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Axion-Like Particles



Axion-Like Particles

ALP = generic pseudo-Goldstone boson from breaking of BSM symmetry

Examples: Peccei-Quinn symm. — QCD axion  Peccei Quinn 1977, Weinberg 1978, Wilczek 1978
Lepton number — Majoron Gelmini,Roncadelli 1981, Langacker,Peccei,Yanagida 1986
Flavor symm. —  Flavon Wilczek 1982
A new physics sector

(composite/elementary resonances)

2 N < 4nf,
my < f,
my ALP: pseudo-Goldstone bosons
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Axion-Like Particles

ALP = generic pseudo-Goldstone boson from breaking of BSM symmetry

Examples: Peccei-Quinn symm. — QCD axion  Peccei Quinn 1977, Weinberg 1978, Wilczek 1978
Lepton number — Majoron Gelmini,Roncadelli 1981, Langacker,Peccei,Yanagida 1986
Flavor symm. —  Flavon Wilczek 1982

Fundamental properties

» neutral, pseudo-scalar, couples to SM via effective interactions
> pseudo-Goldstone boson — mj, naturally small compared to NP scale

Why so interesting?
> naturally the lightest remnant of heavy NP sectors — easiest to discover
> spontaneous symmetry breakings are ubiquitous in BSM — predicted in many models

> under certain conditions: good DM candidate
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Original case study: QCD axion

strong CP problem

Lspy D 93§s GA G"A - CF in QCD neutron EDM requires 6 < 10710 why so small?

“EFT"” Axion solution

promote 6 to a dynamical field — a(x) neutral pseudo-scalar, f, scale to suppress dim-5 interaction

- —a a0t a AGHA 4

f32

trick: proved that it must be (a) = 0 = no £#, but a new light DOF coupling to GG
UV origin: pseudo-Goldstone boson of Peccei-Quinn symmetry breaking

G;wA

global, anomalous U(1)pq defined such that 0, Jp, = 16

broken spontaneously — the resulting pGB satisfies the axion properties
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The axion Lagrangian

> neutral pseudo-scalar

> approx. shift symmetry a(x) — a(x) +c broken by the PQ anomaly (aGG coupling)
» couples to SM via an Effective Lagrangian (dim > 5)

» mass and self-interactions generated non-perturbatively via shift symmetry breaking.
naturally small compared to NP sector

1 a g2 = a e E - 0,a -
L, = =0,a0" 258 GAGWA L S — _—F Fr — B Cut
? 2 Ha a+t fa 327T2 Ky fa 327-(-2 N K 2fa w 1/17 ’75¢
[l m2f2  107% GeV*
2 (my+mg)? f2 f2

+ axion self-couplings, couplings to nucleons and mesons

llaria Brivio (UniBo & INFN) ALPs at Colliders 4/22



The axion Lagrangian

> neutral pseudo-scalar

> approx. shift symmetry a(x) — a(x) +c broken by the PQ anomaly (aGG coupling)
» couples to SM via an Effective Lagrangian (dim > 5)

» mass and self-interactions generated non-perturbatively via shift symmetry breaking.
naturally small compared to NP sector

1 a g2 = a e E_ . 0,a -
Ly = =0,a0" —_=8 _GAGHA L Z _— _BIF  Fhv _ R G
a 2 l‘a a+ f3327'('2 iz f3327'('2 N 14 2faw 1/17 ’75¢
dependent on U(1)pq realization
,  mymg m2f?  107° GeV*
"o = (my+ mg)? f2 - f2 consequence of axion solving strong CP

+ axion self-couplings, couplings to nucleons and mesons

llaria Brivio (UniBo & INFN) ALPs at Colliders 4/22



CROWS

~
_ 107 ALPS:I 8
| ABRA OSQAR :
-8 5
Lhr“ 10 10 cm SN1987A E]
Y 10 Solar v o
~
o g Diffuse- ]
— 10 . WD Globular clusters ;
— SIAB ‘S‘,\v g
| o,
-1 b
> 10 g- =4 ED
—12 £ : ;
10-13 g
— ~
~
g\ 10714 ‘él
8
50 4915 :
DMX
1016 " BabylAXO-RADES

