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Abstract

The supersymmetric Nambu-Jona-Lasinio model proposed by Cheng, Dai, Faisel and
Kong is re-analyzed by using an auxiliary superfield method in which a hidden local U(1)
symmetry emerges. It is shown that, in the healthy field-space region where no negative
metric particles appear, only SUSY preserving vacua can be realized in the weak coupling
regime and a composite massive spin-1 supermultiplets appear as a result of spontaneous
breaking of the hidden local U(1) symmetry. In the strong coupling regime, on the other
hand, SUSY is dynamically broken, but it is always accompanied by negative metric particles.

1 Introduction

Global supersymmetry (SUSY) implies the non-negative definite vacuum energy. This indeed
follows from the SUSY algebra

{Qa; Q4 } =2(0p) .5 P" (1)

and the assumption of the positive metric of the state vector space; that is, using Q4 = (Qa)T,
we have
1 = 1 _ 9
OIH[0) =7 > (01@a)'Qa+@QLQal0) =7 > (|Qal0) +1Qa 0)IF) > 0.

ad=1,2 a,d=12
(2)

The VEV of the Hamiltonian could be negative only when the zero-momentum Goldstino
states Qq |0), Qg |0) have negative metric, which would, however, imply the disaster for the
theory.

Thus the potential energy of the vacuum is bounded from below and the minimum value
zero is saturated by the normal SUSY vacuum. Therefore, the dynamical breaking of SUSY,
or any other symmetries, is generally very difficult in the globally supersymmetric theory.

Well-known examples realizing the spontaneous SUSY breaking are Fayet-Illiopoulos|1]
and Fayet-O’Raifeartaigh[2][3] models; the vanishing conditions of the D- and F-terms (in the
former), or various F-terms (in the latter) in the tree-level potential cannot simultaneously
be satisfied so that SUSY stationary points do not exist. More dynamical SUSY breaking
models are also known but they are rather implicit and highbrow gauge theory models[4][5][6],
some of which are shown dual to the Fayet-O’Raifeartaigh models via Seiberg’s duality[7].
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It is, therefore, highly desirable to find an explicit simple model which exhibits dynamical
SUSY breaking. If such a tractable model is found, it would have much utility in phenomeno-
logical models for generating the soft SUSY breaking terms dynamically', just as the old
Nambu-Jona-Lasinio model has long been used as a semi-quantitative parallel model for the
dynamical chiral symmetry breaking realized in QCDI[12].

Recently, Cheng, Dai, Faisel and Kong (CDFK)[8, 9] proposed a supersymmetric NJL
model which, they claim, realizes the dynamical SUSY breaking. This model is indeed very
simple one. So, if it is really a healthy model suffering no negative metric problem, it is very
important and will become the desired useful model of dynamical SUSY breaking.

Their paper is, however, not written in a crystalclear way. We therefore re-analyze their
model in this paper, and make clear what actually happens there, in particular, from the
viewpoint of the positive/negative metric problem of the particles.

2 Supersymmetric NJL model by Cheng-Dai-Faisel-Kong

2.1 The massless model and an equivalent auxiliary field model with
hidden U(1) symmetry

The supersymmetric NJL-like model considered by Cheng-Dai-Faisel-Kong (CDFK) reads

_ a _ N
L:/d‘*a(@@—ﬁ(q@f), @@z;@qﬂ

3)

where ®° = [A%, ¢, F'] is matter chiral superfields carrying the flavor index i of SU(N). We
analyze this model in the leading order in 1/N expansion. Actually, CDFK considered the
massive model possessing the mass term

Linass = / d?0 m®® + h.c. (4)

in which case the flavor symmetry reduces to SO(N). We first concentrate in this section on
the simpler massless case, and defer the discussion for the massive case to the next section.
Keep in mind that this model has a dangerous kinetic term like

(1 - S A1) (-0, A1 0™ A — 105" 0,00) (5)

which becomes of negative metric in the field space region ATA > N/G. If the realized
vacuum point is well inside of this boundary, i.e., <ATA> < N/@G, then this negative metric
poses no problem.

!Ohta and Fujii have shown that all the soft SUSY breaking terms can be generated by a kind of sponta-
neous SUSY breaking by ‘dipole ghost mechanism’[10, 11] They there discussed also the connection between the
positivities of the vacuum energy and of the Goldstino’s norm.
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Similarly to the usual non-SUSY NJL case, this model (3) can also be equivalently rewrit-
ten by adding a Gaussian term of an auxiliary vector superfield U:[8, 9]

L = /d4 <1><1>—7(¢>¢>) +%(U+G<I><I>))

- /d49<q><1>(1+U) +ﬁU2) (6)

This auxiliary superfield U stands for the superfield pair ®® by the equation of motion:
G-
U:—Nfbfb sothat (U)=0at G=0 (7)
Now, we rewrite this auxiliary vector superfield U, or the shifted one U + 1 by 1, into
U+1=3%e?"y% (8)

by introducing a chiral superfield ¥ and a vector superfield V. This rewriting is, of course,
redundant so that U + 1 remains invariant under the following hidden U(1)-gauge transfor-
mation with a chiral superfield parameter A:

Y o ey, Y - etiAy, 9
2V — 2V 4i(A—A) )
Of course, this gauge symmetry is fake, but it is very useful nevertheless. If we fix this gauge
invariance by taking an ‘axial gauge’ ¥ = 1, then this is merely an equivalent rewriting
U — V= (1/2)In(U + 1) of vector superfield variable. But we can take any other gauges
which must be gauge-equivalent with one another. We shall take Wess-Zumino gauge below.
Further, if we redefine the original chiral matter ®* into ¢’ as

Yol = ¢, $o! = ¢, (10)

then, the Lagrangian (6) becomes

r— /d4 B2V b + ( $e2Vy 1))

which is hidden U(1)-gauge invariant under

¢i — e_iA¢i7 QEZ — e+f]\(lgi7
Y o ey, E:J — etiAY (12)
2V — 2‘/-Fi(A,—-A)

Using this, we can take the Wess-Zumino gauge in which
V=[C Zy H, K, v, \, =D ] — [0,0,0,0, v, A\, =D ] (13)
and X becomes a normal chiral ‘matter’:
Y=1[z x h]. (14)

Note that we are taking negative sign convention for the D field of the vector multiplet V'
for later convenience.
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2.2 Effective potential in the leading order in 1/N

We use the covariant derivative D,, which is defined to be D,, = 0,, + iqu,, on every
component fields ¢, of chiral superfields with U(1)-charge ¢, transforming ¢, — e’iqA<pq.
Then the part of the Lagrangian for the chiral matter field ¢¢ = [ A?, ¢, F'] with ¢ = 1

reads ,
D.D™ —D 2N 0\ [A

/d49 gie?V¢' = (Al 0 F) [ —v2iX  —ig™D,, 0 | ¥ (15)
0 0 1) \F

=A
aside from the total derivative terms. In the leading order in 1/N expansion, the effective
action NS is given by

NS=N [—H’ STrLn(—A) + / d4xd49%(iew2 —1)° (16)

with STr denoting the functional supertrace. How this supertrace term can be evaluated
diagrammatically is explained in the Appendix. Noting that only the bosonic scalar fields
can take the constant (z-independent) VEV’s

<E> = [Za 0, h]7 <V> = [07 0, _D] (17)
and inserting these VEV’s into the action (16), we find the effective potential V' given by

A 4
V(z,h,D):/ (;lﬁ];

(Note that the true potential is N times this V.) Here k* denotes the Euclidean 4-momentum.
As is usual in NJL model, this one-loop integral is divergent so we put the ultra-violet
momentum cut-off A on the Euclidean 4-momentum integration as k2 < A%. Performing the
momentum integration | A @'k and Grassmann integration d*, we finally obtain the explicit
form of effective potential in the 1/N leading order:

(In(k + D) — In(k?)) / a0 %(@ew @-1). ()

— G 4 D 2 A2 2
GV(zhD) = 2 [A In(1 + ) — D*In(1 + =) + DA
+(1=2[z") |a* + (2" = 1) |2’ D
(19)
Stationarity conditions of this potential lead to
5
%:0 = 2]z =Dh*=0 = h=0or |z[*=1/2 (20)
5
Vo = - @ - D] =0
= h=0and (D=0or |z]°=1/2) (21)
Vo ) A2 ol
50 = oo [zA —2D1n(1+5)} =122l (22)

4
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In (21), we have excluded the possibility z* = 0. This is because the first component of
U + 1, being proportional to |z|2 by Eq. (8) and giving the coefficient of the kinetic term of
the matter field ®* by Eq. (6), should not vanish. From Egs. (20) and (21), A must vanish
in any case and D = 0 or |z|> = 1/2.

The right hand side (RHS) of Eq. (22), (1—|z|?) |2|?, takes the value between 0 < RHS <
1/4 for 1 > |z| > 0: At free theory limit G = 0, Egs. (7) and (8) implies

|2* =1, so that, by Eq. (21), D =0. (23)

As G becomes larger starting from 0, |z|2 becomes smaller from 1 until it reaches the point
|z|*> = 1/2. Until then, the stationary point has to keep D = 0 because of Eq. (21) so that
the value |z|? is determined by Eq. (22) as

G

o3 2A% = (1— |2°)|2%. (24)

This continues until the coupling constant G' reaches the critical value G%, where |z| comes
down to the point |z|> = 1/2 realizing the maximum 1/4 of the RHS (1 — |2[*) |2|*:
G? 2 0 2 /A2
Cr _ —

When G further becomes larger beyond this critical value, |z|2 stays at this maximum point
of the RHS, |z|* = 1/2, so that D can no longer be zero, as determined by Eq. (22):

D A2 G°

—In(l+—=)=1- =%

e+ p) G
That is, the SUSY is spontaneously broken.

Note that there is no stationary point which keeps SUSY in this strong coupling region

G > GY.. Indeed, the SUSY points realizing D = 0 and h = 0 surely realizes vanishing value
of the potential V(z,h, D) in (19) and the stationarity 0V/9z = 0 and 9V/0h = 0 with
respect to z and h, as Egs. (21) and C(20) show, independently of the G-value. However, any
SUSY points on the line D = 0 (with h = 0), have non-vanishing gradient OV/0D|p—y # 0
for G > G?, since

(26)

oV G A2
T = 2A% — 2D 1In(1 + — (1= 2 |22
D | s 327 | n(1+ 5| =D
G 2 a2 1[G
= — — > = _
3972 2A (I —1z[7) =" = 4<G2r 1) >0, (27)

because of (1 — |z|%)|z|> < 1/4, so that they cannot be the vacuum candidate.

2.3 What about negative metric?

The above analysis shows that the SUSY is really spontaneously broken dynamically for the
strong coupling region G > GY, in this model. However, this model had a potential danger
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of negative metric particles which might appear depending on the vacua characterized by
VEV’s of the fields. So let us examine it.

The original chiral supermultiplets ®° are redefined into ¢ which possesses ordinary
gauge-invariant kinetic term ¢;e2" ¢ and have no more complicated interaction in this leading
order in 1/N. So they remain to have positive metric irrespectively of the VEV’s of the fields
D, h and z.

Therefore, we have only to analyze the kinetic term of the vector multiplet V' = [A, vy, D]
and the chiral matter ¥ = [z, x, h|. First, the vector multiplet is described by a slightly
complicate-looking ‘kinetic term’ ¢ STrLn(—A) in the action (16) in the leading order in
1/N, but it actually appears as a mere one-loop diagrams of the ‘healthy’ chiral multiplet
fields ¢° possessing normal minimal gauge coupling ¢;e?" ¢* as seen in (15), and thus, there
is no reason for the negative metric to appear for the vector multiplet fields V' = [\, vy, D].

Thus, we have only to consider the problem only for the chiral matter ¥ = [z, x, h]. To
see this we need an explicit component field expression for the term | d*0(2e?VY —1)? in
the leading order action (16), which can be obtained most easily as done in the Appendix:

/ a4 (22Vs — 1)
=2(2 |z|2 -1) <|h|2 —Dp2*D"z — %X&mﬁmx +V2i(2* Ay — zj\fc))
— 2022 (122 = DD — 2i(x6" ) (=" D 2) — 2hP + W) 0K (28)

The first line give the kinetic terms of the fields z and x. We note that those kinetic terms
have a common field-dependent coefficient (2 |z|*> — 1). The value of this coefficient is not
positive definite(!) and becomes negative if |z|> becomes smaller than 1/2. So clearly, this
model becomes disastrous in the region |z|2 < 1/2 owing to the appearance of negative metric
modes.

In the above, however, we have analyzed the effective potential V' (z, h, D) in Eq. (19) and
found the stationary points at 1 > |z|*> > 1/2 with h = 0 and D = 0 for the weak coupling
region 0 < G < GY.. So there are no problems in this weak coupling region.

