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Are we at the Dawn of Quantum Gravity
Phenomenology?
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* For most of the last quarter of the century the
community has been trying to find traces of QG
phenomena in astrophysical observations.
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Are we at the Dawn of Quantum Gravity
Phenomenology?

e We at the Dawn
of Quantum-Gravity Phenomenolo;

* Maybe we should start looking at an observation
setup that is better controlled?

QG induced noise in gravitational interferometers
(Verlinde-Zurek).

Terrestrial accelerator experiments looking for minute
CPT-invariance violation/deformations.

» This talk is based on our works with Andrea Bevilacqua
and Wojtek Wislicki, ArxiV 2310.05080 [hep-ph] and
2404.03600 [hep-ph]

9. LNP 541 pp 1—4
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d - KKV (7T+7T_)(7T+7T_)

* We consider the kaon-anti-kaon pair produced in the decay of the ®(1020)
resonance and the subsequent decay of kaons into a pair of two pions TT* 1T ~.
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Kaon interferometry — the standard picture

* The ®(1020) resonance decays into an entangled kaon-anti kaon pair (CP is a symmetry of

strong interactions and @ is a pseudescalar)

)0 = —5 (IK° @) (=) - K (o) | (-p)))

* The (anti) kaon states are not eigenstates of the Hamiltonian (because of the weak
interactions) and to investigate their time evolution we must express them in terms of energy
eigenstates, called short- and long-lived kaons

1 0 —0

N [(1 +e+0)|K% £ (1—cF4)E >}

* The experimental value of |g| is of order 2x 10-3 and significantly differs from zero, whereas
the value of |§| is of order 10-* and is consistent with zero within one standard deviation.

[ ®)o = N(e,6) (|K(P)|Ks(—p)) — [Ks(p))| KL(—P)))
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Kaon interferometry — the standard picture

* Now we consider decay of kaons into pions " 1T ~ (there are some other decay channels,
of course.) The decay rate into final states |[f, ) ) at times t,,) is generally

I(f1,t15 fa, t2) = [(f1, 15 fo, to| H|®)|?

* |t is convenient to introduce variables T = t, + t, and At =| t, - t, | and integrate over T
from At to infinity, to find
4 2 2

B _ 1
fsr = {(ntn"|H|Ks1), AE=FE;— Eg, F:§(I‘L+FS)

{e_er + e TsAt _ go—TAt cos(AEAt)}

* The ratio of the amplitudes n, _ = f, /f;~ € ~ 1073 is a small parameter. As we will see
its inverse serves as an amplifier. The presence of the cos term is the reason for the
name “interferometry”.
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Kaon interferometry — the standard picture

* In Da®ne/CLOE experiment the @ resonance was created at rest. If instead we boost
the @ resonance with large boost parameter y>>1, the kaon state will be

)] = 5 (K3 (P.p)KS(P.—p) — [ (P.p) K (P. )

P| =~M > |p|
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Kaon interferometry — BMP model

* In 2003 J. Bernabeu, N. E. Mavromatos and |. Papavassiliou proposed a model to test
CPT-violation in the context of kaon interferometry. They assume presence of an

additional CPT-violating term (w-term).

). = —= (K@) R (-p) ~ [F'2) K (~p))
+ 25 (IK@)IE (-p)) + K (@)K (-p) )

» Experimentally, w ~ 104, but compatible with w = 0.
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Discrete symmetries and k-Poincare

* The k-Minkowski defining commutator

[SBO, SU?’] — _ ot
K
* is manifestly invariant under T and P symmetries (for T symmetry x°— -x? is accompanied

with i— -i ), and thus only C (and therefore CPT) can be modified (deformed).
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Discrete symmetries and k-Poincare

* Investigations in k-deformed complex scalar field theory led to the following properties of k-
deformed CPT:

2. Cis undeformed for particles at rest; therefore, the masses of particles and anti-particles are equal. The effect

of C- (CPT-)deformation is momentum dependent:

3. The boost operator does not commute with the C (and CPT); as a result, the decay rates of particles and
antiparticles in motion are not the same. This effect might be observable e.g., for muons.

M.Arzano, A. Bevilacqua, JKG, G. Rosati, J. Unger, Phys.Rev.D 103 (2021) 10, 106015, 2011.09188 [hep-th] ; A. Bevilacqua, JKG, W.Wislicki,
Phys.Rev.D 105 (2022) 10, 105004, 2201.10191 [hep-th]
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https://arxiv.org/abs/2201.10191

The k-deformed model

* In the x-deformed model, we consider the ® resonance boosted with respect to its
rest frame (contrary to Da®ne/CLOE), and neglecting the small momenta transversal

to the boost we obtain

) = =5 (IK°@)E () - [K'(-S0)|K"(-p)

= 272 (|KLSEDKLR) ~ KL @KL g~ p (1 N E) +o(1)
FILSEIIKSP) ~ KsP)IELSD)) z e
~ |Ks(=S(m) K (-p)) + KL (P)Ks(S(®)))

— | Ks(=S(@))IKs(-p)) + | Ks(p)Ks(S(p) )

* Notice that contrary to the standard result the K K, and K.K¢ terms are present.
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The k-deformed amplitude

* The k-deformed decay amplitude contains now 8 terms

(firt; fo, 2| H|Y) = Q1 — Q2+ Q3 — Qa4 — Qs + Qe — Q7 + Qs
Ql — <f1|KL><f2‘KL>€_iELt1_FLt1+i tle—iELtg—FLtg

(=p°/k
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The k-delormed decay intensity

* We compute the decay intensity

I =[(f1,t1; fo, ta| H|1))x|?

