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Higgs boson @ LHC

In 2012,  CMS and ATLAS announced the 
discovery of a SM-Like Higgs bosons

Stefan Guindon   University at Albany      Higgs Couplings 2016Nov 9, 2016

Higgs Production and Decay

2

l Production of the Higgs boson in two categories: 
l Strong and Electroweak 
l Searches for all four production mechanisms at the LHC 

l ATLAS and CMS Run-1 independent searches have observed 
Higgs decays to bosons (γγ, WW and ZZ)

l LHC is sensitive to couplings of the Higgs to bosons and 
fermions, as well as indirectly to photons and gluons

ggF ttH

VH VBF

l Evidence for Higgs to fermion decays from both ATLAS and CMS 
l Combined ATLAS+CMS Run-1 H->ττ observation
l Direct observation of Higgs coupling to fermions

SM prediction

l JHEP 08 (2016) 045

The Higgs boson is produced in gluon-fusion, ttH,  VH, and VBF channels, and 
decays into di-photons, WW / ZZ,  quarks & leptons.

While new physics is 
still allowed …
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Quantum Corrections spoil the  naturalness:  

top Higgs W, Z, γ

Figure 5.2: The most significant quadratically divergent contributions to the Higgs mass in the Standard
Model.

The latter equation exposes the hierarchy problem. To keep the physical mass of the �l field in the
e↵ective theory m⇤2 finite as M ! 1, the renormalized mass parameter m of the light field has to be
fine-tuned within a relative accuracy of m⇤2/M2, see (5.11). The renormalized parameters m and M
have to finely tuned to make the two terms in this equation cancel. This need for fine-tuning is clearly
undesirable.

Essentially, not much changes in this situation when we consider the Standard Model. We will consider
the Standard Model as an e↵ective field theory of some high-energy theory, with new very heavy gauge,
fermion and/or scalar fields. Ignoring the interactions with gauge and fermion fields, the Higgs boson is
simply described by a �4 theory. It can fulfill the role of the light field �l in the above derivation. The
heavy field can be anything with a mass M � v, the electroweak symmetry breaking scale. We arrive
immediately at (5.11), and conclude that the Standard Model, considered as an e↵ective theory, also
su↵ers from a hierarchy problem. However, in the Standard Model we have also gauge fields and fermions,
each of which gives rise to another term proportional to a heavy mass-squared in (5.11). Of course one
can now argue that these contributions are opposite in sign and cancel each other, thereby resolving the
need of fine-tuning the Higgs mass parameter to its coupling. But, in order for this cancellation to be
natural, we need a symmetry relating the various gauge, fermion, and scalar field couplings, a symmetry
that is simply absent in the minimal version of the Standard Model. Thus the hierarchy problem remains.

5.4 Cut-o↵ arguments and new physics

At high energies, heavy particles from a not yet fully known high-energy theory might well contribute to
various processes. Therefore, assume that the Standard Model is valid up to some scale ⇤, say ⇤ = 10
TeV. At higher energies we do not know how to compute loop diagrams, thus we will cut such loops
o↵ at ⇤. The hierarchy problem arises because the contributions to the Higgs mass are quadratically
divergent. The most important contributions are the one-loop diagrams involving the top quark, the
SU(2)⇥U(1) gauge bosons, and the Higgs boson itself, see Figure 5.2. The contributions are, for ⇤ = 10
TeV (Schmaltz, 2003),
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The total Higgs mass at one-loop order is then approximately

m2

H
= m2

tree
� [100� 10� 5](200 GeV)2. (5.15)

If the Higgs mass is two be only a few hundred GeV, a fine tuning of about one part in 100 among
the tree-level parameters is required, see Figure 5.3. Thus we see again a manifestation of the hierarchy
problem. If we want the Standard Model to be valid up to ⇤ = 100 TeV, the fine-tuning required is much
greater, about one part in 10000; if on the other hand we expect new physics to take over at around
⇤ = 1 TeV, the need for fine-tuning disappears completely.

We now turn the argument around. Suppose we find a fine-tuning of at most 1 part in 10 acceptable.
Up to what scale can we expect the Standard Model to be valid? The largest contribution should be no
more than about 10 times the Higgs mass, and we find a cut-o↵ ⇤ ⇡ 2 TeV. At this scale we expect to find
new particles, whose presence is dictated by some symmetry, that naturally cancel the contribution from
the top quark. Since the gauge- and Higgs loop contributions are smaller, the new particles cancelling
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Figure 5.3: The fine-tuning required to obtain an acceptable Higgs mass in the Standard Model with
cut-o↵ ⇤ = 10 TeV.

them are allowed to be a bit heavier, about 5 TeV for new gauge bosons, and 10 TeV for a new Higgs-
like particle. It is important to note that these are maximum masses, arising from the demand that
fine-tuning remains at an acceptable level. One can also predict lower bounds, by calculating the e↵ect
of new particles on Standard Model processes, and comparing with precision electroweak data.

Recently a new type of models known as ‘Little Higgs’ models has emerged, which indeed introduce
new particles at the TeV scale to naturally cancel the quadratically divergent contributions to the Higgs
boson mass. The Little Higgs models are the subject of the next chapter.
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Fine-tuning needed for ⇤ = 10 TeV )

“Mexican hat” potential 
well describes EWSB,  

but no insight on Higgs 
property

The puzzle is whether the  Higgs  is an elementary particle.  Do we need Models 
Beyond the Standard Model?   

The SM Higgs  boson
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BSM might  work

There can be many solutions:  SUSY, Little Higgs,  Extra 
Dimension (flat or warped),  etc

Little 
Higgs  

?  ?  

Little 
Higgs  

?  ?  

5  

Little 
Higgs  

?  ?  

125  
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The compositeness  paradigm
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Compositeness is an alternative 
solution to “ Naturalness ’’

• The asymptotic free UV gauge group confines 
at ~10 TeV,  condensation states are generated.

• In EFT,  Composite Higgs boson is realised as 
pseudo Nambu Goldstone Boson,  with its 
lightness protected by global symmetry.

Cacciapaglia, HC, Flacke, Lee, et al, JHEP 1506 (2015) 085

Georgi, Kaplan (1984)        In this paradigm, flavour constraint can be satisfied.

Trigger  EWSBnew resonances

Generate top mass

⇠ 105 TeV
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The models we discuss are based on a confining gauge group with two species of fermions,  
predicting rich phenomenology in the low energy effective theory.  

Fundamental Composite Dynamics

-   Containing at least one Higgs doublet as pNGBs in custodial symmetry. 

-   The Hyper-Color fermionic singlets can be used as top partners. 

Phenomenology Refs:

Cacciapaglia, HC, et al. 
JHEP 1511, 201; 

Belyaev, HC, et al.  
PRD 94, no.1,  015004 

(2016);

Buarque,  HC, et al. 
JHEP 1611, 076

GTC SU(3)c SU(2)L U(1)Y
 1/2

R1

1 2 1/2

 �1/2 1 2 �1/2

 0 1 1 0

 ̃0 1 1 0

�t R2 3 1 2/3

�̃t R2 3̄ 1 �2/3

Table 2: Template for the techni-fermions giving rise to SU(6)/SO(6) and partial composite-

ness for the top quark. Under the TC interactions, R1 is a real representation, while R2 can

be complex, real or pseudo-real. The representations allows for a bound state of two  with

one �.

with

mtop =
Ctf

4

⇣p
3RS1 �

p
2RS2

⌘
Q⇤

A1 sin(4↵) . (3.15)

3.2 Underlying theories based on fermion-gauge interactions

Models of composite Higgs with fermion partial compositeness can be described in terms of

underlying gauge-fermion theories [46, 50]. These theories consist of a confining TC gauge

group, and two species of techni-fermions belonging to di↵erent representations of the TC

group. Requiring that the theories confine without falling inside the infra-red conformal window

strongly limits the number of available TC groups [35, 37] and only allows for generating

(light) partners for the top quark. Here we will identify models from the list in Ref. [46] that

can be extended to accommodate the SU(6)/SO(6) coset in the Higgs sector.

The template for the models is illustrated in Table 2, where we list the minimal set of

techni-fermions and their quantum numbers under the SM gauge symmetries. The table

clearly shows the origin of the U(1)X we assumed in the previous section, as it is simply the

hypercharge carried by the � techni-fermions. To determine the allowed GTC and representation,

we will start from the list in Ref. [46], add one additional  and verify that the model is still

outside of the conformal window. For the latter, we made use of the conjectured all-orders

beta function of Refs [51]: this would be a very conservative estimate as this method is the

most constraining one [52–54]. We are thus left with the following choices:

GTC = SO(7) or SO(9) with R1 = Spin , R2 = F (real) . (3.16)

Thus, for both models the complete global symmetry of the strong dynamics is SU(6) ⇥

SU(6)� ⇥ U(1)/SO(6) ⇥ SO(6)�, where U(1)X is embedded in SO(6)�. The global U(1),

which is spontaneously broken by the techni-fermion condensates, leads to a potentially light

pseudo-scalar, whose properties have been extensively studied in Refs [35, 55].

– 18 –

L = �1

4
F a
µ⌫F

a,µ⌫ +  ̄(i�µ)Dµ � M + h.c.

Cacciapaglia, HC, 
et al. JHEP 1910 (2019) 035

This UV Lagrangian corresponds to SU(6)/SO(6) CHM 
in the IR limit. GTC : SO(7) or SO(9)

<latexit sha1_base64="MFXvRzze5CtIlccsiq1Iz40ui7k="></latexit><latexit sha1_base64="MFXvRzze5CtIlccsiq1Iz40ui7k="></latexit><latexit sha1_base64="MFXvRzze5CtIlccsiq1Iz40ui7k="></latexit><latexit sha1_base64="MFXvRzze5CtIlccsiq1Iz40ui7k="></latexit>
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The Sigma in SU(6)/SO(6)
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This mapping is 
before EWSB

The low energy dynamics of CHM can be described by ⌃(x) in EFT framework:

⌃(x) = exp
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2 Higgs 
doublets

This theory delivers 20 NGBs transforming under SU(2)L⇥U(1)Y gauge group
as 3±1 + 30 + 2±1/2 + 2±1/2 + 3⇥ 10.

Similar to Georgi 
Machacek model

JHEP 1910 (2019) 035
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Vacuum Misalignment
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SO(6)

⌃↵

v ⌧ f
SU(2)⇥ U(1)
preserving

↵

U(�) =

0

BB@

12 0 0 0
0 12 0 0
0 0 cos� � sin�
0 0 sin� cos�

1

CCA

The most general vacuum structure is defined by 3 angles (2 along doublets and

1 along triplet). Consider giving VEV to any one of two Higgs doublets, this

can be achieved by a SU(6) rotation:

U(↵,�) = U(�)U(↵)U(�)† = ei
p
2(↵1 Xh+↵2 XH0 )

Now the Sigma field after EWSB is rotated by the transformation:

⌃(x)↵,� = U(↵,�) · ⌃(x) · U(↵,�)T .