However, as G reaches the critical point G, or goes beyond, |z|2 exactly takes the value
1/2! What happens there? At first sight, it merely means that the kinetic terms of z and
x disappear, or, they become of zero-norm particles. If these were true, then, there were
no problems at all and the present CDFK model gives a simple healthy model exhibiting
dynamical SUSY breaking.

Unfortunately, however, a severe problem is there. The point is that the scalar field
z fluctuates around the VEV [(z)| = 1/v/2 and the fluctuating scalar modes would have
problematic indefinite metric. To see this, let us parametrize the scalar field z, taking the
VEV be real, as

L o
z(x) = e 14+ ¢(x)), 29
() = 75" (14 0(@) (29)
then, 2 |z|2 — 1 =2¢ + ¢? and the scalar kinetic term in the above Lagrangian reads

2(2|2> = 1) Dpz* D™z = (26 + ¢°) (O 0™ ¢ + vl "™ (1 + ¢)?) (30)
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Here the NG boson field 0(x) of the spontaneously broken U(1) was absorbed into the vector
field v/, = vy, + ;0. The kinetic term of ¢, which looks like (since ¢ > ¢? around ¢ ~ 0)

POmp 0™ ¢ 31

is problematic since it has the fluctuating (metric) sign around ¢ = 0. When ¢ goes into the
negative side ¢ < 0, ¢ becomes of negative metric, which is a disaster to the theory.

If the kinetic term had a non-negative definite coefficient function f2(¢) > 0, then it
could be rewritten into a normal kinetic term by field redefinition:

()0 ") = 0 ® "D, with B — / dé (6) (32)

Note that the vanishingness itself of f(¢) at ¢ = 0 poses no problem; for instance, take the
simplest example, f(¢) = ¢, then ® = ¢>. Important is the non-negative definiteness of the
sign.

If we applied blind-mindedly this formula (32) to the present case (31), then we would
have obtained a normal form of kinetic term for the new scalar field ® = (2/3)¢>/2. But,
this also implies that the relation with the original scalar field z is singular and actually the
very point ¢ = 0 is a branch point; if ¢ goes into the negative side ¢ < 0, then & ox ¢3/2
becomes purely imaginary, again implying the appearance of the disastrous negative metric.

Although we have discussed only the scalar modes up to here, the same problems occur
also for the fermion mode, whose kinetic term reads

b _ 2 , —mSY
222" —1) 5 X6™ D mx = —i(26 + ¢*) X0 D mx (33)

This kinetic term also has the same problematic fluctuating (metric) sign around ¢ = 0.
So this model becomes disastrous for the strong enough coupling region G' > G9, for which

|(z)]* = 1/2 is realized.

2.4 Spontaneous breaking of hidden U(1) gauge symmetry

So as a model of dynamical SUSY breaking in the strong coupling region, the present model
is unfortunately not a healthy model. However, the model always realizes |z| # 0 for G > 0,
so that the hidden U(1) gauge symmetry is always spontaneously broken. If we take (z) real,
then, Im z is the NG boson absorbed in the vector v,, in V = [v,,, A, D].

For the weak coupling region 0 < G < G9,, the SUSY is not broken so that (Rez, x) €

form a massive vector multiplet 0 ® 1/2 & 1 with (vy,, A) € V. (But actually this massive
vector multiplet is unstable.) Their mass terms appear in the first line of the action (28) as

) R -
—2(22% - 1)(|h|2 DD —325’”Dmx+\/§i(z*/\x—z/\x)) (34)
—_——— 2 ————
kinetic term of Rez Dirac mass

+vector mass
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Asfar as G < GY., the VEV of the scalar z gives \z|2 > 1/2 2 so that the appearing mass terms
of this vector multiplet carry correct signs. The kinetic terms for the hidden gauge boson and
gaugino multiplet are dynamically generated by the one-loop diagrams iSTr Ln(—A) (whose
expansion is given in Appendix). This massive vector multiplet for G < G, case does not
give a true stable particles since the ‘constituent’ matter multiplets ¢* = [ A, o, F*] are
massless into which the vector multiplet can energetically decay. So in order to make the
vector multiplet truly stable, it is necessary to put the mass term for the original matter

multiplets ®°.

3 Supersymmetric NJL model with massive constituent

Let us now analyze the more complicated case; the CDFK NJL model which possesses the
mass term (4), fd29 m®® + h.c., of the original constituent chiral superfield ®¢. In the
massless case we have used the auxiliary chiral ¥ and vector superfields V' and the matter
fields ¢’. Recall, however, that ¢’ is not the original matter fields ®* but ¢’ = &’ in
(10). In the massless case the matter fields appeared only in the combination of ¢!, but
here in massive case, the original matter fields ® appear which are now written in a slightly
complicated expression ®* = X 71¢! and the mass term reads in terms of the component
fields of ¢ = [A%, 4!, F'] and ¥ = [z, x, hl:

Loss = /d29 A mee 4 he. = /d29 SmE 2610’ + e,
2 -2 -3 1 2 -3 3 _4
= d“Om (Z A F; — 272 A Azh — 52 Vi) + 27 Ay x; — 52 AiAiXX) + h.c.
(35)

We take the mass parameter m real and positive. Elimination of the auxiliary fields F; by
the e.om. Ff +mz~24; = 0, yields the following ‘mass term’ in the potential:

V =+m?|z|"* Al 4, (36)

Now, in the presence of the background fields z, h, D, the mass terms for the constituent
bosons A; and fermions ; are given by

—(D+m? |z HATA, —m(23h A A — %z*%wi +h.c.) (37)

The mass square eigenvalues are given by

A, D+ M?*+mH, w1 M?,
with H=2|h||z]"%, M2 =m?/|z* (38)

2 Actually, the stationarity condition (22), which determines the value of VEV |z|, is symmetric under the
reflection of |z|* around the point |z|> = 1/2; i.e., |2|* +— 1 — |2|°. So, the solution |z|> > 1/2 for G < G2, is
always accompanied by another solution |2'|* = 1 — |z|® < 1/2 which equally satisfies the stationarity of (22) and
realizes even the same value of the potential V(z,h = 0, D). Those reflection solutions |2’| are, however, in the

region |2'|> < 1/2, where the kinetic term of X is of negative metric there, and must be discarded.
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Therefore the effective potential (19) in the leading order in 1/N, is now replaced by the

3272V (2,h, D) = F(D+ M?+mH)+ F(D+ M?— mH) — 2F(M?)

3272

MNE

[-3@1 = )H? |2 + (2 = 1) |2 D]

(39)

in terms of the function

A
F(z) = 167r2/ (;lﬂ]; [In(k* + ) — In(k?)] = % {ln(l +z) — 2% In(1 + %) + x] ) (40)
In this expression and hereafter, we set the cutoff A equal to 1 for simplicity of writing. It
would easily be recovered, if necessary, by considering the dimension. Note that the potential
(39) clearly reduces when m = 0 to the previous expression (19) (x3272/G) for massless
case.

The analysis of the stationary points of this potential for massive case becomes rather
complicated and difficult to do systematically, but was performed by CDFK rather exten-
sively. They found several peculiar stationary points realizing h # 0, which are usually
difficult to understand the behavior physically.

As far as we have analyzed, those peculiar stationary points seem to realize negative vac-
uum energy, thus suggesting the existence of the negative norm states. Indeed the examples
we checked corresponded to the vacua realizing the scalar VEVs |z|2 < 1/2. However, the
kinetic term of the chiral multiplet ¥ = [z, x, k] is still given by (28) possessing the coefficient
(2 |z|2 — 1). Therefore, for the theory to give a healthy theory, the stationary points should
exist in the region

1212 > 1/2. (41)

The stationary points in the region |z|> < 1/2 correspond to the vacua on which negative
norm chiral multiplet particles appear so that they must be discarded.

So here we analyze the potential restricting only in the healthy region |z\2 > 1/2, and
shall prove that there appears no dynamical SUSY breaking vacua, unfortunately. This
conversely implies that many dynamical SUSY breaking solutions found by CDFK exist
only in the unhealthy region |z|° < 1/2.

As three independent variables of the effective potential V', let us take the variables
D,H =2|h||2|™®,Z = |2|® in place of the original ones D, h,z. Stationarity conditions of
the potential (39) are given by

2
%:0 = I(D+M2+mH)+I(D+M2—mH):32C7; Z(1-2) (42)
1 2
Vo = m(I(D +M? 4+ mH) — I(D+ M? — mH)) _ 0" oz _nz8E @3
oH G
% =0 = (I(D+ M+ mH)+ I(D+ M2 = mH) - 21(M?)) (~2m*2 )
3272 H?
- g [ 2°(8Z =3)+ (1 - 22)D] (44)

9
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where

_d s Mde 1 1

First of all, from the stationarity condition (43) with respect to H(= 2|h||z|*) which must
be non-negative by definition, we immediately see that H must vanish. H = 0 clearly satisfies
(43), but any positive H cannot satisfy it. This is because I(x) is a monotonically decreasing
function from 1 to 0 for 0 < & < co. Therefore, if H > 0,

I(D+ M?*+mH) —I(D+ M? —mH) <0 while (2Z—1)Z°H >0, (46)

so that both sides of (43) have opposite sign in the present healthy region 1/2 < Z < 1.
This fact H = 0 is the reason why the potential analysis remains very simple in this
healthy region. Then, with H = 0, the stationarity (42) with respect to D gives the condition

- 1672
G

SInce I(z) is monotonically decreasing from 1 to 0 as x goes from 0 to oo, the solution
D = D(Z) to this equation is formally written in the form

I(D +m?Z7?)

Z(1— 7). (47)

1672

2
10m G 201-2)20 (48)

D(2) =175

Z(l—Z))—mzZ*2 for 1>

I71(x) is the inverse function of I existing for 0 < z < 1; I71(0) = +oo and I71(1) =
+0. I~1(x) is also monotonically decreasing function and D(Z) is monotonically increasing
function of Z. When Z approaches the free point Z = 1, D(Z) becomes very large and

behaves like
G 1

T 3or21-2z

If G is smaller than the previous critical value GO, for the massless case,

D(Z) as Z — 1. (49)

1672 1
G 4

G < G° = 4r? > 1, (50)
as Z comes down from 1 towards 1/2, the argument (167%/G)Z(1 — Z) reaches the value
1 at some 37y > 1/2 before Z = 1/2; (1672/G)Zo(1 — Zy) = 1. That is, the stationary
point D(Z) of the potential with respect to D exists only for the region Zy < Z < 1, but no
stationary point for 1/2 < Z < Z,. For G > GY,, the stationary points D(Z) always exist
for the whole healthy region 1/2 < Z < 1.

Note that even the coupling constant G reaches the massless critical value G, the sta-
tionary point D(Z) at Z = 1/2 is negative D(Z = 1/2) = —m?/4 < 0 so that the D(Z) =0
is realized at some Z > 1/2. A massive case critical coupling G% may be defined to be the
coupling constant at which D(Z = 1/2) = 0 is realized; that is,

I(m?/4) = 4% /G™, so GI'>GY. (51)
Below this critical point G < G, the D(Z) = 0 stationary point always exist in the healthy
region 1/2 < Z < 1.

10
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Finally consider the stationarity condition (44) with respect to Z, which reads now setting

=0 8 2A23
2 2 ™

I(D+ M%) —1(M?) = Gm2(2Z 1D (52)
If we put D = D(Z), then, this equation determines the stationary point Z. This equation
is very similar to the previous H-stationarity condition (43). If D is positive, then the LHS
of (52) is negative since I is monotone decreasing, while the RHS is positive in the healthy
region 1/2 < Z < 1. If D is negative, then the LHS is positive while the RHS is negative.
So the only possibility for this equation to hold is D = 0 case. We have seen above that the
D(Z) = 0 solution exists in the healthy region iff G is below the critical coupling G < G
So in this weak coupling regime, there is a unique stationary point of the potential in the
healthy region 1/2 < Z < 1, and the SUSY remains unbroken since H = D = 0.

In the strong coupling region above the critical coupling G > G7}, on the other hand,
D-stationary points D(Z) are always positive D(Z) > 0 in the healthy region, so that the
Z-stationarity condition (44) cannot be satisfied. This means that there are no stationary
points of the potential in the healthy region 1/2 < Z < 1.

Indeed, outside the healthy region, i.e., Z < 1/2, one can find many stationary points
which possess non-vanishing values of H and/or D and realize the negative vacuum energy
values. Analysis is not easy. We, here, do not enter this problem, since whatever solutions
may be found they necessarily represent unphysical theories.

4 Conclusion

We have re-analyzed an interesting supersymmetric NJL model proposed by Cheng-Dai-
Faisel-Kong, by using a new type of auxiliary field method in which a hidden U(1) gauge
symmetry emerges. Unfortunately, the model is shown to have no dynamical SUSY breaking
vacua in the healthy field-space region in which no negative metric particles appear; if the
coupling constant G is weaker than a critical value G}, the stationary point of the effective
potential is uniquely SUSY vacuum, and if the coupling constant is larger than the critical
value, G > G2}, there is no stationary point at all in the healthy field-space region. Above
critical, the stationary points exist only in the un-healthy region so that the theory necessarily
contain the negative metric particles.

