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It is at the heart of modern condensed matter physics to investigate the role of a topological structure in
anomalous transport phenomena. In particular, chiral anomaly turns out to be the underlying mechanism for
the negative longitudinal magnetoresistivity in a Weyl metal phase. The existence of a dissipationless current
channel causes enhancement of electric currents along the direction of a pair of Weyl points or applied magnetic
fields (B). However, temperature (7') dependence of the negative longitudinal magnetoresistivity has not been
understood yet in the presence of disorder scattering since it is not clear at all how to introduce effects of disorder
scattering into the topological-in-origin transport coefficient at finite temperatures. The calculation based on
the Kubo formula of the current-current correlation function is simply not known for this anomalous transport
coefficient. Combining the renormalization group analysis with the Boltzmann transport theory to encode the
chiral anomaly, we reveal how disorder scattering renormalizes the distance between a pair of Weyl points and
such a renormalization effect modifies the topological-in-origin transport coefficient at finite temperatures. As a
result, we find breakdown of B/ T scaling, given by B/T'*" with 0 < n < 1. This breakdown may be regarded
to be a fingerprint of the interplay between disorder scattering and topological structure in a Weyl metal phase.
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I. INTRODUCTION

Researches on the role of topological-in-origin terms in
quantum phases and their transitions have been a driving
force for modern condensed matter physics, which cover
quantum spin chains [1] and deconfined quantum critical-
ity [2,3], quantum Hall effects and topological phases of
matter [4], Anderson localization for the classification of
topological phases and their phase transitions [5], and so
on. In particular, renormalization effects of such topological
terms are responsible for novel universality classes beyond
the Landau-Ginzburg-Wilson paradigm of phase transitions
with symmetry breaking. However, it is quite a nontrivial
task to perform the renormalization group analysis in the
presence of the topological-in-origin term, even if it can be
taken into account perturbatively for the contribution of a
bulk sometimes. Frequently, nonperturbative effects should
be introduced into the renormalization group analysis [6,7],
uncontrolled in this situation and thus, being under debate as
an open question.

In this study we investigate disorder-driven renormalization
of a topological-in-origin term referred to as an inhomoge-
neous 6 term in three spatial dimensions [8], defined by
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Y(r,7) is a four-component Dirac spinor to describe an
electron field of spin 1/2 in two orbitals. Its dynamics
is given by a Dirac theory, where y, with u = (7,x,y,2)
is a Dirac matrix to satisfy the Clifford algebra. A,(r,7)
and F,,(r,7)=0,A,(r,v)—0,A,(r,T) are an externally
applied electromagnetic field and its field strength tensor,
respectively. v(r) is a potential configuration, given randomly
and described by the Gaussian probability distribution
Plv(r)] =/\/’exp(—fd3r%). I is the variance of the
disorder distribution and N is a normalization constant,
determined by f_oooo dv(r)P[v(r)] = 1. The last term is an
inhomogeneous 6 term, topological in its origin and keeping
chiral anomaly that the chiral current is not conserved in the
quantum level [9], given by
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ys is a chiral Dirac matrix to anticommute with y,. Here,
the problem is how the inhomogeneous 6 term becomes
renormalized via the disorder scattering.

This problem can be cast into more physical terms.
Introducing the chiral-anomaly equation into the effective
field theory and performing the integration-by-parts for
the chiral-current term with the 6(r) coefficient [10], we
obtain
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¢, (r,t) = 0,0(r) is referred to as chiral gauge field, regarded
to be a background potential given by the inhomogeneous 6
coefficient. When the background chiral gauge field serves
a homogeneous potential, the resulting spectrum turns out
to describe dynamics of Weyl electrons. The right-handed
helicity part shifts into the right-hand side and the left-
handed helicity part does into the left [11-13]. Physically,
this homogeneous chiral-gauge-field potential is realized as
¢ = VO(r) = gB, applying a homogeneous magnetic field B
into a gapless semiconductor described above. The Dirac point
separates into a pair of Weyl points along the direction of
the applied magnetic field and the distance of the pair of
Weyl points is proportional to the strength of the applied
magnetic field with a Lande-g factor (see the Appendix). As a
result, the previous mathematically defined problem is actually
how the background chiral gauge field, more physically, the
distance between a pair of Weyl points becomes renormalized
by random elastic scattering.

The renormalization effect of the distance between a
pair of Weyl points is measurable experimentally since
the information is encoded into the negative longitudinal
magnetoresistivity. This anomalous transport phenomena in
a Weyl metal phase has been well known for more than
thirty years [14] and experimentally confirmed in 2013 [15].
The electrical resistivity measured along the direction of the
applied magnetic field becomes smaller than that measured in
other directions. More quantitatively, the magnetoconductivity
is enhanced in the longitudinal setup, i.e., E || B, as follows:

01(B) = op(1 + Cyw B?), )

where E is an applied electric field [16]. op is the Drude
conductivity determined purely by disorder scattering. In real
experiments, quantum corrections by weak antilocalization are
introduced into the Drude conductivity [17]. Cy is a positive
coefficient, discussed later in more detail. An essential point is
that the enhancement of the longitudinal magnetoconductivity
is given by the square of the distance between the pair of
Weyl points. This longitudinal enhancement can be figured
out in the following way: There exists a dissipationless current
channel as a vacuum state, which connects the pair of Weyl
points, responsible for the chiral anomaly. As aresult, electrical
currents are allowed to flow better along this direction through
this vacuum channel although the measured longitudinal
magnetoconductivity does not result from such dissipationless
electrical currents [14]. When the distance between the pair of
Weyl points is renormalized by random elastic scattering, the
positive coefficient Cyy would evolve as a function of an energy
scale, here, temperature. It is natural to expect finding a scaling
theory for the chiral-anomaly-driven enhanced longitudinal
magnetoconductivity.

The above discussion reminds us of a two-parameter scaling
theory for the Anderson localization in topological phases of
matter [18], including the plateau-plateau transition in the inte-
ger quantum Hall effect [6]. There, the transport phenomenon
of the Anderson localization transition is determined by the
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transverse conductivity o,, and the Hall conductivity oy,
where the latter encodes the topological information of the
integer quantum Hall effect. The present situation is quite
analogous to that of the integer quantum Hall effect. o, in the
quantum Hall effect is identified with the Drude conductivity
op, determined by disorder scattering directly. On the other
hand, o, in the quantum Hall effect is analogous to the
distance between the pair of Weyl points, where the renormal-
ization effect is introduced into the temperature dependence
of Cy. Recently, an effective nonlinear o -model field theory
has been derived for a Weyl metal phase, where several types
of topological-in-origin terms are shown to appear [19].

In this study we investigate the longitudinal magneto-
conductivity at finite temperatures and find a two-parameter
scaling theory, where renormalization effects result from
random elastic scattering. There is one difficult point in the
calculation of the longitudinal magnetoconductivity in a Weyl
metal phase. It turns out that a naive Kubo-formula calculation
does not incorporate the role of the chiral anomaly in the
longitudinal magnetoconductivity [20]. As a result, we fail
to find the B> enhancement of the longitudinal magnetocon-
ductivity within the Kubo-formula calculation. In this respect
our strategy consists of a twofold way: First, we perform
the renormalization group analysis and find how the distance
between a pair of Weyl points evolves as a function of an energy
scale or temperature. Second, introducing this information into
the Boltzmann transport theory with chiral anomaly, we reveal
the longitudinal negative magnetoconductivity as a function of
both the applied magnetic field and temperature, given by

or(B,T) ~ op(T)[1 + Cw(T)B?]. S

In particular, we find breakdown of B/ T scaling

2
B,T) — T B
Aoy (B.T) = TEBT) — an( )=CWT02<1+W>( )

UD(T) T1+n
(6)

where 7 is a scaling exponent with 0 < n < 1 and Ty is an
energy scale. We claim that this breakdown may be regarded
to be a fingerprint of the interplay between disorder scattering
and topological structure in a Weyl metal phase.

II. RENORMALIZATION FOR THE DISTANCE BETWEEN
A PAIR OF WEYL POINTS VIA DISORDER-DRIVEN
INTERVALLEY SCATTERING

A. Effective field theory for a Weyl metal phase
with disorder: Replica theory

We start from an effective Hamiltonian density for a Weyl
metal phase with time-reversal symmetry breaking

My = Yhx)vse - (—1V) + g5B - 0 ® Lu)¥p(x). (7)

Yp(x) = (Ypr(x),¥p(x))” is a four-component Dirac-
spinor field in a two-component Weyl-spinor field with right-
left (R-L) chirality, and v is the velocity of such fermions. B is
an externally applied magnetic field with a Lande-g factor gp,
splitting the Dirac band into a pair of Weyl bands (Fig. 1). & is
a four-by-four matrix, given by @ = o ® o, where o is a Pauli
matrix. The subscript B denotes bare, meaning that this effec-
tive Hamiltonian density is defined at an ultraviolet (UV) scale.
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FIG. 1. A band structure of a Weyl metal phase, projected on the
plane of k, = k, = 0. Here, the direction of an applied magnetic field
is the z axis. Each band has definite chirality: —1 for the blue cone
and +1 for the red cone. The orange arrows represent intravalley
scattering while the purple arrow stands for intervalley scattering.
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We consider two types of random potentials, introduc-
ing intravalley scattering w;;(x)VB(x)wB(x) and intervalley

scattering lp;;(x)U g(x)(hx2 ® 0,)¥p(x) into the effective
Hamiltonian. Then, we obtain the following effective action

SulT B (x): Vi (), Up ()]
_ / A {500 + 105y B + Cany ™y IWp ()

+ ()Y V()Y (x) + ) Up(xX)Yp(x)}  (8)

withz(x) = w; (x)y°. Here, y matrices are given in the Weyl
representation, for example, y° = I,,» ® o,. A magnetic field
is generalized to be a chiral gauge field cp, = (cpo,cpx =
gsBi). x means space time, given by x* = (1,x), see the
Appendix.

A physical observable in this system is measured as follows:

|
(O[Yp(x), ¥5(0)]) = fDVB(x)DUB(x)PB[VB(x)aUB(x)]

fD%(X)DWB(X)O[WB(x) Vp(x)le
[ DYp(x)DYrg(x)e=Swl¥a@:vsle= [ dxbnCly Val)+Us(ols(x)

=Spol5(). W5 (0] g [ d*xPp0)ly Ve () +Up0)1Y 5 ()

, €))

where the free part of the effective action is Sgo[¥(x),¥p(x)] = fd4x1/f3(x)(y°80 + szykak + cBMy"y )Y¥p(x). Resorting

to the replica trick and performing the average for disorder with the Gaussian distribution function of Pg[Vg(x),Ug(x)] =
[d&3xVix)  [dxUi(x)

(= 2lpy - 2Ty

Npgexp ], the above expression is reformulated as follows:

B} 1 & B} }
(O1P5(x). Ypx)]) = Jim - >~ / DYDY () O[5 (). ¥ )]
a=1

R
> Spas[V50), W50, P50, ¥5(0)] ¢- (10)

b,c=1

R
X exp I— Z Spo[ P, ¥(x)] —
a=1

Here, Np is a normalization constant and I'zy(y) is a variance for the disorder distribution. As a result, the effective interaction
term induced by disorder scattering is

s [F500 P4 00505 ()] = / dr / dx / &x BVwB(r UL (T )y P (2 x)

/ dr/ dt’ /d3x—1p3(t x)lpB(t XY 0)Pg (T x). (11)
The effective field theory is given by Sg[¥/(x), ¥ (x)] = Spol¥(x). ¥ ()] + Sais[P5(x). Y5 (x). ¥ (x), ¥ (x)].

