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Minimal Neutrinos L
Tsung -Dao Lee Institute

Georg G. Raffelt

Stars as Laboratories

for Fundamental Physics

The Astrophysics of Neutrinos, Axions, and Other
Weakly Interacting Particles

In the standard model, neutrinos have been assigned the most min-
imal properties compatible with experimental data: zero mass. zero
charge. zero dipole moments, zero decay rate. zero almost everything.
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Importance of Neutrino Masses [EEt%E%
Tsung-Dao Lee Institute

® Higgs boson = electroweak symmetry breaking & mass. ~ O(100)GeV

® Chiral symmetry breaking = majority of mass.

® The world seems not affected by the tiny
neutrino mass?

@ Neutrino mass = Mixing

Fd — =51

@ 3 Neutrino = possible CP violation

J II
D:a:y:_-l Bay NPP

-

o CP violation = Leptogenesis Daya Bay @ March 8, 2012
o = Matter-Antimatter Asymmetry |
@ There is something left in the Universe.

o EW Baryogenesis is not enough.

LHC @ July 4, 2012
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Global Fit of Oscillation Parameters [ERitGEAT

Tsung -Dao Lee Institute

(for NO) = Best Value +1o

Am? = An, (10%eV?) 7.30 7.50 772

Am2 = Am%;| (1073eV?) 2.52 2.56 2.59
sin® O (0 = 612) 0302 (33.3°) 0:318(34.3%) 10.334 (35.3%)
sin @, (0, = 0) 0.544 (47.54°) 0.566 (48.79°) 0.582 (49.72°)

sin” @, (0, = 013) 0.02147 (8.43°) 0.02225 (8.58°) 0.02280 (8.69°)

op 191° 216° 257°

OMi 7 ?? 77
Salas, Forero, Gariazzo, Martinez-Mirave, Mena, Ternes, Tortola & Valle, [arXiv:2006.11237]
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A g i
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v Mass Ordering

Normal Ordering ( IEJF ) Inverted Ordering ( RFF )
m2 A rm
B s E Vo
Amh()l
41
Amittn
A‘r”atm
172
/_\7?750_1 4
V1 ) 3
E v, UVr
mp S my < m3 m3<m S m
mi mp = \/mg H Amg
- 2 2
my = \/m? + Am my = \/m? + Am2 + Am?

LI ] fRF3E58 (JUNO)
However, v oscillation experiment cannot measure the absolute mass!
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Neutrino Mass Measurements A @My

Tsung -Dao Lee Institute

v Oscillation
Beta Decay

Radiative Emission of v Pairs

SFG, Pedro Pasquini, JHEP 12 (2023) 083 [arXiv:2306.12953]
Phys.Lett.B 841 (2023) 137911 [arXiv:2206.11717]
Eur.Phys.J.C 82 (2022) 3, 208 [arXiv:2110.03510]

Supernova v Time Delay

SFG, Chui-Fan Kong, Alexei Smirnov, PRL 133 (2024) 121802 [arXiv:2404.17352]

CvB Detection \\\
CMB & LSS B i 7[\

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn] v Mass with Cosmic Gravitational Focusing [Dec/13, 2024] 6




Neutrino Mass @ B Decay A dray

Tsung-Dao Lee Institute

'E 1.0 entire spectrum E region close to endpoint
a /08
5 08 ‘?.E
> I
- L 06 Mive) =0 eV
.§ 0.6 I .
- 04 -
4 i
0.4 I only 2 x 10013 of
02 F diecays in last 1 eV
I oy inferval
0.2 | , mive)=1eV
N — - | i P S S— L
0 | | 1 | JE -3 -2 -1 0

2 5] 10 14 18
Electron-energy E [keV]

18573.80¢

18573.75}
3 1857370
= E
"1'18573.65}

18573.60¢

Nature Phys. 18 (2022) 2, 160-166
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CMB for v Mass Measurement AT

Tsung-Dao Lee Institute

Massive neutrino decreasing CMB lensing power spectrum

2m, = 0.25eV

— zm,=0.5eV
— zm, =0.75eV
— zm,=1eV
PR e
Multipole [
C;* o (Qmh®)?A, [ 1 —0.02—Z fo = Q./D