Since U(�) = e�i
p
2 � S15 is defined in terms of a generator unbroken by ⌃B , it

can either be absorbed into spurion (breaking symmetry) or PNGB redefinition.

rotates vacuum to deviate 

conserving direction, andSU(2)L ⇥ U(1)Y
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 tigger EWSB;   The other

distributes VEV among h, H0
<latexit sha1_base64="h9GinXhwtJnehUNSVmYjMGjGoqs=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFnOChYS7NFoGbVJGMB+YHGFvs5cs2d07dveEcORf2FgoYuu/sfPfuEmu0MQHA4/3ZpiZFyacaeN5305hY3Nre6e4W9rbPzg8Kh+ftHWcKkJbJOax6oZYU84kbRlmOO0mimIRctoJJ3dzv/NElWaxfDDThAYCjySLGMHGSo/u2L1CbmPguYNyxat6C6B14uekAjmag/JXfxiTVFBpCMda93wvMUGGlWGE01mpn2qaYDLBI9qzVGJBdZAtLp6hC6sMURQrW9Kghfp7IsNC66kIbafAZqxXvbn4n9dLTXQTZEwmqaGSLBdFKUcmRvP30ZApSgyfWoKJYvZWRMZYYWJsSCUbgr/68jpp16q+V/Xva5X6bR5HEc7gHC7Bh2uoQwOa0AICEp7hFd4c7bw4787HsrXg5DOn8AfO5w+2q473</latexit><latexit sha1_base64="h9GinXhwtJnehUNSVmYjMGjGoqs=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFnOChYS7NFoGbVJGMB+YHGFvs5cs2d07dveEcORf2FgoYuu/sfPfuEmu0MQHA4/3ZpiZFyacaeN5305hY3Nre6e4W9rbPzg8Kh+ftHWcKkJbJOax6oZYU84kbRlmOO0mimIRctoJJ3dzv/NElWaxfDDThAYCjySLGMHGSo/u2L1CbmPguYNyxat6C6B14uekAjmag/JXfxiTVFBpCMda93wvMUGGlWGE01mpn2qaYDLBI9qzVGJBdZAtLp6hC6sMURQrW9Kghfp7IsNC66kIbafAZqxXvbn4n9dLTXQTZEwmqaGSLBdFKUcmRvP30ZApSgyfWoKJYvZWRMZYYWJsSCUbgr/68jpp16q+V/Xva5X6bR5HEc7gHC7Bh2uoQwOa0AICEp7hFd4c7bw4787HsrXg5DOn8AfO5w+2q473</latexit><latexit sha1_base64="h9GinXhwtJnehUNSVmYjMGjGoqs=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFnOChYS7NFoGbVJGMB+YHGFvs5cs2d07dveEcORf2FgoYuu/sfPfuEmu0MQHA4/3ZpiZFyacaeN5305hY3Nre6e4W9rbPzg8Kh+ftHWcKkJbJOax6oZYU84kbRlmOO0mimIRctoJJ3dzv/NElWaxfDDThAYCjySLGMHGSo/u2L1CbmPguYNyxat6C6B14uekAjmag/JXfxiTVFBpCMda93wvMUGGlWGE01mpn2qaYDLBI9qzVGJBdZAtLp6hC6sMURQrW9Kghfp7IsNC66kIbafAZqxXvbn4n9dLTXQTZEwmqaGSLBdFKUcmRvP30ZApSgyfWoKJYvZWRMZYYWJsSCUbgr/68jpp16q+V/Xva5X6bR5HEc7gHC7Bh2uoQwOa0AICEp7hFd4c7bw4787HsrXg5DOn8AfO5w+2q473</latexit><latexit sha1_base64="h9GinXhwtJnehUNSVmYjMGjGoqs=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFnOChYS7NFoGbVJGMB+YHGFvs5cs2d07dveEcORf2FgoYuu/sfPfuEmu0MQHA4/3ZpiZFyacaeN5305hY3Nre6e4W9rbPzg8Kh+ftHWcKkJbJOax6oZYU84kbRlmOO0mimIRctoJJ3dzv/NElWaxfDDThAYCjySLGMHGSo/u2L1CbmPguYNyxat6C6B14uekAjmag/JXfxiTVFBpCMda93wvMUGGlWGE01mpn2qaYDLBI9qzVGJBdZAtLp6hC6sMURQrW9Kghfp7IsNC66kIbafAZqxXvbn4n9dLTXQTZEwmqaGSLBdFKUcmRvP30ZApSgyfWoKJYvZWRMZYYWJsSCUbgr/68jpp16q+V/Xva5X6bR5HEc7gHC7Bh2uoQwOa0AICEp7hFd4c7bw4787HsrXg5DOn8AfO5w+2q473</latexit>

tan(�) = ↵2/↵1
<latexit sha1_base64="c4CXA4YJ/0xED1SjbZsZCVv6MKk=">AAACLXicdVDLSgNBEJz1bXxFPXoZjIJe4m4uehGCevCoYFTIhtA76ZjB2dllplcMy/6QF39FBA+KePU3nMQcfBY0FFXd09MVpUpa8v1nb2x8YnJqema2NDe/sLhUXl45t0lmBDZEohJzGYFFJTU2SJLCy9QgxJHCi+j6cOBf3KCxMtFn1E+xFcOVll0pgJzULh9thASab4UREmzzfR4S3tLw3dxgp8hDUGkP2rVi5x8nKDba5Ypf9Yfgv0kwIhU2wkm7/Bh2EpHFqEkosLYZ+Cm1cjAkhcKiFGYWUxDXcIVNRzXEaFv5cHfBN53S4d3EuNLEh+rXiRxia/tx5DpjoJ796Q3Ev7xmRt29Vi51mhFq8bmomylOCR9ExzvSoCDVdwSEke6vXPTAgCAXcMmFEPw8+Tc5r1UDvxqc1ir1g1EcM2yNrbMtFrBdVmfH7IQ1mGB37IE9sxfv3nvyXr23z9YxbzSzyr7Be/8AoMGpCA==</latexit><latexit sha1_base64="c4CXA4YJ/0xED1SjbZsZCVv6MKk=">AAACLXicdVDLSgNBEJz1bXxFPXoZjIJe4m4uehGCevCoYFTIhtA76ZjB2dllplcMy/6QF39FBA+KePU3nMQcfBY0FFXd09MVpUpa8v1nb2x8YnJqema2NDe/sLhUXl45t0lmBDZEohJzGYFFJTU2SJLCy9QgxJHCi+j6cOBf3KCxMtFn1E+xFcOVll0pgJzULh9thASab4UREmzzfR4S3tLw3dxgp8hDUGkP2rVi5x8nKDba5Ypf9Yfgv0kwIhU2wkm7/Bh2EpHFqEkosLYZ+Cm1cjAkhcKiFGYWUxDXcIVNRzXEaFv5cHfBN53S4d3EuNLEh+rXiRxia/tx5DpjoJ796Q3Ev7xmRt29Vi51mhFq8bmomylOCR9ExzvSoCDVdwSEke6vXPTAgCAXcMmFEPw8+Tc5r1UDvxqc1ir1g1EcM2yNrbMtFrBdVmfH7IQ1mGB37IE9sxfv3nvyXr23z9YxbzSzyr7Be/8AoMGpCA==</latexit><latexit sha1_base64="c4CXA4YJ/0xED1SjbZsZCVv6MKk=">AAACLXicdVDLSgNBEJz1bXxFPXoZjIJe4m4uehGCevCoYFTIhtA76ZjB2dllplcMy/6QF39FBA+KePU3nMQcfBY0FFXd09MVpUpa8v1nb2x8YnJqema2NDe/sLhUXl45t0lmBDZEohJzGYFFJTU2SJLCy9QgxJHCi+j6cOBf3KCxMtFn1E+xFcOVll0pgJzULh9thASab4UREmzzfR4S3tLw3dxgp8hDUGkP2rVi5x8nKDba5Ypf9Yfgv0kwIhU2wkm7/Bh2EpHFqEkosLYZ+Cm1cjAkhcKiFGYWUxDXcIVNRzXEaFv5cHfBN53S4d3EuNLEh+rXiRxia/tx5DpjoJ796Q3Ev7xmRt29Vi51mhFq8bmomylOCR9ExzvSoCDVdwSEke6vXPTAgCAXcMmFEPw8+Tc5r1UDvxqc1ir1g1EcM2yNrbMtFrBdVmfH7IQ1mGB37IE9sxfv3nvyXr23z9YxbzSzyr7Be/8AoMGpCA==</latexit><latexit sha1_base64="c4CXA4YJ/0xED1SjbZsZCVv6MKk=">AAACLXicdVDLSgNBEJz1bXxFPXoZjIJe4m4uehGCevCoYFTIhtA76ZjB2dllplcMy/6QF39FBA+KePU3nMQcfBY0FFXd09MVpUpa8v1nb2x8YnJqema2NDe/sLhUXl45t0lmBDZEohJzGYFFJTU2SJLCy9QgxJHCi+j6cOBf3KCxMtFn1E+xFcOVll0pgJzULh9thASab4UREmzzfR4S3tLw3dxgp8hDUGkP2rVi5x8nKDba5Ypf9Yfgv0kwIhU2wkm7/Bh2EpHFqEkosLYZ+Cm1cjAkhcKiFGYWUxDXcIVNRzXEaFv5cHfBN53S4d3EuNLEh+rXiRxia/tx5DpjoJ796Q3Ev7xmRt29Vi51mhFq8bmomylOCR9ExzvSoCDVdwSEke6vXPTAgCAXcMmFEPw8+Tc5r1UDvxqc1ir1g1EcM2yNrbMtFrBdVmfH7IQ1mGB37IE9sxfv3nvyXr23z9YxbzSzyr7Be/8AoMGpCA==</latexit>

↵ ' v/f
<latexit sha1_base64="sL9SQqLLhlp7zFZce7xrC/8rHTk=">AAAB/HicbVBNT8JAEN3iF+JXlaOXjWDiCVsueiR68YiJfCTQkOmyhQ3bbd3dkjQN/hUvHjTGqz/Em//GBXpQ8CWTvLw3k5l5fsyZ0o7zbRU2Nre2d4q7pb39g8Mj+/ikraJEEtoiEY9k1wdFORO0pZnmtBtLCqHPacef3M79zpRKxSLxoNOYeiGMBAsYAW2kgV2u9oHHY8B9xUL6iKeXQXVgV5yaswBeJ25OKihHc2B/9YcRSUIqNOGgVM91Yu1lIDUjnM5K/UTRGMgERrRnqICQKi9bHD/D50YZ4iCSpoTGC/X3RAahUmnom84Q9FitenPxP6+X6ODay5iIE00FWS4KEo51hOdJ4CGTlGieGgJEMnMrJmOQQLTJq2RCcFdfXiftes11au59vdK4yeMoolN0hi6Qi65QA92hJmohglL0jF7Rm/VkvVjv1seytWDlM2X0B9bnDz8ik9c=</latexit><latexit sha1_base64="sL9SQqLLhlp7zFZce7xrC/8rHTk=">AAAB/HicbVBNT8JAEN3iF+JXlaOXjWDiCVsueiR68YiJfCTQkOmyhQ3bbd3dkjQN/hUvHjTGqz/Em//GBXpQ8CWTvLw3k5l5fsyZ0o7zbRU2Nre2d4q7pb39g8Mj+/ikraJEEtoiEY9k1wdFORO0pZnmtBtLCqHPacef3M79zpRKxSLxoNOYeiGMBAsYAW2kgV2u9oHHY8B9xUL6iKeXQXVgV5yaswBeJ25OKihHc2B/9YcRSUIqNOGgVM91Yu1lIDUjnM5K/UTRGMgERrRnqICQKi9bHD/D50YZ4iCSpoTGC/X3RAahUmnom84Q9FitenPxP6+X6ODay5iIE00FWS4KEo51hOdJ4CGTlGieGgJEMnMrJmOQQLTJq2RCcFdfXiftes11au59vdK4yeMoolN0hi6Qi65QA92hJmohglL0jF7Rm/VkvVjv1seytWDlM2X0B9bnDz8ik9c=</latexit><latexit sha1_base64="sL9SQqLLhlp7zFZce7xrC/8rHTk=">AAAB/HicbVBNT8JAEN3iF+JXlaOXjWDiCVsueiR68YiJfCTQkOmyhQ3bbd3dkjQN/hUvHjTGqz/Em//GBXpQ8CWTvLw3k5l5fsyZ0o7zbRU2Nre2d4q7pb39g8Mj+/ikraJEEtoiEY9k1wdFORO0pZnmtBtLCqHPacef3M79zpRKxSLxoNOYeiGMBAsYAW2kgV2u9oHHY8B9xUL6iKeXQXVgV5yaswBeJ25OKihHc2B/9YcRSUIqNOGgVM91Yu1lIDUjnM5K/UTRGMgERrRnqICQKi9bHD/D50YZ4iCSpoTGC/X3RAahUmnom84Q9FitenPxP6+X6ODay5iIE00FWS4KEo51hOdJ4CGTlGieGgJEMnMrJmOQQLTJq2RCcFdfXiftes11au59vdK4yeMoolN0hi6Qi65QA92hJmohglL0jF7Rm/VkvVjv1seytWDlM2X0B9bnDz8ik9c=</latexit><latexit sha1_base64="sL9SQqLLhlp7zFZce7xrC/8rHTk=">AAAB/HicbVBNT8JAEN3iF+JXlaOXjWDiCVsueiR68YiJfCTQkOmyhQ3bbd3dkjQN/hUvHjTGqz/Em//GBXpQ8CWTvLw3k5l5fsyZ0o7zbRU2Nre2d4q7pb39g8Mj+/ikraJEEtoiEY9k1wdFORO0pZnmtBtLCqHPacef3M79zpRKxSLxoNOYeiGMBAsYAW2kgV2u9oHHY8B9xUL6iKeXQXVgV5yaswBeJ25OKihHc2B/9YcRSUIqNOGgVM91Yu1lIDUjnM5K/UTRGMgERrRnqICQKi9bHD/D50YZ4iCSpoTGC/X3RAahUmnom84Q9FitenPxP6+X6ODay5iIE00FWS4KEo51hOdJ4CGTlGieGgJEMnMrJmOQQLTJq2RCcFdfXiftes11au59vdK4yeMoolN0hi6Qi65QA92hJmohglL0jF7Rm/VkvVjv1seytWDlM2X0B9bnDz8ik9c=</latexit>
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This is universal in most 
CHMs: SO(5)/SO(4), 

