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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 mass

(figure from S. Tulin)

ol (1/coupling)

S
>
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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 %GWGW
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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

) q
«/\/\< /\,\A<
Al 7 A 7

visible

invisible 7 / 25
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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:
— 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,
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Lagrangian for ALPs coupled to QCD

e “Derivative basis”: ALPs with gluon and derivative couplings

1
Lap = Lgcp+ = (3 a) (0"a) — §M3a2

(QG+ Z Qq) s T, GWG“V 3faa

q=u,d,s

Qg4
> S
q=u,d,s

M?2: PQ contribution to the mass, f,: axion decay constant, Qq.c: PQ charges

o “Yukawa basis” (this work, at GeV scale): ALP with gluon and mass couplings

1 1 . o
_ - woN  Sag2,.2 “ uv = QaF-5
Lawp = Locp + 5 (Oua) (9"a) — S M; Q f L GG+ S myd (e977%) q,

o Equivalent bases (related via chiral rotations of the quarks) if weak
interactions are neglected

q:u7d7s

e The heavy-flavor ¢, b,t quarks contributions are absorbed in Qg — Qg + Q¢
11/25



Lagrangian for ALPs coupled to mesons
e Step 1: map Larp into xYPT at leading order

2
cxbraLo _ f Iy [a UWU} f; [230( (Q)U + M, (a )*UT)] — 5m? <770 - C\Q/%;a> + 50ua0"a — S MZa®

Mq (a) — diag(mueiQua/fa , mdeiQda/fu , mseiQsa/fa)

U =exp (Zﬂ(p) ,

f
where
%Ws—kﬁﬁs—kﬁm T Kt
d = T 7578+ Jens 570 K
K~ K° — 38 + 510
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Lagrangian for ALPs coupled to mesons

o Step 2: diagonalization of the mass matrix = mixing angles

m721’3 mgf?ﬂis mj"lo m7273a
~ m m Moo
M? = n8 T;Lrgno mgs ,
no nga
m;
B 2
mf,a = Bo(my + maq), mf,wa = 703(mu —ma), m?rgno = \/;Bo(mu —ma),
B 2 2
mh, = ?O(mu +matAmg), mag, = %BO(mu +ma —2ms), mp, =mj+ 3 Bo(mu +ma +ms),
f = B
m?rga = ;a BO(muQu mde) 5 m?]ga = ﬁa \/%(muQu + mde - 2meQ )
2 _ I3 f7r 2% 2
mye, = fa Bo(muQu+mde+mSQs) fa mo 6 +M(L . 13/25



Mixing angles I
o We first diagonalize the ng — 19 subsystem

3 1 0 0 0 T3
. - 2
s | [0 cosf® sind O 7l . o 2myg,
| |0 —sind cosf 0 7| sin(26) = m2, _87,07% )
a 0 0 0 1 a

e The mass matrix after this transformation reads:

2 2 2 2
ms. m,r%ﬁ M mgsa
ms 0 ms 1
il na 2 _ - 2 2 2 _ 02 )2 4
m2,  m2, | Maw T35 [mns g, Ff(mig —mi,)? +dmy, |
7 a
2
ma
2 _ 2 2 . 2 _ .2 2 .
Mz 5 = My €08 —m2 . sinf, mz - =m7, cosf+mz , sind,
2 _ 2 2w 2 2 2
My, =My, cos0 —my  sinf, mg,=m, , sinb+m;  cosb.

One can fix m2 from the physical m%(,) mass, which yields mgy = 0.807 GeV and
0 = —21.4°, or from the measured mixing angle § = —13.3°, which yields my = 1.03 GeV,
and my; = 534 MeV and my = 1.14 GeV 14/25



Mixing angles II

o We next remove the 73 — 77 and 73 — 77’ mixing

T3 COS€ry —Siner, 0 0 COS€ry 0 —siner,y 0 ™
M . sin€r, coser, 0 0 0 1 0 0 n
74 - 0 0 1 0 siner,y 0 coseqy O n |’
a 0 0 0 1 0 0 0 1 a
1 €y —Cxy 0 0
- €xn 1 0 0 n
o~ . 0 1 0 o + O (€xnny’) -
0 0 0 1 a
e The mixing angles satisfy:
2
om2 Dz Md—Tu (o6 — /2sin 6)
sin(2er,) = 4—47;43127—:>eﬂncz V3 mutma X 5 =0.018,
my — Moo my — Moo
2
2m?2.__, Lz ma—u (/2 cos 6 + sin §)
Sin(267”—7,) = _% = ey A /3 My+mg 5 ; — 0.0049 .
T 0 7T 0
my, — M my, —mg
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Mixing angles II

o After this rotation, the mass matrix becomes:

2 2
m;o 02 0 mﬂ;a
m 0 m
na 2
K 7 | + O(my —ma)”),
m ! m ’
7 0
m(l
where
2 2 2 2 2 2 .
Mooy = Moy + (Mg 0€nny + My €xyr) O8O + (M €nyr — My €xy) SING
2 _ 2 2 2 o
Myq = —Mga€ry+my cos0—my  sing,
2 _ 2 2 2
Myrg = —Mp€ay + My, sinf +my  cost,

o The diagonal entries represent the physical masses of the mesons (the
mixing with the ALP will change this by only O(fr/f.))
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Mixing angles III
« Finally, we diagonalize the ALP-7°, 1,7’ mixing

e Solving for the mixing angles to remove non-diagonal elements we find:

2
2m2, 2m
n%a : o na . -
— 5 8111(20(”]) = m y Sln(20an/) =
T a n

2
2m;,.,
2 _ 2

mg —my,

sin(20,,) =

m2 —m
e Step 3: re-express ﬁfi};@LO in terms of the physical states

7 =719 — et — €xyn) + (10a)aP™

N = (€xn €080 + €y 5in 0) 0 + cos O + sin Oy’ + (nza)aP™

Mo = (€xyy €080 — €xyysin 0) 70 — sin O + cos Oy’ + (oa)a®™ ,

cwoo(f)

<7roa> =sinfy 0, (n3a) =cosOsinby, +sinfsinb,, , (na) = cosfsinb,, — sinfsinb,,
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Mixing angles IV

o ALP mass
2
mZ:(Qu+Qd+Qs+QG) mMey, My 2f2+M2
1+e¢ (my +mg)?  f2
. B
€ = M 1 + 6 0 ;
mg(my, +mg) m3

e Assuming 0,0, 0., and 0,y to be small (they are proportional to f/f, < 1):

<7r0a> =0470, (13a) =0ayc080 + 0qpsinb,  (1pa) = bqpy cos — Oy sin b,

¢ QCD axion case: By taking M, = 0 and m, < m, and keeping the leading
expansions of m2 /m3- and m2/m3

(na) = %(W”LJZW (Mma(2Qq + Qs + Q) — mu(2Qu + Qs + Qq)) »

_ _ fa
(nga) = 2\[fa BQs+Qc), (noa) = \/gfaQ
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n/n — mra decay amplitudes

; 1 mg—m 1 V2
970 — o) 0 — \/3si fr Qumu + Qama d w, 0 1 |
A(n — 27 a)|Lo 72 (cosf — V2sin ) lQ\/gfa TR 25 M T ma (r"a) + 6<’]“(1> t5 (noa)
2

<’700>1
A — 2r%)|ro = o1 (\/icose + sin@) [ fr_ Qumut Qama 1 ma— m“( 0

K

2
T M (0 D Jr Qumu+Qama 1 mag—mu, o 1
Al = wim o = T (cos0 — v2sinG) l\/gfa M + Ma V3 ma £ mg " Tl

“|S

— # (33 - mf, —2m2 — mi) enn(nlay,

1 2
T a) + 6(7}5(1) + %(77()0)

VE: 2v3fs  Mu+ma 2/3 mu + ma
2 —
Al = 7 7" a)lo = % (V2cos 6 + sin0) l\/fgfa Q“Z:Igimd - %%(woa) + %(7}5(1) + \f(noa)}