4 x 103
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LSS for v Mass Measurement

Suppress matter power spectrum

:|:|'.1 0
E}
.
~
’_Ell‘__r ]
E; Zmy: 50 meV.
|
A —0.05 | il
| \
g . 4l
9_:/ Lmu—lE}O meV
—-0.1 + _
sl | L1l 1 o9 gl el
1073 0.01 0.1 1
k (h/Mpc)

6 L 2, s
P(Zmp) U{ > ka: Z) e (1 B va - ny log 1":_2 ) P(ZmU—O}(k > kaj Z)
J 2
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Cosmological Systematics

model / dataset G Hg [kms ! Mpc™1] XZm, [eV] Nesr
ACDMA+3. m,

DESI+CMB 0.3037 + 0.0053 68.27 £ 0.42 L0072 —
ACDM+ Nog

DESI+CMB 0.3058 =4 0.0060 68.3 1+ 1.1 — 3.10 +0.17
wCDM+> m,

DESI+CMB 0.282 4+ 0.013 i I < 0.123 —
DESI+CMB+Panth.  0.3081 & 0.0067 67.81 = 0.69 < 0.079 -
DESI+CMB+Union3  0.3090 4 0.0082 67.72 & 0.88 < 0.078 —
DESI+CMB+DESY5  0.3152 + 0.0065 67.01 £+ 0.64 < 0.073 —
wCDM-+ Neg

DESI+CMB 0.281 #+ 0.013 TLetrys — 2.97 = 0.18
DESI+CMB+Panth.  0.3090 4 0.0068 67.9+ 1.1 — 3.07 +0.18
DESI+CMB+Union3  0.3097 4 0.0084 67.8 £ 1.2 — 3.06 £ 0.18
DESI+CMB4+DESY5  0.3163 + 0.0067 67.24+ 1.1 — 3.09 +0.18
wowa CDM+3" m,,

DESI+CMB 0.544 100 647122
DESI+CMB+Panth.  0.3081 4 0.0069 68.07 £+ 0.72 < 0.155 —
DESI+CMB+Union3  0.3240 4 0.0098 66.48 + 0.94 < 0.185 —
DESI+CMB+DESY5  0.3165 4 0.0069 67.22 £ 0.66 LATT —

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn]

A @M

Tsung-Dao Lee Institute

DESI [arXiv:2404.03002]

v Mass with Cosmic Gravitational Focusing [Dec/13, 2024]
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Results from DESI BAO + CMB j;:_-‘g;ﬁ;ﬁfg

- ACDM+) " m,
—— ACDM+(>_m, > 0)

— ACDM+>" 1,

PPy

—U,Iél{}(] —0.200 0.000 0.058 0.200

Craig, Green, Meyers & Rajendran [arXiv:2405.00836]
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Cosmic v Fluid (CvF) vs DM Halo j;;‘gﬂ;:;’

Gravitational attraction between DM halo & CvVF

>
§ > \
.:.: )
E: >
Z ? /
>
DM
CvF Halo

vs Stone in Water Flow
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Gravitational Deflection Ad iy
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Single-particle

description
t=—00
2GM 2G M\
ds? = — (1 — ) dt? (1 — ) dr? + r?d§)?
T T
~ d 2% b2 2GM|b2]Y?

A¢ = 2|b] —”1 ﬂ—% 3||]

rmin T T ¥ (&
bgg = GMmE‘/lpz'Q mln T QbQUTmm o |b|2?nmiﬂ —FQGM“)‘Q =)

SFG, Pedro Pasquini, Liang Tan, JCAP 05 (2024) 108 [arXiv:2312.16972]
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Dynamical Friction A ¥Ry
Tsung-Dao Lee Institute

Single-particle
description

= |ITTI]

—
_aa

M
A@NW—%—QG—(

6] \|pi|”

Apl =p} —pi = (—cosAp— 1) p; ~ —

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn]

9
—|—2) f (pza ) Blpi_E ””CVT—I—I
2G2 M? 2
2 :
K (lz:w+ ) F
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Gravitational Focusing A AT
Tsung-Dao Lee Institute

> Boltzmann
S \ description
£
2 —_— /
2 fulx,p) = f,(p) +df.(x,p)
p-Va - Epe, o PI°Ve®—p(p-V.?)] _
{8t+ ek, [(H+ P)p + » VW iE, Vo o fu(x,p) =0
~ ~ m?2 + 2p* —
0f,(k,p) = ¥(k) ( - k —p) - Vpfo,(p)
~ Vye - ’2: {I; / / / d A
i) = — L= L gt (ot + o+ 291) L2 0019~ Byl K
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Density Dipole A A
Tsung -Dao Lee Institute

Neutrinos

Density enhancement downwind!

