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Prelude

The goals of this lecture are to:

e Review the motivation and phenomenology of minimal dark sectors.

e Discuss their potential impact on flavor-physics measurements (with
emphasis on B-physics experiments).

Our focus will be the possible experimental signatures/opportunities
(and not the details of specific DM models — there are many possibilities).

For a discussion of Dark Matter phenomenology, see the lectures by S. Gori.



Outline

I. Introduction (recap)
Il. Dark sector portals

I1l. Dark sectors in flavor experiments

IV. Examples (@ Belle-Il):

I. Dark photons

ii.  Axionlike-particles
ii. Sterile neutrinos

V. Summary/Outlook

-  Emphasis on the possible connection

to flavor physics!
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The Standard Model
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e The SM is extremely successful in describing exp. data — "modelo standardissimo”.
e No evidence of new (heavy) resonances at the LHC so far...

e Yet, many questions remain unanswered!
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Beyond the Standard Model

. ] W, Z h
Several questions remain unanswered by the SM: :t inZ A
. t W, Z h
e The hierarchy problem
® The Havor pr0b|em neutms de se be
— u-e ceo te
e Neutrino masses | 5O O e
ngl L uguduuu ugiml\ | mc%HMHL X;GD)XMH (;Dl
e Strong CP problem < < < < <
e Dark matter
normal hierarchy (NH) inverted hierarchy (IH)
e Baryon asymmetry of the Universe - = "

= The SM should be an effective theory of a more fundamental theory (yet unknown).

= Quest for physics beyond the SM! But... where is it?
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Flavor in the SM

e The SM flavor sector is loose:

= 13 free parameters (masses and quark mixing) — fixed by data.
[’Yuk — —Y;j @z’de H — YJJ @iuRj ﬁ — }/Zj zieRj H -+ h.c.

= These (many) parameters exhibit a hierarchical structure which we do not understand.
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How to explain the observed patterns in terms of less and more fundamental parameters?
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Steve Weinberg interview (The Guardian, '13)

"After experiments started to show the electroweak theory was right... it was obvious to
anyone that the theory has a lot of arbitrary features. |t contains the electron and
another particle called the muon, which is to all appearances identical to the electron but
its mass is 210 times larger. We have no idea why this ratio of masses is what it is.

We have no idea why there even is a muon.”

"One summer | sat down and said: 'This is the summer when I'm not going to do
anything but solve that problem.'" This was 40 years ago and | haven't solved it. No

one has. | thought it would be a simple matter of extending the kind of symmetry principles |
used in the electroweak theory to have some kind of symmetry that involved electrons turning
into muons and | could never make it work. That's been a frustration now for 40 years.”

For Weinberg we are at a dangerous point in the history of physics. Both cosmology and
particle physics have '"standard models" that contain mysteries, like his electron/ muon

problem or the existence of dark matter and dark energy, the unexpected extra mass of
galaxies and the accelerating expansion of the cosmos, accounting for 95% of the mass and

energy of the universe.

Weinberg does not see how we can solve these problems without new data — which

means pushing the boundaries.
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Looking for New Physics

The usual complementary strategies to seek New Physics:

Energy Frontier Precision Frontier

Searches for new heavy resonances that

Searches for deviations w.r.t. SM in rare/

can be produced on-shell at high energies: forbidden processes:

i A
l’)u : ‘OSI\“'#SM ¥
' s

N®

2

S L

= Stringent constraints on gup/myp (in the

= Sensitive to strongly interacting particles.
& &P EFT limit)

= Limited by the collider energy-reach. _ o
= Challenge: control hadronic uncertainties...

> ATLAS

EXPERIMENT
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The New Physics Landscape

Usual strategies

Energy Frontier
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The New Physics Landscape

Usual strategies

Energy Frontier
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The New Physics Landscape
Another possibility...

Energy Frontier

e Light and weakly-interacting particles are also theoretically motivated in certain cases

(e.g., in connection to dark matter and the strong CP-problem, ).

e They can lead to new experimental signatures, including flavor experiments — “leave no

stone unturned’...
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[Reminder] Effective Field Theories

Effective Field Theories (EFTs) are QFTs that describe the low-energy limit of
an underlying ultraviolet theory in terms of only the light degrees of freedom.

The SM is an EFT at low energies of a more fundamental theory that is still unknown:

|2
Lsm (rengr\malizable) (d) A
Lot = Lgange(A, U - ) 0 (4
off = Lgange(A, V) + Lrtiges(4, W, H) + ) - OV (A, U, H), T,
d>5 4 N\ W
Operators of dim 2\2 made of SM fields

Assumption: [ < A N
SM\ T h

Most general description of new physics as

long as there is not enough energy to produce
the new degrees of freedom.

