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What is IR cutoff ?ΛIR

What role does confinement dynamics play?

Are instantons the main contribution to  potential?η′￼
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• In large N QCD instantons seem to be exponentially suppressed 
 

• But: vacuum energy is expected to have non-trivial -dependence 
 
 

θ

• Here: confinement dynamics (gluon condensation) generates potential

Maximilian Ruhdorfer (Cornell)

Why might instantons not be the origin of  mass?η′￼

N ≫ 1 with g2N ≡ λ = const. instanton ∼ e− 8π2N
λ(1/ρ)

What happens in finite N and F QCD?

E(θ) = N2f(θ/N )  dependence does not look like  
instanton effect

θ
N

Witten ‘79
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4

• QCD is non-perturbative in IR           cannot check explicitly what is going on

• BUT: can check in QCD-like theory 

Maximilian Ruhdorfer (Cornell)

Can give valuable lessons for ordinary QCD!

softly-broken SUSY QCD is (fully) calculable

SUSY QCD with AMSB has vacuum with 

chiral symmetry breaking for F ≤ 3N

ordinary QCD would be recovered in large SUSY breaking limit

Murayama ’21

Csaki et al ‘22



Outline

Part 1 ( : Standard lore in ordinary QCD): 
 
 
 

Part 2 (Lessons from SUSY QCD with AMSB):

η′￼

• Chiral Lagrangian and instanton effects


• Insights from large N QCD 

• Review of SUSY QCD and AMSB


• Chiral Lagrangian in SUSY QCD with AMSB


• Spontaneous CP breaking at θ̄ = π

5 Maximilian Ruhdorfer (Cornell)
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•  flavor QCD with  colors exhibits SSB at low energies 
 
F N

• But:  is anomalousU(1)A

• Parameterize GBs and would-be GB for  in GB matrix 
 

U(1)A

• Lagrangian at 2-derivatives

Maximilian Ruhdorfer (Cornell)

U(F)L × U(F)R → U(F)d = U(1)B × SU(F)d

quark masses break  explicitlyU(F)A

decay constants absorbed in 

 and η′￼ πa
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• Use spurion analysis for contribution from anomaly

• under chiral rotation: 
 
 
 
 
 
 
 

<latexit sha1_base64="o0BH4quix8vRW/KtHApa+3MKFZc=">AAACC3icbVDJSgNBEO1xjXGLevTSJIiCEGaC20kCXjxGMAtkhlDT6SRNeha6ayJhyN2Lv+LFgyJe/QFv/o2d5aCJDwoe71VRVc+PpdBo29/W0vLK6tp6ZiO7ubW9s5vb26/pKFGMV1kkI9XwQXMpQl5FgZI3YsUh8CWv+/2bsV8fcKVFFN7jMOZeAN1QdAQDNFIrl3c5wjF1lej2EJSKHuhUOaUldwAq7olWrmAX7QnoInFmpEBmqLRyX247YknAQ2QStG46doxeCgoFk3yUdRPNY2B96PKmoSEEXHvp5JcRPTJKm3YiZSpEOlF/T6QQaD0MfNMZAPb0vDcW//OaCXauvFSEcYI8ZNNFnURSjOg4GNoWijOUQ0OAKWFupawHChia+LImBGf+5UVSKxWdi+L53VmhfD2LI0MOSZ6cEIdckjK5JRVSJYw8kmfySt6sJ+vFerc+pq1L1mzmgPyB9fkDO/WZ5w==</latexit>

⌘0 ! ⌘0 + 2'
<latexit sha1_base64="VAdWH0jmaO7PRR1snuGIMOPvSVA="></latexit>

✓

8⇡2
TrGG̃ ! ✓ � 2F'

8⇡2
TrGG̃

Maximilian Ruhdorfer (Cornell)
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• Use spurion analysis for contribution from anomaly

• under chiral rotation: 
 
 
 
 
 
 
 

<latexit sha1_base64="o0BH4quix8vRW/KtHApa+3MKFZc=">AAACC3icbVDJSgNBEO1xjXGLevTSJIiCEGaC20kCXjxGMAtkhlDT6SRNeha6ayJhyN2Lv+LFgyJe/QFv/o2d5aCJDwoe71VRVc+PpdBo29/W0vLK6tp6ZiO7ubW9s5vb26/pKFGMV1kkI9XwQXMpQl5FgZI3YsUh8CWv+/2bsV8fcKVFFN7jMOZeAN1QdAQDNFIrl3c5wjF1lej2EJSKHuhUOaUldwAq7olWrmAX7QnoInFmpEBmqLRyX247YknAQ2QStG46doxeCgoFk3yUdRPNY2B96PKmoSEEXHvp5JcRPTJKm3YiZSpEOlF/T6QQaD0MfNMZAPb0vDcW//OaCXauvFSEcYI8ZNNFnURSjOg4GNoWijOUQ0OAKWFupawHChia+LImBGf+5UVSKxWdi+L53VmhfD2LI0MOSZ6cEIdckjK5JRVSJYw8kmfySt6sJ+vFerc+pq1L1mzmgPyB9fkDO/WZ5w==</latexit>

⌘0 ! ⌘0 + 2'
<latexit sha1_base64="VAdWH0jmaO7PRR1snuGIMOPvSVA="></latexit>

✓

8⇡2
TrGG̃ ! ✓ � 2F'

8⇡2
TrGG̃

Lagrangian invariant if
<latexit sha1_base64="c1A5oR2uIYftkn2XV3ulfHrzBG8=">AAACInicbVDLSgNBEJz1bXxFPXoZDIoghN3gC0+CIB4VzAOyIfROJtkhszvLTG8khPyBn+EXeNUv8CaeBK/+h5O4B00saCiquunuChIpDLruhzMzOze/sLi0nFtZXVvfyG9uVYxKNeNlpqTStQAMlyLmZRQoeS3RHKJA8mrQvRz51R7XRqj4DvsJb0TQiUVbMEArNfP7PoYcgfpadEIErdU9zaRDWrqifg90EopmvuAW3THoNPEyUiAZbpr5L7+lWBrxGJkEY+qem2BjABoFk3yY81PDE2Bd6PC6pTFE3DQG43+GdM8qLdpW2laMdKz+nhhAZEw/CmxnBBiaSW8k/usFgZKtieXYPmsMRJykyGP2s7udSoqKjvKiLaE5Q9m3BJgW9nzKQtDA0Kaas7l4kylMk0qp6J0Uj2+PChfnWUJLZIfskgPikVNyQa7JDSkTRh7IE3kmL86j8+q8Oe8/rTNONrNN/sD5/AYzdaPH</latexit>

