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Motivation
Supersymmetry is	a	beautiful	framework	for	BSM	but	its	
minimal	realizations	face	two	major	problems:
1. LHC	constraints	on	stops	and	gluinos impose	fine-

tuning	of	the	EW	scale	of	at	least	1%	(typically	worse	if	
the	Higgs	mass	constraint	is	taken	into	account)

2. The	lightest	SUSY	particle	(LSP)	can	play	the	role	of	dark	
matter	only	in	fine-tuned	corners	of	parameter	space

Combining	SUSY	with	Twin	Higgs	(TH)	mechanism	provides	
elegant	solution	to	problem	1
In	this	talk:
Twin	sparticles as	a	natural	DM	thermal	relic	in	SUSY	TH	
models
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Outline

1. Intro	to	Twin	Higgs	models

2. Twin	Neutralino Dark	Matter

3. Twin	stau as	Charged	Dark	Matter	

M.	Badziak	(Warsaw) 3

PRL	124 (2020) 121803	[1911.03481]

2202.10488



Twin	Higgs	model	in	a	nutshell

• The	Higgs	is	a	pNGB of	a	global	SU(4)	symmetry
• SU(4)	enforced	by	Z2 symmetry	exchanging	two	copies	of	the	SM
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We expect that the Twin Higgs theory has a UV completion at the scale Mc.4 We require

that Mc is larger than the mediation scale of the SUSY breaking which we assume throughout

the article to be ⇤ = 100mstop, where mstop is the soft mass of stops. In order to avoid the

experimental constraints on mX , to be discussed later, the mass of X is typically expected

to be a factor of between 5 to 10 larger than the stop masses. This requires Mc & 10mX

which sets an upper bound on gX(mX) of about 1.6 (1.9) for the mirror (fraternal) Twin

Higgs model.

The constraint is relaxed if the U(1)X charge is flavor dependent. For example, it is

possible that the first and the second generation fermions are U(1)X neutral, and their

yukawa couplings are generated via mixing between these fermions and heavy U(1)X charged

fermions. Then the renormalization group (RG) running of the U(1)X gauge coupling con-

stant is significant only above the masses of those heavy fermions, and below those mass

scales bX = �6, which allows values of gX(mX) up to about 2.4 if one requires Mc & 10mX .

In this type of models, the experimental lower bound on mX which is discussed later is also

significantly relaxed. Throughout this paper we refer to this class of models as flavor non-

universal SUSY D-term Twin Higgs models. Such a construction is also motivated by the

observed hierarchy of fermions masses and explains why the SM fermions of the third gener-

ation are much heavier than those of the first two generations. Nevertheless, to also explain

the observed hierarchy among the first two generations of the SM fermions ala Froggatt-

Nielsen [42], additional horizontal symmetry would be required, see e.g. refs. [43–48] for the

ideas of SUSY model building in this direction and its relation to possible solutions of the

SUSY flavor problem.

3 SUSY Twin Higgs in decoupling limit

Before going to a disscussion of full SUSY Twin Higgs models it is instructive to discuss

general e↵ective theory with heavy MSSM-like Higgs doublets and other states decoupled.

In such a case the Higgs potential depends only on the SM-like Higgs and its mirror partner:

V = �(|H 0
|
2 + |H|

2)2 �m2(|H 0
|
2 + |H|

2) +��(|H 0
|
4 + |H|

4) +�m2
|H2

| . (11)

4
Since all the SM fermions are charged under the U(1)X symmetry, they are expected to be described as

a (partially) composite particles around the scale Mc.
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Fine-tuning	in	Twin	Higgs	models
• Maximal	gain	in	fine-tuning	depends	on	the	size	of	l:

• TH	model	solves	only	the	little	hierarchy	problem	so	must	be	UV	
completed	e.g.	by	SUSY	to	solve	the	big	hierarchy	problem	of	the	SM

• E.g.	Tuning	from	higgsinos (relevant	for	DM)	suppressed	for	large	l :	