SU(4)/Sp(4), etc.

At the leading order, the e↵ective Lagrangian is given by the kinetic term. Since
the gauge interaction is invariant under U(�), � dependence is fully removed.

<latexit sha1_base64="KFRHXpGqT6jTouMC+SCSUY6nVjE=">AAACsXicbVFLb9NAEF6bR0t4NMCRy4gEqUiVZZcDPRa4cOBQRNMWJSGM12NnlfXa2l1HRFb+H2du/BvGbg7QMtJIo++b1zeT1lo5H8e/g/DO3Xv39/YfDB4+evzkYPj02YWrGitpIitd2asUHWllaOKV13RVW8Iy1XSZrj50/OWarFOVOfebmu YlFkblSqJnaDH8OTOVMhkZD+88+CWBJsyUKaCyGdmjHqI8J+nVmuATFhZNodCAclAwZCDd9Ekr3sArCZ5sGcEXZST1eIFNQaAM4yi7oV2lMmu03MVDw8MtjCeHs5Q8vh4fwczTD98ra1Pd0LYd99R4CxnV1O3KnblH3mi9AUtltaYsWgxHcRT3BreDZBeMxM7OFsNfs6ySTcnSpUbnpklc+3mLlkVo2g5mjaMa5QoLmnJosCQ3b/u9tvCKkQzyyrKziB79u6LF0rlNmXJmiX7pbnId+D9u2vj8ZN4qUzeedV4PYqHgK+jeB5my/ArWnSmUVnUHl0vsLstPHvARkpuSbwcXx1ESR8nn49Hp+9059sUL8VIcikS8FafiozgTEyGDKDgP5sG38E34NfweptepYbCreS7+sXD1B1iL1FI=</latexit><latexit sha1_base64="KFRHXpGqT6jTouMC+SCSUY6nVjE=">AAACsXicbVFLb9NAEF6bR0t4NMCRy4gEqUiVZZcDPRa4cOBQRNMWJSGM12NnlfXa2l1HRFb+H2du/BvGbg7QMtJIo++b1zeT1lo5H8e/g/DO3Xv39/YfDB4+evzkYPj02YWrGitpIitd2asUHWllaOKV13RVW8Iy1XSZrj50/OWarFOVOfebmu YlFkblSqJnaDH8OTOVMhkZD+88+CWBJsyUKaCyGdmjHqI8J+nVmuATFhZNodCAclAwZCDd9Ekr3sArCZ5sGcEXZST1eIFNQaAM4yi7oV2lMmu03MVDw8MtjCeHs5Q8vh4fwczTD98ra1Pd0LYd99R4CxnV1O3KnblH3mi9AUtltaYsWgxHcRT3BreDZBeMxM7OFsNfs6ySTcnSpUbnpklc+3mLlkVo2g5mjaMa5QoLmnJosCQ3b/u9tvCKkQzyyrKziB79u6LF0rlNmXJmiX7pbnId+D9u2vj8ZN4qUzeedV4PYqHgK+jeB5my/ArWnSmUVnUHl0vsLstPHvARkpuSbwcXx1ESR8nn49Hp+9059sUL8VIcikS8FafiozgTEyGDKDgP5sG38E34NfweptepYbCreS7+sXD1B1iL1FI=</latexit><latexit sha1_base64="KFRHXpGqT6jTouMC+SCSUY6nVjE=">AAACsXicbVFLb9NAEF6bR0t4NMCRy4gEqUiVZZcDPRa4cOBQRNMWJSGM12NnlfXa2l1HRFb+H2du/BvGbg7QMtJIo++b1zeT1lo5H8e/g/DO3Xv39/YfDB4+evzkYPj02YWrGitpIitd2asUHWllaOKV13RVW8Iy1XSZrj50/OWarFOVOfebmu YlFkblSqJnaDH8OTOVMhkZD+88+CWBJsyUKaCyGdmjHqI8J+nVmuATFhZNodCAclAwZCDd9Ekr3sArCZ5sGcEXZST1eIFNQaAM4yi7oV2lMmu03MVDw8MtjCeHs5Q8vh4fwczTD98ra1Pd0LYd99R4CxnV1O3KnblH3mi9AUtltaYsWgxHcRT3BreDZBeMxM7OFsNfs6ySTcnSpUbnpklc+3mLlkVo2g5mjaMa5QoLmnJosCQ3b/u9tvCKkQzyyrKziB79u6LF0rlNmXJmiX7pbnId+D9u2vj8ZN4qUzeedV4PYqHgK+jeB5my/ArWnSmUVnUHl0vsLstPHvARkpuSbwcXx1ESR8nn49Hp+9059sUL8VIcikS8FafiozgTEyGDKDgP5sG38E34NfweptepYbCreS7+sXD1B1iL1FI=</latexit><latexit sha1_base64="KFRHXpGqT6jTouMC+SCSUY6nVjE=">AAACsXicbVFLb9NAEF6bR0t4NMCRy4gEqUiVZZcDPRa4cOBQRNMWJSGM12NnlfXa2l1HRFb+H2du/BvGbg7QMtJIo++b1zeT1lo5H8e/g/DO3Xv39/YfDB4+evzkYPj02YWrGitpIitd2asUHWllaOKV13RVW8Iy1XSZrj50/OWarFOVOfebmu YlFkblSqJnaDH8OTOVMhkZD+88+CWBJsyUKaCyGdmjHqI8J+nVmuATFhZNodCAclAwZCDd9Ekr3sArCZ5sGcEXZST1eIFNQaAM4yi7oV2lMmu03MVDw8MtjCeHs5Q8vh4fwczTD98ra1Pd0LYd99R4CxnV1O3KnblH3mi9AUtltaYsWgxHcRT3BreDZBeMxM7OFsNfs6ySTcnSpUbnpklc+3mLlkVo2g5mjaMa5QoLmnJosCQ3b/u9tvCKkQzyyrKziB79u6LF0rlNmXJmiX7pbnId+D9u2vj8ZN4qUzeedV4PYqHgK+jeB5my/ArWnSmUVnUHl0vsLstPHvARkpuSbwcXx1ESR8nn49Hp+9059sUL8VIcikS8FafiozgTEyGDKDgP5sG38E34NfweptepYbCreS7+sXD1B1iL1FI=</latexit>

L =
1

16
f2Tr[(Dµ⌃(x))

† ·Dµ⌃(x)]
<latexit sha1_base64="jOo0OFaIPOz1b1PutGtKzGrWm6Q="></latexit><latexit sha1_base64="jOo0OFaIPOz1b1PutGtKzGrWm6Q="></latexit><latexit sha1_base64="jOo0OFaIPOz1b1PutGtKzGrWm6Q="></latexit><latexit sha1_base64="jOo0OFaIPOz1b1PutGtKzGrWm6Q="></latexit>

with

Dµ⌃(x) = @µ⌃(x)�

ig2W

a
µ (T

a.⌃(x)+⌃(x).T aT )+ig1Bµ(Y.⌃(x)+⌃(x).Y T )

�
.

<latexit sha1_base64="wP9Ox0vjLWGLqlZ7Czrh5OTwf9E="></latexit><latexit sha1_base64="wP9Ox0vjLWGLqlZ7Czrh5OTwf9E="></latexit><latexit sha1_base64="wP9Ox0vjLWGLqlZ7Czrh5OTwf9E="></latexit><latexit sha1_base64="wP9Ox0vjLWGLqlZ7Czrh5OTwf9E="></latexit>

This Lagrangian contains masses of W & Z gauge bosons, satisfying custodial

symmetry:

m2
W =

1

4
g22f

2
sin

2
(↵) , m2

Z =
m2

W

cos2✓W
.

