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 Phenomenology
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Strong CP “Problem”

 A problem for a predictive UV completion of the SM:


 Three (spurious) symmetries act on the QCD topological angle: 

 anomalous U(1)

 CP

 P 

 

<latexit sha1_base64="8EliBn6VrWxFylxbggV0u7iAlwI=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4CokU9VjworcK9gOSUDbbTbt0sxt2J0IJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZenAluwPO+nbX1jc2t7cpOdXdv/+CwdnTcMSrXlLWpEkr3YmKY4JK1gYNgvUwzksaCdePx7czvPjFtuJKPMMlYlJKh5AmnBKwUhAxIaHjquY1+re653hx4lfglqaMSrX7tKxwomqdMAhXEmMD3MogKooFTwabVMDcsI3RMhiywVJKUmaiYnzzF51YZ4ERpWxLwXP09UZDUmEka286UwMgsezPxPy/IIbmJCi6zHJiki0VJLjAoPPsfD7hmFMTEEkI1t7diOiKaULApVW0I/vLLq6Rz6fpXbuOhUW/el3FU0Ck6QxfIR9eoie5QC7URRQo9o1f05oDz4rw7H4vWNaecOUF/4Hz+AH8NkMU=</latexit>

⌘ ⇠ 0.4
<latexit sha1_base64="2TXDYoK9hrMORwVPH6Kya8iLsyI="></latexit>

✓̄ = ✓QCD �Arg(det[Y SM
u ]det[Y SM

d ])

<latexit sha1_base64="Hx6EXEXqwfgADrdQtqPHyhPfd6g=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEN5ZEirpwUXCjuwr2AU0sk+mkHTqZhJkboaQFf8WNC0Xc+h3u/Bunj4W2HrhwOOde7r0nSATX4DjfVm5peWV1Lb9e2Njc2t6xd/fqOk4VZTUai1g1A6KZ4JLVgINgzUQxEgWCNYL+9dhvPDKleSzvYZAwPyJdyUNOCRipbR8MvYAoD3oMyPDKdR6yU9cZte2iU3ImwIvEnZEimqHatr+8TkzTiEmggmjdcp0E/Iwo4FSwUcFLNUsI7ZMuaxkqScS0n03OH+Fjo3RwGCtTEvBE/T2RkUjrQRSYzohAT897Y/E/r5VCeOlnXCYpMEmni8JUYIjxOAvc4YpREANDCFXc3IppjyhCwSRWMCG48y8vkvpZyT0vle/KxcrtLI48OkRH6AS56AJV0A2qohqiKEPP6BW9WU/Wi/VufUxbc9ZsZh/9gfX5Azr7lQk=</latexit>

|✓̄| < 10�10

Peccei-Quinn, Weinberg, Wilczek (1977-1978) Georgi, McArthur (1981) 

Babu-Mohapatra (1990) Barr-Chang-Senjanovic (1991) 

Nelson (1984) Barr (1984) 
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Pros Cons

QCD  
axion

IR effect 

(no restrictions on FV&CPV!),


Clear signature

Never been observed

→ Quality problem?

CP or P Consistent EFT,

Constrained UV?

Constrained UV? 

Involved models
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Axion mechanism

PQ symmetry + SM  ⟹

Vafa-Witten (1984)

<latexit sha1_base64="hPgaFbpuR68A11sInX5DcMMps2I="></latexit>

Z =

Z
D(fields) e�SQCD�Sweak�i

R
ā
fa

g2C
32⇡2 G eG

LO in 1/fa and 1/v (just QCD): 

exactly minimized at a=0. NLO perturbations not dangerous because: 

No spontaneous CP & No flat directions at LO →

only tadpole can destabilize, but explicit breaking is small

<latexit sha1_base64="kU9bELc1nuXv7F0hhmcK2anLK30="></latexit>

Ve↵ = V0(ā
2) + V NP

1 (ā2, ā✓̄weak)

+ derivative couplings
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Axion “quality problem"

Beyond the Standard Model physics can introduce:
— New sources of explicit PQ breaking