✓ ! ✓ + 2F'

invariant combination
<latexit sha1_base64="0agG3KhXvEOs2T/1IHc3R5AW6RU=">AAACEHicbZDJSgNBEIZ74hbjNurRS2OQCGKYEbeLEhDEYwSzQCaEnk4ladKz0F0jhJBH8OKrePGgiFeP3nwbO8kcNPpDw8dfVVTX78dSaHScLyszN7+wuJRdzq2srq1v2JtbVR0likOFRzJSdZ9pkCKECgqUUI8VsMCXUPP7V+N67R6UFlF4h4MYmgHrhqIjOENjteyChz1ARg/pNfUMFOgFTa0DQT0Zdb02IK207LxTdCaif8FNIU9SlVv2p9eOeBJAiFwyrRuuE2NzyBQKLmGU8xINMeN91oWGwZAFoJvDyUEjumecNu1EyrwQ6cT9OTFkgdaDwDedAcOenq2Nzf9qjQQ7582hCOMEIeTTRZ1EUozoOB3aFgo4yoEBxpUwf6W8xxTjaDLMmRDc2ZP/QvWo6J4WT26P86XLNI4s2SG7ZJ+45IyUyA0pkwrh5IE8kRfyaj1az9ab9T5tzVjpzDb5JevjG/Hzmqg=</latexit>

✓ � F⌘0 = ✓ + i log detU

Maximilian Ruhdorfer (Cornell)



Potential for η′￼

8

• Use spurion analysis for contribution from anomaly

• under chiral rotation: 
 
 
 
 
 
 
 

• Simplest term

<latexit sha1_base64="o0BH4quix8vRW/KtHApa+3MKFZc=">AAACC3icbVDJSgNBEO1xjXGLevTSJIiCEGaC20kCXjxGMAtkhlDT6SRNeha6ayJhyN2Lv+LFgyJe/QFv/o2d5aCJDwoe71VRVc+PpdBo29/W0vLK6tp6ZiO7ubW9s5vb26/pKFGMV1kkI9XwQXMpQl5FgZI3YsUh8CWv+/2bsV8fcKVFFN7jMOZeAN1QdAQDNFIrl3c5wjF1lej2EJSKHuhUOaUldwAq7olWrmAX7QnoInFmpEBmqLRyX247YknAQ2QStG46doxeCgoFk3yUdRPNY2B96PKmoSEEXHvp5JcRPTJKm3YiZSpEOlF/T6QQaD0MfNMZAPb0vDcW//OaCXauvFSEcYI8ZNNFnURSjOg4GNoWijOUQ0OAKWFupawHChia+LImBGf+5UVSKxWdi+L53VmhfD2LI0MOSZ6cEIdckjK5JRVSJYw8kmfySt6sJ+vFerc+pq1L1mzmgPyB9fkDO/WZ5w==</latexit>

⌘0 ! ⌘0 + 2'
<latexit sha1_base64="VAdWH0jmaO7PRR1snuGIMOPvSVA="></latexit>

✓

8⇡2
TrGG̃ ! ✓ � 2F'

8⇡2
TrGG̃

Lagrangian invariant if
<latexit sha1_base64="c1A5oR2uIYftkn2XV3ulfHrzBG8=">AAACInicbVDLSgNBEJz1bXxFPXoZDIoghN3gC0+CIB4VzAOyIfROJtkhszvLTG8khPyBn+EXeNUv8CaeBK/+h5O4B00saCiquunuChIpDLruhzMzOze/sLi0nFtZXVvfyG9uVYxKNeNlpqTStQAMlyLmZRQoeS3RHKJA8mrQvRz51R7XRqj4DvsJb0TQiUVbMEArNfP7PoYcgfpadEIErdU9zaRDWrqifg90EopmvuAW3THoNPEyUiAZbpr5L7+lWBrxGJkEY+qem2BjABoFk3yY81PDE2Bd6PC6pTFE3DQG43+GdM8qLdpW2laMdKz+nhhAZEw/CmxnBBiaSW8k/usFgZKtieXYPmsMRJykyGP2s7udSoqKjvKiLaE5Q9m3BJgW9nzKQtDA0Kaas7l4kylMk0qp6J0Uj2+PChfnWUJLZIfskgPikVNyQa7JDSkTRh7IE3kmL86j8+q8Oe8/rTNONrNN/sD5/AYzdaPH</latexit>

✓ ! ✓ + 2F'

invariant combination
<latexit sha1_base64="0agG3KhXvEOs2T/1IHc3R5AW6RU=">AAACEHicbZDJSgNBEIZ74hbjNurRS2OQCGKYEbeLEhDEYwSzQCaEnk4ladKz0F0jhJBH8OKrePGgiFeP3nwbO8kcNPpDw8dfVVTX78dSaHScLyszN7+wuJRdzq2srq1v2JtbVR0likOFRzJSdZ9pkCKECgqUUI8VsMCXUPP7V+N67R6UFlF4h4MYmgHrhqIjOENjteyChz1ARg/pNfUMFOgFTa0DQT0Zdb02IK207LxTdCaif8FNIU9SlVv2p9eOeBJAiFwyrRuuE2NzyBQKLmGU8xINMeN91oWGwZAFoJvDyUEjumecNu1EyrwQ6cT9OTFkgdaDwDedAcOenq2Nzf9qjQQ7582hCOMEIeTTRZ1EUozoOB3aFgo4yoEBxpUwf6W8xxTjaDLMmRDc2ZP/QvWo6J4WT26P86XLNI4s2SG7ZJ+45IyUyA0pkwrh5IE8kRfyaj1az9ab9T5tzVjpzDb5JevjG/Hzmqg=</latexit>

✓ � F⌘0 = ✓ + i log detU

Maximilian Ruhdorfer (Cornell)
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✓

8⇡2
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<latexit sha1_base64="c1A5oR2uIYftkn2XV3ulfHrzBG8=">AAACInicbVDLSgNBEJz1bXxFPXoZDIoghN3gC0+CIB4VzAOyIfROJtkhszvLTG8khPyBn+EXeNUv8CaeBK/+h5O4B00saCiquunuChIpDLruhzMzOze/sLi0nFtZXVvfyG9uVYxKNeNlpqTStQAMlyLmZRQoeS3RHKJA8mrQvRz51R7XRqj4DvsJb0TQiUVbMEArNfP7PoYcgfpadEIErdU9zaRDWrqifg90EopmvuAW3THoNPEyUiAZbpr5L7+lWBrxGJkEY+qem2BjABoFk3yY81PDE2Bd6PC6pTFE3DQG43+GdM8qLdpW2laMdKz+nhhAZEw/CmxnBBiaSW8k/usFgZKtieXYPmsMRJykyGP2s7udSoqKjvKiLaE5Q9m3BJgW9nzKQtDA0Kaas7l4kylMk0qp6J0Uj2+PChfnWUJLZIfskgPikVNyQa7JDSkTRh7IE3kmL86j8+q8Oe8/rTNONrNN/sD5/AYzdaPH</latexit>

