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✦ Short overview
✦ Conformal transitions (in view of lattice results)
✦ Phenomenological consequences
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Natural light scalars

Supersymmetry

Pseudo-Goldstones

Pseudo-Goldstone
from scale SSB

from global SSB

} V(Φ)=0

= Dilaton

Φ(x)  → eiθ Φ(x)

Under phase transformations:

No potential is allowed by π⟶π+θ
� = ei⇡

<latexit sha1_base64="wZotWA+W7sokskZXt0MDs8uHi3k=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5JUQS9C0YvHCvYDmlg22027dLMJuxulxP4ULx4U8eov8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq3Cyura+kZxs7S1vbO7Z5f3WypOJaFNEvNYdgKsKGeCNjXTnHYSSXEUcNoORtdTv/1ApWKxuNPjhPoRHggWMoK1kXp22QtC5DWG7JLeZ8xL2KRnV5yqMwNaJm5OKpCj0bO/vH5M0ogKTThWqus6ifYzLDUjnE5KXqpogskID2jXUIEjqvxsdvoEHRulj8JYmhIazdTfExmOlBpHgemMsB6qRW8q/ud1Ux1e+BkTSaqpIPNFYcqRjtE0B9RnkhLNx4ZgIpm5FZEhlphok1bJhOAuvrxMWrWqe1qt3Z5V6ld5HEU4hCM4ARfOoQ430IAmEHiEZ3iFN+vJerHerY95a8HKZw7gD6zPH8TUk7A=</latexit>
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Natural light scalars

Supersymmetry

Pseudo-Goldstones
from global SSB

} V(Φ)=0

= Dilaton

Φ(x)  → ek Φ(ek
 x)

Under scale transformations:

∫d4x V(Φ)  = ∫d4x  λΦ4

� = e�d
<latexit sha1_base64="XiGmW7bGXAR90EdDwMRRulvTnlw=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFclaQKuhGKblxWsA9oYphMbpqhkwczE6GE+ituXCji1g9x5984bbPQ1gMXDufcy733+BlnUlnWt7Gyura+sVnZqm7v7O7tmweHXZnmgkKHpjwVfZ9I4CyBjmKKQz8TQGKfQ88f3Uz93iMIydLkXo0zcGMyTFjIKFFa8sya44fYaUfsCh4KJ4uYF0w8s241rBnwMrFLUkcl2p755QQpzWNIFOVEyoFtZcotiFCMcphUnVxCRuiIDGGgaUJikG4xO36CT7QS4DAVuhKFZ+rviYLEUo5jX3fGREVy0ZuK/3mDXIWXbsGSLFeQ0PmiMOdYpXiaBA6YAKr4WBNCBdO3YhoRQajSeVV1CPbiy8uk22zYZ43m3Xm9dV3GUUFH6BidIhtdoBa6RW3UQRSN0TN6RW/Gk/FivBsf89YVo5ypoT8wPn8AQg6Uhg==</latexit>
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Natural light scalars

Supersymmetry

Pseudo-Goldstones
from global SSB

} V(Φ)=0

= Dilaton

Under scale transformations:

A potential is allowed:

∫d4x V(Φ)  = ∫d4x  λΦ4

SSB:   ⟨Φ⟩= const≠0  only if   λ=0  (tuning!) Fubini 76

As the cosmological problem:  Why V(Φ)=0? 

Light dilaton ⬌ Small vacuum energy
Important 

for phase transitions

� = e�d
<latexit sha1_base64="XiGmW7bGXAR90EdDwMRRulvTnlw=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFclaQKuhGKblxWsA9oYphMbpqhkwczE6GE+ituXCji1g9x5984bbPQ1gMXDufcy733+BlnUlnWt7Gyura+sVnZqm7v7O7tmweHXZnmgkKHpjwVfZ9I4CyBjmKKQz8TQGKfQ88f3Uz93iMIydLkXo0zcGMyTFjIKFFa8sya44fYaUfsCh4KJ4uYF0w8s241rBnwMrFLUkcl2p755QQpzWNIFOVEyoFtZcotiFCMcphUnVxCRuiIDGGgaUJikG4xO36CT7QS4DAVuhKFZ+rviYLEUo5jX3fGREVy0ZuK/3mDXIWXbsGSLFeQ0PmiMOdYpXiaBA6YAKr4WBNCBdO3YhoRQajSeVV1CPbiy8uk22zYZ43m3Xm9dV3GUUFH6BidIhtdoBa6RW3UQRSN0TN6RW/Gk/FivBsf89YVo5ypoT8wPn8AQg6Uhg==</latexit>

Pseudo-Goldstone
from scale SSB

?

Φ(x)  → ek Φ(ek
 x)



(Only) way out:

�Ldef = gOg
<latexit sha1_base64="CCtbjRur8AUYEEdpV6DZ547od88=">AAACD3icbVDLSsNAFJ3UV62vqks3g0VxVZIq6EYo6sKFYAX7gCaEyeSmHTp5MDMRSsgfuPFX3LhQxK1bd/6N08dCWw9cOJxzL/fe4yWcSWWa30ZhYXFpeaW4Wlpb39jcKm/vtGScCgpNGvNYdDwigbMImoopDp1EAAk9Dm1vcDny2w8gJIujezVMwAlJL2IBo0RpyS0f2l6A7SvgiuDMpoTjm9zNfAjyc9ybCLe523PLFbNqjoHniTUlFTRFwy1/2X5M0xAiRTmRsmuZiXIyIhSjHPKSnUpICB2QHnQ1jUgI0snG/+T4QCs+DmKhK1J4rP6eyEgo5TD0dGdIVF/OeiPxP6+bquDMyViUpAoiOlkUpByrGI/CwT4TQBUfakKoYPpWTPtEEKp0hCUdgjX78jxp1arWcbV2d1KpX0zjKKI9tI+OkIVOUR1dowZqIooe0TN6RW/Gk/FivBsfk9aCMZ3ZRX9gfP4AolabyA==</latexit>

Add explicit breaking of scale inv.:

Almost marginal coupling
�g ⇡ ✏ ⌧ 1

<latexit sha1_base64="F3Ef5XPscXP1XRbMm2jiw6o9THo=">AAACCXicbVC7SgNBFJ2Nrxhfq5Y2g0GwCrtR0DJoYxnBPCAbwuzkbjJkdmaYmRVDSGvjr9hYKGLrH9j5N04ehSYeuHA4517uvSdWnBkbBN9ebmV1bX0jv1nY2t7Z3fP3D+pGZppCjUoudTMmBjgTULPMcmgqDSSNOTTiwfXEb9yDNkyKOztU0E5JT7CEUWKd1PFxFCeuwJJOLyJKafmAI1CGcSkiznHY8YtBKZgCL5NwTopojmrH/4q6kmYpCEs5MaYVBsq2R0RbRjmMC1FmQBE6ID1oOSpICqY9mn4yxidO6eJEalfC4qn6e2JEUmOGaew6U2L7ZtGbiP95rcwml+0REyqzIOhsUZJxbCWexIK7TAO1fOgIoZq5WzHtE02odeEVXAjh4svLpF4uhWel8u15sXI1jyOPjtAxOkUhukAVdIOqqIYoekTP6BW9eU/ei/fufcxac9585hD9gff5A/7zmeI=</latexit>

V(�) = �(g(�))�4
<latexit sha1_base64="cgO3KCA7b4Dsn8i+0DRMh8mj/EA=">AAACDHicbVDLSgMxFL3js9ZX1aWbYBHaTZmpBd0IRTcuK9gHdMaSyWTa0MyDJCOUoR/gxl9x40IRt36AO//GTDsLbb2QcDgPknvcmDOpTPPbWFldW9/YLGwVt3d29/ZLB4cdGSWC0DaJeCR6LpaUs5C2FVOc9mJBceBy2nXH15nefaBCsii8U5OYOgEehsxnBCtNDUpl2/VRp2LHI1a9RDbXSQ9XhnOimt33De0ya+Zs0DKwclCGfFqD0pftRSQJaKgIx1L2LTNWToqFYoTTadFOJI0xGeMh7WsY4oBKJ50tM0WnmvGQHwl9QoVm7O9EigMpJ4GrnQFWI7moZeR/Wj9R/oWTsjBOFA3J/CE/4UhFKGsGeUxQovhEA0wE039FZIQFJkr3V9QlWIsrL4NOvWad1eq3jXLzKq+jAMdwAhWw4ByacAMtaAOBR3iGV3gznowX4934mFtXjDxzBH/G+PwBuOOZhA==</latexit>