— Sizable sources of CP violation

<latexit sha1_base64="giPwem2a6SX8gHjEjm0dMkKezOc="></latexit>

Ve↵ = V0(ā
2) + V NP

1 (ā, ✓̄weak, ✓̄NP)

These NLO effects are dangerous: within bounds if
<latexit sha1_base64="XHF53h5YPAadappWN17PCFPyPVA=">AAACBXicbVC7SgNBFJ31GeNr1VKLwSDYGHYkqIVFwMZCJIJ5QLJZZieTZMjs7DIzK4TNNjb+io2FIrb+g51/4yTZQhMPXDiccy/33uNHnCntON/WwuLS8spqbi2/vrG5tW3v7NZUGEtCqyTkoWz4WFHOBK1qpjltRJLiwOe07g+uxn79gUrFQnGvhxF1A9wTrMsI1kby7INRzUPtpCUDeFtJR5fIaScnyEmN7Iw8u+AUnQngPEEZKYAMFc/+anVCEgdUaMKxUk3kRNpNsNSMcJrmW7GiESYD3KNNQwUOqHKTyRcpPDJKB3ZDaUpoOFF/TyQ4UGoY+KYzwLqvZr2x+J/XjHX3wk2YiGJNBZku6sYc6hCOI4EdJinRfGgIJpKZWyHpY4mJNsHlTQho9uV5UjstorNi6a5UKN9kceTAPjgExwCBc1AG16ACqoCAR/AMXsGb9WS9WO/Wx7R1wcpm9sAfWJ8/kYKXYQ==</latexit>

|V NP
1 | < 10�10|V0|

WHY?! “axion quality problem”
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Suppress V1 Enhance V0 
“Heavy axion” models

<latexit sha1_base64="XHF53h5YPAadappWN17PCFPyPVA=">AAACBXicbVC7SgNBFJ31GeNr1VKLwSDYGHYkqIVFwMZCJIJ5QLJZZieTZMjs7DIzK4TNNjb+io2FIrb+g51/4yTZQhMPXDiccy/33uNHnCntON/WwuLS8spqbi2/vrG5tW3v7NZUGEtCqyTkoWz4WFHOBK1qpjltRJLiwOe07g+uxn79gUrFQnGvhxF1A9wTrMsI1kby7INRzUPtpCUDeFtJR5fIaScnyEmN7Iw8u+AUnQngPEEZKYAMFc/+anVCEgdUaMKxUk3kRNpNsNSMcJrmW7GiESYD3KNNQwUOqHKTyRcpPDJKB3ZDaUpoOFF/TyQ4UGoY+KYzwLqvZr2x+J/XjHX3wk2YiGJNBZku6sYc6hCOI4EdJinRfGgIJpKZWyHpY4mJNsHlTQho9uV5UjstorNi6a5UKN9kceTAPjgExwCBc1AG16ACqoCAR/AMXsGb9WS9WO/Wx7R1wcpm9sAfWJ8/kYKXYQ==</latexit>

|V NP
1 | < 10�10|V0|

Non-trivial UV completions

(String theory, accidental symmetries, etc.)
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Heavy QCD axion


Must have a potential aligned with QCD!

Small QCD instantons Mirror SM Grand Color
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Heavy QCD axion


Must have a potential aligned with QCD!

Small QCD instantons Mirror SM Grand Color

<latexit sha1_base64="YBNLzjv8XJyiHPpNvXAywtgN/8U="></latexit>

Laxion �
✓
✓̄C +

a

fa

◆
g2C
32⇡2

G eG

Holdom-Peskin (1982) 

➔ sensitivity to UV effects


Agrawal-Howe (2018) 

➔ multiple axions (quality needs to be checked)
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Heavy QCD axion


Must have a potential aligned with QCD!

Small QCD instantons Mirror SM Grand Color

The same by a Z2Rubakov (1997)  
(Berezhiani et al, Hook, etc.)

➔ requires an entire copy of the SM

<latexit sha1_base64="MbKBLe2rFS2Bpf2/j4psl+YU8Pc="></latexit>

Laxion �
✓
✓̄C +

a

fa

◆
g2C
32⇡2

G eG+

✓
✓̄C0 +

a

fa

◆
g2C0

32⇡2
G0 eG0
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Heavy QCD axion


Must have a potential aligned with QCD!

