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A “light” scalar in the spectrum

mh = 125GeV

�m2
h ⇠ y2t⇤

2
NP

❖                           , smaller than 
our expectations if    NP.

❖ This is as        is sensitive 
quadratically to NP scales:

mh

9
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How do we model light scalars?

Exact continuous 
symmetry 

Goldstone 
BosonsSSB Explicit breaking 

But can we get it better?

Well-known examples:

❖ Pions! 

❖ The QCD axion

❖ Composite Higgs models…

m⇡ ⇠ ✏⇤QCD

mafa ⇠ ✏m⇡f⇡

m2
h ⇠ ✏⇤2

Kaplan, Georgi (1984)
Dugan, Georgi, Kaplan (1985)

m2 ⇠ ✏⇤2
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What about discrete symmetries?

44

SSB m2 ⌧ ✏⇤2

Generate approx. 
continuous

Exact discrete 
symmetry 

Protected  
pseudo-GBs
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What about discrete symmetries?

55

discrete-GBs

Exact discrete 
symmetry 

Protected  
pseudo-GBsSSB m2 ⌧ ✏⇤2

Generate approx. 
continuous
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What about discrete symmetries?

66

Continuous 
symmetry Explicit breaking 

Exact discrete 
symmetry

Operators in the potential, 
very tightly constraint
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Non-linearly realised discrete symmetries

=)                          contributions to the potential drop out

How?

⇤2
UV

A closer look into a interesting case

�T� = �2
1 + �2

2 + · · ·+ �2
N = f2

   in an N-dimensional irrep. of a discrete group D.

Non-linearity 

� = (�1, . . . ,�N )T
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The EFT of a triplet of A4
❖ A generic triplet of     :

<latexit sha1_base64="dX0lw1zvuXgmPgzZaNtOA/Sc6yU=">AAACGnicbVBNS8NAEN34WetX1KOXxSJUkJLUoh6LXjxWsCo0pWy2k2Zx8+HuRCjB3+HFv+LFgyLexIv/xm2bg1ofLPN4b4bZeX4qhUbH+bJmZufmFxZLS+XlldW1dXtj81InmeLQ5olM1LXPNEgRQxsFSrhOFbDIl3Dl35yO/Ks7UFok8QUOU+hGbBCLQHCGRurZrtcKBfXgNhN31JMQYJV6aSh67v6k1ot6QD0lBiHu9eyKU3PGoNPELUiFFGj17A+vn/Asghi5ZFp3XCfFbs4UCi7hvuxlGlLGb9gAOobGLALdzcen3dNdo/RpkCjzYqRj9edEziKth5FvOiOGof7rjcT/vE6GwXE3F3GaIcR8sijIJMWEjnKifaGAoxwawrgS5q+Uh0wxjibNsgnB/XvyNLms19zDWuO8UWmeFHGUyDbZIVXikiPSJGekRdqEkwfyRF7Iq/VoPVtv1vukdcYqZrbIL1if3ypVnxU=</latexit>

� ⌘ (�1,�2,�3)

❖ The Molien formalism,                                      

Three d.o.f.s

(
I3 =

Y

i<j<k

�i�j�k = �1�2�3

I2 = �i�i = �2
1 + �2

2 + �2
3

I4 =
X

i

�4
i = �4

1 + �4
2 + �4

3

A5

A5

FA5(1,3;�) =
1 + �15

(1� �2)(1� �6)(1� �10)

❖                  And its primary invariants are A4 ⇢ A5

=) can write      invs. In terms of      invs.A5
<latexit sha1_base64="mIwTtih1XX8rDUDly1AztaJiB4w=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokU9Vj14rGi/YA2lM120y7dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecZxwP6IDJULBKFrp4bpX7ZXKbsWdgSwTLydlyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGOpohE3fjY7dUJOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tO0YbgLb68TJrnFe+iUr2vlms3eRwFOIYTOAMPLqEGd1CHBjAYwDO8wpsjnRfn3fmYt644+cwR/IHz+QO/UY11</latexit>

A4

Also, the non-polynomial combination of order 6:
<latexit sha1_base64="Nu7FH1kNmKofRsFpULM+EUhhMPs="></latexit>

4I2
6 = 2I3

4 � 5I2
4I2

2 + 4I4I4
2 � 36I4I2

3I2 � I6
2 + 20I2

3I3
2 � 108I4

3
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The EFT of a triplet of A4

three primary invariants:

❖ A generic triplet of     :