Coleman-Weinberg-like

☛

�� ⇠ �g ⇡ ✏ ⌧ 1
<latexit sha1_base64="jfEwZhpn2h6DBGJ0dAKUwh7BQgM=">AAACG3icbVDLSgMxFM34tr6qLt0Ei+CqzFRBl0U3LhWsCk0pd9I7NZhJQpIRS/E/3Pgrblwo4kpw4d+Y1ln4OhA4nHMPN/ekRgrn4/gjmpicmp6ZnZuvLCwuLa9UV9fOnC4sxxbXUtuLFBxKobDlhZd4YSxCnko8T68OR/75NVontDr1A4OdHPpKZIKDD1K32mBpRlmKHrpMhlgPmBN5qfQZGGP1DWVonJBaMSlp0q3W4no8Bv1LkpLUSInjbvWN9TQvclSeS3CuncTGd4ZgveASbyuscGiAX0Ef24EqyNF1huPbbulWUHo00zY85elY/Z4YQu7cIE/DZA7+0v32RuJ/Xrvw2X5nKJQpPCr+tSgrJPWajoqiPWGRezkIBLgV4a+UX4IF7kOdlVBC8vvkv+SsUU926o2T3VrzoKxjjmyQTbJNErJHmuSIHJMW4eSOPJAn8hzdR4/RS/T6NToRlZl18gPR+ycS0KFv</latexit>



(Only) way out:

�Ldef = gOg
<latexit sha1_base64="CCtbjRur8AUYEEdpV6DZ547od88=">AAACD3icbVDLSsNAFJ3UV62vqks3g0VxVZIq6EYo6sKFYAX7gCaEyeSmHTp5MDMRSsgfuPFX3LhQxK1bd/6N08dCWw9cOJxzL/fe4yWcSWWa30ZhYXFpeaW4Wlpb39jcKm/vtGScCgpNGvNYdDwigbMImoopDp1EAAk9Dm1vcDny2w8gJIujezVMwAlJL2IBo0RpyS0f2l6A7SvgiuDMpoTjm9zNfAjyc9ybCLe523PLFbNqjoHniTUlFTRFwy1/2X5M0xAiRTmRsmuZiXIyIhSjHPKSnUpICB2QHnQ1jUgI0snG/+T4QCs+DmKhK1J4rP6eyEgo5TD0dGdIVF/OeiPxP6+bquDMyViUpAoiOlkUpByrGI/CwT4TQBUfakKoYPpWTPtEEKp0hCUdgjX78jxp1arWcbV2d1KpX0zjKKI9tI+OkIVOUR1dowZqIooe0TN6RW/Gk/FivBsfk9aCMZ3ZRX9gfP4AolabyA==</latexit>

Almost marginal coupling
�g ⇡ ✏ ⌧ 1

<latexit sha1_base64="F3Ef5XPscXP1XRbMm2jiw6o9THo=">AAACCXicbVC7SgNBFJ2Nrxhfq5Y2g0GwCrtR0DJoYxnBPCAbwuzkbjJkdmaYmRVDSGvjr9hYKGLrH9j5N04ehSYeuHA4517uvSdWnBkbBN9ebmV1bX0jv1nY2t7Z3fP3D+pGZppCjUoudTMmBjgTULPMcmgqDSSNOTTiwfXEb9yDNkyKOztU0E5JT7CEUWKd1PFxFCeuwJJOLyJKafmAI1CGcSkiznHY8YtBKZgCL5NwTopojmrH/4q6kmYpCEs5MaYVBsq2R0RbRjmMC1FmQBE6ID1oOSpICqY9mn4yxidO6eJEalfC4qn6e2JEUmOGaew6U2L7ZtGbiP95rcwml+0REyqzIOhsUZJxbCWexIK7TAO1fOgIoZq5WzHtE02odeEVXAjh4svLpF4uhWel8u15sXI1jyOPjtAxOkUhukAVdIOqqIYoekTP6BW9eU/ei/fufcxac9585hD9gff5A/7zmeI=</latexit>

V(�) = �(g(�))�4
<latexit sha1_base64="cgO3KCA7b4Dsn8i+0DRMh8mj/EA=">AAACDHicbVDLSgMxFL3js9ZX1aWbYBHaTZmpBd0IRTcuK9gHdMaSyWTa0MyDJCOUoR/gxl9x40IRt36AO//GTDsLbb2QcDgPknvcmDOpTPPbWFldW9/YLGwVt3d29/ZLB4cdGSWC0DaJeCR6LpaUs5C2FVOc9mJBceBy2nXH15nefaBCsii8U5OYOgEehsxnBCtNDUpl2/VRp2LHI1a9RDbXSQ9XhnOimt33De0ya+Zs0DKwclCGfFqD0pftRSQJaKgIx1L2LTNWToqFYoTTadFOJI0xGeMh7WsY4oBKJ50tM0WnmvGQHwl9QoVm7O9EigMpJ4GrnQFWI7moZeR/Wj9R/oWTsjBOFA3J/CE/4UhFKGsGeUxQovhEA0wE039FZIQFJkr3V9QlWIsrL4NOvWad1eq3jXLzKq+jAMdwAhWw4ByacAMtaAOBR3iGV3gznowX4934mFtXjDxzBH/G+PwBuOOZhA==</latexit>

�
<latexit sha1_base64="h9YjVLupjufM3XqGiUdqhAdlqco=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ac0oWy2m3bpZhN3J0Ip/RNePCji1b/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTjDdZIhPdCanhUijeRIGSd1LNaRxK3g5HtzO//cS1EYl6wHHKg5gOlIgEo2iljh9GxE+HoleuuFV3DrJKvJxUIEejV/7y+wnLYq6QSWpM13NTDCZUo2CST0t+ZnhK2YgOeNdSRWNugsn83ik5s0qfRIm2pZDM1d8TExobM45D2xlTHJplbyb+53UzjK6DiVBphlyxxaIokwQTMnue9IXmDOXYEsq0sLcSNqSaMrQRlWwI3vLLq6RVq3oX1dr9ZaV+k8dRhBM4hXPw4ArqcAcNaAIDCc/wCm/Oo/PivDsfi9aCk88cwx84nz+bBo+v</latexit>

�
<latexit sha1_base64="RcNExsewaxf1UP/Pr9UpS60xgrQ=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2Ad2hpLJZNrQTDIkGaEM/Qs3LhRx69+4829M21lo64HA4Zxzyb0nTDnTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkpQttEcql6IdaUM0HbhhlOe6miOAk57Ybj25nffaJKMykezCSlQYKHgsWMYGOlRz+MfW7TER5Ua27dnQOtEq8gNSjQGlS//EiSLKHCEI617ntuaoIcK8MIp9OKn2maYjLGQ9q3VOCE6iCfbzxFZ1aJUCyVfcKgufp7IseJ1pMktMkEm5Fe9mbif14/M/F1kDORZoYKsvgozjgyEs3ORxFTlBg+sQQTxeyuiIywwsTYkiq2BG/55FXSadS9i3rj/rLWvCnqKMMJnMI5eHAFTbiDFrSBgIBneIU3RzsvzrvzsYiWnGLmGP7A+fwBcK2Qww==</latexit>

�
<latexit sha1_base64="h9YjVLupjufM3XqGiUdqhAdlqco=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ac0oWy2m3bpZhN3J0Ip/RNePCji1b/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTjDdZIhPdCanhUijeRIGSd1LNaRxK3g5HtzO//cS1EYl6wHHKg5gOlIgEo2iljh9GxE+HoleuuFV3DrJKvJxUIEejV/7y+wnLYq6QSWpM13NTDCZUo2CST0t+ZnhK2YgOeNdSRWNugsn83ik5s0qfRIm2pZDM1d8TExobM45D2xlTHJplbyb+53UzjK6DiVBphlyxxaIokwQTMnue9IXmDOXYEsq0sLcSNqSaMrQRlWwI3vLLq6RVq3oX1dr9ZaV+k8dRhBM4hXPw4ArqcAcNaAIDCc/wCm/Oo/PivDsfi9aCk88cwx84nz+bBo+v</latexit>

V(�)
<latexit sha1_base64="kXA1qZfTPDsuEU+YRIc63dy5ssg=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBahXkpSBT0WvXisYGshCWWz3bRLN7thdyKU0J/hxYMiXv013vw3btsctPXBwOO9GWbmRangBlz32ymtrW9sbpW3Kzu7e/sH1cOjrlGZpqxDlVC6FxHDBJesAxwE66WakSQS7DEa3878xyemDVfyASYpCxMylDzmlICV/CCKcbcepCN+3q/W3IY7B14lXkFqqEC7X/0KBopmCZNABTHG99wUwpxo4FSwaSXIDEsJHZMh8y2VJGEmzOcnT/GZVQY4VtqWBDxXf0/kJDFmkkS2MyEwMsveTPzP8zOIr8OcyzQDJuliUZwJDArP/scDrhkFMbGEUM3trZiOiCYUbEoVG4K3/PIq6TYb3kWjeX9Za90UcZTRCTpFdeShK9RCd6iNOogihZ7RK3pzwHlx3p2PRWvJKWaO0R84nz8PUZB0</latexit>