SM -FI'Q.‘JS':‘-.: b\t."P(H
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[Reminder] The SM as an EFT

e New Physics effects can be described by a tower of EFTs at different energy scales.
e Wilson coefficients encapsulate the effects of short-distance physics.

o Effective operators are built using the available degrees of freedom, respecting the

relevant symmetries.

L
A A
NP
SMEFT
SU3), x SU2), x U(1),
+t
h
I W
Low-energy EFT(s)

SUG), x U(L),, T°
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[Reminder] The SM as an EFT

e New Physics effects can be described by a tower of EFTs at different energy scales.

e Wilson coefficients encapsulate the effects of short-distance physics.

o Effective operators are built using the available degrees of freedom, respecting the

relevant symmetries.

Example: lepton g-2

@dlp — mf(EUﬂDK)F'MD

>
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Low-energy EFT(s)
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[Reminder] The SM as an EFT

e New Physics effects can be described by a tower of EFTs at different energy scales.
e Wilson coefficients encapsulate the effects of short-distance physics.

o Effective operators are built using the available degrees of freedom, respecting the

relevant symmetries.

Example: lepton g-2 E
A A
O.,=(L H B*
eB (_ GﬂVeR) S MEFT N 9
@ew - (LTIG/weR)H W}MU e ‘\2, T'-\'
L=y, 0 0 » SUQ3) . XSUQR), x U(l)y
—(Z)——
\{HH L4
’ h
H B,W - t W,z
6, =m, (o £)F" Low-energy EFT(s)
ip Uv
o  SUG) X Ul T
7 \Ty 7 E
o
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Not charged under (SU(3),. X SU(2); X U(1)y)

/

Assumption: There exist light particles X ~ (1,1,0) (below the electroweak scale)
that interact weakly with the SM.

Dark Sectors

They can interact with the SM via renormalizable interactions. More generally, there will

be SM + X interactions described by higher-dimensional operators (suppressed by 1/A):

|2
i e A
HQ.&‘J —
: S > NP
SM fields f . d%\a\é{\cs : X~(1,1,0) 4 N\ W
R N\ "
o -
L ¢
SN T+ h
a,ua x N (1'1‘0) _) T ;

e.g., light pseudoscalar coupled via &£, D Tl/‘/yﬁ‘y/
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Not charged under (SU(3),. X SU(2); X U(1)y)

/

Assumption: There exist light particles X ~ (1,1,0) (below the electroweak scale)
that interact weakly with the SM.

Dark Sectors

They can interact with the SM via renormalizable interactions. More generally, there will

be SM + X interactions described by higher-dimensional operators (suppressed by 1/A):

t
: yd A
Heav __—
_ > NP
SM fields '—“. A\A\\a\i\d : X ~(1,1,0) 3 N\ W
AL | N\ |
- -
L ¢
S\ &
a,ua x N [&'1'0) —_— ;

e.g., light pseudoscalar coupled via &£, D Tl/_fj/'ul//

- The SM singlet X can be a window to UV dynamics (e.g., pNGB of a spontaneously

broken symmetry ).

- Theory inputs needed: which particle X? (which ansatz for flavor couplings?)
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The New Physics flavor problem

Flavor experiments are sensitive probes of very heavy New Physics through the study

of rare/forbidden processes:

Mesons Leptons Higgs Top
07 E [1910.11775]
g T :
C—g(d) 106 i A § ¥ 35 l < *assuming € =1
PLenerr = Lo + L 0@ Zw || mE. =B
SMEFT = “Z'sM - T | WS Q-ll(\
dz5 i 2 1" = A ) 53
102 L NN b L S I
Hatched: MFV —— XN| SRR I

Observable

e Flavor violation must be protected in the SMEFT to suppress these rare processes —

e.g., via Minimal Flavor Violation or flavor symmetries. | | | o |
[D'Ambrosio et al. '02],[Barbieri et al. '11]...

e The same conclusion holds for “portal operators” with SM singlets (i.e., SMEFT+X)!
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FCNCs portals to the Dark Sector [Kamenik, Smith. '11]

X

IJ
S,b C B
d.s Herr(dh = ¢’ X) = —q'¢/ x X “Dark EFT”
P , A
P
>
d K'—>nmX
. i7j7 L,O +, +
Energy scales (in TeV) mgax 2m.. (exp. cut)
- : 012 012

accessible with kaon decays — =————pp 01 9s g 3.0-10* 1.5-10
gp — —
gy |5 | 1.2-10° 0.6-10°
ga | o — —

