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

SM ————, its particle spectrum, masses,

couplings have all been fixed
by the collider experiments
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gauge theory with spontaneous
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symmetry breaking a Poincare-invariant QFT in the

flat spacetime of metric 7,



There are phenomena which necessitate the SM to be extended/metamorphosed.
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Each extension comes with its own scale and mechanism :

Experimental Fact Extension of the SM Mechanism
“neutrinos have mass” Lepton # breaking at a scale my < oo leads to neutrino mass: | see-saw
my o m,,
” Peccei-Quinn breaking at a scale f < oo leads to axion mass: | relaxation

“neutron EDM is smal

f omg




Each extension comes with its own scale and mechanism :

Experimental Fact

Extension of the SM

Mechanism

“neutron EDM is small”

f omg

“neutrinos have mass” Lepton # breaking at a scale my < oo leads to neutrino mass: | see-saw
Peccei-Quinn breaking at a scale f < oo leads to axion mass: | relaxation




» As a Poincare-invariant QFT, the SM ends at energies ~ A, (or distances ~ 1/A).
» All loop momenta are thus cut off at A,.

» This hard UV cutoff gives O(A@) masses to all bosons, including the gauge bosons:

—— 2 1,2 Y
Vit Ny = VE(){TI(k*) (kyky — k% 1) + N3V (k)

§Sy(n,Ap) = [ d*x =7 { +0.log Ay} tr[V, V¥|

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



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

The loop factor ¢y, changes from gauge group to gauge group. Its one-loop values are:

Gauge Boson (VH) Loop Factor (cy) Broken Symmetry
gﬁ=1,...,8 color
Wﬂi=1,...,3 isospin
B, hypercharge




» Color breaking demolishes confinement and destructs therefore all the hadronic structures.
> Isospin is broken explicitly and spontaneously (by (H) # 0).

» Electromagnetism is broken explicitly by ¢y, # 2 cp:

(95 — g¢) (H)?

tan 26y, = > tan 20y, = 0, Jp, # 0

(g% — g2)(H)? + 2( A,
Vv ey, €R
Y Y Y
1% e €R

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


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

» How to prevent charge and color breaking (CCB)?
» How to insure spontaneity of electroweak breaking?

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

6SV = _IV + 651/ + IV

c
Iy(n) = [ d*x =7 %tr[VMvV’“’]

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



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

» Keep “ —I,“ untouched

» Integrate “ + I,“ by parts, and

» combine it with 5SV(7;,A50) to get

8Sy(n.Ap) = —Iy() + [ d*x =7 thr[V”(—Dﬁv + A% r)w)V" + 0, (V)]

Dﬁv - Dznuv - D,uDv - V,uv

D,=0,+igV,



» Incorporation of gravity starts with a (putatively curved) metric g, .

» |In accordance with general covariance, let

which takes 85y, (TI;A@) into curved geometry of g,

§Sy(9,0p) = —Iy(g) + [ d*x =g cytr[VE(=DZ, + A%, g, )VY + V,(K,VE)]

. 1
Dy = V@/ grl,/}v =349 Ap(augvp + avgpu } apgvu)



» By its nature, A?,,, is to curvature whatever 1, is to g, .

» ltis thus legitimate to introduce the «affine curvature map»

that takes 65y, (g,ASO) into “metric-affine” geometry:

6SV(gl R)

—Iy(g) + [ d*x y=g cy tr[VH(-DZ, + R, (D) VY + 7,(},VH)]

= [ d*x =g cytr[VH(R,,(T) — R, (9T) VY]

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



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

» By its nature, A?,J is to curvature whatever 1, is to g, .

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



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

» Dynamics of Fﬂlv is determined by curvature sector, and

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

® + + + oo

8Sou(n,Ap) = —J d*x =7 {cq str[1]A%, + ¢ str[m?]AZ, + cp, AZ, h?}

1 Cp = 2 m2 + str[m?
Cm = 2 C4_ = 3202 h 327T2A%/V ( h [ ])

(gauge hierarchy problem)



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

550 (g, R) = = d*x V=7 1z Sr{1I(R(g, MY+ srm?IR(g, 1) + "R, A2}

. Higgs-curvature
scalar affine curvature c

o7 _Ch
R(g,T) = g R, () = {my my my ) coupling< =5

str[...] must lead to M,%l!