The model, therefore, represents healthy theory only in the weak coupling region G < G,
where SUSY remains unbroken while the hidden U(1)-gauge symmetry is spontaneously

broken and massive spin-1 supermultiplet dynamically appear as composite particles.

The author would like to thank Otto Kong and Yifan Cheng for informing him of their
work and valuable discussions. The discussions with Naoki Yamatsu and Nobuyoshi Ohta
are also acknowledged.

11



Soryushiron Kenkyu

5 Appendix

5.1 Calculation of [ d'9(Ze?VY — 1)?

From the Wess-Bagger[13]’s result for the chiral multiplet ¥ = [z, x, h] and the vector mul-
tiplet in the Wess-Zumino gauge, V' = [\, v, — D], we have

»e2Vy

. o ~
0252 |h‘2 - ‘sz|2 - %X(_fm Dpnx+ ﬁi(Z*)‘X —2AX) — |Z|2 D. (53)

Then, the action for the square term (¥e?V'X)? is most easily obtained by applying this
formula to the chiral superfield X2 = [22, 2z, 2zh — x?] which carries the ¢ = 2 U(1) charge:

_ ) o
(Ze?V'E) T (2)%2etV (%)? - |
= (22" = B)(22h = x}) = D (=)D (%) = £(2"0)5™ D o (22X)
V2 (272(20)(22x) — 22(20)(22°%)) — |2[* (2D) (54)

From Egs. (53) and (54), we find the expression cited in (28):

(Ze?Vs - 1)2 = 222> -1) <|h|2 —Dpz" D"z — iiﬁm%mx +V2i(z* Ay — z)\x)>

0262

[\

=
D pn2) — 2(zhx* + 2°h* %) + X2 X%

(55)

=22 (2> = 1) D = 2i(xa™x) (="

5.2 Expansion of the supertrace term +iSTrLn(—A)

iSTrLn(—-A) = iTrLn(-D,,D™ + D) —iTrLn (i&mDm —2X\(=D,,D™ + D)fl)\)
_ 1 - 1
. 2 . . .
= ZT‘I’LD(_D +D)_ZTI'LH(Z@)—Z’I‘I'LH <1—2Z@ )\M)\)
(56)
where in the second line we have used the notation
D,, D™ = D?, "D, = P. (57)
The last term can be expanded as
1o 1 1 1 - 1 "
—TrIln(1—-2=A\———=X\) = +i —Tr 200 =) ——
zrn( P —D2+D> Jrz;nr{(i@ )—D2+D

Furthermore, when evaluating these action diagrammatically, we separate the free and in-
teracting parts for —D? + D and i]P:

—D>+D = (=i0p)? + (D) + (=i0p)v™ + 0™ (=i0p) + 2 + D = Ay — Ling
Aa —Ling

P = ip— (58)

12
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with D = D — (D). Then

T ST IR SR L POV
T In(P) = z’Tan(z'amg;Tr [M
v G
L0
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Nonequilibrium model inspired from Black Hole

fEHE S —HE
H AR 2B T 220

1 To5voR—ILYBLEBDE

7T I RNV EBRT 572018, RO ARRBEO—DX 77 v 7 m— Wiz —ib
SNTBNFOEAIZEISSE D] 22 ThHAHH, ZOEN)FOERDPEICTELEWI B E L
TET 7 v 7 A=W L BI1FORIZITEE < OMISERPRH 200 TH D [1]. 2 OXHLBEfR
& EDERERLD LT 570, Hawking 1375 v 7 K—ABHIT 5 A 5 =X L& ERLE 2.
BARINAZIZT T v 7 R— NG ZY 5L LTELORE FmDEELE b & 12, Bogoliubov 22 #i%
VN ORI FRRE

(1) boson = %’ (1)

er¥—1

FEMM L. 22T, BHENAR IRV —w R OARAD T THDHEL, KITT Ty
JR—=IVOFRHEN2FRT. TEUTICBOTE, BREMRZHWD. e BEigtoX L
T 52 Ll k- T, 77 v 7 R— b DERI R
K
Ton = 5. (2)
EROBKROLICIRES Z L 2R L. ZORRIRT T v 7 A—/VOEEX, Hawking iR &
XN TV 5.

Z ® Hawking it EFEEND 7T v 7 R — LD T 5 A=A L k-T, 7T 7
R— /VBR L BT L R B A O Z L AR AN, L SO TREN S - T1-4,
BNZE BN S T Ty /R — Ay ba =4 —BRICRESNDS. o, FHERMNE
DN BBAFT DA T T > IV R— VD ERNESR TH L 2T 2 eNTEL—F
T, 7T v IR NEFEO L) RBEREWEIG 2T 5 L7 [3]. & 6120, Stefan-Boltzmann Dk
AlZ AT, 75 v 7 h— L OEEHEAESATEBY, B2IZTHIEICESE 101 (ke
BREODHEEZFFOI =77 v 7 R — /VOEFERMIZE LZ 137TEBFETHY, br o ELSHITASR
THLZENHREESND.

2 T3y R—ILEREBRE

DT Ty IR/ OFFEMIRIE, BFERIICIRD 3 ORI IND Z B L HRD (Figure
1) . FTHEEMEE LT, BHESINDIR OS> RVX =0, 77 v 7 R—LOEETZR L
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LWV T EIRTED.
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Introduction

Solar neutrinos have a long history since its first detection in 1970 in the Homestake ex-
periment, the epic of solar neutrino problem, which was an apparent discrepancy between the
Homestake observation and the theory based on the solar standard model. This discrepancy
or the solar neutrino problem was confirmed in 1980s by Kamiokande, GNO/GALLEX, SAGE
and Super-Kamiokande (1990s) [1]. The solar neutrino problem was finally solved by SNO
experiment in 2002 using the ®B component of the solar neutrino spectrum and was shown con-
sistent with the expectations of the solar standard model in addition to the theory of neutrino
oscillations [2].

Solar neutrinos have some unique characteristics. They cover the energy range of sub-MeV
to several MeVs. Having low energies they require difficult detections techniques. They play
complimentary role to the reactor neutrinos. Both have approximately the same energy window
for their detections (0-10) MeV. In case of solar neutrinos, the neutrino flavor is produced as
result of the thermonuclear conversion of proton into neutrons and positrons, while electron-
antineutrinos are produced as a result of neutron beta decay along with electrons. In both
cases the neutrinos are detected in the disappearance experiments using the similar detection
techniques.

Before the Borexino experiment, the solar neutrino fluxes were only known indirectly by the
radiochemical experiments. It was only very recently when the Borexino experiment gave the
first real-time flux observations of the lowest energy components of the solar neutrinos (pp [3],
"Be [4] and pep [5]). Being at the lower end of the solar neutrino spectrum, these components are
predominantly controlled by the vacuum oscillations. The LMA-MSW contribution to the three
components are <2% for pp, <4% for "Be and <8% for pep. Based on this observation the recent
solar neutrino flux observations by the Borexino experiment are ideal to probe for nonstandard
neutrino interactions (NSIs) at the sun and at the detector while the NSIs at the propagation
inside the sun can be safely ignored because of the low contribution from the LMA-MSW effect
to pp, "Be and pep components of the spectrum.

Calculational Framework:

We estimate the source and detector NSI parameters in terms of the neutrinos detection
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event rates at the Borexino detector which we define as
Emaz
R, = Ne/ dE,¢(Ey) (0e(Ey){(P)ee + opr(Ev)[1 — (P)ee]) » (1)
0

where N, are the number of target electrons at the Borexino detector, ¢(FE)) is neutrino
flux for the three pp,’Be and pep taken from Refs. [3], [4] and [5], respectively. o.(E,) and

ou,r(E,) are the total v.-e and v, /.-e cross-sections and (P).. is the probability averaged over

-
the oscillation length that v, SUIfLXfiVGS in the trip from the Sun’s core to the detector. (P)ce
contains all of the standard mixing parameters and all of the source NSI parameters while
oe(Ey,) and o, -(E,) contains the standard weak mixing angle as well as all of the detector NSI
parameters. For the statistical estimates of standard weak mixing angle and all of the source

and detector NSI parameters we use the following x2—model

CeXp obs \ 2

X’ = Z (W) ; (2)
i 7

where R{Pare expected event rates as given in Eq. (1), R¢®® are the observed event rates as

given in Refs. [3], [4] and [5] with A" as the statistical uncertainty. Index "i" designates the

three fluxes corresponding to pp, "Be and pep.

Analysis Details, Results and Discussion:

For the SM fit, we set all NSI parameters to zero and fit the weak mixing angle to Borexino
data of pp, “Be and pep spectra. For all the NSI parameter fits, we perform two parameters
space analyses, while set all the other parameters to zero, in the order source-only, detector-only
and then source vs. detector. For the whole NSIs analyses, we assume the PDG-14 values of all
the standard parameters to calculate the expected event rates. All the two parameter regions
are taken at 68%, 90% and 95% C.L.. The bounds are extracted in all of the above three cases
at the 90%C.L..

In case of the standard mixing model parameter analysis we find the value of sin?fy, at
the lowest energy to-date. From the fitting with the source-only, detector-only and source vs.
detector only NSI parameters we find the bounds comparable to the existing bounds of Ref.
[6] in some cases and stronger or weaker in the other cases. The 90% C.L. boundaries of the
flavor conserving nonuniversal NSIs parameters (left panel) and the flavor-changing parameters
(right panel) for the new physics effects at detector for the Borexino’s data for pp, “Be and
pep spectra are shown in Fig. 1 for illustration. We also find the future prospects estimates
of the confidence level boundaries by incorporating 1% of the statistical uncertainty in regards
to the future experiments for the solar flux measurements at its lower energy end at Borexino
(upgraded), CJPL [7], SNO+ [8], LENA [9], JUNO [10] etc. With 1% uncertainty we find an over
all of one order of magnitude or more improvement of the source and detector NSI parameters.
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Moreover, we also check the impacts of the NSI phases on the C.L. boundaries of various NSI
parameters. The 90% C.L. boundaries of the flavor conserving nonuniversal NSI parameters
(left panel) and the flavor-changing parameters (right panel) for the new physics effects at the
detector with the prospected data for pp, "Be and pep spectra with 1% uncertainty are shown
in Fig. 2 for illustration.

ook i 04

=

— |

Figure 1: The 90% C.L. boundaries of the flavor conserving nonuniversal NSIs parameter (right
panel) and the flavor-changing parameters(left panel) at detector for the Borexino’s data for pp,
"Be and pep spectra.

Conclusions: The recent real-time measurements of low energy components of the solar
spectrum at Borexino have very low LMA-MSW contribution, thus provide a good testing
ground for new physics study at source (Sun) and detector. We found the best fit value of
sin? Ay at the lowest energy to-date using the Borexino results. We have put new constraints on
the NSI parameters at the production point at Sun and at detector using the current data and
have future prediction study for the future proposals/planned experiments Borexino (upgrade)
[3], CJPL [7], SNO+ [8], LENA [9], JUNO [10] etc. Animprovement in sensitivity to the 1% level
will either reveal very small deviations from the SM or reduce possibilities for NSI parameters
by factors from 2-3 to more than an order of magnitude. Our results show the complementarity
between solar and reactor data to probes NSIs simultaneously. As a crucial background in the
dark matter experiments, solar neutrino experiments and theory can anticipate a long future.
In return, they provide the key to nailing down details of solar structure and dynamics and can
play a vital part of progress in resolving the neutrino properties.
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Figure 2: The 90% C.L. boundaries of the flavor conserving nonuniversal NSIs parameter (left
panel) and the flavor-changing parameters (right panel) at detector for the prospected data for
pp, 'Be and pep spectra at the future facilities.
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New dimensions from gauge-Higgs unification
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Department of Physics, Osaka University, Toyonaka, Osaka 560-0043, Japan

Abstract

The Higgs boson is unified with gauge fields in the gauge-Higgs unification. The SO(5) x
U(1) gauge-Higgs electroweak unification in the Randall-Sundrum warped space yields almost
the same phenomenology at low energies as the standard model, and gives many predictions
for the Higgs couplings and new W', Z’ bosons around 6 ~ 8TeV, which can be tested
at 14 TeV LHC. The gauge-Higgs grand unification is achieved in SO(11) gauge theory.
It suggests the existence of the sixth dimension (GUT dimension) in addition to the fifth
dimension (electroweak dimension). The proton decay is naturally suppressed in the gauge-
Higgs grand unification.

