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Non-Standard-neutrino Interactions

(NSI, or LEFT)

As originally formulated by Wolfenstein:
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For a heavy mediator: € ~ g2 v */IM?.

Already confirmed by oscillation experiments

with matter etfects; but measurements continue ...

L. Wolfenstein (1978); Farzan & Tortola, arXiv:1710.09160.
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Further generalization
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Constraints/Collider searches from

meson decays, B-decay, CEVNS, DIS, LHC ...
i.e. TH, J. Liao, H. Liu & D. Martatia, 1912.01431:



What about v-self interactions?

Leg = Geg (EV) (ﬂu)

< Important consequences, being actively explored.

Renewed interest to resolve the 40 tension 1n the
Hubble constant H, measurements:

CMB vs. Supernova

= Need “strong interactions”
to slow down the v free-streaming in the early universe,
thus increase IN_:

(4.6 £0.5MeV)™2 (SIv)
Geff:
(90F110MeV)—2  (MIv)

F.-Y. Cyr-Racine et al., 1306.15636; Oldengott et al., 1706.02123; ...
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A hight force-mediator for the “strong interaction”
1 1
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: Blinov et al., 1905.02727



A “Leptonic Scalar”
Consider: £ D %A(w b Val/g

¢ carries lepton-number L. = -2

At renormalizable level: ¢ v, v,

At dim-6, 1t may couple to v, V; :
(LH)(LH) ¢ /A*2 A5 ~ K| Ky vy /M?

Could be from a UV complete formulation



A Word of UV Completion
Aaf @ VaVg &  (LH)(LH)¢

Type Il Seesaw realization:
MLLA + M¢pHAH, where A is an SU(2)y, scalar triplet

Similar embedding can be done
in Type I, III Seesaw models,
in fact, any other UV complete models.



Observationally:
* (¢ can be radiated off any neutrino
and thus could effect many processes:

- astrophysical, cosmological constraints

- double-beta decay

- meson decays; tau decay; W/Z decays
- light DM searches; IceCube, ...

- collider experiments

A. de Gouvea, B. Dev, B. Dutta, T. Ghosh, TH & Y. Zhang, 1910.01132;

Kreisch et al., 1902.005634; Blinov et al. 1905.02727; Deppisch et al.
2020...; Bradar et al., 2003.05339.



Low-energy constraints: Meson decay rates
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Low-energy constraints: Meson decay spectrum

2-body decay vs. 3-body decay:
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Figure 3. Limits on |A.g| (left panel) and |A,g| (right panel) with 8 = e, p, 7 from heavy neutrino
searches in meson decays in TRIUMF [39], PIENU [40], KEK [41], E949 [42], OKA [43], NA62
’17] [44], NA62 ['18] [31] and NA62 ['19] [45]. The shaded regions are excluded.



Low-energy constraints: Invisible decays
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Figure 4. Limits on |\,p| (with o, 8 = e, p) from invisible Z decay Z — vava¢ (red), vavpe
with a # B (blue), the decay W — ev¢ (orange), uv¢ (purple) and invisible decay of the SM
Higgs h — voVa¢ (pink), vavg¢ with a # 8 (magenta). The data can be found in Table 1, and all
the shaded regions are excluded. The dashed pink and magenta lines denote the limits from the
prospects of invisible decay of the SM Higgs at the HL-LHC.
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[LLow-energy constraints:
beam-dump experiments & perspectives
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Figure 5. Limits on |A,p| from light DM searches in NA64 [26], and the prospects at LDMX [27].
The shaded regions are excluded.



Low-energy constraints on ¢ radiation:
Decay rates of mesons / T/W,Z

Ref. Process Data Couplings Mass range
[1,2] @ — e Devv BIRS- 55 105 D5 Aesl? me < 131 MeV
[1,2] K- e wevp BR<6x107° > g [Aepl? mg < 444 MeV
fleZl S E e . BRy< 2,46351070 > [ Ausl? mg < 386 MeV
[E2] S0 e p: BR < 8.8 x 1076 >5[ Aepl? mg < 1.52 GeV
e B e g - 7 BR < 3.4 x 107 > [ Ausl? mg < 1.39 GeV
BTl Pt e, BR < 8.3 x 107° > 5 | Aesl? mg < 1.64 GeV
[1,21] D3 — pu~ iy, BRES (R0 0280058 > [ Ausl? mg < 1.50 GeV
[ R S e BR < 9.8 x 10~7 > g [ Aepl? mg < 3.54 GeV
(1,21] B~ = u~ b, BR = (2.90 — 10.7) x 10~ 7 o Pl mg < 3.50 GeV
[1,20] 77 — e Devs BR = (17.82 4 0.04)% DB sl mg < 741 MeV
[1,20] 7~ - pu uvr  BR=(17.39+0.04)% > Musl? me < 741 MeV
Rk | e st e Ve see Ref. [25] > g [Aepl? 3.3MeV < m, < 448 MeV
L2 ¥ R e e N see Ref. [25] ey EWlE 87 MeV < mgy < 379 MeV
[1] Z.=.inv. BR = (20.0 & 0.055)% R e me < 52.2 GeV
1] W = ev BR = (10.71 4+ 0.16)% > g [ Aepl? mg < 38.8 GeV
1] W — uv BR = (10.63 £ 0.15)% DA me < 39.3 GeV
2] MINOS see Ref. [2] [Appl mg < 1.67 GeV
2] DUNE see Ref. [2] Rym me < 3.00 GeV
[26] NA64 see Ref. [26] IR T e IB e me < 948 MeV
[27] LDMX see Ref. [27] PR Sapglrasl? mg < 1.50 GeV
(28, 29]  IceCube see Ref. [28] | Aas] me < 2.0(15.0) GeV