10717

10718

10719

V5 O .9 % 71 6 5 &4 3% 2 A O L 95 © & o o J

1073071070710 407 4074077407400 407 A8 40 4T 4T 40 AT A4S 4T
m, [eV]

llaria Brivio (UniBo & INFN) ALPs at Colliders 5/22

QCD axion band




ALP Effective Field Theory

> most general EFT of ALP interactions: > SU(3) x SU(2) x U(1) invariant (for LHC applications)
7 fields: SM states 4+ ALP

> shift symmetry: here assume broken only by m,, but more operators could enter

> assume CP invariance, but CP-odd couplings could be inserted too 5" J) ruiotevat Poradisisarensen

2
Lap = %auaaﬂa — %32 + C,-OI.(S) + O(f,7?) Georgi,Kaplan,Randall PLB160B(1986)73

a ™ *ta =

OE=FBHVB Of,U:T(f;’Y 6)’ f:Q[_,UR,dR,E[_,ER
a a
a -

Oy = 7 W, W
a
a

Og = =G, G
a
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Parameter space of the ALP EFT at dim-5

Free quantitites Ne=1 Neg=3
m, 1 1
C,-/fa: CB7CVT/7CG eR 3 3
Crij € Nf x Nf symmetric R matrices | 5 x1 5 x6
—L; rotations -1 -3
—(B — L) rotation -1 -1
7 30
redundancies due to: a#aJ“ = Opii + Oeij = L [g2O o~ g’20~]
f b " 32m2 W B
Opa 1
TZJB_L = § TI’[OQ + O,_, + Od] — TI’[O@ + Oe] =0

.. . . Chala,Guedes,Ramos,Santiago 2012.09017, Bauer,Neubert,Renner,Schnubel, Thamm 2012.12272
[only visible in 1-loop calculations] Bonilla,IB, Gavela,Sanz 2107.11392, Bonnefoy,Grojean,Kley 2206.04182
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ALP couplings to dim-5

Y V4 V4
e 2Cy, + c3C; e A o T (S
~ (55Cy + c5Cg) ~ (c§Cy + s5Cg) ~ 520 (Cyy 8)
Y V4 v
w+ w+ w+
a a a
___< ’\/CW _—— w- ~ CW R w-— /\/CV"V
1% V4 Y
G G G G
G G G G
f;
a___< ~ Cgjj
fi
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ALPs at Colliders (LHC)
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Axion-Top coupling

constraints

https://cajohare.github.io/AxionLimits/
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Collider probes of the ALP parameter space

Motivation
> tree-level access to couplings to heavy SM particles (W, Z, h, t)
» access to heavy ALPs (m, 2 GeV)

Signatures
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Collider probes of the ALP parameter space

Motivation
> tree-level access to couplings to heavy SM particles (W, Z, h, t)
» access to heavy ALPs (m, 2 GeV)

Signatures
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Collider probes of the ALP parameter space

Motivation
> tree-level access to couplings to heavy SM particles (W, Z, h, t)
» access to heavy ALPs (m, 2 GeV)

Signatures
— m, peak can be reconstructed

l

resonant

"S94 MOJJBU <«
— decay rate
large enough

vz
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Collider probes of the ALP parameter space

Motivation
> tree-level access to couplings to heavy SM particles (W, Z, h, t)
» access to heavy ALPs (m, 2 GeV)

Signatures
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Collider probes of the ALP parameter space

Motivation
> tree-level access to couplings to heavy SM particles (W, Z, h, t)
» access to heavy ALPs (m, 2 GeV)

Signatures
ma, < resonant threshold <«
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ALP decay modes and lifetime

hadronic res. region,
between xPT and pQCD
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ALP decay modes and lifetime

. (%) hadronic res. region,
using bound on gayy, Gace between xPT and pQCD
2
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ALP decay modes and lifetime

using bound on gaw,ga(:;)

> 105 m

> 10 m

hadronic res. region,
between xPT and pQCD
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ALP decay modes and lifetime

hadronic res. region,
between xPT and pQCD
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ALP at LHC: main production modes

E}---- 4 gg — a(g) Ce

\ g3 — Va,V =Z, Wty C4,Cy

I- qq — qqa Cé» C\iv’ CC;

also: light-by-light
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ALP at LHC: main production modes

Depending on ALP mass: production via decays of SM states.

