A Universe’s Worth of Electrons to Probe
Long-Range Neutrino Interactions

Mauricio Bustamante
Niels Bohr Institute, University of Copenhagen

In collaboration with Sanjib Agarwalla, 1808.02042

TeVIPA UNIVERSITY OF

| COPENHAGEN @
Berlin, August 29, 2018 ~




Infinite-range (Coulomb) Limited-range (Yukawa)
interactions interactions

V ~N — V ~ —€ —mr
T @ r
Massless mediator Massive mediator
» Electromagnetism » Weak interaction
» Gravity » Strong interaction

> ?

Mauricio Bustamante (Niels Bohr Institute)



Infinite-range (Coulomb) Limited-range (Yukawa)
interactions interactions

Range of the interaction: 1/m

1 ~

V o~ - @ Vw—e r

,L

I

r
Massless mediator Massive mediator
» Electromagnetism » Weak interaction
» Gravity » Strong interaction

» ?

Mauricio Bustamante (Niels Bohr Institute)



Ultra-long-range flavorful interactions

» The SM must be extended

» Simple extension: promote global symmetries of the SM to local symmetries

» Economical option: anomaly-free lepton-number symmetries L -L, L-L, L-L,
» Gauging any of them introduces a new neutral vector boson (Z’)

» [ -L: studied for ability to generate maximal pv mixing

» L-L,, L-L.: introduce new interaction between electrons and v, and v, or v,
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Ultra-long-range flavorful interactions

» The SM myp~t b ~tondad

Ok, but why is this interesting?
» Simple ext: metries
» Detectable through effects on neutrino oscillations
L., L-L
e W e T

» If the Z" is very light, many electrons can contribute

» Econo

ntroduce new interaction between electrons and v, and v, or v,

X.-G. He, G.C. Joshi, H. Lew, R. R. Volkas, PRD 1991 / R. Foot, X.-G. He, H. Lew, R. R. Volkas, PRD 1994
A. Joshipura, S. Mohanty, PLB 2004 / J. Grifols & E. Mass6, PLB 2004 / A. Bandyopadhyay, A. Dighe, A. Joshipura, PRD 2007
M.C. Gonzélez-Garcia, P..C. de Holanda, E. Mass6, R. Zukanovich Funchal, JCAP 2007 / A. Samanta, JCAP 2011

S.-S. Chatterjee, A. Dasgupta, S. Agarwalla, JHEP 2015 8

Mauricio Bustamante (Niels Bohr Institute)



The new potential sourced by an electron

Under the L -L, or L-L, symmetry, an electron sources a Yukawa potential —

A neutrino “feels” all the electrons within the interaction range ~(1/m’)
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The new potential sourced by an electron

Under the L -L, or L-L, symmetry, an electron sources a Yukawa potential —

Z’ coupling —a /9 Z’ mass
g e —m" esl

?V\

Distance to neutrino

A neutrino “feels” all the electrons within the interaction range ~(1/m’)
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Electron-neutrino interactions can kill oscillations
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Electron-neutrino interactions can kill oscillations

Htot — Hvae
—

Standard oscillations:
Neutrinos change flavor
because this is non-diagonal
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Electron-neutrino interactions can kill oscillations

Htot — Hvae
—

Standard oscillations:
Neutrinos change flavor
because this is non-diagonal
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Electron-neutrino interactions can kill oscillations

— (:hdg(vlgﬂj _VBH-; 0)
Htot — Hvae =+ Veﬁ
H_/

New neutrino-electron interaction:
This is diagonal
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Electron-neutrino interactions can kill oscillations

— dldg(vgm _VB“! 0)
Hiot = Hvac + Veﬁ
-

New neutrino-electron interaction:
This is diagonal

Z’ parameters
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Electron-neutrino interactions can kill oscillations

= dldg( Feﬁ.; _VB,(H U)
Htot = Hyvac + veﬁ
-

New neutrino-electron interaction:
This is diagonal

Z’ parameters
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Electron-neutrino interactions can kill oscillations

Htot — Hvae =+ Veﬁ
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Electron-neutrino interactions can kill oscillations
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Electron-neutrino interactions can kill oscillations
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Electrons in the local and distant Universe
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Electrons in the local and distant Universe
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Electrons in the local and distant Universe