1 Standard model

The Standard Model (SM) is very successful at low energies. It is gauge theory of SU(3)¢ X
SU(2)r, x U(1)y, whose Lagrangian density consists of four parts;

L = Egauge + ‘cHiggs + Efermion + ACYukawa )
Loange = —3TrGG" —L1TvF,, F* — 1B, B" ,
£Higgs = |-D/J«(I)|2 - V[(I)] ’

»Cfermion = Z E]‘ i’V“D;ﬂﬁj ’

ACYukawa = Z {y;ikqu)d]k + y;tkagéwk} + (hC) : (1)

The form of the parts Lgauge and Lfermion is determined by the gauge principle, and is
beautiful. The form of the Higgs potential V[®] in Lpigss, however, is given in ad hoc
manner. The Yukawa couplings y}‘,;d in Lyukawa are arbitrary as well. The parts Lpiges and
Lyukawa lack a principle.

The electroweak (EW) gauge symmetry breaking in the SM is brought about by an
intentional choice of V[®] which is assumed to have a global minimum at (®) # 0. In other
words, the EW gauge symmetry breaking is enforced by hand. The Higgs boson remains
mysterious in the SM.

2 Gauge-Higgs unification
In the gauge-Higgs unification one starts with gauge theory in higher dimensions.[1, 2, 3] The
Higgs field becomes a part of the extra-dimensional component of gauge fields. Schematically

5d
£gauge+£Higgs = L

gauge
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‘Cfermion + EYukawa = Lfermion . (2)

The effective Higgs potential is generated dynamically at the quantum level from ﬁggugc +

£24 .. In short, the theory is governed by the gauge principle, and becomes concise and

beautiful.[4, 5]
In the gauge-Higgs unification in five dimensions (x*,y)

‘4u o>, W, Z
Ay = (3)
A, D Higgs boson ~ Aharonov-Bohm (AB) phase 0y

When the fifth dimension is not simply connected, the Higgs field appears as an Aharonov-
Bohm phase 6y in the fifth dimension. The effective potential Vog (6 ) becomes nontrivial at
the one-loop level. When Vog (0 ) is minimized at 0y # 0, the EW symmetry is dynamically
broken. Finite Higgs mass is generated. The gauge-hierarchy problem is solved.

3 SO(5) x U(1) gauge-Higgs EW unification
The Randall-Sundrum (RS) warped space is specified with the metric

ds? = 6_2U(y)dx”dxﬂ +dy? |

o(y) = o(~y) =o(y+2L), o(y) =kly| for [y| < L. (4)
The RS space has topology of M* x (§1/Z3), in which (z*,y), (z*, —y) and (z*,y + 2L) are

identified. Its fundamental region is 5d AdS space sandwiched by two branes, UV and IR
branes, at yo = 0 and y; = L. The SO(5) and U(1)x gauge fields, Ay, and By, satisfy

A A )
Y Y

(g’;) (.9 —y) = (B§y> (@95 +9) (5)

Although gauge potentials themselves are not single-valued, physical gauge-invariant quan-
tities are single-valued.[6]-[10]
The set of the matrices Py, P; is called the orbifold boundary condition. We take

Py=P = -1 , (6)
+1

by which gauge symmetry G = SO(5) x U(1)x is reduced to H = SO(4) x U(1)x. Zero
modes (parity even-even modes) appear in the H part of A,,, B,,, and in the G/H part of A,.
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The latter is an SO(4) ~ SU(2), x SU(2)g vector, or an SU(2)y, doublet, corresponding to
the 4d Higgs field in the SM.

Quark-lepton multiplets are introduced in the vector representation of SO(5) in the bulk.
In addition, one introduces dark fermions in the spinor representation in the bulk. On the
UV brane at y = 0 brane fermions in SU(2) 1, doublet and a brane scalar ® in SU(2)r doublet
are introduced. The brane scalar ® spontaneously breaks SU(2)g x U(1)x to U(1)y, and at
the same time gives rise to additional mass terms for fermions. The resultant spectrum at
low energies (< 1TeV) is that of the SM. The effective potential Veg(0f) is evaluated at the
one loop. Contributions from the top quark multiplet and dark fermions triggers the EW
gauge symmetry breaking with a Higgs boson mass my = 125 GeV.

4 Success and predictions

The SO(5) x U(1)x gauge-Higgs unification is successful. The gauge principle governs the
theory, including dynamics of the 4d Higgs boson.[10]-[24]

(1) The 4d Higgs boson, the four-dimensional fluctuation mode of the AB phase 6y in the
fifth dimension, is massless at the tree level but acquires a nonvanishing mass at the one
loop level which is free from divergence and independent of regularization methods employed.
The gauge hierarchy problem, a cumbersome problem in many theories, is naturally solved.

(2) The phenomenology at low energies (< 1TeV) for 5 < 0.15 is almost the same as in
the SM.

(3) There is no vacuum instability problem associated with the 4d Higgs scalar field.[25] The
effective potential for the 4d Higgs field H(z) is given by Veg (0 + H/ frr). The large gauge
invariance guarantees the periodicity Veg(6py + 2m) = Vog(0pr), which in turn implies that
there never occurs the instability. It has been explicitly shown that Veg(0x) is finite at the
one loop level.

(4) Dynamical EW symmetry breaking takes place in the RS space. The existence of a heavy
quark, the top quark m; > myy, is crucial . Veg(0p) is controlled by the W and Z bosons,
the top quark multiplet, and the dark fermions. Light quarks and leptons multiplets are
irrelevant for the EW symmetry breaking in the RS space.

The gauge-Higgs unification gives many predictions to be confirmed by the forthcoming
and future experiments. Although the model contains several parameters, most of physical
quantities are parametrized by the AB phase 0.

(a) The Yukawa couplings of quarks and leptons, Y, the three-point couplings of the Higgs
boson to W, Z bosons, ggww, guzz, are given, in good approximation, by[8, 11]

Yo, 9aww, 9rzz =~ (SM values) X cosfp . (7)

The deviation from the SM is less than 1% for 05 < 0.1.

(b) Decay of the Higgs boson to vy, Z~, and two gluons take place through one-loop diagrams.
In the gauge-Higgs unification an infinite number of various Kaluza-Klein (KK) modes run
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inside the loop. Each of their contributions gives O(1/n) correction to the decay width where
n is the KK number. There appears miraculous cancellation among them so that the sum of
all contributions turns out finite and small. It gives less than 1 % correction to those in which
SM particles run inside the loop for 8y < 0.1. The cancellation in the process H — Z~ is
highly nontrivial, as the KK number can change inside the loop.[10, 19]

(¢) An immediate consequence of (a) and (b) is that both the production rate of the Higgs
boson at LHC and decay widths of the Higgs boson to various modes are all suppressed in
good approximation by a factor cos?fy compared to those in the SM. Branching fractions
of various decay modes are nearly the same as in the SM. The signal strengths of the various
decay modes are suppressed by a factor cos? . For < 0.1 the deviation from the SM is
less than 1%.

(d) The Higgs cubic and quartic self-couplings, A\{, A\l | deviate from those in the SM, which
can be tested in future. Although the model has several parameters to be fixed, many of
physical quantities such as A, A\, the KK mass scale mkxk, and the masses of the first
KK modes v, Z(M W) depend only on #5 in very good approximation. This property is
called the universality.

The universality leads to strong prediction power to the gauge-Higgs unification. Suppose
that the first KK mode Z() is found at mg. From the relation mym (0g) = mo, the value
0 is determined. Then other quantities A (65), A (0x), my o) (0m) ete. are determined,
and can be checked experimentally.

(e) The prediction of Z’ events gives the cleanest test of the model. The first KK modes of the

photon, Z boson, and Zg boson appear as Z’ events. (Zg is associated with SU(2) g, and has

no zero mode.) For 8y = 0.114, their masses are (mZ(1> Mz, May) = (5.73,6.07,6.08) TeV
R

and the widths are (Fz(l),FZ(l),F,Y(l)) = (482,342,886) GeV. For 0y = 0.073, their masses
R
are (mz(l),mz<1),m7<1)) = (8.00,8.61,8.61) TeV and the widths are (PZ(l),FZ(l),F,Y(l)) =
R R
(553,494, 1040) GeV.[24]

5 SO(11) gauge-Higgs grand unification

It is necessary to incorporate strong interactions in the framework of gauge-Higgs unifica-
tion. This leads to gauge-Higgs grand unification.[26]-[37] We look for a scenario in which
the EW Higgs boson appears as the extra-dimensional component of gauge potentials, and
electromagnetic, weak, and strong interactions are unified in a single group, and no exotic
particles appears at low energies.

One might think that the gauge group should contain SO(5) x U(1l)x x SU(3)¢ as a
subgroup. It turns out that this is not the case. It is seen that SO(11) gauge theory does a
job, keeping good features of the SO(5) x U(1)x gauge-Higgs EW unification.[34, 36]

One starts with G = SO(11) gauge theory in the Randall-Sundrum warped space (4).
The orbifold boundary condition is given by

Py = diag(li0, 1) , Py*° =diag(ly,—I7) ,
PP =Te®o", PP =hLeo’ el ®
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in vectorial and spinorial representations. At the UV brane SO(11) is broken to SO(10) by
Py, whereas at the IR brane it is broken to SO(4) x SO(7). As a whole G = SO(11) is broken
to H = SO(4) x SO(6). Note that SO(4) ~ SU(2)1, x SU(2)r, and SO(6) ~ SU(4). At this
stage A, has zero modes in the block H, on the other hand A, has zero modes in the block
[G/SO(10)] N [G/SO(4) x SO(T)]. In the vectorial representation A, has zero modes in the
components AZH (a =1 ~4), which correspond to the 4d Higgs field in the SM.

On the IR brane a brane scalar ®;¢ is introduced. ®1¢ spontaneously breaks SO(10)
to SU(5). As a result G = SO(11) is reduced to Gem = SU(2), x U(1)y x SU(3)c. Note
that SU(3)c C SO(6), whereas U(1)y is a combination of SU(2)g and SO(6). Gsm is
dynamically broken to U(1)gm x SU(3)¢ through the Hosotani mechanism. The Weinberg
angle at the GUT scale becomes sin? Oy = 3. the same value as in the SU(5) or SO(10)
GUT in four dimensions.

Fermions are introduced in the spinor (¥s2) and vector (¥11) representations of SO(11).
W32, for instance, satisfies Waa(z,y; —y) = =7 P;"¥s2(z,y; + y). The content of ¥sy is
given by

14 1%
e e
é é
Ui 1 174
Wgy = Ui = P — k=1~
32 (\I’m)’ 16 :;k , Vg Z?C , ( 3),
k k
dy d,
g il

v u v} )
zero modes : <e,§) : <d:Z) , (e,j;) , (d':j:) . 9)

é, o, and d fields have charges +1, —%, and —}%, respectively. Zero modes appear only for
the components of quarks and leptons. Vector multiplets W17 are introduced to reproduce
the mass spectrum of down-type quarks and leptons.

One interesting feature is that all quarks and leptons appear in W35 as particles with
the U-fermion number Ny = +1. Ny is conserved even in the presence of ¥17. A proton
has Ny = 3, whereas m’e® has Ny = —1. The proton decay p — 7%t is forbidden. This
should be contrasted to the situation in the 4d GUT. In SO(10) GUT in four dimensions a
fermion multiplet is introduced in the spinor representation W4 for left-handed fields. In the
notation in (9), (ug,dr) — (urr,drr) and (ﬂk,dk) — (ukr,d%L). As u®yr ~ uggr', gauge
and Higgs interactions convert a particle to an anti-particle, which induces proton decay. In
the gauge-Higgs grand unification such process is absent and the proton decay is naturally
suppressed.

However, there is a problem. Careful examination reveals that in the first and second
generations 1, cZ, é have light masses, which contradicts the observation. The source of this
difficulty lies in the fact that the parity at y = 0 and y = 1 is (even, odd) or (odd, even) for
1, d, é. In the RS warped space it leads to light masses. In other words, Py # P; in the RS
warped space gives rise to a trouble.
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6 Gauge-Higgs grand unification in 6 dimensions

The difficulty is solved in gauge-Higgs unification in six-dimensional hybrid-warped space.[38]
Consider the six-dimensional space with a metric

ds? = e=20W) (dztdx, + dv?) + dy* |
o(y) =o(~y) =o(y+2Ls), oly) = kly| for |y| < Ls. (10)
We identify
(xt,y,v) ~ (", y + 2Ls5,v) ~ (2", y,v + 27 Rg) ~ (¥, —y, —v) . (11)

The spacetime has topology of M* x (T?/Z,). The fundamental region can be taken as
{0 <y < L;,0 < v < 27Rg} The metric (10) solves the Einstein equation with five-
dimensional branes at y = 0 and y = Lj5. Six-dimensional spacetime is an AdS space with
A = —10k2. The sixth dimension is curled up in a circle with a very small radius Rg. We
suppose that z; = €5 > 1 and

o 7Tk —kLs ].
MmKK = ekLS 1 wke < RG . (12)

Under Z5 parity (y,v) — (—y, —v) there appear four fixed points;

(y0,v0) = (0,0), (y1,v1) = (Ls,0), (y2,v2) = (0,7Rg), (y3,v3) = (Ls, 7 Rs). (13)

We consider SO(11) gauge theory in the 6-dimensional hybrid-warped space (10). Gauge
potentials Ay satisfy

A, Ay
Ay | (z,y; —y,v; —v) =P | —Ay | (z,y; +y,v; + U)P{1 ,
Av *Av
P; € SO(11), P} =1, P3y=P PP, = P,P,P . (14)

Note that only three of the four P;’s are independent, and the condition Py Py Py = Po Py Py
must be satisfied for the consistency. We take, in place of (8),

Py = P/ = diag(ly, —I7) ,
chc :chc :diag([lo,—ll) . (15)

Fermion multiplets W35 and ¥yq are introduced in the bulk. W34 is a 6d Weyl fermion,
and satisfies Wz (,y; — y,v; — v) = P;"3Usa(z,y; + y,v; +v) where 5§ = —I°T%. With
this boundary condition zero modes appear chiral, with the quark-lepton content given in
(9). Furthermore, the lightest modes of hat fields é, d, @ etc. have large masses of O(Rg b.