✓ ! ✓ + 2F'

invariant combination
<latexit sha1_base64="0agG3KhXvEOs2T/1IHc3R5AW6RU=">AAACEHicbZDJSgNBEIZ74hbjNurRS2OQCGKYEbeLEhDEYwSzQCaEnk4ladKz0F0jhJBH8OKrePGgiFeP3nwbO8kcNPpDw8dfVVTX78dSaHScLyszN7+wuJRdzq2srq1v2JtbVR0likOFRzJSdZ9pkCKECgqUUI8VsMCXUPP7V+N67R6UFlF4h4MYmgHrhqIjOENjteyChz1ARg/pNfUMFOgFTa0DQT0Zdb02IK207LxTdCaif8FNIU9SlVv2p9eOeBJAiFwyrRuuE2NzyBQKLmGU8xINMeN91oWGwZAFoJvDyUEjumecNu1EyrwQ6cT9OTFkgdaDwDedAcOenq2Nzf9qjQQ7582hCOMEIeTTRZ1EUozoOB3aFgo4yoEBxpUwf6W8xxTjaDLMmRDc2ZP/QvWo6J4WT26P86XLNI4s2SG7ZJ+45IyUyA0pkwrh5IE8kRfyaj1az9ab9T5tzVjpzDb5JevjG/Hzmqg=</latexit>

✓ � F⌘0 = ✓ + i log detU

Maximilian Ruhdorfer (Cornell)

implicitly assumes / consistent with

instanton origin

instanton is always proportional to einθ
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• Potential  
 

 mass is :η′￼ O(Λ)
<latexit sha1_base64="ngzICL5HNm2JQuXz0lVSQPjuSCE=">AAACCnicbVA7T8MwGHTKq5RXgJHFUCGYqqTiNaFKSIiBoUj0ITVp5DhOa9VOIttBqqLOLPwVFgYQYuUXsPFvcNsM0HKSpdPd99m+8xNGpbKsb6OwsLi0vFJcLa2tb2xumds7TRmnApMGjlks2j6ShNGINBRVjLQTQRD3GWn5g6ux33ogQtI4ulfDhLgc9SIaUoyUljxzn3uZQxQ6GnWr0ElEnKgY+vAaOrf6kgB1q55ZtirWBHCe2Dkpgxx1z/xyghinnEQKMyRlx7YS5WZIKIoZGZWcVJIE4QHqkY6mEeJEutkkyggeaiWAYSz0iRScqL83MsSlHHJfT3Kk+nLWG4v/eZ1UhRduRqMkVSTC04fClEEdd9wLDKggWLGhJggLqv8KcR8JhJVur6RLsGcjz5NmtWKfVU7vTsq1y7yOItgDB+AY2OAc1MANqIMGwOARPINX8GY8GS/Gu/ExHS0Y+c4u+APj8wdR+5lh</latexit>

m2
⌘0 / bF⇤2

<latexit sha1_base64="OiPxrEMDILYWHQUObhXfPQxitJ8="></latexit>

Lkin = (2F )
1

2
@µ⌘

0@µ⌘0
non-canonical kinetic term

Maximilian Ruhdorfer (Cornell)



 Potentialη′￼

9

• Potential  
 

• Integrate out  
 

η′￼

 mass is :η′￼ O(Λ)
<latexit sha1_base64="ngzICL5HNm2JQuXz0lVSQPjuSCE=">AAACCnicbVA7T8MwGHTKq5RXgJHFUCGYqqTiNaFKSIiBoUj0ITVp5DhOa9VOIttBqqLOLPwVFgYQYuUXsPFvcNsM0HKSpdPd99m+8xNGpbKsb6OwsLi0vFJcLa2tb2xumds7TRmnApMGjlks2j6ShNGINBRVjLQTQRD3GWn5g6ux33ogQtI4ulfDhLgc9SIaUoyUljxzn3uZQxQ6GnWr0ElEnKgY+vAaOrf6kgB1q55ZtirWBHCe2Dkpgxx1z/xyghinnEQKMyRlx7YS5WZIKIoZGZWcVJIE4QHqkY6mEeJEutkkyggeaiWAYSz0iRScqL83MsSlHHJfT3Kk+nLWG4v/eZ1UhRduRqMkVSTC04fClEEdd9wLDKggWLGhJggLqv8KcR8JhJVur6RLsGcjz5NmtWKfVU7vTsq1y7yOItgDB+AY2OAc1MANqIMGwOARPINX8GY8GS/Gu/ExHS0Y+c4u+APj8wdR+5lh</latexit>

m2
⌘0 / bF⇤2

<latexit sha1_base64="OiPxrEMDILYWHQUObhXfPQxitJ8="></latexit>

Lkin = (2F )
1

2
@µ⌘

0@µ⌘0
non-canonical kinetic term

<latexit sha1_base64="MBrL97BjWlFmK041VecsOgUF+yY="></latexit>

h⌘0i = ✓ + 2⇡k

F
, k = 0, . . . , F � 1  degenerate  minimaF η′￼

Maximilian Ruhdorfer (Cornell)
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• Potential  
 

• Integrate out  
 

η′￼

• Potential for neutral GBs

 mass is :η′￼ O(Λ)
<latexit sha1_base64="ngzICL5HNm2JQuXz0lVSQPjuSCE=">AAACCnicbVA7T8MwGHTKq5RXgJHFUCGYqqTiNaFKSIiBoUj0ITVp5DhOa9VOIttBqqLOLPwVFgYQYuUXsPFvcNsM0HKSpdPd99m+8xNGpbKsb6OwsLi0vFJcLa2tb2xumds7TRmnApMGjlks2j6ShNGINBRVjLQTQRD3GWn5g6ux33ogQtI4ulfDhLgc9SIaUoyUljxzn3uZQxQ6GnWr0ElEnKgY+vAaOrf6kgB1q55ZtirWBHCe2Dkpgxx1z/xyghinnEQKMyRlx7YS5WZIKIoZGZWcVJIE4QHqkY6mEeJEutkkyggeaiWAYSz0iRScqL83MsSlHHJfT3Kk+nLWG4v/eZ1UhRduRqMkVSTC04fClEEdd9wLDKggWLGhJggLqv8KcR8JhJVur6RLsGcjz5NmtWKfVU7vTsq1y7yOItgDB+AY2OAc1MANqIMGwOARPINX8GY8GS/Gu/ExHS0Y+c4u+APj8wdR+5lh</latexit>
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axion
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Maximilian Ruhdorfer (Cornell)
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• Anomaly vanishes in  limit 
 
