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The Standard Model of elementary particles (SM)  is the only known and verified QFT.

𝑆𝑈 3 $ ⊗ 𝑆𝑈 2 ' ⊗ 𝑈 1 )
gauge theory with spontaneous 
𝑆𝑈 2 ' ⊗ 𝑈 1 ) → 𝑈 1 +,
symmetry breaking a Poincare-invariant QFT in the 

flat spacetime of metric 𝜂./

its particle spectrum, masses, 
couplings have all been fixed  
by the collider experiments

SM



There are phenomena which necessitate the SM to be extended/metamorphosed.

strong CP problem

dark matterneutrino masses
baryogenesis

BSM GR

SM



Experimental Fact Extension of the SM Mechanism

“neutrinos have mass” Lepton # breaking at a scale 𝑚1 < ∞ leads to neutrino mass:  

𝑚1 ↪ 𝑚/

see-saw

“neutron EDM is small” Peccei-Quinn breaking at a scale 𝑓 < ∞ leads to axion mass: 

𝑓 ↪ 𝑚6

relaxation

Each extension comes with its own scale and mechanism :



Experimental Fact Extension of the SM Mechanism

“neutrinos have mass” Lepton # breaking at a scale 𝑚1 < ∞ leads to neutrino mass:  

𝑚1 ↪ 𝑚/

see-saw

“neutron EDM is small” Peccei-Quinn breaking at a scale 𝑓 < ∞ leads to axion mass: 

𝑓 ↪ 𝑚6

relaxation

“gravity exists” Poincare breaking at a scale 𝚲℘ < ∞ leads to curvature: 

𝚲℘𝟐 ↪ ℝ

equivalence

Each extension comes with its own scale and mechanism :



Ø As a Poincare-invariant QFT, the SM ends at energies ∼ Λ℘ (or distances ∼ 1/Λ℘).

Ø All loop momenta are thus cut off at Λ℘.

Ø This hard UV cutoff  gives 𝒪 Λ℘ masses to all bosons, including the gauge bosons:

(D’Attanasio & Morris, hep-ph/9602156, ’96; Peskin & Schroeder, ’95)

𝛿𝑆@ 𝜂, Λ℘ = ∫ 𝑑E𝑥 −𝜂 𝒄𝑽𝚲℘𝟐 + 0 . log Λ℘ tr V. V.

𝑉/(𝑘)𝑉.(𝑘)
V. 𝑘 {Π 𝑘Y 𝑘.𝑘/ − 𝑘Y 𝜂./ + 𝒄𝑽𝜦℘𝟐 𝜂./}𝑉/(𝑘)

https://arxiv.org/pdf/hep-th/9602156.pdf
http://www.fulviofrisone.com/attachments/article/483/Peskin,%20Schroesder%20-%20An%20introduction%20To%20Quantum%20Field%20Theory(T).pdf


Gauge Boson (𝑽𝝁) Loop Factor (𝒄𝑽) Broken Symmetry

𝑔.
6^_,…,a

𝑐c =
Y_
_def 𝑔g

Y color

𝑊.
i^_,…,j

𝑐k = Y_
_def

𝑔YY
isospin

𝐵. 𝑐m =
jn
jYef

𝑔)Y
hypercharge

The loop factor 𝑐@ changes from gauge group to gauge group. Its one-loop values are: 



tan 2 q𝜃k =
𝑔YY − 𝑔)Y 𝐻 Y

𝑔YY − 𝑔)Y 𝐻 Y + 2 𝑐k − 2 𝑐m Λ℘Y
tan 2𝜃k ⟹ 𝜕. 𝐽+,

. ≠ 0

𝜈

𝜈

𝑒'

𝑒'

𝑒z

𝑒z

(L. Okun & M. Voloshin, ‘77;  A. Ignatiev & G. Joshi, ‘96)

Ø Color breaking demolishes confinement and destructs therefore all the hadronic structures. 