SO(3) invariant

<latexit sha1_base64="dX0lw1zvuXgmPgzZaNtOA/Sc6yU=">AAACGnicbVBNS8NAEN34WetX1KOXxSJUkJLUoh6LXjxWsCo0pWy2k2Zx8+HuRCjB3+HFv+LFgyLexIv/xm2bg1ofLPN4b4bZeX4qhUbH+bJmZufmFxZLS+XlldW1dXtj81InmeLQ5olM1LXPNEgRQxsFSrhOFbDIl3Dl35yO/Ks7UFok8QUOU+hGbBCLQHCGRurZrtcKBfXgNhN31JMQYJV6aSh67v6k1ot6QD0lBiHu9eyKU3PGoNPELUiFFGj17A+vn/Asghi5ZFp3XCfFbs4UCi7hvuxlGlLGb9gAOobGLALdzcen3dNdo/RpkCjzYqRj9edEziKth5FvOiOGof7rjcT/vE6GwXE3F3GaIcR8sijIJMWEjnKifaGAoxwawrgS5q+Uh0wxjibNsgnB/XvyNLms19zDWuO8UWmeFHGUyDbZIVXikiPSJGekRdqEkwfyRF7Iq/VoPVtv1vukdcYqZrbIL1if3ypVnxU=</latexit>

� ⌘ (�1,�2,�3)

❖ The Molien formalism,                                      

Three d.o.f.s

=)
(
SO(3) breaking,         
.     preserving

A5

A5

FA5(1,3;�) =
1 + �15

(1� �2)(1� �6)(1� �10)

I(3,A5)
2 = I2 = �2

1 + �2
2 + �2

3

I(3,A5)
6 = 22I2

3 + I2I4 � 2
p
5I6

I(3,A5)
10 = I2

2I4 + 38I2
3I4 � 7

11I
3
2I4

� 128
11

p
5
I2
2I6 + 6p

5
I4I6

A5



Víctor Enguita - DISCRETE 202210

The EFT of a triplet of A4

Quadratically divergent 1 -loop corrections all of the form

I2 = �2
1 + �2

2 + �2
3 = f2

❖ Non-linearity non-dynamical!!)

/ ⇤2
UV I2

… contains no dimension 2 terms

<latexit sha1_base64="tmSq0WjLJTiCfuklJLPWkRIIIoE=">AAAB/nicbVDLSsNAFL3xWesrKq7cDBahbkoiRV0W3bhwUcE+oAllMp20QyeTODMRSij4K25cKOLW73Dn3zhts9DWAwOHc87l3jlBwpnSjvNtLS2vrK6tFzaKm1vbO7v23n5TxakktEFiHst2gBXlTNCGZprTdiIpjgJOW8HweuK3HqlULBb3epRQP8J9wUJGsDZS1z4se7cm3cPI4/QBVb2EofC0a5ecijMFWiRuTkqQo961v7xeTNKICk04VqrjOon2Myw1I5yOi16qaILJEPdpx1CBI6r8bHr+GJ0YpYfCWJonNJqqvycyHCk1igKTjLAeqHlvIv7ndVIdXvoZE0mqqSCzRWHKkY7RpAvUY5ISzUeGYCKZuRWRAZaYaNNY0ZTgzn95kTTPKu55pXpXLdWu8joKcATHUAYXLqAGN1CHBhDI4Ble4c16sl6sd+tjFl2y8pkD+APr8wcINpRB</latexit>

(⇤  4⇡f),

=) ⇤2
NP

A5

VdGB = f2⇤2
1X

a,b

✓
I6
f6

◆a ✓I10
f10

◆b

+ g (I6, I10)

no          at this level.

❖ The most general      -symmetric potential,                                       , …                      VdGB(�) = f(I6, I10)A5
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The EFT of a triplet of A4

More suppression features?

A5

I2 = �2
1 + �2

2 + �2
3 = f2

❖ Non-linearity non-dynamical!!)

… contains no dimension 2 terms

<latexit sha1_base64="tmSq0WjLJTiCfuklJLPWkRIIIoE=">AAAB/nicbVDLSsNAFL3xWesrKq7cDBahbkoiRV0W3bhwUcE+oAllMp20QyeTODMRSij4K25cKOLW73Dn3zhts9DWAwOHc87l3jlBwpnSjvNtLS2vrK6tFzaKm1vbO7v23n5TxakktEFiHst2gBXlTNCGZprTdiIpjgJOW8HweuK3HqlULBb3epRQP8J9wUJGsDZS1z4se7cm3cPI4/QBVb2EofC0a5ecijMFWiRuTkqQo961v7xeTNKICk04VqrjOon2Myw1I5yOi16qaILJEPdpx1CBI6r8bHr+GJ0YpYfCWJonNJqqvycyHCk1igKTjLAeqHlvIv7ndVIdXvoZE0mqqSCzRWHKkY7RpAvUY5ISzUeGYCKZuRWRAZaYaNNY0ZTgzn95kTTPKu55pXpXLdWu8joKcATHUAYXLqAGN1CHBhDI4Ble4c16sl6sd+tjFl2y8pkD+APr8wcINpRB</latexit>

(⇤  4⇡f),VdGB = f2⇤2
1X

a,b

✓
I6
f6

◆a ✓I10
f10

◆b

+ g (I6, I10)

❖ The most general      -symmetric potential,                                       , …                      VdGB(�) = f(I6, I10)A5
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Additional      suppression

<latexit sha1_base64="jJS+Lwzc65YArvoUK5l36gtSQhY="></latexit>

L =
M4

16⇡2

X

n

✓
y
�

M

◆n

= ⇤2f2
X

n

yn
✓

⇤

M

◆n�4 ✓�

⇤

◆n

 

go

 

go

<latexit sha1_base64="8KDpNzHB0J3eer4Km9nQjYDarPc="></latexit>

ĉn ⇠ yn
✓

⇤

M

◆n�4

❖              - breaking interactions 
mediated by physics above 
scale                 .

