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Why should there be any new physics that is light
and weakly coupled?
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Light new physics ?
First example: Goldstone bosons

Every spontaneously lbroken
continuous symmetry gives rise to
massless spin-0 fields.

V(p) = 12pd" + A (¢pg')?




Goldstone bosons

Since the GB corresponds to the phase of a complex field, it is
protected by a shift symmetry

6= (f+s)e/]
it is protected by a shift symmetry
pia(@)/f _y gila(@)+e)/f _ jia(@)/f jic/f

This symmetry forbids a mass term, and all couplings are
suppressed by the UV scale

1 0" a
= — H
L 2@,@8 a+cu4ﬁf

Y+ ..



Goldstone bosons

An exactly massless boson is very problematic.

The global symmetry can be broken by
explicit masses or anomalous effects

1 0"a _ L 5 5

L = 5(%@0“@4— C“47Tf uy, i+ .. .—|—§maa
2
Ha
Mg — 7

Small couplings correspond to small masses and a
decoupled NP sector.




Goldstone bosons

The most famous example is the pion

Lacp = qril) qr + qril) qr + myqrar

<quR> = A3QCD ~ G6V3

The pion mass is controlled by the explicit breaking
through light quark masses

10
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Goldstone bosons

The most famous example is the pion NP at f

Lacp = qril) qr + qril) qr + myqrar

<quR> — ASQCD ~ G6V3

The pion mass is controlled by the explicit breaking
through light quark masses

axion
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Axionlike particles

Most general dimension five Lagrangian at the UV scale

£D§5 o ]. a a’u mz,() 2 I 8”& — 8'“0/ TD h
eff _5( ua)( a)_ 9 a 7 g wFCF/y,uwF—i_c(bT (qbl qu—l— .C.)
F
Qg A ~ Q9o A A Fruv A 1 d ~ L
— = G* GH — — W WH — —B,,, B*".
—|‘CGG 47‘(‘f Y _I_CWW 47Tf Y _I_CBB 47Tf 7

All couplings are suppressed by the UV scale f

Georgi, Kaplan, Randall, Phys. Lett. 169B, 73 (1986)
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Axionlike particles

Most general dimension five Lagrangian at the UV scale

coupling to the Higgs current
couplings to fermions

explicit mass term \ F—Qudl
— 7u7 ) 7e

2
ot a

1 m; oHa — ,
£§f§5 ~ 9 (Opa)(0"a) — 270 a’ 7 Z VF CF Y Yr + Cqu (CbT@Dmb + h-C-)
F

s a - o a . a1 a -
+ng——GaVGMV’a—|—CWW——W/nyMV’A—I—CBB——BMVBMV.

J A f F / A7 f \ A7 f
coupling to hypercharge

coupling to gluons coupling to SU(2)r, gauge bosons

All couplings are suppressed by the UV scale f

Georgi, Kaplan, Randall, Phys. Lett. 169B, 73 (1986)
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Axionlike particles

This Lagrangian captures all possible ALP coupling structures up
to dimension 5.

It iIs easy to imagine scenarios in which a single coupling
dominates:

For example: A UV theory in which the ALP couples only to SU(2)L
gauge bosons

2

1 m, a2 a ~
LP=5 = 5 (0u0)(0"a) — 2’0 a® + cwwﬁ?WWW“

Georgi, Kaplan, Randall, Phys. Lett. 169B, 73 (1986)
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Axionlike particles

For example: A UV theory in which the ALP couples only to SU(2)L
gauge bosons
2 o a ~

£D<5 (a a)(@“a) B m20 2 4 CWWE?WMVWMV

After EW symmetry breaking this S Yl .
LEP %
ALP couples to photons. ol v ity
3 102} L,
W,u :SwA,u—I_CwZ,u %
o 10k HB stars go
. . '> LSW o%o
But at higher loop order it couples & 1 CAST
to fermions ;‘% 10-1F SUMICO
RERY| SN1987a
1073
Y W —— d
1074 SN
...... { """<ﬁ 103 Decay
¥ W —<— 3 105 1002 10° 10° 100 I 10
m, [GeV]

15 MB, Neubert, Thamm, JHEP 1712 044 (2017)



ALPs at different scales
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MB, Neubert, Renner, Schnubel,
Thamm, JHEP 04 (2021) 063