The symmetry breaking pattern is similar to the five-dimensional case. The orbifold
boundary condition in the sixth dimension reduces SO(11) to SO(10), and the condition in
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the fifth dimension reduces SO(11) to SO(4) x SO(7). A brane scalar @35 (x,v) is introduced
on the five-dimensional UV brane at y = 0. It spontaneously breaks SO(11) to SU(5). As a
result the SM symmetry SU(2);, x U(1)y x SU(3)¢ survives. By the Hosotani mechanism
the symmetry is further broken to U(1)gm x SU(3)¢. Zero modes of A, correspond to the
4d Higgs doublet. There appear zero modes of A, in the same SO(11) components as A,
which acquire masses of order gRy ! by the Hosotani mechanism.

7  Summary

The gauge-Higgs unification is promising. The SO(5) x U(1) gauge-Higgs EW unification
gives definitive predictions to be tested in the forthcoming LHC experiments. The incorpo-
ration of strong interactions leads to the SO(11) gauge-Higgs grand unification. It seems
necessary to introduce the sixth dimension to have a spectrum consistent at low energies.
The fifth dimension serves as an EW dimension, whereas the sixth dimension as a GUT
dimension. We are entering into an era of “New Dimensions”.
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bbb, BHULLTLEI &, HILRTHMICER I 45 Lyapunov 5803, EHI N2 k->T
LI EVHMEPEL %,

Z20C, BmFR0OEEMMRR%Z £ %2 2 & T Lyapunov 882 €& T 5 Z LA LN S, W
DY HAGRIRIZ h — 0 TH DD, TNE QCDICHAL X9 & T2 L, A4 FVEHE EDEREE
EHEEPHARETLE Y, £, LA R EDRZ 7L X —CHEELYB LR TE X
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(%> TLEI, > T, WHFEDFEHIMGIRIZ, QCD @ Lyapunov f58 % i&in 3 % 7 O I X H
52 EDEEL WV,

3 Large N BHESBEEHAR

i X [1] TlE. h— OMRTIE 4R < large NifR%Z & 2 2 & & L7z, large N MFRCIZ 1/N JEhH
MHHEE & D, NSRS AREMICRb2 B e 2 HifbEEZ 5 2 L TE S, K AdS/CFT
RERIZ & > T, large 't Hooft #f& DMRER & [FIRFIC & 27U, QCD 7 Bilia & vy JLEE ) D Bllim < %
DEDLYH, HHRANEERINS, ZDENIMHT Lyapunov exponent % 515 L TR1UE, S &
FHDBEADIAF I 7 AR AN FE, AARAEEZMS Z E30EE %R 5,

a3 [1] Tk, N = 28 QCD I2EB W T, A A 7 VEHEZEH R CEE) T 255D 74
F A D Lyapunov 882 BMEICEIE L 72, KR, AW I &1, N DBRES HNUIE BT E,
Lyapunov f88U3/NS 2 D, WA AEDNRD 2 L2V L 72,

AdS/CFT Wi & % A 4 ADEFE X, Maldacena-SHenker-Stanford ® 4 4 2 @ _EFRF4H [2]
REEMHEST, BANIGERL Tw3, SHBROFKEICKD, HBoRTmOEMEEICET 2 B
IZDWTH L HIEM 05 2 & Z2RFL 720,
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Joining-Splitting 2 D54 D 15 D M5 D & HAZ

N BT
S PE R4 112

1 Introduction

BEERHY LB Tl SUSY 2R ORETRITIIE, —MKICEDIREE— FITZ A4 28l
D, AXAOFETEORZER Y OBERBARLETHLEEm L, ZXFURT Uy
ORUMEE D ORERIRA~LEBREZ S & PREIND, JIBEEBRmAIRTHY, ¥ ¥
U LI D, 2 XA UEEEIL. R =y 7 R 2 EBPS T LA
EDOBEE, Dy-Dy, 7 LA VR E, KA RPN TEZ BN D, T I TSRS, AV =7
SRR D & A B IS OV CERIR T Do

BIROD & A L, AN Y = 7 2B DS O ER Td % Cubic String Field Theory(CSFT)[1]
IZFBUNT, RZE/R D-brane OEE L L CHES =, [2, 3] BRSO =50 H BRI, EBFN
FHEROBEZLD, D7 LA a3 X —PMMEWEZE 2R L, BZOW BRI 13 7
TELRhoT,

—J5, BASEEERRIC b X XA U FEE L, BEERIICALERIER L 7eo TV DN, BREREZE
DFFFTITHEA TV, BE SRR TD 7 LA U AERET LR OSA I T,
DK XA RHE CITE R RARNE T D EPHENIOTH L OTHS, HiZ, LTI
WD L5, HAZOGOEGRNEAIL EORMEEZI 2 TE Y, AR N2 E R KX 75
KThd, PlzIZonETIC, AL LIEZZ 2L U OEFGEICOWTINONTZD LTWH,
IR RN IR 72 0 [4, 5],

BB 722 L8 2 F5 O PR O O BER 1X. AHAAEH (vertex) DAL LI K- T, HaMH AEHR
(Mid ) & joining splitting %4 (JS &) o “FEIZ 2T 65 (K1), Mid BRFHAAEMIL, %o
FAN BT 5L O ICHAEERL, JSAMAERIZ. Z 20N —R T 22Dz L
THAEEHZT 5D, JSEIO vertex 1213, ORI ZHBETDa LW HIRNTA—F—RNA>TN5D
DPFHETH 5, Ak CSFT 1. Mid HHAEHATH Y . MERHIZ=AMAEERTZ T TEINT
W5, 20O Mid BAHAAEN Z PR~ 5 & FERIE =S AEAER TIZA T, EREOM A
ERMRMEZ/2 D Z ENMBILTWD [6, 7] L BEREOMHEIERIIEMERAD E LT\ 5720
2, EB RO E RO 5 Z LIXRETH D, EHE AR T - THEF A & %2175 Z
LIXTEDLN (FIZIX[B]). FEHEZARETE S Z ENEWIEEIZ /2 5 TV D &0 ) IESPEDRRGE
ENDHLOTIEZR,

VEICEWZ LI, BETREEZEZ DL tree D vertex P CIEMROEY 254 25 2 ERHET, L—7D
vertex bMRIEMEII/2 D, ZO X 5 RRWIZFAHOEG CIXEN o722 & T, EEICHBRR, 5% E 7285
O E L THRBTEX D00 E VI 2R L TWD,
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w

Figure 1: BAZO = SAHE/EH O T, RIS RAEAEEM (Mid ), £ XIi3 joining splitting ¥ (JS )
DOHEEH 2R, o, a3 1FENEN—FH L =FRDODLEORIEHET,

findi, JS BOARHVER 240 L 7= HIKKO Bigs [8] Ti, BARLIE =/ L MU, BIKIE = A A
ERCERNET S, L L, BFHELZZEETD L, MORSE2ERT T A—F—o(K.1) (T
T2 HEVE L TEHRTERL 2D (o M), ZOREXMET2HEE LT, a=pT (pt 1T
SeM#ES moOER)E) &S FERMGILTWDR, THVTIEHAZRILEMEN Kb, F 7o b g
DFFHT B IRIRBNCAFIREIC 8 Do B D, FRREZR (p=0) 252 5L, ESEr (a=0)
OIEFELOFE (FHAEAER) 250/0 &0 H REMEEZFE>TLEI 1L TH 5,

comment
e CliE, BAOSGO HIARIIBEICHER SN TV DO TIZ W mnE WS HNH - 72D T,
EEDHS>TWNAEDIZONWTa AL NLTEBL,

[9, 10, N IC K> TR INT WD T 1 7 N UEHER (7« 7 b UREE) 1%, EE T RXOBE
WO TH Y, EH TR SEROM IR, £2, ZORIIRT v DT T v FRJTIA
~OEBNZ > TEY (v— VT AERM), IFHOZR VX —Z2ZSERWHETH D,

[12] Cikam S 7o g, REICEB R EZH =T bo0, EHOERFICEr L7225
BRI THD, ZOMOFXTEZEEHENEZ TWDHTZD, ZOFETIEHarEn U—NNiE
EUNG RN

2 OSp invariant string field theory

HIKKO #@m® o B DKL, zero-mode Z2fH17% BRS WHIHA MO TV W22, FEEERY
78 o BYERZERI DD B CE TV e 2 EIZdH D, Non-zero mode DZERHTlE, #WELHZ2 o
DZEM & . BRS IUHEH

% .,

ey,

St
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(Cns () 12 () T—=A FOE—F) 2 HELY . I 72E— F oF 7 Parisi-Sourlas B2 X -
T ZEMNCHEBRE N D, & 2 AM zero-mode ZE[MIE, o HIMTHFEE L. Z OEMEMENNT
WRWDOTH D,

T, BV 72V =20 zero-mode ZiBIN L. zero-mode ® BRS MUEIHA 52412 LT o REED
iR %2 X > 7= D)3, “covariantized light cone string filed theory” Td» % [13, 14, 15], Zero-mode
Z2MOIEIEIL, HIKKO BRI UTRIIIZER W 32> Tz OSp eMENR 2RI 5 K H gk & b,
Z Z T Z OBERAE LM% “OSp-SFT (string field theory)” LFESZ &129 %,

OSp-SFT ORI, SRS — 2 OO ORGE F I ORZ T i(i =1 ~24) %, M =
(i, ¢, @) \Z “OSp #LiR” LTI T 5,

v c c
A B Nuv
X' — XM = (XN,XC,XC)a 5ij — v = ¢ 0 —2 (1)
¢ 10

BRSO — PRI T DX 512D,

zero mode :  (z#,¢cp,C0) or (p,—mo, 7o)

oscillators :  (at,a, %) = (ak, ~7n, 7n) (2)
RE#EE S OSp ILIET 5,

[(XM(e), PY(")] . = in™N (o — o) (3)

B, M,N D p OEE IR, ¢,c OBGE TR HRER L T2,
Z 2Ty Yy Y EMFE D T — 2 FEFL A RO 80 L DRFIGIE, vertex 7 b EeAEALIT

Y = inack’ (n#0), co= 38770 = ach® (4)

Tn=a'g ("n) (5)

n

LIRD LoD, MRS — P OGO OSp #L9ET 5 Z & T, HIKKO (213 -7
T—2 M EBBEE— Ry =m(4) PEAIINDH, HIKKO EFi Tl non-zero mode Z2fIZ721F OSp
KEFED AR U S > TV =D 7223, OSp-SFT Tl mg DBFET, BEEREIMA T OSp RFMED AL Y 325
TWn5,

ZLTZDOmy B a®BRS/N— =272 %, AR — 2 OROGOHERN, —H 0(24)
DRIPRME L 23FF - TWZRWDIZ, 21T Lorentz X FRME SO(25,1) ZFf> T\ L 912, OSp-SFT
% Osp(27,1|2) ®FRMEEFF> TvD, OSp(27,1]2) RFRED AR 7 MM 13

2m

= [ (X7(0)P(0) — ()X ()P (o) : (6)
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THZBIDA, FHZ M L M 13 BRSfREZH L T 5.
{M™, M} =0, [M“ M| =M, [M* M =0 (7)

#ZC. OSp-SFT ® BRS &fiix M |2, FP 9— & NGHE % M L B9 2 212752,
BRS &t — FCEL L

om0 i~ Yonln = Lot
M =Qp = aL0+W08a aE_ i (8)
w T 0
= Qw4 0 <NFp +ag-+ 1> 9)

7B, ZIZTL, &%, OSp ik X417z virasoro J#HE 1
1 M N
L, = Z = 0 @y © =00 (10)

