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Open questions in the neutrino sector

@ Only left-handed neutrinos in the SM (Parity Violation)

o any right-handed neutrinos (RHNs)?
o how heavy are the RHNs?
e RHN mixings and CP violation?

@ Neutrinos are electrically neutral

e are they Majorana particles?
o lepton number violation (in neutrinoless double beta decays)?

@ Neutrino masses are much smaller than the electroweak scale:
0.1eV/100 GeV ~ 10-12

e how to generate such smaller masses? seesaw mechanism?
o ultraviolet completion of seesaw models?

@ Non-standard interactions (NSls) of neutrinos?

e how to measure the NSls at colliders?
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How to measure scalar-induced NSlIs at colliders?

(How to produce a (light) scalar at colliders
if it couples only to neutrinos?)
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Scalar ¢ with leptonic-number of —2

@ Suppose we have a leptonic scalar ¢:

e a singlet under SM group;
e carries -2 units of lepton-number charge;
e mass below the electroweak scale (246 GeV).

o Effective couplings to active neutrinos (o, 5 = e, p, T)

1
‘cy D) 5 A(x{)’ (f)l/(yyﬂ

in the interaction;
Neutrinos are Dirac particles;
Applicable if neutrinos are Majorana particles;

vV vVv.v Y

If ¢> < mi = effective (vv)(vv) interactions.
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Low-energy limits on

Berryman, de Gouvéa, Kelly & Zhang, '18; Lessa & Peres, '07; Pasquini & Peres, '15

As ¢ couples exclusively to neutrinos, we have the limits for my > 100 MeV:
@ charged meson decay rates, e.g. 7~ — {"v¢
@ charged lepton decay rates, e.g. 7~ — £ v
@ heavy neutrino searches in meson decay spectra,

eg. m —{ " Nvs. 77 = 0"vo

W and Z decay rates: Z — vvp, W™ — £ v

neutrino beam experiments, e.g. MINOS & DUNE

Vat+p—= L5 +n+¢

light DM searches in NA64 and LDMX

IceCube and CMB limits on NSls

The LHC prospects are almost constants for m, < GeV.

~
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Process Data Couplings Mass range

m" — e Dy  BR<5x107° > el mg < 131 MeV
K~ > e ewib BR<6x10° >, sl my < 444 MeV
K~ — u~ v BR<24x107° my < 386 MeV
D™ > e i BR < 8.8 x 10°° Zﬂ [Aes|? mgy < 1.52 GeV
D™ = pu" o, BR < 3.4x107° > sl my < 1.39 GeV
Dy — e 7. BR <83x10°° Do, sl my < 1.64 GeV
Dy — p~ oy BR = (5.50 + 0.23) x 1073 Zﬁ A l? mg < 1.50 GeV
B~ — e 7 BR <9.8x 1077 >, el my < 3.54 GeV
B~ — u" o, BR = (2.90 — 10.7) x 107 ZJ A2 mg < 3.50 GeV
TT = e Devr BR = (17.82 £ 0.04)% Zﬂ e |? mg < 741 MeV
77 = u Puv,  BR = (17.39 £ 0.04)% Zﬂ [Ausl? mg < 741 MeV
P~ S e N see 1712.00297 >, sl 3.3MeV < my < 448 MeV
P~ = pu~N see 1712.00297 >, sl 87 MeV < my < 379 MeV
Z = inv. BR = (20.0 + 0.055)% > 5 Sashapl my < 52.2 GeV
W — ev BR = (10.71 £ 0.16)% > el my < 38.8 GeV
W — uv BR = (10.63 + 0.15)% >, sl my < 39.3 GeV
MINOS see 1802.00009 [l mgy < 1.67 GeV
DUNE see 1802.00009 Al m, < 3.00 GeV
NA64 see 1906.00176 Yo Saslrasl my < 948 MeV
LDMX see 1808.05219 o Saslrasl? my < 1.50 GeV
IceCube see p1404.2279 [Aag] mg < 2.0(15.0) GeV
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Limits from charged meson decay rates

Lessa & Peres, '07; Pasquini & Peres, '15

meson decays involving ¢:

P~ = (liv$, P =x K ,D ,Di,B", l=epn

T > evyy

=
<L
= 05
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Limits from 7~ decay rates

Lessa & Peres, '07; Pasquini & Peres, '15

7~ decays involving ¢:
T =l vvg, L=e pu

¢ can be emitted from the v, or v, line, therefore all the six flavor combinations
of Aas (o, 8 = e, u, ) are constrained.
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Heavy neutrino searches in meson decay spectra

Lessa & Peres, '07; Pasquini & Peres, '15
@ Heavy neutrinos N from two-body meson decays (peak searches in charged
lepton energy spectra), e.g.