Interaction range 1/m1, g [kpc]
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Electrons in the local and distant Universe

Interaction range 1/, g [kpc]
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Electrons in the local and distant Universe

Interaction range 1/, g [kpc]
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Electrons in the local and distant Universe

Interaction range 1/, g [kpc]
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Electrons in the local and distant Universe

Interaction range 1/, g [kpc]
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Electrons in the local and distant Universe

Interaction range 1/ mé 8 [kpc]
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Electrons in the local and distant Universe

Interaction range 1/m1, g [kpc]
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Electrons in the local and distant Universe

Interaction range 1/m,, 8 [kpc]
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Electrons in the local and distant Universe

Interaction range 1/, s [kpc]
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The total potential

Cosmological electrons ( 10”e)
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The total potential

Cosmological electrons ( 10”e)

Preliminary Reference Earth Model
Dziewonski & Anderson 1981

Sun (107¢) @ @

Matter density [g cm ]

80 02z 04 08 08 10
2=7/ R,

Milky Way (1 0% ¢ )

Not to scale Neutrinos traverse different electron column depths

“/e;j T {i’.lﬁ

Mauricio Bustamante (Niels Bohr Institute)




The total potential
Moon and Sun:

Cosmological electrons ( 10”e)

P Sun
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Earth @ -
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Moon
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Treated as point sources of electrons
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The total potential

Cosmological electrons ( 10”e)

Sun (107¢

Not to scale

Height z [kpc]
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The total potential | Halo of hot gas ! -

leccce- -I ------- ' M.J. Miller & J.N. Bregman 2013
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The total potential

Causal horizon
(15 Gpc at z=0)

Cosmological electrons:
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The total potential

- >
Heavier Z’ mass Lighter
- >
Shorter Interaction range Longer

Viy = VG + VA" + VG + VY + V7
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Interaction range 1/m/, 8 [kpc]
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Interaction range 1/m’,; [kpc]
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)
New physics in IceCube: | ar e
Carlos Argtielles Fri 11:00 i ! ‘ g

% Initial flavor
.~ composition

MB, J. Beacom, W. Winter, PRL 2015 i
C. Argiielles, T. Katori, J. Salvad6, PRL 2015 \ | :
MB, J. Beacom, K. Murase, PRD 2017 :
R. Rasmussen et al., PRD 2017
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Flavor — there and here

At the sources At Earth

Neutrino oscillations

(Fof of)s = (1/3:2/3 : 0) > (0.36:0.32:0.32),
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Flavor — there and here
P+y =V, +v,+,

At the W At Earth
Neutrino oscillations

(Fof if)s = (1/3:2/3: 0) > (0.36:0.32:0.32),
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Flavor — there and here
P+y =V, +v,+,

At the W At Earth
Neutrino oscillations

(Fuofifds=(1/3:2/3: 0) > (0.36:0.32:0.32),

Uncertainties in values of
mixing parameter (1o, 30)
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IceCube analysis of flavor composition (pre-Neutrino 2018)

——= HESE with ternary PID | @&
=== |ceCube APJ 2015

lceCube
Preliminary

VelVyuiVe at source
® 0:10
o 1:2:0
A 1:0:0

‘/ AN - s N
NV 0.0
Q v " © %) Q

M. Usner, ICRC 2017 Fraction of v,
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» Best (published) fit:

(f.: fu:fo)e = (0.49:0.51: 0),

» Compatible with standard
source compositions

—2A log(Likelihood)

» Lots of room for improvement:
more statistics, better flavor-tagging

See talk by Juliana Stachurska
Mon 16:50
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. I s A
i — - ~

—
N f’ g

Set a lower limit

Set an upper limit

/ /
On S 0.8 O S
0.9
1.0 Wi
) 7 7 7 7 7 7 7 7 — 00
MB, S. Agarwalla, 1808.02042 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
fem (This plot for fixed E, = 100 TeV)
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Connecting flavor-ratio predictions to experiment

c Integrate potential in redshift, weighed by source number density

= Assume star formation rate ) h
~~" "~ Density of
COS d dl/ﬂ ,’, COS \‘, cosmological e
< ed > X < pSFR,(Z) ) dz .‘\\ e (Z)/' grows with z