[LHC searches:

A unique, clean channel u —s > d
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Signal & Backgrounds:

e the EW process pp - WEW*jj — jjﬁié?uy,
e the QCD process pp — WEW=*jj — jjﬁfﬁ?yu

o pp— WEZjj — jjlzts v,

U d
W+
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Vg
_|_
KB
W+
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Before VBF cuts (v s=14 TeV)
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Before VBF cuts (\/§=14 TeV)
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After Er™® cut (\/_ 14 TeV) After Er miss cut (Vs = 14 TeV)
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Signal & Backgrounds:

W+
e the EW process pp — WEW=*jj — jjtEt5vv, o N
e the QCD process pp — WEW*jj — jjextvw e
o vp— WEZjj— jil=totlv, e ,

(% >

Y

Table 2. Cut-flow table of the signal, with m, = 1 GeV, and SM backgrounds W*W=jj (EW),
W*W*5j (QCD) and W*Zjj at 14 TeV LHC. We decay W= (Z) boson to £Fv (£¥£~), where
{ = e, u, T during generation. In contrast, for the signal only £ = e, i are considered. The couplings
|Aa,8| (o, B = e, ) are set to be 1. Note that the particular cuts in the last two rows can suppress
very effectively the SM backgrounds.

R Signal | WEW=*jj (EW) W=*W=*jj (QCD) W=*Zjj
[£b] [£b] [£b] [£b]
Production 0.782 39.0 34.5 594
exactly 2¢:
pr,, , > 10 GeV, M6, 5| < 2.5, 0.530 9.26 5.65 177
mglg’z > 20 GeV, AR@lgz > 0.3
same-sign dilepton 0.529 9.26 5.65 44.5
for di-electron events: |ne; e,| > 1.37, 0.476 - 90 471 36.5
|Meie; — Mz| < 15 GeV vetoed
= 2 Jets: 0.397 7.46 4.51 33.7
ij1,2 > 20 GeV, |77(j1,2)| < 4.5
VBF cuts:
pr;, > 65 GeV, pr,, > 35 GeV, 0.165 4.08 0.502 3.42
mj,j, > 500 GeV, |Ay,, | > 2
b-jet veto 0.158 3.77 0.441 3.03
ERss > 30 GeV 0.143 3.41 0.399 2.58
pr,, > 150 GeV, pr,, > 90 GeV 0.108 0.217 0.017 0.176
|A¢el’ErTniss| SRS 0.084 0.088 0.004 0.059
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Signal & Backgrounds:

W+

£

e the EW process pp — WEW*jj — jjégfgyy, e
——————— &

e the QCD process pp — WEW*jj — jjﬁi@?uu e
> ves
o vp— WEZjj— jil=totlv, T &
U d

Table 3. Event yields in different lepton flavor combination channels e*e®, e*u* and p*u® for
both the signal and SM backgrounds at 14 TeV LHC with 3 ab™! of integrated luminosity. For the
signal we set my =1 GeV and |\, 5| =1 (with o, 8 = e, u). We consider systematic errors of 0%

and 10% on the background events only.

Channels Rt e e e e o 6 e
Signal 40 129 84 253
WEW=*j55 (EW) Shemt 89 263
WEW=*j5 (QCD) 2 9 2 13
W*Zjj 29 94 54 177
Total background 68 240 145 453
Siphifanes syst. error 0% | 3.87 6.73  5.53 9.53
syst. error 10% | 3.24 421  4.00 | 4.83

19



0.10|
0.05

0.1 0:5:%1 5:%+10 50 100
mg [GeV]
Figure 9. Prospects of the coupling |\ce| as a function of the scalar mass my 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.

20



1 1
3050 "2 0.50
= | ==
0.10| 0.10 /.
0.05| 0.05| S
)
g
0.

" 50 100

(@)
—
01 =
=\
o

0.1 0.1

21



5 10 50 100

me [GeV] me [GeV]
Collider e
LHC syst. error 0% | 1.35 0.95 1.07
syst. error 10% | 1.38 1.00 1.13
; : .01 ;
HL LHC syst. error 0% | 0.68 0.5 0.57
syst. error 10% | 0.76 0.68 0.70
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SUMMARY

* NSI's obvious target to scrutinize.
* Neutrino self-interaction

- important consequences
* A “leptonic scalar”®  A\.s ¢ varg

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!

(the) window into new physics
-- Goran Senjanovic (July 27, 2020)
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