5py(—%) = —8p, (x) Om = Omo(1 + i¢)

(A(K)]* / dxe™* A(x) = / dxe ™% A(—x)

- / dxe ¥ *A(x) = —A(k)

SFG, Pedro Pasquini, Liang Tan [arXiv:2312.16972]
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Galaxy Correlation & Bias A Ay

Tsung -Dao Lee Institute

5,0,,
> Om = Om, :
g_) 2
£ ‘ /
z2__
, W, 50 = DEFL0, + b2 F,S,

ox al

0garSD (L) = Jga(x) — 0 (um - :1:)

- - | b ~
Im[dga,rsD0,5 rsp] = —1AD Miﬁ + (frk + 1)@ | g

Galaxies with different bias Ab = b — b/

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn] v Mass with Cosmic Gravitational Focusing [Dec/13, 2024] 17



Halo Mass Function & HOD for BGS j‘l‘iuﬁ.“ﬁ“"’

x 103
' My, <1085 M]
25 M, > 108 M)

: — Total bias :
{]5 05_ - ;']lfffh E 1[]]':5'?'5[}{-_11'“!-{:.)] ]
_ — My > 10%P[h 1M, |
Lo PR R Lo I R T N—t | P R SRR TR NN T N ST TN NN S SN ST SR MY SR S S TR R L ]
0'%.0 0.1 0.2 0.3 0.4 0.5 0.6 0'%.0 0.1 0.2 0.3 0f4 0f5
Z Z

i) = / dln M, d"‘lln(j}hw(m)) by (2) = ;/ dln M, ddln(;/}h< (M) b (M, 2)

SFG, Pedro Pasquini, Liang Tan, JCAP 05 (2024) 108 [arXiv:2312.16972]
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SNR @ DESI
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BGS |
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, Pedro Pasquini, Liang Tan, JCAP 05 (2024) 108 [arXiv:2312.16972]
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Redshift Distribution

i L
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Sensitivities on v Masses

(Signal /Noise)?
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Sensitivities on v Masses
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Neutrino Mass Orderings

PDF of CGF
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Sensitivities on v Mass Ordering A @Ry

Tsung-Dao Lee Institute
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Summary A dH T
Tsung-Dao Lee Institute

1) Overview of Neutrino Mass

2) 3" Cosmological Way
Cosmic Gravitational Focusing

Dipole Structure in Galaxy Correlation Function

Neutrino Mass Measurement @ DESI

. . i
29) -~ CGF 8 DESL+ Tmy b
_ ;
S 175k CGF @ DESI g
7 e YoMy //
2 15.0p //
0N — | . .
o 2 125F = P
= E—— 2 — 10 - p
L ‘ > = 100F el .
L \)V" S —._3{7_/ ) . )
3 — £ ]
_— B0 g e = “
| | e :
| 1” peanenee
. i I
0(9.00 0.01 =

3) Mass Ordering

4) Summary
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AT

Tsung-Dao Lee Institute

Thank You

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn]
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Imaginary Density & Average

7 X milvye - k| 14
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<<vw-k>2>=§ o Ok — &) Wi ) a2 | = 2
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Tsung -Dao Lee Instltute

Teuic (k"!? Z) ?