Small QCD instantons Mirror SM Grand Color

Grand Color → Color x Color’: the same angle at tree level… loops?

Dimopoulos (1979) 
➔ proposal, but no model


Gherghetta et al (2016) 
Gavela et al. (2018) 
➔ not complete

<latexit sha1_base64="MbKBLe2rFS2Bpf2/j4psl+YU8Pc="></latexit>

Laxion �
✓
✓̄C +

a

fa

◆
g2C
32⇡2

G eG+

✓
✓̄C0 +

a

fa

◆
g2C0

32⇡2
G0 eG0
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Grand Color 

Main goal: finding an explicit model that

— does not spoil 

— does not break the Standard Model gauge group at color’ confinement

— does not introduce new fine-tunings

<latexit sha1_base64="pAwc14NteuoFJAVbOt2QaoJoqkI=">AAACD3icbVDLSsNAFJ34rPUVdelmsPhYlUSKuhEKXeiygn1AE8JkOmmHTh7M3Agl5A/c+CtuXCji1q07/8Zpm4W2HrhwOOde7r3HTwRXYFnfxtLyyuraemmjvLm1vbNr7u23VZxKylo0FrHs+kQxwSPWAg6CdRPJSOgL1vFHjYnfeWBS8Ti6h3HC3JAMIh5wSkBLnnni+EQ6MGRAvMyRIW7k1wvSae6ZFatqTYEXiV2QCirQ9Mwvpx/TNGQRUEGU6tlWAm5GJHAqWF52UsUSQkdkwHqaRiRkys2m/+T4WCt9HMRSVwR4qv6eyEio1Dj0dWdIYKjmvYn4n9dLIbhyMx4lKbCIzhYFqcAQ40k4uM8loyDGmhAqub4V0yGRhIKOsKxDsOdfXiTt86p9Ua3d1Sr1myKOEjpER+gM2egS1dEtaqIWougRPaNX9GY8GS/Gu/Exa10yipkD9AfG5w/SL5yJ</latexit>

ø! C = ø! C!
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7<N<17
<latexit sha1_base64="Xa7Az6sIYUxcT71dON8O76RMt/M="></latexit>

SU(N )GC SU(2)L U(1)Y !

Q N 2 1
2N

U N 1 ! 1
2 ! 1

2N
D N 1 + 1

2 ! 1
2N

! 1 2 ! 1
2

e 1 1 +1
H 1 2 + 1

2
! Adj 1 0
" N " A N 1 1

N

Fermions

(SM + exotic)

Scalars

(Only H has Yukawas)

<latexit sha1_base64="c2tYFVUMQqyt5A7PNGu9tLt7nEQ="></latexit>

L Yuk = Yu QHU + Yd Q !HD + Ye ! !He + hcSame Yukawa structure as in the SM
The interactions QQΞ*, UDΞ must be forbidden: gauge B-L (need RH n) or take Ξ composite. 

N=odd
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<latexit sha1_base64="XxHG8swU2Ie78p2f4EM+EE4UMus=">AAACK3icbZDJSgNBEIZ7XGPcoh69NAYxXsJMCOoxmEM8iER0XEiGoafTMU16FrprxDDM+3jxVTzowQWvvoedZAhuPzT8fFVFdf1eJLgC03wzpqZnZufmcwv5xaXlldXC2vqFCmNJmU1DEcorjygmeMBs4CDYVSQZ8T3BLr1+fVi/vGVS8TA4h0HEHJ/cBLzLKQGN3MIhxmd26WTXTdrA7iBp1NO0DdxnasgrE36cpjjjdsma4Ot0J3ULRbNsjoT/GiszRZSp6Rae2p2Qxj4LgAqiVMsyI3ASIoFTwdJ8O1YsIrRPblhL24DorU4yujXF25p0cDeU+gWAR/T7REJ8pQa+pzt9Aj31uzaE/9VaMXQPnIQHUQwsoONF3VhgCPEwONzhklEQA20IlVz/FdMekYSCjjevQ7B+n/zXXFTK1l65elot1hpZHDm0ibZQCVloH9XQEWoiG1F0jx7RC3o1Hoxn4934GLdOGdnMBvoh4/MLuDmm2A==</latexit>

SU(N )GC ! SU(2)L ! U(1)Y !