B. Renormalization group analysis: Role of intervalley scattering in the distance between a pair of Weyl point

In order to perform the renormalization group analysis within the dimensional regularization [9], we rewrite Sp[¥/4 (x), ¥ (x)],
the effective bare action of bare field variables in terms of Sg[V/§, %], the effective renormalized action of renormalized field
variables with Scr [y, z], counterterms of renormalized field variables

Se[vivi] = /dd+1x‘/}§(yoao + Rty O + crov’y’ + crey Y)W

- /dr/dz//ddxﬂ(¢g /dr/dt /dd

Ser[Vavi] = /dde‘/_f?e(S(J,)J/oao+5";URle3k+5coCR0}/OJ/5 + 8ccriy Y ) Ve —de/dT//ddx

oo f o
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FIG. 2. Feynman'’s diagrams up to the two-loop order for self-
energy corrections and the one-loop order for vertex corrections. The
other diagrams disconnected to external lines or including fermion
loops vanish identically in the replica limit of R — 0. Here, we show
quantum corrections only due to intravalley scattering, represented
by single-dashed lines. In order to include intervalley scattering, we
just replace single-dashed lines with double-dashed lines one by one
according to our Feynman rules. This replacement results in another
Fock-type diagram and three more diagrams each for rainbow-type,
crossed-type, and vertex corrections.

where  Sp[Pg. il = SkIVg. Vgl + Scrldgval. It is
straightforward to see how bare quantities are related with
renormalized ones, given by

1 _
v = (29) v, vs=ZE(Z5) e,

cBo = Zco(Zi)_ICRO, Cpk = Zc(Zf}f)_ICRk, (13)

gy = er(Zi)_erv, Fpy = ZFU(Z;Z)_ZFRUa

where Z§ = 1489, Zl =148}, Zoo = 1 + 8.0, Ze = 1 +
8¢ Zry = 1+ éry,and Zry =1+ 6ryp.

Dimensional analysis gives dim[I"] = 2 — d. In this respect
we perform the dimensional regularizationind = 2 + & where
e, a small parameter to control the present renormalization
group analysis, will be analytically continued to € = 1 in the
end. Performing the standard procedure for the renormaliza-
tion group analysis, we find renormalization group equations,
where both vertex and self-energy corrections are introduced
self-consistently. See Fig. 2, where all quantum corrections
are shown as Feynman’s diagrams up to the two-loop order
for self-energy corrections and the one-loop order for vertex
corrections. All details are shown in the Appendix. As aresult,
we find counterterms with

w Tyv+Ty STy +12IvIy + 7T
VT 2me 4872¢ ’
2 —r? 'y +Ty
Se = u’ = 14
1672¢ v 2me (14
I'v+Ty
ory = ————.
2me

Inserting these divergent coefficients into equations (13) and
performing derivatives with respect to an energy scale for
renormalization given by In M, we find renormalization group
equations

dlv Ty
dinmM ~ V3 VvV TU

+br'y(T'y + Ty)erly + Ty),
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4Ty =Ty —arly(Ty +Ty)
dinM
+br'y(T'y +T'y)erly +Ty),
de
T = cl=1—-ac(ly +Ty)

+b.(I'y +Ty)2Ty +Ty)l, (15)
where positive numerical constants are given by

3, 7 5 1 1
- = —F Cr = — a, = -, = —
27 r ¢ ¢ 1272

ar 2472 7 2

Scaling analysis in the tree level suggests that both channels
of impurity scattering are irrelevant in the low-energy limit
because of the pseudogap density of states. In the one-
loop order Fock diagrams contribute to the wave-function
renormalization constant. Particle-hole and particle-particle
channel diagrams in the vertex are canceled to each other
while vertex-correction diagrams give two distinct effects for
impurity scattering: The intervalley scattering is strengthened
while the intravalley scattering is weakened. This discrepancy
turns out to reflect the sign difference in the dispersions
of two chiral modes. Combined with the wave-function
renormalization from Fock diagrams, there appears a disparity,
that is, the strength of intervalley scattering is three times
larger than that of intravalley scattering [21]. Enhancement
of both impurity scattering channels stops after two-loop
corrections are introduced into the self-energy. Especially,
rainbow diagrams contribute to the wave-function renor-
malization constant, identified with screening for impurity
scattering. Crossed diagrams renormalize the chiral-gauge
field but effects by both impurity scattering channels appear
in an opposite way again: The intervalley scattering increases
the strength of the chiral gauge field while the intravalley
scattering decreases it.

Figure 3 shows renormalization group flows for physical
parameters according to Eq. (15). In the plane of (I'y,['y),
we find two stable fixed points corresponding to two phases
of a disordered Weyl metal state, and one unstable fixed
point corresponding to the phase transition point between
two phases: (i) The stable fixed point of (0,Ig) with 'y =0
represents a clean Weyl metal phase, protected for the case
of weak disorder by the pseudogap density of states of the
Weyl metal state. (ii) The stable fixed point of (0,I;) with

2_
Iy = =T ~ 13,68 is identified with a diffusive Weyl
metal phase, analogous to the diffusive Fermi-liquid fixed
point of a conventional metallic phase [22]. (iii) The unstable

fixed point of (0,I")) with '} = i s w ~ 2.09 denotes a
critical point to separate the diffusive Weyl metal phase from
the clean Weyl metal state, the existence of which originates
from the pseudogap density of states. Interestingly, all these
fixed points lie at the line of I'y =0, which means that
intervalley scattering shows dominant effects over intravalley
scattering for the low-energy physics in the disordered Weyl
metallic state. Naively, one may suspect that their roles are
similar because of the similarity of their renormalization group
equations. However, the magnitude of the one-loop correction
for I'y is three times larger than that for I'y, and thus, the
renormalization group flow of (I'y,I'y) is overwhelmed by
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FIG. 3. Renormalization group flows for physical parameters. In
the plane of (I'y,['y) (left), there are two stable fixed points and one
unstable fixed point: (i) The stable fixed point of (0,I"y) with 'y = 0
represents a clean Weyl metal phase, protected for the case of weak
disorder by the pseudogap density of states of the Weyl metal state.

ar+y/af—4br ~ 13.68

(ii) The stable fixed point of (0,I';) with I'; = o
is identified with a diffusive Weyl metal phase, analogous to the
diffusive Fermi-liquid fixed point of a conventional metallic phase.

(iii) The unstable fixed point of (0,I'}) with "} = LoV VZZF%% ~2.09
denotes a critical point to separate the diffusive Weyl metal phase
from the clean Weyl metal state, the existence of which originates
from the pseudogap density of states. In the plane of (I'y,¢;) (right),
the renormalization group flow shows a runaway behavior for ¢,
implying that the Weyl metallic state is stabilized even in the presence
of disorder scattering. This runaway flow should stop at a certain
energy scale if the Brillouin zone is taken into account in the effective
field theory.

I'y. As aresult, there is no chance by which I'y has a nontrivial
fixed-point value. Detailed analysis of this issue is given in the
Appendix (Fig. 16).

In order to figure out how the distance between the pair
of Weyl points renormalizes as a function of an energy scale,
we focus on renormalization group equations for I'; and ¢ at
I'y=0

dl'y =Ty —arT% + bel3 (16)
dinM v v
dc,

L —g[-1—aly+bTI3] (17)

dinM

It is straightforward to solve the first equation and find an
approximate solution for I'y; near each fixed point at I'y = 0.
Inserting such fixed-point solutions into the second equation,
we uncover how the distance between the pair of Weyl points
evolves as a function of temperature

TO )"c.fn
a(T) = Ck(TO)<?> , (18)

where the energy scale M has been replaced with temperature
T. Critical exponents of A 7, are found to be

Aejo=1+aTlo—bTh=1 (19)
Aes1 =1+al —b 7 ~134 (20)
Ae.fr = L+ a.Ts — b3 > 1.60. (1)
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It turns out that the distance between a pair of Weyl points in-
creases to reach infinity, regarded to be beyond the perturbative
renormalization group analysis. However, the infinity should
be considered as an artifact of the continuum approximation.
If the Brillouin zone is taken into account in the effective field
theory, there must be a maximum of the distance within the
Brillouin zone. In this respect it is natural to modify the above
scaling solution as follows:

) = et =)
Ck = Ck({o T+TM 5

where T), is a cutoff scale in the low-energy limit. It is
interesting to notice that disorder scattering changes the
temperature-dependent exponent of c;. Intervalley scattering
gives rise to fast enhancement of the distance between a pair of
Weyl points at low temperatures. This looks counterintuitive,
where antiscreening instead of screening arises from interval-
ley scattering.

One may criticize that the renormalization group analysis
does not take into account the role of orbital effects driven
by external magnetic fields. Actually, the formation of Landau
levels plays an essential role in the previous study of Ref. [14].
When applied magnetic fields are strong enough, given by the
condition of Aw, > u, where w, is the cyclotron frequency
and p is the chemical potential, the formation of Landau
levels plays a central role in the Weyl metallic state. The
zeroth Landau level opens a one-dimensional channel, where
the chiral anomaly is realized in a one-dimensional way [9]. On
the other hand, when the chemical potential is much larger than
the applied magnetic field, i.e., hw, < u, effects of Landau
levels can be neglected as discussed in the previous study [16].
Then, the Zeeman term plays an essential role in the chiral
anomaly. Recall that the chiral gauge field is nothing but the
applied magnetic field, identified with the spatial gradient of
the 6 coefficient of the topological-in-origin 6 term.

(22)

III. TWO-PARAMETER SCALING THEORY FOR THE
LONGITUDINAL MAGNETOCONDUCTIVITY OF A
DISORDERED WEYL METAL PHASE WITHIN
BOLTZMANN TRANSPORT THEORY

The question to address in this study is to find a scaling
theory for the longitudinal magnetoconductivity. As discussed
in the introduction, not only the Drude conductivity but
also the distance between a pair of Weyl points or the
spatial gradient of the inhomogeneous 8(r) coefficient in the
topological-in-origin E - B term should be taken into account
for the longitudinal magnetoconductivity in the Weyl metal
phase. This situation is analogous to that of a plateau-plateau
transition in the integer quantum Hall effect: Not only the
Drude conductivity but also the Hall conductivity, a topological
0 term, should be considered on equal footing in order
to describe such a quantum phase transition involved with
Anderson localization. In this respect we call the scaling theory
for the longitudinal magnetoconductivity of a disordered Wey]l
metal phase two-parameter scaling theory as the Anderson
localization transition in the case of the quantum Hall
effect.

Previously, we found I'y(T) and c(T), based on the
perturbative renormalization group analysis, where I'y(T)
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gives the Drude conductivity and ¢(7") describe the enhance-
ment of the longitudinal magnetoconductivity. More precisely,
we can address renormalization effects of the longitudinal
magnetoconductivity based on the Boltzmann transport theory
for a Weyl metal phase [17,23]

anx(pﬂ'vl) . o
T +F, - Ven,(pir,t)+ py - Vpn,(p;r.t)
= coll[nx(p;rvt)]- (23)

Here, n, (p;r,t) is the distribution function at a chiral Fermi
surface denoted by y = =, where p is the relative momentum
of a particle-hole pair near the chiral Fermi surface, and r and
t are the center of mass position and time of the particle-hole
pair.