Energy scales (in TeV) d | B>71X B-pX

accessible with B-meson mx” | | ™B _7m7r mB — My

0 gs 5) 2-10 —

decays gp | 5 | — 7-106
gy | 5 | 3-10° —
ga 5:) — 1-10°

NB. For a light scalar produced on-shell

The suppression of FCNCs is needed to lower the cutoff A — NP cannot be blind to flavor...
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[Summary] The NP landscape

Already excluded 3“‘,

N
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[Summary] The NP landscape

Already excluded 6“‘,

N

SMEFT
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[Summary] The NP landscape

Already excluded 3“9

N

/

Today: SMEFT + X
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[Summary] The NP landscape

Already excluded 3“9

Today: SMEFT + X
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[Summary] The NP landscape

SMEFT

Already excluded 3“‘,

Today: SMEFT + X

How can flavor experiments such as Belle-1l help us to probe light and weakly
interacting particles (through invisible/semi-visible signatures)?
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Portals to the Dark Sector



What is Dark Matter?

Supersymmetry

Theories of
Dark Matter :

Axion-like Particles

[2211.09978]

e There are many possibilities (at very different energy scales...) to explain the DM

relic abundance — experiments must be our guide.

e In these lectures, we will use general notions such as Dark Sectors and tools such

as Effective Field Theories (when it is possible).

O. Sumensari
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Dark /Hidden Sectors

Standard Portal
-=======1 Dark Sector

Model

Broad notion:
e SM gauge singlets — i.e., not charged under SU(3). X SU(2); X U(1)y.
e Possibly light — i.e., below p, ~ 100 GeV.

e Dark matter, right-handed neutrinos etc could be part of the Dark Sector.

e The dark and visible sectors might be connected by a portal/mediator.

= Opportunity for experiments in the intensity frontier (including flavor).
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|[Reminder] Minimal portals to the Dark Sector

There are three types of gauge-invariant renormalizable portals:

e VVector:

e Neutrino:

e Scalar:

€
4 /
<> —F, B"

2c,,

F®>5yLNH +h.c.

FY S S+1'SHYH'H

B ey
"NANA~GPNNAN
A
E
<8<
L N
'S g - S

- They could be viable DM candidates in specific regions of parameter space.

- More generally, DM could be a different particle living in the Dark Sector interacting with the portal.

- Useful benchmark scenarios, with distinct experimental signatures.

O. Sumensari
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(Next-to-)minimal portals to the Dark Sector

Vector portals

e The new vector boson (Z’) could be the gauge boson of an accidental symmetry of the SM if it

is anomaly-free.

= These scenarios have direct (model-dependent) couplings to specific quark/lepton flavors.

/ 2 s t£
L qauge D 8x L Z, =1
‘(\,x
At

= Example: U(l)Lﬂ_LT leads to Jj, = figy*ug — pyM1p + Ly L, — Ly, L=, €)'

= Opportunities for flavor experiments such as Belle-11.
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(Next-to-)minimal portals to the Dark Sector

Vector portals

e The new vector boson (Z’) could be the gauge boson of an accidental symmetry of the SM if it

is anomaly-free.

= These scenarios have direct (model-dependent) couplings to specific quark/lepton flavors.

. Y
/ 2 s tl
ggauge D 8x ])'[é Z,u PU( 1

3x Y,

= Example: U(l)Lﬂ_LT leads to Ji = jigyHug — Tyt p + Ly L, — Ly, L=, €)'

= Opportunities for flavor experiments such as Belle-11.

NB. Loop-level contributions to kinetic mixing are unavoidable at one-loop as the SM fermions talk
to both U(1)y and U(I)Lﬂ_LT.

\ M|7¢
BP‘ P"l" B k\p
ANANA~GNINAN
,A.‘b
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(Next-to-)minimal portals to the Dark Sector

Vector portals

e The new vector boson (Z’) could be the gauge boson of an accidental symmetry of the SM if it

is anomaly-free.

= These scenarios have direct (model-dependent) couplings to specific quark/lepton flavors.

. Y
/ 2 s tl
ggauge D 8x J)'[é Z,u "U( 1

y Y,

= Example: U(l)Lﬂ_LT leads to Ji = jigyHug — Tyt p + Ly L, — Ly, L=, €)'

= Opportunities for flavor experiments such as Belle-11.

NB. Loop-level contributions to kinetic mixing are unavoidable at one-loop as the SM fermions talk
to both U(1)y and U(I)Lﬂ_LT.