Ø Isospin is broken explicitly and spontaneously (by 𝐻 ≠ 0). 

Ø Electromagnetism is broken explicitly  by 𝑐k ≠ 2 𝑐m:

http://inspirehep.net/record/268594/files/v19-n3-p99.pdf
https://arxiv.org/pdf/hep-ph/9604238.pdf


(DD,  arXiv:1901.07244, ’19; arXiv:1605.00377, ‘16)

𝛿𝑆@ ≡ −𝐼@ + 𝛿𝑆@ + 𝐼@

𝐼@ 𝜂 = ∫ 𝑑E𝑥 −𝜂
𝑐@
2
tr V./V./

Ø How to prevent charge and color breaking (CCB)?

Ø In response,  it proves efficacious to set the trivial identity

Ø How to insure spontaneity of electroweak breaking?

https://arxiv.org/pdf/1901.07244.pdf
https://arxiv.org/pdf/1605.00377.pdf


𝛿𝑆@ 𝜂, Λ℘ ≡ −𝐼@ 𝜂 + ∫ 𝑑E𝑥 −𝜂 𝑐@tr[𝑉. −𝐷./Y + Λ℘Y 𝜂./ 𝑉/ + 𝜕.(𝑉/𝑉./)]

Ø Keep “ −𝐼@“ untouched

Ø Integrate “ + 𝐼@“ by parts, and

Ø combine it with 𝛿𝑆@ 𝜂, Λ℘ to get   

𝐷. = 𝜕. + 𝑖𝑔 𝑉.

𝐷./Y = 𝐷Y𝜂./ − 𝐷.𝐷/ − 𝑉./



𝛿𝑆@ 𝑔, Λ℘ ≡ −𝐼@ 𝑔 + ∫ 𝑑E𝑥 −𝑔 𝑐@tr[𝑉. −𝒟./Y + Λ℘Y 𝑔./ 𝑉/ + 𝛻.(𝑉/𝑉./)]

Ø Incorporation of gravity starts with a (putatively curved) metric 𝑔./.

Ø In accordance with general covariance, let

which takes 𝛿𝑆@ 𝜂, Λ℘ into curved geometry of 𝑔./:

cΓ./� = _
Y
𝑔 ��(𝜕.𝑔/� + 𝜕/𝑔�. - 𝜕�𝑔/.)

𝜂./ ↪ 𝑔./

𝒟./Y = 𝒟Y𝑔./ − 𝒟.𝒟/ − 𝑉./

𝒟. = 𝛻. + 𝑖𝑔 𝑉.



𝛿𝑆@ 𝑔,ℝ ≡ −𝐼@ 𝑔 + ∫ 𝑑E𝑥 −𝑔 c� tr 𝑉. −𝒟./Y + ℝ./ Γ 𝑉/ + 𝛻. 𝑉/𝑉./

= ∫ 𝑑E𝑥 −𝑔 𝑐@tr 𝑉. ℝ./ Γ − 𝑅./(cΓ) 𝑉/

Ø By its nature,  Λ℘Y is to curvature whatever  𝜂./ is to 𝑔./. 

Ø It is thus legitimate to introduce the «affine curvature map»

that takes  𝛿𝑆@ 𝑔, Λ℘ into “metric-affine” geometry:

𝛬℘Y 𝑔./ ↪ ℝ./(𝛤)

(DD,  arXiv:1901.07244, ’19; arXiv:1605.00377, ‘16)

https://arxiv.org/pdf/1901.07244.pdf
https://arxiv.org/pdf/1605.00377.pdf
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= ∫ 𝑑E𝑥 −𝑔 𝑐@tr 𝑉. ℝ./ Γ − 𝑅./(cΓ) 𝑉/

Ø By its nature,  Λ℘Y is to curvature whatever  𝜂./ is to 𝑔./. 