1 2 2 2 0
~ 3 (35 — My — 2my — ma) € (T Q) , 10 /25



Branching ratio for n/n' — nma

Two scenarios: Quark-dominance ()¢ = 0 or Gluon-dominance QQ; =0

We can search for: S. Gonzalez-Solis and D. Alves, preliminary

T T T T T T T T T T [ 1T

n/n — rra — TITYY 10-6 E"-\’J*W‘w \ | | | | | j
_ SN 5
n/n — wra — wrltl RS ERAN \\\‘\ y | =
=~ E- o =
(BESIIL, KLOE, TS E---J\s jz\ R A =
= ~. —_ . N\ T == _ - 4 —
CMS, REDTOP) S0t — N DT i \ 4
o2 E E S S At \ E
= 107 ; | \'\ \\ é
X g L A\ E
Dﬁ _ — | ‘\ ]
m 107 |I v =
e I \ ]
10" |i —
B 5 ) - \ 3
10*12 T | ‘ 5] || ‘ |1 '\l | ‘ T | ‘ T | ‘ | \S 1 ‘ |1 \\ |

0 100 200 300 400 500 600

m, [MeV]

20/25



Branching ratio for n/n' — nma

o Two scenarios: Quark-dominance )¢ = 0 or Gluon-dominance ), =0

» We can search for: S. Gonzalez-Solis and D. Alves, preliminary

’ 1077 ET T TT ‘ T T ‘ T T ‘ T T ‘ T T ‘ [ ‘ FTTH
n/n — Ttra — TEyy E e, 1 3
L =~ o _
n/n — wra — wwlt LT 107~ N\ , -
™~ E7 N II \ =
(BESIII, KLOE, ‘ o E 7m0, \ AN 2y 3
— /

CMS, REDTOP) i i o N N A -
<R .l T — _ .7 I\ 3
— C N v 7 — 700 \\ _
—— 00 | \ i
X E \ I ‘\ =
= g I YW 3
[as] L B \ _
107" (l N
= _ :| i \_\ =
10*12 I ‘ \E\ || ‘ | \I:\ | ‘ | ‘ I ‘ | \E\ | ‘ \\\\ [

0 100 200 300 400 500 600

mg [MeV]
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Effects of pion-pion rescattering o
. . m : m ™ %\so
o Unitarity: ) Z o
disc[ 77( ) ]: 77</) 5
) p ; : T T 0.0 0.5 7 1[ f;,,v] 15 20
. _ . <0 —i89(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 [ disc A(s’ — £ E
As) = 7/ dS,,i(.)a A‘S r 1
2 Jans2 s —s5—u¢ <ETE o, E
e Analytic solution: X w,g;—w,-()\ - é
0 0 i 10* ‘ *
A(s) = A(n— 2 a)lLo x Qq(s), A s NE
60 , 10’107\ L1l ‘ I ‘ L1 \E\ ‘ I ‘ I ) ]
R S _ ‘ ‘ ‘ : ‘
Q9(s) = exp 7/ ds/L), .8 ig_\
T Jamz  S'(s' — s —ig) g 26
£ 24
& 22
20 50 100 150 200 250

e [GV] 22/25



Effects of pion-pion rescattering

3 3 T : m ™ %\50
o Unitarity: " " T
disc[ n ]: n 5 :
1 0.0 : ovs‘ 1.0 15 20
" T . T s 5 [Gev]
. . .0 —i89%(s S. Gonzalez-Solis and D. Spier, to appear
dlscA(S) = QZ.A(S)SIH 50(5)6 0( ) b - 7_| TTT | L | TT 1T | TT 1T | TTTT | TTTT | LI |
1 o0 diSCA 8, > _sf 7
A(s) = — / ds'i( ) @ 0T / E
27 AM?2 S/ — S —1e = £ ] LO+7r7rrescattcring ] ! ]
. x  107°F \ k4 -
e Analytic solution: = B T Tt 3
& o[ n
S £ E
0 0 1 10‘“5— —E
A(s) = A(n—2r1a)|lLo x Q(s), = = \ \ o
18_i25_| 111 IEI 11 | 1111 | 1111 | 1111 | 1 gl 1 | i VI I_
0/ =
5 [ dg (s 40
00(s) = exp f/ IR ICORN G ¢
T Jamz  S'(s' — s —ig) E 2
g 20
15
100 200 300 %00 500 600
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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 . .
0.00 0.05 0.10 0.15 020 0.0 0.1 0.2 03 04 0.5

mg [GeV] mg [GeV]
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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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