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Are quantum gravity effects (phenomenologically)
relevant for particle physics?
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Instantons and CP violation in SM

focp ~ 0QED ~
L — G¢ GHY F, F*Y
CcpPV 327_‘_2 uv + 327T2 M

Both of these terms are total 4-derivatives, e.g.,

Fu F" = P F,, Fop = 0, (K"), K" =e"?7 A, F),

DO |

* The QED-term can be ignored — no physical effects

 The QCD-term is physical, e.g. describes vacuum-to-vacuum transition
amplitudes ‘mediated’ by QCD instantons. This term is mandatory to
preserve causality (‘cluster decomposition’)!

* Neutron EDM: d,, =~ efgcpmy/my = 0ocp < 10710 .

Y

The strong CP problem (Crewther, di Vecchia, Veneziano, Witten, 79’)
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Axion solution to the strong CP problem

Introduce a new light pseudo-scalar a(x) (Peccei-Quinn 77)

Oqcp + Noopa(r)/ fa ce, Gon
3272

Instanton-induced potential:

V(a) = —2K cos (Ngocpa(z)/fa +00cp), K =~ mifﬁ

['acm'on

In the minimum CP-violating phase cancels out:

(a) = —fabPocp/Nocp

Light, feebly coupled, essentially stable => dark matter

candidate
ma"\’mﬂ' (fﬂ' << fa)



Anomalies and instantons

Mixed global-gauged anomalies (Adler; Bell & Jackiw, 69’):
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Anomalies in the Standard Model + Gravity

U(1)a

N DUVPT  DUVPO 1 Vo o
V. Jh = W;QRWURM PO RIVPT = ﬁe“ "R}

Delbourgo, Salam 72’

Gravitational instantons?

-
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Gravitational instantons: generalities

* In quantum gravity imitate instanton effects by summing
up over manifolds (M, g ) with an arbitrary topology in
the Euclidean path integral

 Problem:

See S0



Gravitational instantons: generalities

e Positive action theorem (Schoen, Yau 79’; Witten 81)

For Ricci flat, R=0, (a.k.a, vacuum manifolds):

(a) Asymptotically Euclidean (AE) spaces, Sgc >0 ; Sgpe =0,
if and only if the space is flat

(b) Asymptotically Locally Euclidean (ALE) spaces, Sggq > 0 ; Sgq =0
for self (anti-self)-dual configurations!

Seer =0
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Gravitational instantons: generalities

e For R=0 AE/ALE there are no fermion zero-modes even for
massless fermions

YW = (), W :'Yﬂvu

1
:fyﬂ <8M + szbgab>

* Hence, %W = N4 éRwab g?e%® = =2 5 ()
Vap=0= =0

Such instantons would not induce chiral symmetry breaking
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Eguchi-Hanson instanton

e Anti-self dual solution:

(i) aisan arbitrary length parameter, the instanton size
(i) a->0, flat space limit
(iii) Coordinate (non-physical) singularity at r=a
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Eguchi-Hanson instanton

* Geodesic completeness: ) < <27

'\i « We 'half’ the space, it got a
boundary

r— 00, Sg/ZQZRPrs

taken from Eguchi,
Hanson, Annals of
Physics 120, 82 (1979)
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Eguchi-Hanson instanton

—1 1
Spc = —— [ d*z/gR — — / KdY.
He 167G x\/g ) 8 OM (r—o0)
={); R?gci flat
4
- g [37"2 — i—z -3’ (1- a4/7’4)1/2]
4
167 T—00

* Index of the Dirac operator: v4,2(¥) =0
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Coloured Eguchi-Hanson instanton

* We can extend the above construction to Yang-Mills

(SU(2))-Eguchi-Hanson instantons

a 1 a A
A,u — 577ABWMB )

w01:w23:w02:w31:1 1_a4
0 0 ¢ ¢ 9 rd
1 a?
03 12
A2

: 1 4 auy a
* Action SCEH=4—92/d£B\/§F“FW=g—2><3
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Coloured Eguchi-Hanson instanton

* Chern-Pontryagin index

1 DY PO
= e /d‘la:\/ﬁRWpaR“ P

2 4 a rauv
:327r2/d T\ gF,, F*" = 3.

e Fermion index (R —irrep of SU(2))

- { zdr(d% —2), fordg = 2,4, ...

p

Vijo =

zdr(d% — 1), fordg = 1,3, ...