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

c c
Tm str[m?]R(g,T) + ZhIR(g, MNh?}

Higgs-curvature
c

coupling { =?h
mV ,mf ’...}

str[...] must lead to Mﬁl



> BSM sector must contain massive fields (of masses m' = {m,, , Mmyr, Mer e 1

» BSM sector must be bosonic or must contain heavy bosons (as heavy as Mp;)

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

2 _ 1 5 2 one-loop ‘ 1
Mg, = . (cm str[m?] + ¢, str[m’]) "

str[M 2]

M = {mh,mv,mf,mh, ) Myr , Mer



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

55(g,R) = [ d*x y=g {(~Q Ry (1) + 5 str[11(R(g, 1) = ey Ry (IDDE{VHVY]}

KW = %‘}(2 gV — ¢y tr[VHDY]



Flfv obeys the equation of motion

FVa Q,uv =

with the solution

1 —
F,tfv = grpﬁv + 5 @ 1)Ap(|7,uva + Vvau — Vprv)

a non-linear PDE for I‘Lﬁ, because

Qv involves the affine curvature
R(g,T) ~ or +IT



Fﬁlv obeys the equation of motion

FVa qu =0

with the solution

Y =904 + -

a non-linear PDE for I‘L{lv because

Qv involves the affine curvature
R(g,T) ~or +IT




I‘P{lv obeys the equation of motion

FVa qu =0

with the solution



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

1 [ (M3 -1\
A =918 + 2 | (F2g + %) (VHyp + VKo — VKo

V2

1
Mgl)

— gra
=T + 32 (7,5 + BKpy — VyH ) + O(

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



The solution of the affine connection leads to the affine curvature

‘72

K
R,uv(r) = Ruv(gr) +0( M2 )
Pl

so that the notorious CCB gauge-boson mass action becomes

55,(g,R) = J d*x y=7 cytr[VA(Ryy () — Ry (9D W¥] = 0 + [ d4x\/—_ch0(VMZ§f)

no contribution to scalar
and gauge boson masses!



VZ

K
]Ruv(r) = Ruv(gr) +0( le )
P

55,0, ) gOIV (R, (1) — RWOD)WPY] = 0 4 [ dx y=7 0,022

no contribution to scalar
and gauge boson masses!



V2K
]Ruv(r) = Ruv(gr) +0( M2 )

> V2K
58Sy (g, VV[=0+[d**y=g CVO(M,%I)

/

no contribution to scalar
and gauge boson masses!




The solution of the affine curvature

‘72

Ry (1) = Ry (1) +0(7 )
Pl

causes the complete curvature sector to reduce as

Cy

§5(g,R) = [ d*x =g {(—Q"*' Ry, (1) + 16 str[1](R(g, F))Z — cy Ry (9Dt [VEVY]}

= [ d*xy=g{- "2 R(g) % R(g) 7 + 0 (X))



The solution of the affine curvature

VZ

Ry (1) = Ry (1) +0(7 )
Pl

causes the complete curvature sector to reduce as




The solution of the affine curvature

VZ

Ry (1) = Ry (1) +0(7 )
Pl

WD)+ 75 str[11(R(g, 1)” = ey Ry (D [VAVY)

O dx =g (- "2 Rio) - R 72 +0 (K5 ))



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

str[1] = 0

and the expression for the gravitational scale

M3, = str[M 2]

6412

might be taken to suggest that SM+BSM is a trans-Planckian SUSY broken around Ms;sy ~ 16 Mp;. This high-
scale SUSY exists for enabling the GR and inducing the gravitational scale Mp;. It is a «SUSY-for-GR» picture.

