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Why axial couplings?
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Rare pseudoscalar decays: 70 — ete™

e Loop and helicity suppressed in the SM
Br(m% — eTe™ )meas = 7.48 £0.38 x 10~8
* {Br(wo — ete )sm ~6.20 — 6.35 x 10~8
e Axially coupled A" contributes at tree level [Kahn et al 0712.0007]:
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1. Diagonalize away the kinetic mixing by shifting the U(1)y field
2. Rotate into the mass basis {Z, A’} with mixing angle (.

Coupling to SM currents

eAuJﬁLM = e[A, + e(—sin(Z, + cos CAL)]JEM
822, = gz[(cos ¢ + etw sin €)Z,, + (sin ¢ — etw cos ) A loe
E.AA/




Standard U(1)p Line = —(ecosCedty + Aagz Iy

Coupling to SM neutral current

Ap = sin( — ety cos €

A’-Jxc coupling




IR constraints Lo = A, > F (chy* + chyy®) £

IR Parameters
e =1073, ¢ =107, ¢§ = ¢, & = 8x1074, ¢f = 2x107*
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e Pseudoscalar decays:

M ~ c5(ch — cf)

10 10%
my [MeV]



IR constraints Lo = A, > F (chy* + chyy®) £

IR Parameters
e =1073, ¢ =107, ¢§ = ¢, & = 8x1074, ¢f = 2x107*
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IR constraints Lo = A, > F (chy* + chyy®) £

IR Parameters

=107, ¢ =107, ¢ = &, ¢ = 8x1074, ¢ = 2x107*
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IR constraints LA it =

IR Parameters
; e =103, ¢ = 1074, ¢§ = ¢, ¢ = 8x1074, ¢ = 2x10~*
e Colliders and beam dumps: 10° - \
ete” = YA A — ete™
e\2 e)2 1073 AR
Mar ~ (c5)* + (<) Bean. =
e Other _
<107
e Atomic parity violation: cj,c;
e FElectron-neutrino scattering: 105 | Favored
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IR constraints: future prospects

Future experiments will robustly sample the IR axial-couplings space.

IR Parameters, Projections

¢ =1073, ¢4 =107, ¢4 = ¢4, i, = 8x1074, ¢ = 2x10™
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UV considerations

[ Require gauge — invariant SM Yukawas ]

Fermion vector and axial currents:
B = fypf = £1G1f, — Felgrfe
S = FyRysf = flatf + felgrfe

corresponding to vector (cf,) and axial (c}) couplings to the A’

= len(gr, — gr)
%gD(QfL + qre)
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Single Higgs doublet

Ly sm = yuHQU® + yaH' Qd® + y.H'Le® + h.c.

Gauge-invariant charge assignments

1
dl=cl=—c]= 58D4H (before EWSB)

ch=—gpquT}

After mass-mixing + rotating into physical basis

[ ch = ch+Ach =0+ 0(gd) + O(i3, /%)  (EWSB)
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Two Higgs doublets (Type-11 2HDM)

Ly oupm = YuHuQu® + yaHqy Qd® + yeHqLe + h.c.

1
CA = —58D9H,  Ca=Ca= —58DGH, (before EWSB)

1. As before, Higgs vevs ((H,) = %(07 vy) and (Hy) = %(vd,O))
contribute to mass mixing,

w3 —gp(qu,vZ — qu,v3)mz/v ) < 2, )

< —&p(am,vi — au,va)mz/v  gb(ak,vi + i, va) + M
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Two Higgs doublets (Type-11 2HDM)

2. Rotate to mass basis (mixing angle 6p):

sinfp ~ Op ~ gp(qH, V; — qH,v3) _ 2gp(qm,v2 ; qH,v3) _ 28D 5 28045
mzv 8zv 8z

Z-A mixing after rotating into the mass basis:

N 2
2, = (cosOpZ, + sin GDA:L)J{\‘IC ~ (Z,, ;D HDA’ ) S

1 - 1 L =
G = _EquH” + EgDQD, CZ =Cp = —EgDCIHd - EgDaD (EWSB)
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Anomalons and

. Field SU(3).  SU@2). U(1)y U it
e LHC heavy-fermion ;
Hy 1 2 +3 +am,
searches: my, 2 1 TeV He o1 2 -
e Perturbativity: y, < 4n v 3 1 2 o
d 3 1 +3 —qH,
e Dark Higgs: ma = gpquVv’ e 1 +1 an,
u 3 1 +2 +qu,
~U 176 3 1 -2 0
D 3 1 -1 +qu,
D 3 1 +3 0
4 3 1 1 -1 +qm,
EDAqH a0 £ 1 1 +1 0
ma 2 80 MeV x ( x | —
10_3 Yap H, 1 1 0 —qmu,
Hy 1 1 0 —am,
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2HDM: additional ingredients