 
 

N → ∞

• But:

• Witten:  pure QCD vacuum energy is  dependentθ

• Veneziano-Witten formula for  massη′￼

 becomes massless in this limitη′￼

does NOT vanish in large N limit!!!
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⇡

d2E

d✓2

����
pure QCD

✓=0

/ 1

N

θ → θ − Fη′￼
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⌘04 ⇠ 1/N4

as expected from large N
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• non-analytic function in θ
} potential has branch-like 


structure

(branches of complex root)

(eiθ)1/N = ei θ
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Large N  Potentialη′￼
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•  washes out branch structureη′￼

But: branch structure is indication that it is not an instanton effect
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• disfavors instanton origin of  potential 


• generically leads to branched potential

η′￼

Maximilian Ruhdorfer (Cornell)

Large N QCD:

Let us check this in QCD-like theory!
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⇤

gluon
gluino
quark
squark

SUSY breaking
<latexit sha1_base64="0+fY2jJxH4fxIpexTiJoqYdfRQU=">AAAB/HicbVDNS8MwHE3n15xf1R29BIfgabTiF54GXjx42MB9wFpKmmZbWJKWJBVKmf+KFw+KePUP8eZ/Y7r1oNMHCY/3fo/88sKEUaUd58uqrKyurW9UN2tb2zu7e/b+QU/FqcSki2MWy0GIFGFUkK6mmpFBIgniISP9cHpT+P0HIhWNxb3OEuJzNBZ0RDHSRgrsOg86HmOQF5d3Z4IRCuyG03TmgH+JW5IGKNEO7E8vinHKidCYIaWGrpNoP0dSU8zIrOaliiQIT9GYDA0ViBPl5/PlZ/DYKBEcxdIcoeFc/ZnIEVcq46GZ5EhP1LJXiP95w1SPrvyciiTVRODFQ6OUQR3DogkYUUmwZpkhCEtqdoV4giTC2vRVMyW4y1/+S3qnTfeied45a7Suyzqq4BAcgRPggkvQAregDboAgww8gRfwaj1az9ab9b4YrVhlpg5+wfr4BtJWlDo=</latexit>

mQ ⌧ m ⌧ ⇤

E

<latexit sha1_base64="kp0wM6Fh4sRWld0HGoEqKYyp1pk=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xhaeAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFS3e2Vym7FnYEsEy8nZchR65W+uv2YpRFKwwTVuuO5ifEzqgxnAifFbqoxoWxEB9ixVNIItZ/NDp2QU6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasIbP+MySQ1KNl8UpoKYmEy/Jn2ukBkxtoQyxe2thA2poszYbIo2BG/x5WXSPK94V5XL+kW5epvHUYBjOIEz8OAaqnAPNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/efGMtg==</latexit>

0

<latexit sha1_base64="dWo0WfqFatyyYc/CEfm2HI517wQ=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPihqeAF48JmgWSIfR0epImvQzdPUIY8glePCji1S/y5t/YSeag0QcFj/eqqKoXJZwZ6/tfXmFldW19o7hZ2tre2d0r7x+0jEo1oU2iuNKdCBvKmaRNyyynnURTLCJO29H4dua3H6k2TMkHO0loKPBQspgRbJ10L/qNfrniV/050F8S5KQCOer98mdvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7ToqsaAmzOanTtGJUwYoVtqVtGiu/pzIsDBmIiLXKbAdmWVvJv7ndVMbX4cZk0lqqSSLRXHKkVVo9jcaME2J5RNHMNHM3YrICGtMrEun5EIIll/+S1pn1eCyetE4r9Ru8jiKcATHcAoBXEEN7qAOTSAwhCd4gVePe8/em/e+aC14+cwh/IL38Q0sRo23</latexit>mQ

<latexit sha1_base64="7bnKxozlO7cuDeN+LZMlCrnb6nM=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrviC6uAjYVFBPOAZAmzszfJkNnZZWZWCEs+wsZCEVu/x86/cZJsoYkHBg7nnMvce4JEcG1c99sprKyurW8UN0tb2zu7e+X9g6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRrdTv/WESvNYPppxgn5EB5L3OaPGSq3uvY2GtFeuuFV3BrJMvJxUIEe9V/7qhjFLI5SGCap1x3MT42dUGc4ETkrdVGNC2YgOsGOppBFqP5utOyEnVglJP1b2SUNm6u+JjEZaj6PAJiNqhnrRm4r/eZ3U9K/9jMskNSjZ/KN+KoiJyfR2EnKFzIixJZQpbnclbEgVZcY2VLIleIsnL5PmWdW7rF48nFdqN3kdRTiCYzgFD66gBndQhwYwGMEzvMKbkzgvzrvzMY8WnHzmEP7A+fwBDH2PXw==</latexit>

⇤

<latexit sha1_base64="VuQTKnZXj0yua3zscpO7OBb0g8s=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xhaeAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSPeqVym7FnYEsEy8nZchR65W+uv2YpRFKwwTVuuO5ifEzqgxnAifFbqoxoWxEB9ixVNIItZ/NDp2QU6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasIbP+MySQ1KNl8UpoKYmEy/Jn2ukBkxtoQyxe2thA2poszYbIo2BG/x5WXSPK94V5XL+kW5epvHUYBjOIEz8OAaqnAPNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/1mWM8w==</latexit>m

gluon
quark

squark
gluino
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•  SYM with  flavors, i.e.  in  representationSU(N) F Qf , Q̄f , f = 1,…, F N, N̄

• Spectrum with quark masses mQ ≪ Λ

Maximilian Ruhdorfer (Cornell)

E

<latexit sha1_base64="kp0wM6Fh4sRWld0HGoEqKYyp1pk=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xhaeAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFS3e2Vym7FnYEsEy8nZchR65W+uv2YpRFKwwTVuuO5ifEzqgxnAifFbqoxoWxEB9ixVNIItZ/NDp2QU6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasIbP+MySQ1KNl8UpoKYmEy/Jn2ukBkxtoQyxe2thA2poszYbIo2BG/x5WXSPK94V5XL+kW5epvHUYBjOIEz8OAaqnAPNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/efGMtg==</latexit>