<latexit sha1_base64="OtyxSxK/Bd7HEtY0WgoSZdg00wQ="></latexit>

SU(3)C ! Sp(N " 3) ! SU(2)L ! U(1)Y

<latexit sha1_base64="bmLpzLcAkLE7GigPwmGjuZFiRYQ=">AAAB+3icbZBNS8NAEIYn9avWr1iPXoJF8FQSEfVY8KDHCvYDmlA220m7dLMJuxuxlP4VLx4U8eof8ea/cZvmoK0vLDy8M8PMvmHKmdKu+22V1tY3NrfK25Wd3b39A/uw2lZJJim2aMIT2Q2JQs4EtjTTHLupRBKHHDvh+GZe7zyiVCwRD3qSYhCToWARo0Qbq29XfU7EkKPfHDFf5ti3a27dzeWsgldADQo1+/aXP0hoFqPQlBOlep6b6mBKpGaU46ziZwpTQsdkiD2DgsSogml++8w5Nc7AiRJpntBO7v6emJJYqUkcms6Y6JFars3N/2q9TEfXwZSJNNMo6GJRlHFHJ848CGfAJFLNJwYIlczc6tARkYRqE1fFhOAtf3kV2ud177J+cX9Ra9wWcZThGE7gDDy4ggbcQRNaQOEJnuEV3qyZ9WK9Wx+L1pJVzBzBH1mfPywGlI4=</latexit>

! ! "
<latexit sha1_base64="r2+zm54le2+DCeQlNIf0UvPfJ5A=">AAAB+nicbZDLSsNAFIZP6q3WW6pLN4NFcFUSKeqy4EKXFewFmlAm00k7dDIJMxOlxD6KGxeKuPVJ3Pk2TtMstPWHgY//nMM58wcJZ0o7zrdVWlvf2Nwqb1d2dvf2D+zqYUfFqSS0TWIey16AFeVM0LZmmtNeIimOAk67weR6Xu8+UKlYLO71NKF+hEeChYxgbayBXfU4FiNOvR7zZE4Du+bUnVxoFdwCalCoNbC/vGFM0ogKTThWqu86ifYzLDUjnM4qXqpogskEj2jfoMARVX6Wnz5Dp8YZojCW5gmNcvf3RIYjpaZRYDojrMdquTY3/6v1Ux1e+RkTSaqpIItFYcqRjtE8BzRkkhLNpwYwkczcisgYS0y0SatiQnCXv7wKnfO6e1Fv3DVqzZsijjIcwwmcgQuX0IRbaEEbCDzCM7zCm/VkvVjv1seitWQVM0fwR9bnD27ZlCQ=</latexit>

! ! "

Sp(N-3) confinement does not break electroweak

f_GC

f

Standard Model with θ=0
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Below f_GC

<latexit sha1_base64="Nf5/32efNO+/66AucgUZlphnh5k="></latexit>

Q = q ! ! q " (3, 1, 21/ 6) ! (1, N # 3, 20)
<latexit sha1_base64="nUsY/5FyRCjdIGp12oP0dgeLdWE="></latexit>

U = u ! ! u " (3, 1, 1! 2/ 3) ! (1, N # 3, 1! 1/ 2)
<latexit sha1_base64="MR67Fo5WX832UDqyjP6t6wi3Fa8="></latexit>

D = d ! ! d " (3, 1, 1+1 / 3) ! (1, N # 3, 1+1 / 2)

Scalars decouple except H. 

Fermions decompose into SM plus exotics (accidentally chiral).