MB, Neubert, Renner, Schnubel,
Thamm, 2102.13112, PRL. 127

Chala et al.,
Eur.Phys.J.C 81 (2021) 2
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Running and matching at the weak scale

® [he gauge boson couplings do not run

d
dln p

cyvip)=0; V=G W, B Bardeen et al. Nucl. Phys. B 535,(1998)

e Neither are there matching contributions at 1-loop

* The running and matching of ALP fermion couplings receives
various contributions

MB, Neubert, Renner, Schnubel, MB, Neubert, Renner, Schnubel, Chala et al.,
Thamm, JHEP 04 (2021) 063 Thamm, 2102.13112 19 Eur.Phys.J.C 81 (2021) 2



https://arxiv.org/abs/2102.13112

Flavor diagonal ALP-fermion couplings

ALP fermion couplings at the weak scale for f =1TeV

Conee(1112) = Comoe(A) — 0.116 c45(A) — [6.35 Goc(A) +0.19 Gy (A) + 0.02 éBB(A)} 1073,
cdd,ss(mt) ~ Cdd,ss(A) + 0.116 Ctt<A) — [708 Egg(A) + 0.22 (Niww(A) + 0.005 éBB(A)] . 10_3 ,
eop(122) = (M) + 0.097 cie(A) — [7.02 coa(A) + 0.19 Gy (A) + 0.005 Egp(A)] - 1073,

Corer(M7) 2 Coe. (M) + 0.116 ¢4y (A) — [0.37 caa(A) + 0.22 G (A) + 0.05 g ] 1073,

where we have defined L= % % Frsf
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Flavor diagonal ALP-fermion couplings

ALP fermion couplings at the weak scale for f =1TeV

1 e ] S 1 -
107! 107! 107!
1072 1072 1072
1073 1073 1073
107 107 107
107 107 107
—-107 -107° L S —
-107* -107* -107* B
-107° — -107° -1073
-1072 -1072 ~1072
—107'+ —107'} —107'+
~1} CGG ~1} CWW ~1} CBB
Cauu Cu Cdd Cee CGG Cww CBB Cuu Cu Cdd Cee CGG Cww CBB Cuu Cu Cdd Cee CGG Cww CBB
1 — 1 — 1 —
107! 107! 107!
1072 1072 1072
1073 1073 1073
1074 1074 1074
107 107 1073
-107° -107° -107°
-1074 —1074¢ -1074
-1073 —1073¢ — -1073 —
-1072 —107%¢ —— == 1072} ————
S 1) i S— I B —107'+ —107'}
—1t Ct ~1t Cu ~1t Cd
Cuu Crt Cdd Cee CGG Cww CBB Cuu Cit Cid Cee CGG Cww CBB Cuu Cr Cdd Cee CGG Cww CBB
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Flavor off-diagonal ALP-fermion couplings

Flavor violation can come from the UV theory or from the SM

dj dj W _ —— dj
C-I/ ------ < C-L ------ @ g/ ----- {A t
t

Assuming MFV (only v #0 ) for f =1TeV

[kU(f“w)Lj - [ku('uw)}ij - [kd‘('uw)]ij - [kE('uw)Lj - [ke('uw)]ij =0
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Running below the EW scale

Running below the weak scale affects only flavor-diagonal ALP
fermion couplings (running to 2 GeV)

qu(,Mo) - qu(mt) ™ [BOéGG(A) o 1°4Ctt(A) — 0.6 Cbb(A)} . 10—2
T Qg {3°9(~:’Y’Y(A) —4.7cy(N) — O.ZCbb(A)} 1072,

cooliin) = con(my) + [3.9577(/\) — 47eu(A) — O.ZCbb(A)} 1077
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Matching to the chiral Lagrangian

The chiral Lagrangian + ALP then reads

2 2
LY = gﬁ Tr[D*E (D) + %BO Tr[ri2,(a) 2" + h.c.]

2

5 a —I—éfyny?FMVFMV)

+ % 0"a 0,a —
where P exp(iﬂﬂ/fw)
\/%77 \/57‘(‘+ \/§K+ \

(770"‘
M=M= | Var~  —mo+y/in VIK° |
| VEET VAR -2y

MB, Neubert, Renner, Schnubel,
Thamm, 2102.13112, Phys.Rev.Lett. 127
(2021)
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Matching to the chiral Lagrangian

The chiral Lagrangian + ALP then reads

2 2

Lo =3 Tr D's (D, X)) + T BTy (@) S+ h.c.]

