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Background

Light-speed variation in stringy D-foam

Implications of PeV-γ at LHAASO on Lorentz violation (LV)

LHAASO PeV photon with LV

Crab Nebula constraint to electron LV & quantum gravity

CPT violating neutrino from strings

Closing
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In a century from 1905

Einstein theory of time, space (SR) & gravity (GR)

Einstein theory of relativity

- relativistic principle
- constant speed of light
Lorentz symmetry as a foundation

⋆ Triumphs of relativity

⋆ Whether it works at every scales

1. lengths ≲ 10−4 m → UV
2. beyond Solar system → IR

grand unification ? Einstein’s dream
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Hints for a failure of exact Lorentz symmetry ?
• Noncompact group, QFT UV divergences, etc.
• Possible deformation (or reduction), and/or violation of Lorentz invariance (LV) within
many well-motivated models for new physics beyond relativity

say, Quantum Gravity (QG)

- Dirac’s new æther [Dirac’51]

- Wheeler’s foam (δE ∼ ℏ/δt) [Wheeler’55, Hawking’78]

foaminess ↔ quantum fluctuation of geometries ↔ “space-time foam”

δg ∼
( ℓPl

ℓ

)α

∼ O(1) as ℓ ∼ ℓPl

Wheeler's α = 1, also for D-foam, holographic foam α = 2
3
, random-walk α = 1

3
, etc.

- QG with minimal length [Garay’95 IJMPA, see also Shao, Ma’11 SCPMA]

- discrete space-time ? (from entropy bounds) [Xu, Ma’11 MPLA]

δt ∼ δℓ ≥
( 128

3645π

) 1
2
ℓPl ≃ 0.1ℓPl
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Lorentz noninvariance [model-dep.]
• Lorentz-invariance violation from strings - SLSB by QG vacua
* Tensor condensate in bosonic open-string field theory [Kostelecký, Samuel’89 PRD]
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Figure 1: Active transformation and passive transformation

An illustration of spontaneous symmetry breaking [Lehnert(2007), Katori(2012)]:
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Figure 2: Spontaneous symmetry violation
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Figure 2: Spontaneous symmetry violationeffective target-space LV field theory - standard-model extension (SME)
[Colladay, Kostelecký’97, 98 PRD, Myers, Pospelov’03 PRL]

LSM + δLVL ⊃ δLVL5d
γ = −

ξ

MPl
nµFµσnνn · ∂F̃ νσ ⇒ E2 = k2 ±

2ξ

MPl
E2|k|

* Gravitational defects from noncritical strings [Ellis+’92 PLB, Amelino-Camelia+’97 IJMPA]

S0 + SL
(
∼
∫
Σ
[(±)(∂ϕ)2 −QϕR(2)]

)
+

∫
Σ

√
γ̂gi

L(ϕ)Vi ⇒ E ∼ |k|+ ρk2/MPl

D-brane LV models of string cosmology - “stringy space-time (D-)foam”
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Lorentz noninvariance [model-indep.]
• Assume a Modified particle Dispersion Relation (MDR) w.r.t. E2 = p2 + m2

e.g., photon (or ultrarelativistic neutrino)

E2 ≃ p2 − snE2
( |p|

ELV,n

)n
v =

∂E
∂|p| ≃ 1− sn

1 + n
2

( E
ELV,n

)n

• it gives birth to Quantum-Gravity (QG) Phenomenology via LVs [See Shao, Ma’10 MPLA,
for a review]

1. vacuum dispersion & birefringence (via long-baseline exp.s)

2. anomalous/peculiar threshold reactions

3. shifting of existing thresholds, etc.