7, and p, represent the change of position and momentum
with respect to time, classically described and given by the
so-called modified Drude model [24,25]

pL=E+i% x B. (24)

B, represents a momentum-space magnetic field on the chiral
Fermi surface, resulting from a momentum-space magnetic
charge x enclosed by the chiral Fermi surface. We would like
to recall that the Berry curvature does not appear on the normal
Fermi surface that does not enclose a band-touching point. As
a result, we reproduce the Drude model with B} = 0. It is
essential to realize the following relation between the applied
magnetic field and the distance between the pair of Weyl points

B — g7 le(T). (25)

It is straightforward to solve these coupled equations, the
solution of which is

3%~ GUT)[vf + E x Bl + g7 (B - vi)e(D)],
e~ GUTE +g vl xe(T)+g ' (E-e(T))BL], (26)

where G = (14 g7 'BY. - ¢(T))"' is a volume factor of the
modified phase space with a pair of momentum-space mag-
netic charges x = =%. The role of anomalous electromagnetic-
field-dependent terms are well known in anomalous transport
phenomena: (i) The second term of E x B)} in the first
equation is responsible for the anomalous Hall effect, the Hall
effect without an applied magnetic field due to an emergent
magnetic field referred to as Berry curvature in the momentum
space [26-28]. (ii) The third term of g~! (B} - v})e(T) in the
first equation gives rise to the so called chiral magnetic effect
that dissipationless electric currents are driven by applied
magnetic fields in the limit of vanishing applied electric fields,
proportional to the distance between the pair of Weyl points
or applied magnetic fields [29-34]. (iii) The third term of
¢ WE - ¢(T))B% in the second equation causes the gauge
anomaly for electrons on each chiral Fermi surface that gauge
or electric currents on each chiral Fermi surface are not
conserved [14-17,23,30,31,35-42]. Of course, the breakdown
of the gauge symmetry should be cured when total electric
currents are considered, but chiral electric currents are still not
conserved, referred to as chiral anomaly.
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FIG. 4. Scaling theory for the longitudinal magnetoconductivity.
The longitudinal magnetoconductivity is enhanced to be proportional
to B2, the distance between the pair of Weyl point as a result of
the chiral anomaly. The distance between the pair of Weyl points
is renormalized to increase as temperature is reduced, which makes
the degree of enhancement become larger (left). These longitudinal
transport coefficients are collapsed into a single universal curve,
described by Eq. (30) (right).

The collision part is given by

ny(psr.t) —ny(p)
Tinlra(T)
_ ny(pirit) —n,(p;r.t)
Tinter (1)

The first term describes the intravalley scattering, and the
second represents the intervalley scattering. In this respect
both scattering rates of 1/ Ty, (7T) and 1/ T (7T") correspond
to I'y(T) and Ty (T), respectively.

Considering homogeneity of the Weyl metal phase under
constant electric fields in the dc limit, we are allowed to
solve py - Vpn,(p) = Louln,(p)l. As a result, we find a
two-parameter scaling theory for the longitudinal magneto-
conductivity in a disordered Weyl metal phase

o.(B,T) = op(B,T)(1 + const.[c(B,T)]?), (28)

Icoll[gnx(p; r.n] =

27)

where op(B,T) is the Drude conductivity inversely propor-
tional to I'y(T) and ¢(B,T) is the distance between a pair of
Weyl points.

Rewriting the distance between the pair of Weyl points as
c¢(B,T) = Cé‘,ﬂ(T)B, we consider

o.(B,T) —op(B,T)
op(B,T)
for the universal scaling relation. More explicitly, inserting
Cw(T) = Cw(To)[To/(T + TM)]_M”” into the above, we find
T, "™ Aoy (B.T) ( B
[

2
Cw(To) S\IT + TM]“’"”) ' G0

where anomalous dimensions are given by no = 0,1; = 0.34,
and 1, = 0.60, respectively, for each fixed point.

Figure 4 shows the longitudinal magnetoconductivity,
enhanced to be proportional to B2, the square of the distance
between the pair of Weyl points, at each temperature. Our
renormalization group analysis confirms that the distance
between the pair of Weyl points is renormalized to increase,
lowering temperature, i.e., Cw(Ty) < Cw(Ty) with Ty > Ty.
As a result, the degree of enhancement becomes larger as
temperature is reduced (left). Interestingly, these longitudinal
transport coefficients turn out to be collapsed into a single
universal curve, described by Eq. (30) (right).

Ao (B,T) = =Cw(T)B* (29)
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FIG. 5. Comparison between the theoretical prediction and an
experimental data of Bi;_,Sb, with x =3 ~ 4%. Black spheres
represent experimental data [8,43] and the red line denotes the

theoretical prediction, given b Cw() = L Here,
P g Y Cw T, eI T Ty e s
we obtain — ¥ — 174107 K¥/?> and Ty = 149 K with
)

Ac, r2 = —1.6 at the diffusive fixed point.

Figure 5 shows the comparison between Cy/(7") from an
experimental data of Bi|_, Sb, withx = 3 ~ 4% and that from
our renormalization group analysis [8,43]. Experimentally, the
enhancement coefficient Cy(7T) can be found from fitting
the experimental data with Eq. (5) at a given temperature,
where the Drude part is replaced with a transport coefficient of
weak antilocalization corrections and additional contributions,
which have nothing to do with Weyl points, are also intro-
duced [15]. Repeating this fitting procedure for various tem-
peratures, we obtain the temperature dependence of Cw (7).
The comparison between the experimental Cw(7T) and the
renormalization group analysis Eq. (30) looks appealing.

IV. DISCUSSION AND CONCLUSION

The original motivation of the present study is to reveal
the existence of a topological phase transition from a Weyl
metal phase to a normal metal state as a function of the
strength of disorder and temperature. Our physical picture
for this phase transition is as follows. Disorder scattering,
in particular, intervalley scattering is expected to kill the
nature of the Weyl metallic phase since it induces mixing
of chirality. We recall that the intervalley scattering appears as
an effective random-mass term. If ¥ (x)y (x) has a nontrivial
vacuum expectation value, i.e., (¥ (x)¥(x)) # 0, expected to
realize in the case of sufficiently strong disorder, the chiral
symmetry breaks down even at the classical level and the
chiral anomaly loses the physical meaning. As a result, we
speculate that the distance between the pair of Weyl points
renormalizes to vanish. A diffusive normal metallic state would
be realized in the case of sufficiently strong disorder. Since this
phase transition is not involved with symmetry breaking, it is
identified with a topological phase transition.

This topological phase transition may be translated into
Peccei-Quinn symmetry breaking in the context of dynamical
generation of axions [44,45]. In order to realize the Peccei-

PHYSICAL REVIEW B 94, 085128 (2016)

Quinn symmetry breaking, there must be a scalar field. When
the scalar field does not have its vacuum expectation value,
any value of the 6 angle can be canceled by the Peccei-
Quinn transformation. On the other hand, the Peccei-Quinn
symmetry breaking occurs when the scalar field has its vacuum
expectation value. As a result of the continuous symmetry
breaking, there exists a Goldstone boson field, referred to as
an axion field. When the Peccei-Quinn symmetry is exact
and, thus, the axion field is massless, any value of the 6
angle can be still canceled by the Peccei-Quinn transformation.
Howeyver, there are instanton excitations, which do not allow
the Peccei-Quinn symmetry not to be exact, giving rise to a
mass term in the axion dynamics. Then, the vacuum angle
is fixed to be 6 = 0, minimizing the energy of the system.
In the present situation the corresponding scalar field results
from the Hubbard-Stratonovich transformation of the random-
mass term in the replica effective field theory, conventionally
referred to as Q,p, where a and b denote the replica index.
However, there are two different aspects between the possible
topological phase transition and the Peccei-Quinn symmetry
breaking in high-energy physics: (i) The vacuum angle is given
by an inhomogeneous function of position while its gradient
identified with a chiral gauge field is a constant. (ii) There are
no instanton-type excitations in the Weyl metal phase. This
direction of research would be an interesting future task.

Unfortunately, the perturbative renormalization group anal-
ysis fails to access such an unstable fixed point, identified
with the quantum critical point of the topological phase
transition. In this respect the naming of the two-parameter
scaling theory is not satisfactory in our opinion, basically
motivated from the analogy with the plateau-plateau transition
in the integer quantum Hall effect. However, it turns out
that the longitudinal magnetoconductivity is governed by both
parameters of the Drude conductivity and the distance between
the pair of Weyl points, renormalized by intervalley scattering,
essentially analogous to oy, and oy, in the quantum Hall
effect, respectively. In this respect we may call what we
performed two-parameter scaling theory for the longitudinal
magnetoconductivity in a disordered Weyl metal phase.

An unexpected result is breakdown of the B/ T scaling be-
havior near the diffusive fixed point although it is fulfilled near
the clean fixed point. Actually, we could verify this prediction,
comparing the proposed formula Eq. (30) of the two-parameter
scaling theory with Cw(T) in the experimental data of
Bi,_,Sb, withx = 3 ~ 4%. Here, we took into account mod-
ifying the original renormalization group analysis, introducing
a cutoff scale into the equation for the distance between the pair
of Weyl points as Eq. (22), in order to prohibit the divergence of
the length scale within the Brillouin zone. This breakdown may
be regarded to be a fingerprint of the interplay between disorder
scattering and topological structure in a Weyl metal phase.

In this study interference effects due to multiple scattering
have not been taken into account. Such localization effects
may be described, considering a two-particle Green’s function
instead of a single-particle propagator. The construction of
self-consistent equations for two-particle Green’s functions in
Weyl metals is to generalize the previous study of Ref. [46]
in normal metals, introducing not only the information of the
Berry curvature but also the physics of the chiral anomaly into
such self-consistent equations. We suspect that this derivation
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is challenging since high-energy electrons should be integrated
out in order to realize the effect of the chiral anomaly in the
dynamics of low-energy electrons near a Fermi surface. We re-
call that this point was discussed sincerely in Ref. [20]. On the
other hand, we may consider a phenomenological approach,
where localization corrections are introduced into coupled
Boltzmann equations directly [15,17]. Within this formulation,
renormalization effects in the distance between a pair of Weyl
points should be taken into account, as performed in this study.
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APPENDIX A: MODEL HAMILTONIAN
A minimal model for a Weyl metal state is given by
H =y x)wa - (=1V) = n+gB -0 ® L)y x)

V¥ = (Yg,¥r)" is a four-component Dirac-spinor field in
a two-component Weyl-spinor field with right-left (R-L)
chirality, and v is the velocity of such fermions. p is an electron
chemical potential. B is an externally applied magnetic field
with a Lande-g factor g. « is a four-by-four matrix, given by
o = 0 Q o;, where ¢ is a Pauli matrix.

First, we look into a band structure. This block-diagonal
matrix can be diagonalized as

Hi = ¢p(lvk + gBlo, ® P — vk — gBlo, ® P_ — Wy,

where P, = ((1) g) and P_ = (8 ?) are projection matrices,
and ¢y = Uy is an eigenstate. The unitary matrix varying
with k is given by

&8 O /1
COS =5~ sin =5-¢e
— 2 2
Uk = < S+ S+ ) ® Py

— gin &£ e+ 5t
s 5 € COS )
C_ O L/
COS - sin =5
2 2
T\ o [ ®P_,
sSin 5 € Ccos 5

J
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where ¢4 (n4) is the polar (azimuthal) angle of k + %B, re-
spectively. If we draw a band structure along some momentum
line, for example, k = (0,0,%;), then we obtain a pair of Weyl
cones as shown in Fig. 1.

Second, we consider two types of random potentials, i.e.,
intravalley scattering and intervalley scattering, given by

YRV R + YLV @YL ()
=y V@Y @),
YREOU VLX) + Yk ()U (0)9rr.(x)
= Y OUE)(ax2 @ 0:)Y (x),
where V(x) and U(x) are disorder potentials for intravalley

scattering and intervalley scattering, respectively.
Now, the effective action is

NUARZA'N
B
=/ dr/d%wr,x){a, +va - (—1V)—p
0

+8B -0 QLo+ V(x)+ Ux)hx2 @ 0x}Y(7,%),

where the corresponding free energy is given by F[V,U] =
—TIn [ Dy Dyre SV V:V-Ul in a given configuration of
random potentials. We represent this effective action in terms
of y matrices in the Weyl representation

Y =ha®o, y'=y%—a) =0 ®10,k=123),

v’ =Yy =-hao®o.
Then, we reach the following expression:
Sl ¥; VU]
= /d“x{t/_f(x)(yoao + vy o — pny® + ey ) (x)

FY Y V@Y @) + P OU @)Y (x))

with an adjoint spinor-field ¥ = y°, where we introduced
cr = g By (k = 1,2,3) with time component cy. The space time
of x is x* = (t,x) and other four-vectors are defined, similarly.
For example, the four-momentum is p* = (p°, p) with p® =
—1wy. Since the action has been formulated in the imaginary

time, it is defined on the Euclidean geometry as shown by

Pt pu = —w; — p*.