0

<latexit sha1_base64="dWo0WfqFatyyYc/CEfm2HI517wQ=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPihqeAF48JmgWSIfR0epImvQzdPUIY8glePCji1S/y5t/YSeag0QcFj/eqqKoXJZwZ6/tfXmFldW19o7hZ2tre2d0r7x+0jEo1oU2iuNKdCBvKmaRNyyynnURTLCJO29H4dua3H6k2TMkHO0loKPBQspgRbJ10L/qNfrniV/050F8S5KQCOer98mdvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7ToqsaAmzOanTtGJUwYoVtqVtGiu/pzIsDBmIiLXKbAdmWVvJv7ndVMbX4cZk0lqqSSLRXHKkVVo9jcaME2J5RNHMNHM3YrICGtMrEun5EIIll/+S1pn1eCyetE4r9Ru8jiKcATHcAoBXEEN7qAOTSAwhCd4gVePe8/em/e+aC14+cwh/IL38Q0sRo23</latexit>mQ

<latexit sha1_base64="7bnKxozlO7cuDeN+LZMlCrnb6nM=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrviC6uAjYVFBPOAZAmzszfJkNnZZWZWCEs+wsZCEVu/x86/cZJsoYkHBg7nnMvce4JEcG1c99sprKyurW8UN0tb2zu7e+X9g6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRrdTv/WESvNYPppxgn5EB5L3OaPGSq3uvY2GtFeuuFV3BrJMvJxUIEe9V/7qhjFLI5SGCap1x3MT42dUGc4ETkrdVGNC2YgOsGOppBFqP5utOyEnVglJP1b2SUNm6u+JjEZaj6PAJiNqhnrRm4r/eZ3U9K/9jMskNSjZ/KN+KoiJyfR2EnKFzIixJZQpbnclbEgVZcY2VLIleIsnL5PmWdW7rF48nFdqN3kdRTiCYzgFD66gBndQhwYwGMEzvMKbkzgvzrvzMY8WnHzmEP7A+fwBDH2PXw==</latexit>

⇤

gluon
gluino
quark
squark

SUSY breaking
<latexit sha1_base64="0+fY2jJxH4fxIpexTiJoqYdfRQU=">AAAB/HicbVDNS8MwHE3n15xf1R29BIfgabTiF54GXjx42MB9wFpKmmZbWJKWJBVKmf+KFw+KePUP8eZ/Y7r1oNMHCY/3fo/88sKEUaUd58uqrKyurW9UN2tb2zu7e/b+QU/FqcSki2MWy0GIFGFUkK6mmpFBIgniISP9cHpT+P0HIhWNxb3OEuJzNBZ0RDHSRgrsOg86HmOQF5d3Z4IRCuyG03TmgH+JW5IGKNEO7E8vinHKidCYIaWGrpNoP0dSU8zIrOaliiQIT9GYDA0ViBPl5/PlZ/DYKBEcxdIcoeFc/ZnIEVcq46GZ5EhP1LJXiP95w1SPrvyciiTVRODFQ6OUQR3DogkYUUmwZpkhCEtqdoV4giTC2vRVMyW4y1/+S3qnTfeied45a7Suyzqq4BAcgRPggkvQAregDboAgww8gRfwaj1az9ab9b4YrVhlpg5+wfr4BtJWlDo=</latexit>

mQ ⌧ m ⌧ ⇤

E

<latexit sha1_base64="kp0wM6Fh4sRWld0HGoEqKYyp1pk=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xhaeAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFS3e2Vym7FnYEsEy8nZchR65W+uv2YpRFKwwTVuuO5ifEzqgxnAifFbqoxoWxEB9ixVNIItZ/NDp2QU6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasIbP+MySQ1KNl8UpoKYmEy/Jn2ukBkxtoQyxe2thA2poszYbIo2BG/x5WXSPK94V5XL+kW5epvHUYBjOIEz8OAaqnAPNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/efGMtg==</latexit>

0

<latexit sha1_base64="dWo0WfqFatyyYc/CEfm2HI517wQ=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPihqeAF48JmgWSIfR0epImvQzdPUIY8glePCji1S/y5t/YSeag0QcFj/eqqKoXJZwZ6/tfXmFldW19o7hZ2tre2d0r7x+0jEo1oU2iuNKdCBvKmaRNyyynnURTLCJO29H4dua3H6k2TMkHO0loKPBQspgRbJ10L/qNfrniV/050F8S5KQCOer98mdvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7ToqsaAmzOanTtGJUwYoVtqVtGiu/pzIsDBmIiLXKbAdmWVvJv7ndVMbX4cZk0lqqSSLRXHKkVVo9jcaME2J5RNHMNHM3YrICGtMrEun5EIIll/+S1pn1eCyetE4r9Ru8jiKcATHcAoBXEEN7qAOTSAwhCd4gVePe8/em/e+aC14+cwh/IL38Q0sRo23</latexit>mQ

<latexit sha1_base64="7bnKxozlO7cuDeN+LZMlCrnb6nM=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrviC6uAjYVFBPOAZAmzszfJkNnZZWZWCEs+wsZCEVu/x86/cZJsoYkHBg7nnMvce4JEcG1c99sprKyurW8UN0tb2zu7e+X9g6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRrdTv/WESvNYPppxgn5EB5L3OaPGSq3uvY2GtFeuuFV3BrJMvJxUIEe9V/7qhjFLI5SGCap1x3MT42dUGc4ETkrdVGNC2YgOsGOppBFqP5utOyEnVglJP1b2SUNm6u+JjEZaj6PAJiNqhnrRm4r/eZ3U9K/9jMskNSjZ/KN+KoiJyfR2EnKFzIixJZQpbnclbEgVZcY2VLIleIsnL5PmWdW7rF48nFdqN3kdRTiCYzgFD66gBndQhwYwGMEzvMKbkzgvzrvzMY8WnHzmEP7A+fwBDH2PXw==</latexit>

⇤

<latexit sha1_base64="VuQTKnZXj0yua3zscpO7OBb0g8s=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xhaeAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSPeqVym7FnYEsEy8nZchR65W+uv2YpRFKwwTVuuO5ifEzqgxnAifFbqoxoWxEB9ixVNIItZ/NDp2QU6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasIbP+MySQ1KNl8UpoKYmEy/Jn2ukBkxtoQyxe2thA2poszYbIo2BG/x5WXSPK94V5XL+kW5epvHUYBjOIEz8OAaqnAPNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/1mWM8w==</latexit>m

gluon
quark

squark
gluino

QCD is recovered for , but calculability breaks downm ≫ Λ
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•  SYM with  flavors, i.e.  in  representationSU(N) F Qf , Q̄f , f = 1,…, F N, N̄

• Spectrum with quark masses mQ ≪ Λ

Maximilian Ruhdorfer (Cornell)

E

<latexit sha1_base64="kp0wM6Fh4sRWld0HGoEqKYyp1pk=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xhaeAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFS3e2Vym7FnYEsEy8nZchR65W+uv2YpRFKwwTVuuO5ifEzqgxnAifFbqoxoWxEB9ixVNIItZ/NDp2QU6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasIbP+MySQ1KNl8UpoKYmEy/Jn2ukBkxtoQyxe2thA2poszYbIo2BG/x5WXSPK94V5XL+kW5epvHUYBjOIEz8OAaqnAPNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/efGMtg==</latexit>