. . .but, suppressed by ELV ∼ O(MPl) v.s. ΛEW/MPl ∼ 10−16

[recall Bo-Qiang Ma's talk yesterday] (LHC will probe ΛEW)
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Can one see quantum gravity/space-time effect in the sky ?

say, travel times affected by LVn=1, tLV = K1
(1 + z)s

ELV
= to − (1 + z)ts (ts - source-intrinsic lag)

K1(z) =
Eh − El

(1 + z)H0

∫ z

0

(1 + Z)dZ√
ΩΛ +ΩM(1 + Z)3

[Jacob, Piran’08 JCAP in ΛCDM, see also Zhu, Ma’22 PRD,
for a derivation in Finsler cosmology]

luckily, astrophysics by means of (multi)messengers play a leading role in making that job
e.g., energetic signal from cosmologically remote objects [Amelino-Camelia+, Nature393 (1998)]

bright Gamma-Ray Burst (GRB) v.s. Active Galactic Nucleus (AGN)
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Light-speed variation in cosmic photons
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Figure 2: The∆tobs/(1+z) versusK1 plot for high energy photon events. Events in gray were included in Ref. [16] and
the mainline (solid line) was fitted by the eight events on it.The slope was determined as 1/ELV ,1 = 2.78×10−18 GeV−1

with s1 = +1 and the intercept is∆tin = −10.7 s. GRB 160509A is denoted by the red mark and falls exactly onthis
mainline. Two dash lines have the same slope as the mainline and their intercepts are−0.47 s and−20.77 s respectively.

determine∆tin of them as the intercept of the line with theY axis. The slope of this line issn/En
LV ,n, from which we

can determineELV ,n.
With known redshiftz = 1.17 and high energy photons, GRB 160509A can help constrain the possible energy-

dependence of light speed. Here we follow the works in Refs. [14, 15, 16], where photons with energiesE > 10 GeV
and within the 90 second time window are adopted as high energy photons described in Eqs. (2) and (3), i.e.,Ehigh =

51.9 GeV andthigh = Tarrive = 76.506 s for GRB 160509A. On the other hand, low energy photons are received
constantly during the burst so a unified criterion fortlow is required for different GRBs. We also follow Ref. [16] and
settlow as the peak time of the main pulse (Fig. 1), which, as a benchmark of a large number of low energy photons,
naturally reflects the intrinsic property of GRBs. Sotlow = Tpeak= 13.920 s for GRB 160509A. Since photons arriving
at tlow have energies between 8∼ 260 keV,Elow is negligible compared withEhigh. So it is reasonable to setElow = 0
in Eqs. (2) and (5).

In Refs. [14, 15, 16], some previous GRBs with high energy photons were adopted and analyzed. In Ref. [14], four
events from GRBs 080916C, 090510 (short), 090902B and 090926A were analyzed and three events from long bursts
were found to fall on a same line. After that, in Ref. [17], allknown photon events then with energies greater than
10 GeV, with measured redshifts and within a 90 second windowwere published (11 events in total, four in Ref. [14],
six reconstructed in Pass 8 from aforementioned GRBs and another one from GRBs 100414A). Ref. [15] exhausted
all events satisfying above conditions at that time (aforementioned 11 ones and another one from newly detected
GRB 130427A, which was extensively discussed in Ref. [18]) and revealed a regularity that 5 out of 12 events fall

3

[Xu, Ma’16 PLB, see also He, Ma’22 Universe,
for a review on this suggestion]

Analysis on FERMI multi-GeV data
- GRB γ time delay suggests:

⋆ light-speed variation

vγ(E) = 1− E/ELV(γ)

with ELV ≳ 3.6× 1017 GeV
[Shao, Xiao, Ma’10, Zhang, Ma’15, Xu, Ma’16 APP]

- re-examination
1. “too rare to be accidental !”

[Amelino-Camelia+’17 Nature Astron.]

2. statistical significance 3-5σ
[Xu, Ma’18 JCAP, Liu, Ma’18 EPJC]

3. supports from AGNs & others
[Li, Ma’20 Sci. Bull., Zhu, Ma’21 PLB]

quantum space-time property, or just mimic ?• uncertainties: intrinsic lags O(sec)
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D-brane/string inspired space-time foam

O8

D8

O8

D8[Ellis+’04, 05]

compactify on, e.g., AdS5 × IR5

or T5/ZZ2 for I/IIA strings
[Ellis+’06]

