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The Standard Model

o Matter particles (quarks and leptons) in three families and mediator particles
(bosons) of three interactions: electromagnetic, strong and weak

o Provides a consistent description of Nature’s fundamental constituents and
their interactions

¢ Predictions tested and confirmed by numerous experiments

o Experimental completion in 2012 (Higgs discovery)

Fermions Bosons
Matter Force Carriers

- Quarks . Gauge bosons
. Leptons |:| Higgs boson

Particles of the Standard Model
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Beyond the Standard Model

o However, the SM fails to explain several observed phenomena in particle

physics, astrophysics and cosmology:
Dark

Energy

— Dark matter: what is the most prevalent nan

kind of matter in our Universe?

— Dark Energy: what drives the accelerated
expansion of the Universe?

TODAY

— Neutrino masses and oscillations: why do neutrinos have mass? what makes
neutrinos disappear and then re-appear in a different form?

— Baryon asymmetry of the Universe: what mechanism created the tiny
matter-antimatter imbalance in the early Universe?

— Several anomalies in data: (g — 2),,, B-physics anomalies, KOTO anomaly
(K1, — 7vi), 8Be excited decay, ...
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Energy and Intensity Frontier Research

¢ New Physics would be needed to explain observed phenomena

¢ Why have not new particles yet been observed?

— Hypothetical new particles are heavy and N ,
require even higher collision energy to be Inten.5|ty
observed = Energy Frontier research : frontier
(LHC@QCERN, Tevatron@FermiLab)

~—— Another possibility is that our inability to
observe new particles lies not in their heavy
mass, but rather in their extremely
feeble interactions = Intensity Frontier research

ol (1/coupling)

v
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Dark sector physics
e Why a dark sector?

Many open problem in particle physics, e.g. dark matter, neutrino mass
generation or anomalies in data, let us think about dark particles

e What is a dark sector particle?

— Any particle that does not interact through the SM forces (not charged under
the SM symmetries)
Our visible universe The dark universe

fermions?

o We live in the SM world, how can we access (and test) the dark sector?
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Dark sector portals to the Standard Model

We live in the Standard Model world, how can we access/test the dark sector?
= Portal interactions with the SM, only a few are allowed by the SM symmetries
Standard Model Dark sector

dark quarks?

dark forces?

dark leptons?

Portal Mediators Portal interactions
Vector Dark photon EBHVA;U/

Scalar Dark scalar w|H[?|S|?

Neutrino Sterile Neutrino yHLN

Axion Axion f%F 1Y
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A broad program of searches of dark particles
o Vigorous effort of the community proposing new experiments & measurements

Energy frontier Flavor-factories Other ongoing/future
experiments

BeSTT . = VA2

LHC High-luminosity ete™ colliders

Novel search strategies  Unique access to dark GL%SQ 2 ngét
are needed! sectors!
o Plenty of dark particles can be produced from meson decays!!

Production modes Decay modes
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X




Why is it interesting to study 7/n physics?

Figenstates of the C, P, C'P and G operators
Flavor conserving decays = laboratory for symmetry tests
All their strong and EM decays are forbidden at lowest order, e.g.:

— n/n’ — 3w break isospin, /1’ — 2w, 47° by P and CP, /1’ — v is anomalous

Large amount of data have been collected (A2, BESIII, GlueX, KLOE),
more to come (JEFQJLab, CMSQCERN, REDTOP)
Unique opportunity to [talks by S. Schadmand, L. Gan]:
— Test chiral dynamics at low energy
Extract fundamental parameters of the Standard Model, e.g. light quark masses,
7-n" mixing
— Study of fundamental symmetries

— Looking for BSM physics = Dark sector
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Selected 7/n' decays

BSM particle Decay mode Signal channel Search strategy
Dark photon (A’) n/n —~HA A et Bump-hunt in dI'/dmg,
A = gta— Bump-hunt in dT'/dm -
Leptophobic boson (B) 7 — B B — yn” Enhancement in m o,
B —ntn— Isospin suppressed
n —~B B = r,ntn— 7T n~x",4n  Enhancement in m_ o,
ALPs (a) n — TmTa a— vy, 70~ (E=e,p) Bump-hunt in dI'/dm~
= ama  a— v, LT, mtnTy, 30 Bump-hunt in dI'/dm~
n) — gte- 1n)-a mixing
Scalar boson (5) n/n" — w08 S = vy, LT 7w Bump-hunt in dI'/dm~
n —nS S — Y, 0T~ Bump-hunt in dI'/dm~
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Other meson decays