7~ —>e N, KT =0 N ({l=ep)

@ This can be used to set limits on lepton spectra of three-body decays

P~ — lvg
1 1
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Figure: Limits from heavy neutrino searches in meson decays in TRIUMF '92, PIENU
'17, KEK '84, E949 '14, OKA '17, NA62 '17, '18, '19.
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Limits from W and Z decay rates

Berryman, de Gouvéa, Kelly & Zhang, '18

W and Z decays involving ¢:

Z—=vvp, W —lvp

——Z 5 VgVq

— Z->vavp(@*p)
W-ev

— W v
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Limits from neutrino beam experiments

(MINOS and DUNE)

Berryman, de Gouvéa, Kelly & Zhang, '18
Neutrino-matter scattering involving ¢:

Vo +p—L5+n+¢

o affect the charged lepton momentum distributions;
@ charged leptons have the “wrong” sign, due to emission of
lepton-number-charged ¢.
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Light Dark matter searches (NA64 & LDMX)

Dark photon A’ searches in NA64 [1906.00176] via the electron-nuclei scattering,

with A’ decaying into a pair of DM x (2 — 3 process, further improvement in
LDMX 1808.05219):

eN — eNA, A — xx,

¢ can induce the process via Z fusion, with the same final states (2 — 5 process)

eN — eNvv+ ¢,
1
0.100
E" 0.010
—— NA64 (a * )
0.001 —— NA64 (a = f)
LDMX (a * B)
—— LDMX (a = f)
1074
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Yongchao Zhang (Wustl) leptonic scalar @ LHC Oct 7, 2019 12

2/

/21



[ceCube & CMB limits on NSls

@ PeV neutrino events could in principle set (flavor-universal) limits on
neutrino—neutrino interactions in the early universe, which is effectively
|)\a,@|2/m§5 here [loka & K. Murase '14; Ng & Beacom '14].

@ Neutrino free streaming will alter the CMB temperature power spectrum.
Current precision cosmological data have excluded the effective coupling

Gegp ™~ |)\ g‘ /m¢ > 2.5 x 107GF [Cyr-Racine & K. Sigurdson '13; Basboll, Bjaelde,
Hannestad & Raffelt '08; Archidiacono & Hannestad '13; Lancaster, Cyr-Racine, Knox &
Pan '17; Oldengott, Tram, Rampf & Wong '17; Kreisch, Cyr-Racine & Dor '19]

10
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Limits for lighter ¢ (m, < 100 MeV)

muon decay (for my < 100 MeV): p — evv;

Tritium decay (for my < 10 keV): 3H — 3He' + e~ + v + ¢ [Arcadi, Heeck,
Heizmann, Mertens, Queiroz, Rodejohann, Slezk and Valerius '18];

OvBp decays (for my < MeV): (Z,A) = (Z+2,A)e e ¢,

constrained by searches of Majoron emission in Ov3/ experiments NEMO-3,
KamLAND-Zen, EXO-200, GERDA.

supernova (for mey S 30 I\/IeV) [Choi, Kim, Kim & Lam '88 Farzan '02; Heurtier &
YCZ '16];

AN (for my < 100 keV) [Planck, 1807.06209] & BBN (for my < 200 keV)
[Ahlgren, Ohlsson & Zhou '13];

neutrino decay (for mgy < 0.05 eV): v = v+ ¢
including solar, atmospheric & long baseline neutrino experiments
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Production of ¢ at hadron colliders

Consider only the signals with e and p leptons
uu — dd EIK; 10)

u
W}LLLA
— é(i
Vo
——————— 6
Vg
+

Figure: Representative Feynman diagram for the production of ¢ at the LHC.

@ Signal is clean: same-sign dilepton plus VBF jets plus MET;

° 1
@ Similar processes mediated by Z fusion: uvu — uuvve
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Production cross section

Aqp=1 (a.B=e,1)

100k — 14 TeV |
---- 100 TeV
10.F )
g
S
1
0.1k A A L 4
0.1 1. 10. 100. 1000.

mg [GeV]

o We stop at my = vgw beyond which ¢ might couple also to charged leptons.
@ The LHC prospects can be significantly improved at future 100 TeV colliders.
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Dominant backgrounds

ATLAS 1906.03203; CMS 1709.05822

e EW process pp — WEW=*jj —>jj€§€§yl/,
the final states are the same as signal, with the LHC cross section
comparable for A\og = 1;
e QCD process pp — WEW=jj %jjé(ﬂ;ﬁgyy,
mediated by a t-channel gluon, can be effectively suppressed by the VBF cuts;
o pp — WEZjj — jitEt5(5v,
one of the charged leptons from Z decay missed by detector, and the LHC
cross section comparable for A\ g = 1.