(GS: 4d N = 1 SUSY)

hidden observable

D3 D3 BULK

no recoil, no brane motion

D-brane stack

string

D-particle

string/D-foam cosmology:
dark energy budget
inflation/early universe
large-scale structure
formation [Elghozi+’16;
Mavromatos+’12, 13]

modified gravity:
relativistic MOND
(TeVeS-like models)

dark matter :
sterile neutrino mass
generation [Ellis+’19]
⇒ tiny SM neutrino mass

through seesaw
[Mavromatos+’11, 17]

capture/recoil ui ∼ gs∆ki/Ms ≃ h0i

delay δt ∼ α′k0 [Seiberg+’99, 00; Ellis+’08]

cg ≃ 1− 2gs
ζD|k|
Ms

≃ 1−O
(nDE
MD

) ζD = ⟨⟨∆k
k ⟩⟩ ≥ 0

refractive index
ηvac(γ) = 1 +O

(√
α′ζD|k|

)
≥ 1, MD = 1/(gs

√
α′)

(a) δcg := |cg − 1| scales linearly with energy (c) photons are stable (i.e., do not decay away)

(b) subluminal refractive index ηvac(γ) − 1 > 0 (d) helicity-blind/nonbirefringent foam vacuum

Figure 3: Explanation via string/D-brane space-time foam (II)

3 major components of LHAASO

KM2A

(EDs +MDs)

WCDA

WFCTA[Credit: IHEP/CAS]

Figure 4: LHAASO Facilities

2

[CL, Ma, PLB 819(2021)136443, see also Results Phys. 26(2021)104380]

PKU: Chengyi LI (CL) -李成翊 LVs from strings Axion 2023 9 / 24

http://dx.doi.org/10.1016/j.physletb.2021.136443
http://dx.doi.org/10.1016/j.rinp.2021.104380


Recoil distortion & time delay
• Models with (type I/IIA) 0-brane [Ellis+’99, 00 PRD, Ellis+’04 PRD]

* Deformed σ model for recoiling D-brane [Ellis+’98 IJMPA, Mavromatos, Szabo’99 PRD]

- impulse operator (of LCFT) V =

∫
∂Σ

ϵuiX0
Θϵ(X0

)∂nXi
Θϵ→0+ (t) :=

1

ı

∫ ∞

−∞

dq
q − ıϵ

eıqt

- dressing of Liouville to restore conformality (criticality)

VL ∼
∫
Σ

eα
Lϕ(z,̄z)

εαβ∂
β
(ϵuiX0

Θϵ(X0
)∂

αXi
) ⊃ −ϵ

2ui

∫
Σ

eϵ(ϕ−X0)X0
Θ(X0

)∂βϕ∂
βXi

“foam-like” Finsler metrics g0i(X0, ui) ∼ uiϵ2X0Θ(X0) ∼ ui ∼ ζki/MD (ζ < 1)

k2 − E2 ≃ 2ζDgsℓsEk2 for ⟨⟨ui⟩⟩ ̸= 0 (anisotropic foam)

* Microscopic modeling of recoil/capture [Seiberg, Witten’99 JHEP, Susskind+’00 JHEP, Ellis+’08 PLB]

δt ∼ α′k0/(1− u2) ∼ Eα′ as |ui| ≪ 1 reduced-Lorentz symmetry

• IIB (super)string model with wrapped 3-brane [Li+’09 PLB, Li, Nanopoulos’12 EPJC]

Ascat comput δt ∼ Eℓ2s
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Light-speed variation in a D-foam
• D-particle foam as a (stringy) origin for subluminal LVγ

e.g., constraint to QG-foam parameter/scale [CL, Ma 2105.06151 (PLB)]

ζDgs

Ms
≃ 1

2ELV
≲ 1.4× 10−18 GeV−1

Ms ≳ 7.2× 1026ζDgs eV ≳ O(TeV)

light-speed variation of GRB/AGN, if plausible, supports stringy D(efect)-foam

photons travel through “foamy space-time” at different speeds !
[Credit: Mark Garlick’16(left), NASA/Sonoma State Univ., Aurore Simonnet(right)]
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Escaping from other tight bounds
• (i) Lorentz violating γ-decay, γ → ee+

very-high-energy (VHE; E ≳ 0.1 TeV) γ-ray bounds superluminal LVγ

* Crab Nebula 50-80 TeV-γ : ELV ≳ 1020 GeV [Martıńez-Huerta, Peŕez-Lorenzana’17 PRD]