Coleman-Weinberg-like

☛

�� ⇠ �g ⇡ ✏ ⌧ 1
<latexit sha1_base64="jfEwZhpn2h6DBGJ0dAKUwh7BQgM=">AAACG3icbVDLSgMxFM34tr6qLt0Ei+CqzFRBl0U3LhWsCk0pd9I7NZhJQpIRS/E/3Pgrblwo4kpw4d+Y1ln4OhA4nHMPN/ekRgrn4/gjmpicmp6ZnZuvLCwuLa9UV9fOnC4sxxbXUtuLFBxKobDlhZd4YSxCnko8T68OR/75NVontDr1A4OdHPpKZIKDD1K32mBpRlmKHrpMhlgPmBN5qfQZGGP1DWVonJBaMSlp0q3W4no8Bv1LkpLUSInjbvWN9TQvclSeS3CuncTGd4ZgveASbyuscGiAX0Ef24EqyNF1huPbbulWUHo00zY85elY/Z4YQu7cIE/DZA7+0v32RuJ/Xrvw2X5nKJQpPCr+tSgrJPWajoqiPWGRezkIBLgV4a+UX4IF7kOdlVBC8vvkv+SsUU926o2T3VrzoKxjjmyQTbJNErJHmuSIHJMW4eSOPJAn8hzdR4/RS/T6NToRlZl18gPR+ycS0KFv</latexit>

slow running of λ 
↓

  flattish potential
↓

 small dilaton mass

m2
dil ⇠ �� ⇠ ✏

<latexit sha1_base64="J02qPOXnd4xxhPcoJMpkWisDJRc=">AAACFHicbVDLSgMxFM34rPVVdekmWARBKDNV0GXRjcsK9gGdsWQyd9rQZGZIMkIZ+hFu/BU3LhRx68Kdf2OmnYW2Hggczjk3yT1+wpnStv1tLS2vrK6tlzbKm1vbO7uVvf22ilNJoUVjHsuuTxRwFkFLM82hm0ggwufQ8UfXud95AKlYHN3pcQKeIIOIhYwSbaR+5dT1Qyz6WcD45L7uKiaw64MmfZebSwKSKy4kivE8XbVr9hR4kTgFqaICzX7lyw1imgqINOVEqZ5jJ9rLiNSMcpiU3VRBQuiIDKBnaEQEKC+bLjXBx0YJcBhLcyKNp+rviYwIpcbCN0lB9FDNe7n4n9dLdXjpZSxKUg0RnT0UphzrGOcN4YBJoJqPDSFUMvNXTIdEEqpNj2VTgjO/8iJp12vOWa1+e15tXBV1lNAhOkInyEEXqIFuUBO1EEWP6Bm9ojfryXqx3q2PWXTJKmYO0B9Ynz9QoJ8C</latexit>

Add explicit breaking of scale inv.:



● Weakly-coupled theories (elementary dilaton):

m2�2 + ��4
<latexit sha1_base64="iYrtJ2lzkrgsok0R6OW5+jQ1q6s=">AAACBXicbVDNS8MwHE3n15xfVY96CA5BEEZbB3ocevE4wX3A2o00TbewNC1JKoyyixf/FS8eFPHq/+DN/8as60E3HwRe3vs9kt/zE0alsqxvo7Syura+Ud6sbG3v7O6Z+wdtGacCkxaOWSy6PpKEUU5aiipGuokgKPIZ6fjjm5nfeSBC0pjfq0lCvAgNOQ0pRkpLA/PY9UMY9R03GdG+c+4yHQ0QzK/1gVm1alYOuEzsglRBgebA/HKDGKcR4QozJGXPthLlZUgoihmZVtxUkgThMRqSnqYcRUR6Wb7FFJ5qJYBhLPThCubq70SGIiknka8nI6RGctGbif95vVSFV15GeZIqwvH8oTBlUMVwVgkMqCBYsYkmCAuq/wrxCAmElS6uokuwF1deJm2nZl/UnLt6tXFd1FEGR+AEnAEbXIIGuAVN0AIYPIJn8ArejCfjxXg3PuajJaPIHII/MD5/ALKIl2w=</latexit>

 why it is not there? (hierarchy problem)

�� ⇠ g2

16⇡2
<latexit sha1_base64="tWUNHyTfNECmX40Ycoh2WSvFF9w=">AAACDnicbVC7TsMwFHXKq5RXgJHFoqrEVCUFAWMFC2OR6ENqQuQ4TmvVdiLbQaqifgELv8LCAEKszGz8DW6bAVqOZOnonHt0fU+YMqq043xbpZXVtfWN8mZla3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG46up373gUhFE3GnxynxORoIGlOMtJECu+aFRKPAYyYSIU9RDr1YIpwP7huT3D33UmpIYFedujMDXCZuQaqgQCuwv7wowRknQmOGlOq7Tqr9HElNMSOTipcpkiI8QgPSN1QgTpSfz86ZwJpRIhgn0jyh4Uz9ncgRV2rMQzPJkR6qRW8q/uf1Mx1f+jkVaaaJwPNFccagTuC0GxhRSbBmY0MQltT8FeIhMm1o02DFlOAunrxMOo26e1pv3J5Vm1dFHWVwBI7BCXDBBWiCG9ACbYDBI3gGr+DNerJerHfrYz5asorMIfgD6/MH7yecBQ==</latexit>

⟶ light ~ decoupledAlso:



● Weakly-coupled theories (elementary dilaton):

● Strongly-coupled theories (composite dilaton):

�� ⇠ g2

16⇡2
<latexit sha1_base64="tWUNHyTfNECmX40Ycoh2WSvFF9w=">AAACDnicbVC7TsMwFHXKq5RXgJHFoqrEVCUFAWMFC2OR6ENqQuQ4TmvVdiLbQaqifgELv8LCAEKszGz8DW6bAVqOZOnonHt0fU+YMqq043xbpZXVtfWN8mZla3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG46up373gUhFE3GnxynxORoIGlOMtJECu+aFRKPAYyYSIU9RDr1YIpwP7huT3D33UmpIYFedujMDXCZuQaqgQCuwv7wowRknQmOGlOq7Tqr9HElNMSOTipcpkiI8QgPSN1QgTpSfz86ZwJpRIhgn0jyh4Uz9ncgRV2rMQzPJkR6qRW8q/uf1Mx1f+jkVaaaJwPNFccagTuC0GxhRSbBmY0MQltT8FeIhMm1o02DFlOAunrxMOo26e1pv3J5Vm1dFHWVwBI7BCXDBBWiCG9ACbYDBI3gGr+DNerJerHfrYz5asorMIfgD6/MH7yecBQ==</latexit>

⟶ light ~ decoupledAlso:

QCD-like theories: Difficult to keep βλ≪1 at the ΛQCD 

 heavy dilaton

m2�2 + ��4
<latexit sha1_base64="iYrtJ2lzkrgsok0R6OW5+jQ1q6s=">AAACBXicbVDNS8MwHE3n15xfVY96CA5BEEZbB3ocevE4wX3A2o00TbewNC1JKoyyixf/FS8eFPHq/+DN/8as60E3HwRe3vs9kt/zE0alsqxvo7Syura+Ud6sbG3v7O6Z+wdtGacCkxaOWSy6PpKEUU5aiipGuokgKPIZ6fjjm5nfeSBC0pjfq0lCvAgNOQ0pRkpLA/PY9UMY9R03GdG+c+4yHQ0QzK/1gVm1alYOuEzsglRBgebA/HKDGKcR4QozJGXPthLlZUgoihmZVtxUkgThMRqSnqYcRUR6Wb7FFJ5qJYBhLPThCubq70SGIiknka8nI6RGctGbif95vVSFV15GeZIqwvH8oTBlUMVwVgkMqCBYsYkmCAuq/wrxCAmElS6uokuwF1deJm2nZl/UnLt6tXFd1FEGR+AEnAEbXIIGuAVN0AIYPIJn8ArejCfjxXg3PuajJaPIHII/MD5/ALKIl2w=</latexit>

 why it is not there? (hierarchy problem)



● Weakly-coupled theories (elementary dilaton):

● Strongly-coupled theories (composite dilaton):

�� ⇠ g2

16⇡2
<latexit sha1_base64="tWUNHyTfNECmX40Ycoh2WSvFF9w=">AAACDnicbVC7TsMwFHXKq5RXgJHFoqrEVCUFAWMFC2OR6ENqQuQ4TmvVdiLbQaqifgELv8LCAEKszGz8DW6bAVqOZOnonHt0fU+YMqq043xbpZXVtfWN8mZla3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG46up373gUhFE3GnxynxORoIGlOMtJECu+aFRKPAYyYSIU9RDr1YIpwP7huT3D33UmpIYFedujMDXCZuQaqgQCuwv7wowRknQmOGlOq7Tqr9HElNMSOTipcpkiI8QgPSN1QgTpSfz86ZwJpRIhgn0jyh4Uz9ncgRV2rMQzPJkR6qRW8q/uf1Mx1f+jkVaaaJwPNFccagTuC0GxhRSbBmY0MQltT8FeIhMm1o02DFlOAunrxMOo26e1pv3J5Vm1dFHWVwBI7BCXDBBWiCG9ACbYDBI3gGr+DNerJerHfrYz5asorMIfgD6/MH7yecBQ==</latexit>

