen[ators

R respects both U(1)pwm

1 =(1,1,1) and DM shift symmetries
7 =(2,2,1) @ (1,1,3) /

21 = (2,2,3)®(3,1,1) ®(1,3,1) ® (1,1, 3)

27 =(3,3,1)®(2,2,3)®(1,1,5) ¢ (1,1,1)

all top loops do not generate a DM potential

uayoIg]

T



DM mass from bottom loops 2

e If mixing of br breaks DM shift symmetry, can obtain

My X (ybg*)l/Zf \ X yg “cog\ectivelb(;eaging”
< 10

The breaking also mediates subleading direct detection,

X X
N mp W fE omy
ny, ——— ~ Z4iv
A RERTET
b b 1 TeV\* /100 GeV?
~ 1.0-5.6><10—47cm2( ¢ ) ( € )
f My

/

_ Small, but probed at next generation (LUX-ZEPLIN)
Balkin, Ruhdorfer,

Salvioni, Weiler 1809.09106
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DM mass from bottom loops 2
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DM mass from bottom loops

SO(7T)xU(1)x Oq ~ Toy3, Opr~21y3, Ogp~ T 13

;

T} # T

tree-level corrections to Zbb

€7, ~ €r ~ Uy f /My

0.2 o~ 100
10»‘ ee e .."
0.15F 4 -
& oaf XL “©
..'o . 2 0.1}4
0.05-
0.01}
0. - . : 0.001 LA
0 0.05 0.1 0.15 02 1 5 10 50 100 500 1000
& f=1TeV m, [GeV]




Origin of dark matter mass:

0 BSM physics?




DM mass from beyond the Standard Model *

e Scenario where SM fully preserves DM shift symmetry
(but generates realistic potential for Higgs)

* How does the DM get a mass?



DM mass from dark photon loops

e Scenario where SM fully preserves DM shift symmetry
(but generates realistic potential for Higgs)

* How does the DM get a mass?

* For complex pNGB, natural to

YD
% My 2=\ 222 m, & 100 GeV (525) "7 (

(think of pion mass while )\‘H|.2 ’XP not generated at 1 loop
difference from EM)

mp
5 TeV

26
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DM mass from dark photon loops

e Scenario where SM fully preserves DM shift symmetry
(but generates realistic potential for Higgs)

* How does the DM get a mass?

* For complex pNGB, natural to

YD Lo
W 52 my 100 Gev (820)' (2

(think of pion mass while )\‘H|.2 ’XP not generated at 1 loop
difference from EM)

27

)

Kamionkowski, March-Russell 1992,

* Also makes DM stability more robust: Kallosh, Linde, Linde, Susskind 1995,

Susskind 1995 + many others

» avoid issues with global symmetries vs quantum gravity

» subleading mixings of SM fermions automatically preserve U(1)pwm



Dark sector phenomenology 28

e Dark photon mass is free parameter of EFT (Stuckelberg)

* First m,, = 0, massive case if time allows

* Kinetic mixing with hypercharge forbidden by U (1)pn charge conjugation Cp

eB,, F* L5 _cB,, FH [embedded in O(6)]



Dark sector phenomenology 29

Dark photon mass is free parameter of EFT (Stuckelberg)

First m,, = 0, massive case if time allows

Kinetic mixing with hypercharge forbidden by U(1)pn charge conjugation Cp

eB,, F* L5 _cB,, FH [embedded in O(6)]

Xf — X[ scattering controls kinetic decoupling of SM and dark sector

Planck 2018

X X
contribution of dark photon off
- h to AN.g @ CMB ol |
//\\ » 005,  StseVOMB
f f 0.01 0.1 T 00
Tyee [GeV]




YD

YD

Dark matter phenomenology

e

Fermi dSphs
. f=14TeV o
10 50 100 150 200
m, [GeV]

X

Sommerfeld Wé %%
X*

Vpel ~ 1074

in dwarf galaxies

30

Balkin, Ruhdorfer,
Salvioni, Weiler
1809.09106

X SM




Dark matter self-interactions
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Kahlhoefer, Schmidt-Hoberg, Frandsen, Sarkar 2013

dSphs not stripped

as they travel through

Milky Way halo

1072,

\\

=

fNGCT20. -

______
______
- ==

10—3»\A
& p
10_4;//
Fermi dSphs
) f=14TeV ]

10 50 100 150 200

m, [GeV]
galaxy ellipticity do o’

a0 (XX — XX) — 4m2v2 (1—cosOcm)?