0

<latexit sha1_base64="dWo0WfqFatyyYc/CEfm2HI517wQ=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPihqeAF48JmgWSIfR0epImvQzdPUIY8glePCji1S/y5t/YSeag0QcFj/eqqKoXJZwZ6/tfXmFldW19o7hZ2tre2d0r7x+0jEo1oU2iuNKdCBvKmaRNyyynnURTLCJO29H4dua3H6k2TMkHO0loKPBQspgRbJ10L/qNfrniV/050F8S5KQCOer98mdvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7ToqsaAmzOanTtGJUwYoVtqVtGiu/pzIsDBmIiLXKbAdmWVvJv7ndVMbX4cZk0lqqSSLRXHKkVVo9jcaME2J5RNHMNHM3YrICGtMrEun5EIIll/+S1pn1eCyetE4r9Ru8jiKcATHcAoBXEEN7qAOTSAwhCd4gVePe8/em/e+aC14+cwh/IL38Q0sRo23</latexit>mQ

<latexit sha1_base64="7bnKxozlO7cuDeN+LZMlCrnb6nM=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrviC6uAjYVFBPOAZAmzszfJkNnZZWZWCEs+wsZCEVu/x86/cZJsoYkHBg7nnMvce4JEcG1c99sprKyurW8UN0tb2zu7e+X9g6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRrdTv/WESvNYPppxgn5EB5L3OaPGSq3uvY2GtFeuuFV3BrJMvJxUIEe9V/7qhjFLI5SGCap1x3MT42dUGc4ETkrdVGNC2YgOsGOppBFqP5utOyEnVglJP1b2SUNm6u+JjEZaj6PAJiNqhnrRm4r/eZ3U9K/9jMskNSjZ/KN+KoiJyfR2EnKFzIixJZQpbnclbEgVZcY2VLIleIsnL5PmWdW7rF48nFdqN3kdRTiCYzgFD66gBndQhwYwGMEzvMKbkzgvzrvzMY8WnHzmEP7A+fwBDH2PXw==</latexit>

⇤

gluon
gluino
quark
squark

SUSY breaking
<latexit sha1_base64="0+fY2jJxH4fxIpexTiJoqYdfRQU=">AAAB/HicbVDNS8MwHE3n15xf1R29BIfgabTiF54GXjx42MB9wFpKmmZbWJKWJBVKmf+KFw+KePUP8eZ/Y7r1oNMHCY/3fo/88sKEUaUd58uqrKyurW9UN2tb2zu7e/b+QU/FqcSki2MWy0GIFGFUkK6mmpFBIgniISP9cHpT+P0HIhWNxb3OEuJzNBZ0RDHSRgrsOg86HmOQF5d3Z4IRCuyG03TmgH+JW5IGKNEO7E8vinHKidCYIaWGrpNoP0dSU8zIrOaliiQIT9GYDA0ViBPl5/PlZ/DYKBEcxdIcoeFc/ZnIEVcq46GZ5EhP1LJXiP95w1SPrvyciiTVRODFQ6OUQR3DogkYUUmwZpkhCEtqdoV4giTC2vRVMyW4y1/+S3qnTfeied45a7Suyzqq4BAcgRPggkvQAregDboAgww8gRfwaj1az9ab9b4YrVhlpg5+wfr4BtJWlDo=</latexit>

mQ ⌧ m ⌧ ⇤

E

<latexit sha1_base64="kp0wM6Fh4sRWld0HGoEqKYyp1pk=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xhaeAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFS3e2Vym7FnYEsEy8nZchR65W+uv2YpRFKwwTVuuO5ifEzqgxnAifFbqoxoWxEB9ixVNIItZ/NDp2QU6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasIbP+MySQ1KNl8UpoKYmEy/Jn2ukBkxtoQyxe2thA2poszYbIo2BG/x5WXSPK94V5XL+kW5epvHUYBjOIEz8OAaqnAPNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/efGMtg==</latexit>

0

<latexit sha1_base64="dWo0WfqFatyyYc/CEfm2HI517wQ=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPihqeAF48JmgWSIfR0epImvQzdPUIY8glePCji1S/y5t/YSeag0QcFj/eqqKoXJZwZ6/tfXmFldW19o7hZ2tre2d0r7x+0jEo1oU2iuNKdCBvKmaRNyyynnURTLCJO29H4dua3H6k2TMkHO0loKPBQspgRbJ10L/qNfrniV/050F8S5KQCOer98mdvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7ToqsaAmzOanTtGJUwYoVtqVtGiu/pzIsDBmIiLXKbAdmWVvJv7ndVMbX4cZk0lqqSSLRXHKkVVo9jcaME2J5RNHMNHM3YrICGtMrEun5EIIll/+S1pn1eCyetE4r9Ru8jiKcATHcAoBXEEN7qAOTSAwhCd4gVePe8/em/e+aC14+cwh/IL38Q0sRo23</latexit>mQ

<latexit sha1_base64="7bnKxozlO7cuDeN+LZMlCrnb6nM=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrviC6uAjYVFBPOAZAmzszfJkNnZZWZWCEs+wsZCEVu/x86/cZJsoYkHBg7nnMvce4JEcG1c99sprKyurW8UN0tb2zu7e+X9g6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRrdTv/WESvNYPppxgn5EB5L3OaPGSq3uvY2GtFeuuFV3BrJMvJxUIEe9V/7qhjFLI5SGCap1x3MT42dUGc4ETkrdVGNC2YgOsGOppBFqP5utOyEnVglJP1b2SUNm6u+JjEZaj6PAJiNqhnrRm4r/eZ3U9K/9jMskNSjZ/KN+KoiJyfR2EnKFzIixJZQpbnclbEgVZcY2VLIleIsnL5PmWdW7rF48nFdqN3kdRTiCYzgFD66gBndQhwYwGMEzvMKbkzgvzrvzMY8WnHzmEP7A+fwBDH2PXw==</latexit>

⇤

<latexit sha1_base64="VuQTKnZXj0yua3zscpO7OBb0g8s=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xhaeAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSPeqVym7FnYEsEy8nZchR65W+uv2YpRFKwwTVuuO5ifEzqgxnAifFbqoxoWxEB9ixVNIItZ/NDp2QU6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasIbP+MySQ1KNl8UpoKYmEy/Jn2ukBkxtoQyxe2thA2poszYbIo2BG/x5WXSPK94V5XL+kW5epvHUYBjOIEz8OAaqnAPNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/1mWM8w==</latexit>m
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• Non-perturbative effects are known  

