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WHERE 1§ THE NEW PHYSICS HIDING?
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Heavy neutral leptons (HNLs)

Right handed neutrinos HNL lifetime
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Electroweak symmetry breaking

Dirac mass m,; = vy,

Seesaw mechanism
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produces tiny SM neutrino masses
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NA62

Fixed target experiment in the North Area using the CERN SPS with the goal to

= measure the very rare kaon decay K™ — wTuvw
= 10 % measurement of the CKM parameter |Vi4|

Collimator

Tracker
Target p-dump K-tag

Tracker
Vacuum chamber
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Hidden sectors at NA62

= it can also be used to search for hidden new physics x such as a heavy neutrino
= Target mode

= only KT induced processes




Fixed target experiment in the North Area using the CERN SPS with the goal to

= measure the very rare kaon decay K™ — wTuvw
= 10 % measurement of the CKM parameter |Vi4|

Collimator Tracker Tracker
Target p-dump K-tag Vacuum chamber

Hidden sectors at NA62

it can also be used to search for hidden new physics x such as a heavy neutrino
Target mode

only KT induced processes

Dump mode

D- and B-meson induced processes dominate
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Axion like particles (ALP)
The ALP mass and interaction terms
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With a model dependent constant c.

Widths
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With NLO correction factor k.
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= SM particles = ALP decay constant f,/GeV




ALPs exclusion
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Effective field theories



Effective theories of the Standard Model

Effective field theories SM and heavy NP

/—/%

= include all fields of interest

= consist of all operators allowed by symmetry of the theory

EFT fields and symmetries
= non-renormaliseable operators encode heavy (new) physics

SMEFT, HEFT, LEFT,

NRQCD, HQET, xPT, ...
!

SM operators

oM




Effective theories of the Standard Model

Effective field theories

SM and heavy NP

= include all fields of interest s B

= consist of all operators allowed by symmetry of the theory EFT fields and symmetries
= non-renormaliseable operators encode heavy (new) physics

SMEFT, HEFT, LEFT,
NRQCD, HQET, xPT, ...
1
SM operators
OSM

Standard Model EFT (SMEFT)

consists of all SM fields

operators compatible with SM gauge group
used to constrain new physics (NP) models
see also Higgs EFT

Light EFT (LEFT)

= heavy SM fields are integrated out
= generalises Fermi's four fermion theory
= SM (with extensions) at low energies




Effective theories of the Standard Model

Effective field theories SM and heavy NP

= include all fields of interest

= consist of all operators allowed by symmetry of the theory
= non-renormaliseable operators encode heavy (new) physics

EFT fields and symmetries

SMEFT, HEFT, LEFT,
NRQCD, HQET, xPT, ...
l

SM operators

oM

Standard Model EFT (SMEFT)

consists of all SM fields
operators compatible with SM gauge group

used to constrain new physics (NP) models
see also Higgs EFT Heavy quark EFT (HQET)

Chiral perturbation theory (xPT)

= exploits light quark flavour symmetry
= light meson interactions

. = exploits mass hierarchy within meson
Light EFT (LEFT) = interactions of mesons with one heavy quark

= heavy SM fields are integrated out o
= generalises Fermi's four fermion theory non-relativistic QCD (NRQCD)

= SM (with extensions) at low energies = interactions of mesons with two heavy quarks

= treats heavy mesons non-relativistically




EFTs of the SM and where to use them

SM EFTs QCD regime/EFT DOFs, decays, and experiments

SMEFT
HEFT

CMS

i D jet
perturbative QC jets ATLAS

integrating out t, h, Z, W
HQET
5q LEFT NRQCD
integrating out b
HQET

4q LEFT — NRQCD

LHCb
elle Il

integrating out ¢ B
NA62 (Dump mode)

3q LEFT — xPT

NAG62 (Target mode) v




Portal effective theories
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Portal effective field theories

Hidden sector Secluded sector

= contains mediator fields = fields which are not directly coupled to SM
= can entail a complicated secluded sector = additional interactions of the mediators

. : = mass generation mechanism for mediator
Mediator fields

- interact feebly with the SM :Enlcz:f>rrporated of nefc:.essary portal suppression into
= forms with the SM fields the portal operators power counting

SM and heavy NP Hidden sector with light NP

EFT fields and symmetries Mediator fields Secluded fields

SMEFT, HEFT, LEFT, 0,Y2, 1,32, 2 Additional fields not directly
NRQCD, HQET, xPT, ... si, &, vf , ;‘ Lt interacting with the SM

/T~ —, |

SM operators Portal operators Hidden operators

SM ortal i hidden
On O:Em — OgMomdden Om
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Portal currents

portal __ portal
n - Zm O”""

PET framework




Portal currents

SM operators
oM=0Mq.tvg )

Hidden operators

hidden __ ~hidden 1%
On; _On; (S;,Ej,vk,...