We can define f sin(↵) = vSM. The linear couplings between the Higgs boson h
and the vector bosons are derived to be:

ghWW = gSM
hWW cos(↵), ghZZ = gSM

hZZ cos(↵) .
<latexit sha1_base64="cpv2onWUg82odcFD/WVB2FRWXU4="></latexit><latexit sha1_base64="cpv2onWUg82odcFD/WVB2FRWXU4="></latexit><latexit sha1_base64="cpv2onWUg82odcFD/WVB2FRWXU4="></latexit><latexit sha1_base64="cpv2onWUg82odcFD/WVB2FRWXU4="></latexit>
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These vertices are extracted from kinetic term at the second order of pion matrix:

There is no W, Z couplings to a single       at this order,  indicating  protection from symmetry.⌘2

LW�W� = �1

4
g
2
W

�µ
Wµ

�
✓
3⇤+'+ sin2(↵) + 2⇤2

+ sin4
⇣
↵

2

⌘
+ 2'2

+ cos4
⇣
↵

2

⌘
�H

2
+ sin2(↵)

+ ⇤++

⇣
4
⇣
⇤0 sin

4
⇣
↵

2

⌘
+ ⇤⇤

0 cos
4
⇣
↵

2

⌘⌘
� sin2(↵)

⇣p
3⌘1 �

p
2⌘3 + 3'0

⌘⌘◆

LW+Z =
1

4
g
2 sec(✓w)W

+
µ Z

µ

✓
H�

�
�2H0 cos(↵) sin

2(✓w) + iA0(cos(2✓w)� cos(2↵))
�

+ 4⇤��'+ sin2
⇣
↵

2

⌘
(2 sin2(

↵

2
)� 3 cos2(✓w)) + 4⇤��⇤+ cos2

⇣
↵

2

⌘
(2 cos2(

↵

2
)� 3 cos2(✓w))

+ ⇤�

✓
4⇤0 cos

2
⇣
↵

2

⌘ �
cos2(✓w)� 2 cos(↵)

�
+ 2'0 sin

2
⇣
↵

2

⌘
(cos(↵)� cos(2✓w))

◆

+ '�

✓
4⇤⇤

0 sin
2
⇣
↵

2

⌘
(cos2(✓w) + 2 cos(↵))� 2'0 cos

2
⇣
↵

2

⌘
(cos(↵) + cos(2✓w))

◆

+ (⇤� + '�)
⇣p

3⌘1 �
p
2⌘3

⌘
sin2(↵)

◆

LW+� =
1

2
g
2 sin(✓w)W

µ
+�µ

✓
H� (H0 cos(↵) + iA0)� 6 sin2(

↵

2
)'+⇤�� � 6 cos2(

↵

2
)⇤+⇤��

+ 2⇤�

⇣
⇤0 cos

2(
↵

2
)� '0 sin

2(
↵

2
)
⌘
+ 2'�

⇣
⇤⇤
0 sin

2(
↵

2
)� '0 cos

2(
↵

2
)
⌘◆

LZ� = g
2 tan(✓w)Z

µ
�µ

✓
(cos(2✓w) + cos(↵))'�'+ + (cos(2✓w)� cos(↵))⇤�⇤+

+ cos(2✓w) (H�H+ + 4⇤��⇤++)

◆
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This indicates the second Higgs need to be inert  in order to conserve DM parity.

Let h obtains its VEV, SO(2) will be broken, only a discrete Z2 remains:

⌦DM =

0

@
12

12
�3

1

A , ⌦DM⌃↵(H2, ⌘2)⌦DM = ⌃↵(�H2,�⌘2)

under which H2 and ⌘2 are odd, serving as Dark Matter candidate.

This parity is only a good symmetry consistent with ↵ vacuum, but broken by
the U(�) (H2 and H1 in opposite parity), � = 0 is required.

<latexit sha1_base64="ncaM2gasem1OGgj8Zi8JDreIEc0="></latexit><latexit sha1_base64="ncaM2gasem1OGgj8Zi8JDreIEc0="></latexit><latexit sha1_base64="ncaM2gasem1OGgj8Zi8JDreIEc0="></latexit><latexit sha1_base64="ncaM2gasem1OGgj8Zi8JDreIEc0="></latexit>

Indeed our model enjoys some symmetries. First a SO(2) ⇠ U(1) is preserved
only for ↵ = 0, i.e. before the EW symmetry breaking. This SO(2) rotation
coincides with U(�), under which:

H1 = H̃1 cos(�) + H̃2 sin(�), H2 = H̃2 cos(�)� H̃1 sin(�),

⌘2 = ⌘̃2 cos(2�)� ⌘̃3 sin(2�) ⌘3 = ⌘̃2 sin(2�) + ⌘̃3 cos(2�)
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⌦CP =

0

@
12

12
�12

1

A , ⌦CP⌃(↵,�)(�odd)⌦CP = ⌃†
(↵,�)(��odd)

WZW anomaly  terms need  be discussed  in order to  verify the CP property.

h H0,± I(⇤0) R(⇤0) ⇤±±,± �0,± A0 ⌘1,2,3

CP + + + � � � � �

The Lagrangian like (Dµ⌃)†(Dµ⌃) is invariant under CP transformation. CP
parity is defined from the operation which can hermitian conjugate the sigma
matrix and change the sign of CP-odd particles:
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Wess-Zumino-Witten term

 13

CP-Parity odd pNGBs can decay to the gauge bosons via the WZW terms
involving one scalar and two gauge bosons, which can be elegantly evaluated in
terms of di↵erential forms:

SWZW = C

Z
Tr[(dAA+AdA)d⌃⌃† + (dATAT +AT dAT )⌃†d⌃]

+ C

Z
Tr[Ad⌃AT⌃† � dAT d⌃†A⌃] ,

The di↵erential forms A and d⌃ are defined to be:

A = Aµdx
µ , dA = @µA⌫dx

µdx⌫ , d⌃ = @µ⌃dx
µ .

where Aµ is the EW gauge fields embedded in the global SU(6) symmetry, so

that Aµ = g
⇣P

i=1,2,3 W
i
µT

i
L + tan(✓w)BµT 3

R

⌘
.

Integrating out by parts yields anomaly interactions in the form of V V 0
f V µ⌫ Ṽ 0

µ⌫ .

In all CP-odd states, ⌘2 and A0 remain anomaly free, i.e. WZW interactions
conserve DM parity.
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⌘1W
+
µ⌫W̃

�
µ⌫ ⌘3W

+
µ⌫W̃

�
µ⌫ '0W

+
µ⌫W̃

�
µ⌫

(7 cos(2↵)+17)

4
p

6f sin2(✓W )

sin2(↵)
2f sin2(✓W )

sin2(↵)

2
p
2f sin2(✓W )

(⇤0+⇤⇤
0)p

2
W

+
µ⌫W̃

�
µ⌫ ⇤+W

�
µ⌫Z̃µ⌫ '+W

�
µ⌫Z̃µ⌫

3 sin2(↵)
2f sin2(✓W )

� sin2(↵

2 )(1�2 cos(↵)�3 cos(2✓W ))
p
2f sin2(✓W ) cos(✓W )

� cos2(↵

2 )(1+2 cos(↵)�3 cos(2✓W ))
p

2f sin2(✓W ) cos(✓W )

⇤++W
�
µ⌫W̃

�
µ⌫ ⇤+W

�
µ⌫Ãµ⌫ '+W

�
µ⌫Ãµ⌫

sin2(↵)p
2f sin2(✓W )

3
p
2 sin2(↵

2 )
f sin(✓W )

3
p
2 cos2(↵

2 )
f sin(✓W )

⌘1Aµ⌫Ãµ⌫

⌘3
(⇤0+⇤⇤

0)p
2

Aµ⌫Ãµ⌫ '0Aµ⌫Ãµ⌫

p
6

f
0 3

p
2

f

⌘1Zµ⌫Ãµ⌫

⌘3
(⇤0+⇤⇤

0)p
2

Zµ⌫Ãµ⌫ '0Zµ⌫Ãµ⌫

2
p
6

f tan(2✓W ) 0 6
p

2
f tan(2✓W )

⌘1Zµ⌫Z̃µ⌫

⌘3
(⇤0+⇤⇤

0)p
2

Zµ⌫Z̃µ⌫ '0Zµ⌫Z̃µ⌫

(2+7 cos2(↵)+3 cos(4✓W ))p
6f sin2(2✓W )

sin2(↵)
f sin2(2✓W )

(2�5 cos2(↵)+3 cos(4✓W ))p
2f sin2(2✓W )

Table 1: The coe�cients for the WZW interactions in SU(6)/SO(6) CHM, and we need to

times a prefactor
e
2
d 

48⇡2 for each term.

2.3 Wess-Zumino-Witten topological term

A term in the e↵ective Lagrangian that typically breaks parities in the pNGB sector is the

Wess-Zumino-Witten (WZW) topological term [38, 39]. It allows CP-odd pNGBs to decay

to gauge bosons via the anomaly of the global symmetry. The coupling of one scalar to two

gauge bosons originate from the following action [40]:

SWZW = C

Z
Tr[(dAA+AdA)d⌃⌃† + (dAT

A
T +A

TdAT )⌃†d⌃]

+ C

Z
Tr[Ad⌃AT⌃†

� dATd⌃†
A⌃] ,

with the overall coe�cient C = �i
d 

48⇡2 , and d stands for the rep dimension of  in the TC

gauge theory. The di↵erential forms A and d⌃ are defined to be:

A = Aµdx
µ , dA = @µA⌫dx

µdx⌫ , d⌃ = @µ⌃dx
µ . (2.27)

where Aµ is the EW gauge fields embedded in the global SU(6) symmetry, so that Aµ =

g
⇣P

i=1,2,3W
i
µT

i

L
+ tan(✓w)BµT 3

R

⌘
. After integrating out by parts, the above action yields

anomaly interactions in the form of V V 0
f

V µ⌫ Ṽ 0
µ⌫ , where Vµ⌫ is the tensor field for gauge bosons

W±, Z, A and Ṽµ⌫ = ✏µ⌫⇢�V ⇢�. We find out that two Higgs doublets, ⌘2 and �0 = �
ip
2
(⇤0�⇤⇤

0)

remain anomalous free. This indicates that the WZW interactions conserve the DM parity so

that no decays are induced for the two CP-odd fields (⌘2 and A0 in the second Higgs doublet)

– 9 –

e2d 
48⇡2
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2
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Coefficients omit a prefactor         ; compared to SU(5)/SO(5), major difference arises from 

                         , because of a more complicated singlet sector in SU(6)/SO(6) CHM.
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pNGB potential
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quartic term  

Trigger EWSB @V
@�i

|min = 0

(no tadpole)

m2
�i

> 0
(no tachyons)

5 free parameters remain after imposing m2
h and minimum condition:

Cg , Bm = B
m1 +m2

2
, � =

m2 +m1

m2 +m1
, ↵ , and r = R0

S/RS

pNGB potentials ) vacuum misalignment and mass spectrum

Assuming the first Higgs h develops VEV (just ↵ angle):

V0(↵) = f4/4 (C2 cos(2↵) + C4 cos(4↵))

we need tuning C2 ⇠ �4C4 to achieve ↵ ⇠ v/f ⌧ 1.
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The pNGB potential is generated by (a) gauge loops, (b) techni-fermion mass,
(c) top couplings. Taylor expanding in pNGBs, it reads:

V(�i) = V0 +
@V
@�i

�i +m2
�i
�2
i + · · ·
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Unmixed states: ⌘2, H0,±, A0, �0 = I(⇤0) and ⇤++; Two mixed charged
states: ⇤+, '+; Four mixed neutral states: � = R(⇤0), '0 and ⌘p,m (from ⌘1,3).

Triplets normally heaviest 

DM and   CP-odd singlets  are light states 

The light blue area indicates the presence of tachyon (either A0 or a singlet
mostly aligned with ⌘m ), thus not accessible.
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Tachyonic region is colored, blue from ⌘2, cyan from mixing neutral states,
orange from the inert doublet. No constraint comes from mixing charged states.
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The red line signals the boundary where the DM candidate switches. The white
region is permitted. Note that the part tagged with ⌘2 indicates that ⌘2 is DM
in that parameter space.
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Evidence of Dark Matter

Galaxy rotation 
Curves

Comic microwave 
background

Gravitational 
Lensing

⌦DM ⇠ 5⌦b
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Gravitational Lensing

20/07/2020, 1(05 PMScience-in-progress: Did the Bullet Cluster withstand scrutiny? | Ars Technica

Page 1 of 11https://arstechnica.com/science/2017/09/science-in-progress-did-the-bullet-cluster-withstand-scrutiny/

SCIENCE —

Science-in-progress:
Did the Bullet Cluster
withstand scrutiny?
The bullet cluster made dark matter apparent:
Has it stood the test of time?

 - 9/21/2017, 8:30 PM

Dark matter was first proposed to explain

the speed at which stars orbit the center of

their galaxies. Ever since, the search for

other lines of evidence for dark matter has

Enlarge / Behold, the Bullet Cluster.