Thb,

S $ERL 7 — D zero-mode 121X o OMIZH 5 —D 7 ITHE 7 cﬁ E EWOIEMHRNE— R
fF1ELIEOT, E ®BRS A= bF—% 7y ¥ LTHAL, (8) I —BzL &8 5. 7 0
zero-mode & A[HATH D, Z 9 LT zero-mode ZE[#1Z BRS VU EIH ﬁﬂ%i:?ﬁf)f:o

« @E ™0
E QE ')
B L. AER & RE IR 7 — OB HIT T 2h
SZ%QQB¢+%@-(¢*¢) (11)
6B = QA +2® * A (12)

ThHz2 b5, OIIMROY, - 1XBPZWME, « %, K.1AKOZOMY GRS, AL, *
FiAat— FREB7T 2 &, HIKKO B &OSpSFT’C&izeromode ZEMMN > T D,

OSp-SFT Tid a & EHEEEITMILR2ZHTH Y, FHEZEMOEROEESL, o ZHRIZHESZ
EMTE D, Zo TN — Y DBOMRS, a = pTHIKKO HEgd L 5 72 g R o [N
HEIXEDEETE TV D,

222 DRRIE L BRS BRIAFE O < L UvD OITRBE N, SEHIFZELIANTH Y LoD 725 9,
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3 THEBDEHRARITT

Introduction TIRX723@ Y | & F A L EEffE 72 EITAER 5 PR O FEFE B FR 2 B o PRAZ 13 B 5%
IZHERTEN TV D, BIRER T, BROGOMERZ > 7ot 217 5 oz, B RREZ 2 <
W2RWDIE, OSp-SFT 2 Th %D, b L, OSp-SFT (2K » THLOIEEmRIVEZZ 2RO 5 2
EMHHRIVE., PAROBEZEREENEE CEX 57210 T <, OSp-SFT NHAZOL O E LTHE
ThHHIEDOFHUZH D, Lo L I ET, OSp-SFT IZ L 5 i ORI THO T eh o
7oo BEHO—DIEMEMMIT T IR CH 5 2 L3 o b, Mid MHE(EH TH 5 CSFT T
. FRATAE [2) FERLIANC b BRI ¥ 4 VERREZE N5 Tz, CSFT O (RY =
7 72 )zero-mode ZEMICITE CEB) & L 2NEWO T, BEZEMOLE zero-mode F853 3 BIZ72 0 |
BAEFHENEI T CE =, L L JSHHEER D zero-mode (21%, HEOEBEDOMIZ, o, B OFES N
HHI=D, B o, EARTFHEEZRO 2 TR 520, Zo7Hh, OSp-SFT Tl ZivE THE
HETOITbNT I eh o7,

e TlE, A HYRORERC AT CTHIERY A TV D, LTI~ 2 HiEE /I L,

T H XA B EEOBERFMG CH L0, RIZ B~ Y | zero-mode %2/ (o, ) DK
EMEERE L TR T 20N ER S D, EiL, WEATRE (EB) 5RO S) 1. BRS IUEHIHE
{a, B, 7, g} % BRS Bt & A7 KERI I A G DH x = aF —imgmg TOHFTe, & 2T, zero-
mode ZEDIRIFNEE eX (a 1TEE) EIE L T NOEE FREXEZFHI WD, HL, HFor—v
HHEZEE L THBREZBD ST uunid 2z, [13] T, M-/ — (bg® = 0) & Siegel
7= ((bg — )@ = 0) O _FHHFEPHARONTNDLDT, liFE272 75—V ((bo—ETg)P = 0)
THEZITo TS, eX EWVIBIEF—RIZIT« B THA LRV T, BEFHEOEXIIEMEETH
Do =V %D ELIWS T, T LT WRRUTE > TWIT 20 BEHF Th 2,

WACHRBTRG 72 1R L LT, iR trivial 721280 5 07— VB TERT L0 S Z LB R
B, (12) DA RS — 2T

2

e — 1 2
P = A QBA = 1+A*+§A*A*+--- QBA (13)

THZOND, NMITF—VRT A =B =% RKITHOETH D, ZORRIHEOFEIEIKS 20, £
ZCRRICH Do T D CSFT O & F A U Efafk & teie 42 2 & ©, Wil atEicE 2 b L
NN EEZZ TS, CSFT O LR Tix Mid BLOFE « 12k L TINENE |Wy) « (W) = (W) &
<Y wedge state & PRI OREAREE &I ZRI-LTWDH, £2TC, JSHOFE « THAL DK
REZE[M % Ao 5 Z & DMENTRIAERR D T3 000 L 7e %, FET[16) Ik - T, SRRED 711 v
ZFTHIEO B L-~UL M ZEOWREE) 13X HIKKO GO CTH U5 Z LM RSN T 5,

[B(en)) * |B(az)) o [Blar + az)) (14)

BAE, ZORMRKE OSp-SFT O « DB AITHFEL TW DB TH 5,

5
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B DIGDIERICH 1T 57 % E Half-brane” Solution IC2WT
FZHE R
H AR K2 H T 25230

1 Half-brane Solution

Schnabl 2% tachyon vacuum solution[1] % &2 13 TEABE, kD5 DR O EH) A DOMRIZH T 5
HRIIHEA 72, T T TlE modified cubic string field theory [2, 3] 1281 2 Fi 7= 72 DFl % /"9,
Modified cubic string field theory 1% NS sector sk & ik T 5 KDL OMETH 5, T DHEw
D action (FLATTH %,

SZATW4%@QW+%Wﬂ (1)

Z 2T Y_, I inverse picture changing operator & FEENZHE 7 TH 5, #HE) HRENILA T2
A5,

QU+ U2 =0 (2)

Z Z T bosonic cubic string field theory DIFHIZ [4] IZ& > TEHAINZ L Q DEHEDH LT
FAU % string field DRI, K Bc {RED super ik, BB, KBeGy RE[5]

[KvB] =0, {Bvc}:17{B7B}:{Cac}:{B77}:{CaV}:0a
(6.6} = 2K, [G,B] =0, [G,d =2, {G,7} = oc 3)

QK = QG =0, QB =K, Qe =cKe 7", @y = cdy + 110 (4)

IR ERRRT 5, T DMREZ(HH U 72 modified cubic string field theory Ofif & U T half-brane
solution [5] £\WS DA BH B, 1L pure-gauge form THENPNT WS,

U, =U; QUL
p) 5 p)

= —(Q(cB) + ¢BGc) (5)

1-G
T —YUNRITA—X—F

TH Y. tachyon vacuum solution[6] ¥o = U; 'QUs = —(Q(cB) + ¢) 2 TOT =Y XT3 X =4
Uy = Be+ceB(5:) B2 K 2 GIZU72E£DTH 5, F7-. Half-brane solution T X)L
F—Id

E(\I/%) = E(Uy) + %E(DQ—brane) (7)

&7, D9-brane D¥SDITRXIVF—ThHh 5,
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2 “% & Half-brane Solution”

Zla, Bz 1k KBeGy fREU 2 FAW T8 72 IR DF 2 fE- 72, & DIREDIERLIE bosonic T®D double-
brane solution[7, 8] DRI & ZHIT/ESNT WS,

9", bosonic T® double-brane solution IZ 2\ T fii#IZ review 3%, Double-brane solution
IFLFTH 5,

U, = U1QUT
K? 1
— 8
- K—K (®)
double-brane solution IZH 5HNTW5 1/K £\ string field & KBe REPEZR I N TV
CFT O JEfE sliver frame [9] T K EFRIN TV, TD7® K, regularization [8] 2175 A2
Whd, K. DEFHIE

=c¢B

K. =K—¢€ ecRy 9)
T. ZO regularization D6 & T1/K IZATFD XS ICHfET NS
1 1 _ 1 _ o —ez zK
i {?L b /0 dze “e (10)

Z 2T e X sliver frame Tl 2 D wedge state #2£ L, K %2 K \CESHZ 5 LW E%
[]e £F W7z, ZZT[8] T EOM in the strong sense & KIFNTWVWELUTDEEHZ R S

EOMS(¥) = Tr[¥(QU + ¥2)] (11)
double-brane solution 1% Z % fiE7-9

lim EOMS([¥2]) =0 (12)
e—0

73, triple-brane solution W3 = UIQQUf2 =U(Q+ \Ifo)Uf?’ X2 Nz IR0,
lim EOMS([¥3],) # 0 (13)
€E—>

¥ 7z double-brane solution @ energy IZLA N TH 5,

lim E([¥2]) = E(¥0) + 2E(D25-brane) (14)

e—0

4 D modified cubic string field theory DfEDFEIZK %, Double-brane solution (& tachyon
vacuum solution DD gauge B TELNT WV S,

urt ot
Uy —— 0 —— Uy (15)
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Z % 22" multiple-half-brane solution” % %3 5%,

Uf Uf
vy 250 2= T, (16)
ERAS PN
U, =U1QUy
2 2
1 1
= (—¢cBKc+ B¥? + ¢BK — 1

(=cBKc+ By“ +c 1_G@_G (17)

Z DFf#IZIZ bosonic double-brane solution TD 1/K LFBRIZ 1/GAREENT WS, L7zdi->T,
%X, K. regularization & consistent 72 & 512 G IZX9 5 regularization ZE AT 5, EFIL
UFrTh s,

Ge=G®o, —V/—€e®o03 (18)

G IET R TEHE K ITRDEDIIEBZIN T VWS,

{G67 Ge} = 2K€ (19)
iR 12X U T regularization % i L 72#%. EOM in the strong sense Z il d 5 &, {729 Z L A%G
Hebebnd,
lisn EOMS([¥-].) = 0 (20)
€E—

¥/, ZOMOTRIVFIFEET DL

m%EQWﬂg::Emmy+gEam4nmm) (21)
e—
L7425, T3l half-brane solution 2255 IZ % 5 — & half-brane solution % {E% gauge trans. %
i U 7% U 2QU? %3 tachyon vacumm solution & gauge equivalent TH % Z &

2 2

U,y Uq
Uo ~ UT2QU? +2 U, = 4 (22)
2 2 2

6. Wy A3 D-brane D72\ tachyon vacuum 7* 5 half-bare % /F % gauge Z#17% 3 DKL T,
TETCVWALHERTE S0, TD” £ H half-brane” gD T % )L F —H D9-brane O T )L F —
D 3/2£5Tdh 5 Z &l& consistent TH 5.,

LA U, 285D half-brane i IZP BRI R 7ZHH S P IZ 2 > TV W2, KD fEHTE
% MW TdH % Berkovits’ string field theory[10, 11] TOfETPBETH B L FEZ N5,

L2 2 CRIBICERTE 1T\ % Pauli 47511, modified cubic string field theory THIEHD GSO(+) & GSO(-) sector
ZERHZRD 2D hE L iR 5,
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LHC 5 Run?2 D He 8t 5

CSME PN ST S0/ FEE S22
FENE

2016 4E 10 H 15—16 H ZE 6 Al H KL « 281 2vEfE s v RP 7 A

1 U&HIC

RN T RZ I ZeERE (CERN) Tfibit T\ 3
LHC 3B, 2015 42>5 Run2 I A b HFRE T
INFXF—DffRT — 7 ZHFICINE L T35, 2
TUFEO, B DEFGRXDBIARIN TS, K
HHEHTIE, TS < DR DH D 5 EH L 7
FEREZMET 5, FRICHL L, BRFERPES NS
fENTF v > 2L % HuDMC (2016 4F 10 HRERIC BT
%) ATLAS, CMS WigE5in 5 OfiHR2ZHHnd 5.