Ø It is thus legitimate to introduce the «affine curvature map»

that takes  𝛿𝑆@ 𝑔, Λ℘ into “metric-affine” geometry:

𝛬℘Y 𝑔./ ↪ ℝ./(𝛤)

(DD,  arXiv:1901.07244, ’19; arXiv:1605.00377, ‘16)

CCB gets suppresse
d if ℝ.

/
Γ → 𝑅

./
(c Γ
), 

and this is d
ecided by the dynamics of Γ./

� . 

https://arxiv.org/pdf/1901.07244.pdf
https://arxiv.org/pdf/1605.00377.pdf


𝛿𝑆�� 𝜂, Λ℘ = −∫ 𝑑E𝑥 −𝜂 {𝑐E str 1 Λ℘E + 𝑐� str 𝑚Y Λ℘Y + 𝑐� Λ℘Y ℎY}

𝑐� = 2 𝑐E =
_

jYef
𝑐� =

1
32𝜋YΛkY

(2 𝑚�
Y + str 𝑚Y )

+ + +  ⋯

Ø Dynamics of Γ./� is determined by curvature sector, and

Ø curvature sector stems from corrections to the vacuum and Higgs sectors:

(gauge hierarchy problem)(cosmological constant problem)



𝛿𝑆�� 𝑔,ℝ = −∫ 𝑑E𝑥 −𝑔 {
𝑐E
16 str 1 (ℝ 𝑔, Γ )Y+

𝑐�
4 str 𝑚Y ℝ 𝑔, Γ +

𝑐�
4 ℝ 𝑔, Γ ℎY}

The metrical and curvature maps then lead to the curvature sector:

Higgs-curvature
coupling 𝜁 = ��

Y
scalar affine curvature
ℝ 𝑔, Γ = 𝑔./ ℝ./ Γ

str[…] must lead to 𝑀��
Y !

𝑚 = {𝑚� , 𝑚@ , 𝑚� ,⋯ }



𝛿𝑆�� 𝑔,ℝ = −∫ 𝑑E𝑥 −𝑔 {
𝑐E
16 str 1 (ℝ 𝑔, Γ )Y+

𝑐�
4 str 𝑚Y ℝ 𝑔, Γ +

𝑐�
4 ℝ 𝑔, Γ ℎY}

The metrical and curvature maps then lead to the curvature sector:

Higgs-curvature
coupling 𝜁 = ��

Y
scalar affine curvature
ℝ 𝑔, Γ = 𝑔./ ℝ./ Γ

str[…] must lead to 𝑀��
Y

𝑚 = {𝑚� , 𝑚@ , 𝑚� ,⋯ }
𝑀��
Y comes out wrong

(str
𝑚
Y < 0

, str
𝑚
Y ∼ Λk

Y )

⟹
BSM sector is n

ecessa
ry!  



Ø BSM sector must contain massive fields (of masses 𝑚� = {𝑚�� , 𝑚@� , 𝑚�� ,⋯ })

Ø BSM sector must be bosonic or must contain heavy bosons (as heavy as 𝑀��)

Ø BSM fields do not have to interact with the SM fields (a vital feature of BSM!)

ℳ = {𝑚� ,𝑚@ ,𝑚�,𝑚�� , 𝑚@� , 𝑚�� ,⋯ }

𝑀��
Y = _

Y
𝑐� str 𝑚Y + 𝑐�� str 𝑚�Y one-loop 1

64𝜋Y str ℳY



𝛿𝑆 𝑔,ℝ = ∫ 𝑑E𝑥 −𝑔 {−Q./ℝ./ Γ +
𝑐E
16

str 1 ℝ 𝑔, Γ Y − 𝑐@𝑅./ cΓ tr 𝒱.𝒱/ }

The complete curvature sector (with SM+BSM fields) takes the form:

𝒦./ = �ℋ
E
ℋY𝑔./ − 𝑐𝒱 tr 𝒱.𝒱/

𝑄./ =
𝑀��
Y

2
+
𝑐E
8
str 1 ℝ 𝑔, Γ 𝑔./ +𝒦./



Γ./� obeys the equation of motion  

Γ./� = cΓ./� + _
Y
𝑄¦_ �� 𝛻.𝑄/� + 𝛻/𝑄�. − 𝛻�𝑄./

§𝛻 𝑄./ = 0

with the solution

a non-linear PDE for Γ./� because
𝑄./ involves the affine curvature
ℝ 𝑔, Γ ∼ 𝜕Γ + ΓΓ
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a non-linear PDE for Γ./� because
𝑄./ involves the affine curvature
ℝ 𝑔, Γ ∼ 𝜕Γ + ΓΓ

GR is g
uaranteed if Γ./

� contains no

«geometric
al degrees of fre

edom»

beyond
c Γ./�

!



Γ./� obeys the equation of motion  

Γ./� = cΓ./� + _
Y
𝑄¦_ �� 𝛻.𝑄/� + 𝛻/𝑄�. − 𝛻�𝑄./

§𝛻 𝑄./ = 0

with the solution

a non-linear PDE for Γ./� because
𝑄./ involves the affine curvature
ℝ 𝑔, Γ ∼ 𝜕Γ + ΓΓ

… and this happens if

str
1 = 0

or equivalently
if

𝒏 𝑺𝑴¬
𝑩𝑺
𝑴

(𝒃)
= 𝒏 𝑺

𝑴¬
𝑩𝑺
𝑴

(𝒇)



With str 1 = 0, the affine connection relates to Levi-Civita connection algebraically:

Γ./� = cΓ./� + _
Y

,°±
f

Y
𝑔 + 𝒦

¦_ ��

𝛻.𝒦/� + 𝛻/𝒦�. − 𝛻�𝒦./

= cΓ./� + _
,°±
f 𝛻.𝒦/� + 𝛻/𝒦�. − 𝛻�𝒦./ + 𝒪( ²𝒦

f

,°±
³ )

involves only the scalars ℋ and
gauge bosons 𝒱. in SM+BSM!



The solution of the affine connection leads to the affine curvature

ℝ./ Γ = 𝑅./(cΓ) +𝒪(
𝛻Y𝒦
𝑀��
Y )

so that the notorious CCB gauge-boson mass action becomes

𝛿𝑆@ 𝑔,ℝ ≡ ∫ 𝑑E𝑥 −𝑔 𝑐@tr 𝑉. ℝ./ Γ − 𝑅./ cΓ 𝑉/ = 0 + ∫ 𝑑E𝑥 −𝑔 𝑐@𝒪(
²f𝒦
,°±
f )

no contribution to scalar
and gauge boson masses!



The solution of the affine connection leads to the affine curvature

ℝ./ Γ = 𝑅./(cΓ) +𝒪(
𝛻Y𝒦
𝑀��
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so that the notorious CCB gauge-boson mass action becomes
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no contribution to scalar
and gauge boson masses!

charge and color breaking (CCB) is 
suppresse

d ! 



The solution of the affine connection leads to the affine curvature

ℝ./ Γ = 𝑅./(cΓ) +𝒪(
𝛻Y𝒦
𝑀��
Y )

so that the notorious CCB gauge-boson mass action becomes

𝛿𝑆@ 𝑔,ℝ ≡ ∫ 𝑑E𝑥 −𝑔 𝑐@tr 𝑉. ℝ./ Γ − 𝑅./ cΓ 𝑉/ = 0 + ∫ 𝑑E𝑥 −𝑔 𝑐@𝒪(
²f𝒦
,°±
f )

no contribution to scalar
and gauge boson masses!

gauge symmetry-restoring emergent gravity

or briefly

«symmergent gravity»