N
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BIZ & IT TECH SCIENCE POLICY CARS

GAMING & CULTURE STORE FORUMS
SUBSCRIBE SIGN

IN

Clowe, Bradac, et.al  
Astro-ph/0608407       

Image of  DM via 
Gravitational Lensing

Image of plasma 
with 

Electromagnetic 
interactions

“The Bullet Cluster “ originated from the collision of two sub-clusters, 
shows the spatial separation of dark matter from X-ray emitting plasma.
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+ 3HnX = �h�e↵vi[n2

X � n
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h�e↵vixfneq = H(xf ), xf = mX/Tf
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Figure 6: An illustration of the DM number density Y as a function of x. Before freeze-out
(x < xf ), the density tracks the equilibrium expectation (dashed black). After freeze-out, the
density remains nearly constant as a function of time, as indicated by the solid black line. Figure
courtesy of S. Mishra Sharma.

case where b0 dominates is referred to as s-wave annihilation. The case where the second term

dominates is called p-wave annihilation.

There is no analytic solution for equations that take the form of (2.6), so one must rely on

numerical solutions for exact results. However, we can consider the behavior of the solutions in

limiting cases to build intuition for how the DM number density evolves with time. Remember

that the evolution depends on how the annihilation rate compares with the expansion rate. When

� � H, then the annihilation process is very e�cient and equilibrium can be maintained between

the DM and photon bath. However, when � ⌧ H, the DM particles can no longer find each other

fast enough compared to the expansion rate, and thus fall out of equilibrium, as illustrated in Fig. 6.

Said another way,

Y (x . xf ) ' Yeq(x) and Y (x & xf ) ' Yeq(xf ) ,

where xf is the freeze-out time. For CDM, Y (x) decreases exponentially before freeze-out. After

freeze-out, however, the abundance is larger than what its equilibrium value would have been if

freeze-out had not occurred (as Yeq is decreasing, Yeq(xf ) > Yeq(x > xf ) trivially). Therefore, (2.6)

becomes
dY

dx
' �

�

xn+2
Y

2 , where � =
h�vi0s0

H(m)
.

Note that the x dependence has been pulled out of the cross section and entropy to define �. That

is, h�vi = h�vi0 x
�n and s = s0 x

�3.4 Taking n = 0 as an example, we can solve for the DM

4We are assuming that either s- or p-wave annihilation dominate, which is oftentimes true. More precisely, though,
the thermally averaged cross section is a series in x, as shown in (2.8).
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Lisanti, arXiv:1603.03797

Boltzmann 
Equation:

Freeze out 
condition:

Hubble expansion Collision rate

Relic density is inversely 
proportional to h�e↵vixf
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Number density

Entropy density

Y (x) = n(x)
s(x)
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Thermal 
Equilibrium 

DM  
decoupling

Collision rate is 
less than Hubble 
expansion rate

Yeq(x) / x3/2e�x
<latexit sha1_base64="Q2kuNx94jCiY2SWfZVkZ5JruOxE="></latexit><latexit sha1_base64="Q2kuNx94jCiY2SWfZVkZ5JruOxE="></latexit><latexit sha1_base64="Q2kuNx94jCiY2SWfZVkZ5JruOxE="></latexit><latexit sha1_base64="Q2kuNx94jCiY2SWfZVkZ5JruOxE="></latexit>



Haiying CAI    21

 The vacuum structure

HC , Cacciapaglia 
arXiv:2007.04338Light quarks can only get mass from 4-fermion 

interactions. Both   &               obtain VEVs.
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@V0(↵,�)
@↵ h̃� 1

v
@V0(↵,�)

@� �̃0
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like Taylor expansions, tadpoles vanish 
affirmatively at the minimum.  

h̃ = h cos(�)� �0 sin(�)

�̃0 = h sin(�) + �0 cos(�)
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Ã0 = A0 cos(�)� ⌘2 sin(�)

⌘̃2 = ⌘2 cos(�) +A0 sin(�)
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⇣�
2

⌘

� ip
2
G+ sin(�)
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After the field redefinition, tadpole 
terms observe a structure:

⌃↵,�(x) = U� · U↵ · ⌃̃(x) · UT
↵ · UT

�
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⌃̃(x) = U†
� · ⌃(x) · U⇤
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�0 = I(⇤0)
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There exist vertices:              and 

               ; The lighter one is DM.�0-XSM-XSM
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The Bound of gamma

HC , Cacciapaglia 
arXiv:2007.04338
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Using minimum conditions:             
we can fix the   in terms of   :  
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Strong sector

Modified Higgs coupling

For a non-zero gamma, the tree-level 
custodial symmetry breaking is :

At 3� C.L., sin↵ . 0.12
| sin �| . 0.01
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Theory gives:

Counting loop contributions to S & T gives:
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Direct Detection  
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  Aprile et al. (XENON)  2018

Direct Detection experiments measure the recoil energy deposited by the scattering 
of DM into nucleus (A: mass number; Z: proton number).

     characterise the interaction between 
DM and a nucleon; mN : nucleon mass.
fp,n

<latexit sha1_base64="LH+/lQKUkmPgCVGwmZjHUuVCC8Y=">AAAB83icbVBNSwMxEJ2tX7V+VT16CbaCBym7veix6MVjBfsB7VKyabYNzSYhyQpl6d/w4kERr/4Zb/4b03YP2vpg4PHeDDPzIsWZsb7/7RU2Nre2d4q7pb39g8Oj8vFJ28hUE9oikkvdjbChnAnassxy2lWa4iTitBNN7uZ+54lqw6R4tFNFwwSPBIsZwdZJ/Wo8yNSVmFURQoNyxa/5C6B1EuSkAjmag/JXfyhJmlBhCcfG9AJf2TDD2jLC6azUTw1VmEzwiPYcFTihJswWN8/QhVOGKJbalbBoof6eyHBizDSJXGeC7disenPxP6+X2vgmzJhQqaWCLBfFKUdWonkAaMg0JZZPHcFEM3crImOsMbEuppILIVh9eZ2067XArwUP9UrjNo+jCGdwDpcQwDU04B6a0AICCp7hFd681Hvx3r2PZWvBy2dO4Q+8zx8QTZBf</latexit><latexit sha1_base64="LH+/lQKUkmPgCVGwmZjHUuVCC8Y=">AAAB83icbVBNSwMxEJ2tX7V+VT16CbaCBym7veix6MVjBfsB7VKyabYNzSYhyQpl6d/w4kERr/4Zb/4b03YP2vpg4PHeDDPzIsWZsb7/7RU2Nre2d4q7pb39g8Oj8vFJ28hUE9oikkvdjbChnAnassxy2lWa4iTitBNN7uZ+54lqw6R4tFNFwwSPBIsZwdZJ/Wo8yNSVmFURQoNyxa/5C6B1EuSkAjmag/JXfyhJmlBhCcfG9AJf2TDD2jLC6azUTw1VmEzwiPYcFTihJswWN8/QhVOGKJbalbBoof6eyHBizDSJXGeC7disenPxP6+X2vgmzJhQqaWCLBfFKUdWonkAaMg0JZZPHcFEM3crImOsMbEuppILIVh9eZ2067XArwUP9UrjNo+jCGdwDpcQwDU04B6a0AICCp7hFd681Hvx3r2PZWvBy2dO4Q+8zx8QTZBf</latexit><latexit sha1_base64="LH+/lQKUkmPgCVGwmZjHUuVCC8Y=">AAAB83icbVBNSwMxEJ2tX7V+VT16CbaCBym7veix6MVjBfsB7VKyabYNzSYhyQpl6d/w4kERr/4Zb/4b03YP2vpg4PHeDDPzIsWZsb7/7RU2Nre2d4q7pb39g8Oj8vFJ28hUE9oikkvdjbChnAnassxy2lWa4iTitBNN7uZ+54lqw6R4tFNFwwSPBIsZwdZJ/Wo8yNSVmFURQoNyxa/5C6B1EuSkAjmag/JXfyhJmlBhCcfG9AJf2TDD2jLC6azUTw1VmEzwiPYcFTihJswWN8/QhVOGKJbalbBoof6eyHBizDSJXGeC7disenPxP6+X2vgmzJhQqaWCLBfFKUdWonkAaMg0JZZPHcFEM3crImOsMbEuppILIVh9eZ2067XArwUP9UrjNo+jCGdwDpcQwDU04B6a0AICCp7hFd681Hvx3r2PZWvBy2dO4Q+8zx8QTZBf</latexit><latexit sha1_base64="LH+/lQKUkmPgCVGwmZjHUuVCC8Y=">AAAB83icbVBNSwMxEJ2tX7V+VT16CbaCBym7veix6MVjBfsB7VKyabYNzSYhyQpl6d/w4kERr/4Zb/4b03YP2vpg4PHeDDPzIsWZsb7/7RU2Nre2d4q7pb39g8Oj8vFJ28hUE9oikkvdjbChnAnassxy2lWa4iTitBNN7uZ+54lqw6R4tFNFwwSPBIsZwdZJ/Wo8yNSVmFURQoNyxa/5C6B1EuSkAjmag/JXfyhJmlBhCcfG9AJf2TDD2jLC6azUTw1VmEzwiPYcFTihJswWN8/QhVOGKJbalbBoof6eyHBizDSJXGeC7disenPxP6+X2vgmzJhQqaWCLBfFKUdWonkAaMg0JZZPHcFEM3crImOsMbEuppILIVh9eZ2067XArwUP9UrjNo+jCGdwDpcQwDU04B6a0AICCp7hFd681Hvx3r2PZWvBy2dO4Q+8zx8QTZBf</latexit>

⇣
�SI
nucleus =

µ2
T

µ2
N
A2 · �SI

⌘

<latexit sha1_base64="ZGZn3Roe8BE0KgMwSt4StzUexYM="></latexit><latexit sha1_base64="ZGZn3Roe8BE0KgMwSt4StzUexYM="></latexit><latexit sha1_base64="ZGZn3Roe8BE0KgMwSt4StzUexYM="></latexit><latexit sha1_base64="ZGZn3Roe8BE0KgMwSt4StzUexYM="></latexit>

