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Additional U(1) gauge symmetry with ultralight gauge boson

e Minimal extension of SM: introduction of additional U'(1) symmetry,

SM remains invariant and renormalizable. ]p. e, arxiv:0801.1345‘

e Anomaly free U'(1) with gauge quantum number [ £ ma PLB(99s) |

@) = ao(B = L) + al(Le = L#) + az(Le = LT) + 83(L“ = LT)
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e Minimal extension of SM: introduction of additional U'(1) symmetry,

SM remains invariant and renormalizable. ]p. e, arxiv:0801.1345‘

e Anomaly free U'(1) with gauge quantum number [ £ ma PLB(99s) |

@) = ao(B = L) + al(Le = L#) + az(Le = LT) + 83(L“ = LT)

e If the associated gauge boson Z’ is ultralight, then the force has long
range.

e For example, if mz ~ 1.32 x 10718 eV, range is 1/myu- ~1AU
(1.5 x 108 km)

Study of LRF at ICAL-INO amina.khatun@fmph.uniba.sk 2/23



Additional U(1) gauge symmetry with ultralight gauge boson

e Minimal extension of SM: introduction of additional U'(1) symmetry,

SM remains invariant and renormalizable. ]p. e, arxiv:0801.1345‘

e Anomaly free U'(1) with gauge quantum number [ £ ma PLB(99s) |

@) = ao(B = L) + al(Le = L#) + az(Le = LT) + 83(L“ = LT)

e If the associated gauge boson Z’ is ultralight, then the force has long
range.

e For example, if mz ~ 1.32 x 10718 eV, range is 1/myu- ~1AU
(1.5 x 108 km)

e For LRF with Lo — L, and L, — L, symmetries, electrons in Sun
contribute to new potential for neutrino, are studied using atmospheric

neutrino experiment ICAL, ’AK ct.al. JHEP 04 (2018) 023‘

e Here, [, — L, symmetry is studied, neutrons contribute to new potential
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Extension with U(1)" having L, — L. symmetry

Lagrangian of SU(3) x SU(2), x U(1)y x U(1)

’ K.S. Babu et.al Phys. Rev. D 57, 6788 (1998) ‘

L=Lsm+ Lz + Linix

Interaction term of Z’ is ’ J. Heeck et.al. J.Phys.G 38 (2011) 085005 ‘

=gV u+ oy Pry, — Tt T — 0 y* Py,
e Since there are no p and 7 in matter, this term does not contribute to
new potential for neutrino

But in presence of L,,;x term

Lz, = (g ()= (€ = sw ) ——(Ga)u — sby Gem),

Sw cw

— e cw xXUem) ))Zf
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New potential due to LRF for terrestrial neutrinos

If 1/mz > Rsg or my,, < 1 AU! =
(1.5 x 108 km)™! ~ 1.32 x 10718 eV, new o
interactions via Z’ due to e, p, n in Sun

create potential for terrestrial neutrinos 7

€.10.71 C. 0,72
For a neutral and unpolarized Sun, the potential due to electron and proton
get cancelled. The potential is contributed by neutrons in the Sun, which is
given by
e NS

4sy cw 47Rsg

Vi, = £g'(6—swx)

Qpur e N?

i =g'(~s
4 4SWCW RSE O['UT g(f WX)

N, = total number of neutrons in Sun, Rsg is Earth-Sun distance
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LRF induced potential due to neutrons in Sun

We obtain N, = 1.5 x 100 using neutron number density profile in Sun as

provided

—— log, (f€IN) = 1.72- 484 /R

25
10 —— Actual profile

Solar contribution

10

© T

Ve — Qpr € N, 5wl
pro 4 4 R ) Q= E
v Sw Cw ISE r

102

_ Q E

= 36x107¥x £ eV g
1050 i

Study of LRF at ICAL-INO amina.khatun@fmph.uniba.sk 5/23



Current bound on o,

e Analysis of MINOS data in 2010, to explain different oscillation
patterns of v, and 7, best fit o, ~ 1.5 x 1079, however, later this

mismatch was resolved. ’J. Heeck et.al. J.Phys.G 38 (2011) 085005‘
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e The cosmological bound for this new force is g’* /47 < 107! from
BBN measurement considering the Z’ enters the equilibrium after the

weak interactions freezes out ’ J. Heeck et.al. J.Phys.G 38 (2011) 085005 ‘
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violates the equivalence principle
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Current bound on o,