Decoherence & Non-Linear

(e k) = 5 [ TdOH] — )[R )| a20)

K| L4
T S b
— Upe(k) z=0.1
"‘g ———— i
£ 200 vE /”/’
U-
1.2

—— with theta m, = 0.05 eV
N-body with m, = 0.05 eV
FS with m, = 0.05 eV

10-2 2%x102 3x1024x102 6x10°2 10!
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{ Physics Letters A ) A i

Tsung-Dao Lee Institute

Aims & Scope

® Nonlinear science,
PHYSICS ]_ETTERS A ® Statistical physics,
® Mathematical and computational physics,
® AMO and physics of complex systems,

® Plasma and fluid physics,

® Optical physics,

® General and cross-disciplinary physics,

® Biological physics and nanoscience,

llAstrophysics, Particle physics and Cosmologys

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn] v Mass with Cosmic Gravitational Focusing [Dec/13, 2024] 29




N AFEMRESR?

Dark Energy

Accelerated Expansion

Afterglow Light
Pattern  Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

Inflation

Quantum
Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years

A @M

Tsung-Dao Lee Institute

Electrons (Matter)

Energy
{mini Big Bang)

=y

Known and
unknown particles

Positrons (antimatter)

® Primordial asymmetry diluted by Inflation ( &#iHI2it )

a(t) = e

® Starting from symmetric phase

® \Why still some asymmetry?

® Something is wrong!

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn]

Primordial Primordial

10,000,000,001
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Leptogenesis ( BFOIENS ) Bt

Tsung-Dao Lee Institute

EFHHT, b

THEHEAR {gﬁg
N —

2 6+ ¢
EFEHEETR
oA |
Vi
£ Lo
® Interference between tree & loop diagrams ln, by

[ = rtree + rloop(+5D: _I_CSM)

[ = rtree 33 rloop(_5D; _5M)

The matter-antimatter asymmetry needs
Dirac/Majorana CP phases.

Yanagida Fukugita

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn] v Mass with Cosmic Gravitational Focusing [Dec/13, 2024]



Three Neutrino Mixing Ay
Tsung-Dao Lee Institute

® Three Neutrino Mixing

fye\ fyl\ my A Bl BZ
v, | =U | m2 =U'| & b|U

ms C2

VUt V3 )

® PMNS Matrix
( CsCr SsCy s,e 190
UPh{NS =P —SsCy — Cssasrei&D +CsCy — Sssasref(sD 55Cr Q
éD _Cssa - SsCaSref(sD

\_"5553 - C.t_.;(:aslre‘|| CaCr J

with P = diag(e'®, e'?2,e'?3) & Q = diag(e'™, 1, 'oM3)
[(s,a,r) = (12,23,13) for (solar, atmospheric, reactor) angles]

MRPHFLBER=E, MigH CPHEA 3!
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Seesaw Mechanism ( BXERtRANE ) ’Jf" jm“ﬁ"?’

® Heavy neutrinos (N)

PMpN + h.c. + NMyN = [17 N’] ['V?E mg] [K/]

required by Grand Unification Theory ( K%i—I2it )

® Seeaw Mechanism

The diagonalization of the full mass matrix

M, = —Mp——M
[MB MN] ‘ "My P

NS, fAl/] NNy
Mo ~ O(100) GeV, My~ O(10®) GeV - M, ~ O(0.01) eV R, FefilsRET

Light neutrino mass M, is suppressed by the heavy ones BRERIRIE
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What is Mass? ([GEE(T4 ?) it @*r‘w

® Mass is a long-standing issue. Long history

Fun: MEER, 4RSS

Inertial Mass
VS
Gravitational Mass

EEIHME: E, RULAE
TESRERAIAIRFETIE?

® Higgs Mechanism ( & Hr#HH )

yooy Wy PMy = Py(o)

g EAEDR, XBETEF!
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Tiny Neutrino Mass A @R

Tsung-Dao Lee Institute

meV eV keV MeV GeV TeV
: T'.i LU N I'T-r T TN TI'I '_'i 1 FI"I Ty T1TTW LALLULE I"'II T TTTI" T "[ LUk LRRRLL
2 vy u c t
& {
e S & i A
=
[}
o :
v, d s ' b
2 " ¢ N —
'V e 1l ' T
1 = . . ' h 4 A 4 V —
LA LI llJL.i A | U 1 Ll_:l li'Jl_. 11 JJ.l Ll -Lj 'l'.LLJl iLJ.L'! 1 J.lLJJl L ll\lLLll 1 llLLi l[LJi_j Jl}l'; LA LI L ﬁ =
1 ., Toiglh: KXEE

: ... 4 : - 4 7
10°10%10°10%10" 1 10 10%10°10* 10° 10° 10 10°% 10°10 %0 10"

mass (eV) iﬂiﬁ%ﬁ%}ﬁmﬁ'
173GeV = 1.73 x 10" eV

0.51MeV = 5.1 x 10° eV How to explain the
1072 eV huge difference?