NB'. These models have been used in the past to explain the discrepancy in (g —2), — disfavored
after recent LQCD determinations of HVP (cf. BMW Lattice and window observables).
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Non-renormalizable portals

e The SM can also couple to the portal mediator through higher-dimensional operators.

e Example: right-handed neutrinos.

H~1,2,1/2)

Nfo,,N; B* (LN) e(Qdy) 0~ (3,2,1/6)
L~12 —1/2)

d
Brv [EX & up ~ (3,1,2/3)
;2 \\/ dp ~ (3,1, — 1/3)
— — L/\N ep~ (1,1,-1)

N2 Ny i)

(SUQB). SUR)., U(L)y)

. L . Q=Y+T.
o Example: light pseudoscalar bosons — a.k.a. axionlike particles. %
d,a (Fry"w) aG,G,, (0,a0'a)H'H
[ o o
O~ q{,; oo ) N ¢ ‘
- - = = — e = = - / '\

'\YS (a ;‘, . \“

Question: Which are the dimensions of these operators?
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|[Reminder] Dimensional Analysis c=h=1
(M]=|E]=—-I[L]=1

e (Canonical mass dimension:

S = [d‘*xf‘f
[S]=0 — (£] =4
e Scalar field: ZLy=(0"p)(0,0) + ... — (] = 1
e Spin-1/2 field: L, =Firdp+ ... — [w] = 3/2
e Spin-1 field: Lp=F"F, + ... — Al =1

with F,m/ & 8MAU — dyAﬂ + o
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Non-renormalizable portals

e The SM can also couple to the portal mediator through higher-dimensional operators.

e Example: right-handed neutrinos.

H~1,2,1/2)

I — 1 - _
— Nfo, N B" — (LN) &(Qdy) 0 ~ (3.2,1/6)
A A L~(1,2 —1/2)

d
Brv [EX & up ~ (3,1,2/3)
\\/ dp ~ (3,1, — 1/3)
_ ()E — L/\N ep ~ (1,1, - 1)

N2 Ny i)

(SUQB). SUR)., U(L)y)

: T : Q=Y+T1;
e Example: light pseudoscalar bosons — a.k.a. axionlike particles.
1 - 1 ~ 1 ;
— d,a(wrry) - aG,G, ~ (0,a0'a)H'H
[ o o
O~ q{,; oo ) N ¢ ‘
- - = = — e = = - / '\

¥y 9 " W

The leading operators appear at lower dimensions (observable dependent).

O. Sumensari
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Summary

e We have reviewed the minimal portal mediators X ~ (1,1,0) that connect the SM with a

general Dark Sector (... which could include dark matter particles).

e The simplest possibilities are the renormalizable portals (vector, neutrino and scalar):

N S S 'S

-
7
-~

B -
ANNA~PNNAN

o< b LEPEE
L N H N H N

e Besides renormalizable interactions, there could also be higher-dimensional operators

connecting the mediator and the SM (suppressed by the EFT cutoff):

r /
SM fields S —m/ X~ (1,1,0)

, 7

e In models such as ALPs, the interactions with the SM start already at d > 5

Next: We will explore how flavor experiments can probe these minimal models.
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Flavor probes of Dark Sectors



How to test dark sectors in flavor experiments?

|.  Virtual corrections to processes with SM particles:

T

Il. Contributions to processes mimicking the SM (with E,_...):

\
(\-(i&‘D

LE wiom )

IIl. New signatures:

- Displaced vertices/missing energy in processes or

kinematical configurations that are not expected in
the SM.

O. Sumensari
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How to test dark sectors in flavor experiments?

|.  Virtual corrections to processes with SM particles:

T

II. Contributions to processes mimicking the SM (with E

\
m(i&‘D

LE wiom )

IIl. New signatures:

- Displaced vertices/missing energy in processes or

kinematical configurations that are not expected in
the SM.

O. Sumensari

Example: ALP (decaying invisibly)

B, mixing

[ 4

21



umensari

Concrete examples

e Vector Portals
e ALPs

e Sterile neutrinos




|. Dark photon

e Simplest possibility: A” gauge boson of U(1)y with a dark Higgs @’

1 1 ! / ’ /
£ 2= BB~ TF "+ Y Dty — Tw F.B" +|D,®'|* + V(®)
W

l (@) = (v, + P2

1 1 , ,
E( ﬂ¢/)2 — qu%, §b 2 + —mj Aﬂz +
e Field redefinitions allow us to write after EW
symmetry breaking: \
#\p é AP ¥

L& Y OreA,(fr'f) + O(e?)
/

= Good benchmark: in principle, only two relevant parameters (e, m,/)

NB. The “dark Higgs” in the spectrum could also lead to other interesting signatures. Flavor blind!

cf. [Batell et al."09]
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|. Dark photons @ Belle-Ili

Invisible channel

Assumption: the dark photon will decay into invisible particles (dark matter...)