The solution of  the affine curvature

ℝ./ Γ = 𝑅./(cΓ) +𝒪(
𝛻Y𝒦
𝑀��
Y )

causes the complete curvature sector to reduce as

𝛿𝑆 𝑔,ℝ = ∫ 𝑑E𝑥 −𝑔 {−Q./ℝ./ Γ +
𝑐E
16 str 1 ℝ 𝑔, Γ

Y
− 𝑐@𝑅./ cΓ tr 𝒱.𝒱/ }

= ∫ 𝑑E𝑥 −𝑔 {− ,°±
f

Y 𝑅(𝑔) − �ℋ
E 𝑅 𝑔 ℋY + 𝒪 𝒦²f𝒦

,°±
f }



The solution of  the affine curvature

ℝ./ Γ = 𝑅./(cΓ) +𝒪(
𝛻Y𝒦
𝑀��
Y )

causes the complete curvature sector to reduce as

𝛿𝑆 𝑔,ℝ = ∫ 𝑑E𝑥 −𝑔 {−Q./ℝ./ Γ +
𝑐E
16 str 1 ℝ 𝑔, Γ

Y
− 𝑐@𝑅./ cΓ tr 𝒱.𝒱/ }

= ∫ 𝑑E𝑥 −𝑔 {− ,°±
f

Y 𝑅(𝑔) − �ℋ
E 𝑅 𝑔 ℋY + 𝒪 𝒦²f𝒦

,°±
f }

gauge hierarchy problem is gone! 



The solution of  the affine curvature

ℝ./ Γ = 𝑅./(cΓ) +𝒪(
𝛻Y𝒦
𝑀��
Y )

causes the complete curvature sector to reduce as

𝛿𝑆 𝑔,ℝ = ∫ 𝑑E𝑥 −𝑔 {−Q./ℝ./ Γ +
𝑐E
16 str 1 ℝ 𝑔, Γ

Y
− 𝑐@𝑅./ cΓ tr 𝒱.𝒱/ }

= ∫ 𝑑E𝑥 −𝑔 {− ,°±
f

Y 𝑅(𝑔) − �ℋ
E 𝑅 𝑔 ℋY + 𝒪 𝒦²f𝒦

,°±
f }

symmergent gravity is e
xact Einste

in gravity! 



SM+BSM might  have a SUSY structure. Indeed, the constraint

might be taken to suggest that SM+BSM is a trans-Planckian SUSY broken around 𝑀´µ´) ∼ 16 𝑀��. This high-
scale SUSY exists for enabling the GR and inducing the gravitational scale 𝑀��.  It is a «SUSY-for-GR» picture. 

str 1 = 0

and the expression for the gravitational scale

𝑀��
Y = _

dEef
str ℳY

This high-scale SUSY is not realistic. It can be reconciled with the lightness and non-SUSY character of the SM if it 
exhibits a split-SUSY structure.  This is a highly-fine tuned framework in that both 𝛿𝑉 �¶c and 𝛿𝑚�

Y
�¶c are

suppressed by fine-tuning the model parameters up to some 121 digits. 
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might be taken to suggest that SM+BSM is a trans-Planckian SUSY broken around 𝑀´µ´) ∼ 16 𝑀��. This high-
scale SUSY exists for enabling the GR and inducing the gravitational scale 𝑀��.  It is a «SUSY-for-GR» picture. 
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and the expression for the gravitational scale
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Y = _

dEef
str ℳY

This high-scale SUSY is not realistic. It can be reconciled with the lightness and non-SUSY character of the SM if it 
exhibits a split-SUSY structure.  This is a highly-fine tuned framework in that both 𝛿𝑉 �¶c and 𝛿𝑚�

Y
�¶c are

suppressed by fine-tuning the model parameters up to some 121 digits. tra
ns-P

lanckian SUSY is 
possi

ble but 

it i
s e

xtr
emely fin

e-tu
ned (sp

lit 
SUSY)!