Form factor of 
quark content

L � cq mq

f2
⌘22 q̄q � �h⌘2

2
h⌘22

<latexit sha1_base64="AM3ZEtZnvjTsZLFvdEheDebq5gM="></latexit><latexit sha1_base64="AM3ZEtZnvjTsZLFvdEheDebq5gM="></latexit><latexit sha1_base64="AM3ZEtZnvjTsZLFvdEheDebq5gM="></latexit><latexit sha1_base64="AM3ZEtZnvjTsZLFvdEheDebq5gM="></latexit>

mq

mN
hN |q̄q|Ni

<latexit sha1_base64="uahTKBD4aYB4ctcpTQ1wP5bnasQ=">AAACG3icbVC7TsMwFHV4lvIKMLJYtEhMVdIFxgoWpqpI9CE1UeS4TmvVcVLbQarS/AcLv8LCAEJMSAz8DW6aAVqOZev4nHtl3+PHjEplWd/G2vrG5tZ2aae8u7d/cGgeHXdklAhM2jhikej5SBJGOWkrqhjpxYKg0Gek649v5n73gQhJI36vpjFxQzTkNKAYKS15Zr3qBALhNPQmmT6aGXQY4kNGYBPOoOMjASd6zfTVEblR9cyKVbNywFViF6QCCrQ889MZRDgJCVeYISn7thUrN0VCUcxIVnYSSWKEx2hI+ppyFBLppvlsGTzXygAGkdCbK5irvztSFEo5DX1dGSI1ksveXPzP6ycquHJTyuNEEY4XDwUJgyqC86DggAqCFZtqgrCg+q8Qj5DOSuk4yzoEe3nkVdKp12yrZt/VK43rIo4SOAVn4ALY4BI0wC1ogTbA4BE8g1fwZjwZL8a78bEoXTOKnhPwB8bXD8Fon+8=</latexit><latexit sha1_base64="uahTKBD4aYB4ctcpTQ1wP5bnasQ=">AAACG3icbVC7TsMwFHV4lvIKMLJYtEhMVdIFxgoWpqpI9CE1UeS4TmvVcVLbQarS/AcLv8LCAEJMSAz8DW6aAVqOZev4nHtl3+PHjEplWd/G2vrG5tZ2aae8u7d/cGgeHXdklAhM2jhikej5SBJGOWkrqhjpxYKg0Gek649v5n73gQhJI36vpjFxQzTkNKAYKS15Zr3qBALhNPQmmT6aGXQY4kNGYBPOoOMjASd6zfTVEblR9cyKVbNywFViF6QCCrQ889MZRDgJCVeYISn7thUrN0VCUcxIVnYSSWKEx2hI+ppyFBLppvlsGTzXygAGkdCbK5irvztSFEo5DX1dGSI1ksveXPzP6ycquHJTyuNEEY4XDwUJgyqC86DggAqCFZtqgrCg+q8Qj5DOSuk4yzoEe3nkVdKp12yrZt/VK43rIo4SOAVn4ALY4BI0wC1ogTbA4BE8g1fwZjwZL8a78bEoXTOKnhPwB8bXD8Fon+8=</latexit><latexit sha1_base64="uahTKBD4aYB4ctcpTQ1wP5bnasQ=">AAACG3icbVC7TsMwFHV4lvIKMLJYtEhMVdIFxgoWpqpI9CE1UeS4TmvVcVLbQarS/AcLv8LCAEJMSAz8DW6aAVqOZev4nHtl3+PHjEplWd/G2vrG5tZ2aae8u7d/cGgeHXdklAhM2jhikej5SBJGOWkrqhjpxYKg0Gek649v5n73gQhJI36vpjFxQzTkNKAYKS15Zr3qBALhNPQmmT6aGXQY4kNGYBPOoOMjASd6zfTVEblR9cyKVbNywFViF6QCCrQ889MZRDgJCVeYISn7thUrN0VCUcxIVnYSSWKEx2hI+ppyFBLppvlsGTzXygAGkdCbK5irvztSFEo5DX1dGSI1ksveXPzP6ycquHJTyuNEEY4XDwUJgyqC86DggAqCFZtqgrCg+q8Qj5DOSuk4yzoEe3nkVdKp12yrZt/VK43rIo4SOAVn4ALY4BI0wC1ogTbA4BE8g1fwZjwZL8a78bEoXTOKnhPwB8bXD8Fon+8=</latexit><latexit sha1_base64="uahTKBD4aYB4ctcpTQ1wP5bnasQ=">AAACG3icbVC7TsMwFHV4lvIKMLJYtEhMVdIFxgoWpqpI9CE1UeS4TmvVcVLbQarS/AcLv8LCAEJMSAz8DW6aAVqOZev4nHtl3+PHjEplWd/G2vrG5tZ2aae8u7d/cGgeHXdklAhM2jhikej5SBJGOWkrqhjpxYKg0Gek649v5n73gQhJI36vpjFxQzTkNKAYKS15Zr3qBALhNPQmmT6aGXQY4kNGYBPOoOMjASd6zfTVEblR9cyKVbNywFViF6QCCrQ889MZRDgJCVeYISn7thUrN0VCUcxIVnYSSWKEx2hI+ppyFBLppvlsGTzXygAGkdCbK5irvztSFEo5DX1dGSI1ksveXPzP6ycquHJTyuNEEY4XDwUJgyqC86DggAqCFZtqgrCg+q8Qj5DOSuk4yzoEe3nkVdKp12yrZt/VK43rIo4SOAVn4ALY4BI0wC1ogTbA4BE8g1fwZjwZL8a78bEoXTOKnhPwB8bXD8Fon+8=</latexit>

Nonlinearity

m⌘2 , cq & �h⌘2
2
are functions of (↵, Cg, Bm, r).

<latexit sha1_base64="+qG8es8hMwK0onr5asOOlJpeLlM="></latexit><latexit sha1_base64="+qG8es8hMwK0onr5asOOlJpeLlM="></latexit><latexit sha1_base64="+qG8es8hMwK0onr5asOOlJpeLlM="></latexit><latexit sha1_base64="+qG8es8hMwK0onr5asOOlJpeLlM="></latexit>

� = 0
<latexit sha1_base64="fKs59mLWfdla6x7tqDI9BzYR+/g=">AAAB9HicdVDLSgMxFM3UV62vqks3wVZwVZIubLsQim5cVrAPaIeSyWTa0ExmTDKFMvQ73LhQxK0f486/MdNWUNEDFw7n3Mu993ix4Nog9OHk1tY3Nrfy24Wd3b39g+LhUUdHiaKsTSMRqZ5HNBNcsrbhRrBerBgJPcG63uQ687tTpjSP5J2ZxcwNyUjygFNirOSWBz4ThsBLiGB5WCyhCkIIYwwzgmsXyJJGo17FdYgzy6IEVmgNi+8DP6JJyKShgmjdxyg2bkqU4VSweWGQaBYTOiEj1rdUkpBpN10cPYdnVvFhEClb0sCF+n0iJaHWs9CznSExY/3by8S/vH5igrqbchknhkm6XBQkApoIZglAnytGjZhZQqji9lZIx0QRamxOBRvC16fwf9KpVjCq4NtqqXm1iiMPTsApOAcY1EAT3IAWaAMK7sEDeALPztR5dF6c12VrzlnNHIMfcN4+AZcXkKs=</latexit><latexit sha1_base64="fKs59mLWfdla6x7tqDI9BzYR+/g=">AAAB9HicdVDLSgMxFM3UV62vqks3wVZwVZIubLsQim5cVrAPaIeSyWTa0ExmTDKFMvQ73LhQxK0f486/MdNWUNEDFw7n3Mu993ix4Nog9OHk1tY3Nrfy24Wd3b39g+LhUUdHiaKsTSMRqZ5HNBNcsrbhRrBerBgJPcG63uQ687tTpjSP5J2ZxcwNyUjygFNirOSWBz4ThsBLiGB5WCyhCkIIYwwzgmsXyJJGo17FdYgzy6IEVmgNi+8DP6JJyKShgmjdxyg2bkqU4VSweWGQaBYTOiEj1rdUkpBpN10cPYdnVvFhEClb0sCF+n0iJaHWs9CznSExY/3by8S/vH5igrqbchknhkm6XBQkApoIZglAnytGjZhZQqji9lZIx0QRamxOBRvC16fwf9KpVjCq4NtqqXm1iiMPTsApOAcY1EAT3IAWaAMK7sEDeALPztR5dF6c12VrzlnNHIMfcN4+AZcXkKs=</latexit><latexit sha1_base64="fKs59mLWfdla6x7tqDI9BzYR+/g=">AAAB9HicdVDLSgMxFM3UV62vqks3wVZwVZIubLsQim5cVrAPaIeSyWTa0ExmTDKFMvQ73LhQxK0f486/MdNWUNEDFw7n3Mu993ix4Nog9OHk1tY3Nrfy24Wd3b39g+LhUUdHiaKsTSMRqZ5HNBNcsrbhRrBerBgJPcG63uQ687tTpjSP5J2ZxcwNyUjygFNirOSWBz4ThsBLiGB5WCyhCkIIYwwzgmsXyJJGo17FdYgzy6IEVmgNi+8DP6JJyKShgmjdxyg2bkqU4VSweWGQaBYTOiEj1rdUkpBpN10cPYdnVvFhEClb0sCF+n0iJaHWs9CznSExY/3by8S/vH5igrqbchknhkm6XBQkApoIZglAnytGjZhZQqji9lZIx0QRamxOBRvC16fwf9KpVjCq4NtqqXm1iiMPTsApOAcY1EAT3IAWaAMK7sEDeALPztR5dF6c12VrzlnNHIMfcN4+AZcXkKs=</latexit><latexit sha1_base64="fKs59mLWfdla6x7tqDI9BzYR+/g=">AAAB9HicdVDLSgMxFM3UV62vqks3wVZwVZIubLsQim5cVrAPaIeSyWTa0ExmTDKFMvQ73LhQxK0f486/MdNWUNEDFw7n3Mu993ix4Nog9OHk1tY3Nrfy24Wd3b39g+LhUUdHiaKsTSMRqZ5HNBNcsrbhRrBerBgJPcG63uQ687tTpjSP5J2ZxcwNyUjygFNirOSWBz4ThsBLiGB5WCyhCkIIYwwzgmsXyJJGo17FdYgzy6IEVmgNi+8DP6JJyKShgmjdxyg2bkqU4VSweWGQaBYTOiEj1rdUkpBpN10cPYdnVvFhEClb0sCF+n0iJaHWs9CznSExY/3by8S/vH5igrqbchknhkm6XBQkApoIZglAnytGjZhZQqji9lZIx0QRamxOBRvC16fwf9KpVjCq4NtqqXm1iiMPTsApOAcY1EAT3IAWaAMK7sEDeALPztR5dF6c12VrzlnNHIMfcN4+AZcXkKs=</latexit>
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The viable DM region 

HC,  Cacciapaglia 
arXiv:2007.04338
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Direct Detection 
allowed