<latexit sha1_base64="zml4yXUyp+38Bj6uHfg2GsMoQ7w=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCp5JIUU9SFMGLUMF+QBvKZrtpl242YXejllD/ihcPinj1h3jz37htc9DWBwOP92aYmefHnCntON9Wbml5ZXUtv17Y2Nza3rF39xoqSiShdRLxSLZ8rChngtY105y2Yklx6HPa9IeXE795T6VikbjTo5h6Ie4LFjCCtZG6drHzKFl/oLGU0UN6hc7Rzbhrl5yyMwVaJG5GSpCh1rW/Or2IJCEVmnCsVNt1Yu2lWGpGOB0XOomiMSZD3KdtQwUOqfLS6fFjdGiUHgoiaUpoNFV/T6Q4VGoU+qYzxHqg5r2J+J/XTnRw5qVMxImmgswWBQlHOkKTJFCPSUo0HxmCiWTmVkQGWGKiTV4FE4I7//IiaRyX3ZNy5bZSql5kceRhHw7gCFw4hSpcQw3qQGAEz/AKb9aT9WK9Wx+z1pyVzRThD6zPH18FlJc=</latexit>

E>M����!

suppressed so long as:

M � ⇤

ĉn

=)

❖ Integrating out

SO(3)

•  

•  
<latexit sha1_base64="tas4KYo8zIW9UeuimnJcQVXaCUs=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUVdSdONCoYJ9wHQomUzahmaSIckIZehnuHGhiFu/xp1/Y9rOQlsPBA7nnEvuPWHCmTau++0UVlbX1jeKm6Wt7Z3dvfL+QUvLVBHaJJJL1QmxppwJ2jTMcNpJFMVxyGk7HN1M/fYTVZpJ8WjGCQ1iPBCszwg2VvLv0RXq3tl4hHvlilt1Z0DLxMtJBXI0euWvbiRJGlNhCMda+56bmCDDyjDC6aTUTTVNMBnhAfUtFTimOshmK0/QiVUi1JfKPmHQTP09keFY63Ec2mSMzVAvelPxP89PTf8yyJhIUkMFmX/UTzkyEk3vRxFTlBg+tgQTxeyuiAyxwsTYlkq2BG/x5GXSOqt659XaQ61Sv87rKMIRHMMpeHABdbiFBjSBgIRneIU3xzgvzrvzMY8WnHzmEP7A+fwB3QyQWQ==</latexit>

M > ⇤

<latexit sha1_base64="ao8nt/HtK34GrXFzKhDBG7hKOTY=">AAAB7HicbVBNS8NAEJ2tX7V+VT16WSyCp5JIUQ8eil48VjBtoQ1ls920SzebsLsRQuhv8OJBEa/+IG/+G7dtDtr6YODx3gwz84JEcG0c5xuV1tY3NrfK25Wd3b39g+rhUVvHqaLMo7GIVTcgmgkumWe4EaybKEaiQLBOMLmb+Z0npjSP5aPJEuZHZCR5yCkxVvIyfIPdQbXm1J058CpxC1KDAq1B9as/jGkaMWmoIFr3XCcxfk6U4VSwaaWfapYQOiEj1rNUkohpP58fO8VnVhniMFa2pMFz9fdETiKtsyiwnRExY73szcT/vF5qwms/5zJJDZN0sShMBTYxnn2Oh1wxakRmCaGK21sxHRNFqLH5VGwI7vLLq6R9UXcv642HRq15W8RRhhM4hXNw4QqacA8t8IACh2d4hTck0Qt6Rx+L1hIqZo7hD9DnD4d1jds=</latexit>

y < 1

(

=) m2
dGB ⇠ y6

�
⇤
M

�2
for the triplet of A5
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❖ Critical points occur when:

1) Depends on the     : 
model-dependent 

2) Depends on the      :  
model-independent

<latexit sha1_base64="gargnC2crmRN0G9lKCWnenshwEY="></latexit>

@V

@�j
=

X

i

@V

@Ii

@Ii
@�j

= 0

ĉn In

Maximally natural extrema: Extrema of the 
invariants themselves

<latexit sha1_base64="KyqW5pkOj8/SmNpOk2h7waZO8v0=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9C0It4imAemCxhdtJJhszOLjOzQljyF148KOLVv/Hm3zhJ9qCJBQ1FVTfdXUEsuDau++3kVlbX1jfym4Wt7Z3dveL+QUNHiWJYZ5GIVCugGgWXWDfcCGzFCmkYCGwGo5up33xCpXkkH8w4Rj+kA8n7nFFjpcdODw25I1fE7RZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n84unpATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9C/9lMs4MSjZfFE/EcREZPo+6XGFzIixJZQpbm8lbEgVZcaGVLAheIsvL5PGWdk7L1fuK6XqdRZHHo7gGE7Bgwuowi3UoA4MJDzDK7w52nlx3p2PeWvOyWYO4Q+czx+hN4+X</latexit>

det J = 0

<latexit sha1_base64="mm2mR43SInVEktbcDyxy3hmUi7g=">AAACJXicbVDLSsNAFJ3UV62vqEs3g0VwVRIp6kKh6EZdVbAPaEqYTCfttJNkmJkIJeRn3PgrblxYRHDlrzhps6itBwYO59x7597jcUalsqxvo7Cyura+UdwsbW3v7O6Z+wdNGcUCkwaOWCTaHpKE0ZA0FFWMtLkgKPAYaXmj28xvPRMhaRQ+qTEn3QD1Q+pTjJSWXPPqwU3oMIXX0PEFwgl0OBKKIgadAKkBRiy5T10K03mHD6g7hCl0zbJVsaaAy8TOSRnkqLvmxOlFOA5IqDBDUnZsi6tuks3FjKQlJ5aEIzxCfdLRNEQBkd1kemUKT7TSg34k9AsVnKrzHQkKpBwHnq7MVpeLXib+53Vi5V92ExryWJEQzz7yYwZVBLPIYI8KghUba4KwoHpXiAdIp6V0sCUdgr148jJpnlXs80r1sVqu3eRxFMEROAanwAYXoAbuQB00AAYv4A18gInxarwbn8bXrLRg5D2H4A+Mn18JjqT8</latexit>

Jij =
@Ii
@�j

,

➡ Only depend on the discrete symmetry
➡ Preserved symmetry at the extrema

= 0

Classifying the extrema of                                      4VdGB(�) = f(I6, I10; ĉn)



Víctor Enguita - DISCRETE 2022

0.2 0.4 0.6 0.8 1.0

I (3,A5)
6 / f 6

°0.3

°0.2

°0.1

0.0

0.1

0.2

0.3

0.4

I(3
,A

5)
10

/
f10

C (Z2)
B (Z3)

A (Z5)

Manifold of the A5 invariants

1414

The Natural Minima for a    of        

Maximally Natural Extrema: 
Extrema of the invariants themselves

<latexit sha1_base64="KyqW5pkOj8/SmNpOk2h7waZO8v0=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9C0It4imAemCxhdtJJhszOLjOzQljyF148KOLVv/Hm3zhJ9qCJBQ1FVTfdXUEsuDau++3kVlbX1jfym4Wt7Z3dveL+QUNHiWJYZ5GIVCugGgWXWDfcCGzFCmkYCGwGo5up33xCpXkkH8w4Rj+kA8n7nFFjpcdODw25I1fE7RZLbtmdgSwTLyMlyFDrFr86vYglIUrDBNW67bmx8VOqDGcCJ4VOojGmbEQH2LZU0hC1n84unpATq/RIP1K2pCEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9C/9lMs4MSjZfFE/EcREZPo+6XGFzIixJZQpbm8lbEgVZcaGVLAheIsvL5PGWdk7L1fuK6XqdRZHHo7gGE7Bgwuowi3UoA4MJDzDK7w52nlx3p2PeWvOyWYO4Q+czx+hN4+X</latexit>

det J = 0

<latexit sha1_base64="mm2mR43SInVEktbcDyxy3hmUi7g=">AAACJXicbVDLSsNAFJ3UV62vqEs3g0VwVRIp6kKh6EZdVbAPaEqYTCfttJNkmJkIJeRn3PgrblxYRHDlrzhps6itBwYO59x7597jcUalsqxvo7Cyura+UdwsbW3v7O6Z+wdNGcUCkwaOWCTaHpKE0ZA0FFWMtLkgKPAYaXmj28xvPRMhaRQ+qTEn3QD1Q+pTjJSWXPPqwU3oMIXX0PEFwgl0OBKKIgadAKkBRiy5T10K03mHD6g7hCl0zbJVsaaAy8TOSRnkqLvmxOlFOA5IqDBDUnZsi6tuks3FjKQlJ5aEIzxCfdLRNEQBkd1kemUKT7TSg34k9AsVnKrzHQkKpBwHnq7MVpeLXib+53Vi5V92ExryWJEQzz7yYwZVBLPIYI8KghUba4KwoHpXiAdIp6V0sCUdgr148jJpnlXs80r1sVqu3eRxFMEROAanwAYXoAbuQB00AAYv4A18gInxarwbn8bXrLRg5D2H4A+Mn18JjqT8</latexit>