⟶ light ~ decoupledAlso:

QCD-like theories: Difficult to keep βλ≪1 at the ΛQCD 

Holography (extra-dimensional models)

 heavy dilaton
Only option:

m2�2 + ��4
<latexit sha1_base64="iYrtJ2lzkrgsok0R6OW5+jQ1q6s=">AAACBXicbVDNS8MwHE3n15xfVY96CA5BEEZbB3ocevE4wX3A2o00TbewNC1JKoyyixf/FS8eFPHq/+DN/8as60E3HwRe3vs9kt/zE0alsqxvo7Syura+Ud6sbG3v7O6Z+wdtGacCkxaOWSy6PpKEUU5aiipGuokgKPIZ6fjjm5nfeSBC0pjfq0lCvAgNOQ0pRkpLA/PY9UMY9R03GdG+c+4yHQ0QzK/1gVm1alYOuEzsglRBgebA/HKDGKcR4QozJGXPthLlZUgoihmZVtxUkgThMRqSnqYcRUR6Wb7FFJ5qJYBhLPThCubq70SGIiknka8nI6RGctGbif95vVSFV15GeZIqwvH8oTBlUMVwVgkMqCBYsYkmCAuq/wrxCAmElS6uokuwF1deJm2nZl/UnLt6tXFd1FEGR+AEnAEbXIIGuAVN0AIYPIJn8ArejCfjxXg3PuajJaPIHII/MD5/ALKIl2w=</latexit>

 why it is not there? (hierarchy problem)



Using AdS/CFT: DICTIONARY

CFT4              AdS5

RG� scale (µ) extra dim (z)

Strongly-coupled Weakly-coupled

zµ
<latexit sha1_base64="cvw/maADhRgtJq1JkFop7rdFLCA=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUB2CbOT2WTIzOwyDyEs+QgvHhTx6vd482+cTfagiQUNRVU33V1xxpk2vv/tra1vbG5tV3aqu3v7B4e1o+OOTq0itE1SnqpejDXlTNK2YYbTXqYoFjGn3XhyV/jdJ6o0S+WjmWY0EngkWcIINk7qhnESClsd1Op+w58DrZKgJHUo0RrUvsJhSqyg0hCOte4HfmaiHCvDCKezamg1zTCZ4BHtOyqxoDrK5+fO0LlThihJlStp0Fz9PZFjofVUxK5TYDPWy14h/uf1rUluopzJzBoqyWJRYjkyKSp+R0OmKDF86ggmirlbERljhYlxCRUhBMsvr5LOZSPwG8HDVb15W8ZRgVM4gwsI4BqacA8taAOBCTzDK7x5mffivXsfi9Y1r5w5gT/wPn8AwciPLA==</latexit><latexit sha1_base64="cvw/maADhRgtJq1JkFop7rdFLCA=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUB2CbOT2WTIzOwyDyEs+QgvHhTx6vd482+cTfagiQUNRVU33V1xxpk2vv/tra1vbG5tV3aqu3v7B4e1o+OOTq0itE1SnqpejDXlTNK2YYbTXqYoFjGn3XhyV/jdJ6o0S+WjmWY0EngkWcIINk7qhnESClsd1Op+w58DrZKgJHUo0RrUvsJhSqyg0hCOte4HfmaiHCvDCKezamg1zTCZ4BHtOyqxoDrK5+fO0LlThihJlStp0Fz9PZFjofVUxK5TYDPWy14h/uf1rUluopzJzBoqyWJRYjkyKSp+R0OmKDF86ggmirlbERljhYlxCRUhBMsvr5LOZSPwG8HDVb15W8ZRgVM4gwsI4BqacA8taAOBCTzDK7x5mffivXsfi9Y1r5w5gT/wPn8AwciPLA==</latexit><latexit sha1_base64="cvw/maADhRgtJq1JkFop7rdFLCA=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUB2CbOT2WTIzOwyDyEs+QgvHhTx6vd482+cTfagiQUNRVU33V1xxpk2vv/tra1vbG5tV3aqu3v7B4e1o+OOTq0itE1SnqpejDXlTNK2YYbTXqYoFjGn3XhyV/jdJ6o0S+WjmWY0EngkWcIINk7qhnESClsd1Op+w58DrZKgJHUo0RrUvsJhSqyg0hCOte4HfmaiHCvDCKezamg1zTCZ4BHtOyqxoDrK5+fO0LlThihJlStp0Fz9PZFjofVUxK5TYDPWy14h/uf1rUluopzJzBoqyWJRYjkyKSp+R0OmKDF86ggmirlbERljhYlxCRUhBMsvr5LOZSPwG8HDVb15W8ZRgVM4gwsI4BqacA8taAOBCTzDK7x5mffivXsfi9Y1r5w5gT/wPn8AwciPLA==</latexit><latexit sha1_base64="cvw/maADhRgtJq1JkFop7rdFLCA=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUB2CbOT2WTIzOwyDyEs+QgvHhTx6vd482+cTfagiQUNRVU33V1xxpk2vv/tra1vbG5tV3aqu3v7B4e1o+OOTq0itE1SnqpejDXlTNK2YYbTXqYoFjGn3XhyV/jdJ6o0S+WjmWY0EngkWcIINk7qhnESClsd1Op+w58DrZKgJHUo0RrUvsJhSqyg0hCOte4HfmaiHCvDCKezamg1zTCZ4BHtOyqxoDrK5+fO0LlThihJlStp0Fz9PZFjofVUxK5TYDPWy14h/uf1rUluopzJzBoqyWJRYjkyKSp+R0OmKDF86ggmirlbERljhYlxCRUhBMsvr5LOZSPwG8HDVb15W8ZRgVM4gwsI4BqacA8taAOBCTzDK7x5mffivXsfi9Y1r5w5gT/wPn8AwciPLA==</latexit>

UV

IR

dilaton radion

�Og
<latexit sha1_base64="l1JENs8xOlzft98b9jblz2X3VKE=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04s0K9gPbUDbbTbt0swm7E6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6wHHC/YgOlAgFo2ilx6zLqCR3k96gVyq7FXcGsky8nJQhR71X+ur2Y5ZGXCGT1JiO5yboZ1SjYJJPit3U8ISyER3wjqWKRtz42eziCTm1Sp+EsbalkMzU3xMZjYwZR4HtjCgOzaI3Ff/zOimGV34mVJIiV2y+KEwlwZhM3yd9oTlDObaEMi3srYQNqaYMbUhFG4K3+PIyaVYr3nmlen9Rrl3ncRTgGE7gDDy4hBrcQh0awEDBM7zCm2OcF+fd+Zi3rjj5zBH8gfP5AzPQkJs=</latexit>

Dim[q̄q] = 2+
q
4+M2

�L
2

M2
�Dim[Og]

<latexit sha1_base64="B2pncrg1gJyM5vCARHbAtfU85sI=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5JUQZdFXbizgn1AEsJkOmmHzkzCzESoofgrblwo4tb/cOffOG2z0NYDFw7n3Mu990Qpo0o7zrdVWlpeWV0rr1c2Nre2d+zdvbZKMolJCycskd0IKcKoIC1NNSPdVBLEI0Y60fBq4nceiFQ0Efd6lJKAo76gMcVIGym0D/wo9uE15V7uY8Tg7TjsB6FddWrOFHCRuAWpggLN0P7yewnOOBEaM6SU5zqpDnIkNcWMjCt+pkiK8BD1iWeoQJyoIJ9eP4bHRunBOJGmhIZT9fdEjrhSIx6ZTo70QM17E/E/z8t0fBHkVKSZJgLPFsUZgzqBkyhgj0qCNRsZgrCk5laIB0girE1gFROCO//yImnXa+5prX53Vm1cFnGUwSE4AifABeegAW5AE7QABo/gGbyCN+vJerHerY9Za8kqZvbBH1ifP4kwlKI=</latexit>

M2
�



Using AdS/CFT: DICTIONARY

CFT4              AdS5

RG� scale (µ) extra dim (z)