\\\\\

9 Convolve flavor ratios with observed neutrino energy spectrum
— Either E**° (combined analysis) or E=" (through-going muons)

<(I)£]£> X /dEU fck,t’—l%(EU) Elf’_ﬂf- - <f&?ﬂ%> - ZJ ( >

, 4 3
\— 4 g I=6H,TY )
~N '
Energy-averaged flux Energy-averaged flavor ratios
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Interaction range 1/ m;y [kpc]
10° 1 e (U (U (U The result

SR LR B (i T T AT
; Causal horizon Distance to GC 1A.U. R : L. ,
25 Non-standard interactions atm. v : » Best Sen81t1V1ty at low Z" masses
1 - =
v Atmospheric VI
: 2ol » But significance is low (1o0) because
10—26 - olar + reactor VI
: of difficulty in measuring flavor
gy Equivalence principle 2
o107 ¢ 5 -
___________ ’ = .
= ,",:' = » Results are robust against:
g, TR T 5 .
2 10728 B e’ e & 7 » Uncertainty in mixing parameters
RO N 9 » Uncertainty in v spectral index
20 -- IC flavor 2015 upper limit| & T ) . _
10~ ; -+ IC flavor 2015 lower limit || ~% 3 » Choice of neutrino mass ordering
il i -=- IC flavor 2017 u.l. (proj.) g ]
- ,// -- IC-Gen2 flavor u.l. (proj.) | ..
10729 B 3 » Similar results for L,-L.
- : Weak gravity conjecture -
< For this plot, mass ordering is normal and

AT T e | R
1073 10730 10_25 10_,20 1g= - 1o flavor at sources is (1/3:2/3: 0)g
Mediator mass 1, [eV] MB, S. Agarwalla, 1808.02042
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What are you taking home?

» No significant evidence of long-range flavored neutrino interactions

» The best sensitivity to long-range flavored neutrino interactions comes from:
» Using all of the electrons; and
» Using high-energy astrophysical neutrinos

» Sensitivity is robust
» Yet, for now, statistical significance is low

» Forthcoming improvements: statistics, better reconstruction, higher energies
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Current limits on the Z’

MeV—-GeV masses Sub-eV masses
A (meter)
0.010 &012 10° 106 103 1 1073 10°°

0.001 10-15
By 1074 10720
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- Equivalence Principle
1025 T
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0 e el=0:01 I
BH superradiance
-30 o
10-6 . 10~ Weak gravity (mig"e'=0.01eV) |
0.001 0.01 0.1 Ik 10

10-° 106 103 100 107 10  10-!

Mz (GeV) My (V)

M. Wise & Y. Zhang, 1803.00591
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Effect of initial flavor ratios and mass ordering

Interaction range 1/m, s [kpc] Interaction range 1/m, g [kpc]
10° 10% 1001 100 1071 10716 107 10% 10! 10°% 10" 107
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; Causal horizon Distance to GC 1A.U. Rg ] . Causal horizon Distance to GC 1A.U. Ry
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10~26 ( : i 10—26
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The multi-messenger connection

Mauricio Bustamante (Niels Bohr Institute)
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The multi-messenger connection
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The multi-messenger connection

p+ 7, Br=2/3

+ — A" —
p ytarget { 1 + 7T+, BI' — 1/3

=y + 7y
TS U Yy, o>V +e+ v+,
n (escapes) > p+¢e + v,

Neutrino energy = Proton energy / 20

Gamma-ray energy = Proton energy / 20
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The multi-messenger connection

p+ 7, Br=2/3

+ — A" —
p ytarget { 1 + 7T+, BI' — 1/3

= y+y
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n (escapes) > p+¢e + v,

1 PeV 20 PeV
Neutrino energy = Proton energy / 20
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Why are flavor ratios useful?