<latexit sha1_base64="pM45/JFBlyb0KWEWtfae+yo2YaM=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgadkVUY8BL3qLYB6QXcPsZDYZMvtgplcJS/7DiwdFvPov3vwbJ8keNLGgoajqprsrSKXQ6DjfVmlldW19o7xZ2dre2d2r7h+0dJIpxpsskYnqBFRzKWLeRIGSd1LFaRRI3g5G11O//ciVFkl8j+OU+xEdxCIUjKKRHjzJQ/RyT4nBEO1etebYzgxkmbgFqUGBRq/65fUTlkU8Riap1l3XSdHPqULBJJ9UvEzzlLIRHfCuoTGNuPbz2dUTcmKUPgkTZSpGMlN/T+Q00nocBaYzojjUi95U/M/rZhhe+bmI0wx5zOaLwkwSTMg0AtIXijOUY0MoU8LcStiQKsrQBFUxIbiLLy+T1pntXtjnd+e1+m0RRxmO4BhOwYVLqMMNNKAJDBQ8wyu8WU/Wi/VufcxbS1Yxcwh/YH3+AJofkpw=</latexit>

{
The theta angles of QCD and Sp(N-3) are the same up to tiny effects!

<latexit sha1_base64="pAwc14NteuoFJAVbOt2QaoJoqkI=">AAACD3icbVDLSsNAFJ34rPUVdelmsPhYlUSKuhEKXeiygn1AE8JkOmmHTh7M3Agl5A/c+CtuXCji1q07/8Zpm4W2HrhwOOde7r3HTwRXYFnfxtLyyuraemmjvLm1vbNr7u23VZxKylo0FrHs+kQxwSPWAg6CdRPJSOgL1vFHjYnfeWBS8Ti6h3HC3JAMIh5wSkBLnnni+EQ6MGRAvMyRIW7k1wvSae6ZFatqTYEXiV2QCirQ9Mwvpx/TNGQRUEGU6tlWAm5GJHAqWF52UsUSQkdkwHqaRiRkys2m/+T4WCt9HMRSVwR4qv6eyEio1Dj0dWdIYKjmvYn4n9dLIbhyMx4lKbCIzhYFqcAQ40k4uM8loyDGmhAqub4V0yGRhIKOsKxDsOdfXiTt86p9Ua3d1Sr1myKOEjpER+gM2egS1dEtaqIWougRPaNX9GY8GS/Gu/Exa10yipkD9AfG5w/SL5yJ</latexit>

ø! C = ø! C! + tiny effects!!!
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Why?

At renormalizable level: loops of the SM Yukawas are negligible. 
New Yukawa couplings and/or masses would be a problem (as in earlier realizations).


Ellis-Gaillard (1979), Khriplovich (1986), Khriplovich-Vainshtein (1994)

At non-renormalizable level: can be suppressed. 

Dim-5 forbidden by charging Φ under B-L or making it composite.

Dim-6 are naturally suppressed provided                                (UV cutoff is the Planck scale).

<latexit sha1_base64="SYFVkxp+zperzVfKQ8npjKRFZCE=">AAACBXicbVC7SgNBFJ2Nrxhfq5ZaDAbBKuxqUAuLQIpYRjAPSNYwO5lNhszMLjOzQljWwsZfsbFQxNZ/sPNvnCRbaOKBC4dz7uXee/yIUaUd59vKLS2vrK7l1wsbm1vbO/buXlOFscSkgUMWyraPFGFUkIammpF2JAniPiMtf1Sd+K17IhUNxa0eR8TjaCBoQDHSRurZh0Ev6UoOa9X0ynXuEvcsfZgJpJn27KJTcqaAi8TNSBFkqPfsr24/xDEnQmOGlOq4TqS9BElNMSNpoRsrEiE8QgPSMVQgTpSXTL9I4bFR+jAIpSmh4VT9PZEgrtSY+6aTIz1U895E/M/rxDq49BIqolgTgWeLgphBHcJJJLBPJcGajQ1BWFJzK8RDJBHWJriCCcGdf3mRNE9L7nmpfFMuVmpZHHlwAI7ACXDBBaiAa1AHDYDBI3gGr+DNerJerHfrY9aas7KZffAH1ucP8meXnQ==</latexit>

f GC < 1013 GeV

<latexit sha1_base64="gnpFHJeZt3iWFMp1YB7nn921wOA="></latexit>

øc5

f UV

g2
GC

32! 2 ! GGC ÷GGC
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Below f_GC:

<latexit sha1_base64="kiFWPZ2Ik74vqLApg2hmudVwubc="></latexit>

L axion !
!