• l depends	on	particular	SUSY	UV	completion	of	TH	models
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• SU(4)	invariant	quartic	term	generated	by	a	D-
term	potential	of	a	new	gauge	symmetry

• l~0.5 can	be	obtained	in	D-term	TH	model
• Only	10%	tuning	of	the	EW	scale	for	2	TeV
stop	and	gluino and	1	TeV Higgsino

SUSY	D-term	Twin	Higgs
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mass, see Appendix for details. Such models were considered in the context of non-twinned

SUSY in refs. [32–41]. The non-decoupling D-term potential can be written as

VU(1)X =
g2
X

8

�
|Hu|

2
� |Hd|

2 + |H 0
u
|
2
� |H 0

d
|
2
�2 �

1� ✏2
�
, (6)

where ✏ is a model-dependent parameter in the range between 0 and 1. We refer to the

Appendix for explicit model that naturally allows for ✏ ⌧ 1 which maximizes the magnitude

of the D-term potential. This term gives the following SU(4) invariant coupling:

� = g2
X

cos2 (2�)

8

�
1� ✏2

�
⌘ �D . (7)

A crucial di↵erence with the F -term model is that � is now maximized in the limit of large

tan � which makes it easier to satisfy the Higgs mass constraint. This merit of a D-term

generated SU(4) invariant quartic term was recently noted also in ref. [8]. The magnitude

of � is still bounded from above to avoid too low a Landau pole scale so it is not guaranteed

that fine-tuning is considerably relaxed.

The beta function of the U(1)X gauge coupling constant depends on the charge assignment

of particles in the visible and mirror sectors. Let us first assume that the U(1)X charges of

the MSSM particles and the mirror particles are a linear combination of U(1)Y and U(1)B�L

charges, so that the gauge anomaly is cancelled solely by introducing the right-handed neu-

trinos,

qX = qY + xqB�L . (8)

Then the beta function of the U(1)X gauge coupling constant is given by

d

dlnµ

8⇡2

g2
X

= bX ,

bX = �(32x2 + 32x+ 22). (9)

The scale of the Landau pole is maximized when x = �1/2, which we assume in the following.

In this case, bX = �14. For fraternal Twin Higgs models [26], where the mirror of the first

and the second generations are not introduced, bX = �10.

Denoting the mass of the U(1)X gauge boson as mX , the scale of the Landau pole Mc is

given by

Mc = mX ⇥ exp[�
8⇡2

gX(mX)2bX
]. (10)
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Status	of	MSSM	neutralino DM

• In	MSSM	there	are	4	neutralinos:	

• Pure	Bino:	generically																
• Pure	Higgsino:		
• Pure	Wino:
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Annihilation	of	MSSM	Bino Dark	Matter

• Annihilation	x-sec	strongly	suppressed	due	to	lower	bounds	
on	sfermion masses from	LEP/LHC	

• chirality	suppression	of	s-wave	annihilation	into	SM	
fermions	

Ways	to	get																								:
• Include	mixing	with	higgsino (aka	well-tempered	

neutralino)	->	excluded	by	direct	detection	experiments
• Fine-tuning	of	the	parameter	space	e.g.	small	stau-bino

mass	splitting	to	allow	for	stau co-annihilations	
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Annihilation	of	Twin	Bino Dark	Matter

• chirality	suppression	of	s-wave	annihilation	into	
twin	fermions	may	be	avoided	if	

• Z2 breaking	in	Yukawa	couplings	motivated	by	the	
solution	to	too	large	Neff		problem	of	TH	models

• lower	bounds	on	sfermion masses	still	relevant	
but	(promptly	decaying)	right-handed	stau
remains	unconstrained	by	the	LHC

M.	Badziak	(Warsaw) 9

⌧̃ 0R
B̃0

B̃0 ⌧ 0

⌧̄ 0

Barbieri,	Hall,	Harigaya ’16,	’17

mf 0 � mf



Twin	Bino Dark	Matter

For	mt’>30	GeV large	range
of	DM	masses	allowed	
without	relying	on	coannihilatons
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Twin	Bino-Higgsino Dark	Matter