Strongly-coupled Weakly-coupled

zµ
<latexit sha1_base64="cvw/maADhRgtJq1JkFop7rdFLCA=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUB2CbOT2WTIzOwyDyEs+QgvHhTx6vd482+cTfagiQUNRVU33V1xxpk2vv/tra1vbG5tV3aqu3v7B4e1o+OOTq0itE1SnqpejDXlTNK2YYbTXqYoFjGn3XhyV/jdJ6o0S+WjmWY0EngkWcIINk7qhnESClsd1Op+w58DrZKgJHUo0RrUvsJhSqyg0hCOte4HfmaiHCvDCKezamg1zTCZ4BHtOyqxoDrK5+fO0LlThihJlStp0Fz9PZFjofVUxK5TYDPWy14h/uf1rUluopzJzBoqyWJRYjkyKSp+R0OmKDF86ggmirlbERljhYlxCRUhBMsvr5LOZSPwG8HDVb15W8ZRgVM4gwsI4BqacA8taAOBCTzDK7x5mffivXsfi9Y1r5w5gT/wPn8AwciPLA==</latexit><latexit sha1_base64="cvw/maADhRgtJq1JkFop7rdFLCA=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUB2CbOT2WTIzOwyDyEs+QgvHhTx6vd482+cTfagiQUNRVU33V1xxpk2vv/tra1vbG5tV3aqu3v7B4e1o+OOTq0itE1SnqpejDXlTNK2YYbTXqYoFjGn3XhyV/jdJ6o0S+WjmWY0EngkWcIINk7qhnESClsd1Op+w58DrZKgJHUo0RrUvsJhSqyg0hCOte4HfmaiHCvDCKezamg1zTCZ4BHtOyqxoDrK5+fO0LlThihJlStp0Fz9PZFjofVUxK5TYDPWy14h/uf1rUluopzJzBoqyWJRYjkyKSp+R0OmKDF86ggmirlbERljhYlxCRUhBMsvr5LOZSPwG8HDVb15W8ZRgVM4gwsI4BqacA8taAOBCTzDK7x5mffivXsfi9Y1r5w5gT/wPn8AwciPLA==</latexit><latexit sha1_base64="cvw/maADhRgtJq1JkFop7rdFLCA=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUB2CbOT2WTIzOwyDyEs+QgvHhTx6vd482+cTfagiQUNRVU33V1xxpk2vv/tra1vbG5tV3aqu3v7B4e1o+OOTq0itE1SnqpejDXlTNK2YYbTXqYoFjGn3XhyV/jdJ6o0S+WjmWY0EngkWcIINk7qhnESClsd1Op+w58DrZKgJHUo0RrUvsJhSqyg0hCOte4HfmaiHCvDCKezamg1zTCZ4BHtOyqxoDrK5+fO0LlThihJlStp0Fz9PZFjofVUxK5TYDPWy14h/uf1rUluopzJzBoqyWJRYjkyKSp+R0OmKDF86ggmirlbERljhYlxCRUhBMsvr5LOZSPwG8HDVb15W8ZRgVM4gwsI4BqacA8taAOBCTzDK7x5mffivXsfi9Y1r5w5gT/wPn8AwciPLA==</latexit><latexit sha1_base64="cvw/maADhRgtJq1JkFop7rdFLCA=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUB2CbOT2WTIzOwyDyEs+QgvHhTx6vd482+cTfagiQUNRVU33V1xxpk2vv/tra1vbG5tV3aqu3v7B4e1o+OOTq0itE1SnqpejDXlTNK2YYbTXqYoFjGn3XhyV/jdJ6o0S+WjmWY0EngkWcIINk7qhnESClsd1Op+w58DrZKgJHUo0RrUvsJhSqyg0hCOte4HfmaiHCvDCKezamg1zTCZ4BHtOyqxoDrK5+fO0LlThihJlStp0Fz9PZFjofVUxK5TYDPWy14h/uf1rUluopzJzBoqyWJRYjkyKSp+R0OmKDF86ggmirlbERljhYlxCRUhBMsvr5LOZSPwG8HDVb15W8ZRgVM4gwsI4BqacA8taAOBCTzDK7x5mffivXsfi9Y1r5w5gT/wPn8AwciPLA==</latexit>

UV

IR

dilaton radion

�Og
<latexit sha1_base64="l1JENs8xOlzft98b9jblz2X3VKE=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04s0K9gPbUDbbTbt0swm7E6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6wHHC/YgOlAgFo2ilx6zLqCR3k96gVyq7FXcGsky8nJQhR71X+ur2Y5ZGXCGT1JiO5yboZ1SjYJJPit3U8ISyER3wjqWKRtz42eziCTm1Sp+EsbalkMzU3xMZjYwZR4HtjCgOzaI3Ff/zOimGV34mVJIiV2y+KEwlwZhM3yd9oTlDObaEMi3srYQNqaYMbUhFG4K3+PIyaVYr3nmlen9Rrl3ncRTgGE7gDDy4hBrcQh0awEDBM7zCm2OcF+fd+Zi3rjj5zBH8gfP5AzPQkJs=</latexit>

M2
� / ✏

<latexit sha1_base64="9dq9dYvYj26AWkvz4UFklX6D+iE=">AAACBXicbVDLSgMxFM3UV62vqktdBIvgqsxUQZdFN26ECvYBnbFk0kwbmklCkhHK0I0bf8WNC0Xc+g/u/Bsz7Sy09UDgcM693JwTSka1cd1vp7C0vLK6VlwvbWxube+Ud/daWiQKkyYWTKhOiDRhlJOmoYaRjlQExSEj7XB0lfntB6I0FfzOjCUJYjTgNKIYGSv1yod+GMGb+1rPbwypL5WQRkCfSE1ZZlfcqjsFXCReTiogR6NX/vL7Aicx4QYzpHXXc6UJUqQMxYxMSn6iiUR4hAakaylHMdFBOk0xgcdW6cNIKPu4gVP190aKYq3HcWgnY2SGet7LxP+8bmKiiyClXCaGcDw7FCUM2qRZJbBPFcGGjS1BWFH7V4iHSCFsbHElW4I3H3mRtGpV77Rauz2r1C/zOorgAByBE+CBc1AH16ABmgCDR/AMXsGb8+S8OO/Ox2y04OQ7++APnM8f7mGYOg==</latexit>

Dim[Og] / 4� ✏
<latexit sha1_base64="wJnJJvTTSpLBhFbCoz3x8ybqT/8=">AAACD3icbVC7TsMwFHXKq5RXgZHFogKxUCWlEowVMLBRJPqQkqhyXKe16jiW7SBVUf+AhV9hYQAhVlY2/ganzQAtR7J0dM65ur4nEIwqbdvfVmFpeWV1rbhe2tjc2t4p7+61VZxITFo4ZrHsBkgRRjlpaaoZ6QpJUBQw0glGV5nfeSBS0Zjf67EgfoQGnIYUI22kXvnYC0IPXtPITT2MGLyd9Aa+J2QsdAzrpx4RirIsWLGr9hRwkTg5qYAczV75y+vHOIkI15ghpVzHFtpPkdQUMzIpeYkiAuERGhDXUI4iovx0es8EHhmlD8NYmsc1nKq/J1IUKTWOApOMkB6qeS8T//PcRIcXfkq5SDTheLYoTBg0t2blwD6VBGs2NgRhSc1fIR4iibA2FZZMCc78yYukXas6Z9XaXb3SuMzrKIIDcAhOgAPOQQPcgCZoAQwewTN4BW/Wk/VivVsfs2jBymf2wR9Ynz9AlZwt</latexit>

Dim[q̄q] = 2+
q
4+M2

�L
2



Using AdS/CFT: DICTIONARY

CFT4              AdS5

RG� scale (µ) extra dim (z)