» The normalization of the flux is uncertain — but it cancels out in flavor ratios:

a-flavor ratio at Earth (f, o) = ux at Earth of v, (« 1, T)

Sum of fluxes of all flavors

» Ratios remove systematic uncertainties common to all flavors

» Flavor ratios are useful in astrophysics and particle physics

Note: Ratios are for v+ v, since neutrino telescopes cannot tell them apart

Mauricio Bustamante (Niels Bohr Institute)




Reading a ternary plot

Assumes underlying unitarity —
sum of projections on each axis is 1

How to read it: Follow the tilt of
the tick marks, e.g.,

(e:p:t) = (0.30:0.45:0.25)

0O 01 02 03 04 05 06 0.7 08 09 1
electron flavor
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Flavor composition — Standard allowed region

At the sources At Earth

All possible flavor ratios

Std miXing Vary ey,ﬁcp
NH 01 f,s=0 f.s#0
= BF
> 0.3 . Q 10

M 36

0.7 VARR VA _
OWeCubezow VAR AR N WY
0O 01 02 03 04 05 06 0.7 08 09 1 0O 01 02 03 04 05 06 0.7 08 09 1
fos fo.0

MB, Beacom, Winter PRL 2015
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Flavor composition — Standard allowed region

At the sources At Earth
Only 10% of parameter space |

All possible flavor ratios

Std. mixing
NH

Vary ey,ﬁcp
f.s=0 f.s#0

| ] BF

Ve wVARVARY 4B
; Ll

OWCUD 0% LT,

19/ |

0D e b 3 A7 o 1 0N SR sl L Y 07 G i 10 8 o 0O 01 02 03 04 05 06 07 08 09 1

fe,S fe,GB

~
~§

MB, Beacom, Winter PRL 2015
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How does IceCube see neutrinos?

Two types of fundamental interactions ...
Charged-current (CC) Neutral-current (NC)

vi+ N — 1 + hadrons /ﬁ vi + N — v + hadrons
kl_’/ These shower and make light \J
... create two event topologies ...

Showers — From CC v or v, or NC vy Tracks — From CC v,, mainly

Bad angular resolution (10’s deg) Good angular resolution (< deg)
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Flavor composition — A few source choices

Std. mixing 01 (fo:fiif)s
0;,06cp: BF,15,3c 01 09 all free
NH 02

0.3

0.9y ceCube 2015
1 VAR _ |
0O 01 02 03 04 05 06 07 08 09 1

f MB, Beacom, Winter PRL 2015
X
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Uncertainties in lepton mixing angles

As of 2015 - NH',I

012

IH J ]

NH I« Il
H -1

|| NH
013

Il H 2015
0 10 20 30 40 50 60
0[]
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Flavor content of neutrino mass eigenstates
Flavor content for every allowed combination of mixing parameters —

| Uai | ? — | Uai(elzl e23/ e13/ (SCP) | ?

Flavor content )1 Vary 6;,5¢cp Flavor content )1 Vary 6;,5¢cp
NH 0.1 _ Best Fit IH 0.1 _ Best Fit

|Ur/|2 05 |Uw'|2 0 |Uw|2
0.8
0:}3/ L5 0 —x0.1
1 VAR 0 0
0O 01 02 03 04 05 06 0.7 08 09 1 0.7 0.8 0.9
I Uei |2 MB, Beacom, Winter PRL 2015 I Ueil2
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Side note: Improving flavor-tagging using echoes

Late-time light (echoes) from muon decays and neutron captures can separate

showers made by v, and v, —

g T I T T T
10" - A~ — Hadronic ]
prompt | --- E.m.
— 107 | shower i
2
—
= 6
o 10°r muon g
= decay
Ml : echo neutron
s 107 capture -
—i
A echo
=
o 4
= 10
~
=
i o i
10° 1 'y
i
1 | 1 | |

10° 10%® 107 10°
Time [s]
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Hadronic vs. electromagnetic showers

10° 0.5 . . . .

0 For 100-TeV shower — 1 CC
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Resonance due to the L-L, symmetry
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Resonance due to the L-L, symmetry (cont.)
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Flavor ratios for the L-L, symmetry: NO vs. IO

0.0 0.0
log( Ve, /eV . -
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Flavor ratios for the L.-L, symmetry: NO vs. 10
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