ø! C +
a
f a

"
g2

C

32" 2 G #G +
!

ø! C! +
a
f a

"
g2

C!

32" 2 G #G

<latexit sha1_base64="pAwc14NteuoFJAVbOt2QaoJoqkI=">AAACD3icbVDLSsNAFJ34rPUVdelmsPhYlUSKuhEKXeiygn1AE8JkOmmHTh7M3Agl5A/c+CtuXCji1q07/8Zpm4W2HrhwOOde7r3HTwRXYFnfxtLyyuraemmjvLm1vbNr7u23VZxKylo0FrHs+kQxwSPWAg6CdRPJSOgL1vFHjYnfeWBS8Ti6h3HC3JAMIh5wSkBLnnni+EQ6MGRAvMyRIW7k1wvSae6ZFatqTYEXiV2QCirQ9Mwvpx/TNGQRUEGU6tlWAm5GJHAqWF52UsUSQkdkwHqaRiRkys2m/+T4WCt9HMRSVwR4qv6eyEio1Dj0dWdIYKjmvYn4n9dLIbhyMx4lKbCIzhYFqcAQ40k4uM8loyDGmhAqub4V0yGRhIKOsKxDsOdfXiTt86p9Ua3d1Sr1myKOEjpER+gM2egS1dEtaqIWougRPaNX9GY8GS/Gu/Exa10yipkD9AfG5w/SL5yJ</latexit>

ø! C = ø! C! + tiny effects!!!

A single axion can simultaneously relax color and Sp(N-3) angles:

f>>fπ gives a heavy axion
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Is the Sp potential aligned with the QCD one? 

Yes, but not obvious. 
The hypothesis of Vafa-Witten do not apply: 

— we have Yukawa couplings to a fundamental scalar H.

— the Nambu-Goldstone bosons of Sp(N-3) can (and do) acquire a vev. Hence, the axion potential 

    may be affected by both explicit and spontaneous CP violation.


Need to check!!!
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<latexit sha1_base64="tO0Fy8kRiUNbxWmfbq4Bjl+za/U=">AAACI3icbVDLSsNAFJ3UV62vqEs3wSK4kJJIUXFVcKHLCvYBTQiTyW07dDJJZyZCKf0XN/6KGxdKcePCf3GaZlFbD8zlcM693LknSBiVyra/jcLa+sbmVnG7tLO7t39gHh41ZZwKAg0Ss1i0AyyBUQ4NRRWDdiIARwGDVjC4m/mtZxCSxvxJjRLwItzjtEsJVlryzVuXYd5j4CaS+sO8iky6WLTSrIa55XIY2r5Ztit2BmuVODkpoxx135y6YUzSCLgiDEvZcexEeWMsFCUMJiU3lZBgMsA96GjKcQTSG2c3TqwzrYRWNxb6cWVl6uLEGEdSjqJAd0ZY9eWyNxP/8zqp6t54Y8qTVAEn80XdlFkqtmaBWSEVQBQbaYKJoPqvFuljgYnSsZZ0CM7yyaukeVlxrirVx2q5dp/HUUQn6BSdIwddoxp6QHXUQAS9oDf0gT6NV+PdmBpf89aCkc8coz8wfn4BlCOmGA==</latexit>

! ! q! q", ! ! u ! d" #= 0— At confinement, approximate SU(12)→Sp(12) 

— The electroweak group remains unbroken.

— Nambu-Goldstone bosons (NGBs) are generated.

— The electroweak charged ones get positive masses squared → vanishing vev.

— 14 are neutral and acquire a potential from Yukawas → vacuum alignment.

<latexit sha1_base64="SA8EIH2MvZv4l78EBlavCCLzrhM="></latexit>

Vneutral =
cud

N
f 4 Tr

!
Yu ! R Y t

d ! L
"

ei øa
N g f a + hc + O(Y 4, v2/f 2)

Real (by CP) unknown

Standard Model Yukawa matrices

# of generations
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General argument. Relation confirmed explicitly for Ng=1,2,3.