3 3
ol

=
<
N

PiF: BREAEXEFRKT, Tm—I>&, HEFSE
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Neutrino Mass Measurements

v Oscillation @ JUNO

SFG, Kaoru Hagiwara, Naotoshi Okamura, Yoshitaro Takaesu, JHEP 05 (2013) 131 [arXiv:1210.8141]

Beta Decay
SFG, Manfred Lindner, Phys.Rev.D 95 (2017) 3, 033003 [arXiv:1608.01618]
SFG & Werner Rodejohann, Phys.Rev.D 96 (2017) 5, 055019 [arXiv:1707.07904]
SFG & Jing-Yu Zhu, Chin.Phys.C 44 (2020) 8, 083103 [arXiv:1910.02666]

Radiative Emission of v Pairs

SFG, Pedro Pasquini, JHEP 12 (2023) 083 [arXiv:2306.12953]
Phys.Lett.B 841 (2023) 137911 [arXiv:2206.11717]
Eur.Phys.J.C 82 (2022) 3, 208 [arXiv:2110.03510]

Supernova v Time Delay

SFG, Chui-Fan Kong, Alexei Smirnov, PRL 133 (2024) 121802 [arXiv:2404.17352]

CvB Detection
CMB & LSS

SFG, Pedro Pasquini, Liang Tan, JCAP 05 (2024) 108 [arXiv:2312.16972]
SFG & Liang Tan [ arXiv:2409.11115]
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Neutrino Mass & Mixing Ay
Tsung-Dao Lee Institute

® Neutrino Kinetic & Mass Terms

Ly =Ta (ipdas + Mag) v

® Correlated Mass Matrix

i |
?oeMaﬁVﬁz—E [VE,T L’J— I/:] C Ci D V| + -
C2 V+
® Mass Diagonalization
(1) (Ve my (A B BQ\
A7 mo =vT i B | B

V3 7 ) s \ C2 y

Mass Flavor : : .

Eigenstate Eigenstate Mass eigenstate is truly physical!
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Neutrino Oscillation & Mass AT
Tsung-Dao Lee Institute

) f?_a(e.g. 1) EB(e.g. T)
L,
Amp N v, ; Vs " (E 5 —
—| 22 Ui (B Py
Source Target
o . =| 32; UaiPiU v
W V; —
=2A = = A vV
;v s Prop(v,) Zﬁ aBbp
| # Hource B. Kayser, [hep-ph/0506165]
2 . a2 - 2 -
Paslazs = |Aapl™ =sin”20sin ( E)

1t New PhySiCS Mass E \/\/\/\/\/

Quantum Interference over Macroscopic Distance!

NS I B P S EEE ST S e P
0 0.5 1 1.5 2 25 3 35 4 4.5 5
L/E(km/MeV)
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Three Neutrino Oscillation AWM ET

Tsung -Dao Lee Institute

e PMNS Matrix Q-0

CsC; S<C; s,e 9D \\ /

16D +C5Ca - SSSaSreféD SaCr Q @
id

\_|_5553 - CsCaSre D _Cssa - SsCaSre'(sD CaCr

(

UPMNS =P —SsCy — CsS35¢€

/

with P = diag(e'®, e'?2,e'?3) & Q = diag(e'™, 1, 'oM3)
[(s,a,r) = (12,23,13) for (solar, atmospheric, reactor) angles]

(P(vo — vg) = |Amp(va — )] )

L
dapg — 42%( »iUgiUaiUg;) sin (&fmm 5

L
+2Y S(UXUsUL;Up ) sin (Am?, —)
\ ; o 2B

L L (km)
m2. =m?2 — m? ea V2
Am;; = m; —m; Amgj— = 1.27 Am(e )E{GeV)
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DM Gravitational Focusing