APPENDIX B: EFFECTIVE FIELD THEORY FOR RENORMALIZATION GROUP ANALYSIS

1. Disorder average

We define the free part of the effective action as

Solyr, ] = / d*x P ()8 + 1oy d — uy® + ey Y Hv (x).

Then, a physical observable is measured as follows

fDIZ'DWO(I/_/’w)g*&)[‘/—/"/f]e*fdAx\Z(X)[VOV(x)JrU(x)]z//(x)

(O, ¥)) =/DVDUP[V,U]

/ DY DyeSolV Ve[ dxF Wy VE)+UGN ()
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This can be reformulated as

(O, ¥)) =/DVDUP[V,U]i InZ[V,U,J],
8J1y=0

Z[v,U,J] = fDl/_wae*SD“Z"“e*fd4x‘p(X>W°V(x>+U<X>l‘/f(x>+fd4xJ(x>0h/'f(x>,W(x>|’

where J(x) is a source field coupled to an operator O(,1), locally.
zR—1

In order to perform the averaging procedure for disorders, we resort to the replica trick of In Z = limg ¢ “%—

3

- , ) ZRv,Uu,J]1 -1

where the replicated partition function is
R R R

ZRv.U.J1 = f DY Dy exp [— PIINARA DS / AP ) OV () + U (x) + / dxI0)y 0(&“,1#“)]

a=1 a=1 a=1
with a replica index a. In this technique a physical observable is given by

) = tim [ DYDUPIV.UI [ DI DY 0 )
R R
X exp [— S Sl 1=y / d POV () + U(x))wa(X)}-
a=1 a=1

In this study we take into account static- and Gaussian-distributed disorders, given by

31,2 3,772
PIV.U] = N exp |:_fd xVix) [d’xU (x):|’
2Ty 2Ty,

where N is a normalization factor. It is straightforward to perform the Gaussian integral for disorders, resulting in
| R R R
T _ 1 7 7.a 1.4 _ Ta . ay CTab b TC o
(O ¥)) = lim — ; / DYDYy O ) exp [ Zl Sol . ¥“] b_Z_l NN AR AR ]},
where disorder-driven effective interactions are [Eq. (11)]

B B
Saisl 2wl vl = — / dr / dr’ / d3xFZ—VW’(nx)y‘)wb(r,x)x/‘fC(r’,x)yOwC(r’,x)
0 0

B B Iy - _
- f dt f dr’ f d3x7I/fb<r,x)w”(r,x>w<r’,xw“(r’,x).
0 0

2. Renormalized perturbation theory

From now on, we focus on the case of a zero chemical potential. We start from the following effective action
Sp = / A gy B0 + vpry e + cpuy "y VR )
ﬁd ﬂd/ L Uy -4 0,/b TC ) 0,7.¢(t
A X ——Yp@X)y YT X)Yp(T.x)y Yp(T.x)
ﬁd ﬂd / dd FBU 7b b TC () crt
- 0 T 0 T xTwB(tax)wB(Tsx)wB(T ,X)WB(T ,x),

where summations on the replica indices are implied. The subscript B denotes bare, meaning that this effective action is defined
at an ultraviolet (UV) scale. Note that we have generalized dimensions to d + 1 (space + time) for dimensional regularization.
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a.[)_»_b,([ - _6ab5pq(¢+¢75)—1 (1.&»_@_»&11 — 6ab6pq(6,7,p0'70 +(5§;pk’7k +560007075 +5cck’7k’75)

b,py D3 b, py ¢, p3
......... Ty 0 (3) = 5erv (3)
” 2 (v ®7° )51’1 —P2,P3— p45p11’86907’0 = - ey )61?1 —p2,P3— p46P1P85P0P0
b, p2 C, P4 b, po ¢, py
b,p1 ¢, p3 b,p1 ¢ p3
i = Sruly (3)
= (Iaxa ® I4X4)6P1 p2,ps—paOp9p Opgn = = T (Taxa ® Iaxa)0y_p, py— 499939919
b,po C, P4 b, po ¢ py

FIG. 6. Feynman rules in the momentum and frequency space. A single-dashed line represents an intravalley scattering while a double-
dashed line represents an intervalley scattering.

Performing the dimensional analysis, where space and time coordinates have —1 in mass dimension, we observe
d
dim[y] = 5 dim[v] =0, dim[c,]=1, dim[l'y]=dim[['y]=2—d.

In this respect we perform the renormalization group analysis in d + 1 = 3 4 ¢ dimensions, where ¢ is a small parameter. In the
end of the calculation the dimensions are analytically continued to the physical dimensions (d + 1 = 4) by setting ¢ = 1.

Taking into account quantum corrections, divergences would be generated. They can be absorbed into renormalization
constants by redefining fields and parameters. Rewriting the bare action in terms of renormalized fields and couplings,
we obtain

Sp = / A () (Zy 0 + Zhvriy ok + Zeocroy 'y + Zecriy V) wrip(x)
p p Zrvlry - _
- /O dr /0 dt’ / d"x%w,‘;(ux)y(’w,‘;(r,xw;é(rcx)y%;é(rcx),

B B
—/O dt/o dr’/ddx@ﬁz(r,x)wz(r,x)lﬁjé(r/,x)wl‘é(r/,x),

where such renormalized fields and parameters are given by

Vg = (Zi)%l/fﬁn v = Z:Z(Zi)_lv,e, cpo = Zco(Zi)_lcRo,

Cpk = Zc(Zﬁ)ilcha Cpy = ZFV(Z$)72FRV, Fpy = ZrU(Z$)72FRU~

It is more elaborate to represent this theory by separating the renormalized part from counter terms that are to absorb divergences
in the following way [Eq. (12)],

Sg = Sg + Scr,

Sg = /dd“m/_f;‘é(yoaoJrszy"Bk + croy’y> 4 ery V)V
/ dr / d’ / ddx— (Fhr k) (T v, / dr / dt' / ddx— (Fhvh), (Favi) o
Ser = /dd+1x¢fe(3$3/030 + 5,’,‘,1)1?17/1(3/( + 8c0croy’y’ + Secrey v ) v
/ a OrvlRy (2 o d FUFRU
—fdcldd | a xT(lﬂRy vp), (Vv Vi) dt | dt’' | d'x———(VvR).(Vavs), -
where Z{ = 1+ 5, Z{;, =1 +5{;,, Zo=14+8.0,Zc=1+8, Zrv =1438ry,and Zry = 1 + 8y

3. Feynman rules

In the momentum and frequency space the effective action is written as

- - 1 'y - - 'y, - -
S[l/f“ﬂﬁa] = Z WZ(I” + ¢y5)¢; - E [%(wﬁlyowzz)(wlizyow;zt) + TU(wﬁl wi)(w;a 1//.1074)]5(3) P2, p3— P48P?P38P2P4
p pPj

where Feynman rules are given in Fig. 6.
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Since there is a chiral gauge field in the kinetic-energy part, the free propagator becomes a little bit complex. Considering the
following identity

PP =P+ +2p ey’ = (PP =2p-cy)PP+E+2p -y’ = (p+ ) (p - o),
we obtain an electron Green'’s function
(P —¢r)P* ++2p-cy’)
(p+cP(p—c)f ‘
We introduce the following expression with a Feynman parameter for the renormalization group analysis

(N =P+ 2p ey
Glp) =~ / dx [(p+ (1 —2x)c)* 4+ 4x(1 — x)c2]?

Gp)=—(p+¢r) ' =-

For a future use, we rearrange it in terms of p as

G(p) = /' PPpiy" + PX(pov” = ¢7°) + pipj(=2¢'y y) + pifi(po) + folpo)
0 [(p + (1 = 2x)c)* + Ag(po; X)I?

Ao(po; x) = 4x(1 — x)e* — (po + 0)* + 4xpoco,
Fi(po) = =y (poy® — ¢v ) (poy® + ¢v”) + 2" (poy® — ¢v°),

fo(po) = —(poy° — ¢¥°)2(poy° + ¢¥°). (B1)

Alternatively, we obtain in terms of p’ = p + (1 — 2x)c
1 Ci p
G(p) = / dx—
0

Ci=vy'. Cu=i—¢y’. CH=-2yw +cy),
Ci ==t — ¢+ ¢r") — 20 — 'y — ¢v),
Co = —Gh — &7 20k + ), (B2)

where u = (py,¢) and ¢, = (2x — 1)c. We may use either of these expressions for convenience. Despite their complicated form,
they will not be involved much in actual integration procedures.

2pl+ Coup® + CH ! P+ Cipi+Co

[P + Ao(po; X)12

)

APPENDIX C: SELF-ENERGY CORRECTIONS
1. Relevant Feynman’s diagrams

Within the replica trick, we are allowed to perform the perturbative analysis. The full Green’s function of G(p,q) = (Y, ¥,)
is evaluated up to the I'? order as follows:

1 _ _ P Ty (7b ,00b \7c 1,0.c Ty (7b b \eiTe e 1183
G(p.g) = lim - f DIDY (Pog)e 51V 1T 3 LW Y U Y Y U T G U )T U5 D155 s 3,0,98,0,0

~ —Sol ¥, ¥*] 70,0, b 7c .0 3)
hm _/prwe oty v '(ﬂ 1// 2L3 (1//17w )(wply wpzwmy wm)g —P2,P3— 174617(1)[’(2)81921’(4)

Pj
FU a.ra Tb b 7c c 5(3) § §
+m (wpwq)(wpl wpzl/fpswm) p2.p3—ps°p) pI°pYpf
pj
3) 3)

8(L3)2 Z vy W Wp,J/ lppz"/’psy WPA)(W,,]V wpzwpgy ‘[’m)a —p2.ps— S0 p00pUpy0 gt 809000

pjpj

(3) 3)

8(L3)2 Z 1pm1'//1721#1731#;74)(wp,1// wpgw ) —p2.p3— P45P1P(2)8P3P26P1 —pb.p5—P aplopzospzopo

P,P/
+ Dl AR RATIE 8008 008 8,00,08,
4(L2)2 Z I/I w 1'/[1!71)/ wpvaay I'//1!74)(1#17’11'//,'7’21#[7;1// ) p2.23=ps°p pY°pSpe° p —py, b —p, O p PO P pY |

p/l’j
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g -g ) We find self-energy corrections in the first order (Fig. 7),
b % p p i p-g % Iy
i T iy i LT B =0p) = 253 v°G(p — )y 80
q
FIG. 7. Self-energy corrections in the first order. There are two r
. . . . . U
Fock diagrams for intravalley and intervalley scattering, respectively. + e Z G(p — q)d,00
q
Where summatlon's on the re;phca indices are implied. Feynman — Ei,]) (p) + Efjl) (). (1)
diagrams whose internal lines are not connected to external
lines always vanish due to the replica symmetry (all Green’s
functions with different replica indices are identical) and the Likewise, we find self-energy corrections in the second
replica limit (limg—_.¢ %). For details, we refer to Ref. [10]. order (Fig. 8).
|
=(p) = 5y Z v°G(p — )v"G(p — g — Dy G(p — q)y 840080
( L3)2 Z y’G(p — )G (p — g — DG(p — )y 8,000
L or VZG( )y°G( —DY°G(p — q)8,0080
(L) p—qy Gp—q Y G(Pp — q)04000100

r?
+ ﬁ Z G(p — q)G(p — g — DG(p — q)8,90810,

= 2(5) “(P)+ (D) + ED () + 5 () (€2)
=2 (p) = (W ZWG@ Dy’ G(p =g =Dy G(p = Dy 80089
rvr,, o o
SRR Zy G(p = 9)G(p — g = Dy°G(p = Ddgodno
Lyly G G( YOG (p — 18,008
7 ZV (P —)G(p — g — Dy G(p — D8,0810
U
D7 ; G(p = 9)G(p = g = DG(p — Ddg00mo
= S0 + S0 (p) + S (p) + B0 (p). (C3)