Now: What is the sign of c_ud in our model?  

It turns out that c_ud is the same as in another theory where VW can be demonstrated. 

Hence c_ud<0!
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0 mod 2! if Ng = even
0 mod 2! if Ng = odd and cud < 0
! mod 2! if Ng = odd and cud > 0
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Toy model: Ng=2

As expected, minimum has vanishing axion for any sign of c_ud.

Axion effective potential:

<latexit sha1_base64="0EiKMajMp6AAytFXjjpg1+6URYs="></latexit>
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General lessons: 
— non-trivial part proportional to det of Yukawas (axion is exact NGB if det=0);

— in the limit of large Ng’th generation we recover the Ng-1 potential (decoupling);

— given the large SM flavor hierarchy, the axion mass is always of order
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Numerical analysis
The real thing: Ng=3
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Can NLO corrections at the renormalizable level spoil the solution?  
No, for the very same reason as in the QCD axion:


(1) the LO solution has no flat directions

(2) CP is not spontaneously broken at LO (non-trivial)

(3) the axion vev can only be controlled by explicit CP violation, which is small (same as SM!)


Can NLO corrections at the non-renormalizable level spoil the solution?  
Yes, but these effects decouple and can be easily under control…

Minimization at NLO
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Higher-dimensional operators introduce new CP-odd, flavor-invariant phases.

Examples:

They do not break PQ, but… 
Affect the NGB vev, and hence axion vev.

Strongest bound is

It does not break PQ, but… 
Brings new CP-odd, flavor-invariant phases.

Weaker bound.
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Heavy axion models suffer from a “heavy axion quality problem”:

Because f is large, CP-violating or flavor-violating higher-dimensional operators 

involving the d.o.f. of the strong dynamics can contribute non-negligibly 

to the axion potential, even if PQ-conserving.

NLO stability: General Lesson
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Very rich phenomenology

New electroweak states (heavy resonances and NGBs). All unstable. 
The lightest states are the neutral NGBs: 
— mix with axion and acquire anomalous couplings to SM gauge bosons

— all NGBs are unstable: always decay rates larger than axion

— there is a potentially massless photophobic NGB (removed gauging B-L)

— modified axion phenomenology:

    (1) always heavier than QCD axion (f must be large because of collider bounds on charged states)

    (2) even KSVZ axion has (bare) photon coupling because QED is partially embedded in Grand Color

    (3) quality is improved 
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Conclusions

 A new compelling heavy axion model 

(i) Very minimal (field content, no global symmetry besides PQ)

(ii) No new fine-tunings

(iii) Very rich phenomenology 

 All heavy axion scenarios suffer a mild “heavy axion quality problem”

…Worth exploring alternatives to axions
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Backup…



Luca Vecchi Grand Color Axion IBS-ICPT-MultiDark Workshop

Minimization at LO
Let us generalize the problem in order to acquire intuition (exactly the same structure in QCD). 

<latexit sha1_base64="r999sy0ultqUO7KlXjQ1S2igrcM="></latexit>
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Extremum condition: 
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Looking at the Hessian one sees that |V0| must be maximized. Then the axion vev follows.
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Example: QCD with 2 flavors


Rotate to positive mu,md, then 
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= |C|2[(mu + md)2 ! 4mu md sin2 ! 0/f ! ]

— When mu,md>0 the maximum is at π0/fπ=0,π ⟹ V0 is real and ⟨a⟩=0.

— When mu md=0 π0 is flat direction ⟹ V0 has arbitrary phase, axion has arbitrary vev: exact NGB.  
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In our case, as in QCD, V0 is a trace between a diagonal Yukawa and a NGB matrix:

— The potential tends to align A along the Yukawa: A tends to go to diagonal form.

— Then the maximum is found when V0 includes a coherent sum of the diagonal elements:

    The phases of the diagonal elements of A must be the same.

— Because det[A] is real, the phases are an element of the center of SU(Ng)

     Phase of A is 2πn/Ng ➔ phase of V0 is Arg[c_ud]+ 2πn/Ng ➔ axion vev is:
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