1
05
1

00"~

Central Value

X “cm

Tiso = (E)/(E) = Nmivi(log A) ™1/ (VTad,py) > 1010 years

Feng, Kaplinghat, Tu, Yu 2009
Agrawal, Cyr-Racine, Randall, Scholtz 2016



PNGB dark matter at colliders?

g%M—SM(E)
92
d:tieriﬁf)n annihilation ," 12 1 2 2
L3 7.l HF0"IX]
\/—-‘_q2§100MV My Ly 2
colliders
direct
detection

SM

—

annihilation
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e If m, <my/2, invisible Higgs decays: f > 1.6 TeV at HL-LHC

PNGB dark matter at colliders

e |f DM is heavier, must go through “off-shell Higgs portal”

High-energy lepton colliders

Ruhdorfer, Salvioni
in progress

0.05
0.04
0.03

fraction

0.02
0.01

0.00
0

0.06—

background +/s =3 TeV
mg = 100 G

,,,,,,,,,,,,,,,,,,,,,,,,

eV

——

500 1000 1500 2000 2500 3000

MIM [GeV]

ATL-PHYS-
PUB-2013-014

33




PNGB dark matter at colliders >
e If m, <my/2, invisible Higgs decays: f > 1.6 TeV at HL-LHC BRS04

e |f DM is heavier, must go through “off-shell Higgs portal”

Y fcuc1s

. . 4 i 1000 7 '
High-energy lepton colliders 0 fee ANy

/ cLic 3

Z2
MuonColl 6
- X 1
, % 0 . . . . . .
X 100 200 300 400 500
ms [GeV] *Preliminary*™

background +/s =3 TeV
mg = 100 GeV

analysis for derivative coupling
is ongoing...

Ruhdorfer, Salvioni 70 500 1000 1500 2000 2500 3000
in progress MIM [GeV]




Summary

Extra pNGB scalars in composite Higgs models as compelling WIMP DM

Derivative Higgs portal suppressed at small momentum, naturally avoid
conflict with direct detection

DM pheno sensitive to origin of radiative DM mass

(leading source of shift symmetry breaking)

sk Standard Model quarks: indirect detection,
direct detection @ next generation

3k Dark sector: gauge the exact U (1) that stabilizes DM
Direct detection negligible, but complementary observables:
m, 2 mp/2 excluded by Sommerfeld-enhanced indirect detection

my < myp /2 testable in h — invisible , ANeg
DM self-interactions

35



Massive dark photon

Stiickelberg Log O %m%D Apu A%

Ap ASEEN —Ap dark photon stable if m.,, < 2m,

~vp is dark radiation today,
Moy, < 6x 1071 eV v /X
strong constraints from SE of yx* — SM

~vp is relativistic at freeze-out,
6 x 107*eV <m,, <3m,/25 X
ruled out by warm DM bounds/overabundant

3my /25 < My, < my X vp is non-relativistic at freeze-out, overabundant

Tl Rl [ v both vp and x are cold DM

36



Two-component DM

37

f=1TeV

1 — 5.x107%
= m, = 150 GeV ;f’] w1,y = 150 GeV
0.100 B - O ——————————
= m, = 300 GeV L, 1 x10-25 = m, = 300 GeV |
0.010 — my = 600 GeV I — 1y = 600 GeV |
Q g
0.001} ? S
S ¥
= 1.x1072
1074 Z 5.x107%
S
w
1075} £
S Lx107%
T L —— e, | O 1 L S S S ——
1.0 1.2 1.4 1.6 1.8 2.0 1.0 1.2 1.4 1.6 1.8 2.0
Moy [Ty My, [y
D oo X
YDYD — XX YD XX :

(coupled system)

dark photon freeze-out via

(semi-annihilation)

" ~§
}I .* ~. X*

Balkin, Ruhdorfer, Salvioni, Weiler 1809.09106