Strongly-coupled Weakly-coupled

zµ
<latexit sha1_base64="cvw/maADhRgtJq1JkFop7rdFLCA=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUB2CbOT2WTIzOwyDyEs+QgvHhTx6vd482+cTfagiQUNRVU33V1xxpk2vv/tra1vbG5tV3aqu3v7B4e1o+OOTq0itE1SnqpejDXlTNK2YYbTXqYoFjGn3XhyV/jdJ6o0S+WjmWY0EngkWcIINk7qhnESClsd1Op+w58DrZKgJHUo0RrUvsJhSqyg0hCOte4HfmaiHCvDCKezamg1zTCZ4BHtOyqxoDrK5+fO0LlThihJlStp0Fz9PZFjofVUxK5TYDPWy14h/uf1rUluopzJzBoqyWJRYjkyKSp+R0OmKDF86ggmirlbERljhYlxCRUhBMsvr5LOZSPwG8HDVb15W8ZRgVM4gwsI4BqacA8taAOBCTzDK7x5mffivXsfi9Y1r5w5gT/wPn8AwciPLA==</latexit><latexit sha1_base64="cvw/maADhRgtJq1JkFop7rdFLCA=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUB2CbOT2WTIzOwyDyEs+QgvHhTx6vd482+cTfagiQUNRVU33V1xxpk2vv/tra1vbG5tV3aqu3v7B4e1o+OOTq0itE1SnqpejDXlTNK2YYbTXqYoFjGn3XhyV/jdJ6o0S+WjmWY0EngkWcIINk7qhnESClsd1Op+w58DrZKgJHUo0RrUvsJhSqyg0hCOte4HfmaiHCvDCKezamg1zTCZ4BHtOyqxoDrK5+fO0LlThihJlStp0Fz9PZFjofVUxK5TYDPWy14h/uf1rUluopzJzBoqyWJRYjkyKSp+R0OmKDF86ggmirlbERljhYlxCRUhBMsvr5LOZSPwG8HDVb15W8ZRgVM4gwsI4BqacA8taAOBCTzDK7x5mffivXsfi9Y1r5w5gT/wPn8AwciPLA==</latexit><latexit sha1_base64="cvw/maADhRgtJq1JkFop7rdFLCA=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUB2CbOT2WTIzOwyDyEs+QgvHhTx6vd482+cTfagiQUNRVU33V1xxpk2vv/tra1vbG5tV3aqu3v7B4e1o+OOTq0itE1SnqpejDXlTNK2YYbTXqYoFjGn3XhyV/jdJ6o0S+WjmWY0EngkWcIINk7qhnESClsd1Op+w58DrZKgJHUo0RrUvsJhSqyg0hCOte4HfmaiHCvDCKezamg1zTCZ4BHtOyqxoDrK5+fO0LlThihJlStp0Fz9PZFjofVUxK5TYDPWy14h/uf1rUluopzJzBoqyWJRYjkyKSp+R0OmKDF86ggmirlbERljhYlxCRUhBMsvr5LOZSPwG8HDVb15W8ZRgVM4gwsI4BqacA8taAOBCTzDK7x5mffivXsfi9Y1r5w5gT/wPn8AwciPLA==</latexit><latexit sha1_base64="cvw/maADhRgtJq1JkFop7rdFLCA=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUB2CbOT2WTIzOwyDyEs+QgvHhTx6vd482+cTfagiQUNRVU33V1xxpk2vv/tra1vbG5tV3aqu3v7B4e1o+OOTq0itE1SnqpejDXlTNK2YYbTXqYoFjGn3XhyV/jdJ6o0S+WjmWY0EngkWcIINk7qhnESClsd1Op+w58DrZKgJHUo0RrUvsJhSqyg0hCOte4HfmaiHCvDCKezamg1zTCZ4BHtOyqxoDrK5+fO0LlThihJlStp0Fz9PZFjofVUxK5TYDPWy14h/uf1rUluopzJzBoqyWJRYjkyKSp+R0OmKDF86ggmirlbERljhYlxCRUhBMsvr5LOZSPwG8HDVb15W8ZRgVM4gwsI4BqacA8taAOBCTzDK7x5mffivXsfi9Y1r5w5gT/wPn8AwciPLA==</latexit>
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We present results for the spectrum of a strongly interacting SU(3) gauge theory with Nf = 8 light
fermions in the fundamental representation. Carrying out non-perturbative lattice calculations at
the lightest masses and largest volumes considered to date, we confirm the existence of a remarkably
light singlet scalar particle. We explore the rich resonance spectrum of the 8-flavor theory in the
context of the search for new physics beyond the standard model at the Large Hadron Collider
(LHC). Connecting our results to models of dynamical electroweak symmetry breaking, we estimate
the vector resonance mass to be about 2 TeV with a width of roughly 450 GeV, and predict additional
resonances with masses below ⇠3 TeV.

PACS numbers: 11.15.Ha, 11.30.Qc, 12.60.Nz, 12.60.Rc

Introduction: Electroweak symmetry breaking
through new strong dynamics provides a potential mech-
anism to produce a composite scalar particle consistent
with the Higgs boson discovered at the LHC [1, 2]. Non-
perturbative lattice calculations are a crucial tool to
study relevant strongly interacting gauge theories, which
must di↵er qualitatively from quantum chromodynam-
ics (QCD) in order to remain phenomenologically viable.
In recent years lattice investigations have begun to ex-
plore novel near-conformal strong dynamics that emerge
upon enlarging the light fermion content of such sys-
tems. Of particular significance is increasing evidence
from this work [3–9] that such near-conformal dynamics
might generically give rise to scalar (0++) Higgs candi-
dates far lighter than the analogous f0 meson of QCD.
(See also the recent review [10] and references therein.)

A straightforward way to enlarge the fermion content is
to increase the number Nf of light fermions transform-
ing under the fundamental representation of the gauge
group SU(3). Previous lattice studies have identified the
case of Nf = 8 as a system that exhibits several fea-
tures quite distinct from QCD, which make it a partic-
ularly interesting representative of the broader class of
near-conformal gauge theories. These features include
slow running of the gauge coupling (a small � func-
tion) [11, 12], a reduced electroweak S parameter [13], a

slowly evolving mass anomalous dimension �m [14], and
changes to the composite spectrum including a light 0++

scalar [4, 13, 15, 16]. Although Refs. [17–19] even argue
that the 8-flavor theory may flow to a chirally symmetric
IR fixed point in the massless chiral limit, we support
the conventional wisdom that chiral symmetry appears
to break spontaneously for Nf = 8 [10–13, 15, 20]. The
8-flavor theory continues to be investigated by several lat-
tice groups in order to learn more about its low-energy
dynamics and relate it to phenomenological model build-
ing.

Here we summarize the main results from our lattice
calculations of the spectrum of the 8-flavor theory, high-
lighting the growing evidence for a light singlet scalar
0++ state. We also determine the vector (1��) and
axial-vector (1++) masses and decay constants and an-
alyze other aspects of the rich composite spectrum of
the theory, which are of phenomenological importance
in the context of searches for new resonances at the
LHC [21, 22]. When the 8-flavor theory is responsible
for electroweak symmetry breaking in models with chi-
ral electroweak couplings assigned to only one doublet
(ND = 1), we estimate that the vector meson has a physi-
cal mass of about 2 TeV and a width of roughly 450 GeV.

In the context of new strong dynamics beyond the stan-
dard model, it is important for lattice calculations to be
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FIG. 3. The pseudoscalar, vector and axial-vector decay
constants F⇡, F⇢ and Fa1 vs. the input fermion mass am.
Only statistical uncertainties are shown, within which F⇢ ⇡
Fa1 throughout the range of masses we investigate.

FIG. 4. Ratios of the Nf = 8 hadron masses divided by the
pseudoscalar decay constant F⇡ at each fermion mass am.

smallest [50], while the vector F⇢ and axial-vector Fa1 are
approximately degenerate within statistical errors. Sim-
ilar behavior was reported in Refs. [13, 28], where it was
related to reductions in the electroweak S parameter.

In Fig. 4 we plot ratios of the hadron masses divided by
F⇡, observing that all the ratios are rather independent of
the fermion mass, although some changes appear at our
lightest mass where the vector meson is above the two-
pseudoscalar threshold. We find that M⇢/F⇡ ⇡ 8 and
MN/F⇡ ⇡ 11, similar to the physical QCD ratios. In
fact, M⇢/F⇡ ⇡ 8 appears to be a generic feature of many
strongly coupled gauge theories, both IR conformal and
chirally broken [8, 15, 29–31].

Let us now specialize to models in which we assign
chiral electroweak couplings to only ND = 1 pair of the
Nf = 8 fermions. This choice sets the physical value

FIG. 5. Comparing our 8-flavor M0++ and M⇢ results with
those of the LatKMI Collaboration [4, 15, 38], using the same
reference scale

p
8t0. We plot these quantities vs. M⇡ and

include a dashed line to highlight degeneracy with the pseu-
doscalar meson. A consistent trend is clearly visible, with the
light singlet scalar 0++ state following the pseudoscalar to the
smallest masses studied so far.

of F = 246 GeV/
p
ND, and is motivated to keep the

electroweak S parameter as close as possible to its small
experimental value [13, 28]. Translating our results into
physical units by identifying F⇡ with the low-energy con-
stant F is strictly correct only in the chiral limit. We can-
not currently carry out a controlled chiral extrapolation,
in part because the e↵ects of a light 0++ scalar on the
low-energy e↵ective theory are not yet well understood
despite ongoing investigations [32–36]. If we assume that
the ratio M⇢/F⇡ shown in Fig. 4 remains relatively insen-
sitive to the fermion masses then we would end up with a
vector meson mass around 2 TeV. Similar considerations
suggest that MN and Ma1 would be around 2.7 TeV.
On the other hand, the physical 0++ mass will depend
sensitively on how long this state continues to track the
pseudoscalar whose mass must vanish in the chiral limit.
At present we can estimate 0 . M0++ . 1 TeV, and this
mass could be reduced further by interactions with the
top quark in realistic models where the strong dynamics
we study is coupled to the standard model [37].

Comparison with previous work: Some aspects of
the Nf = 8 spectrum discussed above were observed in
earlier lattice studies using di↵erent discretizations and
heavier masses [4, 13, 15, 16]. In particular, the remark-
ably light singlet scalar 0++ Higgs candidate was first
reported by Ref. [4]. The increasing evidence [3–9] that
such behavior could be a fairly generic feature of near-
conformal strong dynamics is extremely interesting from
the phenomenological point of view.