Form portal operators

portal __ ASM ~hidden
Onm _On Om

Can be collected in Portal currents

portal § : Oportal

Capturing the portal interactions of the SM

Eportal Z JportaIOSM

For example: The axial anomaly

o o{GuG")e
Lo=-0 (ar)?

Guv Gluon field strength
6 QCD vacuum angle

In terms of current 6 and operator w
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YT ey

Scalar axial current Sy contains NP
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E.g. Axion like particle a
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More complicated models
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Portal SMEFT operators

Renormaliseable operators

d Higgs Yukawa + h.c.  Fermions
3 si|H|?
4
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Gauge bosons




Portal SMEFT operators

Renormaliseable operators

Yukawa + h.c.

Fermions

Gauge bosons

Ea‘eb HT

Non-renormaliseable operators of dimension 5

d Higgs Yukawa + h.c.

Fermions

Gauge bosons

S,‘SjSk|H|2 SiqaﬂbﬁT
ssD*H'D,H  siq,duH'
S,'|H|4 S;laEbHT

siG2,GE
S,'W;,,W;w
Si Bu,, B*
siG2,Gh
S,'W:,,W;"
Si B,w é’w
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Portal SMEFT currents

Portal Lagrangian

Lportal = LEw + LEw + LEw + Léw -

Individual parts

1 .
Ll = ShIHP + 5 SYIH|* + SHD*H' DL H+ V) HIDLH

LYy = SeteH! + §2qaHt + U quH" + ZeH + S,eDHAt + hee. |

LEw = VI '+ VG0 + VETT o, u + vid'o,d + vielo,e,

LYy = (SEBu, + SEBL, + TE)BM + (S Wy + SYY W)W + (S,Guu + SeGu )GH .
Portal SMEFT

= at dimension 5 is encoded in 21 portal currents
= serves as starting point for construction of EFT for lower energies




Portal LEFT currents

After integrating out the heavy SM bosons

interactions are described by operators of dimension 5+ 2 =7

QCD operators and portal currents

SM operator current

w = <é'WG’“’>C/(47r)2 O=0+5 vacuum angle
T = (Gu G )/ (4)? Q2=27m/a + S, fine structure constant
Q=qq M=m+S, mass

Gluon fields are normalised such that D, = 8, — iG.

Portal LEFT current Lagrangian Constant SM currents

Lo =6w— QT — (MQ); can contain dynamical NP contributions




Electroweak induced portal LEFT currents

Vector current interactions Electromagnetic dipole Chromomagnetic dipole




Electroweak induced portal LEFT currents

Vector current interactions Electromagnetic dipole Chromomagnetic dipole

.1.

QCD operators and portal currents

SM operator current SM contribution
Q* = qgotq! LF =1+ V! I* = eqA* + 1, left-handed

Q"' =q'o"g R¥ =yt 4 VH r# = egA* right-handed
1

3
Q= q0,,G"'q r=~+S8, vy = m(/\g Z cu\/SLVud + h.c.) chromomagnetic

Quv = qo,.9 T = +# + TR 7 = —FR~, tensorial (EM dipole)

Electroweak contributions to the portal LEFT current Lagrangian

SLEW = —((L*Qu + R* QL)) — ((I'Q + T* Quy +h.c.))y/(47v)?




Flavour symmetry in the quark sector

Kinetic Lagrangian is invariant under global flavour rotations
qg— Vg, 6—)&7, (V,V)EGLR:U(nf)L X U(nf)R

Quark bilinear transform as

GG: Q = VQV, qo.q': Q. —VQ.WV', q0.G: Q. —VQuLV,
GoG*g: Q - VQV, Go*g: Q. — VIQ,V.