2 LHC DOEERIRS

2016 DR Tl 2015 FI2H EHe &, NEFHIC
F—FIENRTONTED, KEEI TN
IRE A Cld ATLAS EBRIIAEHIEED 26 th=1 12 %}
L, 3lL.0fb ' ofEEIL I )74 ZEUCHEREL T
W7z, CMS bFIfkTH 5. PRRENT 7 — & 1l @
LE L 72 B — L E2 2150 1 2 G 1Y Run O
WM 65%IC 3B L, Z DEIGDIARLE D K
DHEHTH- 7. BEEIL S > 7 4 ORI REZ:
vy, —[E[D NV F AR Y 72 1) S 20 I8 0 FERENE
BPHETVD, ZODLI)BFHREISNA VT Yy T
EIEEN, EEHEREELSTHIIINS, 2016
EERDOIEERD Y »y b ¥ IX 201744 H F
TH5, ZIUIRKNIZ 14 TeV FTZRILF—%
HIT 200N L —= v F % — IO HRE
WA LTI 2 DICROICHRE L Th 2005
THDH, 2017 FEIFHERT F )L X — 13 TeV % HiFs
L, 40-50 fb~t O 7= HFDEHH S 1T\ 5,

3 ATLAS, CMS®Run2lc®
Y tant kS

50—
Vs =13 TeV

S E —— T =
= = CSTE}™ E
§ 40F Z - pu 25ns o TSTES™ =
3 35 alljets + Track E7"®° =
17} E -y
& 30 - =
o E _._-.-"'* B
€. 25 - —
w E - g
9" 20 I 2 —
IELIJX E -I-*..- +++++++++ E
15 S A s okt
10E aee e E
? ATLAS Simulation Preliminaryé
C e e e b e b b L 1 g

0 5 10 15 20 25 30
Npy
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SUSY #7f- (LSP) 23t 2 ki 5 7- Iz, KE il
HERIFILX—DEHEINS, 2o DEZ Run2
THHVB2DITIE A LTy THERANDOWNE %
BT ) B H 5, iz, HWRKT20H %
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E%ﬁi‘@ﬁ“/\ﬁfﬁﬁ#ﬁ)%/ﬁ ElAh, L6 DYRun2
2B % SUSY RROMME L 2 %, THRFRDE

fili/svk e LClE, SAADEETH 57-0, Wb
W% Side band 3 ZFHT 2 Z £ 3 TE 2\, %
72IEFICIR & U7 AHZZR DRI R L 72 5 72 0,
PIal—yavIilEn\w, 20707 —% ik
(lfEE) Z2Hv, Zhzs 2oL —vavol)
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A= RALV T Ly Frr ) 7 L7 AFEHED
2015 4E 7 —% (3.2fb~!) T2.10 DEEM S 7z
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DM F#6). Simplified model T3 —#&H
IZ mediator Z419 %728, mono-X F ¥ ¥ R &
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TIrbNTw3 4%EHETIX, FUA—L LD
Y =v oA (BT — 2 &R



Soryushiron Kenkyu

DM Slmplmed Model Excluswns ATLAS Prellmlnary August 2016

‘Axial- vector n edlator Dirac DM
g -0259

DM Mass [TeV]

Dijet+ISR
Dijet TLA
ATLAS-GONF 2016.030

084

0.6~

041

Dijet 8 TeV -
o e ot oo s

N

ook ‘
L \ﬂv WE +{ \
S - R |

I N )
0 1.5 2 25
Mediator Mass [TeV]

Dijet

6: BEEYWEEE vs. NN FEEDOFHIZE
W 95% CL CEHEH I N/-fHEZERT S

e 5%ANM) % S CRldk T 2 P2 EA L
7. Z3UZT XD T4 F TPrescale D7\ b Y A —
A Z2—Di/NL ZiEld 360 GeV TH-7h3,
N TDOL EWED S DD Prescale ¥ 3 ICIEET
X2 k9ot AREICZ2o72[30]. Z Ofts, ISR
JET/Photon Zffio T UM —L ZWfliz NT 3
A SITHIT W%, Mono-Jet, Di-jet DAY
BERICK D, Mediator H#IZ L T0.2—2.5TeV IC
HEDIRSFHL T3 (K6, g, =0.25,gpyr = 1.0
ZRGE) .

9 &
DEzftose,
o LHC DJEERIRDL « FEHITNEF,
PIE N PR L

o b v JAKIF kA 2 MIE & kR, quark &
DG A MERR I I Thia T 2 WIRE.

o FENIFRAN T PIRER ¢ BIMEZ IR T R s T
B\, FODPDF v v FILT2—30 DT
HonTwagy, 25, Fv v 2 VET—
HIrbDIFELRENT VR,

e ATLAS, CMS FEEEDIRIL

o 750 GeV BB
PHERTET,

o ZTDDILIEHER 12 - 30 DiEIZH 2. |
L SUSY & U7 R TH 5.

2016 fED 7 — % Tl

o DM « Jkftix A 2 Tk,

R OMBEIZIISE 6DV A+ (ATLAS[31],
CMS|[32]) IZTHERFEEHT L T3 DT, BIKRD H
2SR TUZ LW,

SE 3R

[1] The ATLAS Collaboration, ATLAS-CONF-
2016-067

[2] The CMS Collaboration, CMS-PAS-HIG-16-
020

[3] The ATLAS Collaboration, ATLAS-CONF-
2016-091

[4] The ATLAS Collaboration, JHEP 01 (2015)
069

[5] The ATLAS Collaboration, ATLAS-CONF-
2016-080

[6] The ATLAS Collaboration, Eur. Phys. J. C76
(2016) 565

[7] The ATLAS Collaboration, ATLAS-CONF-
2016-054

[8] The ATLAS Collaboration, Eur. Phys. J. C75
(2015) 318

[9] The ATLAS Collaboration, ATLAS-CONF-
2015-082

[10] The ATLAS Collaboration, Eur. Phys. J. C77
(2017) 144

[11] The CMS Collaboration, JHEP 04 (2015) 124



Soryushiron Kenkyu

[12] The CMS Collaboration, CMS-PAS-SUS-16-
021

[13] The ATLAS Collaboration, Phys. Rev. D 94
(2016) 052009

[14] The ATLAS Collaboration, ATLAS-CONF-
2016-050

[15] The ATLAS Collaboration, Phys. Rev. D 93,
052002 (2016)

[16] The CMS Collaboration, Eur. Phys. J. C 74
(2014) 3036

[17] The CMS Collaboration, CMS-PAS-SUS-16-
02

[18] The ATLAS Collaboration, ATLAS-CONF-

2016-096

[19] The ATLAS Collaboration, JHEP 09 (2016)

1

[20] The ATLAS Collaboration, ATLAS-CONF-

2016-059

[21] The CMS Collaboration, Phys. Rev. Lett. 117

(2016) 051802

[22] The ATLAS Collaboration, JHEP 12 (2015)
%)

(23] The CMS Collaboration, Eur. Phys. J. C76
(2016) 237

[24] The ATLAS Collaboration, ATLAS-CONF-

2016-055

[25] The CMS Collaboration, CMS PAS-B2G-16-

010

The ATLAS Collaboration, ATLAS-CONEF-
2016-083

The CMS Collaboration, CMS PAS-EXO-16-
037

[30]

[31]

[32]

The ATLAS Collaboration, ATLAS-CONEF-
2016-069

The CMS Collaboration, CMS PAS-EXO-16-
032

The ATLAS Collaboration, ATLAS-CONEF-
2016-030

https://twiki.cern.ch /twiki/bin/view/AtlasPublic,

http://cms-results.web.cern.ch /cms-
results/public-results/publications/



Soryushiron Kenkyu

CP-odd Higgs Production in Two-photon Processes
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The non-local field theories based on modern quantum field theories originated from Yukawa’s
attempts of the bi-local field theories in 1949[1]. During the same period, H.S. Snyder proposed
an idea of non-commutative spacetime, which has a close relationship to non-local field theories.
The purpose of those attempts was to overcome the problems inherent in local field theories.
Yukawa asserted the importance of non-local field theories from two points of view; one is the
uniform explanation of the variety of elementary particles and the other is to get rid of the
divergence problem. Nowadays it becomes common idea to introduce some sort of non-local
structure of elementary particles such as the string models, although the importance of such an
idea was not so recognized in those days.

Now, after the attempt in 1949, Yukawa tried to develop the non-local field theories mainly
into two directions. The one in early stages was the extension of bi-local field theories so as to
get a consistent relativistic description of those fields with their interactions without the problem
of the ghosts, which spoils the causality. The original idea of Yukawa’s bi-local field theory is
not difficult. Therein, the bi-local quantum fields are assumed to have the matrix elements such
as (z|®|2') = ®(X,z), (X = J(z+42'), 2 =2 —1') instead of (z|®|2’) = ¢(2)5*(x — ') with the
field equations

[P? + {p* + m*(2)}] (X, 7) =0, (1)
AP -p,P-z)®(X,z) =0, (2)

where P and p are momenta conjugate to X and Z respectively. The Eq.(1) is the wave equation
of the bi-local field ®, and Eq.(2) is its physical state condition. The explicit forms of Eq.(1)
and Eq.(2) are determined by the first construction of bi-local system; the popular one by
Takabayasi[2] is to put m?(Z) = k222 + w, (k,w = const.) and A = ﬁ(/ﬁ +ip) - P. This type
of bi-local fields[3] may be considered as a prototype of the string model and the matrix field.
Another approach to the non-local field theories proposed by Yukawa in 1968 includes more
drastic changes in field equations; he requires a difference equation along a timelike direction

instead of a differential equation such that[4]

4
exp (Z Aa€,0/0X,)¥ = exp(—i\S)V, (3)

a=1

where A€, and S are respectively vector and scalar dynamical variables constructed out of
internal degrees of freedoms of the system ! . Unfortunately, this type of non-local field theories

"Yukawa called the extended object described by the wave function ¥ in Eq.(3) as “elementary domain”.
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could not progress no further due to the lack of guiding principles to construct such a difference
field equation. In recent frameworks of field theories, however, it is not uncommon to deal with
difference field equations instead of differential ones; thus, the purpose of this work is to study
the background of Eq.(3) type of field equations from a modern point of view.

We, here, remark the two possible backgrounds about the non-local operations containing
infinite higher derivatives: the non-commutative structure of dynamical variables and the pres-
ence of extra-dimension. As for the non-commutative structure, we can take i) q-deformed phase
space &p — gpd = 1, ii) non-commutative spacetime [, Z,] = i6,, in a D-brane background, iii)
k-Minkowski spacetime [20, Y] = —ix~12%, [2%,27] = 0,(i,j = 1,2,3) as the suggestive exam-
ples. As is well known, those examples are realized in the spaces of commutative variables. In

the first case i), one can put & = x and p = —i%D, where D is the difference operation defined
by Df(z) = f(q(::;)_—qii(lq)‘;r). The second case ii) can be realized by the Moyal star product

) walal) = exp (500,00, ) F(2)gle') ()

r=x'

in the usual commutative spacetime. The last example iii) is closely related to Snyder’s non-
commutative spacetime and can be represented by the SO(1,4) generators as 20 = M, 2 =
M 4 M™* in dS, spacetime. This representation doesn’t contain any infinite higher derivatives;
but the SO(1,3) invariant field equation can be constructed so that[5]

1. -
cosh(ik™19p) — Eem K (in~ V)% + (const.)} U =0, (5)

which has a structure similar to Eq.(3). Thus one can expect to derive Eq.(3) type of field equa-
tions by requiring some kind of non-commutative or deformed structure of spacetime variables.

Another key to get at a difference field equation like Eq.(3) may be the presence of extra
dimension. To understand this meaning, let us consider the AdS5 spacetime (z#,y) with warped
metric diag(gap) = (e72Mn,,, 1), (A, B = 1, 5). The classical motion of the particle embedded
in this spacetime can be solved simply, and its trajectory is illustrated by (Fig.1)[6]; that is, if
we observe the particle in a brane with a fixed y , then the particle appear at discrete positions
in that brane.

This is, however, the result of classical dynamics; and, the description based on the quantum
mechanics is fairly different. In order to see this, in what follows, let us consider a particle
with mass m embedded in the five-dimensional Minkowski spacetime (z*,y), in which the fifth
dimension is bounded within 0 < y < L by the infinite square well potential. Then using
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Figure 1. The trajectory of a particle in (z#,y)
place of AdSs spacetime. The particle starting
from (z*, L) to x* > 0 direction will be observed
at discrete positions, the gray circles, in y = L
brane.

on(y) = %sin(%y) and A\, = 7, the propagator of the particle can be evaluated as

N —1
Gy = <33b, yb| (ﬁﬂﬁ“ + m2 + ’L'€> |xa7 ya>

i oo 4 1 4 i%{M_T()\,ﬁ-mQ—ie)}
= — d - € . n " e
2/0 T;i <\/W> Pn(Yp) D (Ya)
P & 11 i+ [H{ @202+ 04" ~y0)? }—r(m?—ic)
—— | d = —1)nezlr R : 6
5 :zm( ) e ©)

where y™) = nL 4y (for n = 2r) and y™ = (n 4 1)L — y (for n = 2r — 1). In the last step of
Eq.(6), we have used the Poisson’s summation rule. Then, in terms of [7]

A(n) _ m2 {51712) + (y(n) . ya)Q} _ m? [-Tga + (2? + 2TL)2] = AI[)ZT]’ (even n=2r ) (7)
ba ¢ b m? [z, + {2(y + rL)}?] = Al[:;’r], (odd n=2r—1)

where ¥ = yp — Yo, = %(yb + yq) and xp, = xp — T4, the propagator takes the form

o
Gba(xba;gv Zj) = Z [K (Al[;zr]) - K (Aé(zr])] . (8)
T=—00

By definition, it is obvious that Gpe(Zpe; ¥, 9) = Gra(Tba; Y9 £ L) = Goa(Tpa; ¥ £ 2L,7) and
Gba|ya:0,L = Gba|yb:0’L = 0. In a fixed y plane such as y, = yp» = 0 (0 < yo < L, y = 0), the
Gy, obey a difference equation with respect to y. One can also verify that K (§) behaves as a
Gaussian dumping function for £ — oco; and so, the x, and y are loosely related only through
their dispersions in such a way that Azp, ~ A(2y) ~ m™L.