A  non-SUSY BSM seems much more 
viable! Indeed, the way 𝑀�� arises
never require any coupling between
the SM and the BSM fields.  This is 
what differentiates symmergence
from other known completions.

Ø BSM can be completely
decoupled from the SM to form 
a pitch-dark «ebony sector». 

Ø BSM can couple to the SM as an 
SM-singlet sector and form a 
«dark sector». 

Ø BSM can couple to the SM as an 
SM-charged sector and form 
«visible sector». 

BSM can come in 3 types:



The dark sector can be ebony (pitch-dark) in 
that it couples to the SM only gravitationally.  It
stabilizes electroweak scal with 𝛿𝑚�

Y
�¶c = 0

but can do nothing about the CCP since 
𝛿𝑉 �¶c ≠ 0

Ø It is a natural home to Dark Energy. 
(Could it be structured to solve the
CCP? )

Ø It is a natural home also to
«undetectable» Dark Matter (Isn’t
the current data pointing to an 
undetectable Dark Matter?)

Ø It can be produced by gravitational
particle production at the end of 
inflation.

SM+BSM

(P. Peebles and A. Vilenkin, arXiv:astro-ph/9904396)

https://arxiv.org/pdf/astro-ph/9904396.pdf


The dark sector can be ebony (pitch-dark) in 
that it couples to the SM only gravitationally.  It
stabilizes electroweak scal with 𝛿𝑚�

Y
�¶c = 0

but can do nothing about the CCP since 
𝛿𝑉 �¶c ≠ 0

Ø It is a natural home to Dark Energy. 
(Could it be structured to solve the
CCP? )

Ø It is a natural home also to
«undetectable» Dark Matter (Isn’t
the current data pointing to an 
undetectable Dark Matter?)

Ø It can be produced by gravitational
particle production at the end of 
inflation.

SM+BSM

(P. Peebles and A. Vilenkin, arXiv:astro-ph/9904396)

ebony BSM agrees w
ith present data!

https://arxiv.org/pdf/astro-ph/9904396.pdf


Dark BSM is an SM-singlet sector. It can couple to the SM gravitationally as 
well as directly through the Higgs, Hypercharge, Lepton portals: 

𝑆i¹º 𝑔 = ∫ 𝑑E𝑥 −𝑔 {𝜆���
Y 𝐻¼𝐻 𝐻�¼𝐻� + 𝜆m½� 𝐵

./𝑍./� + (𝜆�1 ¿𝐿𝐻𝑁 + ℎ. 𝑐. )

each of which gives rise to the aforementioned logarithmic shift 𝛿𝑚�
Y
�¶c in the Higgs boson mass. 

The electroweak scale can be stabilized only if the SM-BSM couplings obey the bound

𝜆YÂÂ� ≲
𝑚�
Y

𝑚Â�
Y

which sets a see-sawic relationship between the Higgs boson and BSM masses.  Symmergence does
not put any constraint on  𝜆 ÂÂ� so the see-sawic relationship above is physically allowed. In SUSY, 
extra dimensions and compositeness, however, 𝜆 ÂÂ� is tied to the SM couplings by symmetries so
that a see-sawic relationship is never allowed! It is for this reason that the LHC has already started
excluding them!)

(𝑚Â� ≥ 𝑚�)



Dark BSM is an SM-singlet sector. It can couple to the SM gravitationally as 
well as directly through the Higgs, Hypercharge, Lepton portals: 

𝑆i¹º 𝑔 = ∫ 𝑑E𝑥 −𝑔 {𝜆���
Y 𝐻¼𝐻 𝐻�¼𝐻� + 𝜆m½� 𝐵

./𝑍./� + (𝜆�1 ¿𝐿𝐻𝑁 + ℎ. 𝑐. )

each of which gives rise to the aforementioned logarithmic shift 𝛿𝑚�
Y
�¶c in the Higgs boson mass. 