2. Evaluation of relevant diagrams

From now on, we evaluate self-energy diagrams one by one. Since there are two types of interactions, we have many diagrams
to evaluate, especially, in the two loop-order. Instead of struggling to evaluate them one by one, we’re going to find integration
formulas for products of Green’s functions and make a use of them for the same types of diagrams.

a. One-loop order: Fock diagrams

First, we evaluate the first-order Fock diagram
=V(p) =Tvy Li(p)y’ + Ty li(p),

where I;(p) is given by

dd-Hq ddq ddq
Il(p)Z/WZﬂS(qo)G(p—q)Z/(2n)dG(po,p—q)=/(h)dG(po, —q).
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Lop poEp—ai g1 p—q% p P

poip—qip-a-1ip-11%p poip-qip-qg-tip—1 o p Hp-giv-g-tiip-1ip p Hp—glp-q-1ip-1lEp

FIG. 8. Self-energy corrections in the second order. There are two distinct types of diagrams, i.e., rainbow diagrams and crossed diagrams.
Diagrams in each type are distinguished by interaction vertices (two intravalley scattering, one intravalley and one intervalley scattering, etc.).

So, totally there are eight diagrams for the second-order self-energy corrections.

With Eq. (B2), the Green’s function is given by
q"q} + Caq” + C3q/q) — Cig] + Co

G( ) f 1d e
[ = X
bo-—4= || [47 + Do(po; 1)

where ¢’ = q + ¢,.
Dropping ¢’-odd terms, we have

! dlq’ Crq”+Chalq, +C I d 1
11:/ dx/ qd 2a¢12 44 0 :/ dx[(—Cza—i-—Cé’b
0 Qm) g + Ao(po; x)]? 0 2 2

} . (C4)

Then, the self-energy is given by
d ii —d —d
5C +3C)L(354) | Col'(*3%)
5 + o |

s =r [ a (O EICR) | rCT
0 o : 0 @n)in,® (4m)1A,

2 id
(47)7 A, (41)7 A,

where we have introduced a bar notation: A = y°Ay°. Since we perform dimensional regularization in d = 2 + ¢, the term

containing Cy gives only a finite value. A relevant part for renormalization is
d=2
ry (! d 1 2—d\ (Ao *
=0(p) = — / dx[(z(l?oyo =y + e’y — ety + S(=28ar" + 2cky"y5>)r( 3 )< 0) ]
0

4r

1 d—2
d i 1 2—d\[Ay\ T
dx[<§(poy° + Eay*t —coy’y’ —art vy + 5(2cxkyk - ZCkaV5)>F<—2 ) <—4;) ]

'y
T
r r
= ——Z(poy® + cor’y®) — == (poy°® — co¥’y®) + 0(1), (C5)
2me 2me

where ¢, terms vanish after the integration over x.
Based on this result, we find propagator counterterms in the following way:

r r .

—ﬁ(poyo +coy’y’) — ﬁ(poyo —coy’y?) + 0D + (85 poy° + 85 pev* + Scocoy®y’ + Secky*y’) = finite.

As a result, propagator counterterms up to the one-loop level are obtained as
r r

L% s.=o0. (C6)

FV FU k
s = 5 P 8 = 05 80 = 5 T A
v 2we  2me v 0 2wre 2me

b. Two-loop order I: Rainbow diagrams

Next, we evaluate the rainbow diagrams
2O (p) =Ty L(p)IMy = My = y°1 + Ty Ty I (p)[My = y°,Ma = 4]

+Ty Ty I (p)IMy = Lixa, My = y°1 + T3 I, (p) My = My = sl

where I3, is given by
dd+1q dd-Hl
L(p) = / Wzms(é]o)/ Wzﬂfg(lo)MlG(P —@M,G(p — q — DOMG(p — q)M;.
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q q
...... >-... JUUE S
p—q p— (1 p p—q P*q p p p—q p— p ::p*(l p—q
a'dr'.V Sy v §'dr.U §U7.U

FIG. 9. One-loop self-energy diagrams containing the first-order propagator counterterms given in Eq. (C6). Added to the rainbow diagrams,
these contributions cancel the divergent part of /; in the rainbow diagrams, leaving only a finite part of /; to participate in the remaining
calculation.

We may simplify this expression with I as
q
p) = [ SsamsanmGp - CI)M2|: | GG —a - l):|M2G(P — oM,
diq
= WMIG(PO,P — )M 1\(p — 9)M>G(po,p — @)M,

diq
- f e M1 G (0. = DM (o) MG o, =

where we used I1(po,—q) = I1(po).
Taking into account

1 B /1 6y(1—y)
(Po—c’ =@+ (ot —@q—c0  Jo a7+ dolpo: I

with ¢’ = g + €, and resorting to the representation of Eq. (B2), we reach the following expression

1 ddq/
I3, —/(; dy6y(l —y)/ 2y

M, (—Ciq”q] + C2aq” + C3q/q); — Cig} + Co) Moy My (—Ciq g + Cauq” + Chhaia) — Cla; + Co) M,
[g” + Ao(po; ¥)1*

There are many even terms contributing to the integration. However, it turns out that we have to consider the product of C gs only.
This is because the divergent part of /; is canceled by the one-loop self-energy diagrams containing the first-order counterterm,
so only the finite part of I; participates in the remaining calculation®. In other words, divergences may arise only by the ¢° term
in the ¢ integration. For now, we just assume it (we will be back to this point later).

Keeping this term only, we have

q (@*)qiq;(M\CiMa I, M2 Ci M,
L(p) = / dy6y(l — )/ ’§ : — )
(27) [q% + Ao(po; ¥)]

_ d+4Hd+2r(52) / iy’ y(1 y)(

= j EAS

8(4m)? 0 AOZ ()

Then, the second-order self-energy correction for the rainbow diagrams is

(d +4)(d +2)r'(352) /1 iy y(1 - y)[
8(4m)? oA )

When performing the renormalization group analysis in the second order, we should include consistently one-loop self-energy
corrections made of a tree-level vertex and a one-loop propagator counterterm, given by (Fig. 9)

M CiMa [y My CEMY).

=P7(p) =

Ty Ly + 2Ty Doy Ly y) + TH(/ Ly

dlq ”
2% (p) =Ty / Whﬁ(qo)y"G(p — q)(85poy° + 85 piy* + 8cocoy v’ + Sy y?)G(p — @)y°

dq
+FUfW2”5(QO)G(p_Q)( poy° + 8% pky + 8c0c0y’y” + Secky* ) G(p — q)

) 0.
2300 =Dy div(1y)y — Dydivy)ly'y

2-d\  pi
_ I‘V(d-|-4-)(d-|-2)r( > )/ dy (7
0 A()2 (Y)

8(4m)?
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(d+4)<d+2>r(¥)/ 424 =) < —y)
0

+ Ty Y [=Tvy div(1)y° — Tydiv(Z)ly'

8(471)% (y)
d+4)(d+2)r (=L 1— . ‘ .
- _d+dd+2) (5 )/ dyy(H y)[rzvy’div(ll)y’+2rvruy0y'div(11)y’y°+rUy div(I)y']
8(47t)2 0 2 (y)

1),8 1),y 1),8 1),8
S () + S () + 200 () + 2507 (),

where div(- - - ) means the divergent part of (- - - ). If we add these to the rainbow diagrams, the divergent part of /; in the rainbow
diagrams is eliminated and only a finite part participates in the remaining computation (so the remark of I is proved).

.. . _ . 1 Cor(%)
Writing it as fin(I}) = I — div(l}) = [, d

@myaarar We obtain

T@r 4 5y

4 )T (&4) ! —
_(d+ )d +2)I' (5 )/0 dyy(l y)[

2—d

Iyy'fin(I)y" + 2Ty Tyyy in(1)y'y° + Thy fin(1)y'].

8(4m)* Ay’ ()
An expansion about d = 2 + ¢ gives
2—d 4—d
(d+4)(d+2d)1“( )/ y(l—y) Co(X)FEdZ ) _ 12 / gy S0 )+0(1)
8(4rm)2 2 (y) (47‘[)2A (x) 167°e 0 Ap(x)

As a result, the relevant part for renormalization is given as

1 b [t C
SO L w0 _ __[F%/yl/ dx Co(x) +2FVFUVOJ/’f dxo_(x
0 o Aol

) i 0 2 ,‘/ ()(X) i
T6n2e 2ot0) ) x)y y +Iyy ; dx ]+0(1).

e

Co(x)
Ao(x)*

0 o a—1 B B—1 ol 1 a—1 1 B—1
w5 (i) - e () o am () #2550
i 1 —a? a—1 1-p82 B—1 0 s o a—1 B B—1
+cry [—(oz+,3)+ > ln<a+1>+ 5 ln(ﬁ+l>i|+coyy|:1+§ln<a+1>+§1n<m>]
1 -1 -
+poyoys[—iln <Z+1> — Eln<§+ 1)] + ey Y (=1,

where (¢.8) = ab £ /(@ = 1)(B? — ) anda = &2, b

Dropping the complex loganthm terms, we have

1

. Co(x) , 2 poco ;

J// dx A (x)V’ ~y'(—poy® — lef? ay’ +eor’y® —ar'y’ |y’
0

The remaining calculation is fol dx

A straightforward calculation gives

Lo
lel”

2poco
= —dpoy’ + 2 - d)wcky" —deoy’y® +(d — Day'y’.

As aresult, the self-energy correction from rainbow diagrams is

2<2>*(p>+2“>’%(p>= [Fé(poy +coy*y) + T2 (poy° + oy’ + 20y Ty (poy — oy yD)] + O(1),  (C7)

where the result is depicted pictorially in Fig. 10.
¢. Two-loop order II: Crossed diagrams

Last, we evaluate the crossed diagrams

2P€(p) = T3 Le(p)IMy = My = y°1 + Ty Ty Le(p) My = y°,Ms = I4,4]
+TyTy Le(p)IMy = Lixa, My = y°1 + T3 L (p)[My = My = Iy,
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_____ >, IR S
N Y A T = % % (p07° + co™7°)
> e B —_—
_..-->-~.__’. ”_.--b--.... . - "_._-,-.:)::_-__:
o* .\‘. "‘. \‘ . ":: ~.-.‘:~‘ ':',:. i,‘:‘ . FVFU 0 0.5
.'.:"")::‘:.‘. + :" dyu "'. - RN % T Opv — 872e (p 0y — CoYY )
. 2 . 4-"1::’:::~~s
N & u, _ .2 0 0.5
3 .'»'""::‘:\ \:.‘- + .".:" oyu “:.“- 8wl (p07 + ey )
N N i3 @ it 5

FIG. 10. The result for the rainbow diagrams. Each rainbow diagram is added consistently by one-loop self-energy diagrams made of a
tree-level vertex and a one-loop propagator counterterm.

where I3, is given by

dd+1q dd+ll
Lp) = [ St [ G2 s M Glp = MG = g = DMG(p = D

( T[)d ( T[)d ! ’ p ,p q ! 0>
(27t)d (27t)d 1 pO’ q p()’ q ! 0> ’

In this case the loop momenta of I and ¢ are interwoven and this makes the analysis more complicated.
First, we perform the integration on ¢. Using Eq. (B2), we have

/1 dx/I dy/ dlq —Ciq?q + C2aq” + Cyq/q} — Cig) + Co
m)? [q” + Ao(po; x)]?
—CYq' + D% (q; + 1) + Caalg' + 1> + Chi (g + L)(q] + 1) — Cl(q] + 1) + Co

XM2
[(qg" + 1)+ Ao(po; V)P

Denominators are combined as

1 —/1512 6z(1 — 2)
(72 + Ao(po; D)1 + D2 + Ao(pos IF— Jo (g’ + 22 + A(po.L;x,y,2)1*

where A| = z(1 — 2)I7 + (1 — 2) Ao(po; X) + zAo(po: y). Shifting ¢’ — q’' — zI and renaming g’ as g, we have

dlq 6z(1 — .
[ooflor [l £3 805 et

+ Caulg — 20 + Cy(qi — 2l)(q; — 2l;) — Ciqi — zli) + Co) Ma(—CX(q + (1 — DI (qi + (1 — 2)ly)
+ Caulg + (1 = 2I)* + Ch(qr + (1 — DI)(qr + (1 — ) — Ci(gx + (1 — D) + Co).