Flavour symmetry in the quark sector
Kinetic Lagrangian is invariant under global flavour rotations

qg— Vg, q—qV, (V,V) € Gig = U(ng)L x U(ns)r
Quark bilinear transform as

93: Q - VQV, S QL= VLT, g0, QL —VQLV,
40,G*G: Q — VQV, Q.- VgV,

Currents transform as

moVimvt,  ~ Vvt o Vet g e iinvV),,




Flavour symmetry in the quark sector

Kinetic Lagrangian is invariant under global flavour rotations
qg— Vg, a—>aV, (V,V)GGLR:U(nf)L X U(nf)R

Quark bilinear transform as

qq9: Q —VQV, L QL —VQuVT, 90, G Qu — VQLV,
40,G*g: Q = VQV, Q.- VgV,

Currents transform as
moVimvi, Vvt o Vvt 00wV,
Path integral is invariant under local flavour rotations
I* 5 VirVE Livervt, v VeV 4 ViV
Flavour covariant quark derivatives
D*q = d*q —il*q, D*at :au—T_irua’r
Field-strength tensors for the left- and right-handed currents

W = H1Y — B¥IH — i[I*, 1], PR = BV — 3Yrt —i[rk p]




Portal LEFT operators

Scalar box diagram Scalar penguin diagram Fermionic penguin diagram




Portal LEFT operators

Scalar box diagram Scalar penguin diagram Fermionic penguin diagram

Quark flavour conserving operators Quark flavour violating operators

d Scalar Vector Gauge d Two quarks  Quark dipole  Four fermions

4 s Py sisisk dd si F*do,,d
@ 6 &% d i GHd
sisj 9 5t Fu PP aad | HE Ao
i Fuu P2 )

si G, G* Si sisisks dd s dig' qd

51 G, GH si q'o*q q'o.q

7 s; dfo*d qo,g'
Si eTE#t/ uterd

§.0v FH Si UTEMU dte*d

gaﬁuugb Frv ¢, ilaﬂ e digtu
Vi 1IJTE”"L/} h.c. ELE# v digtd




Portal chiral perturbation theory
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Chiral perturbation theory

Flavour symmetry is non-linearly realised

iP(x)

g(x) = exp 3

Matrix valued field of the light mesons

Energy scale given by meson decay constant
fo ~ 63.9 MeV ApT = 47fy
Left-handed Maurer-Cartan field
u, = ig@,LgJr
Mass dimensions

[®] =1, [gl=0  [u]=1

Chiral perturbation theory (xPT) models

, w0

+ KO 70 -

XPT captures axion interactions




Chiral perturbation theory

Flavour symmetry is non-linearly realised xPT models

(x) = e i P(x) SU(2) n*, 0

X) = exp ——=

g P8 SU3) K%, KO, K°, ng
U@B) m

Matrix valued field of the light mesons
only U(3) xPT captures axion interactions

M8 + T8
Quantum numbers of the meson octet

Energy scale given by meson decay constant

K+

o, T8

fb ~ 63.9 MeV, /\XPT = 47Tfo

Left-handed Maurer-Cartan field "

I

m 0
:nf%' I
.

u, =i gG,LgJr

_,O';———— '————f,O——— =

Mass dimensions

[@] =1, [g]=0, [w]=1




Lagrangian
Flavour symmetry
g— VgV, o/fh — ®/fh —i(InVV),

Left-handed currents

Ui=u, - L, +R,, R“:gRugT, M=gM M= (M),

Covariant derivative Remember

Dtg = o g —i(L"g — gR")

u, = ig@,LgJr

Chirally invariant currents

— ~

©=i(@— ¢/h)



Lagrangian

Flavour symmetry Covariant derivative Remember
g— VgV, o/fy - &/fh —i(nVV); R D*g=0"g—i(L*g—gR*) { u,=igd,g'
Left-handed currents Chirally invariant currents

U,=u,—L,+R,, R,=gR,g’", M=gMm M= (M), ©=i6-o/f)

LO depends on free parameters fy, by, and myg

f2 f2 N f2 2
L= (U + <°2b0M+ h.c.> +o0




Lagrangian
Flavour symmetry Covariant derivative Remember

g—VgV, o/fy - &/fh —i(nVV); I D'g=0"g—i(L*g—gR*) § u,—igd.g'

Left-handed currents Chirally invariant currents

—

UMZUM_LM+§M' ﬁM:gR“gT, M\:gM M:<M>fv é:i(@—d’/fo)