⌦h2 < 0.123
<latexit sha1_base64="At3nedYIz9KTuyIi9CPyUEdhAWc=">AAAB+3icbVA9SwNBEN2LXzF+nbG0WQyCVbiLghYWQRs7I5gPSGLY28wlS3b3jt09MRz5KzYWitj6R+z8N26SKzTxwcDjvRlm5gUxZ9p43reTW1ldW9/Ibxa2tnd299z9YkNHiaJQpxGPVCsgGjiTUDfMcGjFCogIODSD0fXUbz6C0iyS92YcQ1eQgWQho8RYqecWO7cCBgQPHyr4Entlv3Lac0te2ZsBLxM/IyWUodZzvzr9iCYCpKGcaN32vdh0U6IMoxwmhU6iISZ0RAbQtlQSAbqbzm6f4GOr9HEYKVvS4Jn6eyIlQuuxCGynIGaoF72p+J/XTkx40U2ZjBMDks4XhQnHJsLTIHCfKaCGjy0hVDF7K6ZDogg1Nq6CDcFffHmZNCpl32Z2d1aqXmVx5NEhOkInyEfnqIpuUA3VEUVP6Bm9ojdn4rw4787HvDXnZDMH6A+czx+TuZIs</latexit><latexit sha1_base64="At3nedYIz9KTuyIi9CPyUEdhAWc=">AAAB+3icbVA9SwNBEN2LXzF+nbG0WQyCVbiLghYWQRs7I5gPSGLY28wlS3b3jt09MRz5KzYWitj6R+z8N26SKzTxwcDjvRlm5gUxZ9p43reTW1ldW9/Ibxa2tnd299z9YkNHiaJQpxGPVCsgGjiTUDfMcGjFCogIODSD0fXUbz6C0iyS92YcQ1eQgWQho8RYqecWO7cCBgQPHyr4Entlv3Lac0te2ZsBLxM/IyWUodZzvzr9iCYCpKGcaN32vdh0U6IMoxwmhU6iISZ0RAbQtlQSAbqbzm6f4GOr9HEYKVvS4Jn6eyIlQuuxCGynIGaoF72p+J/XTkx40U2ZjBMDks4XhQnHJsLTIHCfKaCGjy0hVDF7K6ZDogg1Nq6CDcFffHmZNCpl32Z2d1aqXmVx5NEhOkInyEfnqIpuUA3VEUVP6Bm9ojdn4rw4787HvDXnZDMH6A+czx+TuZIs</latexit><latexit sha1_base64="At3nedYIz9KTuyIi9CPyUEdhAWc=">AAAB+3icbVA9SwNBEN2LXzF+nbG0WQyCVbiLghYWQRs7I5gPSGLY28wlS3b3jt09MRz5KzYWitj6R+z8N26SKzTxwcDjvRlm5gUxZ9p43reTW1ldW9/Ibxa2tnd299z9YkNHiaJQpxGPVCsgGjiTUDfMcGjFCogIODSD0fXUbz6C0iyS92YcQ1eQgWQho8RYqecWO7cCBgQPHyr4Entlv3Lac0te2ZsBLxM/IyWUodZzvzr9iCYCpKGcaN32vdh0U6IMoxwmhU6iISZ0RAbQtlQSAbqbzm6f4GOr9HEYKVvS4Jn6eyIlQuuxCGynIGaoF72p+J/XTkx40U2ZjBMDks4XhQnHJsLTIHCfKaCGjy0hVDF7K6ZDogg1Nq6CDcFffHmZNCpl32Z2d1aqXmVx5NEhOkInyEfnqIpuUA3VEUVP6Bm9ojdn4rw4787HvDXnZDMH6A+czx+TuZIs</latexit><latexit sha1_base64="At3nedYIz9KTuyIi9CPyUEdhAWc=">AAAB+3icbVA9SwNBEN2LXzF+nbG0WQyCVbiLghYWQRs7I5gPSGLY28wlS3b3jt09MRz5KzYWitj6R+z8N26SKzTxwcDjvRlm5gUxZ9p43reTW1ldW9/Ibxa2tnd299z9YkNHiaJQpxGPVCsgGjiTUDfMcGjFCogIODSD0fXUbz6C0iyS92YcQ1eQgWQho8RYqecWO7cCBgQPHyr4Entlv3Lac0te2ZsBLxM/IyWUodZzvzr9iCYCpKGcaN32vdh0U6IMoxwmhU6iISZ0RAbQtlQSAbqbzm6f4GOr9HEYKVvS4Jn6eyIlQuuxCGynIGaoF72p+J/XTkx40U2ZjBMDks4XhQnHJsLTIHCfKaCGjy0hVDF7K6ZDogg1Nq6CDcFffHmZNCpl32Z2d1aqXmVx5NEhOkInyEfnqIpuUA3VEUVP6Bm9ojdn4rw4787HvDXnZDMH6A+czx+TuZIs</latexit>
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Only the overlap of red and 
blue is viable,  fairly limited.
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The singlet DM mass

HC , Cacciapaglia 
arXiv:2007.04338
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       is close to the upper    
limit of Xenon1T detection.
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The intersection with reference green line 
roughly gives DM mass.
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�h⌘2
2

<latexit sha1_base64="O6mgvVLvGZdVXEjGI9SRZOIyvn0=">AAAB/nicdVDLSsNAFJ34rPUVFVduBlvBVUjiI+2u6MZlBfuAJobJZNIOnTyYmQglFPwVNy4Ucet3uPNvnD4EFT0wcDjnXO6dE2SMCmmaH9rC4tLyympprby+sbm1re/stkWac0xaOGUp7wZIEEYT0pJUMtLNOEFxwEgnGF5O/M4d4YKmyY0cZcSLUT+hEcVIKsnX96suU+kQ+cXAJRL59q09rvp6xTRqlnNm2tA0LKfu1E4VMU/q53ULWoY5RQXM0fT1dzdMcR6TRGKGhOhZZia9AnFJMSPjspsLkiE8RH3SUzRBMRFeMT1/DI+UEsIo5eolEk7V7xMFioUYxYFKxkgOxG9vIv7l9XIZ1byCJlkuSYJni6KcQZnCSRcwpJxgyUaKIMypuhXiAeIIS9VYWZXw9VP4P2nbhqUqurYrjYt5HSVwAA7BMbCAAxrgCjRBC2BQgAfwBJ61e+1Re9FeZ9EFbT6zB35Ae/sErV6VTQ==</latexit><latexit sha1_base64="O6mgvVLvGZdVXEjGI9SRZOIyvn0=">AAAB/nicdVDLSsNAFJ34rPUVFVduBlvBVUjiI+2u6MZlBfuAJobJZNIOnTyYmQglFPwVNy4Ucet3uPNvnD4EFT0wcDjnXO6dE2SMCmmaH9rC4tLyympprby+sbm1re/stkWac0xaOGUp7wZIEEYT0pJUMtLNOEFxwEgnGF5O/M4d4YKmyY0cZcSLUT+hEcVIKsnX96suU+kQ+cXAJRL59q09rvp6xTRqlnNm2tA0LKfu1E4VMU/q53ULWoY5RQXM0fT1dzdMcR6TRGKGhOhZZia9AnFJMSPjspsLkiE8RH3SUzRBMRFeMT1/DI+UEsIo5eolEk7V7xMFioUYxYFKxkgOxG9vIv7l9XIZ1byCJlkuSYJni6KcQZnCSRcwpJxgyUaKIMypuhXiAeIIS9VYWZXw9VP4P2nbhqUqurYrjYt5HSVwAA7BMbCAAxrgCjRBC2BQgAfwBJ61e+1Re9FeZ9EFbT6zB35Ae/sErV6VTQ==</latexit><latexit sha1_base64="O6mgvVLvGZdVXEjGI9SRZOIyvn0=">AAAB/nicdVDLSsNAFJ34rPUVFVduBlvBVUjiI+2u6MZlBfuAJobJZNIOnTyYmQglFPwVNy4Ucet3uPNvnD4EFT0wcDjnXO6dE2SMCmmaH9rC4tLyympprby+sbm1re/stkWac0xaOGUp7wZIEEYT0pJUMtLNOEFxwEgnGF5O/M4d4YKmyY0cZcSLUT+hEcVIKsnX96suU+kQ+cXAJRL59q09rvp6xTRqlnNm2tA0LKfu1E4VMU/q53ULWoY5RQXM0fT1dzdMcR6TRGKGhOhZZia9AnFJMSPjspsLkiE8RH3SUzRBMRFeMT1/DI+UEsIo5eolEk7V7xMFioUYxYFKxkgOxG9vIv7l9XIZ1byCJlkuSYJni6KcQZnCSRcwpJxgyUaKIMypuhXiAeIIS9VYWZXw9VP4P2nbhqUqurYrjYt5HSVwAA7BMbCAAxrgCjRBC2BQgAfwBJ61e+1Re9FeZ9EFbT6zB35Ae/sErV6VTQ==</latexit><latexit sha1_base64="O6mgvVLvGZdVXEjGI9SRZOIyvn0=">AAAB/nicdVDLSsNAFJ34rPUVFVduBlvBVUjiI+2u6MZlBfuAJobJZNIOnTyYmQglFPwVNy4Ucet3uPNvnD4EFT0wcDjnXO6dE2SMCmmaH9rC4tLyympprby+sbm1re/stkWac0xaOGUp7wZIEEYT0pJUMtLNOEFxwEgnGF5O/M4d4YKmyY0cZcSLUT+hEcVIKsnX96suU+kQ+cXAJRL59q09rvp6xTRqlnNm2tA0LKfu1E4VMU/q53ULWoY5RQXM0fT1dzdMcR6TRGKGhOhZZia9AnFJMSPjspsLkiE8RH3SUzRBMRFeMT1/DI+UEsIo5eolEk7V7xMFioUYxYFKxkgOxG9vIv7l9XIZ1byCJlkuSYJni6KcQZnCSRcwpJxgyUaKIMypuhXiAeIIS9VYWZXw9VP4P2nbhqUqurYrjYt5HSVwAA7BMbCAAxrgCjRBC2BQgAfwBJ61e+1Re9FeZ9EFbT6zB35Ae/sErV6VTQ==</latexit>

⌦h2 ' 0.12 ) h�vi ⇠ 2.0 · 10�26cm3/s
<latexit sha1_base64="mXkPCau2YI1mu+qu4m0wy+Nugew="></latexit><latexit sha1_base64="mXkPCau2YI1mu+qu4m0wy+Nugew="></latexit><latexit sha1_base64="mXkPCau2YI1mu+qu4m0wy+Nugew="></latexit><latexit sha1_base64="mXkPCau2YI1mu+qu4m0wy+Nugew="></latexit>

Red:    
Blue:  

tt̄
<latexit sha1_base64="waK/MGVBlwF0/2ABDQhIvq9YcKQ=">AAAB83icdVDLSgNBEJz1GeMr6tHLYCJ4WmYTMJtb0IvHCOYB2SXMTibJkNkHM71CWPIbXjwo4tWf8ebfOElWUNGChqKqm+6uIJFCAyEf1tr6xubWdmGnuLu3f3BYOjru6DhVjLdZLGPVC6jmUkS8DQIk7yWK0zCQvBtMrxd+954rLeLoDmYJ90M6jsRIMApG8ioYsBdQlcG8MiiViX3pOm6tgYlNqrWGm5OaW8eOTZYooxytQendG8YsDXkETFKt+w5JwM+oAsEknxe9VPOEsikd876hEQ259rPlzXN8bpQhHsXKVAR4qX6fyGio9SwMTGdIYaJ/ewvxL6+fwsj1MxElKfCIrRaNUokhxosA8FAozkDODKFMCXMrZhOqKAMTU9GE8PUp/p90qrZDbOe2Wm5e5XEU0Ck6QxfIQXXURDeohdqIoQQ9oCf0bKXWo/Viva5a16x85gT9gPX2CV/8kUI=</latexit><latexit sha1_base64="waK/MGVBlwF0/2ABDQhIvq9YcKQ=">AAAB83icdVDLSgNBEJz1GeMr6tHLYCJ4WmYTMJtb0IvHCOYB2SXMTibJkNkHM71CWPIbXjwo4tWf8ebfOElWUNGChqKqm+6uIJFCAyEf1tr6xubWdmGnuLu3f3BYOjru6DhVjLdZLGPVC6jmUkS8DQIk7yWK0zCQvBtMrxd+954rLeLoDmYJ90M6jsRIMApG8ioYsBdQlcG8MiiViX3pOm6tgYlNqrWGm5OaW8eOTZYooxytQendG8YsDXkETFKt+w5JwM+oAsEknxe9VPOEsikd876hEQ259rPlzXN8bpQhHsXKVAR4qX6fyGio9SwMTGdIYaJ/ewvxL6+fwsj1MxElKfCIrRaNUokhxosA8FAozkDODKFMCXMrZhOqKAMTU9GE8PUp/p90qrZDbOe2Wm5e5XEU0Ck6QxfIQXXURDeohdqIoQQ9oCf0bKXWo/Viva5a16x85gT9gPX2CV/8kUI=</latexit><latexit sha1_base64="waK/MGVBlwF0/2ABDQhIvq9YcKQ=">AAAB83icdVDLSgNBEJz1GeMr6tHLYCJ4WmYTMJtb0IvHCOYB2SXMTibJkNkHM71CWPIbXjwo4tWf8ebfOElWUNGChqKqm+6uIJFCAyEf1tr6xubWdmGnuLu3f3BYOjru6DhVjLdZLGPVC6jmUkS8DQIk7yWK0zCQvBtMrxd+954rLeLoDmYJ90M6jsRIMApG8ioYsBdQlcG8MiiViX3pOm6tgYlNqrWGm5OaW8eOTZYooxytQendG8YsDXkETFKt+w5JwM+oAsEknxe9VPOEsikd876hEQ259rPlzXN8bpQhHsXKVAR4qX6fyGio9SwMTGdIYaJ/ewvxL6+fwsj1MxElKfCIrRaNUokhxosA8FAozkDODKFMCXMrZhOqKAMTU9GE8PUp/p90qrZDbOe2Wm5e5XEU0Ck6QxfIQXXURDeohdqIoQQ9oCf0bKXWo/Viva5a16x85gT9gPX2CV/8kUI=</latexit><latexit sha1_base64="waK/MGVBlwF0/2ABDQhIvq9YcKQ=">AAAB83icdVDLSgNBEJz1GeMr6tHLYCJ4WmYTMJtb0IvHCOYB2SXMTibJkNkHM71CWPIbXjwo4tWf8ebfOElWUNGChqKqm+6uIJFCAyEf1tr6xubWdmGnuLu3f3BYOjru6DhVjLdZLGPVC6jmUkS8DQIk7yWK0zCQvBtMrxd+954rLeLoDmYJ90M6jsRIMApG8ioYsBdQlcG8MiiViX3pOm6tgYlNqrWGm5OaW8eOTZYooxytQendG8YsDXkETFKt+w5JwM+oAsEknxe9VPOEsikd876hEQ259rPlzXN8bpQhHsXKVAR4qX6fyGio9SwMTGdIYaJ/ewvxL6+fwsj1MxElKfCIrRaNUokhxosA8FAozkDODKFMCXMrZhOqKAMTU9GE8PUp/p90qrZDbOe2Wm5e5XEU0Ck6QxfIQXXURDeohdqIoQQ9oCf0bKXWo/Viva5a16x85gT9gPX2CV/8kUI=</latexit>