~ 57 det (VLYr) Vs e o7 det (Yr¥r)

DSU-22, 5-9 Dec 2022

e ‘tHooft vertecies: o e

14



Colored gravitational instantons and axion

* \We have extra CP violation due to the colored
gravitational instantons

_ QQCD 4 a Trapv
Sers[®] = 5(@] + -2 / d'z/gFe, F

OeH A
u 4872 _/d4$\/§RquaRu P

» Effective vacuum angle 0, = 30gcp/2 + 0gn

* Does the original axion solution to the strong CP
problem hold?
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Computing the axion potential

Aﬁ——d( 2T )6€X [— 27 + 1N — +29]
~ e TP T

¥

X —§ (Ap)°det (¢;1qr)

(a?A))SGXP [_af(w> gfﬁw]

%P (Ap)**/2det (qinGym) + hic.

i)

b&. SH

V(a)=—2Kcos<Nfg—|—9)—2/$Kcos< s —|—0>

a

The CEH contribution is large —x ~ 0.04 — 0.6
The one-axion solution is no-longer valid! Chen, AK 21’



Companion axion model

» Extend PQ symmetry U(1)pg x U(1)pg — 1

* Two coupled QCD axions

V(a,a') = — 2K cos (N +N’——|—9)

fa ¢
_ZKJKCOS( gfa N;F—FO)

Chen, AK, O’Hare, Picker,

Pierobon 21’
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Companion axion model

Masses and mixing
* Hierarchical case, € = f,/f, << 1

2K (N2 +kN?)
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/ 7\ 2 / /
m2%H(NNg_NgN) e2m? ~ ke*m? oz%NN+KNgNge~e<<1.
2 N4 + HN2N92 1 1 N2 ofts KJNé2

e Large mixing, € ~ 1 (axion-axion oscillation effects)
IK N2N2 +N/2N/2

2 s 2 12 g g

mlN—fZ N+ N"“+K N2+ N7

2 NT/2 2 NT2
NQKK,NNé +N’Ng 5

2 (NN’ + kN,N!)

2
ma ~ ~ KM tan 2a ~ —
277 f2 N2 4+ N2 1 (N2 = N"2)+ k(N2 — Ng?)
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Companion axion model [2109.12920]
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Companion axion model: bounds and projections
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FIG. 2. Left: Current bounds on the companion-axion model. The colorscale corresponds to the value of the lighter axion’s mass, whereas
the heavier axion’s mass is shown (roughly) by the upper horizontal axis. We can rule out parts of this parameter space using stellar cooling
arguments, ADMX, and black hole superradiance. Right: As in the left-hand panel, but now showing projected constraints from future
experiments: MADMAX [58], IAXO [59] and DMRadio/ABRACADABRA [60, 61].
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Companion axion model: bounds and projections
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Companion axion dark matter [2110.11014]

~ my [eV]

/
a

€= fa/ f.

5 10-! 102 103
10 T T T

10~* 103

101!

102

10-3 2

6, € [15,7'[—5]

~ my [eV]

10~7 10-! 102 10-3 10~¢ 10-°> 10~¢ 107

10°

101

102

103

10—*

Ll

105

10-6

Lol

Ll

4
| | | l | | - ya ydl | | | | | -
107 108 10° 101 10" 102 108 10 105 107 10%° 10° 101 10 102 108 10M 100
fa [GeV] fa [GeV]
Case I: both axions pre-inflationary
0.025 T T T T T 8
fa = 1012 GeV ;
oo €=10"° Q> Qg ]
0.015 5
N 4
0.010 3
2
0.005 Oy < Qdm

1

1 l 1 1
00005 01 0.2 03 0.4 05 0

%1

DSU-22, 5-9 Dec 2022

(A9D /110" 8o wmwrxey

22
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Gravitational waves and PBH predictions [2110.11014]
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Conclusions

e Contrary to a widespread belief, (nonperturbative) quantum
gravity effects may have significant phenomenological implications
in particle physics

* Instanton picture: Gauge-Eguchi-Hanson instantons

* Spin structure => electric charge quantisation;

* Extra, unexplored sources of CP violation in the Standard
Model;

* Potential implications in cosmology & elsewhere

* Colored gravitational instantons -> additional companion axion
e Rich phenomenology with interesting predictions for ongoing
and planned axion searches

 Cosmology — dark matter, nano-Hz gravitational wave signals;
LIGO-sized PBHs