® U(1)x(L,—L,): generation dependent vector couplings

e Kinetic mixing ¢ between U(1)p and U(1)y

{gD7 AqH,, 9Hy éDa €, K}7

SM lepton e T
o L9pau, — ce + gplp(—1 + 2s%) gp(3au, + K) — e + gpp(—1 + 25%)
A —39pan, — 3900p —39pan, — 39090
SM quark u,C b d,s,b
< $9p4n, + 3€e + 9o0p(§ — 35%) | T9pan, — See + gpln(—3 + 3sty)
[ —3904s, + 3900 —L9pan, — 390D
SM neutrino ‘ Ve Yy vr
1900p ‘ 19p(0p + k) ‘ )

7 —
= =c4 ‘

14



2HDM: constraints

Turn on ¢,
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2HDM: constraints

Turn off ¢,

2HDM Scenario
¢, =0,e=0,«=3, ggu = 0.1
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Non-renormalizable SM Yukawas

e SM Higgs uncharged under U(1)p — y,HQu® not allowed

e Generate SM Yukawas through mixing with new vector-like fermions:

L=—-Mg QfQj—y HQOfQ; — HQy" u°
Integrating out vector-like quarks:
VI

Mg

Yt =y Y
Bound from needing to realize top Yukawa:

t -3 ! mu 1 TeV
lcal S 1077 x (‘({17{)2> x (10 1ev) X ( Mo )
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Generation-dependent couplings

e Charge only RH gen-1 fermions under U(1)p

e Assume flavour violating effects cancel in physical basis

e 1 e 1

Cy = _Eque — €€, Cp = Equ&
u 1 u 1

Cy = —Equu + gﬁe» Cp = Equu’
d 1 1 g 1

Cy = —EgDCId - 566" CpA = EgDCId-

e Extra dark Higgses contribute to Anomalon bound:

4
ma 2 80\/ 45 + q5 + 62 X (%)
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Generation-dependent couplings
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Conclusions

e We have examined constraints on MeV-scale, axially-coupled dark
force carriers from a low-energy experimental perspective

e Non-trivial relationship with UV physics imposes interesting
contraints on axial couplings which robustly excludes parameter
space consistent with 7° — e*e™ and (g — 2),

e Scenarios where SM Yukawas are generated by integrating out new
messenger states remain constrained
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Questions?



Backup: U(1)p Lin D =3B B,, + 75 B Fl, — LFwFr

Qv nuv

1. Diagonalize away the kinetic mixing by shifting the U(1)y field
Ay ALt ok,
N A € A~ A PN ~
B, — By + JA;L = § Ly = Ly — etwA',
A’H — A;t

IR eigenstates

eA iy — e(Au + €Al ) gy
gZZHJ{\?C — gZ(Z;J, - 6tWA;L)JIl\lIIC



Backup: U(1)p Lin D =3B B,, + 75 B Fl, — LFwFr

%

2. Induces mass mixing between Z and A Diagonalize into the mass
basis {Z, A'}:

2M = cos(Z, +sin (A,
AL, = —sin(Z, + cos (A,

~2
with sin( ~ ety gz (1 — 62t12/v — :1;;') for Mma < Mz.
z

Coupling to SM currents
eA S\ = e[Au + €(—sin (Z,, + cos CA, )] Sy

822, = gz[(cos ¢ + etw sin €)Z,, + (sin ¢ — etw cos ) A le
EAA/
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Backup: U(1)p Line = —(€cos CeJgy + AagzInc)A,

Coupling to SM neutral current

Ap = sin( — ety cos ¢

A’-Jxc coupling




Backup: U(1)p

Regularly invoked to explain anomalies hinting at new physics:

e PAMELA/AMS positron excess
e (g —2), deviation
e ATOMKI Be-8 anomaly
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Backup: Single Higgs doublet

Ly su = yoHQU + yqH' Qd® + y.H' Le + h.c.

Gauge-invariant charge assignments

Cha=Ci=—Ci= =8DGH (before EWSB)

1. Higgs carries non-zero U(1)p charge — contributes to mass mixing

15 & 2 —8pqHVihiz Z,
L = E(Zu AL) _ & 2 2.2 | a2 “l/
gpquVvinyz ghanv: + My A,



Backup: Single Higgs doublet

2. Diagonalize into physical basis:

<2u>_< cosn sinn)(ZN>
A, —sinn cosn A,

gDqHV

sinn ~ 2 1+ O(gd) + O(ma/ /%)
mz
Mixing-induced axial coupling:
2, = (cosn Z, + sinn AL) e
Ac[x = sinn C/QYSM = +quHTf3

ch— ch+ Ach=0+0(gd) + O(m3 /M%)  (EWSB)




Backup: Mixing with new vector-like Fermions

SM fermions uncharged under U(1)p

Mix with A’ through new vector-like fermions charged under U(1)p

L=—-Mg QfQ; — My UfU; — y, H' Qf Qi — yr H' Ujuf

MFV: generation-independent Mg 1/, yi,r

Mixing for LH and RH up-quarks:
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Backup: Mixing with new vector-like Fermions

1 1
G = —53bD (67 +0%), ca= — 53D (07 — 6%)

Natural size of couplings

e Lower bounds on Mgy > 1 TeV
e Perturbativity of Yukawas: y; g < 47
e Dark Higgs: ma = gpquv’

e 1078><<L)2><( mar >2X 1 TeV >
VitAT aep  \4r 10 MeV M
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