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Outline of the talk

Introduction. Intensity Frontier. Portals to light new physics.

“Golden mode” of NA62, K2 & + missing energy — a potential

for future discovery. Dark photons + light dark matter, Higgs
portal scalar.

. Radiative decays of Kaons, and sensitivity to new physics:
K=2uv Il K 2 ma’ete

4. Beam dump mode ?

Conclusions



Big Questions in Physics
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0.4% STARS, ETC.

“Missing mass” — what 1s 1t?
New particle, new force, ...? Both? How to find out?

(History lesson: first “dark matter” problem occurred at the nuclear level,
and eventually new particles, neutrons, were identified as a source of a
“hidden mass” — and of course immediately with the new force of nature,
the strong interaction force.)



Neutral “portals” to the SM

Let us classify possible connections between Dark sector and SM
H*H (LS’ +A4S) Higgs-singlet scalar interactions (scalar portal)
BV, “Kinetic mixing” with additional U(1)’ group
(becomes a specific example of J /4 , extension)

LHN  neutrino Yukawa coupling, N — RH neutrino

J /A, requires gauge invariance and anomaly cancellation

It 1s very likely that the observed neutrino masses indicate that
Nature may have used the LHN portal...
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On-going and future projects

Fixed Target/beam dump experiments sensitive to

» Dark Photons: HPS, DarkLight, APEX, Mainz, SHiP...
* Light dark matter production + scattering: MiniBoNE, BDX, SHiP...
* Right-handed neutrinos: SHiP

» Missing energy via DM production: NA62 (K->mvv mode), positron
beam dumps...

= Extra Z’ in neutrino scattering: DUNE near detector (?)



New phySiCS: UV or IR?(Iet’s say IR/UV boundary ~ EW scale)

Neutrino oscillations: We know that new phenomenon exists, and 1f
interpreted as neutrino masses and mixing, i1s it coming from deep
UV, via e. .g Weinberg’s operator

Lnp X (HL)(HL)/AUV with Ayy > <H>

or 1t is generated by new IR field, such as RH component of Dirac
neutrinos?

Dark matter: 25% of Universe’s energy balance 1s in dark matter:
we can set constraints on both. If 1t 1s embedded 1n particle
physics, then e.g. neutralinos or axions imply new UV scales.

However, there are models of DM where NP lives completely in the
IR, and no new scales are necessary.

Both options deserve a close look. In particular, light and very weakly
coupled states are often overlooked, but deserve attention. 6



“Simplified model” for dark sector

(Okun’, Holdom,...)

€ 1
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1 —
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1 / — . ! A/
Lyoar = =7(FL)" + Xu(i0, — g'AL) = my]x,
., A — photon, A’ — “dark photon™,
: 1 - an electron, y - a DM state,
y g’ —a “dark” charge

X

= “Effective” charge of the “dark sector” particle yis Q =e x ¢
(1if momentum scale q > my, ). At q < my, one can say that

particle y has a non-vanishing EM charge radius, 7> ~ 6em;,”

= Dark photon can “communicate” interaction between SM and

dark matter. It represents a simple example of BSM physics. !



“Non-decoupling” of secluded U(1)
Theoretical expectations for masses and mixing

Suppose that the SM particles are not charged under new U¢(1), and
communicate with it only via extremely heavy particles of mass
scale A (however heavy!, e.g. 100000 TeV) charged under the
SM U, (1) and Ug(1) (B. Holdom, 1986)

Diagram Uy(1) Uy(1) does not decouple!

A mixing term is induced, ¥ F  FS

With k¥ having only the log dependence on mass scale A

K ~ (aa’)”? (3x)" log(A,/A) ~ 103

My ~ e’k Mg, (M, or TeV) ~ MeV — GeV

This 1s very “realistic” in terms of experimental sensitivity range of
parameters.
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Some specific motivations for new states/
new forces below GeV

A 1.5 decade old discrepancy of the muon g-2.
Discrepancy of the muonic hydrogen Lamb shift.
Theoretical motivation to look for an extra U(1) gauge group.

Recent intriguing results in astrophysics. 311 keV line,
PAMELA (+Fermi, AMS2) positron rise.

. Too-big-to-fail etc problems of CDM + solution via a DM re-
scattering with a light mediator.

Other motivations (most recently, a claim of new particles in the
decay of the 18.15 MeV state in *Be).
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More than 3 sigma discrepancy
for most of the analyses.
Possibly a sign of new
physics, but some
complicated strong

interaction dynamics could
still be at play.

Supersymmetric models with
large-1sh fanp; light-ish
sleptons, and right sign of u
parameter can account for
the discrepancy.

Sub-GeV scale vectors/scalars

can also be at play. 10



K-niy, parameter space

If g-2 discrepancy taken seriously, a new vector force can account
for deficit. (Krasnikov, Gninenko; Fayet; Pospelov)
E.g. mixing of order few 0.001 and mass m, ~ m,,
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Since 2008 a lot more of parameter space got constrained
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Search for dark photons, Snowmass study, 2013
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Dark photon models with mass under 1 GeV, and mixing angles ~ 103
represent a “window of opportunity” for the high-intensity experiments,
not least because of the tantalizing positive ~ (a/)e* correction to the

muon g - 2.
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Latest results: A1, Babar, NA48

Signature: “bump” at invariant mass of e*e” pairs = m,.
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Latest results by NA48 exclude the remainder of parameter space

relevant for g-2 discrepancy.