° e+e_ -y +A’( — iIlV) [Essig et al."09]

¢ s 1072 F
W -
¢ ¢ \ : :
R L el e o _
1074 R
10ab"” «--v"
Prediction: peak in the single-photon Poan ]
energy distribution 108 N T wEesmemas
1072 10~ 1 10

m,, (GeV/c?)

S — mi/

E =—— [Belle-11 projections, Aggarwal et al. '2207.06307]

/4 2\/;

See lectures by S. Gori for

| DM pheno in these models
O. Sumensari 23



|. Dark photons @ Belle-Ili

Visible channel

Assumption: the dark photon coupling to invisible particles is small.

ecte” > y+A'(—> £¢,had) 1072
w Phenix
c )
+ —r\r\AMM | l \g s
e.g., +, [ 10° ‘.‘ll J
__+——5'v\/v\, | E774 Dark :’vﬁ\‘ P S
Q} & N E\ B . [y .4
1 RN

E141\
10—4_ll l 1 1 lllllll 1 lllllll

1072 107"

Possible final states:

[Belle-11 projections, Aggarwal et al. '2207.06307]
e Leptonic: ee, uu and 77 .

e Hadronic: nz, KK ... \
Non-perturbative input needed!

cf. e.g. [llten et al. '18]

O. Sumensari
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1. Z’' portal Example: L, — L,

e The new vector boson could also couple directly to SM fermions (model dependent).

£ : , _ _ _ _
LrD .. — Ey B, F"+57Z,J", JE=pytp —tytr+ 0y Py, — vy Pry,
W

e New exp. signatures at Belle-11 (in addition to kinetic mixing):

Belle II [rdt=62.8 fb?

ete™ - uu+7( - uu,tr) 100

/ Akl 107
\' Belle Il, 79.7 fb~!
- o _ 0 |
% m 1 O E . - - —’ - E

o 107 F ;
| —— 90% CL UL Expected UL +10 Expected UL +20
= Several searches performed at Belle-Il. 10745 e R L e 2

(Neglecting kinetic mixing)
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Concrete examples

e Vector Portals
e ALPs

e Sterile neutrinos




I1l. ALPs

e Theoretically well-motivated — light pseudoscalars can arise as pNGB of spontaneously

broken global U(1) symmetries.

e Most general effective Lagrangian for a light pseudoscalar, with a classical shift-symmetry

explicitly broken by a mass term: Georgi et al. '86]

o ‘T&
Y
1 m?> . 0, § 0,4 . o
ds5 _ @ 24 2 gl S H
L& =300 ) — et Y el wwr'y) +cy "D H)

W

S 2 a Cuva 2 7 wA v A 1 % pA puv,A -2
+Coi i GWG + Cww i WWW + Cpp . BWB + O(f,°)
a a a

] TR

WE{MR,CZR,QR,L,Q} O:___ __T-{\
yitw

= Operators suppressed by inverse powers of f, — power counting.

= The ALP couplings to fermions can be flavor violating — which flavor ansatz?

[Bauer et al. "21]
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I1l. ALPs

e Equations of motions can be useful: w =7¢,d,u

0a . aa

) ) |
Lo D " Cor WRi V" Wi + f— cJ Wi
da a

a . . _ . . _
— — zi [(ch +c, ) (m, — ) Wi + (¢, —¢y) (m,, + my,) Wi Vs ¥

a

Scalar couplings can only be off-diagonal /

O. Sumensari
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I1l. ALPs

e Equations of motions can be useful: w =1¢,d,u

0a . 0a

) ) |
Lo D " Cor WRi V" Wi + f— cJ Wi
a a

a . . _ . . _
— — z? [(CJ{R +c, ) (m, — ) Wi + (¢, — ¢p) (my, + my,) Wi Vs ¥

a

Scalar couplings can only be off-diagonal /

e There are also redundancies that can be removed via field redefinitions:

see e.g. [Brivio et al. '17]

H — exp(ixy— ) H O -
e.g., “ p ‘\fa
e exp{i )
P We can choose x; to remove the ALP

operator with the Higgs from the basis

Exercise (if you are motivated!): Derive the above expression. of. [Bauer et al. 2110.10698]
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I1l. ALPs

e Equations of motions can be useful: w =1¢,d,u

0a . 0a

) ) |
Lo D " Cor WRi V" Wi + f— cJ Wi
da a

a . . _ . . _
— — li [(CJ{R +c, ) (m, — ) Wi + (¢, — ¢p) (my, + my,) Wi Vs ¥

a

Scalar couplings can only be off-diagonal /

e There are also redundancies that can be removed via field redefinitions:

see e.g. [Brivio et al. '17]