* HAWC ∼ 100 TeV photons: ELV > 2.2× 1022 GeV [Albert+(HAWC)’20 PRL]

* Tibet ASγ Galactic γ-rays up to 957(+166
−141) TeV [Amenomori+(Tibet ASγ)’21 PRL]

E (sup)
LV ≳ E3/(4m2

e) ∼ 8× 1023 GeV

(ii) Vacuum birefringence - O(1011)× γ-decay limit ∼ E (bire)
LV for birefringent LVγ

complementary support to string/D-brane foam scenario [CL, Ma’21 PLB & Results Phys.]

MPl ≪ E (sup)
LV ,E (bire)

LV︸ ︷︷ ︸
natural withD-foam

7−→/ MD

ζD
(ζD > 0 for γR,L)

• Future improvements with HAWC, Tibet ASγ & LHAASO !!
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Large High Altitude Air Shower Observatory
• China’s 3G mountain observatory - LHAASO [See Cao’21 Nature Astron., Cao+’22 CPC,

for LHAASO’s objectives]

an ultrahigh-energy (UHE) cosmic-/γ-ray “hunter” set on Tibetan Plateau !

[Credit: Institute of High Energy Physics/Chinese Academy of Sciences (IHEP/CAS)]
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How to receive messengers from the sky ?

3 major components of LHAASO

KM2A

(EDs +MDs)

WCDA

WFCTA[Credit: IHEP/CAS]

Figure 3: LHAASO Facilities

active star-forming region of the Cygnus (?) [dCy ∼ 2 kpc v.s. λ̄γγb(PeV) ∼ 10 kpc]
[LHAASO J2032+4102]

γ (PeV)
(expected) spectral cutoff
above E ≃

(
4m2

eE
(γD)
LV

)1/3ee+
if γ decays

no γ-decay!
4EεCMB ≈ (2me)

2

E ∼ 4× 1014 eV
ee+ in Special Relativity (SR)

γCMB(meV)

cosmic space

LV threshold anomaly/shifting:

εb,thre =
m2

e

E
+

1/4 E2

E
(sub)
LV(γ)

with subluminal LVγ

Ecrit = (2m2
eELV)

1/3 ∼ 6 TeV

for εmin
b,thre(Ecrit) ≫ εCMB

The Universe is more transparent than that in SR?!

observable
1.4 PeV LHAASO-γ!!

Figure 4: Probing LVs with LHAASO (I)
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Opening the UHE γ window
• Capture the most-energetic γ evt from the Cosmos ! [Cao+(LHAASO), Nature594 (2021)]

[See also CL, Ma, Sci. Bull. 66(2021)2254,
for news & views,李成翊,马伯强,现代物理知识, 2022.34(1),p.33-37 (科普)]
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Breakthrough discovery via LHAASO-KM2A

[Credit: LHAASO collab’21]

First results of LHAASO:
12 PeVatrons

- high significance > 7σ

- BG-free: CR BG rejection rate 10−5

- large statistics: 530 UHE photons

⋆ LHAASO J2032+4102:
Emax = 1.42± 0.13 PeV

the highest-energy γ ever observed !

- multiple types of candidates

[Cao+(LHAASO)’21 Nature]

the Universe (incl. the Milky Way) is full of PeVatrons !
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Implications for γ Lorentz violation
• Probing LVγ via LHAASO PeV photon [CL, Ma, PRD 104(2021)063012]

- stringent constraint on γ self-decay due to superluminal LVγ
- support for threshold anomaly of γγb → ee+ induced by subluminal LVγ

3 major components of LHAASO

KM2A

(EDs +MDs)

WCDA

WFCTA[Credit: IHEP/CAS]

Figure 3: LHAASO Facilities

active star-forming region of the Cygnus (?) [dCy ∼ 2 kpc v.s. λ̄γγb(PeV) ∼ 10 kpc]
[LHAASOJ2032+4102]
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for εmin
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The Universe is more transparent than that in SR ?!

observable
1.4 PeV LHAASO-γ !!