Jij =
@Ii
@�j

,

3 A5

I(3,A5)
6 /f6

I(
3
,A

5
)

1
0

/f
1
0
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0.2 0.4 0.6 0.8 1.0

I (3,A5)
6 / f 6

°0.3

°0.2

°0.1

0.0

0.1

0.2

0.3

0.4

I(3
,A

5)
10

/
f10

C (Z2)
B (Z3)

A (Z5)

Manifold of the A5 invariants

1515

At low energies, around     ,       
.     -symmetric structure:

The Natural Minima for a    of        3 A5

I(3,A5)
6 /f6

I(
3
,A

5
)

1
0

/f
1
0

❖ Primary invariants,    of  2

❖ Dominant invariant after SSB:

 

u
r

v

n n

j L
r

A5 ! Z5

Z5

A

I (2,Z5)
2 = ⇡2

1 + ⇡2
2

I(2,Z5)
5 = ⇡5

1 � 10⇡3
1⇡

2
2 + 5⇡1⇡4

2

I(3,A5)
6 = 32

5 f4
h
f2

32 +
�
⇡2
1 + ⇡2

2

�
� 31

12f2

�
⇡2
1 + ⇡2

2

�2 � 1
4f3

�
⇡5
1 � 10⇡3

1⇡
2
2 + 5⇡1⇡4

2

�i

Z5
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0.2 0.4 0.6 0.8 1.0

I (3,A5)
6 / f 6

°0.3

°0.2

°0.1

0.0

0.1

0.2

0.3

0.4

I(3
,A

5)
10

/
f10

C (Z2)
B (Z3)

A (Z5)

Manifold of the A5 invariants

1616

At low energies, around     ,       
.     -symmetric structure:

<latexit sha1_base64="tilm0uS4+HjMQLFMHEvTbYfMmLA="></latexit>

I(2,Z3)
3 = ⇡3

1 � 3⇡1⇡
2
2

<latexit sha1_base64="V8aQM16bTbpG7hBbdpeF3VCrKJ8=">AAACKXicbVDLSsNAFJ34rPVVdelmsAgVS0liUTdC0Y3uKtgHNmmYTCbt0MmDmYlQQn/C3/AH3OofuFO3gt/hpO1CWw8MHM65j7nHjRkVUtc/tIXFpeWV1dxafn1jc2u7sLPbFFHCMWngiEW87SJBGA1JQ1LJSDvmBAUuIy13cJX5rQfCBY3COzmMiR2gXkh9ipFUklMoWwGSfYxYejNyzG5aMsvw3jk5GsELaMXUMbomPB4zs2s6haJe0ceA88SYkiKYou4Uvi0vwklAQokZEqJj6LG0U8QlxYyM8lYiSIzwAPVIR9EQBUTY6fiqETxUigf9iKsXSjhWf3ekKBBiGLiqMrtBzHqZ+K/niWzgzHbpn9spDeNEkhBPlvsJgzKCWWzQo5xgyYaKIMyp+j/EfcQRlircvArGmI1hnjTNinFaqd5Wi7XLaUQ5sA8OQAkY4AzUwDWogwbA4BE8gxfwqj1pb9q79jkpXdCmPXvgD7SvHyZOpJU=</latexit>

I(2,Z3)
2 = ⇡2
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The Natural Minima for a    of        3

A5 ! Z3
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❖ Primary invariants,    of  Z32

❖ Dominant invariant after SSB:
I(3,A5)
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The Natural Minima for a    of        3 A5

❖ At low energies, around     ,       -symmetric structure:Z3B

I(3,A5)
6 = 32

9 f4
h
31
96f

2 �
�
⇡2
1 + ⇡2

2

�
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p
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24f

�
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2

�

+
p
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4f

�
⇡3
2 � 3⇡2

1⇡2

�
+ 31

12f2

�
⇡2
1 + ⇡2

2

�2i

I(3,A5)
6 = 32

5 f4
h
f2

32 +
�
⇡2
1 + ⇡2

2

�
� 31

12f2

�
⇡2
1 + ⇡2

2

�2 � 1
4f3

�
⇡5
1 � 10⇡3

1⇡
2
2 + 5⇡1⇡4

2

�i

❖ At low energies, around     ,       -symmetric structure:Z5A ··
·

pi
pj
pk
pl
pm

OSMI (3,A5)
6

··
·

pi

pj

pk

OSMI (3,A5)
6

❖ If the SM is a singlet of     : ➡ Simultaneous production
➡ Specific production rates