Despite this complex expression, we need to consider only a few terms for renormalization. This can be understood, considering
a simple integral

g @ _ TIN5 +m) ©8)
Qm)l (g + A1 @4m)iT(4)r@)a=T"

Since we resort to the dimensional regularization in d = 2 + ¢, an integral for m smaller than 3 gives a finite value, and it doesn’t
participate in renormalization. The product of the g3 terms (i.e., ¢® term) certainly gives renormalization effects. Other than the
q% term, even terms of g*I2, g%I*, and I° possibly contribute to renormalization after the  integral because there will be an equal
number of momentum / in the denominator and numerator (considering the dimension of an integrand, this fact may be easily
estimated, because any dimensionful constant in numerator lowers the superficial degree of divergence of the integral). All of
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those come from the product of the C3 terms, so the relevant part is

: ! ! dlq (q —z2D*(g — 2H)Ma(g + (1 — D¢ + (1 — 2)I)
d d dz6z(1 —
/o X/O y/o <6 Z)/ Qn) 42+ A1 (polix.y DI ’

where ¢ = ¢;y'(i = 1,2,3).
The numerator is arranged as

N = (=1)"* MMy (g — 2D (g + (1 — DG — 2D)g + (1 — 2)))
= (—=D)F"™MIp[De(q?) + Daa(@®? + Di,a*qiq; + D2uq® + D3giq; + Do) + (0dd terms),
where the coefficients are given by
1)6 =1, Diy=G2—=3z+DI DY =12 -8l +2—4)l'y/l, Dy = (3z* — 62> + 42> — )12,
Dy, = (122* — 202° + 8V + (—42% + 622 = 201"y 71, Do = 23z — 1’ (1?).
Now, the integral is easily performed to be

( 1)4tr[M2]M2[D6(q2)3 + D4a(q2)2 + D4b¢I qiqg; + D2aq2 + D;jb%‘Qj + DO]
(277)”’ [¢> + A x,y, 21

(=DMl | d(d +4)(d +2T(354) Dy d(d+2)T(%454) D4a+DTZ’ dr(%4) D2a+7 r'(%4) Dy
O 4m)s 8 (4) N 4T(4) AT OIS NOINS

Next, we perform the [ integral. Using M} M, M, = M, (since the matrices of M, and M, are either 14,4 or yo), we have

e 1 | d(d +4)d + 2T (354
L (p) = O /dx/dy/dzz(l Z)/(dl (+)(+)(2)D;

(47)% 2)? 8 A
d(d +2)T'(%2) D, * Do ar(54) Dy + 22 T(34)D .
4 ( 2 ) _ 4 ( 2 ) _d oy ( 2 3 M>G(py,—1 + p)M, + (finite parts).
1 1 1

Taking out z(1 — z) from A} = z(1 — z)I? + (1 — 2)Ag(x) + zAo(y) first, we find that the remaining integrals are such a simple
form:

/ / ddl (IZ)n
n42=4d
2m)d 12 + lAO(pO;x) + II—ZAO(P0§Y)] e

U P’ — p)y' + A — p)(poy’ — ¢y + i — pU; — p) =2y y®) — i — pi) fi(po) + fo(po)
[(l —D + cv)2 + AO(PO, U)]2

where the cases of n =0,1,2,3 correspond to integrals for D¢, D4, D>, and Dy, respectively. Such integrations result in I'(n +
2= d +2—2_n—m)=T@3 —d—m), where m = 1 stands for /> (the leading even term) and m = 0 for a constant term in the
propagator W1th1n the dimensional regularization in d = 2 + ¢, only the integral of m = 1 possibly gives a divergent factor of
I'(2 — d). However, in the n = 0 case we already have F(%), and we need to consider the constant (m = 0) term, which turns
out to be important. We first compute this term.

The denominator is transformed as

! 1 1— ,él_, 6—d r 2-d
/ dv 2—d —/ dU/ dw w( Nw) : ( 2 )/ ( 2 ) _
0 [P+ 80 4 20T G p g2 AP S0 S0 [0 —w(p — E)P 4 Ax(pixyzvw)] T

where Ay = w(l — w)(p — &,)> + = '”Ao(x) + Ao(y) + wAp(v). This suggests that we may use Eq. (B2) with a slight
change. Then, the integral for m = 0 is

6—d 1 1 dyr _ .
F(zfd) / dvf dww(l — w),% d ld Colw.v) = = reé -4 / dvf dww(l — w)"—CO(w )
r'(54) Jo 0 Qo [12 4+ Ay(w,0)] T (4m)5T(352) Ax(w,v)

where Co(w,v) is same with that of Eq. (B2) except for u = [py,(1 — w)p + wé,]. Note Co(w = 1,v) = Cy(v) (the original
definition of Cy) and Ay(w = 1,v) = Ap(v).
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This implies that we may take out a relevant part in the following way

F(3—d) / dv/ dww(l—w)[c()(v) d Co(w,v)
(4m)5T( (4m)ir(s) 4 Ao(v) " dw Ay(w,v) ],

w—=1)+ 0w — 1)2}

4I'(3—d)

_ G- /ldvco(v)_ G da-ad /1dvi Co(w,v)
@m)ir(5) Jo M) @n)tr(B) Jo o dw Maw.v),,

Note that F(%) in the first term is canceled after the w integral, but F(%) in the second term is not. Together with F(%)
originating from the ¢ integral, the first term contributes to a divergent part while the other higher-order terms give only finite
values. In short, the above analysis suggests that we should include fo dv 20((';))

Now, we focus on the m = 1 case. Since /> may arise from / 2 (surely) and [° 3 (after momentum shift), we keep them. After the
similar analysis as the above, we obtain

/ dv/ dil @2y P(p— ¢v®) — PLy' + Lilj(=2p'y) — 2c'yTy)
(2m)d [12 4+ LAp(x) + %Ao(y)]yﬁ% [ — p+&,)* + Ao(po; v)I?
Z -z

/ p / L ow( w4 S di @Y — %) = Pliy' 4 L2y = 2y Ty)]
o T (n+%57) QoY [0 = w(p — &) + Aao(pix,y,z v,

_d
Ed /dv/ dww(l—w)"_’
T

dl Y [P(p — ¢y — wpi — &)y + L1 (2(n + Dw(p' — &)yd —2p'yl —2c'yiy?)]
@2m) (12 + Ax(pix,y.zv,w)]" 2

’

where we have shifted I — I + w(p — &,) and kept only the leading even terms including shifted contributions from (I%)" and
.
After the I integration, we reach the following expression

rQ-—ar(¢ +n+1 /dU/ dww(l — w4 AL
@m)ir(4)r

X <P — ¢y —w(p; — )y’ + 3(—2(n + Dw(p; — &)y +2piv' +2¢iv'y ))

Consideringd =2 + ¢, A§*2 is not involved in the w and the v integral. The effect of the v integral is just to remove &,;. The
w integral gives
re-d r(§+n+1)
(471)%1‘(%) F(n + %)

2 [ . 2 2+ 1)4+d
(117 — ¢y + E(pn/ +ey'y’) — piV )

T

where 2/(n + & ) makes up for the difference due to additional w. Among the remaining Feynman parameters of x,y, and z,
only z is effectlve since there are polynomials of z in the Ds.
The z integrals for each n are performed as (from the first line, n = 0,1,2,3)

Z k
21— TW@+2)

/ld (1 plz -0+ = @ +8[r ()]
o T T & Td+

[af0=9 [r(4)]°

1 Z(l _ Z)(—l + 3Z(1 _ Z) + —2+IZZ(1—Z)) d2 + 8 [r‘(d;2)]2
1-— = -
/0 dzz(l —z2) & Td+2)’

Z)xd

1 S [r(&2)]
/Odzz(l 0 —z) __F(d+2)'
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drvv dr,vu ‘ dr,uv dr,uu
q @, q i@, H
[ D, | g, e .
p p—q p P p—q P P # p-gq p p p—q p

FIG. 11. One-loop self-energy diagrams containing a vertex counterterm. Added to the crossed diagrams, these contributions cancel
non-local divergences, arising in the crossed diagrams and leaving local divergences only.

As a result, we obtain

rEIre-a ey
@r)ir(4) Td+2

! 2
Le(p) = [(—1)4“[M2]M2 (1/] —¢y + 3<pkyk + ckyky5>)M

N~

<(d+4>(d+2) M%) , @+2d@-d) (2 +1)d>+8
X
8 r(%d 8 r4+1) d2
dE-d)2 - d)T (42 4+2)d> +8 (6—d)(4—d)(2—d)r(%+3))
8 &y & 8 r(&E+3)
2 d+Hd+2d2+dT(H2) ([@d+2)d2—d) 4+d T(H2+1)a>+38
— Z(—1)aulMlpy k M < 2 5
ZD 2pry” )M 2 od (ed) 3 STiir(SL 1) &
_d4—d)@2—-d) 6+d r(w+2)d2+s_(6—d>(4—d)(2—d) 8+d F(MH)
8 d4or(&5442) &2 8 04 1 37(%5¢4 +3)
2-d _ da+2 1
LI —a[r (s ) <d+4><d+2>d(_1);trwﬂM2[ / deoquz
@n)r(%4) Td+2) 8 0o Ao(v)
1 546y —6Indr LM, 1 546y —6Indr
= (Wsz T )(—1>4”M]<poy°)+ o3 Py >+(871282 T >(COJ/0V5)
Co(v)
Lu{My] M)
e DGy S - () M[/o dvAO(U)]M2+0(1>,

where we have used the matrix identities:
(=DM UMy = (= D3RO (1) oy Oy My = —y 0y,
(DM My = =y, (=D RIMy Ry My = (— 1Rl Ry,
Finally, the self-energy correction from the crossed diagrams is

1 546y —6lndn 1 1 1 I Cov)
$@e(py T2 0 0.5 ko5 /
(p)=Try Sr2e2 + 1877 (poy™ +coy’v) + T per" T T6ne Y T g02s ; vAO(U)

1 5+6y —6lndr 0 0 s 1 . 1 s 1 /1 Co(v)
ryr - d
v U|:<8712 + >( poy” ey Ty ) ¥ 1672 Y + 16726 VY + 8r2e Jy UA()(U)

g2 48m2e

1 5+ 6y —6Indr 0 0.5 1 ‘ 1 rs 1 /1 Co(v)
ryT - -
+lu V|:<87'[282 + 487%¢ )(po)/ ey Ty + 16227 T Ten2e ™ Y T 8n2e 0 vAo(v)
1 546y —6In4dn 1 1 1 L Co)
2 0 0.5 k k.5 / d
+ U[(Snzsz + 48m2¢ )( poy” ey Ty + 162 Y + 162 VY + 82 Jy vAo(v)
+ 0().