* and after integrating over T = t, + t, from At =| t, - t,| to infinity we obtain
I.(At) = |C(AY)]? + [W (AL)]? 4 2R[C(A)W (AL)*]

“Wrong” terms

[Ks)|Ks)  |KL)|KL)




The k-deformed decay intensity

* Explicit expressions
2 —
IC(A)|]* = f\fL\Q\fSF(l + cos(. At)) [e_FLAt + e lsAt _ ge=TA COS(AEAIE)] :

‘fL|4€—FLAt i ‘f8|4e—].—‘sﬂt
'y I's
o~ TAL .
— 2R (foS) T (AD) (AEsin(AEAt) — T cos(AEAY))
+ (AFE

W (AL)|? = 2(1 — cos(. At))

* The decay amplitudeof K, — 1" 11 ~is supressed with respect to K— 1" 11~ by the factor

fr

/s
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The setup

* We know that k-deformation effects vanish when momenta of particle go to zero. This makes
it possible to use the Da®ne/CLOE data, obtained in the case of the ® resonance created at
rest.

* Then we boost with the large boost parameter y to magnify the k-deformation effects. Decay
widths contract as [ =I'/y, decay times dilate as t'=y t and energies increase as E' =y m.
Therefore, the arguments I'At of exponentials are Lorentz-invariant.

(AEAt) = v2 AmAt
(CAt) = v*m? At /k.
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Large boosts

* We are interested in the limit of large boosts, y~102 — 10°. Neglecting 1/y terms we
get the final expression for decay intensities (the interference term is negligible)

4 _
IC(At)|* ~ "+ |F|f8‘ 2(1 + cos(CAL)) [e_FLAt 4 g lsAt _ goT'At COS(AEAt)]

) 1
wan? = LI G coscan) [ perist s e
+_

* We see that, surprisingly, since |n,_| ® 103 the ‘wrong’ amplitude is enhanced
compared to the correct’ one.This makes the effect observable, in principle.
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Phenomenology

* The modifications of decay intensity of kaons were not observed experimentally, but no
dedicated analysis was ever performed.

* Let us discuss potentially observable effects, and the bounds that zero result would
provide.There are three classes of potentially observable effects:

|. Frequency of deformed oscillations.
2. Intensity of wrong-parity oscillations.

3. Resonant oscillations.
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Frequency of detformed oscillations

20 £ 14 _
IC(A)|? ~ ‘n+_’F’fS| 2(1 4 cos(CAY)) [e_FLAt 4 e TsAt _ ge—TAt cos(AEAt)]

2 |77+—|2|ﬁ9|4 _ 2 _—TpAt 1 —T'sAt
[W(AL)[" ~ =——(1 —cos(CAt)) |In+- "€ + 5 €
I |7+
* If we just concentrate on oscillations, we see that there are ones governed by 1+ cos((At)
superimposed on the standard cos(AEAt). These modulations can be observed provided that the
deformed oscillations with frequency  are not too slow compared to the undeformed ones with the

frequency AE.

* The boosted periods of normal oscillations, amounting to 1/AE, extend from 10'® GeV*' down to
10'0 GeV! for the corresponding Lorentz y in the range from 10% to 10°. For the same range of v,
assuming k=~ M, , the boosted deformed oscillation period 1/ extends from 10'3 GeV*! down to
10'9 GeV!. It is thus seen that the two oscillation periods, 1/AE and 1/{, become comparable only
for large y = 10°, corresponding to protons of an energy of 100 TeV, yet unattainable in accelerators.
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Frequency of deformed oscillations

* The unobservability of deformed oscillations can provide us an upper limit for. If one
requires that cos(CAt) varies very slowly compared to cos(AEAt), which means (<KAE,
one translates this inequality into condition

k> v x 0.5 x 10 GeV

 For example, using energy of 10 TeV one gets a lower limit of at most 10'7 GeV, still
located below the Planck energy scale 10'” GeV.This provides us with an exciting
possibility to limit k experimentally by pushing further up future accelerating
technologies.
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Intensity of wrong-parity oscillations

20 £, |4 _
|IC(At)|* ~ |77+—|F|fs| 2(1 + cos(CAL)) [e_FLAt 4 e TsAt _ ge=T'At cos(AEAt)]

’W(At)|2 ~ ‘77+—’2’f5|4 (1 . COS(CAt)) | |2€—I‘LAt 4+ 1 e—I‘sAt
- T L P2

* In order to make the wrong parity unobservable, it must small compared to the correct one

we must assume
1 — cos(CAt) < 107°

3 QAt
R>1037m2 4

* With currently available time resolutions and y = 103 we get the bound

k> 0.2 x 1018 QeV
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Resonant oscillations

* One can look for the resonant oscillations, which happen when the frequency ( is
exactly equal the frequency AE. Denoting by y" the boost for which it happens, we find

k=~ x0.45 x 10™* GeV

* Looking for the resonance might be an efficient way to find the deformation parameter.
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Conclusions

* The distinctive feature of the model of Lorentz invariance deformations is that the magnitude
of deviations from the predictions of the standard, undeformed, CPT-invariant theory is
proportional to the momenta carried by kaons, and, if real, can be in principle observed.

* Together with the previous analysis of muon decay it shows that there seems to be a great
potential to search for possible traces of Lorentz invariance deformations in high-energy
accelerator experiments.

* It remains to be seen whether the required sensitivity can be achieved with the currently
available accelerator/detector technologies, or whether we will have to wait for the next
generation of machines.

Naples, April 18, 2024 22



And that’s 1it.
Thank you.
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