(
➡ Degeneracy

A5
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Conclusion

❖ The natural minima retain explicit symmetry

❖ discrete Goldstone bosons have enhanced protection 
from quadratic divergences          no 

distinctive phenomenology

❖ Many possibilities, e.g.,     of       ,      or       of      ,     of        explored in 
our paper

A53 43 30 S4

⇤2
NP

➡ Simultaneous production
➡ Specific production rates

(
➡ Degeneracy

A5

 

I IA5 ! Z3
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Thank you
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<latexit sha1_base64="bQPfE2RU556s8hUUdOTGwm7s9ko="></latexit>

Lint = ys⇡1

�
 ̄2 3 +  ̄3 2

�
+ ys⇡2

�
 ̄3 1 +  ̄1 3

�
+ ysf

✓
1� 1

2

⇡2
1 + ⇡2

2

f2

◆�
 ̄1 2 +  ̄2 1

�

<latexit sha1_base64="C+vdINRl5I6v5WmAUqH7U5cEAIg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lKUY9FLx4r2A9oYthstu3SzSbsTgol9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5YSq4Bsf5tkobm1vbO+Xdyt7+weGRfXzS0UmmKGvTRCSqFxLNBJesDRwE66WKkTgUrBuO7+Z+d8KU5ol8hGnK/JgMJR9wSsBIgW17ERNAcByMnurYkzywq07NWQCvE7cgVVSgFdhfXpTQLGYSqCBa910nBT8nCjgVbFbxMs1SQsdkyPqGShIz7eeLy2f4wigRHiTKlAS8UH9P5CTWehqHpjMmMNKr3lz8z+tnMLjxcy7TDJiky0WDTGBI8DwGHHHFKIipIYQqbm7FdEQUoWDCqpgQ3NWX10mnXnOvao2HRrV5W8RRRmfoHF0iF12jJrpHLdRGFE3QM3pFb1ZuvVjv1seytWQVM6foD6zPH4NqkvE=</latexit>

�m2
h 3

<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+

Arkani-Hamed, Cohen, Gregoire, Wacker (2002)
Arkani-Hamed, Cohen, Katz, Nelson (2002)

The interaction Lagrangian,                                  

A cancellation similar to that in the Little Higgs model (          )   3 Z2

= 0

[         ]Upon SSB,                                  :
<latexit sha1_base64="N+VVIa+O9JXBBY0HShUbZve8JHk=">AAAB+XicbZDLSsNAFIZPvNZ6i7p0M1iEdlOSWtRl0Y07K9oLtKFMppN26GQSZiaFEvomblwo4tY3cefbOG2z0NYfBj7+cw5zzu/HnCntON/W2vrG5tZ2bie/u7d/cGgfHTdVlEhCGyTikWz7WFHOBG1opjltx5Li0Oe05Y9uZ/XWmErFIvGkJzH1QjwQLGAEa2P1bPvxvnhRQl0dIUOVEurZBafszIVWwc2gAJnqPfur249IElKhCcdKdVwn1l6KpWaE02m+mygaYzLCA9oxKHBIlZfON5+ic+P0URBJ84RGc/f3RIpDpSahbzpDrIdquTYz/6t1Eh1ceykTcaKpIIuPgoQjc+csBtRnkhLNJwYwkczsisgQS0y0CStvQnCXT16FZqXsXparD9VC7SaLIwencAZFcOEKanAHdWgAgTE8wyu8Wan1Yr1bH4vWNSubOYE/sj5/AOOMkT4=</latexit>

SO(3) ! SO(2) �(⇡1,⇡2) =

0

@
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�2

�3

1

A = exp

2

4 1

f

0

@
0 0 ⇡1

0 0 ⇡2

�⇡1 �⇡2 0

1

A

3

5

0

@
0
0
f

1

A

ys ys
pi pi

°ys
f

ys f

pi pi

Specific UV completion4
[Das, Hook, 2006.10767] 
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<latexit sha1_base64="bQPfE2RU556s8hUUdOTGwm7s9ko="></latexit>

Lint = ys⇡1

�
 ̄2 3 +  ̄3 2

�
+ ys⇡2

�
 ̄3 1 +  ̄1 3

�
+ ysf

✓
1� 1

2

⇡2
1 + ⇡2

2

f2

◆�
 ̄1 2 +  ̄2 1

�

<latexit sha1_base64="C+vdINRl5I6v5WmAUqH7U5cEAIg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lKUY9FLx4r2A9oYthstu3SzSbsTgol9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5YSq4Bsf5tkobm1vbO+Xdyt7+weGRfXzS0UmmKGvTRCSqFxLNBJesDRwE66WKkTgUrBuO7+Z+d8KU5ol8hGnK/JgMJR9wSsBIgW17ERNAcByMnurYkzywq07NWQCvE7cgVVSgFdhfXpTQLGYSqCBa910nBT8nCjgVbFbxMs1SQsdkyPqGShIz7eeLy2f4wigRHiTKlAS8UH9P5CTWehqHpjMmMNKr3lz8z+tnMLjxcy7TDJiky0WDTGBI8DwGHHHFKIipIYQqbm7FdEQUoWDCqpgQ3NWX10mnXnOvao2HRrV5W8RRRmfoHF0iF12jJrpHLdRGFE3QM3pFb1ZuvVjv1seytWQVM6foD6zPH4NqkvE=</latexit>