Z — ay CI§7CW

Depending on presence of flavor violating couplings, or at 1-loop:

Y1 — ayo Cr, Cyi

P — ahoy NG

M; — aM, Cr, Cz, CqC My, My mesons, e.g. B — aK, K — ar...
M — ay Cf,Cé,Cw,Cé

> very rich ALP phenomenology in flavor physics, not touched upon here
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ALP EFT at 1-loop

in general, large “mixing” among coefficients at 1-loop:

Bonilla,IB,Gavela,Sanz 2107.11392

each ALP coupling receives loop corrections from most ALP parameters ~ BauerNeubert, Thamm 170800443
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ALP EFT at 1-loop

in general, large “mixing” among coefficients at 1-loop:
dim-5 ALP operators also mix into dim-6 SMEFT ones with A = 4rf, Galda,Neubert,Renner 2105.01078
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ALP EFT at 1-loop

in general, large “mixing” among coefficients at 1-loop:
dim-5 ALP operators also mix into dim-6 SMEFT ones with A = 4rf, Galda,Neubert,Renner 2105.01078

0.5
5 . @
~0.5
8 Higgs
4
S
—1

3D

50 I~ N
S0
-50 ay v
~2.-1.0. 1. 2 -2 0. 2 050 05 -8-40 4 8 —50 0 50 Biekatter, Fuentes-Martin,Galda,Neubert 2307.10372
Cea G Cpp Cu Ca
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Collider signals of flavor conserving, dim-5 couplings

incomplete list! omitting Higgs. flavor viol., ATLAS/CMS

» mono-Z, mono-W, mono-y, mono-jet, di-jet

()

3 . - . Mimasu,Sanz 1409.4792, IB+ 1701.05379, Haghighat+ 2006.05302,

s > pp — Wna,jvya,tta, tja, tWa Haisch-+ 2107.12839, Esser-+ 2303.17634, Blasi+ 2311.16048,

5 Hosseini,Najafabadi 2408.11588, Ghebretinsae+ 2203.01734,

» Z — ay (also at LEP) Ebadi+ 1901.03061, Rygaard+ 2306.08686, Bauer+ 1708.00443,1808.10323
° > g8,YY — a— <y resonant in pp Jickel+ 1212.3620
= . Mariotti+ 1710.01743, 1810.09452 Knapen-+ 1607.06083,1709.07110
s £ » vy — a— 77y resonant in Pb-Pb Baldenegro+ 1803.10835 Jickel,Spannowsky 1509.00476
) Wang+ 2102.01532, 2106.07018 Cheung+ 2402.10550
= _ Cacciapaglia+ 1710.11142, 2106.12615

c pag ,
57 »qg—>W/Z/ya a—yy

> pp— a— 7T, pup, cC(D)
> — Craig,Hook,Kasko 1805.06538
pp - aV]‘ - Vl V2 V3 (V W/Z/’Y) resonant Anuar+ 2404.19014, Aiko+ 2401.13323

> pp — a — tt resonant

Unstable
heavy

» gg — a* — VV', tt non-resonant
Gavela+ 1905.12953 Carrd+ 2106.10085,

> VBS non-resonant Flérez+ 2101.11119, Bonilla,IB+ 2202.03450

Nonres.
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Non-resonant ALP signals at LHC

ZZ, -, tt: Gavela,No,Sanz, Troconiz 1905.12953, CMS PAS B2G-20-013 2111.13669
WW, Z~: Carra,Goumarre,Gupta,Heim,Heinemann,Kiichler,Meloni,Quilez,Yap 2106.10085

ALP off-shell for m, « m; + my < 4/s ‘“too light to be resonant”

108 Untagged
CMS-B2G-17-013 - ALPsignal (G = 1, fo=2TeV)
+ o, Z+jets
7 v, W (t) . . W, ww
10 ‘. - ZV(V=2ZW)
L ¢ Data
L — i
[0
S
3
------ 2
a* 5
w
Z W (1)
s S 1200 1400 1600 1800
~ — ~ — myy (GeV)
fa 1 fa
~ =

s .