® Density enhancement

DM Wind 3% (P fv|Marl_ P fvlSEpl)/zp fv
g 1.5%}
z
=P flearl P flsep1 0%L. ‘ ‘ (
= T e .. 100200 300 400
z v (km/s)
Bl £ e T
June | E p i e T
. . < ",/ ~
® Modulation phase shift | - *
Dec 1} 100 200 300 400
Jan 1'-“ Yece)
Feb 1}
March 1
April 11 Lee, Lisanti, Peter, Safdi, Phys. Rev. Lett. 112, 011301
May 1| (2014) [arXiv:1308.1953]
June 1+ | , ‘ Bozorgnia & Schwetz, JCAP 08 (2014) 013 [arXiv:1405.2340]
100 200 300 400
Vmin (kID/S)
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Neutrinoless Double Beta Decay

T =
L
_ E : 2 2.2
<m>ee e ije, - CS Cf’ m]_e

Majorana Triangle
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hierarchical cancellation quasi—degenerate
I (only normal)
EyfAmd e, cos 26;:
E \f{ TFE.;"!' 13 [ ] 12 mo
——
r Agidiod
ol | VA
B 1
> : ( ‘\
= 0 :
_ﬁ ) - ﬂ!n—u—J—Lﬁl ';_'_E_QH_'
E r 12
n}rg r"2
0.001 - / 1.’%
P AT - v’é.m.;_ +mist iy
L y"ﬂ”*'-‘:-"’iz"’[:i T T i
I i —f Amy +my sy
£/ Ay s,
0.0001 -
0.0001 0.001 0.01 0.1 1
m [eV]
360 ° —— 0 s C T .
| (b)
315 ° o i
L .
S8
e
270 ° FiaL —
o ! |
i Jrs
: 'Ol', :
\ :
o 225° LN e
= ., i
5 o
A 180 \;l“.. 7]
E— I' ‘.‘
E . ‘.‘
S 1350 - oS .
Y} ‘Il‘:
: : O ' ..
90 ° il 7 -
P W
L ¥
“l O"
45 ° (— t-.O —
mji;=4meV ]
0 | T | | IR IR N SR T N SR U N St
45°  90° 135° 180° 225° 270° 315° 360 °

SFG & Manfred Lindner, PRD 95 (2017) No.3, 033003 [arXiv:1608.01618]

Shao-Feng Ge, TDLI/SJTU [gesf@sjtu.edu.cn]

Ony [Degree]

v Mass with Cosmic Gravitational Focusing [Dec/13, 2024]

41



Radiative Emission of v Pairs A M5

Tsung-Dao Lee Institute

le) — |v) + v E1 x M1

M. Yoshimura, Phys. Rev. D 75, 113007 (2007)

Jue Zhang & Shun Zhou, Phys.Rev.D 93 (2016) 11, 113020

massless i

(oIAX — E€ o EQ . 1<m’l + mj)2

i T2 T2 (E.-E,)

SFG & Pasquini
Eur.Phys.J.C 82 (2022) 3, 208;

Phys.Lett.B 841 (2023) 137911,
JHEP 12 (2023) 083

w (eV)
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Time Delay in Supernova v’s A Ay
Tsung-Dao Lee Institute

80 o : ) : )
Infall Neutronization Accretion  Cooling S"“: ‘N Fueniston Resretlon  Coollg
. : : — V 70 = E —}— No oscillations
E .. Ve 60:— : : —}— Normal ordering
2 1 € = ; : —+— Inverted ordering :
D e _—" I NSNme P e V - : : :
S04 0E- | _,__n—ii_::j
: o e T -+
N uE g T
%12; S N % R X TS} E—
A 10§_ Time (seconds)
Y ; 10 Fix all ——
8 | Fit SN pars —»—
’ 1t Tr —_—
6 8 i Fitt t, —e— |
4.
[+ 6 B
f._ 4
<3,
3 4}
2. M : -
16—2 ' ' 16—1 ' 1 Time (seconds) 27
JUNO
DUNE, 2008.06647 0 15 )
m, [eV]
SFG, Chui-Fan Kong, Alexei Smirnov, _
PRL 133 (2024) 121802 [arXiv:2404.17352] Lu, Cao, Li & Zhou [JCAP 05 (2015) 044]
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