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 (8V),,, and (Sm,zl)log are

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



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

str[1] = 0
W
NP\
and the expression for the gravitational s~ ,\O\Q/ \3%
N &2
S
M3, = 6412 str[M 2] \\\‘7 6\?
oYX

might be taken to s ,bQ . @  Mis a trans-Planckian SUSY broken around Mg, gy ~ 16 Mp;. This high-
scale SUSY existe (\JQ \\<\ JR and inducing the gravitational scale Mp,. It is a «SUSY-for-GR» picture.
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(fb(\ ®+ structure. This is a highly-fine tuned framework in that both (6V);,, and (6mh)

supp. \'\co «e-tuning the model parameters up to some 121 digits.
N\



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

from other known completions. Symmergence:

Visible
BSM

BSM can come in 3 types:

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

» BSM can couple to the SM as an

SM-singlet sector and form a

«dark sector». SUSY, Extra Dimensions, Technicolor: Vésslk/lle

» BSM can couple to the SM as an
SM-charged sector and form



The dark sector can be ebony (pitch-dark) in

that it couples to the SM only gravitationally. It ‘ ‘ ‘
stabilizes electroweak scal with ((Smﬁ)log =0

but can do nothing about the CCP since ‘ ‘
(6V)iog # 0

» Itis a natural home to Dark Energy.
(Could it be structured to solve the
Copa) @ @

> Itis a natural home also to ‘ +BSM ‘

«undetectable» Dark Matter (Isn’t

the current data pointing to an ‘ ‘
undetectable Dark Matter?)

» It can be produced by gravitational ‘ ‘ ‘

particle production at the end of
inflation.

(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 (m%) =0
log
but can do nothing about the CCP since \ ' ‘
(5V)log *0 \fb '
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particle production at the end of
inflation.

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



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:

St (9) = [ d*x =g (A%, (HYH)(H'TH") + A5, B¥Z],, + (Agny LHN + h.c.)

each of which gives rise to the aforementioned logarithmic shift (5mﬁ)log in the Higgs boson mass.

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

mj,

/121/)1’0/ < m—lzp, (mwr = mh)

which sets a see-sawic relationship between the Higgs boson and BSM masses. Symmergence does
not put any constraint on Alplp’ so the see-sawic relationship above is physically allowed. In SUSY,
extra dimensions and compositeness, however, Alplp’ 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!)



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

\
Sine(9) = [ d*x =g {22, (HTH)(H'TH') + 1,1 BWZ’6 36‘(0‘.“1{1\’ +h.c.)

each of which gives rise to the aforementioned log~"" (\O ; \5m,% log in the Higgs boson mass.

N\
®)
A2 S m SSQCD('\> mp)

O
which sets a s¢ (D@ Q,Llonship between the Higgs boson and BSM masses. Symmergence does
not put a- .«on A, sothe see-sawic relationship above is physically allowed. In SUSY,
extra ‘bﬁ .is and compositeness, however, AM,/ is tied to the SM couplings by symmetries so
thatas .-sawic relationship is never allowed! It is for this reason that the LHC has already started

excluding them!)
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Dark BSM particles can be detected at mainly the high-luminosity colliders.
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disallowed
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excluded by LHC !




Scalar Dark mass is bounded from above:

N .
N .
< .
N .
N .
N .
! . p
N .
N e
~ e
~ .
~ .
.

A HH'

» H'remains stable if it ejoys a Z, symmetry
» H'acquires correct relic density if A ZHH/z 2.1x107* (%

» and as a result, see-sawic structure imposes my, < mys < 3.38 my, = 420 GeV

T

a fairly light dark matter!



Dark matter comes in various types but detection cross-section is getting smaller and smaller at each new experiment:
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(T. Lin, arXiv:1904.07915)


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

Dark photon coupling well satisfies the see-sawic bound:
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(T. Lin, arXiv:1904.07915)


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

Dark Neutrios must be relatively light:

Hy N )

){'HN, /’{HNI

» Active neutrinos acquire a mass m,, = Afm, ((H)Y/M 1)

» and as a result, see-sawic structure imposes mys < 1000 TeV

a fairly light RH neutrino sector!

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


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

SM and GR are reconciled in a completely new way.

GR emerges in a way restoring gauge symmetries and stabilizing the SM.
There exists a rather wide/unconstrained BSM sector.

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

There are more ...



We have to understand gravity at «high curvature».

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

We need a detailed dark matter/energy/photon analysis of «seesawic BSM».
We need to understand if there is an underlying SUSY.

We need to understand ...



Thank You