2
mCL,O 2 o a

5 a +67VE?F,LLVF'LW7

1
+§0"a8ua—

Turning on the weak interactions give rise to flavor changing
couplings involving the ALP

AG o ifi T
Lweak — _TQF r;dvus gs [L,u L'u]32 L,u — _T {ZDMZT}

MB, Neubert, Renner, Schnubel, Thamm, PRL 127 (2021) 07



Flavor bounds on ALPs

K; = nlete”

104 B, — B, mixing
By — ppt
10° dBr/dg’(B — Kec) |
L; ,A
& 10?
Ay
= B — K*a(up)
§ 10
|
1071 - ' | | '
10~ 1073 1072 107! 1 10
m, |GeV]

MB, Neybert, Renner, Schnubel, Thamm, JHEP 09 (2022) 056
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MB, Neybert, Renner, Schnubel, Thamm, JHEP 09 (2022) 056



Flavor bounds vs other bounds
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Flavor bounds vs other bounds

dBr/dqz(B—)K'ee) Bd_Bdm.iXing
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MB, Ne?tjbert, Renner, Schnubel, Thamm, JHEP 09 (2022) 056
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MB, Neubert, Renner, Schnubel, Thamm, JHEP 09 (2022) 056
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Light new physics ?
Second example: gauge bosons (local symmetry breaking)

1 1 _
L= — ZXMVXMV _§DM¢DM¢ o V(Qb) ‘|‘9X¢7,UJ¢XM

b= (f + s)e! S —_— mx = gxJ

Interactions with the SM are either directly set by the gauge
coupling or through kinetic mixing

gxe A?
BILL‘\/\/\/O'\/WXM € X @logm

Small gauge couplings imply small masses
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Light new physics ?

Hidden photons mixing with the SM photon or Z boson inherit
the SM GIM mechanism and are strongly suppressed

T m?

MB, Foldenauer, Mosny, Phys.Rev.D 103 (2021) 7
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Light new physics ?

Hidden photons can also interact directly with SM fermions if
baryon number or lepton numbers are charged

Gauge anomaly cancellation and constraints from the CKM
matrix force all couplings to SM fermions to be diagonal
couplings at tree-level (apart from neutrinos)

d; M3 1 my
L =g M§ d;v,Prdi X" + 2gwd ¥ latd (M2 — M2 PR) d; X
g?,j — quq8 ‘/tz 'fl(xt) gzg — quq8 ‘/tz 'f2(a7t)

X

1 M3M% , 2
B decays are suppressed (B — KX)~ ———25— (g3,/+)
%4

35 MB, Foldenauer, Mosny, Phys.Rev.D 103 (2021) 7



Flavor bounds on hidden photons

10°
10!
102
1073

104

gx

10-3

10-6

1077

108

T e 1

36I\/IB, Foldenauer, Mosny, Phys.Rev.D 103 (2021) 7



Light new physics ?

Third example: sterile neutrinos

1l pye _ 1 o700 Mp
Loass O —in Mn = 2n (Mg MR) n+ h.c..
. M2 .
Active masses: m, ~ M—Z Sterile masses: m4 ~ Mg
o M2 2 m2
: 2 D v
Mixing angles: |Uu 2z |~

Couplings suppressed my neutrino
masses
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Flavor bounds on sterile neutrinos
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Flavor bounds on sterile neutrinos
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Flavor bounds on sterile neutrinos

If neutrinos are Majorana they can mediate meson decays with
lepton number violation

Atre, Han, Pascoli, and Zhang, JHEP 05 (2009) 030, [0901.3589].
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Flavor bounds on sterile neutrinos
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Conclusions

An axion or hidden photon could be the only light remnant of a
heavy new physics sector out of reach of the LHC

Flavor bounds uniquely constrain axionlike particles with
masses between 100 MeV and 10 GeV

Flavor transitions for hidden photons are very strongly suppressed
and can’t compete with flavor conserving observables

Sterile Neutrinos can induce lepton number violating decays which
would signal Majorana nature of neutrinos
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