The electroweak scale can be stabilized only if the SM-BSM couplings obey the bound

𝜆YÂÂ� ≲
𝑚�
Y

𝑚Â�
Y

which sets a see-sawic relationship between the Higgs boson and BSM masses.  Symmergence does
not put any constraint on  𝜆 ÂÂ� so the see-sawic relationship above is physically allowed. In SUSY, 
extra dimensions and compositeness, however, 𝜆 ÂÂ� is tied to the SM couplings by symmetries so
that a see-sawic relationship is never allowed! It is for this reason that the LHC has already started
excluding them!)

(𝑖𝑓 𝑚Â� ≥ 𝑚�)

dar
k BSM posse

sse
s novel pheno and astro

!
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Dark BSM particles can be detected at mainly the high-luminosity colliders. 
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Scalar Dark mass is bounded from above:

a fairly light dark matter!

𝜆 Y���

𝐻′

𝐻′

𝐻

𝐻

Ø 𝐻′ remains stable if it ejoys a ℤY symmetry

Ø 𝐻′ acquires correct relic density if 𝜆 Y���≃ 2.1×10¦E (
�Î�

ÏÐ@
)

Ø and as a result, see-sawic structure imposes 𝑚� ≲ 𝑚�� ≲ 3.38 𝑚� ≃ 420 GeV
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Figure 12. The current experimental parameter space for spin-independent WIMP-

nucleon cross sections. Not all published results are shown. The space above the

lines is excluded at a 90% confidence level. The two contours for DAMA interpret

the observed annual modulation in terms of scattering of iodine (I) and sodium (Na),

respectively. The dashed line limiting the parameter space from below represents the

“neutrino floor” [112] from the irreducible background from coherent neutrino-nucleus

scattering (CNNS), see Sect. 3.4.

below m� = 1.8 GeV/c2 [120], extending the mass range into the sub-GeV regime down

to 0.14 GeV/c2. The result for the lowest masses was achieved using a 0.5 g sapphire-

crystal (Al2O3) with a threshold of 20 eV. The cryogenic crystal was operated above

ground without significant shielding for 2.27 hours, the background level in the region

of interest was 1.2 ⇥ 105 events/(kg⇥ d⇥ keVee) [121].

In a small window around 0.5-06 GeV/c2 the best exclusion limit around 3 ⇥

10�37 cm2 is from NEWS-G, a spherical proportional counter with 60 cm diameter and

filled with a Ne+CH4 (0.7%) gas-mixture at 3.1 bar (corresponding to 283 g) [122]. With

its low threshold of 36.5 eVee and the use of the low-A gas neon the instrument was

optimized to search for low-mass WIMPs.

Spin-dependent interactions As discussed in Sect. 2.1, bubble chambers filled with

targets containing the isotope 19F have the highest sensitivity to spin-dependent WIMP-

proton couplings. The best limit to date is from PICO-60, operated with 52 kg of C3F8

(octafluoropropane), see Fig. 13 (top). No excess of WIMP candidates was observed

FIG. 18. Reproduced from Ref. [153], constraints on spin-independent DM-nucleus scattering as well as a
few best-fit regions from DAMA. The shaded region labeled ⌫-floor indicates the approximate DM mass and
cross section where the sensitivity starts to become limited by the irreducible background from neutrino
coherent scattering [191]. Note that these exclusion limits do not exclude all cross sections above the lines,
since for sufficiently large �n the DM scatters too much in the Earth and loses energy [192–194].

are from the XENON1T collaboration [189], with an exposure of almost 10
6 kg-day. In the next

decade, the sensitivity will improve by another 1-2 orders of magnitude (from experiments such as
DarkSide, PandaX, LZ, XENONnT). The sensitivity at low m� drops rapidly due to the energy
thresholds in the experiments, Eth

R
& 5 � 10 keV. The sensitivity at high m� drops because the

number density of DM drops as 1/m�. The constraints on spin-dependent cross sections are weaker,
and at the level of 10

