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At low energies, Fermi's contact interactions:
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At low energies, Fermi's contact interactions:
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At and above the EW scale:
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Fundamental questions remain:

* Are neutrinos Dirac/Majorana? Leptogenesis?
* The three-mass ordering?

* How large 1s the CP phase?

R e The next discovery (maybe)

e Are there “Non-StanSdard Interactions” (INSI)?



1. NSI at the COHERENT & LHC *
2. NSI with a “Leptonic Scalar”
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1. “NSI”: COHERENT & LHC

As originally formulated by Wolftenstein, NSI:
NS = —2\/§GF Z Eég(ﬂafy“PLyﬁ)(f’yupgf)
[,C,a,B

= —V2Grel g (" Prvg) (fyuf) — V2Grel 5Ty PLvg) (fruy f)

A s e fR A I fL
€a5:€a5+6a57 €a8 = €08 — €ap

* We will only consider the NC NSI.
* For a heavy mediator: € ~ g" v,*/IV°.
* Interesting to consider UV formulation

L. Wolfenstein (1978);
T. Ohlsson arXiv:1209.2710;
Farzan & Tortola, arXiv:1710.09160.
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Consider a UV-complete U(1)’ model:
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Consider a UV-complete U(1)’" model:

1 1
L =Lon - 72" 2, + S M2V 2, + 2, %

Jx =g ZQ e+ D QuLey*L
Lg I/gLE

the quark charges 2 3 and lepton charges satisfying the constraint

S
QI+ Q5+ Q) +Q.+Q,+Q.=0.
1=Q =Q3 =0
Our representative choices for U(1)’ charges:
(A) Qq=1/3,Q,=-3Qc:=Q=0.
B0 - 180 -0 i
O

* Electron flavor heavily constrained (beam-dump), not included here
e MZ’' ~5 MeV — O(TeV)
—> heavy for oscillation expts, but suitable for LHC searches.
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Neutrino oscillation experiments

1 Ry 0 ; L+ €ce €en €er
L i 2 st

H==U | 0dm3, 02 T V= vaGaNeliie e i
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g Current data DUNE+T2HK

v | [~1.192, —0.802] & [—0.020, +0.456] | [—0.407, —0.270] & [—0.072, +0.064]
e [-0.130, 0.152] [~0.019, +0.018]
€ [—0.152,0.130] [—0.017,+0.017]

I. Esteban et al., arXiv:1805.04530.

Table 1: 20 allowed ranges for the diagonal NSI parameters from the global analysis of current
oscillation data assuming both LMA and LMA-D [22] and from the simulation of next generation
neutrino oscillation experiments DUNE and T2HK.
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In our Z' model: M, ~5 MeV —20 MeV
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CEvNS Constraints — COHERENT expt
M, ~ 10 MeV - 10 GeV
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* ATLAS/CMS existing results recast
* HL-LHC new study
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Figure 2: Bounds on ¢’ for Cases A (upper left panel), B (upper right panel) and C (lower
panel). The red shaded areas correspond to the 20 exclusion regions by using the energy spectrum
from the COHERENT Csl detector [9]. The red dashed lines show the expected 20 limit from
COHERENT with a 750 kg LAr detector [22] and a 4-year exposure using both energy and
time information. The purple areas correspond to the 20 bounds from a global fit to neutrino
oscillation data [21]. The dashed purple lines show the expected 20 exclusion limit from DUNE
and T2HK combined. Regions above the brown curves are excluded by CMS [23] and BaBar [24]
at 20 and 90% CL, respectively, using pp/ete™ — utp~Z' searches. The brown dashed curves
are the 20 expected sensitivities from HL-LHC, with an integrated luminosity of 3000 fb!, in
the utp~Z' channel, and the blue solid (dashed) curves correspond to the expected 20 (50) limit
using di-muon searches for Cases A and B, and di-tau searches for Case C. In the upper panels,
the blue shaded regions are excluded at 90% CL by the LHCb dark photon searches [25] and at 20
by the ATLAS di-muon searches [26] with 139 fb~!. In the lower panel, the blue area is excluded
at 20 by the ATLAS di-tau searches [27] with 36.1 fb~!. The 20 limit from CCFR [28, 29] is
given by the orange curves. The 20 allowed regions that explain the discrepancy in the anomalous
magnetic moment of the muon (Aa, = (29 £ 9) x 1071° [30]) are indicated by the black band.
The black stars mark the benchmark points we consider in Section 5.
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COHERENT & LHC: Correlated Studies
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2. NSI with a “Leptonic Scalar”