In this context the behavior of M0++ in the chiral limit
is particularly important. As a step in this direction, in
Fig. 5 we compare our results for the light meson spec-
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FIG. 2. The pion, rho, isosinglet 0++ and isomultiplet a0 scalar, axial, and nucleon mass of the light flavor spectrum in
units of F⇡. The first narrow panel shows the experimental values for QCD [28] normalized by F⇡ = 94 MeV, while the last
one corresponds to average values obtained from Nf = 12 flavor simulations [7, 16, 29, 30]. The four wider panels show the
Nf = 4 + 8 spectrum as the function of the light quark mass aFm` for amh = 0.100, 0.080, 0.060, and 0.050. If the chirally
broken Nf = 4 + 8 system triggered EWSB, F⇡ ⇡ 250 GeV would set the correct electroweak scale.

ward the IRFP. At the UV energy scale denoted by ⇤UV

the gauge coupling reaches the vicinity of the IRFP. Its
value is close to g? and changes only slowly when further
reducing the energy scale. In this regime the coupling
“walks.” If all fermions were massless, g(µ ! 0) = g?
as is indicated by the solid line in the figure. On the
other hand if some of the fermions are massive, their
mass becomes comparable to the cuto↵ at some energy
scale, denoted by ⇤IR, and they decouple. In this limit
the system behaves like a chirally broken model with N`

massless fermions. The corresponding fast running cou-
pling is denoted by the dashed blue lines in Fig. 1. The
walking range between the scales ⇤UV and ⇤IR can be
tuned by bmh, and a walking behavior in these systems
is guaranteed. The red long-dashed curve in Fig. 1 de-
scribes the case where the heavy fermions decouple before
the gauge coupling reaches the vicinity of the IRFP. This
situation can be avoided by tuning bmh ! 0 and is not
considered here.

Our numerical simulations support the expectations
outlined above. The bottom panel of Fig. 1 shows
the running coupling calculated at five di↵erent values,
bmh = 0.050, 0.060, 0.080, 0.100 and 1 (i.e. Nf = 4). We
define the energy dependent running coupling through
the Wilson flow scheme and match the scales such that
all five systems predict the same g2(µ) in the infrared
limit [31, 32]. The Nf = 4 system shows the expected
fast running, but a shoulder develops as bmh is lowered.
The dashed curves in the bottom panel of Fig. 1 indicate
regions where cuto↵ e↵ects could be significant; however,
theoretical considerations guarantee that the gauge cou-
pling takes its IRFP value as bmh ! 0. The similarity
between the top and bottom panels of Fig. 1 is strik-
ing and suggests that our simulations have entered the
walking regime. A walking gauge coupling leads to the
enhancement of the fermion condensate and is necessary

to satisfy electroweak constraints.

LATTICE SIMULATIONS AND THE HADRON
SPECTRUM

Wilson renormalization group considerations predict
that the 4+8 flavor system shows hyperscaling in the
am` = 0 chiral limit where dimensionless ratios of hadron
masses are independent of the heavy mass amh. How-
ever, these ratios have to neither match the Nf = 12 nor
the Nf = 4 flavor values. In this section we present nu-
merical results for the hadron spectrum of the Nf = 4+8
model at four di↵erent amh values.
We use staggered fermions with nHYP smeared gauge

links [33, 34] and a gauge action that is the combination
of fundamental and adjoint plaquette terms. This action
has been used in Nf = 12 flavor simulations [15, 16, 19]
and we chose the parameters for this work based on those
results. We have carried out simulations at one gauge
coupling, � = 4.0, and four di↵erent values of the mass
of the heavy flavors, amh = 0.050, 0.060, 0.080 and 0.100.
Based on the results of the finite size scaling study [19]
we expect that the three lightest values are within the
scaling regime of the IRFP, while mh = 0.100 could be
on the boundary. We chose the light fermion masses in
the range am` = 0.003 � 0.035 and the lattice volumes
vary from 243⇥48 to 483⇥96. At many (am`, amh) mass
values we consider two volumes to monitor finite volume
e↵ects. We use the Wilson flow transformation to de-
fine the lattice scale [31]. As am` ! 0 and amh ! 0,
our simulations approach the Nf = 12 conformal limit
and consequently the lattice spacing decreases, requiring
simulations on increasingly larger volumes. Since we ob-
serve significant changes in the lattice spacing both when
varying amh and am`, we present our results in terms of
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We propose to construct a chirally broken model based on the infrared fixed point of a conformal
system by raising the mass of some flavors while keeping the others massless. In the infrared limit the
massive fermions decouple and the massless fermions break chiral symmetry. The running coupling
of this system “walks” and the energy range of walking can be tuned by the mass of the heavy
flavors. Renormalization group considerations predict that the spectrum of such a system shows
hyperscaling.

We have studied a model with four light and eight heavy flavors coupled to SU(3) gauge fields
and verified the above expectations. We determined the mass of several hadronic states and found
that some of them are in the 2-3 TeV range if the scale is set by the pseudoscalar decay constant
F⇡ ⇡ 250 GeV. The 0++ scalar state behaves very di↵erently from the other hadronic states. In
most of our simulations it is nearly degenerate with the pion and we estimate its mass to be less
than half of the vector resonance mass.

PACS numbers: 11.15.Ha, 12.60.Rc

INTRODUCTION

Electroweak symmetry breaking (EWSB) and the na-
ture of the Higgs boson are central questions of beyond
the Standard Model (BSM) investigations. A gauge
theory exhibiting spontaneous chiral symmetry break-
ing (S�SB) may describe EWSB when coupled to the
Standard Model. In such a system three of the massless
Goldstone pions become the longitudinal component of
the W± and Z bosons, while all other hadronic states
appear as experimentally observable excitations in the
spectrum. The physical energy scale is set by match-
ing the decay constant of the pseudoscalar (pion) to the
vacuum expectation value of the EWSB, i.e. F⇡ ⇡ 250
GeV. BSM theories based on this construction are par-
ticularly interesting as they predict several resonances
around 2-3 TeV, an energy range accessible at the LHC.
The lightest vector meson state in our model is close to
2 TeV and could correspond to the recently reported res-
onance [1]. These theories are based on similar concepts
originally introduced in the context of technicolor [2–5].
Phenomenologically viable models must have properties
quite di↵erent from QCD, suggesting they are likely near
the conformal boundary. Recent lattice simulations with
many fundamental flavors or with fermions in higher rep-
resentations have indeed revealed non-QCD-like proper-
ties [6–11].

A composite BSM model with two massless fermions
generates the required three Goldstone bosons. If the
number of fermions is larger than two, as is the case
in systems with fundamental flavors near the conformal
boundary, the additional massless pseudoscalars have to
acquire mass. While the precise mechanism of this could
be complicated, for an e↵ective description one can sim-
ply add a mass term to the additional fermion flavors.
In a model with Nf fermions one would keep N` = 2

flavors massless and make Nh = Nf �N` fermions mas-
sive. That way, the system will have only three massless
Goldstone bosons in the infrared limit, yet the additional
flavors will have an influence on the spectrum.

When the total number of fermions increases above a
critical value, the system crosses the conformal bound-
ary. The infrared properties are now characterized by
a non-perturbative infrared fixed point (IRFP). Never-
theless the construction proposed above works just the
same. Lifting the masses of all but N` = 2 flavors will
lead to S�SB with three massless Goldstone bosons in
the infrared limit. The presence of the conformal IRFP
influences both the running of the gauge coupling and the
spectrum. The idea to give mass to some of the flavors
studied was previously discussed in Ref. [12] and a sim-
ilar construction, though with di↵erent phenomenology,
has been proposed e.g. in Refs. [13] and [14].

In this paper we investigate the properties of such a
system, based on the Nf = 12 conformal model [15–20].
We lift the masses of Nh = 8 fermions (heavy flavors) and
keep N` = 4 flavors light. This choice is motivated by the
lattice action we use in our simulations but a chirally bro-
ken model with four light flavors also has phenomenolog-
ical relevance. An example is the composite two Higgs-
doublet model of Ref. [21] that assumes four light flavors
and the Higgs bosons emerge as pseudo-Goldstone states.
More commonly discussed models feature two massless
fermions in the chiral limit and thus require simulations
with N` = 2. Our choice is, however, su�cient to investi-
gate general properties of mass split systems. By chang-
ing mh from zero to 1, our model interpolates between
the conformal 12-flavor and the chirally broken 4-flavor
systems. If mh > 0, chiral symmetry is spontaneously
broken. In the next section, we deduce that the hadron
spectrum of the light flavors shows hyperscaling in mh

assuming mh is in the scaling regime of the IRFP and
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FIG. 46. The fermion mass dependence of the mass of the flavor-singlet scalar Mσ. Masses of the

NG-pion π and vector meson ρ(PV) mass are also shown. The outer error represents the statistical

and systematic uncertainties added in quadrature, while the inner error is only statistical.

consistent with each other for mf ≥ 0.02. An estimate of LMσ suggests that the finite size

effect on Mσ is negligible in the data with LMσ ≥ 6, so that finite size effects for mf = 0.015

and mf = 0.012, where only a single volume is available, are inferred to be negligible in our

statistics.

First we would like to study the chiral behavior ofMσ from dimensionless ratios of spectral

quantities. Fig. 47 shows Mσ/Fπ as a function of Mρ/Fπ on the largest volume at each mass.

For reference, we also plot these quantities in QCD with f0(500) as a candidate for the lowest

scalar bound state. The ratio Mσ/Fπ has a mild mf dependence at smaller fermion masses,

and its value is close to the one in usual QCD, while there are large statistics and systematics

uncertainties.