Figure 4: Probing LVs with LHAASO (I)

2

[See also CL, Ma 2109.07794 (Sci. Bull.)]
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• Photon stability against decay, γ → ee+

HAWC ∼100 TeV ELVγ ≳ 2.2× 1022 GeV [Albert+(HAWC)’20 PRL]

Tibet ASγ up to sub-PeV scales ELVγ ≥ 8× 1023 GeV [CL, Ma 2105.06151 (PLB)]

LHAASO 1.4 PeV evt (yielding strongest bound ever reported) [CL, Ma 2105.07967 (PRD)]

E (sup)
LVγ ≳ 9.57× 1032

( E
PeV

)3

eV ≈ 2.74× 1024 GeV

severely limits, e.g., SME [ξ ≪ O(1)] v.s. supports string/D-brane foam !

• Necessity to modify γγb → ee+ kinematics ? [CL, Ma’21 PRD]

γγb threshold anomaly “protects” above-threshold photons of LHAASO !
sources: galactic or extragalactic ??

extragalactic PeV γ as crucial test of subluminal LVγ
any observed γ of ≳ 0.4 PeV from outside of our galaxy as signal for new physics !

[Li, Ma’21 JHEAp, 23 APP + EPJC, Wang, Ma’23 PRD: new supports of either LV or Axion by GRB221009A]

“optical transparency” - E (sub)
LVγ ≲ O(1023 GeV) [Luohan Wang's talk]
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Petaelectronvolt γ from the “Standard Candle”
• Highest-energy messengers yet arrive from ancient Crab Nebula !

LHAASO measurement [Cao+(LHAASO), Science373 (2021) July 8th]

- unique UHE SED; a PeVatron without ambiguity

- clear origin - a well-known Pulsar Wind Nebula (PWN)

- record-breaking Crab γ (≳ 100 TeV since 2019 !) ECrab
max = 1.12 ± 0.09 PeV
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Figure 6: Probing LVs with LHAASO (III)
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Figure 6: Probing LVs with LHAASO (III)
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[Credit: NASA, ESA, NRAO/AUI/NSF, Buenos Aires Univ.(left), LHAASO collab’21(right)]
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Does electron (or, its antiparticle counterpart) have nontrivial properties in vacuo ?

say, it possesses a modified canonical dispersion relation [CL, Ma, PLB 829(2022)137034]

E2
e = m2

e + p2
e
(
1 + δ(2)e

)
− se,nE2

e

( |pe|
ELVe,n

)n
|δe|LEP ≲ 10−15 [Altschul’10 PRD]

so vacuum Čerenkov (VČ) effect by charged leptons, if being superluminal, occurs
(e.g., efficient decay via VČ of electron/positron, e → eγ) [Jacobson+’04 PRL]

electron of some high Ee is no longer stable in a vacuum !
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Stability against IC Čerenkov effect
Crab Nebula as an ideal laboratory for constraining, or even ruling out LVe

• Assume an electronic origin (synchro + inverse-Compton (IC))
inside the nebula

• IC Čerenkov bound

50 TeV photons ELVe ≳ 1021 GeV

HEGRA up to ∼ 75 TeV strengthened by (3/2)3 ≈ 3

Tibet ASγ up to ∼ 450 TeV (near-PeV e∓ is inferred) [CL, Ma 2204.02956]

E (sup)
LVe > 2E3

e /m2
e ∼ 7× 1023 GeV

Ee/eV
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Numerical result

Analytic approximation

IC electrons Ee/eV ≃ 2.11(Eγ/PeV)0.79 × 1015

Crab

Figure 7: Probing LVs with LHAASO (IV)

no e∓ Čerenkov !
VČ-γ (e → eγ; Γ ∼ αeE2

e ) ?
synchro-γ (low freq)B⊗

IC-γ (≳ 1 GeV up to PeV)!!