2. NSI with a “Leptonic Scalar”

Tree-level “seesaw mechanism”

The dim-5 Weinberg operator:

1 i,
= (ywLH)(yyLH) + h.c. = VL VR
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2. NSI with a “Leptonic Scalar”

Tree-level “seesaw mechanism”

The dim-5 Weinberg operator:

L ygvz S
= (yoLH)(yyLH) + h.c. = - UL, vR

e O3x3 D3, V¢
Type-I: Add Ng’s (Z N°z) ( b D ) ( Ni )

nx3

(along waith W)

Minkowski (1976); Yanagita (1979); Glashow (1980); Mohapatra, Senjanovic (1980);
Magg, Wetterich (1980); Lasarides, Shafi (1981); Mohapatra, Senjanovic (1981);

Foot, Lew, He, Joshi (1989); G. Senjanovic (1981)
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2. NSI with a “Leptonic Scalar”

Tree-level “seesaw mechanism”

The dim-5 Weinberg operator:

D
Yyyv o o
A R

% (ywLH)(yyLH) + h.c. =

e O3x3 D3, V¢
Type-I: Add Ng's (7 N) ( e ) ( Ni )

nx3
(along waith W)
Type-11: Add a scalar triplet @ (Y = 2) : ¢, ¢, ¢° Glons with e
Yi; LT C(ion)®L; + h.c. pH! (iop)®TH + h.c.

Minkowski (1976); Yanagita (1979); Glashow (1980); Mohapatra, Senjanovic (1980);
Magg, Wetterich (1980); Lasarides, Shafi (1981); Mohapatra, Senjanovic (1981);

Foot, Lew, He, Joshi (1989); G. Senjanovic (1981)
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2. NSI with a “Leptonic Scalar”

Tree-level “seesaw mechanism”

The dim-5 Weinberg operator:
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nx3
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Type-11: Add a scalar triplet @ (Y = 2) : ¢, ¢, ¢° Glons with e
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2. NSI with a “Leptonic Scalar”

Neutrinos are elusive, and could couple to new particles,

and thus modity their behaviors. Consider:
1
L) 5)\045 ¢ Va3

* ¢ carries lepton-number L = -2

* Atrenormalizable level: ¢ v vy

* Atdim-6: A5 ~ K| Ky vy /M2

* Could be from a UV complete formulation

* It can radiate off any neutrino and thus
could effect many processes:
- meson decays; W/Z decays
- light DM searches; IceCube

- colhider experiments
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Low energy bounds: Meson decays
For leptonic decays of charged mesons P~ — £~ v with P~ =n~, K, D™, Dg, B~
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W/Z decays:
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W/Z decays: Dark photon/DM searches:

—— Z 5 VgVq
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Some other
constraints:

Muon decay: As discussed in Section 2.4, ¢ can be emitted from tree-level decay
1 — evvg. As a result of the precise u decay data, for sufficiently light ¢, the limits
from p decay are expected to be much more stringent than those from 7 decays. In
addition, the electron [98, 99] and neutrino [100, 101] spectra could be altered in
presence of ¢, which can also be used to set limits on A,g.

Tritium decay: If the scalar mass my S O(10eV), it can be produced from tritium
decay in the process 3H — 3He™ + e~ +v + ¢ [102], and this process can be probed
in the KATRIN experiment [103, 104].

OvBp decay: The coupling of ¢ to electron neutrinos contributes to Ov35 decays via
the process (Z,A) = (Z + 2, A)e"e™ ¢ if the mass my S O(MeV) — the typical Q-
value for the relevant nuclei. This is strongly constrained by the searches of Majoron
emission in Ov33 decay experiments like NEMO-3 using °°Mo [6, 7, 11] and '5°Nd [9]
nuclei, as well as KamLAND-Zen [12] and EXO-200 [13] using !36Xe. Somewhat
weaker limits were also obtained by NEMO-3 using “®Ca [8] and 32Se [10], as well as
by GERDA using "®Ge [14].

Supernovae: A light ¢ can be produced abundantly in the supernova core if its mass
mg S O(30 MeV) — the typical core temperature of supernovae. The couplings |Aqg]
can be constrained from both the luminosity and deleptonization arguments [105—
107].

CMB and BBN: As a light particle, ¢ itself contributes to the relativistic degrees of
freedom Ncg if the mass my S 100 keV [108]. The current precision cosmological data
ANcg = 0.18 at 1o C.L. [109] has excluded a large parameter space for such light lep-
tonic scalar mass my and the couplings |Aqg|. Similarly, the big-bang-nucleosynthesis
(BBN) constraints rule out my S 0.2 MeV for sizable couplings A.g, as long as they
allow ¢ particles to thermalize at BBN temperature [110].