H— o, H O “ 2
- . \f"
e exp{i )
i We can choose xj to remove the ALP

operator with the Higgs from the basis

Exercise (if you are motivated!): Derive the above expression. of. [Bauer et al. 2110.10698]

In total, there are 4 + 5 X9 — 5 =44 ALP couplings at d = 5 — flavor assumption needed...
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I1l. ALPs

The most stringent constraints on ALPs arise from flavor-violating decays K — na if
they are kinematically allowed:

F. [GeV] [Camalich et al. '20]

1013 1012 10! 1010 10° 103 107 106 10°

s> e . ~ A-omna Féd

A
]Z | B—>pa de

™
<
|

\ = Ja 1 1 1 AFe | Fy Fy (prosp.) | Fy | |
Yool ol 10-¢ 10~° 104 1073 102 10! 10° 10!
m;, eff [eV]

,“il
|

= The lower limits on f, depend importantly on the flavor inputs for cféf .

O. Sumensari 28



I1l. Flavor and ALPs

Even if flavor-violating couplings are forbidden in the UV, they are still unavoidably

generated through renormalization-group effects (via the flavor violation from the
CKM matrix).

e Examples: Cyww OF Cy in the UV [lIzaguirre et al. '16], [Gavela et al (OS). '19], [Bauer et al. "21]
d- Vi d. . d:
2
e T t D c “4. % " lon?
. W v .
AJ Vi, d; \, d;

3 \
Top-quark loops are

= Same CKM suppression of FCNC processes in the SM! the dominant effects!

= In such scenarios, the limits on the EFT cutoff from kaon decays are weaker —
opportunities for searches with B-mesons?
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I1l. Looking for ALPs @ Belle-II

Direct production

e ALPs can be directly produced in e*e™ collisions:

[Belle-11, 2207.06307]

"ALP-stralung” “Photon fusion” 1072 %
e ¢ E
§ - ) —_ S Belle II
|
N 0 (HJ y > 103 N
v n
\ e 2 5
(\ 8 ;
R o % —< £ (g 10-4
e ¢
. [ electron beam dumps Gayz = 0
_ _ _ 10703 102 101 10°
= First channel is easier to detect as the m. [GeV/c?]
ALP will be more energetic.  (pojan et ol '16]
1 ) Mg 9aryy AN
L=_-(0,a)"— —*a aF,, F*

2
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I1l. Looking for ALPs @ Belle-II

PI’Od UCtIOn |n B—decayS [Izaguirre et al. '16], [Dobrich et al. '18], [Gavela et al (OS). '19], [Bauer et al. '21]

e ALPs can also be indirectly produced in the decays of B-mesons:

B ™ HB(B — Ka) x |c€,b 2
b 5 BB - K*a) |cjb 2
0\\\

e Different kinematics compared to SM processes: two vs three-body decay

;&}_ (8 k+iny) |
e.g., for the invisible ALP dg* A
Assumption: -
B(a — inv) = 1 f—\
\\\:\ ‘M!’“lil ? 11': (fB"PK\

NB. The flavor-conserving couplings can be probed in decays of quarkonia such as Y(nS) — ay — weaker

constraint, but complementary as it probes different couplings.
[Dolan et al. '16], [Merlo et al. (OS) '19]
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[Intermezzo: B — Kuvv at Belle-l11]}

e The first determination of (B — K + inv) by Belle-Il shows a mild excess ( = 36) w.r.t. the SM

predictions:
[Becirevic, Piazza, OS. '23]

B(BT - K vo)®™ = (4.4 +£0.3) x 1076
*using FNAL & HPQCD FFs

B(BT — Ktvi)®P = [2.4 4 0.5(stat) ) (syst)] x 107° [Belle-1I, 2311.14647]

o If the excess is due to B — KX( — inv), where X ~ (1,1,0) is a mediator produced on-shell (i.e.,

with my < myg), the main difference would be a peak at ¢* ~ m2.

e Good fit to Belle-ll data since the excess is mostly localised (within large uncertainties), but

there is a small tension with previous searches for light mediators by BaBar:

200 B continuum 1.2 F — BaBar K+/0 combined
I charged BB —— BaBar K+:°&Belle K* combined
175 B neutral BB Lo — BellellK .
Em SMB* -K*w YT . ~
150 —— Gaussian resonance BLtflt (2.80-) mX ~ 2 GGV
¢ Data 5‘0.8 |
5 125 1
€ @
3100 m 06 _
S : B(B— KX)=(51+£21)x10°
75 $ ! S o4t
50
0.2
25 '
[Altmannshofer et al. 23]
0.0
0 6 8 10 12 14 16 0.0

q? [GeV?]