Keeping	tuning	of	the	EW	scale	at	10%	
level	requires	µ<1.5	TeV
Bino-Higgsino mixing	induces	DM	
coupling	to	nucleons	via	Higgs	portal

Xenon1T	excludes	µ 
up	to	600-700	GeV

LZ	will	probe	µ up	to	3	TeV
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Charged	dark	matter
in	SUSY	TH	models
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Twin	stau dark	matter

• Twin	stau LSP	may	also	play	a	role	of	(self-
interacting)	dark	matter

• Twin	stau has	twin	electromagnetic	charge	–
charged	DM

• Charged	DM	constrained	by	anistropy of	DM	
velocity	distribution	in	galaxy	halos	

⇓
𝑚#$% ≳ 200 GeV	required
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Twin	stau dark	matter
• Twin	stau can	be	the	LSP	

only	for	large	enough	left-
right	mixing

• Correct	relic	abundance	
picks	the	twin	stau mass	of	
about	300-400	GeV	(above	
the	bound	on	charged	DM)

• Small	part	of	the	parameter	
space	excluded	by	Xenon1T

• Most	of	the	parameter	
space	will	be	probed	by	LZ
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Twin	stau dark	matter
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LHC	signatures	with	long-lived	NLSP	

• NLSP	is	the	lightest	MSSM	sparticle with	
generically	suppressed	decay	width
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Twin	stau DM

• MSSM	stau may	be	
observed	as	a	disappearing	
track	or	a	long-lived	particle	
at	the	LHC

Twin	neutralino DM

• MSSM	bino decay	to	LSP	
typically	displaced
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Summary
• SUSY	Twin	Higgs	models	can	elegantly	solve	the	hierarchy	problem	

of	the	SM	and	provide	new	natural	dark	matter	candidates

• Twin	neutralino LSP	is	a	natural	DM	candidate	fixing	shortcomings	of	the	
MSSM	neutralino

• Twin	stau LSP	is	a	natural	candidate	for	charged	DM
• Spin-independent	scattering	cross-section	for	twin	neutralino and	stau

naturally	suppressed	but	within	reach	of	LZ

• Complementary	tests	at	the	LHC:
Ø NLSP	is	the	lightest	MSSM	state	which	is	typically	long-lived	leading	to	

displaced	vertices	or	(disappearing)	charged	tracks	
Ø right-handed	MSSM	stau mass	in	the	range	of	several	hundred	GeV
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BACKUP
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• In	SUSY	Twin	Higgs	SU(4)	is	broken	by	the	EW	gauge	
interaction

• The	tree-level	Higgs	mass	is	given	by

• The	Higgs	mass	enhanced	by	a	factor	of									(after	Z2 breaking	
which	is	needed	anyway)	as	compared	to	MSSM.	

• obtained	at	tree	level	in	the	limit	of	large											!

The first two terms are both Z2 and SU(4) symmetric, �� preserves Z2 but breaks SU(4),

while �m2 breaks both Z2 and SU(4) symmetry. One could also consider a hard Z2 breaking

quartic term which in our setup is subdominant, see ref. [8] for discussion of e↵ects of hard

Z2 breaking. The vevs of the Higgs fields and the masses of them are given by

v02 = hH 0
i
2 =

m2

4�

1 + ��m
2

��m2

1 + 2��/�
, v2 = hHi

2 =
m2

4�

1� ��m
2

��m2 �
�m

2

m2

1 + 2��/�
, (12)

m2
h
=2 (�+��)

�
v02 + v2

�
� 2

q
(�+��)2 (v02 + v2)2 � 4�� (2�+��) v02v2, (13)

m2
h0 =2 (�+��)

�
v02 + v2

�
+ 2

q
(�+��)2 (v02 + v2)2 � 4�� (2�+��) v02v2. (14)

The above formulae are independent of whether the UV completion is supersymmetric

or not. In SUSY models the SU(4) symmetry is generically broken at tree level by the EW

D-term potential of eq. (3) which in the above framework corresponds to

�� �
g2 + g02

8
cos2 (2�) ⌘ ��SUSY ⇡ 0.07 cos2 (2�) . (15)

Note that ��SUSY grows as a function of tan � from zero (for tan � = 1) up to 0.07 in the

large tan� limit. Thus for lower tan � the observed Higgs mass gives a stronger lower bound

on masses of stops which dominate the radiative corrections to the Higgs mass.