e Analysis of MINOS data in 2010, to explain different oscillation

patterns of v, and 7, best fit o, ~ 1.5 x 1079, however, later this

mismatch was resolved. ’J. Heeck et.al. J.Phys.G 38 (2011) 085005‘

e The cosmological bound for this new force is g’* /47 < 107! from
BBN measurement considering the Z’ enters the equilibrium after the

weak interactions freezes out ’ J. Heeck et.al. J.Phys.G 38 (2011) 085005 ‘

e Gravity experiments should observe the effect of this new force since it
violates the equivalence principle

e 95% C.L. limit on the neutron dependent fifth force with range ~

Earth-Sun distance can be used to get the constraint on angle of

Z — 7' mixing: € — sy x <5 x 10724

’ J. Heeck et.al. J.Phys.G 38 (2011) 085005, Phys.Rev.Lett.100:041101,2008 ‘
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Effective Hamiltonian and value of oscillation parameters

Effective hamiltonian of neutrino in presence of LRF with L, — L. symmetry

is
0 A,32 0 t Vee 0 0 0o o 0
He={1U|[ o =& 0 Ut + 0o 0o o | 4+ | o V. 0
N 0 0 0 0 0 —Vyr
0o o0 e

U is PMNS matrix, V¢ is the matter induced potential due to W-mediated
interactions of v. with electrons in matter

sinh3 | AmZ; [eV?] | sin®2012 | Am3; [eV?] | sin®2013 | dcp
0.5,04,06 | 25x 1073 0.855 | 7.39 x 107° | 0.0876 0

e With E =5 GeV, Am§1/2E ~ 2.5 x 10713 eV, which is approximately
same as V), with o, = 10~4°
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Oscillograms of P(v, — v,) with sin® 6,3 = 0.5

P(v,~ V), O, =0, sin’8,.= 0.5, NO P(v,~ V,), a,, = 5.5x10°, sin’,,= 0.5, NO

20

E, (GeV)

-09 -08 -07 -06 -05 -04 -03 -02 *.

cos, cosb,

-09 -08 -0.7 -0.6 -0.5 -04 -03 -0.2 -0.

e The survival probabilities of v, increases with nonzero value of o,

e Same change is seen for , with maximal mixing

e For nonmaximal 623, the survival probabilities changes in opposite way
for v, and 7,
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Difference of survival probabilities

P(v,~ v,) [SM - a,, = 3x10°}, 0.4, NO P(v,~ v,) [SM - a,, = 3x10°}, 0.5, NO P(v,~ v,) [SM - a,, = 3x10°}, 0.6, NO
20, 20p, 20,
18 o 18 o 18 o
16 0.4 16F 0.4 16 0.4
14 o2 o 14 o2 14 0.2
@ 12 O 12F L 12F
Q10 ° Q 10p ° Q 10b °
uf 8 02 uf s 02 ui sk 02
6 6F 6F
04 04 o
4] 4F =
0.6 0.6 -0.6
2 L L L L L L L L L 2f, L L L L L L L L L 2f, L L L L L L L L L
-0.9-0.8-0.7-0.6-0.5-0.4-0.3-0.2-0.1 -0.9-0.8-0.7-0.6-0.5-0.4-0.3-0.2-0.1 -0.9-0.8-0.7-0.6-0.5-0.4-0.3-0.2-0.1
cosh, cos8, cosh,
P(,~ 9,) [SM - a,, = 3x10°}, 0.4, NO P(,~ 9,) [SM - a,, = 3x10°}, 0.5, NO P(v,~ 9,) [SM - a,, = 3x10°}, 0.6, NO
20 20, 20
18 o 18 o 18F o
16 0.4 16 0.4 16 0.4
14 o2 o 14 o2 gld* o2
O 12 O 12F L 12F
Q10 o Q 1ob o Q 10 °
|_|_|> 8 0.2 |_|J> 8F 02 |_|_T 8F 0.2
6 6F 6F
04 04 0
4 4F 4F
N 06 oF 06 )= 06
& = e RIS e T e R W . oS TO]
-0.9-0.8-0.7-0.6-0.5-0.4-0.3-0.2-0.1 -0.9-0.8-0.7-0.6-0.5-0.4-0.3-0.2-0.1 -0.9-0.8-0.7-0.6-0.5-0.4-0.3-0.2-0.1
cosh, cosh, cosh,

v/ opposite behaviour of neutrino and antineutrino survival probabilities dilute

the sensitivity towards «,,; if charge of muons can not be distinguished
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Running of 03} with different vacuum 0,3

Used the analyt|ca| eXpreSSiOn fOr thls running from ’S.K. Agarwalla et.al. arXiv:2103:13431‘