= To be checked by dedicated searches at Belle-II!
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I1l. Looking for invisible ALPs © Belle-II ci=c, 87

Example: universal coupling to up-quarks in the UV
adapted from [Gavela et al (OS). '19]

'R d
£
o \\
£
v 4
2
~ Vs "
1672 "

*assuming that the ALP decays into
invisibles particles (from the dark sector)
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I1l. Looking for visible ALPs @ Belle-IlI
ALP decay channels

e Model-dependent input: [Gavela et al. (OS) '19]

1074F ] - 10~ ‘
- a c " - - ‘
j 16; ZW=1TGV il o %=1T6V‘1 g
10—8_ ¥ | : - a4 ﬁ
_ _ g 1 T’TT‘ 10 _ i | |
> oMM > -
_10 . ‘ | (D) I . ‘
E 10 12_ ! o Q 10712 had_ 3#
— "\ had | — - \fé ‘
[ / | |
>1<‘: 10‘16_ y : S ~16| | |
} T 10 A
S - 1 o] - | 1
. i —
10_20 10—20
10—24- Ll T i —24- i Ll o Lol
103 102 107! 10° 10! 1073 102 107! 10° 10!
m, |GeV] m, |GeV]

Even if an ALP coupling is set to zero, it will be generated through loops. [Bauer et al. 117, 20, '21]
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I1l. Looking for visible ALPs @ Belle-IlI

Benchmark: universal coupling to up-quarks in the UV

e ALP production:

1|
o
g

ALP production and decays are induced by the same couplings

O. Sumensari

Jj — Sij
Cp, = O

Dominant production
through FCNC processes

[Bauer et al. '20]

35



I1l. Looking for visible ALPs @ Belle-II cil = §i

Benchmark: universal coupling to up-quarks in the UV [Bauer et al. "20]

\

B

O. Sumensari
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107!

lcul/f [TeV™]
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[Intermezzo] B - K®a( — uu) at LHCb

e A caveat of searches for long-lived particles (such as ALPs) decaying into visible final

states is the dependence of the signal yields on the lifetime (very model-dependent!).
[Dobrich et al. '18]

e Good examples are the searches of B - Ka( — uu) by LHCb, which provide not only
the limit on the branching fraction but also its dependence on the lifetime (7,):

[LHCb, 1508.04094,1612.07818]

L 3 —_
g 1 ' 107 3
S 3.
g 1
10 =
1078 %
10 L X
=
+
107° X
1 I 1] T
- +
| - z
4
10—1 pil UEE g iRl R .‘ J 8, | 10_10 m
1000 200 3000 4000
m(y) [MeV/c?]

= It is straightforward to reinterpret these results for any ALP model!
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Concrete examples

e Vector Portals
e ALPs

e Sterile neutrinos




|V_ Sterile HEUtrinOS see e.g. [Criado et al. 2104.14443]

The EFT used to describe BSM changes if new light particles are assumed:

e Example: SM + fermion singlet (RH neutrino, Ng)

Majorana mass Neutrino Yukawa

\ 1
LoD — ENgMNRNR — (LY, ANz +h.c.)

+%(HTH) (Ng CS_} NR) + %(Ngo'ﬂy CSS’) NR)B/’W 4 @(A_2)

2
The mixing of active and sterile neutrinos after N W /
EWSB can give rise to signatures at experiments (D'\MM \
such as Belle-1l and LHCb. N
see e.g. [LHCb 2011.05263]

Y

- W

Higher-dimensional operators can induce new M (D‘NW\QKI/_/
My

phenomena such as the (transition) neutrino

. -+
magnetic moment. ‘;,'H@N\

O. Sumensari
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IVV. Sterile neutrinos

For simplicity, let us first neglect higher-dimensional operators:

e The neutrino Yukawa induces the mixing of active and sterile neutrinos:

The 3 X3 PMNS matrix in no longer unitary!

( UeN \ g 3+N ~
U= Upnins Un L5 ﬁwu_ > > Uailan"Pryi +he
a=e,u, 7 1=1
UTN 7“7

¥

ANANN

N

O. Sumensari



IVV. Sterile neutrinos

For simplicity, let us first neglect higher-dimensional operators:

e The neutrino Yukawa induces the mixing of active and sterile neutrinos:

X3
PMNS

The 3 X3 PMNS matrix in no longer unitary!