Let us first discuss the Higgs mass at the tree level. In the limit of an exact Z2 symmetry

and a large SU(4) preserving quartic coupling, � � ��, the tree-level Higgs mass is the

same as in MSSM. However, in phenomenologically viable models the Z2 symmetry must be

broken. Moreover, corrections to the Higgs mass of order O(��/�) are often non-negligible

in realistic SUSY Twin Higgs models. After taking these e↵ects into account the tree-level

Higgs mass in SUSY Twin Higgs models is approximately given by

�
m2

h

�
tree

⇡ 2M2
Z
cos2 (2�)

✓
1�

v2

f 2

◆
+O(��/�) , (16)

where the first term is the e↵ect of Z2 breaking while the second term corresponds to the

correction of order O(��/�), which is negative, and f 2
⌘ v2 + v

02. We see that in the limit

v ⌧ f and � � �� the tree-level Higgs mass is enhanced by a factor of
p
2 with respect to

the MSSM Higgs mass which in large tan � limit turns out to be very close to the observed

8

The	Higgs	mass	miracle	in	SUSY	Twin	
Higgs	models
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The first two terms are both Z2 and SU(4) symmetric, �� preserves Z2 but breaks SU(4),

while �m2 breaks both Z2 and SU(4) symmetry. One could also consider a hard Z2 breaking

quartic term which in our setup is subdominant, see ref. [8] for discussion of e↵ects of hard

Z2 breaking. The vevs of the Higgs fields and the masses of them are given by
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The above formulae are independent of whether the UV completion is supersymmetric

or not. In SUSY models the SU(4) symmetry is generically broken at tree level by the EW

D-term potential of eq. (3) which in the above framework corresponds to
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g2 + g02

8
cos2 (2�) ⌘ ��SUSY ⇡ 0.07 cos2 (2�) . (15)

Note that ��SUSY grows as a function of tan � from zero (for tan � = 1) up to 0.07 in the

large tan� limit. Thus for lower tan � the observed Higgs mass gives a stronger lower bound

on masses of stops which dominate the radiative corrections to the Higgs mass.

Let us first discuss the Higgs mass at the tree level. In the limit of an exact Z2 symmetry

and a large SU(4) preserving quartic coupling, � � ��, the tree-level Higgs mass is the

same as in MSSM. However, in phenomenologically viable models the Z2 symmetry must be

broken. Moreover, corrections to the Higgs mass of order O(��/�) are often non-negligible

in realistic SUSY Twin Higgs models. After taking these e↵ects into account the tree-level

Higgs mass in SUSY Twin Higgs models is approximately given by
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�
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⇡ 2M2
Z
cos2 (2�)

✓
1�
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f 2
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+O(��/�) , (16)

where the first term is the e↵ect of Z2 breaking while the second term corresponds to the

correction of order O(��/�), which is negative, and f 2
⌘ v2 + v

02. We see that in the limit

v ⌧ f and � � �� the tree-level Higgs mass is enhanced by a factor of
p
2 with respect to

the MSSM Higgs mass which in large tan � limit turns out to be very close to the observed

8

p
2

mh ⇡ 125 GeV tan�

and more recently in ref. [8]. The SU(4) invariant part of the F -term model is given by the

following superpotential and soft SUSY breaking terms:

WSU(4) = (µ+ �SS)(HuHd +H 0
u
H 0

d
) + µ0S2 , (1)

VSU(4) = m2
Hu

(|Hu|
2 + |H 0

u
|
2) +m2

Hd
(|Hd|

2 + |H 0
d
|
2)� b(HuHd +H 0

u
H 0

d
+ h.c.) +m2

S
|S|2 .