�m2
h 3

The interaction Lagrangian,                                  

⇠ y3f m log
⇣

m 

µ

⌘

[         ]Upon SSB,                                  :
<latexit sha1_base64="N+VVIa+O9JXBBY0HShUbZve8JHk=">AAAB+XicbZDLSsNAFIZPvNZ6i7p0M1iEdlOSWtRl0Y07K9oLtKFMppN26GQSZiaFEvomblwo4tY3cefbOG2z0NYfBj7+cw5zzu/HnCntON/W2vrG5tZ2bie/u7d/cGgfHTdVlEhCGyTikWz7WFHOBG1opjltx5Li0Oe05Y9uZ/XWmErFIvGkJzH1QjwQLGAEa2P1bPvxvnhRQl0dIUOVEurZBafszIVWwc2gAJnqPfur249IElKhCcdKdVwn1l6KpWaE02m+mygaYzLCA9oxKHBIlZfON5+ic+P0URBJ84RGc/f3RIpDpSahbzpDrIdquTYz/6t1Eh1ceykTcaKpIIuPgoQjc+csBtRnkhLNJwYwkczsisgQS0y0CStvQnCXT16FZqXsXparD9VC7SaLIwencAZFcOEKanAHdWgAgTE8wyu8Wan1Yr1bH4vWNSubOYE/sj5/AOOMkT4=</latexit>
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1
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4 1

f
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1
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1
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Specific UV completion4
[Das, Hook, 2006.10767] 
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❖   ,    , triplets of     , 
<latexit sha1_base64="q0Gy6CBRb/YmGqpfOa/VjCLeePg="></latexit>

Lint = ya✏
ijk ̄i j�k + ys✏̃

ijk ̄i j�k
<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�

[Das, Hook, 2006.10767] 

<latexit sha1_base64="mIwTtih1XX8rDUDly1AztaJiB4w=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokU9Vj14rGi/YA2lM120y7dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecZxwP6IDJULBKFrp4bpX7ZXKbsWdgSwTLydlyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGOpohE3fjY7dUJOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tO0YbgLb68TJrnFe+iUr2vlms3eRwFOIYTOAMPLqEGd1CHBjAYwDO8wpsjnRfn3fmYt644+cwR/IHz+QO/UY11</latexit>

A4 

Specific UV completions4

<latexit sha1_base64="C+vdINRl5I6v5WmAUqH7U5cEAIg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lKUY9FLx4r2A9oYthstu3SzSbsTgol9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5YSq4Bsf5tkobm1vbO+Xdyt7+weGRfXzS0UmmKGvTRCSqFxLNBJesDRwE66WKkTgUrBuO7+Z+d8KU5ol8hGnK/JgMJR9wSsBIgW17ERNAcByMnurYkzywq07NWQCvE7cgVVSgFdhfXpTQLGYSqCBa910nBT8nCjgVbFbxMs1SQsdkyPqGShIz7eeLy2f4wigRHiTKlAS8UH9P5CTWehqHpjMmMNKr3lz8z+tnMLjxcy7TDJiky0WDTGBI8DwGHHHFKIipIYQqbm7FdEQUoWDCqpgQ3NWX10mnXnOvao2HRrV5W8RRRmfoHF0iF12jJrpHLdRGFE3QM3pFb1ZuvVjv1seytWQVM6foD6zPH4NqkvE=</latexit>

�m2
h 3 ⇠ y3f m log

⇣
m 

µ

⌘

Lint =
�

4

�
�2
1S

2
1 + �2

2S
2
2 + �2

3S
2
3

�
❖   ,    , triplets of     , 

<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�
<latexit sha1_base64="mIwTtih1XX8rDUDly1AztaJiB4w=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokU9Vj14rGi/YA2lM120y7dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecZxwP6IDJULBKFrp4bpX7ZXKbsWdgSwTLydlyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGOpohE3fjY7dUJOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tO0YbgLb68TJrnFe+iUr2vlms3eRwFOIYTOAMPLqEGd1CHBjAYwDO8wpsjnRfn3fmYt644+cwR/IHz+QO/UY11</latexit>