γCMB(meV)

e (PeV)

Figure 8: Probing LVs with LHAASO (V)

No e∓ Lorentz violation ?!

Figure 9: Probing LVs with LHAASO (VI)
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Stability against IC Čerenkov effect
Crab Nebula as an ideal laboratory for constraining, or even ruling out LVe

• IC Čerenkov bound via LHAASO [CL, Ma 2204.02956 (PLB)]

E (sup)
LVe ≳ 7.21× 1025

(ECrab

PeV

)2.38

GeV ∼ 9.4× 1025 GeV (improved by ≳ 104)
∼ O(1035 eV)

≥ (7.7× 106) × MPl

it severely limits, e.g., SME η ≪ O(1)

δLVLQED ⊃
1

MPl
ψ(χ1n/ + χ2n/γ5)(n · ∂)2ψ

with 2(χ1 ± χ2) =: ηR/L ≲ 1.3× 10−7

[See also He, Ma’22 PLB,
for a joint analy for param plane]
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Crab radiation & Quantum Gravity
• Synchrotron constraint [Jacobson+’03 Nature]

critical freq ωc = 3|eB|E2
e /(2m3

e) affected by subluminal LVe

ωo∼ O(.1 GeV) ≲ ωc ≤ 55/6

9 3
√
2

|eB|
me

(
me/E (sub)

LVe
)− 2

3 ELVe ≳ 1024 GeV

maximal at Ee = (2m2
eELVe/5)1/3 [Maccione+’07 JCAP]

• Pheno preferred LV-featureQED

1. In vacuo γ speed variation (as catalyzed by D-foam)

2. No electron/positron LV below Planck

LVe may not be permitted by nature ?

[CL, Ma 2204.02956 (Phys. Lett. B)]
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Analytic approximation
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Figure 7: Probing LVs with LHAASO (IV)

No e∓ Lorentz violation ?!

Figure 8: Probing LVs with LHAASO (V)
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Crab radiation & Quantum Gravity
• Synchrotron constraint [Jacobson+’03 Nature]

critical freq ωc = 3|eB|E2
e /(2m3

e) affected by subluminal LVe

ωo∼ O(.1 GeV) ≲ ωc ≤ 55/6

9 3
√
2

|eB|
me

(
me/E (sub)

LVe
)− 2

3 ELVe ≳ 1024 GeV

• Pheno preferred LV-featureQED

• Crab discriminates between models of QG ? [CL, Ma’22 PLB]

* D-foam transparency to charged fields ! D-particle: no “hair” - (electric) neutrality

Sendpoint =

∫
∂Σ

dτAa(X)(dXa/dτ)

[“such a cutting is not allowed, due to charge conservation (U(1)em gauge inv.)”,
Ellis+’04 APP, Nature, IJMPA]

- no (tree-level) effect on probes carrying conserved charges (say, electric, or color flux)

- e∓ has usual in-vacuo behavior evasion of any limit from soft/hard VČ
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CPT violation in cosmic neutrinos
Analysis on IceCube TeV & PeV data [Huang, Ma’18 Commun. Phys.]

- association of ν evts with GRBs (delay + advance):
⋆ neutrino-speed variation

vν(Eν) = 1∓Eν/ELVν ELVν ∼ 6× 1017 GeV

- additional supports [Huang, Li, Ma’19 PRD, see also Huang, Ma’22 Fund. Res.]

neutrino events can be positive or negative. Δtobs > 0 events are
called “late neutrinos”, and Δtobs < 0 events are called “early
neutrinos” in the discussion. However, ΔtLV > 0 (s= 1) or ΔtLV <
0 (s=−1) case is called “time delay” or “time advance” to avoid
confusion. Since Δtin is only related to the intrinsic mechanism of
the GRB, it is reasonable to expect that Δtin is a constant for most
events. In fact, Δtin can be safely neglected for TeV and PeV
neutrinos with ELV of the scale 1018 GeV.