• SUSY breaking via AMSB stabilizes chiral symmetry breaking vacuum 
 
 
 
 
 
 

• Similar results by Dine, Draper, Stephenson-Haskins and Xu (2016) using 
soft-breaking via explicit gaugino and squark masses
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superpotential is uniquely fixed

can construct chiral Lagrangian from top down
Murayama ’21

Csaki et al ‘22

only reliable for F < N

SUSY breaking effects where scale invariance is broken

Csaki et al ‘22
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• Parameterize GBs as 

• Chiral Lagrangian
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complex root of   and  Λ3N−F = |Λ |3N−F eiθ det U = eiFη′￼

get branch-like structure

is also the  and

pion decay constant
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• Full chiral Lagrangian 
 
 
 
 
 
 
 

• Has branch-like structure but with  instead of 1/(N − F) 1/N

Maximilian Ruhdorfer (Cornell)

not an instanton effect but gluino condensation in unbroken SU(N − F)

Csaki, d’Agnolo, Gupta, Kuflik, Roy, MR
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• : vacuum energy as conjectured in large  pure QCD 
 
 
 

F = 0 N

•  branched  potentialN ≫ F : η′￼

Maximilian Ruhdorfer (Cornell)

But: this also holds for finite N

As expected  mass goes as η′￼ m2
η′￼

∝ 1/N

What happens when both  and  are large?F N

Csaki, d’Agnolo, Gupta, Kuflik, Roy, MR
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• For  the  mass is constant 
 
 
 
 
 

F/N = fixed η′￼

• : no branches and trivially -periodicF = N − 1 2π

Maximilian Ruhdorfer (Cornell)

 for m2
η′￼

∝ F/N F/N ≪ 1 diverges for , description breaks downx → 1

instanton effect! Not exponentially suppressed for N ≫ 1

Csaki, d’Agnolo, Gupta, Kuflik, Roy, MR
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F N SUSY QCD≥

22

• Larger moduli space, also baryon fields and different description for 
F = N, F = N + 1,F > N + 1

•  and  do not have branches 
 
F = N F = N + 1

•  has  branchesF > N + 1 (F − N)

Maximilian Ruhdorfer (Cornell)

consistent with an instanton effect

from gluino condensation in the dual  theorySU(F − N)

similar to  caseF < N

Csaki, d’Agnolo, Gupta, Kuflik, Roy, MR
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• Gaiotto, Komargodski and Seiberg argued using large N and anomalies that 
at  CP might be spontaneously broken, depending on θ̄ = π F

•  there is a critical value for the quark masses  with 
 
 
 
 
 

F = 1 : mQ,0 ∼ Λ/N

•  always 2 degenerate vacua and CP is brokenF > 1 :

Maximilian Ruhdorfer (Cornell)

‣           there is a unique CP conserving vacuum


‣             is exactly massless


‣           2 degenerate vacua and CP is spontaneously broken

mQ < mQ,0

mQ = mQ,0 η′￼

mQ > mQ,0

We can see this explicitly in our results!
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•  potential has in general a branched structure with  branches 
 

• For  we find a single branch 
 

•  mass vanishes for  and is constant for 


• SUSY QCD predicts spontaneous CP breaking at  in accordance 
with QCD

η′￼ |N − F |

F = N − 1, N, N + 1

η′￼ F ≪ N F/N = fixed

θ̄ = π

Maximilian Ruhdorfer (Cornell)

originates from confinement dynamics and not instantons

consistent with being an instanton effect

Which scenario is realized in QCD?

Gaiotto, Komargodski and Seiberg ‘17
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F=N SUSY QCD

• Larger moduli space: mesons and baryons 
 
 
 
 
 
 
 
 
 
 

• Assume chiral symmetry breaking mesonic VEV
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Mff 0 = Q̄a
fQ

a
f 0

<latexit sha1_base64="gQYaqhizWwAWnDHRWLwDh7/7R1Y="></latexit>

B = ✏f1···fNBf1···fN , B̄ = ✏f1···fN B̄f1···fN

completely antisymmetric color

singlet combination of Qa

f  and Q̄a
f

quantum modified constraint on moduli space

implemented in superpotential through Lagrange multiplier X

Maximilian Ruhdorfer (Cornell)28

No branches! 

Consistent with instanton effect



F=N+1 SUSY QCD
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• Baryons in (anti-)fundamental of  
 

• Superpotential implements constraint on moduli space 
 

• Chiral Lagrangian similar to 

SU(F)

F = N

Maximilian Ruhdorfer (Cornell)

<latexit sha1_base64="NQ8KxgY+hYvNbRQ1riW9PkSMHw8=">AAACLnicbZDLSgMxFIYzXmu9jbp0EyyCqzJTvCEIpW5cSQV7gV6GTCbThmaSIckIZZj38DF8Arf6BIILcSX4GKYXUFt/CPx85xzOye/HjCrtOG/WwuLS8spqbi2/vrG5tW3v7NaVSCQmNSyYkE0fKcIoJzVNNSPNWBIU+Yw0/MHVqN64J1JRwe/0MCadCPU4DSlG2iDPLlW64SVsk1hRJng3DT0XtnEgtIKhdwPDDFa8EfxhmWcXnKIzFpw37tQUwFRVz/5sBwInEeEaM6RUy3Vi3UmR1BQzkuXbiSIxwgPUIy1jOYqI6qTjv2Xw0JAAhkKaxzUc098TKYqUGka+6YyQ7qvZ2gj+W/N9wYKZ5To876SUx4kmHE92hwmDWsBRdjCgkmDNhsYgLKk5H+I+kghrk3De5OLOpjBv6qWie1o8uT0ulC+mCeXAPjgAR8AFZ6AMrkEV1AAGD+AJPIMX69F6td6tj0nrgjWd2QN/ZH19A/myqD8=</latexit>

Bf = ✏f1···fNfBf1···fN
<latexit sha1_base64="O/9mKPCB9pB5ZFx8SlTr3qgxO/I="></latexit>

B̄f = ✏f1···fNf B̄
f1···fN

Kähler:

Again no branches!  