WW + ZZ + hh
<latexit sha1_base64="vc8Z/cqz6nhgMCOzgGAdvNpO/jQ=">AAAB8XicdVBNSwMxEM36WetX1aOXYCsIhZL0YNtb0YvHCrZb2i4lm2bb0Gx2SbJCWfovvHhQxKv/xpv/xmxbQUUfDDzem2Fmnh8Lrg1CH87a+sbm1nZuJ7+7t39wWDg67ugoUZS1aSQi1fWJZoJL1jbcCNaNFSOhL5jrT68z371nSvNI3plZzLyQjCUPOCXGSr2S65Z7vfJkUhoWiqiCEMIYw4zg2iWypNGoV3Ed4syyKIIVWsPC+2AU0SRk0lBBtO5jFBsvJcpwKtg8P0g0iwmdkjHrWypJyLSXLi6ew3OrjGAQKVvSwIX6fSIlodaz0LedITET/dvLxL+8fmKCupdyGSeGSbpcFCQCmghm78MRV4waMbOEUMXtrZBOiCLU2JDyNoSvT+H/pFOtYFTBt9Vi82oVRw6cgjNwATCogSa4AS3QBhRI8ACewLOjnUfnxXldtq45q5kT8APO2ycY14/i</latexit><latexit sha1_base64="vc8Z/cqz6nhgMCOzgGAdvNpO/jQ=">AAAB8XicdVBNSwMxEM36WetX1aOXYCsIhZL0YNtb0YvHCrZb2i4lm2bb0Gx2SbJCWfovvHhQxKv/xpv/xmxbQUUfDDzem2Fmnh8Lrg1CH87a+sbm1nZuJ7+7t39wWDg67ugoUZS1aSQi1fWJZoJL1jbcCNaNFSOhL5jrT68z371nSvNI3plZzLyQjCUPOCXGSr2S65Z7vfJkUhoWiqiCEMIYw4zg2iWypNGoV3Ed4syyKIIVWsPC+2AU0SRk0lBBtO5jFBsvJcpwKtg8P0g0iwmdkjHrWypJyLSXLi6ew3OrjGAQKVvSwIX6fSIlodaz0LedITET/dvLxL+8fmKCupdyGSeGSbpcFCQCmghm78MRV4waMbOEUMXtrZBOiCLU2JDyNoSvT+H/pFOtYFTBt9Vi82oVRw6cgjNwATCogSa4AS3QBhRI8ACewLOjnUfnxXldtq45q5kT8APO2ycY14/i</latexit><latexit sha1_base64="vc8Z/cqz6nhgMCOzgGAdvNpO/jQ=">AAAB8XicdVBNSwMxEM36WetX1aOXYCsIhZL0YNtb0YvHCrZb2i4lm2bb0Gx2SbJCWfovvHhQxKv/xpv/xmxbQUUfDDzem2Fmnh8Lrg1CH87a+sbm1nZuJ7+7t39wWDg67ugoUZS1aSQi1fWJZoJL1jbcCNaNFSOhL5jrT68z371nSvNI3plZzLyQjCUPOCXGSr2S65Z7vfJkUhoWiqiCEMIYw4zg2iWypNGoV3Ed4syyKIIVWsPC+2AU0SRk0lBBtO5jFBsvJcpwKtg8P0g0iwmdkjHrWypJyLSXLi6ew3OrjGAQKVvSwIX6fSIlodaz0LedITET/dvLxL+8fmKCupdyGSeGSbpcFCQCmghm78MRV4waMbOEUMXtrZBOiCLU2JDyNoSvT+H/pFOtYFTBt9Vi82oVRw6cgjNwATCogSa4AS3QBhRI8ACewLOjnUfnxXldtq45q5kT8APO2ycY14/i</latexit><latexit sha1_base64="vc8Z/cqz6nhgMCOzgGAdvNpO/jQ=">AAAB8XicdVBNSwMxEM36WetX1aOXYCsIhZL0YNtb0YvHCrZb2i4lm2bb0Gx2SbJCWfovvHhQxKv/xpv/xmxbQUUfDDzem2Fmnh8Lrg1CH87a+sbm1nZuJ7+7t39wWDg67ugoUZS1aSQi1fWJZoJL1jbcCNaNFSOhL5jrT68z371nSvNI3plZzLyQjCUPOCXGSr2S65Z7vfJkUhoWiqiCEMIYw4zg2iWypNGoV3Ed4syyKIIVWsPC+2AU0SRk0lBBtO5jFBsvJcpwKtg8P0g0iwmdkjHrWypJyLSXLi6ew3OrjGAQKVvSwIX6fSIlodaz0LedITET/dvLxL+8fmKCupdyGSeGSbpcFCQCmghm78MRV4waMbOEUMXtrZBOiCLU2JDyNoSvT+H/pFOtYFTBt9Vi82oVRw6cgjNwATCogSa4AS3QBhRI8ACewLOjnUfnxXldtq45q5kT8APO2ycY14/i</latexit>



Haiying CAI   

Conclusion

Non-minimal CHM with  DM candidates is an interesting direction for investigation 
(minimum CHM has no DM).  

For the SU(6)/SO(6) model,        or      can actually be a relic DM, as  annihilation or 
co-annihilation depending on parameter regions.

The gamma vacuum signaling custodial symmetry violation is proved to be in oder of            
:              , consistent with EWPT.  Light fermions can obtain masses from 4-fermion 
interactions.  
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⌘2 A0

m2
b/m

2
h

<latexit sha1_base64="UI/LfmbDq7aPpJcZoi3qqDrgv00=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXNSli213RjcsK9gHT6ZBJM21oMjMkGaEM/Qw3LhRx69e482/MtBVU9MCFwzn3cu89QSK4Ngh9OCura+sbm4Wt4vbO7t5+6eCwo+NUUdamsYhVLyCaCR6xtuFGsF6iGJGBYN1gcp373XumNI+jOzNNmCfJKOIhp8RYyZV+MKieS388qPqlMqoghDDGMCe4doksaTTqVVyHOLcsymCJll967w9jmkoWGSqI1i5GifEyogyngs2K/VSzhNAJGTHX0ohIpr1sfvIMnlplCMNY2YoMnKvfJzIitZ7KwHZKYsb6t5eLf3luasK6l/EoSQ2L6GJRmApoYpj/D4dcMWrE1BJCFbe3QjomilBjUyraEL4+hf+TTrWCUQXfXpSbV8s4CuAYnIAzgEENNMENaIE2oCAGD+AJPDvGeXRenNdF64qznDkCP+C8fQKaj5DP</latexit><latexit sha1_base64="UI/LfmbDq7aPpJcZoi3qqDrgv00=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXNSli213RjcsK9gHT6ZBJM21oMjMkGaEM/Qw3LhRx69e482/MtBVU9MCFwzn3cu89QSK4Ngh9OCura+sbm4Wt4vbO7t5+6eCwo+NUUdamsYhVLyCaCR6xtuFGsF6iGJGBYN1gcp373XumNI+jOzNNmCfJKOIhp8RYyZV+MKieS388qPqlMqoghDDGMCe4doksaTTqVVyHOLcsymCJll967w9jmkoWGSqI1i5GifEyogyngs2K/VSzhNAJGTHX0ohIpr1sfvIMnlplCMNY2YoMnKvfJzIitZ7KwHZKYsb6t5eLf3luasK6l/EoSQ2L6GJRmApoYpj/D4dcMWrE1BJCFbe3QjomilBjUyraEL4+hf+TTrWCUQXfXpSbV8s4CuAYnIAzgEENNMENaIE2oCAGD+AJPDvGeXRenNdF64qznDkCP+C8fQKaj5DP</latexit><latexit sha1_base64="UI/LfmbDq7aPpJcZoi3qqDrgv00=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXNSli213RjcsK9gHT6ZBJM21oMjMkGaEM/Qw3LhRx69e482/MtBVU9MCFwzn3cu89QSK4Ngh9OCura+sbm4Wt4vbO7t5+6eCwo+NUUdamsYhVLyCaCR6xtuFGsF6iGJGBYN1gcp373XumNI+jOzNNmCfJKOIhp8RYyZV+MKieS388qPqlMqoghDDGMCe4doksaTTqVVyHOLcsymCJll967w9jmkoWGSqI1i5GifEyogyngs2K/VSzhNAJGTHX0ohIpr1sfvIMnlplCMNY2YoMnKvfJzIitZ7KwHZKYsb6t5eLf3luasK6l/EoSQ2L6GJRmApoYpj/D4dcMWrE1BJCFbe3QjomilBjUyraEL4+hf+TTrWCUQXfXpSbV8s4CuAYnIAzgEENNMENaIE2oCAGD+AJPDvGeXRenNdF64qznDkCP+C8fQKaj5DP</latexit><latexit sha1_base64="UI/LfmbDq7aPpJcZoi3qqDrgv00=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXNSli213RjcsK9gHT6ZBJM21oMjMkGaEM/Qw3LhRx69e482/MtBVU9MCFwzn3cu89QSK4Ngh9OCura+sbm4Wt4vbO7t5+6eCwo+NUUdamsYhVLyCaCR6xtuFGsF6iGJGBYN1gcp373XumNI+jOzNNmCfJKOIhp8RYyZV+MKieS388qPqlMqoghDDGMCe4doksaTTqVVyHOLcsymCJll967w9jmkoWGSqI1i5GifEyogyngs2K/VSzhNAJGTHX0ohIpr1sfvIMnlplCMNY2YoMnKvfJzIitZ7KwHZKYsb6t5eLf3luasK6l/EoSQ2L6GJRmApoYpj/D4dcMWrE1BJCFbe3QjomilBjUyraEL4+hf+TTrWCUQXfXpSbV8s4CuAYnIAzgEENNMENaIE2oCAGD+AJPDvGeXRenNdF64qznDkCP+C8fQKaj5DP</latexit>