— o~ r independent of m,, [,
a
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Non-resonant ALP signals at LHC

ZZ, -, tt: Gavela,No,Sanz, Troconiz 1905.12953, CMS PAS B2G-20-013 2111.13669
WW, Z~: Carrd,Goumarre,Gupta,Heim,Heinemann,Kiichler,Meloni,Quilez,Yap 2106.10085

ALP off-shell for m, « m; + my < 4/s ‘“too light to be resonant”

Jago = 1TeV
7y W)

T

>

e

______ N
N

a* S

Z W (%)
L2 Non-resonant LHC (this work)
104

10° 10’ 10? 10° 104
m;, (GeV)

puts a constraint on (g.cc X gavv) product
for gage not too small, competitive bounds on g,yyv
llaria Brivio (UniBo & INFN) ALPs at Colliders 15/22



Non-resonant searches in VBS

apP'y same princip|e to VeCtor Boson Scattering Bonilla,|B,Machado-Rodriguez, Trocéniz 2202.03450

— independent of g.ce (if pure ALP signal dominates, adding Cz does not worsen bounds)
— a nice playground with several final states constraining the same 2 couplings

Cyylfa = Cg/fa =1Tev™1!

L s e e s e e e
s Zy SM + ALP j
= Zy SM (CMS)

e CMS Data 137 fb~!

Events / bin

T\\\\\\\\\\\\\\\\\\\\\\\\“

200 400 600 800 1000 1200 1400
My, [GeV]

o = osm + Oint [ + oap/fy

2 2
Oint. = Czopa + Cjjyowz + C5Cyyows

4 4 2 2 3 3
oap = Cgopa + Cyowa + C5Cy oware + C5Cy am3w + CCyy ows
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Non-resonant searches in VBS: Run 2 results

bounds extracted comparing to Run-2 CMS measurements

:‘ I TNy U U A UL I ‘:
£ i
25 795% CL Exclusion Limits:
E - Wy
; : ;_Zy
1 1z
2 e wrwe
E o- - W*Z
< F 7 == Combined
- 1
P S By =0
—2§ J-—8zz=0
: Tz =0
-3 B

-6 -1 -05 0 0.5 1 1.5
cw/fa [1/TeV]
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Comparing bounds, with a grain of salt

bounds typically represented in (m,, g2xx), but hide different assumptions

102’ T THT \‘ f \"w T T TTH !W N T
<
LEP 5 =
i T
| kN
10 g
—_ LHC
T i) (various)
> E Beam d -
ﬁ £ Beam dumps 211
— [ ]
=
05 107"] Nontksonant ggF (LHC \,\\/
L Light—by=light
I (LHC)
1072 &

109 102 107 1 10 102 10°
m, [GeV]
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Comparing bounds, with a grain of salt

bounds typically represented in (m,, g2xx), but hide different assumptions

102’ I \'H:” f \"w T T T Tw EEE T
=
LEP T AN\
| 1S
| kN
10 }
—_ LHC
T dl (various)
E E Beam dumps E i
— » = gluon dominance
=
>
52 10_1, Nonrksonant ggF (LHC)\A 8agg 8avyy
= Light—by—light
genuine - (LHC)
1025 2

109 102 107 1 10 102 10°
m, [GeV]
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Comparing bounds, with a grain of salt

bounds typically represented in (m,, g2xx), but hide different assumptions
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gluon dominance
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Comparing bounds, with a grain of salt

bounds typically represented in (m,, g2xx), but hide different assumptions

102 R T T

T T
BR(a— 7)) =1 = |
(8aee = 0) F 3
'
BR(a—>v7) =1
—_ e (gage = 0 = garr)
T dl (various)
% E Beam dumps é
=) wls .
—. H= gluon dominance
=
e 107" Nunlw(mJnxﬂﬂfllJK‘\A\\\\/// 8agg > Bavy
. = Light—by=—light
genuine E (LHC)
1025 4
{""iNonresonant VBS (this work)
10 102 107" 1 10 102 10°
m, [GeV]
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Comparing bounds, with a grain of salt

bounds typically represented in (m,, g2xx), but hide different assumptions

102 R T T

T T
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(8aee = 0) T3
=
BR(a—>v7) =1
—_ rrC (8age = 0 = garr)
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E E Beam dumps é i
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52 10‘1 Nonrgsonant ggF (LHC \A\/ 8agg 2 8avy
- E Y -1 W
. E ~\Bagg Light—by=light
genuine E (LHC)
10-2j z
{""iNonresonant VBS (this work)
10 102 107" 1 10 102 10°
m, [GeV]
llaria Brivio (UniBo & INFN) ALPs at Colliders

18/22



Unitarity constraints on ALP couplings

. 1B, Eboli, Gonzalez-Garcia 2106.05977
How much can we rely on s enhancements? Does the EFT stay valid? e