To check the possible linear correlation, we draw the Δtobs/(1
+ z) versus K plot for the nine events in Table 1, as shown in
Fig. 1. We find that all events fall on a pair of inclined lines (a)
and (b) that can be described by the equation

Δtobs
1þ z

� Δtin

����
���� ¼ K

ELV
; ð8Þ

which is equivalent to Eq. (7). The slopes of the pair of lines
happen to be opposite numbers, i.e., the LV scales are equal but
the sign factors are opposite. Line (a) represents the delay case,
and line (b) represents the advance case. It is unnatural that the
same kind of particle has two different kinds of propagation
properties. Hence, one of the possible interpretations is that the
nine events include both neutrinos and anti-neutrinos, which
could not be distinguished by the IceCube detector. Since the
linear (n= 1) correction implies the CPT odd term in an effective
field theory framework23, neutrinos and anti-neutrinos have
different signs for the LV sign factor s. Therefore neutrinos are
advanced and anti-neutrinos are delayed, or vice versa.

Taking into account the sign factor s, we do a linear fitting for
Δtobs and s × K of the events, as shown in Fig. 2. We set s= 1 for
the five events fallen on line (a), and s=−1 for the rest four
events fallen on line (b). The slope and intercept are

1=E′
LV ¼ ð1:56 ± 0:13Þ ´ 10�15TeV�1; ð9Þ

Δt′in ¼ ð1:8 ± 4:1Þ ´ 103 s: ð10Þ

The Pearson’s correlation coefficient r= 0.978, which implies a
relatively strong linear correlation between the observed time
difference and the LV factor. The errors are calculated according
to statistical and systematic uncertainties of energy, red-shift and
cosmological parameters (see Methods). Since the error range of

Δtin covers the zero point, it is still uncertain whether these
neutrino events are emitted before or after the GRB photons.

Consistency in PeV neutrinos. As mentioned earlier, the influ-
ence of the intrinsic time difference and the atmosphere neutrino
background would be weakened due to the ultra-high energy of
neutrinos. After reanalyzing the nine TeV neutrino events, we
turn to the PeV neutrinos. IceCube Collaboration has reported
four events with energy ≥1 PeV up to now. The events #14 (1.0 ±
0.16 PeV), #20 (1.14 ± 0.17 PeV) and #35 (2.00 ± 0.26 PeV) are
based on three years (2010–2013) of detection1–3, and the lately
reported event ATel #7856 (2.6 ± 0.3 PeV) is based on an analysis
of seven years of data5. The atmospheric background-only
explanation of these PeV events has been rejected at 3.6–5.7 σ1–3,5.

To find associated GRBs with neutrino events, we adopt two
criteria to restrict the time difference and the direction. At the
ultra-high energy scale, a neutrino detected months around the
GRB trigger time might be statistically associated with the GRB9.
So the time range should be expanded with the increase of energy.
For each neutrino event, several GRB candidates are selected by
the criteria. Their main properties are shown in Table 2 (detailed
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Fig. 1 Δtobs/(1+ z) versus K plot for TeV neutrino events. The black
triangles are experimentally measured data, and the red lines are linear fits
to experimental data. All nine events fall near a pair of lines noted as a and
b. The different signs of slopes may be the result of intrinsic distinctions
between neutrino and anti-neutrino. The error bars are calculated according
to uncertainties of energy, red-shift and cosmological parameters (see
Methods)
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Fig. 2 The linear fitting of Δtobs and s ⋅ K for TeV events. The black triangles
are experimentally measured data, and the red lines are linear fits to
experimental data. We set s= 1 for the five “time delay” events, and s=−1
for the rest four “time advance” events. The slope and intercept are (1.56 ±
0.13) × 10−15 TeV−1 and (1.8 ± 4.1) × 103 s. The Pearson’s correlation
coefficient r= 0.978 implies a relatively strong linear correlation between
the observed time difference and the LV factor

Table 2 GRB candidates for the four PeV neutrinos

Event E (PeV) GRB z Δtobs (103 s)
#14 1.04 110725Ac 2.15b 1320.217

110730A 2.15b 907.885
110731A 2.83 782.096
110808B 0.5b 74.303
110905A 2.15b −2309.121