When we take into account the vertex renormalization, we should introduce consistently self-energy corrections made of a
vertex counterterm, given by (Fig. 11)

2O (p) = spy Ty y Li(p)y° + SruTu Li(p) = TN (p) + =07 (p) + =07 (p) + 557 (p).

Recall I — [ dx(2 0 S\ Liyx ok k.5 résh 1 Gl .
ecall I} = fo dx(E(POV —¢y))+ z(zcxkl/ + 27y ))(4n)d/zA<z—d>/2 + fo dx @yl a 7 in Eq. (C4).
0 0
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S Tt e,
H | vt s =T [( - ﬁ ~ 18n2 s) (07° + c0v¥®) + 1671rzspk7k - 1671r2sck7k75]

o FN 1 - 1 k
i + : =2Ivly || — 522 — 2 co’® + TenZe Pk
Lot
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FIG. 12. The result for the crossed diagrams. Each crossed diagram is added consistently by one-loop self-energy diagram made of a
tree-level vertex and a vertex-correction counterterm. Note that there are simple poles for ¢, resulting in renormalization of ¢, while the sign
difference between 'y and I'y channels implies that their roles (I'y and I'y) are different. Also, one may notice that nonlocal divergences of
(y — In4m) are canceled, which is the result of BPHZ theorem [9], and so the problematic term of fol dx % is.

Expanding I; about d = 2 + ¢ and inserting §ry = 2m: + 2718 and Spy = — AL — - into the above expression, which will

2me 27r
be computed in the next section, we obtain

1 1+y —Indn 1 b Co)
2“”*(p)==ré[__< + 1 >(poy0+%byoyﬁ‘* 2 ,/ oy
2¢ 8re Jy

472g2 8 Ag(x)
1 1 +y —Indx 0 0.5 1 /1 Co(x)
yly| — d
v U|: (47‘[282 + 8r2e )(poy +eorty) + 82 Jo on(x)
1 1+y —Indn 0 0.5 1 /' Co(x)
+Tyly| — + — + — d
v V|: (47‘[282 8m2e >( poy”+ vy 8r2e Jy on(x)
1 l1+y —Indn 0 0.5 1 /1 Co(x)
+Tg| - + - + — d + O(1).
U|: (47‘[282 8¢ )( poy=+ oy y”) 8r%e Jy on(x) M
Adding these contributions to the crossed diagrams, we finally obtain
1 1
» . sy =2 | (o 0 0,,5 k_ k.5
(p)+ (p =Ty 87202 A872% (poy +%yy)+1®ﬂg%y TP
+T7 ] (—poy’ + coy’y’) + : vt + : ayty’
v 8722 487l 1672¢ 1672¢
+2IyT ! : 05 4 — “1+0om (C9)
————— — ¢ .
vy 8n2e? 4872 )V Y T Ten2e K

This result is depicted pictorially in Fig. 12.

APPENDIX D: VERTEX CORRECTION
1. Relevant Feynman diagrams

The vertex renormalization can be found from a four-point function of D(p,p’,q.q") = (¥, ¥V, ¥, ). Performing the
perturbative analysis up to the I'? order, we obtain

- 1 Ty 7b ,00b \Tc ,,00c Ty b b ¢ e 3)
—Sol¥ 91,13 X L W Y )y OV S U W YO V01 g sy 8,0,08,0,0

1 _ _ _
D(p.p'g.4) = lim = / DIDY (Yo T4y T )e

. 1 7 —So[¥®, %] aga..a.g.a FV aja gaga\(. b . 0,b 7c .,0,c\s?3)
= tim o [ DIDY SN g B 5 S (BT (T T V)
P
Iy ata 5@ 4 g
X3p°p§8p§172 +573 23 (wpwpw I/I )(I/Iplwpzwpsl/fm) —p2.p3— p43p?pz Pl Tt 8(L3)2 Z Fa ’)
pj pip;

(3) 3)
(wply wl’zwlny wm)(wmy 1’”I’zwl)s w ) P1=p2.P3— p48p?p38pgp(4)8p —py.P5— P48p10p208p30 Py
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a 7 (3) (3)
8(L3)2 Z p (Wp, wpzwpz¢p4)(wplwpzwpgwm)‘s —p2.p3— 174‘Sp‘l’p?51)2’1)2810l p;_,pgfp;‘sp;‘)p;"‘spgop}’
p/P,
FVFU 7b 0,b 7c .0 c 7b b T
2 2o W) (0 y o 0y ) W v v vy
p/pj
8(3) 5005005 o8

08 0
P2,P3—P47 PPy P3Py 171 —p5.p5—p, P PPy

Among the first-order contributions, fully connected diagrams give scattering elements (Fig. 13). The four-point function and
the scattering matrix element at the tree level are

MO(p,piq) = MY (p,p;q) + MY (p, ;@) = 2Dy (¥° @ ¥°) + 2Ty (Lasea ® Lyxca). (D1)

Among the second-order contributions, only diagrams fully connected with the external lines survive in the replica limit of
R — 0 and give scattering matrix elements. Thus, the scattering matrix elements in the second order are given by (Fig. 14)

2r VFU

M) = Z yG(p =Dy ® y°G(p' — 1 — q)y°8pmo + > ¥G(p — D ® G — 1 — q)y 8w

l
+2FUFV

/ 2F /
D G —Dy* @ y°G(p —1 — q)smo + — D G —D®G(p —1— g,
l !

ph ph ph ph
MVV MVU+MUV+MUU

2F2 2ryT
M == Zy°G<p — DY@ YOG + Dy 0 + LS Y0G(p — 1) @ y'G(p + Do
!
2IyTy 0 0 2r3 )
- Z G(p =Dy ® G(p' + Dy S0 + — Z G(p—1)® G(p' + D,

A49;4—AA + M, + M,

2r 2Ty F
M) = Z Y°G(p —Dy°G(p +q — Dy° & y°8po +

=Y ¥G(p —DG(p + g — DY @ Lixadig
1

+2FUFV

Z G(p— Dy G(p+q — D@ Y80y + L Z G(p—DG(p+q =1 ® Lixadpo,
!

ver ver ver ver
= M 4+ MY M

where ph, pp, and ver represent particle-hole, particle-particle, and vertex, respectively.

2. Evaluation of relevant diagrams
a. Particle-hole channel

First, we evaluate the particle-hole diagrams (the first line in Fig. 14)
M) = 2T% by [My = My = y°) + 20y Ty Loy [My = y°, My = Li4)
+ 20y Ty hpn[My = Lixa.Ma = y°1 + 20 Lypn[My = Ma = Ll

where I, is givenby (k = p — p' + q)

44t ,
= [ s A UOMIG(p — DM © MaG(p' ~ 1 = )

di1 , ,
= / (2ﬂ)dM1G(P0,P_I)M2®M2G(P0_‘IO»p -1 —q)M,;

a1 ,
= | Gy —— M G(po, — DM, @ MxG(py — qo, — 1 — k)M,.
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Using Eq. (B1), we have

dl  —PLy +P(poy® — ¢y + Lilj(—2c"y/ VS)—lfl(Po)+f0(P0)
]2”_/ dx/ 4y f 2y [ = (1 — 207 + Ao(poi O Mo @ My

—(l+k)2(l k)Y AR (Ph—=q0)y "= ¢y )+ LiHki)Li+k ) )(=2¢"y Ty ) =(lit+ki) f1 (Ph—qo)+ fo(py— ) .,
[I+k—(1-2y)e)*+Ao(py—qo; )I*
Despite this complicated expression, only the product of the /-cubic terms contributes to renormalization by the same reason
that we considered in Eq. (C8). Keeping this term only, we obtain
Lo /' dx /1 dy/ dl P+ kL +k)Myy' My @ Moy’ M))
@) [ = (1 = 2x)¢)* + Ao()PIU + k — (1 = 2y)e)* + Ao

P A A+ k2L + k) (Myyi My @ Moy M
Z/ dx/ d)’/ dz6z(1—z)/ y d+o (12+ DMy My @ Moy 1)’
0 0 0 Q2m) 2+ A1(k;x,y,z)]4

where A1 = z(1 — 2)(k +2(y — x)¢)> + (1 — 2)Ao(x) + zA¢(y) and I’ =1 + zk — z(1 — 2y)e — (1 — 2)(1 — 2x)ec.
Renaming momentum as I’ — [ and keeping only a relevant term again, we reach the following expression

I (Myy'My @ M jM)fd /d[d6(1 )/ ail 12)2”
X - A

2pn = (Myy M> 2V My y 20z z Q)Y [I2 + A

d—2

' o - ax [ av [ d+8d+2) [(2—d\ (AT
:(M171M2®M2V1M1)/ dx/ dy/ dzz(l —z)( X )F =t
0 0 0 32m 2 47

1 . .
=——WMy'M, @ Mry'M;) + O(1).
dme

Thus, the scattering matrix element for the particle-hole diagrams is

r: . ) ryr :
Moy = =520 @r) + —= Y @y - U s @y + o). (D2)

ph

b. Particle-particle channel
Next, we evaluate the particle-particle diagrams (the second line in Fig. 14)
M) =23 by [My = My = y°1+ 2Ty Ty Ly [My = y° . My = I4]
+ 20y Ty bpp[My = Lixa.Ma = y°1 + 203 Loy [My = Ma = Lixal,

where I, is given by (k = p + p’)

dd+ll
b = [ S 2T MG p = DM @ MG + D

dil .,
=/(zﬂ)dMlG(Po,P—I)M2®M1G(PQ»P + DM,

all
@2m)
The analysis is quite similar with that of the particle-hole channel. Keeping only a relevant term, we have
Lo~ [' i /' J / dl A+ )+ kp)(Myy My @ Myy! My)
" V) @ = T = 200e7 + A(OPIA + K+ (1= 25)0)? + Ag(y)P

M\G(po, — DM @ M, G(py.l + k)M,.

1 1 1 ddl lzl kzlil' kWM ,'M M ‘iM
= —/ dx/ dy/ dz6z(1—z)/ - +b (12+ DMy My @ Myy 2)’
0 0 0 2m) [+ A](k;x,y,z)]4

where A} = z(1 — 2)(k 4+ 2(1 — x — y)e)* + (1 — 2)Ag(x) + zA¢(y) and I’ =1 4 zk + z(1 — 2y)c — (1 — 2)(1 — 2x)c. Note a
minus sign in front of the integral that essentially originates from the opposite sign in the loop-momentum of the two propagators.
Due to this sign difference, the contribution from the particle-particle diagram will cancel that of the particle-hole diagram.
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a,p+q a,p'—q ap+q a,p' —q
q q
[ S -
a,p a,p' a,p a,p’

FIG. 13. Tree-level vertex. There are two contributions from
intravalley and intervalley scattering.
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The remaining calculation is the same as before. As a result,
we reach the following expression:

1 . )
bypp = +E(M1)/’M2 ® Miy' M)+ O(1).

Thus, the scattering matrix elements for the particle-particle
diagrams is

ry
M) =-—"L('® ’)+—(w®w)+ (y ®y)+ o). (D3)
2re
c. Vertex channel
Lastly, we evaluate the vertex diagrams (the third line in Fig. 14)
Mg = 2T byl My = My = y°] + 20y Ty over[ My = y°, My = Lia]
+ 20y Ty bver[My = Lixa, Mz = y°1 + 2T Dyee[ My = Mo = Lisal,
where Dy is given by
dd-H
Dyer = / )i ——— M G(p —DM>G(p + g — DM @ M2y
dl
(2 )dMlG(p()’ _I)MZG(PO+QOap+q_l)M1 ®M2
dl
) S MiG(po, — DM2G(po + qo, — 1 +q)M; @ M>.