UeN

U,n

U

T

\

e Possible experimental signatures:

-P—>¢N
- P— P¢N
- P—> PUN
- 17— PN

- LNV decays.

O. Sumensari

‘UT‘V|2

ED—W_ Z ZU‘“ oY Prv; + h.c

3+N

[Fernandez-Martinez et al.,

123]

107 : R E
a3 R - :
107F \ - 1
10*:E : : 3
107k I U 3
10 105' - Ll . ! N T

10 102 ot T ! 102

/f\.«* (G(‘V
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V. Sterile neutrinos (bis)

e There is a rich phenomenology associated with higher-dimensional operators with right-

handed neutrinos.

see e.g. [Altmannshofer et al. "18], [Chala et al. '21]...

o In B-physics, they could e.g. induce a different g*-shape of B — Kvi decays — impossible

with operators made only of LH neutrinos!

Oy = (Ey’“‘PLb) (Ny”PRN )

Oy = (5Pgb) (NPv)

Or, = (50'”” PLb) (]\_JGWPLIJ)

dBr/d¢* (BT — K*vv)

...and (L & R)

[Piazza, Becirevic, OS. 23]

1072;

107°-

[Felkl, Li, Schmidt, '21]

Tensor

Scalar \

Measurements of the g>-shape of B — Kvi decays could probe such scenarios!

O. Sumensari
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Summary



Summary

e There must be physics beyond the SM, but current data does not favor any
specific scenario — which UV completion? at which energy scale?

e There is a growing interest in scenarios with light and weakly interacting particles, as

they are often associated with different experimental signatures — in many cases, yet
unexplored.

e Some of these scenarios are interesting and theoretically motivated, which could be

e.g. related to the issue of Dark Matter or other SM problems.

e They often lead to model-dependent signatures due to the light particles in the

spectrum — which will depend on their nature and/or the flavor ansatz for their
couplings to the SM.

e The notion of dark sector is useful (renormalizable or not), which helps us to define

consistent benchmark scenarios for searches for light particles (visible or invisible).

e Flavor experiments such as Belle-Il can help us push the boundaries via the usual

precision tests, but also by looking for light new physics scenarios.

Many opportunities to explore with current/future data!

O. Sumensari
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ALPs at Belle-Il
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Dark Higgs

~ZLDAS+ A SHH'H

EWSB induces the mixing between the
dark Higgs (S) and the SM-Higgs (h):

e Mixing angle 0 .

e S couplings to SM particles are
proportional to sin

e Only two parameters: {my, sin 0}

O. Sumensari

1074

sin 0

107°

107

[Batell et al. '22]

—— — — —— - — — ——

IlIII]'

lllIII

— e —

———-———I——

\ /Bglie IT
N L

\
|
/
: ~——
vi.” CODEX-b

.

X

g
~ \ \

) ; \

~o .\

\ CMS ¥

\ FASER2

S

LHCH Y | i

~ 4

~ ——

IIIIIII

107!



I1l. Looking for ALPs @ Belle-II

Benchmark: coupling to SU(2); gauge bosons in the UV

e ALP production:

o~,
/ /

'd m . L
U ‘ Dominant production

through FCNC processes

1|

t
t
— 4

[Bauer et al. '20]
ALP production and decays are induced by the same couplings
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I1l. Looking for ALPs @ Belle-II

Benchmark: coupling to SU(2); gauge bosons in the UV [Bauer et al. '20]

T — ~ + hadrons

K; — mlete”

7t = aety,
10* - i
By — B, mixing
; B, - p~p mixing
10 iBr/dq*(B — K*ee) T
2 5
> 5 3
10 : :
= Sl :
= ) B — K*a(up)
§ 10 Hf i
| Kt s> atyy f .' |
107! ' ' ' | |
107* 107 1072 107" 1 10
m, [GeV] éi .
0~ 0~ / 0\/ ‘
— b S -7 \ d:, / J:)
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|[Reminder] Strategy

e Consider a (light) mediator X coupled to the SM:

My = mediator mass
Parameters: g = coupling(s) to the SM
8dark = coupling(s) to the dark sector
(+ DM mass)
e The same portal coupling (gq\,) can induce decays back to visible states:
= Visible/displaced/long-lived signatures are e.g., for | g | << | gou|

possible, depending on {my, go\}, as well as g4+

if there are dark sector particles lighter than my.

leak Jsm) A

I'X - SM) gszM My

I'X — dark) X gc%ark My \ } Linei Wittl;
\ constant 'y

(If kinematically allowed) /

7
Prompt decay R% b"‘x\
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