#20 1.14 111229A 1.3805 384.970
120119Cc 2.15b −1940.176
120210A 0.5b −3304.901

#35 2.0 120919A 2.15b 6539.722
121229A 2.707 −2091.621
130121Ac 2.15b −4046.519

ATel 2.6 140427Ac 2.15b 3827.439
#7856 140516B 2.15b 2185.942

The GRB candidates here are selected by the time and direction criteria (detailed in Methods).
For every one of the four events, there exists a candidate marked by c that satisfy the strict time
criterion and is consistent with the regularity of TeV neutrinos. The mark b represents a “best
guess” value of the redshift, i.e., z= 2.15 for “long bursts” and z= 0.5 for “short bursts”.

COMMUNICATIONS PHYSICS | DOI: 10.1038/s42005-018-0061-0 ARTICLE

COMMUNICATIONS PHYSICS |  (2018) 1:62 | DOI: 10.1038/s42005-018-0061-0 | www.nature.com/commsphys 3
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CPT breaking neutrino from strings
• Asymmetric ν/ν-dispersion due to D-foam [CL, Ma, PLB 835(2022)137543]

- isotropic ⟨⟨∆k
k ⟩⟩ = ⟨⟨ζ⟩⟩ = 0; but stochastic ⟨⟨ζ2⟩⟩ =: ζ̊2D < 1 [Mavromatos, Sarkar’05 PRD]

Eν(k) =
√

k2 + m2
ν

(
1 +

g2s
2M 2s

ζ̊2Dk2
)
− ζ̊2Dgs

k2

2Ms
+O(1/M 4

D)

Eν(k) =
√

k2 + m2
ν

(
1 +

g2s
2M 2s

ζ̊2Dk2
)

︸ ︷︷ ︸
geometric origin

+ ζ̊2Dgs
k2

2Ms︸ ︷︷ ︸
kinematic origin

+ O(1/M 4
D)

• CPT-violating (CPTV) neutrino propagation in vacuo

* Only subluminal ν is present, while superluminality of ν is established

δν := vν − 1 = ζ̊2D|k|/MD > 0 δν = −ζ̊2D|k|/MD

different propagation properties between ν’s & ν’s at IceCube !
[See also CL, Ma 2303.04765 (JHEP)] ζ̊2D ≃ 1.6× 10−18

(Ms
gs

)
GeV−1
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Suppressing ν-decay
• Cohen-Glashow v.s. OPERA “phantom”: ν → νee+ [Cohen, Glashow’11 PRL]

e.g., limits on superluminal velocities

δ> := Eν/ELVν < 10−18 to ∼ 5× 10−19 E (sup)
LVν ≥ (103 − 105)× MPl

• Plausible violation of energy conservation inhibits ν-decay ? [CL, Ma’22 PLB, 23 JHEP]

* Stochastic loss δED of (ςI/MD)p2 (ςI > 0) in particle reaction in D-foam [Ellis+’01 PRD]

affects decay threshold for, e.g., most efficient ν → νee+ channel:

Eν >
2me√
∆

∆ :=
(
1− 4ςI

ζ̊2D

)
δν

- for observing O(PeV) superluminal evt (#35, or #20)

(ζ̊2D − 4ςI) ≲ O(10−7) or, with assignment ςI ≥ ζ̊2D/2
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Conclusions
Take home message

• Consistent LVγ (incl. LHAASO obs) via D-foam [CL, Ma 2105.06151 (PLB) + 2105.07967 (PRD)]

• In accordance with Crab Nebula limits on LVe [CL, Ma 2204.02956 (PLB)]

• CPTV for IceCube neutrino from strings [CL, Ma 2303.04765 (JHEP) + 2211.00900 (PLB)]

Open question

what is the fate of UV Lorentz symmetry (say, LV as essential ingredient of nature ?)

unraveling quantum gravity - “Holy Grail”

the situation starts to become exciting and,
time will show if QG can be finally confirmed by exp.s

Thanks for your attention !
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