55— sin’e,, (true):0.4, os,ﬁos _l
[ Dﬁva‘lhnsv‘v\:l:da:m" ]
:Dmrd@mhr‘stiu:/m:///// : . 2 i 2 - - 2 Am%l - L
7%///’ 1 P.U’P‘ =1—sin 2623 [COS 013 sin T
50 e B
““““““““““ 2
— e ] 1 . ., Amz, L
I e + = tan? 0%} sin® 207 sin® ——="—
5t o | 4 4E
[T - B 2
o — Am L
=) — i . . 21
R + sin® 073 sin? Tm] .
%2 L e —
L ""‘%v_/f . —
i =777 e For fp3 = 45° sin?205% |, Py, 1 for v & i
40~ " B . .
- . e For 63 < 45°, sin? 2095 1, Py {4, for v until
: e 5:7,, — 45°, but for 7 , P/m 0
sl I e For 63 > 45°, sin?205% 1, Py, |, for ¥ until
\H‘\H‘H\‘H\‘\H‘\H‘\H‘H\‘H\‘\H
0 2 4 6 8 10 12 14 16 18 2C 9’271?3_)450: but PuquorV
E, (GeV)
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Introduction to ICALGINO

Main goal is to solve neutrino mass hierarchy and precisely measure
the atmospheric neutrino parameters.

1 Copper Coil Iron plates oo for RPC 0T R
/ bt Muon Track "

50

, BIE=143 GeV
(ayerno) 39 {E, =3.71 GeV/ N
59GeV

Hadron
Shower

R Interaction
7 Sy Vertex
16m Bl B
Xy fes e

’ Devi et al. JINST8 (2013) P11003 ‘

e 50 kiloton magnetized (1.5 T) iron, and around 30000 Resistive Plate
Chambers.

e Charge identification efficiency to distinguish x~ and u* ~ 98%.
e Very good energy (~ 10%) and angular resolution (< 2°) for multi-GeV

muons . ’ A. Chatterjee et al. JINST 9 (2014) P07001 ‘
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Details of data simulation at ICAL
ICAL [ v and ¥ events ]

Nuance
/
)

Oscillation

(re-weighting
algorithm)

l

Statistical detector proper-
analysis ties (GEANT4)

v’ The statistical fluctuation is reduced by generating the events for very

Unosc. v and ¥
fluxes (Honda et.al.

high exposure (1000 years), and then scale down to a 10 year exposure.
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Events with sin®f,; = 0.5

300 al 70 al 40 IARAMN AR AR AN 7
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& 1 pof &
& 50 18 8
s 1515 S0
s B F E
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20 5 1
[ sk El
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Events with sin® 0,3 = 0.4

300 al 70 al 40 IRRAMS AR AR AN 7
r ] E 4 —SM o 500 kt-yr, NH
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250 E, 0[10,50] GeV 60F E, 0[5.0,11.0] GeV u:: -83x 10% E, D[110, 21.0] GeV
b C 3 30
2 B 3 E E 3
2 1 8 5 E
] 40 £
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cosh,
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Details of Statistical Analysis

Ngr
Ehad NVEW Neoso,

th d d Ntheory
eory atay) __ ata ijk
- mln Z Z Z |: (Nljk Nljk ) Nl_[k In < N&l;mta >:|

i=1 j=1 k=1
N 2
+> =1 &

2 2 2
XicaL = X= + X%

v The uncertainties are included by pull method

e flux normalization (20%)

Observable Range Bin width Total Bins
. [1,11] 1
e flux shape (5%) in energy En (GeV) (11, 21] 5 2
o il [—1.0,0.0] 0.1 -
e 0, dependence of flux (5%) . [0.0,1.0] 02
[0,2] 1
H 0 El .q (GeV) [2, 4] 2 4
e crosssection (10%) had o z

e overall systematics (5%)
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Constraint with different true 6,3, marginalized

Axioar—Lrr = X (o (fit)) — x*(ur = 0)

L2
[ Solid: w/ CID, dashed: w/o CID //
10|sire,, (rue): 0.4, 05, 06 //;
S S SIS S S {30
[ 500 kt-yr 7
E 8 o e // ]
T L / /
< e ’ /
~ 9 r / 7 1
2]< C / / ]
4 A/, 7
[ . /_/ Y o _awci ]
21 //' // _
L - ]
L —F === Ix107!
0 =T ST b
1 1.5 2 25 3 35 4
ay,. (fit)