The analysis is also similar with the particle-hole case except for the fact that ® are not located between propagators.
p p—1 p+q p p—1 ip+gq P p—1 p+q P p—1 Hptq

‘2 Al+g ¥ Al+g Y Al+g Vi Altq

P—aqi ¥-l-q 1 P-qi p-l—gq v P-qi pP-l—q v P-qi p—l—q 3

D p:l p'+q » p:/ Ep'+q » p:l iiplq » p:l plq

Y Al+g ¥ Al+g 2 Al+q Al+g
I Pl ir g P P+l Y —q i P+l P —q Y P+l Y —q

----- > . JELL S LTI ‘.-_‘-'-*:-'-:.. AL LT

R R l ...‘ ".- i ..‘.‘ "::‘ A 1 ~....1‘. ‘.:'.‘ % < ..{.'

2 - s, o . * heS3 4 A3
P p—l iptq-lptyq D p=1 %p+q-1lp+gq p p—=1 ip+q-1lp+gq b p—1 Hp+q-1p+gq

Aa A A Ad
14 Pop—a I P g 4 I I 5or-q

FIG. 14. Vertex corrections in the second order. There are three distinct types of diagrams, i.e., particle-hole, particle-particle, and vertex
diagrams. Diagrams in each type are distinguished by interaction vertices (two intravalley scattering, one intravalley, and one intervalley
scattering, etc.). So, totally there are twelve diagrams for the second-order vertex corrections.
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2o,
bty bty R A= — 1% (71 @) + DLz (4041 @ 4077) — Fi(vi @ )

1 Aoty Lot R i =32V e1)+ L2 @) + £ ( ® )

M(fy ®7°) + W(MM@MM)

FIG. 15. The result for the vertex corrections in the second order. Note that the contribution from the particle-hole diagrams (the first line)
will be canceled to that of the particle-particle diagrams (the second line). A novel coupling term of y°y appears, but does not concern us here.
As a result, vertex diagrams (the third line) participate in renormalization of intravalley scattering (I'y) and intervalley scattering (I'y/). Note
the sign difference in the two factors, which results in the distinction between two types of scatterings. That is, intervalley scattering becomes
relevant while intravalley scattering irrelevant in the low-energy physics.

Keeping only a relevant term, we have
Lo ~ /1 dx/l J / a1 P — @) — )My May! My ® M»)
e Q@) [ = (1 =2x)e)* + Ag)PII — g — (1 = 2y)e)* + Ag(»)]

1 1 1 ddl 121_ zlil'— NM ,'M jM M
=/ dX/ dy/ dzéz(l—z)/ . (-9 (./2 9,) My Moy’ My & M)
0 0 0 @) 0~ + Ai(g; x,y,2)1*

where A = z(1 — 2)(q + 2(x — y)¢)*> + (1 — 2)Ag(x) + zAo(y) and I’ =1 — zg — z(1 — 2y)c — (1 — 2)(1 — 2x)c.
Renaming momentum as I’ — I and keeping only a relevant term again, we reach the following expression
ar  1*?1;
Dyer = (Myy' May/ My ® M d d dz6z(1 — —_
ver = (Myy' Moy’ M ® 2)/ X/ y/ 76z( Z)/(2n)d[lz+A1]4
d—2

o ! ! ! d+4Hd+2) _(2—d\ (A 2
= (My'Myy' M, ®M2)f dx/ dy/ dzz(1 —z)( X )1"( 21
0 0 0 327 2 4

My My M, @ M
__ 1y My Mj 2_‘_0(1)'
drre

Thus, the scattering matrix element for the vertex diagrams is

2 rylr r I
MO = — §<y0®y°>+ " (Lya ® Is) — V(y°®y°)+ﬂ—’;(14x4®14x4)+0<1>, (D4)

where the result is depicted pictorially in Fig. 15.

APPENDIX E: RENORMALIZATION GROUP EQUATIONS
Combining Egs. (C5), (C7), and (C9) in the following way
2O(p) + (@7 (p) + =W (p)) + (2P “(p) + =" (p)) + (propagator counterterms)
r r
=~ (poy® + co¥®¥) — === (poy° — coy’¥?)
2me 2mwe
2

+omaz oy + oy’
e

2 (c oL ) ™)+ it — — ity
v 8722 487mle 1672¢ 1672¢
1 k.5
+ 1671286“/ 14 }

1 1 1
2y Iy ——— — ——— 0,3 l+oa sk Se )
+2Iy u[( y 48ﬂ28>cw Y+ e Pyt [+ O+ (3 poy’ + 8, pir” + 8oy + beciry?),

2Ty F
v+ (Po)’ — oy’

vt

1 1
+F(2/ [<—— - —>(—P07/0 +coy’y’) +

8m2s2  48m2e 16m2¢
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we find propagator counter terms in Eq. (14)

50 'y +Ty _(FV+FU)2 ry —Tr} X :_(FV+FU)Z
v 2me 8m2e 4872e * Y 1672
S‘OZFV_FU_(FV_FU)z Ty +Ty)? ZF%/—FQU
¢ 27e 8m2e 4872 T ° 1672

Similarly, combining Egs. (D2)—(D4) as follows:

r r k) ) .
Mgy + MG+ M A4 5 v - @ 1) +4 x dru - (Laxs ® lasa) +4 5 (/v @ vy

2

r . . 'yl . . rz . ) rz . . vl . . rz . )
=V eor+ —20% 0y - L ey + LG o)+ —20 % @y + L @y)
2re TE 2mwe 2re TE 2re
2 ryr 'yl 2
3@y + L Uit ® L) — L @ ¥*) + —L(Lasa ® Lys) + O(1)
TE TE TE e

+28rv Ty (y° ® ¥°) + 280y Ty (Lixa ® Lixa) + 28r7 (v @ vOyh),

we find vertex counter terms in Eq. (14)

Sy — 'y 'y
= 2me

2re’
As a result, we obtain the renormalization factors:

'y 'y
dry=—7———, Orr=-—
2me

79 ~exp _—% LA 12;;;5” £, M:|,
Z’J/ ~ exp -%lnM},
Z.o ™ exp —% InM + STy — 122;1;" + 505 In M},
Z. >~ exp _—%IHM},
Zry =~ exp _—% lnMi|,
Zry =~ exp _% In M:|, (ED)

where we have replaced é with a cutoff scale, In -, and ap-
proximated the renormalization factoras Z = 1 4+ § =~ exp(§).
Recall the relations between the bare and renormalized

Substituting the results of (E1) into Eq. (E2), we obtain the
renormalization group equations [Eq. (15)]

quantities: T'y = M4~X(Z9)*(Zry) 'Tpy Ty = M4"X(25°  ary [ Tv+To v+ TGy +700)
(Zru) 'Ty,vr = ZY(Z5)  wpero = M~ Z3(Zeo) ™' epo, dinm " 27 2472 '
and cgy = M‘lzi(Zc)_chk. Based on these equations, it is
straightforward to find the renormalization group equations dly =Tyl - 3Ty +Ty) , v +Ty)GTy +7Ty)
dln M 2 2472 ’
dln FV dlIn Z;,) dlIn ZFV
dlnM Zd_2+2d1nM C dInM dv _v[_FV+FU (FV+FU)(FV+2FU):|
dInTy _ 4 2+2d1nZ$ dlnZry dinM 2w 2472
dinM dinM  dlnM’ deg [ [ Tu FU(FU+13FV):|
=¢|—l-——+—F
dlnv dinZy dln Zf; E2) dinM 2472
dinM ~ dlnM  dlnM’ dep vty (Ty + T'y)2Ty + Ty)
dincy _ | dInZy  dinZ dinm ~* 27 1272 '
dinM dinM  dnM’
dlnc dinZy dInZz We notice that I'y and I'y affect renormalization of the
ko 1 v c
dinM + dinM dinM’ other parameters, but the reverse way is not the case. In other
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FIG. 16. Topography of the renormalization group equations for
I'y and I'y. At each point red, blue, and black arrows denote the
direction in which I'y, 'y and (I'y,I"y) are heading as lowering the
scale of the system. In the left figure, where only one-loop corrections
are included, there are two critical lines each for I'y; (the red line)
and 'y (the blue line). In the right figure, where two-loop corrections
are also included, there appears another critical line for I'; while the
critical line for I'y disappears. As a result, the direction of I'y remains
negative so there are two nonzero fixed points on the line of I'y = 0.

words, I'y and I'yy determine renormalization effects of all
parameters, including themselves. In this respect we focus
first on the equations for I'y and I'y:

dr r r
1% Fv|:1— v+ 1y

_ (I'v +Ty)(ETy +7Ty)
dinM ’

2w 2472

dl'y r [1 3y +Ty) Ty+Ty)Sry +7FU):|
ullt— .

dinM o 2472

It turns out that despite their structural similarity of these
equations the fates of two types of disorders are very distinct
as depicted in Fig. 16. If we include one-loop corrections only
(left), there appear two critical lines each for I'y and I'y. Over
the red line I'y starts to increase and over the blue line I'y
does, too. However, the total gradient is overwhelmed by that
of I'y, i.e., almost upward. This means that the antiscreening
of I'y is much weaker than that of I'y;. If we include two-loop
corrections also that give rise to screening in both disorders
(right), there appears another critical line for 'y while the
critical line for I'y disappears, so I'y becomes irrelevant.
As a result, we have two nonzero fixed points on the line
of 'y =0 as shown in this figure and the first figure in
Fig. 3.

This observation suggests that I'; has dominant effects over
I'y for the low-energy physics. Since we are interested in the
renormalization of c¢;, we need to consider two equations at
r vV = 0:

dTy 5

=Ty[l —arTy + brT3],
dln M U[ arl'yv +br U]
de 2
Zina = el el + 6],

where the positive numerical constants are given by

3 7 1 1

=—, b =
ar o r

_ L a= . h=
g2 “T o YT o2
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FIG. 17. Evolution of ¢, with temperature (7') near each fixed
point. At the clean Fermi liquid (CFL) (I' = I'y), the exponent of ¢;
is A¢, jo = 1 as the dimensional analysis suggests. On the other hand,
at the phase transition point (I' =1I"}) and diffusive Fermi liquid
(DFL) (I" = I';), the exponents of ¢, are changed to be A, s >~ 1.34
and A, o 2 1.60, respectively, due to additional contributions from
nonzero values of I".

In the first equation for I'y, there are three fixed points:

[p=0T, = &£ a-on VZZ%_M’F and Iy = &tvar—4r "ZZ%_M'F. Two stable
fixed points of I'y and I', are identified as a clean Weyl

metal state and a diffusive Weyl metal phase, respectively. An
unstable fixed point of I'; is identified as the phase transition
point from the clean Weyl metal state to the diffusive Weyl
metal phase.

Let us move on the second equation for c;. The formal
solution is given by

InT InT
eu(T) = cx(Ty) exp [—/ din M — ac/ d1n MTy(M)
1 1

n Ty nTo

InT
~|—bc/ dln MF%,(M):|,
1

n To

where Tj is a UV cutoff. Inserting the solution of I'y(M) into
the above, we find that the distance between the pair of Weyl
points shows a power-law divergent behavior

T, Ae,fn
a(T) = Ck(TO)<?> ; (E3)

where A r, is a critical exponent around each fixed point,
given by

)"c,fO =1+ acF() — chS = 1,

Aes1 =1+ald) — chf ~ 1.34,
1 +a. Ty — b.I'5 ~ 1.60.

Ae, 2

Disorder scattering changes the temperature-dependent expo-
nent of ¢ (see Fig. 17).
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