�41 cm2 for coupling to neutron spin and 10
�40 cm2 for coupling to proton

spin (see for example Ref. [190]).
What are the implications for models of WIMPs? Using Eq. 99 and setting CV = g2

w ⇠ 0.1

where gw is a weak gauge coupling, the typical cross section for a 100 GeV DM candidate scattering
through a vector coupling to the Z-boson is

�V

n ' 10
�37

cm
2 . (113)

For Higgs exchange, using Eq. 106 and setting CS = 0.01,

�S

n ' 6 ⇥ 10
�47

cm
2 . (114)

For some DM candidates (such as Majorana fermion DM), scattering through the vector coupling
to the Z boson is highly suppressed or zero. For Z-exchange and an axial vector coupling with
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FIG. 3. The mass range of allowed DM candidates, comprising both particle candidates and primordial
black holes. Mass ranges are only approximate (in order of magnitude), and meant to indicate general
considerations.

possible by mass and spin. Fig. 3 gives a compact summary of the landscape and the main tourist
spots - we will visit each below.

A brief aside on MOND. — MOdified Newtonian Dynamics (MOND) is a framework for modified
gravity on galactic scales [8], originally put forth as an alternative to dark matter. A specific
relativistic theory is needed to obtain predictions during the early universe. Assuming no additional
matter content, popular candidates such as TeVeS [9] give a notably worse fit to CMB and large
scale structure data compared to ⇤CDM [10, 11]. A recent analysis of Milky Way rotation curve
and stellar kinematics data is also in tension with MOND [12].

A Bosons vs. fermions and the WDM limit

The keV mass scale is a special scale which, roughly speaking, demarcates thermally-produced
DM (either a fermion or boson) from nonthermally-produced bosonic DM. There are two separate
arguments here: first, a fermion DM candidate must have mass greater than O(keV) in order to
be consistent with observations of galaxies, and second, DM that is thermally produced from the
SM bath must also have mass greater than O(keV) to be consistent with observations of large scale
structure.

Using observations of the kinematics of stars in galaxies, a general statement can be made about
the spin of a potential DM candidate. Galaxies reside inside dark matter halos, gravitationally
bound overdensities that extend well beyond the typical radius for the stellar component of the
galaxy. As a simple example, we can model this halo as an object that underwent gravitational
collapse and is now virialized. Except close to the baryonic component, the gravitational potential

7

Dark matter comes in various types but detection cross-section is getting smaller and smaller at each new experiment:

(T. Lin, arXiv:1904.07915)

https://arxiv.org/pdf/1904.07915.pdf


Dark photon coupling well satisfies the see-sawic bound:

(T. Lin, arXiv:1904.07915)

𝑚@�

𝜆m½�

https://arxiv.org/pdf/1904.07915.pdf


Dark Neutrios must be relatively light:

𝜆�1�

a fairly light RH neutrino sector!

⟨𝐻⟩⟨𝐻⟩

Ø Active neutrinos acquire a mass 𝑚/ = 𝜆�1�
Y ( 𝐻 /𝑀1�)

Ø and as a result, see-sawic structure imposes 𝑚1� ≲ 1000 TeV

𝜆�1�

𝑁′

𝐿𝐿

(F. Vissani, hep-ph/9709409, 1998)

https://arxiv.org/pdf/hep-ph/9709409.pdf


Ø SM and GR are reconciled in a completely new way.

Ø GR emerges in a way restoring gauge symmetries and stabilizing the SM.

Ø There exists a rather wide/unconstrained BSM sector.

Ø There is a wide room to dark stuff (matter,energy,radiation).

Ø There are more …



Ø We have to understand gravity at «high curvature».

Ø We need a detailed collider analysis of «seeswic BSM» portals.

Ø We need a detailed dark matter/energy/photon analysis of «seesawic BSM».

Ø We need to understand if there is an underlying SUSY.

Ø We need to understand …



Thank You