(b) Marginalized over Am3,, 623 and MO
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Constraint with different true 6,3, marginalized

v'Marginalized over Am§2, 0>3 and MO

o

Solid: w/ CID, dashed: w/o CID

500 kt.yr
NO (true) 90% C.L.,30 C.L

4.5

/
Y

35

/
A

(]

o, /107 (fit)

25

N
\\‘\\\\‘\\\\‘\,’\\‘\\\\‘\\/‘\‘\\\\4

Ol il
)

82 o4 05 085
sin’e,, (true)

v'For 6,3 in lower octant, the marginalization effect is small, particularly at
small a,-. This is due to nature of running of 633 for neutrino for 63 < 45°,
which can not be mimicked by other 63 and Am%2 since x2 > x% + —
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Effect on MH Measurement due to o, in fit

AxEa(SM) = x?(false MO, a,,; = 0) — x?(true MO, oy, = 0)
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Effect on MH Measurement due to o, in fit

AxEa(SM) = x?(false MO, a,,; = 0) — x?(true MO, oy, = 0)

Axim(LRF) = x*(false MO, a,; marginalized) — x*(true MO, a,,; = 0)

v ar varied in theory in the range of [0 — 10757].
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Effect on MH Measurement due to o, in fit

AxEa(SM) = x?(false MO, a,,; = 0) — x?(true MO, oy, = 0)

Axim(LRF) = x*(false MO, a,; marginalized) — x*(true MO, a,,; = 0)

v ar varied in theory in the range of [0 — 10757].

Axim (SM) | AxRiy (LRF)
7.56 7.56

e We do not see the change sensitivity of the ICAL for the MO
measurement

e This may be due to the negligible impact of o, in matter effect part
of v, oscillation

***For the dedicated study of MO measurement at ICAL, please see [ JHEP 10 (2014) 189 | which shows ICAL will be able to

determine MO with 30 C.L. in 10 years with optimized binning scheme.

Study of LRF at ICAL-INO amina.khatun@fmph.uniba.sk 18 / 23



Precision measurements

Data: SM (a = 0)

2 6[20%CL. (2dof)
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r S N 3
»\\‘\\\\‘\\\\0‘1\\\\0‘1\\\\(“”\\\\
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i
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e Phenomenology of additional abelian U(1)" gauge group with ultralight
mediator in the context of neutrino oscillation experiments is interesting

e In presence of Z — Z' mixing, and L, — L, symmetry associated with
U(1)" gauge group, neutrons in Sun produce new potential for
terrestrial neutrinos if mz < 1.32 x 10718

e Survival probabilities of v, and 7, modifies in similar way with maximal
th3. However, with nonmaximal 3, survival probabilities of v/, and ¥,
change in opposite way at smaller energy or smaller o,

e The constraint on «,; depends on true value of 3.

e Using 10 years running of ICAL, the expected constraint is around
ayr < 2.4 x 10751 at 90% C.L. with sin? o3 = 0.5.

e The precision measurement and mass ordering measurement at I[CAL
remains unaffected with a,,; marginalized in fit.

Thank you for attention!
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More




Running of Oscillation parameters with o,

Used the analytical expression for this running from [s«. Agarwalia etal.

arXiv:2103:13431

o 80F o IET
E ~
£ 70 s
60| /s
° F “© 60F ////
o_f 1] /
5,50F ©50F /
g = 3 ///
= 40F T.40F 1/
gpﬁ E EDQ
30F
20F
£ Il L L s (erriie)
0 10 15 20 15 20
E. (GeV)

Observations

e The major modifications occur in 653 running that causes the vacuum

dominated oscillation

e The change in 013 and 015 is less, thus matter dominated term remains

almost unchanged.
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[ Chatterjee et al. JINST9 (2014) P07001 ‘
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Hadron energy response at ICAL

120 —
F CCevents (without oscillations) 2007 500 kt - yr, w/o oscillations  — v, CC QE
LI = ---V.CCRS
F + O/Ein[1GeV-15GeV] z>/ndf  13.96/28 L I E, =4-7GeV TIvccos
157 ﬁ a 0.742£0.009 2] 150j|
oop- |t b oo0302x0004| 5 [
Eo+ r:
E 0'85 B 1 L.
© aaf B OO: I—I
0.6/ St
: 2 il
0sE 50— |
04F i 'I
03t | | L ! I L Obcdul TR TP T U
0 2 4 , 0 12 4 001 02" 03 04 05 06 07 08 09
B .0 (GeV) y

Devi et al., JINST8 (2013) P11003 ‘
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