104
perturbative unitarity
requires 103
3
\EC,‘ L
|TJ|~ﬁ—+...<1 102
e &
~ 1
B some constant, = 10
. = subleading orders in s s
U 2 10°
only colored regions =<
0 ~
are physical 10"
102 s s
1071 10° 107 102

V'S [Tevl
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Unitarity constraints on ALP couplings

. 1B, Eboli, Gonzalez-Garcia 2106.05977
How much can we rely on s enhancements? Does the EFT stay valid? e

104
103
Y
(V]
=
.
‘i)t!
RELL
an EFT with 5
£,/C = 1TeV ==
2
= 101
102
requires NP 10
at most at 310 GeV (Cg) 5TeV (Cg)
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Unitarity constraints on ALP couplings

. 1B, Eboli, Gonzalez-Garcia 2106.05977
How much can we rely on s enhancements? Does the EFT stay valid? e

104

a measurement at
v/5 ~10TeV
can only probe:

103

f,/Ce > 32 TeV

I‘;/CE > 2TeV

e, B ]

-2 .
1010'1 10°

1 102

fury

V'S [Tevl

A here: /s approximate scale
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ALP EFT to higher orders

. . . - . B foy, Groj Kley 2206.04182
Operator bases (with and without shift-symmetry) were built up to dim-8 77770 05000 000

. . - . 1
dim-6 contains a unique shift-invariant operator ﬁauaa”a HTH
a

which introduces couplings to the Higgs: aah , aahh and is the first operator with 2 ALPs

Bauer,Rostagni,Spinner

» rich phenomenology, incl. implications for ALP production in early universe 507"

> for m, < my/2, causes h — aa AT PR ]

= h — inv, stable ALP o
h — exotic channels (47...), unstable ALP *

Bauer,Neubert, Thamm 1708.00443
ATLAS-CONF-2023-040

ATLAS Loyl ]

Beam dump

N — 0bs. Con=10]
-~ Obs. Coy=0.1]
(g-2)

SN1987a

Cayy/N[TeV1]

> enters meson decays as M; — Maa , M° — aa(y) "

m,(GeV]
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ALP EFT to (even) higher orders

dim-7 contains many more shift-invariant operators (5 w/o fermions), all with 1 ALP insertion

most notably, at this order the aZh, aZhh couplings appear, from 6Ma(HTiﬁMH)HTH

. . IB et al 1701.05379, Bauer et al 1708.00443
> depending on m,, it allows h — Za, a —» Zh Cheung, Ouseph 2402.05678

» mediates mono-Higgs pp — Z* — ah and ahh

> can induce non-resonant pp —> g% —> th Esser,Madigan,Salas-Bernardez,Sanz,Ubiali 2404.08062
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ALP EFT wrap-up

» ALPs are interesting! ubiquitous & discovery-friendly BSM/DM candidates
> a very rich phenomenology! thanks to wildly broad parameter space

» ALP EFT associated BSM sector integrated out
— simple: limited # of parameters
— non-trivial: shift-symmetry and anomalies complicate basis structure
— interesting interplays at loop level

» Colliders crucial to probe heavy ALPS and couplings to heavy SM states
— broad phenomenology, depending on mass and open decay channels

» perturbative unitarity considerations relevant for high-E (LHC) studies
if an ALP is discovered, give an upper limit to NP scale

> several colliders searches performed, many ideas applied.
non-resonant signals in heavy final states particularly suited for ALPs
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Bounds on ALP couplings

Nonrgsonant ggF (LHC \/

LHC
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Babar
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Bounds on ALP couplings

102 T ; 102: TR V
- [Triboson
N (LHC)
10 10
I © Mono—W (LHC)

O Noresnant gaF (CMS

Nonresonant ggF (LHC)

|gazzl [TeV™']
lgawwl [TeV™']

Rare Meson Decays
107" 107"
Nonresonant VBS (this work) [ h Nonresonant VBS (this work)
10_2 -3 102 410-1 1 - 2 3 10_2 -3 -2 10-1 1 - 2 3
10 10 10 1 10 10 10 10 10 10 1 10 10 10
m, [GeV] m, [GeV]
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Non-resonant searches in VBS: projections

HL-LHC: sensitivity improves x5 — 8 on XS — x1.5—1.7 on C;/f,

27 1 1 1 1 1 1 1 1 1 1 1 1 1 ]
1 ]