Neutrino decay: For sufficiently light ¢, the heavier neutrinos might decay via v; —
V; + ¢ with the mass indices i, 7 = 1, 2,3 and ¢ < j. Therefore we can impose
stringent bounds on the leptonic scalar mass mg and the A;; couplings from the
solar neutrino data [111-115]. There are also constraints from atmospheric and long
baseline experiments [116-118]. The CMB limits on neutrino free streaming could
also set limits on neutrino decays, as long as the mediator is lighter than neutrino
mass and the non-diagonal couplings \;; are non-vanishing [93, 94, 119].
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Signal & Backgrounds: w — HELH T
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Figure 8. Kinematic distributions of the signal and SM backgrounds W*W*jj (EW), WEtW*j;j
(QCD) and W*Zjj after the EXiss cut. The top left and right panels are respectively for the pr
distributions of the leading lepton ¢; and the sub-leading lepton /3, and the lower left and right
panels respectively for the missing transverse energy EXs* and the angular separation |Ady, Emiss |.
Only the EF'° distribution is shown before VBF cuts.
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Figure 9. Prospects of the coupling |\..| as a function of the scalar mass mg at 14 TeV LHC with
luminosity of 300 fb~! (solid thin red line) and HL-LHC with 3 ab™! and with systematic errors
of 10% (solid thick red line) and 0% (dashed thick red line). Also shown are the low-energy limits
(cf. Table 1) from meson decay (gray), 7 decay (brown), heavy neutrino searches in meson decay
spectra (orange), invisible Z decay (purple), light DM searches in NA64 (pink) and the prospects

at LDMX (dashed pink), the current IceCube limits on neutrino—neutrino interactions (blue) and
prospects (dashed blue). All the shaded regions are excluded.
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SUMMARY

* NSI's obvious targets to scrutinize.

* Example 1: a UV complete model Z’

* M, ~5MeV -20 MeV: DUNE+T2HK

* M, ~20 MeV -1 GeV: COHERENT Lar

* M, ~1GeV -20 GeV: LHCb, CMS 4-leptons
e M, ~20GeV -4 TeV: HL-LHC 2-leptons

* There are parameter regions for correlated studies
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SUMMARY

* NSI's obvious targets to scrutinize.

* Example 1: a UV complete model Z’

* M, ~5MeV -20 MeV: DUNE+T2HK

* M, ~20 MeV -1 GeV: COHERENT Lar

* M, ~1GeV -20 GeV: LHCb, CMS 4-leptons
e M, ~20GeV -4 TeV: HL-LHC 2-leptons

* There are parameter regions for correlated studies
* Example 2: a “leptonic scalar”¢ .4 ¢ vavs

radiated off neutrinos, carrying away missing

energy & lepton-number. Sensitivity on 4,:

Meson decays: 0.01; NA64: 0.02; DUNE: 0.08;
IceCube: 0.3; Z-decay: 0.6; LHC: 1; HL-LHC: 0.5
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SUMMARY

* NSI's obvious targets to scrutinize.

* Example 1: a UV complete model Z’

M, ~5 MeV - 20 MeV: DUNE+T2HK

M, ~20 MeV — 1 GeV: COHERENT Lar
M, ~1 GeV —20 GeV: LHCb, CMS 4-leptons
M, ~ 20 GeV —4 TeV: HL-LHC 2-leptons

There are parameter regions for correlated studies

* Example 2: a “leptonic scalar”¢ .4 ¢ vavs

radiated off neutrinos, carrying away missing
energy & lepton-number. Sensitivity on 4,:

Meson decays: 0.01; NA64: 0.02; DUNE: 0.08;
IceCube: 0.3; Z-decay: 0.6; LHC: 1; HL-LHC: 0.5

Low-energy expts <-> LHC complementary!

33



Before VBF cuts (\/;=14 TeV)

— Signall
— 0.010- ke
g W*W*jj (QCD)
};:
o
B 0.005F
S
©
)
0__.E1 7 - L 1 1 =
0 50 100 150 200 250 300
pr, [GeV]
Before VBF cuts (vs=14 TeV)
= I I — Signal
r,> 0.003 . ekt A
8 o WAWHjj (QCD)
=" | 1 X
[ e B A S WAz
E':. |_1 1
D |
S 0.001} |
5
0

Before VBF cuts (v s=14 TeV)
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