Only more contrived options for muon g-2 explanation remain,
e.g. L, —L,,or dark photons decaying to light dark matter. 13



Sensitivity to a light Higgs-mixed

scalar
Example: new particle admixed with a Higgs.
1 1
LHiggs portal — 5(8,“3)2 — §m%52 — ASHTH

After (Higgs Field = vev + fluctuation h), the actual Higgs boson
mixes with S.

Vi | g _ AV
1xing angle: = m2

The model is technically natural as long as A not much larger than mg
Low energy: new particle with Higgs couplings multiplied by 0

New effects in Kaon and B-decays.
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Sensitivity to a light Higgs-mixed
scalar

K= m + missing energy — a potential for future discovery.

» Underlying quark-W loop for s = d + Scalar is enhanced by
m.*/my,” factor.

= Above di-muon threshold, recent LHCb searches of B 2 K +
muon pair of fixed invariant mass provide a dominant constraint.

= Below mS =210 MeV, the decays are displaced — in fact very long
outside of the NA62 detector, because of the small Yukawa for
electrons. I'y = 62 (m_/v)*/(8m) mq,.

Result (see e.g. MP, Ritz, Voloshin, 2007)
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Constraint: (mixing angle)? < 2x1077, in the technically natural range
of mixings. 15



Sensitivity to a light vector
decaying invisibly

K™= m* + missing energy — a potential for future discovery of dark
photon decaying to light dark matter.

K*=2 mt + dark photon = " +yy
The rate for decay to a dark photon (MP, 2008):

ak® miW?
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Decouples as m,, =0.

Sensitive probes of mixing angles down to 10->.
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Constraints on invisibly decaying dark
photons

m, =10MeV,ap =0.1

Ny—-Ny m,=10 MeV k=0 POT=2x10%
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BNL results can be significantly improved by NA62
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Radiative decays

New particles could be coupled only to leptons proportionally to
their mass. Or they can couple to quarks in such a way to prevent
a’ 2>V + v. (Irvine group idea in connection with Be8 anomaly).

In that case studies of

K =2 uv Il
K 2 atnlete

can shed light on these type of models.

18



Leptonic 2HDM + singlet scalar

Consider 2HDM where one of the Higgses (®,) will mostly couple to
leptons, and also mixes with a singlet that 1s “light” relative to EW scale.

V= ‘/QHDM + VS + Vportal

A 2\ 2
Vanpat = mi; @] @1 + m3,®4dy — mi, (cb* Oy + BLD ) +5 (cp @1) +5 (cp @2)

Y (cb}cbl> (cb*cbz) + M (cb*cbg) ( ) 75 [@@2) ( ) ]

As

1 A
Vg = BS 4+ ~m2S? + 7553 + 225t

2
Voortal = S {Anq’hh + AQQCI);(I)Q + A12 <®1<I>2 + CI>£CI>1>}

Calling the the lightest scalar particle §, one takes a large tan beta
regime, and considers an effective low-energy Lagrangian

1 1 _
Lot = 5(0,5)" — 5mis? +l > St ge = ggmg Jv
=e,u,T
where it 1s important that 1. S can be light, 2. couples mostly to leptons,
proportionally to their masses. This leads to an effective “reweighting”

of the traditional e-mV parameter space for all effect involving leptons.



Belle II
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“Effective” mixing angle for electrons

Reff = megﬁé/ev

One can still “fix” the g-2 discrepancy with such
scalar.

Batell, Lange, McKeen, Pospelov, Ritz, 2016.

B-factory signal from the associated 7't~ + Scalar 2 T/t utu”

production will test the model below mg ~ 3.5GeV. Kaon decay studies
are also warranted (K = uv ["I" including low m_)



Beam dump mode

Running the NA62 in the beam dump mode 1s also a good 1dea:

» Unparallel (among existing experiments) sensitivity to the
displaced decays of light particles.

" Proton beam dump is also automatically a photon, electron and
muon beam dump.

= Sensitivity to models of light New Physics where g-2 of the muon
is corrected via series of light “overlapping” new resonances,
where search for a bump is not possible. (Chen, MP, Zhong in

progress)
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Conclusions

. Light New Physics (not-so-large masses, tiny couplings) is a
generic possibility. Some models (dark photon, scalar coupled
Higgs portal) are quite natural, and helpful in explaining a
number of puzzles in particle physics and astrophysics.

. There 1s a strong sensitivity of NA62 to all underlying 2-body
decay modes that give K-> p + missing energy. Models with
very light scalars mixed via the Higgs portal. Models with dark
photon decaying invisibly.

. New radiative decay mode studies (K = uv [*)) could constrain
lepton-specific Higgs models with light particles. The observed
K 2 m'n? e*e spectrum can be analyzed for presence of
anomalies.

. Beam dump run is a good 1dea (possible pre-amble for SHiP) ,