AR
P AalEy e Shs
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Kinematic distributions

most efficient cuts: pr(f12), |Ap(f1, EPss)]
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Event yields and sensitivities

We have set my =1 GeV and A\,3 = 1 in the first table
(14 TeV, 3000 fb~1)

] Channels | efef  eFpF  pFu® | Total |
Signal 40 129 84 253
WEW=Ejj (EW) 37 137 89 | 263
W*W=jj (QCD) 2 9 2 13
W=*Zjj 29 94 54 177
Total background 63 240 145 453
Significan syst. error 0% | 3.87  6.73 5.53 9.53
'IENINICANCE | ovst. error 10% | 3.24 421  4.00 | 4.83

LHC (HL-LHC): 14 TeV, £ = 300 (3000) fb~*

] Collider | el Aeul  [Aunl |
LHC syst. error 0% | 1.35 0.95 1.07
syst. error 10% | 1.38 1.00 1.13
syst. error 0% | 0.68 0.51 0.57
HL-LHC syst. error 10% | 0.76 0.68 0.70
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Prospects of A\ee @ LHC & HL-LHC

HL-LHC

HL-LHC

HL-LHC

0.1 05 1 5 10 50 100 0.1 05 1 5 10 50 100
mg [GeV] mg [GeV]
(HL-)LHC sensitivities suppress all current existing limits if mg 2 GeV.
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Conclusion

o If a scalar couples only to neutrinos, it can be produced at LHC (and future
high-energy hadron colliders) from W fusion.
@ The signal is very clean, i.e. same-sign dilepton plus VBF jets plus missing

energy, i.e.
pp — /iﬁijj + MET

@ When the scalar mass my < GeV, we have stringent limits from meson
decays, charged lepton decays, meson decay spectra, W & Z boson decays,
neutrino beam experiments (MINOS), light DM searches (NA64),
astrophysical /cosmological limits on NSlIs (IceCube) and other limits.

@ The LHC prospects can go up to 0.51, depending on the charged lepton
flavors, and surpass all current existing limits if mg 2> GeV.

Thank you very much!
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UV completion

o At dimension-4 level, ¢ couples only to right-handed neutrinos (if there is
any)

L, Dyd*vve
@ At dimension-6 level, ¢ can couple to active neutrinos:

L

2 (LH)(LH)p = V/é\—qusw

@ A realistic UV-complete model: introducing a triplet scalar A:
[Dey, Lahiri & Mukhopadhyaya '18]

LD MLLA + M¢HAH,

Integrating out A:

2
Lo Aeidvr, Aot ~ (VEZV) Mo
MA
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More (weaker) limits from W data

More limits from LEP and LHC data involving W boson which are weaker:

@ pp — W — fv data @ LHC: emission of ¢ will affect the distributions of p1
of charged lepton, missing energy and the transverse mass of W boson
[ATLAS, 1701.07240].

@ ete™ = WHTW~ — gglv @ LEP: the uncertainties of distributions are too
large (limited by luminosity) [OPAL, 0708.131].

@ e — p universality in W decay @ LHC: current experimental uncertainties
~ 1%, larger than 0.05% from Z decay [ATLAS, 1612.03016].

@ pp — tt @ LHC: cross section small and backgrounds complicated.
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Kinematic distributions

Before VBF cuts (Vs=14 TeV)
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Cut-flow table

The last two rows are the most efficient cuts.

Signal | WEWTjj (EW) WZEWZEjj (QCD) W=Zj

Cut selection [fb] [fb] [fb] [fb]
Production 0.782 39.0 345 594
exactly 2¢:

P, > 10 GeV, [ng | < 2.5, 0.530 9.26 5.65 177
My, g, > 20 GeV, AR@IQ > 0.3
same-sign dilepton 0.529 9.26 5.65 445
for di-electron events: |7, e,| > 1.37,
|Mere, — mz| < 15 GeV vetoed 0.476 7.90 4.71 36.5
> 2 jets:
b, > 20 GV, (i) < 45 0.397 7.46 4.51 33.7
VBF cuts:
pr, > 65 GeV, pr, > 35 GeV, 0.165 4.08 0.502 3.42
mjj, > 500 GeV, |ijl/'2‘ > 2
b-jet veto 0.158 3.77 0.441 3.03
ET= > 30 GeV 0.143 3.41 0.399 2.58
pr,, > 150 GeV, pr,, > 90 GeV 0.108 0.217 0.017 0.176
\Ac“%_E?ss >1.8 0.084 0.088 0.004 0.059
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