Consistent with being 
an instanton effect



F>N+1 SUSY QCD
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• Study weakly-coupled dual   
 

• Superpotential 
 
 
 

• Pure  SYM in IR 

SU(F − N)

SU(F − N)

Maximilian Ruhdorfer (Cornell)

DOF:  (anti-)fundamentals  under  and meson matrix F q, q̄ SU(F − N) M

mass term when  gets a VEVM

with

integrate out dual quarks

superpotential from gluino condensation

<latexit sha1_base64="Mca3bgRht2aSXHMUvYv1z443Tqc="></latexit> 
⇤̃e↵

det(M/µ)1/F

!3Ñ

=

 
⇤̃

det(M/µ)1/F

!3Ñ�F

scale matching



F>N+1 SUSY QCD
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• Same as  with  with chiral symmetry breaking minimum 
 

• Chiral Lagrangian

F < N F ↔ N

Maximilian Ruhdorfer (Cornell)

 branches!F − N



Axion Mass
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• Easy to obtain axion mass for general 


• Integrate out pions to leading order in      instead of diagonalizing mass matrix 
 
 

• Axion mass

F
<latexit sha1_base64="kjv3IQvIT4IxAgjRsjKivE26YKQ=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUnE10oKblxWsA9oQplMJ+3QySTMTJQS8yluXCji1i9x5984bbPQ1gOXezjnXubOCRLOlHacb6u0srq2vlHerGxt7+zu2dX9topTSWiLxDyW3QArypmgLc00p91EUhwFnHaC8c3U7zxQqVgs7vUkoX6Eh4KFjGBtpL5d9UKJSRb2vYTlpuG8b9ecujMDWiZuQWpQoNm3v7xBTNKICk04VqrnOon2Myw1I5zmFS9VNMFkjIe0Z6jAEVV+Njs9R8dGGaAwlqaERjP190aGI6UmUWAmI6xHatGbiv95vVSHV37GRJJqKsj8oTDlSMdomgMaMEmJ5hNDMJHM3IrICJsstEmrYkJwF7+8TNqndfeifn53VmtcF3GU4RCO4ARcuIQG3EITWkDgEZ7hFd6sJ+vFerc+5qMlq9g5gD+wPn8A2aKUYw==</latexit>

f⇡
fa

only need to solve linear equations

in terms of pion mass

F = 2 :

Maximilian Ruhdorfer (Cornell)



AMSB
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• Anomaly mediation: SUSY breaking effects where scale invariance is broken 
 
 
 

• Generates tree-level scalar potential 
 

• Gluino and squark masses are loop generated

Maximilian Ruhdorfer (Cornell)

effects described with chiral compensator with  termF
<latexit sha1_base64="s8XocZboMGaNxD8+LYpO2Tvuh28=">AAACDnicbVDJSgNBEO1xN26jHr00hoAghJnghiAIXjxGMAtkYujpVJwmPYvdNWoY8gVe/BUvHhTx6tmbf2NnOWj0QcHjvSqq6vmJFBod58uamp6ZnZtfWMwtLa+srtnrG1Udp4pDhccyVnWfaZAiggoKlFBPFLDQl1Dzu2cDv3YLSos4usReAs2QXUeiIzhDI7Xsgodwj9mdwKDv3aSsTb1yIOgJdXephwEguyrRsGXnnaIzBP1L3DHJkzHKLfvTa8c8DSFCLpnWDddJsJkxhYJL6Oe8VEPCeJddQ8PQiIWgm9nwnT4tGKVNO7EyFSEdqj8nMhZq3Qt90xkyDPSkNxD/8xopdo6amYiSFCHio0WdVFKM6SAb2hYKOMqeIYwrYW6lPGCKcTQJ5kwI7uTLf0m1VHQPivsXe/nT43EcC2SLbJMd4pJDckrOSZlUCCcP5Im8kFfr0Xq23qz3UeuUNZ7ZJL9gfXwDlZqbIA==</latexit>

with � = 1 + ✓2m

Pomarol, Rattazzi ‘99

Csaki et al ‘22



Holomorphic vs Physical Scale
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• RGE invariant scale at two-loops 
 

• Holomorphic scale in superpotential (1-loop exact) 
 

• Relation between holomorphic and canonical coupling 
 
 

• Relation between holomorphic and canonical scale

Maximilian Ruhdorfer (Cornell)

finite in large N limit since
b0g2

c ∝ Ng2
c = const

<latexit sha1_base64="XjWlo4JqwGnh6AqlQgqeh6aohh0="></latexit>

with ⌧ =
4⇡i

g2h
+

✓

2⇡

Dynkin index for adjoint and matter representations

wave-function renormalization

<latexit sha1_base64="lTd+8QASGyjMJuLCYlDEqxmmdMI=">AAACBXicbVDLSgMxFL3js9ZX1aWbYBHcWGZ8IwgFQVxJBfuAdiiZTKYNzSRDkhHK0LVf4Fa/wJ249Tv8AP/D9LHQ1gMXDufcy7mcIOFMG9f9cubmFxaXlnMr+dW19Y3NwtZ2TctUEVolkkvVCLCmnAlaNcxw2kgUxXHAaT3oXQ/9+iNVmknxYPoJ9WPcESxiBBsrNYO2i67Q8R06vGkXim7JHQHNEm9CijBBpV34boWSpDEVhnCsddNzE+NnWBlGOB3kW6mmCSY93KFNSwWOqfaz0csDtG+VEEVS2REGjdTfFxmOte7Hgd2MsenqaW8o/usFgeThVLiJLvyMiSQ1VJBxdpRyZCQaVoJCpigxvG8JJorZ9xHpYoWJscXlbS/edAuzpHZU8s5Kp/cnxfLlpKEc7MIeHIAH51CGW6hAFQhIeIYXeHWenDfn3fkYr845k5sd+APn8wcI7ZdY</latexit>

b0 = 3N � F
<latexit sha1_base64="Q2b8gRFWHsJvmm6Bwgdeslkoq/w=">AAACHnicbVDLSgMxFM3UV62vqks3oUVoF60zpVYRhIJQXJUK9gHtOGQyaRuaeZBkhDJ072f4BW71C9yJW/0A/8NMOwutHrhwcs693NxjB4wKqeufWmpldW19I72Z2dre2d3L7h90hB9yTNrYZz7v2UgQRj3SllQy0gs4Qa7NSNeeXMV+955wQX3vVk4DYrpo5NEhxUgqycrmbMuAl7AGm3eVEqw0G7AEqw1YiJ9G8aRQaRatbF4v63PAv8RISB4kaFnZr4Hj49AlnsQMCdE39ECaEeKSYkZmmUEoSIDwBI1IX1EPuUSY0fyWGTxWigOHPlflSThXf05EyBVi6tqq00VyLJa9WPzXs22fOUvL5fDcjKgXhJJ4eLF7GDIofRhnBR3KCZZsqgjCnKrvQzxGHGGpEs2oXIzlFP6STqVs1MqnN9V8/SJJKA2OQA4UgAHOQB1cgxZoAwwewBN4Bi/ao/aqvWnvi9aUlswcgl/QPr4B5RSdNw==</latexit>

b1 = 6N2 � 2NF � 4F (N2 � 1)/(2N)

for :

 

N ≫ F
|Λ | ∝ N1/3Λc