A4S

S3 S3

∏/G

∏/Gf 2

¡3 ¡3

<latexit sha1_base64="C+vdINRl5I6v5WmAUqH7U5cEAIg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lKUY9FLx4r2A9oYthstu3SzSbsTgol9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5YSq4Bsf5tkobm1vbO+Xdyt7+weGRfXzS0UmmKGvTRCSqFxLNBJesDRwE66WKkTgUrBuO7+Z+d8KU5ol8hGnK/JgMJR9wSsBIgW17ERNAcByMnurYkzywq07NWQCvE7cgVVSgFdhfXpTQLGYSqCBa910nBT8nCjgVbFbxMs1SQsdkyPqGShIz7eeLy2f4wigRHiTKlAS8UH9P5CTWehqHpjMmMNKr3lz8z+tnMLjxcy7TDJiky0WDTGBI8DwGHHHFKIipIYQqbm7FdEQUoWDCqpgQ3NWX10mnXnOvao2HRrV5W8RRRmfoHF0iF12jJrpHLdRGFE3QM3pFb1ZuvVjv1seytWQVM6foD6zPH4NqkvE=</latexit>

�m2
h 3

<latexit sha1_base64="GLgUjmViJonziswY8S0VgXFaTiA=">AAACHXicbZDJSgNBEIZ7XGPcRj16aQyCpzAjQb0IQS8eI5gFMiH0dGqSNj0L3TVCmORFvPgqXjwo4sGL+DZ2loMm/tDw81UV1fX7iRQaHefbWlpeWV1bz23kN7e2d3btvf2ajlPFocpjGauGzzRIEUEVBUpoJApY6Euo+/3rcb3+AEqLOLrDQQKtkHUjEQjO0KC2XfJQyA54kGghDcjEfX9EL6knIcAhneOeEt0eDtt2wSk6E9FF485MgcxUadufXifmaQgRcsm0brpOgq2MKRRcwijvpRoSxvusC01jIxaCbmWT60b02JAODWJlXoR0Qn9PZCzUehD6pjNk2NPztTH8r9ZMMbhoZSJKUoSITxcFqaQY03FUtCMUcJQDYxhXwvyV8h5TjKMJNG9CcOdPXjS106J7Vizdlgrlq1kcOXJIjsgJcck5KZMbUiFVwskjeSav5M16sl6sd+tj2rpkzWYOyB9ZXz8mdqM2</latexit>

✏̃ijk = |✏ijk|

⇠ �2f2 log

✓
mS

f

◆
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The EFT of a triplet of A4

three primary invariants:

❖ A generic triplet of     :

SO(3) invariant

<latexit sha1_base64="dX0lw1zvuXgmPgzZaNtOA/Sc6yU=">AAACGnicbVBNS8NAEN34WetX1KOXxSJUkJLUoh6LXjxWsCo0pWy2k2Zx8+HuRCjB3+HFv+LFgyLexIv/xm2bg1ofLPN4b4bZeX4qhUbH+bJmZufmFxZLS+XlldW1dXtj81InmeLQ5olM1LXPNEgRQxsFSrhOFbDIl3Dl35yO/Ks7UFok8QUOU+hGbBCLQHCGRurZrtcKBfXgNhN31JMQYJV6aSh67v6k1ot6QD0lBiHu9eyKU3PGoNPELUiFFGj17A+vn/Asghi5ZFp3XCfFbs4UCi7hvuxlGlLGb9gAOobGLALdzcen3dNdo/RpkCjzYqRj9edEziKth5FvOiOGof7rjcT/vE6GwXE3F3GaIcR8sijIJMWEjnKifaGAoxwawrgS5q+Uh0wxjibNsgnB/XvyNLms19zDWuO8UWmeFHGUyDbZIVXikiPSJGekRdqEkwfyRF7Iq/VoPVtv1vukdcYqZrbIL1if3ypVnxU=</latexit>

� ⌘ (�1,�2,�3)

one secondary invariant: a non-polynomial combination of the 
primaries. The syzygy is:

<latexit sha1_base64="Nu7FH1kNmKofRsFpULM+EUhhMPs="></latexit>

4I2
6 = 2I3

4 � 5I2
4I2

2 + 4I4I4
2 � 36I4I2

3I2 � I6
2 + 20I2

3I3
2 � 108I4

3

<latexit sha1_base64="mIwTtih1XX8rDUDly1AztaJiB4w=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokU9Vj14rGi/YA2lM120y7dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecZxwP6IDJULBKFrp4bpX7ZXKbsWdgSwTLydlyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGOpohE3fjY7dUJOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tO0YbgLb68TJrnFe+iUr2vlms3eRwFOIYTOAMPLqEGd1CHBjAYwDO8wpsjnRfn3fmYt644+cwR/IHz+QO/UY11</latexit>

A4

❖ The Molien formalism,                                      

Three d.o.f.s

=)

=)

(

A4

I3 =
Y

i<j<k

�i�j�k = �1�2�3

I2 = �i�i = �2
1 + �2

2 + �2
3

I4 =
X

i

�4
i = �4

1 + �4
2 + �4

3

FA4(1,3;�) =
1 + �6

(1� �2)(1� �3)(1� �4)

SO(3) breaking,       preservingA4