However, if we introduce a deformation between the fifth direction e(®) = (0, 1) and a timelike
direction n = (n*,0), (n*n, = —1) in 4-dimensional Minkowski spacetime, then the situation
will be changed. Let us consider, for trial, the Lorentz transformation for z, = n -z and
the y such that a], = x, cosh(e) + ysinh(e), v’ = x, sinh(e) 4+ y cosh(e); then, the components
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z! =zt — ntx, stay unchanged. Further we require the boundary conditions of square well
potential to 3/; then, the propagator after the Lorentz transformation is obtained simply by the
substitution (z1,Zn;y)ap — (1,2,,y )ap. After that, we put the y plane condition on the
original y coordinate such that § = 0, y, = yp = yo (# 0,L). Therefore, the propagator takes

the form Gpy = Goo [(%1)bas (2),)ba; (T )bay (7 )ba], where (2])pa = (21)pa cosh(€), g = yo cosh(e) +
[©n]pa sinh(e) and §' = (zy,)pq sinh(e), where (z)p, = %(xb —x4) and [z]pg = %(:cb + xq).
The wave function with initial state ®(x, , z,;yo) is defined by

Uy = V(2 16, Tnpi Yo) = /d4xaGba(I)(xJ_a; Tna} Yo)- 9)
Remembering ¢’ = ¢’ + L, one can obtain with L. = L/ sinh(e)

eﬂ:(Lean)b\I;b — /d4$a [eq:(Lean)aGba ((xJ_)bun ($;l)ba,?;, £ L,ﬂ/)} (I)(-’I;J_ayxna; yO)

— /d4xaGba6i(Lean)b¢(xLa7 Tna; yo)’ (10)

We note that the discrete § symmetry of the propagator plays an essential role in the integration
by parts in Eq.(11). The initial state ® is free in this stage; and, if we put

— 0 cogh L?
®(z4,y0) = Ne™ Le cosh 1(Da)q)0(xi-a) <D - 76(612_ - m2)> ’ (11)
then we can obtain a difference/differential field equation such as

2
cosh(L.0y,) — %(83 — mz)} U, =0, (12)
b

which tends to the Klein-Gordon equation according as L — 0. The result should be compared
with Eq.(3) or Eq.(5), though there are no principle to choose the initial state. We also note that
the discrete property of the propagator with respect x,, arises by the deformation of y through
the Lorentz transformation. Those facts are expected to give new insights for the theory of
elementary domain in future.
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1 Introduction

This is a report on our attempt to find the quantum theory of gravity [1, 2, 3]. We start by
explaining why we need it. We all know that the present universe is expanding, which means
that the universe is a point or a singularity in the far past. However we cannot discuss such a
singularity in General Relativity (GR). Another example of the singularity is that in the black
hole. We have to have a method to compute physical quantities in such spaces, but this cannot
be done in GR. This is the reason why we need quantum gravity.

Why quantum gravity is difficult? First of all, if the spacetime metric itself is a dynamical
quantity, there is no notion of spacetime or distance etc. and then we do not know how to
“quantize” the theory. We may use background field formalism. Still if we accept Minkowski
spacetime as our background, the Einstein theory is non-renormalizable, meaning that it is not
ultraviolet (UV) complete, and can be at best only a low-energy effective theory! Moreover it
is difficult to quantize gravity on curved spacetime, because the familiar notions in Minkowski
spacetime, such as asymptotic states, may not be well defined.

On the other hand, it is known that higher-order terms always appear in quantum theory
e.g. quantized Einstein and string theories. This naturally leads us to think that this may give
us a possible UV completion. However it is known that in 4D, quadratic (higher derivative)
theory is renormalizable but non-unitary [4]. Does this mean that there is no way out to have
a theory that enables us to compute quantum effects in gravity without ghost and infinity? In
this situation, the only possible way to make sense of the quantum effects in gravity seems to
be the Asymptotic Safety [5].

2 Asymptotic safety

What is asymptotic safety? It can be summarized as follows:

1. We consider effective average action I'; at an energy scale k obtained by integrating out
all fluctuations of the fields with momenta larger than k. This is divergent itself.
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2. Its k-derivative is free from any divergence, and gives ezxact (or functional) renormalization
group equation (FRGE). FRGE gives flow of the effective action in the theory space defined
by suitable bases O;.

dl’ dg
Do=Y (k)0 = =E=3"60, ==t (t=logh), (1)

and is also called the flow equation.

3. If we integrate it down to k — 0, it gives full quantum effective action I'y, from which we
can obtain all the information of the quantum theory including correlation functions.

4. We can set suitable initial conditions at some point and then
flow to k — oo. Possible behaviors for £ — oo are as follows:

e Couplings go to infinity.
In this case, the the theory is not well defined as quantum
UV theory (just like Landau pole in QED).
e Couplings do not go to infinity.
— Couplings go to fixed points (FPs).
If all the couplings go to the FPs, it gives a well-
defined UV theory, and physical quantities are well
defined. This class of theories are the Asymptotic
safe theories.
— becomes limit cycle. Figure 1: RG flow
This case is rare and is not considered.

There are in general several relevant couplings, and we call UV critical surface the set of
points that flow into a FP. All the theories on the same trajectory define the same UV theory.
In the ideal case, we also require that the number of relevant operators (only which are retained)
are finite. In this case the theory has predictability! Note that the asymptotic safety is a wider
notion than the renormalizability (includes renormalizable theories). In this case, the relevant
operators correspond to precisely renormalizable interactions.

The most important fact is that the dependence of the effective action I'y on k gives the
renormalization group (RG) flow free from any divergence:

52T -1
(5<I>A5q>B * R’“) R

1

Di(®) = Str , (2)

where the dot is the logarithmic (¢) derivative of the scale k, and Ry, is the cutoff function. This
looks like a one-loop effective action, but is actually EXACT RG equation!

If we find nontrivial fixed points in this formulation, this gives the UV complete theory. We
can apply this method to our theory on arbitrary background in arbitrary dimensions.
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3 f(R) Gravity

In order to facilitate the program, ideally we want to search for the relevant operators in the
whole theory space. In practice we cannot do this in the infinite dimensional theory space.
Usually one truncates the theory, e.g. derivative expansion, polynomial expansion and so on,
and then improves the approximation by adding further terms. The hope is that if the obtained
results are not much affected by additional terms, this gives supports to the program. Indeed
there is accumulating evidence (up to 34th order in R) that there are always nontrivial fixed
points. This means that the asymptotic safety program may be the right direction.

This is certainly encouraging, however it may not be enough. We can do better by considering
the actions of the general form

S = / d?z/=gf(R), (3)

and derive FRGE for the function f(R) which is then determined. Note that we do not assume
that the action is just a polynomial of the scalar curvature but a general function, allowing
infinite possibility.

Another novelty of our work is that two different parametrizations of the metric fluctuation
can be considered:

linear split: 9w = Juv + Py, - -+ most often used (4)

exponential split: I = gup(e")p,,, -++ new parametrization (5)

The latter, which we use in our work, has the advantage that there is no unphysical singularity
and the result is gauge-independent.

There is also a problem that we address in the current work. On the compact space, the
spectrum is discrete @R > %R(ﬁ = 2) and there is no sense of coarse graining for large
curvature; k% cannot be less than this. There is no problem of this kind on noncompact space
because the spectrum is continuous, but has not been studied. So we extend the study to
noncompact space.

Using heat kernel expansion or spectrum sum, the optimized cutoff R (z) = (k% —2)0(k?—2),
dimensionless quantities 7 = Rk~2 and o(r) = k~9f(R), we get our main result in 4 dims. for

both sphere and hyperbolic spaces:

C]_(Sb/ _ 2T§0/,) + 6280/ C3(¢// _ 2TSO/,/) + C4:SD// B 05
o6 4+ (6 + 1)7] 2{o"[3+ BB —1)r] +¢'} 4+ (4y—1)r’

3212 (¢ — 2ry’ + 4¢p) = (6)

where the prime is the r derivative, «, 3, are endomorphism parameters, the coefficients ¢; — ¢35



Soryushiron Kenkyu

are polynomial in r up to 3rd order on the sphere and involve polylogarithms on the hyperboloid.

1 1 5 311
01:5—1—5(304—5) (15a —504——) 2+(5a3—7a2—g+—)r3,

72 20 72 9072
1 a 311
B B 2 I P 3 _pp2 - 4 )3
¢a = 40 4 15(6a 1)r+—<60a 200 18)r + (100° ~ 50 364-4536>T7
. 1 3817
(e e (00 S (4 S BT
c3 2[ LSy G C AR R A7) L G 3606 9072
511
2 2
cu = (6ﬁ-+1)r+-(3ﬂ +8- 360)
607

for sphere. The FRGE itself is the same for the hyperbolic space (r < 0) but the heat kernel or
spectrum is different. For small curvature

1 271
= - = 1 — )
c1 5+5<3a 2)r+ ( 5a2 — ba — T > ™ 9072

502 271 7249
™ <5a3 @ @ > r3,

271 27la 7249
2 3 2 3
~ - ~ 200 — 21 1 et i
¢~ 40+ 15(6a 1)r+—(60a 200 — T2 ) < 00 —5a? — = 4536>

1 , 9 s, Ll 208 37\
@ 2P+@ﬁ+>r+@5+ﬁ+%0r+<ﬂ+ LA 3m+9m2r}

29

~ 1 2 == ) r?

4 + (68 + )T+<3ﬁ +B+360> )
67

cs A~ 1242(12y 4+ 1)r + (1292 +2’y—@ . (8)

We list several features:
e The FRGE itself has the same structure for both spaces!

e The coefficients are only slightly different for small |r| due to the difference in the symmetry
(Killing) vectors (which should be removed).

e The heat kernel or spectrum is continuous for noncompact case so that the result is exact.
(The result was approximated for the compact case.)

e There is no problem of coarse-graining on hyperbolic space; the RHS vanishes for large
|r|, and we can integrate down to & = 0 (at finite |r|) on noncompact space, obtaining the
effective action

This gives a step in the direction of background-independence.
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4 Scaling solutions in 4D

The theory at FP is obtained by setting ¢ = 0. We find the amazing result that FP theory f(r)
is determined by a third order ordinary differential equation!!

reg @'(r) = (9)
The FRGE tells us that the large-r behavior of ¢ is
@ ~agr® +air +ag+a_1/r+--- at most quadratic! (10)

Though it is an ordinary differential equation, it is still difficult to solve analytically for fixed
general endomorphism «, 3, 7y. After some analysis, we find some common features:

1. Both have exact solutions: First treat the parameters «, 3,y as unknowns to solve for.
The simplest possible solutions are of the form

©(r) = go + g17 + gor® .- -~ Similar to Starobinsky model! (11)

We obtain a system of six equations for the six unknowns gg, g1, g2, «, 5 and +. We find
that this system has a number of solutions.

2. We tried to get polynomial solutions for small |r|. We have a good convergence for sphere
as we increase the number of terms, but the convergence is poorer for the hyperbolic space.

3. The coefficients of terms beyond quadratic terms in r are in general quite small. Quadratic
approximation seems good enough.

4. There is indication that the critical UV surface is 3 dimensional.

5. We also get the effective action at k = 0 for the endomorphism o« = —%, 8 =0,7 = i:

[rmvanan= [ v =g,

6. We can also make numerical analysis for fixed «, 3, ¥:

When we solve for the differential equations of the fixed point solutions, which are third
order in general, the zero’s of the third order coefficients rc3 = 0 give the singularities:
A singularity at » = 0 and further fixed singularities from c¢3 = 0 depending on 5. We
then expect that there exist a discrete number of solutions when the number of fixed
singularities matches the order of the equation. We managed to do this for compact
manifold, but noncompact case is resistive. More detailed study is left for future.

We can also study beta functions in other dimensions. Our results confirm that there are
always nontrivial UV fixed point functions.
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5 Conclusions

e We have constructed a novel FRGE for gravity which encodes the gravitational degrees of
freedom in terms of general function f(R) of the scalar curvature.

e The advantage of the new parametrization is that it gives flow equations free from un-
physical singularities and to some extent gauge-independent result.

e The flow equations take very similar forms for compact as well as noncompact space. This
may give a step towards background-independence.

e There are ultraviolet fixed points essential for asymptotic safety for the function f(R).

e We have studied if this approach may be used to determine possible UV completion of
gravitational theory and the result contains exact solutions similar to Starobinsky model
R + R?, consistent with the current observation on inflation.

We believe that this is a good step toward the realization of asymptotic safety. We suggest
possible future directions:

e Extending the analysis to more general theory (extend the theory space)

e Real background-independence etc.
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On string Hamiltonian in the sigma-gauge
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