LO depends on free parameters fy, by, and myg

_

2h
(U U“>f + (0_0

L= I\7/+h.c.) +

NLO depends on free parameters L; and A;
f2
L = (2Ly + L3)(U*FULU"U,); + Lay(U, U U*UY )y + %AlUuU”
© f02b0 Vo
+ Lgbo(MU,U); + hc. + Lgbo(( )+ h. c) + 22 /MO + hc.

ng
— i Lo(UMUY (L + Ryuw))r + Lio(L* Ry )y

Field strength tensors of the left- and right-handed currents

LM =@*LY — 8“L* —i[L* L*], R* =08"R'—0"R*—i[R* R'], R,, =gR,zg'




Low energy realisations (LERs)

Reminder
w = (GuG*)c/(4m)? Q=qq Q" = go*qt
6 = QUWG”Vﬁ 6ﬂ = ﬁTﬁ‘Lﬁ Qp.l/ =qouq

LERs associated with the L,, R,, M, and © currents are well established.

_ 1 m2 ~
Qu= 17Uy, Qu=-frg'Uug, Q:*Eﬁ)ZbOg: w:—iszn—;@.

LERs associated with the T, and I' currents

. ~ 1
Q" = —ho (kP'URU” + kIR (L™ + R™) ) g, 5 fboxre




Kaon decay
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Kaon decays

Mass mixing Direct production Complete transition amplitude

A(K+ — 7T+5,') = Agirect + Amixing .

Master equation

2

n n euv  bo
rNK™—m= s,)—27rmK< > 47rmK> p(Xr, Xs)

5 dm2 €EW v ro2 ’
Re| ckns; — Caz"l’s + — bov Xi +2E(X me)
€EW

2
—(evrs,-VK'Mr + 0175,- VK'Il'T] + en’s;VKWT]') > :
euviobo

+‘Im CKrs; +




The direct contribution is

bov € 1
Adirect = Aﬁe + Ap = 0 7 CKma — ﬂ)<Oy Xi= §(h8i

2 2
2, 2f, + (ng = 2)hon) (i + -

while the indirect contribution for production via meson-to-axion mixing is

L€
Amixing = AI,-,T + AG = - ;}(/)V (eanvar + enaVK'rr'r) + en’aVKﬂ'n’) )

where the mixing angles are now
o _ fo boVCax _ fy bovcay + cs,m3sy fo boVCany — Cs,MA3Cy
Ta — o5 5 r

- 0, — 9
2 2 2 2 ' n'a 2
fams —mz m3 — my fa e

m2 —m
Comparison with literature for direct contribution

= Previous calculations were wrong by 0.16

[2102.13112]
= We reproduce the new result

2
A(K~ = 7~a) ~ 7.5 x 108K

a




Light real scalar fields

Lagrangian
L, — chidden 4 pportal hidden _ %aﬂsaps IENRVERRXS
Portal interactions with coefficients «;, cx, and cy
ceonel = S2sDHIDH + (auns + aps? + 2257 ) HIH + SLs(HH)®
+ %(i cuquH! + cgqdH' + cleH! +hc) + %SW‘WW"W + CWBSBW,B”‘V + CWGSGWG‘“’ ,
Amplitude reproduces result from Nucl. Phys. B 343 (1990)

2 Bo

2
Kd — Ky m Kw KG
+ 2 €EW(h8 + (nf — 1)h27)—m£ — 2egw <—2 hp — _ﬁo hb) -+ de] .

4 K

) 2 _ .2
A(K+_>ﬂ.+h):ﬂ[(l{_w_K_G>€Ew(h8+(nf—1)h27)<l+%>




Future

SM EFTs QCD regime/EFT DOFs, decays, and experiments

SMEFT
HEFT

CMS

i D jet
perturbative QC jets ATLAS

integrating out t, h, Z, W
HQET
5q LEFT NRQCD
integrating out b
HQET

4q LEFT — NRQCD

LHCb
elle Il

integrating out ¢ B
NA62 (Dump mode)

3q LEFT — xPT

NAG62 (Target mode) v

= Decay from heavy mesons work in progress
= Constrain currents instead of couplings
= EFT description of portal solution for meson anomalies




Conclusion

New Physics might be found in hidden sectors
EFTs are designed to describe heavy New Physics

Portal EFTs capture new physics interactions involving light mediators

We have reproduced kaon decays into hidden sectors within yPT

Other EFTs need to be extended in order to describe the decays of other mesons
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