(2)

Note that the SU(4) symmetry is automatically realised by the Z2 symmetry. At tree level,

the SU(4) symmetry is explicitly broken by the EW D-term potential:

VD =
g2 + g02

8

⇥
(|Hu|

2
� |Hd|

2)2 + (|H 0
u
|
2
� |H 0

d
|
2)2

⇤
. (3)

The above terms are Z2 invariant. In phenomenologically viable models the Z2 symmetry

must be broken. This is obtained by introducing soft scalar masses:

Vsoft = �m2
Hu

H2
u
+�m2

Hd
H2

d
+�b(HuHd + h.c.) . (4)

The Twin Higgs mechanism may relax fine-tuning only if the SU(4) invariant quartic term

� is larger than the SM Higgs quartic coupling. In this model this coupling is given, after

integrating out a heavy singlet and heavy Higgs bosons, by

� = �2
S

sin2 (2�)

4
⌘ �F . (5)

So large � prefers large �S and small tan �. However, there is an upper bound on �S and a

lower bound on tan �. The former constraint comes from the requirement of perturbativity.

Avoiding a Landau pole below 10 (100) times the singlet mass scale requires �S below about

1.9 (1.4). A lower bound on tan � originates from the Higgs mass constraint which we discuss

in more detail in the following sections.

2.2 D-term Twin Higgs

As an alternative to the F -term Twin Higgs model we propose a model in which a large

SU(4) invariant quartic term originates from a non-decouping D-term of a new U(1)X gauge

symmetry. Such a non-decoupling D-term may be present if the mass of a scalar field respon-

sible for the breaking of the U(1)X gauge symmetry is dominated by a SUSY breaking soft
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Non-thermal	production	of													
from				decays	

• is	typically	long	lived	due	to	small	mass	splitting	with					and	
small	coupling	to	the	twin	sector

• Late					decays	overproduce							if						decays	after	freeze-out

• D-term	TH	model:	
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• Strong	dependence	of									on	µ
• µ bounded	from	above	not	only	by	

naturalness	but	relic	abundance	too!

Upper	bound	on	µ
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Overabundance	from	late	bino decays
in	D-term	TH	model	with	mX=8	TeV and	gX=2	
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Overabundance	from	late	bino decays
in	D-term	TH	model	with	mX=8	TeV and	gX=2	

• tanb below	10	to	avoid	late-time	bino
decays

• even stronger	bound	assuming	
perturbativity of	the	twin	tau	Yukawa	
coupling	up	to	1016 GeV

Upper	bound	on	tanb

M.	Badziak	(Warsaw) 22

⌦LSPh
2 ⇡ 0.12

Landau	pole	below	1016 GeV
50 100 150 200

2

5

10

20

M1 [GeV]

ta
n
β

μ = 1 TeV,mτ' = 0.6 mDM

σSI = 10
-46 cm2

σSI =
10

-47 cm
2

excluded by
Xenon1T

LEP

m
τ∼' =500 GeV

m
τ∼' =400 GeVm

τ ∼' =300 GeV

m
τ ∼' =200

G
eV

m
τ ∼' =
1
0
0
G
e
V

yτ' = 0.8

yτ' = 1.6

Tdecay = TFO



SUSY	D-term	flavor	non-universal	Twin	
Higgs

• for	1	TeV stops	better	than	20%	tuning
• 10%	tuning	beyond	the	reach	of	HL-LHC
• Improvement	by	a	factor	7	as	compared	to	MSSM	with	non-

decoupling	D-term
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Twin	states	charged	under	different	SU(2)s	at	high	scales

The	non-abelian model	can	be	extended	to	
make	the	new	interaction	asymptotically	free!
SU(2)X	x	SU(2)’X

Asymptotically	Free	SUSY	Twin	Higgs
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Asymptotically	Free	SUSY	Twin	Higgs

• Twin	Higgs	mechanism	
works	perturbatively even	
for	mediation	around	the	
Planck	scale

• Tuning	better	than	5%	
even	for	gravity	mediation	
of	SUSY	breaking	
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