BSM particle

Decay mode

Signal channel

Search strategy

ALPs (a)

K* - n¥q
K* = 779
KL — ma
K — 7%

K; »>ntnr—a

a— vy, 070~ (L =e,p)
a— Yy, 0t (E=e,p)
a— Y, 0T (E=e,p)
a— Y, 00 (U=e,p)
a— Yy, 00 (E=e,pn)

Bump-hunt in dI'/dm.., ¢
Bump-hunt in dI’/dm.., ¢ ¢
Bump-hunt in dI'/dm.., ¢
Bump-hunt in dI'/dm., ¢
Bump-hunt in dI'/dm., ¢

BT — 7%a

a— 070 3n,nnn, KK7

Higher ALP masses

B — K*a a — 0T, 3m,nrn, KKm  Higher ALP masses
B — K*a a— 0T~ 3m,nrm, KKm  Higher ALP masses
w/d/I[p — m07% a — vy, 070 (E=e,pn) Bump-hunt in dI'/dm- ¢
w/¢/J/p = 1%7% a— 7ty 37
Dark photon (A’) 0 — A’ AT — eTe~ eTe™ resonance
w0 — 4+ A v = ete ™, A = ete™ eTe™ resonance
w/d] T/ — w0 A AT 0T~ (L=e,p) T4~ resonance
w/¢)J/p — wOA! A — gt~ 7wt 7~ resonance
Leptophobic boson (B) w/¢ — nB B — 0 Enhancement in m_ o,

See also talks by [J. Pinzino, A. Notari]
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Testing Axion-like particles with 7/n' decays
« ALP Lagrangian coupled to QCD

1 a
M2 2—Q 7]TG/“/G +qu%( quf@vs)‘]ia

Larp = Lagcp + = (8 a) (0"a) — 5
qi

o Step 1: map Larp into yPT at leading order

L:XPT@LO ﬁTI‘ |:8 UTauU:| fﬂ' |:2B0( ( )U + M. ( )TUT)i| _ lmg No — @fla 2 N 18 aaﬂa _ lMQaQ
ALP 1 0 P V6 fa 2K 2 ¢
M, (a) = diag(m,e'Que/fa mgei@ia/fa m ei@salfa)

» Step 2: diagonalization of the mass matrix = mixing angles: Our, 0n5q, Onoa

e Step 3: re-express EXIIZE@LO in terms of the physical states

70— 70+ 04V mg — cosOn +sin Oy + Op0aP™, ng — —sinOn + cos O + 0,,aP™*
e ALP mass

o (QutQutQitQc)®  muma mif?

+ M?,
“ I+e (my +ma)?  f2
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n/n — mra decays

e n/n — mrwa decay amplitude:

0 _ '7 . f7r Qumu + Qdmd o 1 mg — My l Q
A(n — 27 a)|Lo = 2! 72 (cos@ \@smﬁ) |ﬂ\/§ﬁ p— 72\/§m71+md6aﬁ+ 69n8a+ 5 Onoa |

S S. Gonzalez-Solis and D. Alves, to appear soon
o Two scenarios: \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\

— 7=
Quark-dominance: Qgg =0 10 EZ T \
7

> N

— Gluon-dominance: Qg =0, 107 T, \\'\\ //' 3\
= _:.__\\\\__- n = rtra 7 ) E
o We can search for: allsd 08— . == l{.lfl:_‘ ~—-zZ7 A _
, A N E
n/n — wra — TEyy =& 10 \ \'\ \\ _
. = | ‘ e
n/n — wra — wrltl x oF | Yoo 3
1070 _
m E . \ =
(BESIII, KLOE, 8 I \ 3
CMS, REDTOP) 107 | \ 2
107127\\\\\\é\\\HH\\HH\HH\\@\\H‘«T

==
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n/n — mra decays

e n/n — mrwa decay amplitude:

. f7r Qumu + Qdmd 1 mg — My 1 \/5
A — 2 0 = 2'7 0 — 2 0 e 0(177 —0 a —0 al
(1= 2n"a)lwo = A (cosf = V2sinG) [zﬂfa Mu T ma 2y3me Tma or T goma g O
e Two scenarios: 107 S. Gonzalez-Solis and D. Alves, to appear soon
: % I , \\\ \ ‘ I \ T ‘ T T ‘ T T ‘ T T ‘ [ ‘ [ %C
Quark-dominance: Qgg =0 = T \ -
sl — ~

— Gluon-dominance: Q, =0 0= > OO b | E
- 7~ 70,0 N\ | =
e We can search for: ~|& oob -”a VA ‘\ P //f “_\ B
> E Yy O~ == - E
n/n — wra — TITYYy RIS == \‘. b= = : \\\ E
- B [ \ a
-~ 10| | \ \ —
n/n — wra — wrltl x 1077 | :I 3 E
gd = —
= \ E
(BESIIL, KLOE, SN ! '
CMS, REDTOP) g i VG
C I 7
10*12 [ ‘ | \ [ ‘ | \Iu\ | ‘ I ‘ I ‘ | \ || ‘ \\\ [
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Effects of pion-pion rescattering [
‘ ‘ - : - T ’:;100 {
o Unitarity: . e il
disc[ 77( ) ]: 77</)
y — ) P I
a a
. _ . NI —i60(s)
discA(s) = 2iA(s)sindgy(s)e "0t S. Gonzalez-Solis and D. Spier, to appear
10*677‘ T T ‘ T T 17T ‘ L ‘ T T 17T ‘ T T 17T ‘T
1 discA(s' [l :
A(s) = 7/ dS,,i(.)a A‘S Lf ]
2 Jans2 s —s5—u¢ N L E
e Analytic solution: x IU,xi—wL-o\ N N
0 0 i 10* *
A(s) = A(n— 2 a)lLo x Qq(s), g NE

apz - s'(s' — s —ig)

o) 0 ’ 10 10 | | } | | } Lo } | | } L1 \.\T
Q9(s) = exp {S / ds’é()(s)} , § o T
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Effects of pion-pion rescattering I
T s s %m {
o Unitarity: . , [ o ‘
disc[ 77( ) ]: 77( )
y — 7T ERE
5 o« S. G S S
. o . . 0 —460 . Gonzalez-Solis and D. Spier, to appear
dlSCA(S) - QZA(S)SIH 50 (S)e ! O(S) b - 10_7__| TTT | L | TT 1T | TT 1T | TTTT | TTTT | TT I_I_
1 [ discA(s") |§ s : :
A(s) = — / ds' —— "2 &g 0Te / E
2T AM2 S/ — 8 —1e = E | LO+7r7rrOSCattoring J ! ]
T x 107 ‘o i | =
e Analytic solution: °E 107102— B e 3
% E =
T E 3
0 0 = 1071 =
A(S) = ./4(?7 — 27 a)|LQ X QO(S), = E ) \ 3
m _oF o g \ J
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BR(n — 7%aa) x 10°

n/n — m’aa decays

o One extra power of 1/f, suppression

S Gonzalez-Solis and D. Spler to appear

Quark-dominancé (Quas =1,Q¢ = 3)
1

i ‘ Quark- domunncc (Quas=1,Qc =3) |
fa=10GeV. .
= fu=10GeV
001+ x 001}
<
1074 SERTIeN
fa =100 GeV =
ool T sl fu =100 GeV
E

~
1078 Mmoot
M / wTeV

10710 . . . 10-10 A n . .
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Summary

Exploring dark sectors is an important and growing element of BSM physics
o A wealth of exciting ongoing experiments exist

e« Meson decays offer a unique opportunity to look for New Physics

We have tested ALPs with n/n’ — 7mma decays

We encourage searches in /7' — nma — wryy, mrl¢~ (BESIII, KLOE,CMS,
REDTOP)
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Production modes and detection signatures

Production modes Decay modes

C e e A
‘/'\. et
¢ 4 A

Bremsstrahlung

W<e W<,,
A 7 A, q

Annihilation

visible
Au q X
M U
{: A >rvvvw AL ’\:1/\<
7 i b%
Meson decay Drell-Yan invisible

o Broad worldwide effort to search for dark photons (most in A" —

Current exp. sen51t1v1ty Future prospects

107 1 10 10 10°

107 1 10 10? 10°

ete” decays)

arXiv: 2005.01515
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