F - 95% CL Exclusion Limits:
= L 1 == CMS Run 2 Observed
é F ] == CMS Run 2 Expected
= of | L =300 fb~! Expected
“.\;c'q r 7 ==L =3000 fb~! Expected

B 150 Discovery Limits:

-1 7 -- L=3000 fb™" Expected
_2’ [ 1 [ 1 1 1 [
-1 -0.5 0 0.5 1

cyffa [1/TeV]
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Dependence on ALP mass and width

1 mWW* mZy
m Wy mZZ
- W7 m Zy Photophobic

1072

o (pp - jj\iVs) [pb]
o

g 1 10 10° 10°
mg [GeV]

_l
<

» as long as g% » m,, T, , independent of exact values of mass and width
“reverse” of an EFT (g% » m? vs g> « m? limit)

» XS stable up until m, <100 GeV
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Perturbative unitarity

partial-wave decomposition for 2 — 2 scattering: Jacob,Wick 1959

V; = vector bosons or scalars
Ai = helicities (V:A; = 0,£1, SIA; =0), A= X1 —Xo,p= A3 — \g
T/ = amplitude for J-wave scattering

v V3
=167 %, (2 + Dy/1+8232,/1 + 83t eiO-mod) (0) TI(VM V32 — V3V
Ap g
V. V,

2 4

unitarity = |T/(V1V;2 > VMV2) <1 for s> (Mg + M))2
[defined for elastic scattering)]
unitarity violation the theory is not valid: new dynamical states must be included

= unphysical pred. pert. expansion is not valid: entering a non-perturbative regime

in ALP EFT: |T7| ~ [C;?} [m—‘/g] becomes > 1 for large +/5 or (C;/f,)
a w
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Perturbative unitarity in ALP EFT

. 1B, Eboli, Gonzdlez-Garcia 2106.05977
Calculation strategy also: Corbett,Eboli, Gonzélez-Garcfa 1411.5026,1705.00294

1. compute partial waves for all possible 2 — 2 processes in large +/s lim:
V1 V2 i V3V4 Vla g Vga V1 V2 — aa V1 V2 i V3a
ha — ha hh — aa fifh — Va

2. construct T/=0 T7=1 matrices in final states (particle and helicity) space
— block-diagonal classifying processes by @ and color contraction

3. diagonalize T/ matrices — “overall” constraint on theory

4. apply elastic unitarity requirement |t/| < 1 on each eigenvalue
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Perturbative unitarity in ALP EFT

. IB,Eboli,Gonzalez-Garcia 2106.05977
Calculation strategy also: Corbett, Eboli, Gonzslez-Garcfa 1411.5026,1705.00294

1. compute partial waves for all possible 2 — 2 processes in large +/s lim:
V1 V2 i V3V4 Vla g V2a V1 V2 — aa V1 V2 i V3a
ha — ha hh — aa fifh — Va

2. construct T/=0 T7=1 matrices in final states (particle and helicity) space
— block-diagonal classifying processes by @ and color contraction

3. diagonalize T/ matrices — “overall” constraint on theory

4. apply elastic unitarity requirement |t/| < 1 on each eigenvalue

Constraints identified allowing all operators simultaneously.

» Oy dominated by T! from VV — Va, scaling as C(+/5)3/(fm?%,)
> 0Og, O dominated by T° from WV — VWV, aa , scaling as (C+/s/f,)?

> |Omy dominated by ff — Va , scaling as C+/s/f,
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Chirality-flip operators

one can introduce

ia

ia, = ~ ia, = _
Oun,ij = 7 (QiHu)) Odn,ij = 7 (QiHd;) Oetr,jj = + (LiHej)
A NOT shift-invariant! but related to Of via EOM, e.g.
+ g/2
— e, = Oett i (Ye)ui + Olpy s (YD) + 16,2 080
Of — Ogy trading always possible. Ogy — O only possible if oS ede Ramos.

Santiago 2012.00017
Coi = AeYe+ YeBe  Cupy = AQYy+ YuBy  Car =AYy + YyBy

with As = AT By = B

P {Op} as above have same # DOFs as {Or}

> trading O for fermions requires a combination of Or and Ogy (expl. shift break)

> one can remove ALL Oy from the basis, but must retain both Or and Og terms
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