Assuming this theory is in the chirally broken phase, we discuss the chiral limit extrap-

olation of Mσ. While we have a light scalar with mass comparable to Mπ, the validity of

chiral perturbation theory is intact by introducing a dilaton field which is a pseudo Nambu-

Goldstone boson of the scale symmetry (“Dilaton ChPT” (DChPT) [43]).

Treating the light scalar as a dilaton field in the effective theory is, in general, just a

particular assumption for its potential and possible interactions. However, for a vector-like

gauge theory, such as the one we study here on the lattice (Nf = 8 QCD), there cannot be

a light flavor-singlet scalar other than a dilaton. The global symmetry breaking patterns in

the chiral limit of vector-like gauge theories, dictated by the Vafa-Witten theorem, are of the
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We present results for the spectrum of a strongly interacting SU(3) gauge theory with Nf = 8 light
fermions in the fundamental representation. Carrying out non-perturbative lattice calculations at
the lightest masses and largest volumes considered to date, we confirm the existence of a remarkably
light singlet scalar particle. We explore the rich resonance spectrum of the 8-flavor theory in the
context of the search for new physics beyond the standard model at the Large Hadron Collider
(LHC). Connecting our results to models of dynamical electroweak symmetry breaking, we estimate
the vector resonance mass to be about 2 TeV with a width of roughly 450 GeV, and predict additional
resonances with masses below ⇠3 TeV.

PACS numbers: 11.15.Ha, 11.30.Qc, 12.60.Nz, 12.60.Rc

Introduction: Electroweak symmetry breaking
through new strong dynamics provides a potential mech-
anism to produce a composite scalar particle consistent
with the Higgs boson discovered at the LHC [1, 2]. Non-
perturbative lattice calculations are a crucial tool to
study relevant strongly interacting gauge theories, which
must di↵er qualitatively from quantum chromodynam-
ics (QCD) in order to remain phenomenologically viable.
In recent years lattice investigations have begun to ex-
plore novel near-conformal strong dynamics that emerge
upon enlarging the light fermion content of such sys-
tems. Of particular significance is increasing evidence
from this work [3–9] that such near-conformal dynamics
might generically give rise to scalar (0++) Higgs candi-
dates far lighter than the analogous f0 meson of QCD.
(See also the recent review [10] and references therein.)

A straightforward way to enlarge the fermion content is
to increase the number Nf of light fermions transform-
ing under the fundamental representation of the gauge
group SU(3). Previous lattice studies have identified the
case of Nf = 8 as a system that exhibits several fea-
tures quite distinct from QCD, which make it a partic-
ularly interesting representative of the broader class of
near-conformal gauge theories. These features include
slow running of the gauge coupling (a small � func-
tion) [11, 12], a reduced electroweak S parameter [13], a

slowly evolving mass anomalous dimension �m [14], and
changes to the composite spectrum including a light 0++

scalar [4, 13, 15, 16]. Although Refs. [17–19] even argue
that the 8-flavor theory may flow to a chirally symmetric
IR fixed point in the massless chiral limit, we support
the conventional wisdom that chiral symmetry appears
to break spontaneously for Nf = 8 [10–13, 15, 20]. The
8-flavor theory continues to be investigated by several lat-
tice groups in order to learn more about its low-energy
dynamics and relate it to phenomenological model build-
ing.

Here we summarize the main results from our lattice
calculations of the spectrum of the 8-flavor theory, high-
lighting the growing evidence for a light singlet scalar
0++ state. We also determine the vector (1��) and
axial-vector (1++) masses and decay constants and an-
alyze other aspects of the rich composite spectrum of
the theory, which are of phenomenological importance
in the context of searches for new resonances at the
LHC [21, 22]. When the 8-flavor theory is responsible
for electroweak symmetry breaking in models with chi-
ral electroweak couplings assigned to only one doublet
(ND = 1), we estimate that the vector meson has a physi-
cal mass of about 2 TeV and a width of roughly 450 GeV.

In the context of new strong dynamics beyond the stan-
dard model, it is important for lattice calculations to be
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FIG. 3. The pseudoscalar, vector and axial-vector decay
constants F⇡, F⇢ and Fa1 vs. the input fermion mass am.
Only statistical uncertainties are shown, within which F⇢ ⇡
Fa1 throughout the range of masses we investigate.

FIG. 4. Ratios of the Nf = 8 hadron masses divided by the
pseudoscalar decay constant F⇡ at each fermion mass am.

smallest [50], while the vector F⇢ and axial-vector Fa1 are
approximately degenerate within statistical errors. Sim-
ilar behavior was reported in Refs. [13, 28], where it was
related to reductions in the electroweak S parameter.

In Fig. 4 we plot ratios of the hadron masses divided by
F⇡, observing that all the ratios are rather independent of
the fermion mass, although some changes appear at our
lightest mass where the vector meson is above the two-
pseudoscalar threshold. We find that M⇢/F⇡ ⇡ 8 and
MN/F⇡ ⇡ 11, similar to the physical QCD ratios. In
fact, M⇢/F⇡ ⇡ 8 appears to be a generic feature of many
strongly coupled gauge theories, both IR conformal and
chirally broken [8, 15, 29–31].

Let us now specialize to models in which we assign
chiral electroweak couplings to only ND = 1 pair of the
Nf = 8 fermions. This choice sets the physical value

FIG. 5. Comparing our 8-flavor M0++ and M⇢ results with
those of the LatKMI Collaboration [4, 15, 38], using the same
reference scale

p
8t0. We plot these quantities vs. M⇡ and

include a dashed line to highlight degeneracy with the pseu-
doscalar meson. A consistent trend is clearly visible, with the
light singlet scalar 0++ state following the pseudoscalar to the
smallest masses studied so far.

of F = 246 GeV/
p
ND, and is motivated to keep the

electroweak S parameter as close as possible to its small
experimental value [13, 28]. Translating our results into
physical units by identifying F⇡ with the low-energy con-
stant F is strictly correct only in the chiral limit. We can-
not currently carry out a controlled chiral extrapolation,
in part because the e↵ects of a light 0++ scalar on the
low-energy e↵ective theory are not yet well understood
despite ongoing investigations [32–36]. If we assume that
the ratio M⇢/F⇡ shown in Fig. 4 remains relatively insen-
sitive to the fermion masses then we would end up with a
vector meson mass around 2 TeV. Similar considerations
suggest that MN and Ma1 would be around 2.7 TeV.
On the other hand, the physical 0++ mass will depend
sensitively on how long this state continues to track the
pseudoscalar whose mass must vanish in the chiral limit.
At present we can estimate 0 . M0++ . 1 TeV, and this
mass could be reduced further by interactions with the
top quark in realistic models where the strong dynamics
we study is coupled to the standard model [37].

Comparison with previous work: Some aspects of
the Nf = 8 spectrum discussed above were observed in
earlier lattice studies using di↵erent discretizations and
heavier masses [4, 13, 15, 16]. In particular, the remark-
ably light singlet scalar 0++ Higgs candidate was first
reported by Ref. [4]. The increasing evidence [3–9] that
such behavior could be a fairly generic feature of near-
conformal strong dynamics is extremely interesting from
the phenomenological point of view.

In this context the behavior of M0++ in the chiral limit
is particularly important. As a step in this direction, in
Fig. 5 we compare our results for the light meson spec-
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FIG. 2. The pion, rho, isosinglet 0++ and isomultiplet a0 scalar, axial, and nucleon mass of the light flavor spectrum in
units of F⇡. The first narrow panel shows the experimental values for QCD [28] normalized by F⇡ = 94 MeV, while the last
one corresponds to average values obtained from Nf = 12 flavor simulations [7, 16, 29, 30]. The four wider panels show the
Nf = 4 + 8 spectrum as the function of the light quark mass aFm` for amh = 0.100, 0.080, 0.060, and 0.050. If the chirally
broken Nf = 4 + 8 system triggered EWSB, F⇡ ⇡ 250 GeV would set the correct electroweak scale.

ward the IRFP. At the UV energy scale denoted by ⇤UV

the gauge coupling reaches the vicinity of the IRFP. Its
value is close to g? and changes only slowly when further
reducing the energy scale. In this regime the coupling
“walks.” If all fermions were massless, g(µ ! 0) = g?
as is indicated by the solid line in the figure. On the
other hand if some of the fermions are massive, their
mass becomes comparable to the cuto↵ at some energy
scale, denoted by ⇤IR, and they decouple. In this limit
the system behaves like a chirally broken model with N`

massless fermions. The corresponding fast running cou-
pling is denoted by the dashed blue lines in Fig. 1. The
walking range between the scales ⇤UV and ⇤IR can be
tuned by bmh, and a walking behavior in these systems
is guaranteed. The red long-dashed curve in Fig. 1 de-
scribes the case where the heavy fermions decouple before
the gauge coupling reaches the vicinity of the IRFP. This
situation can be avoided by tuning bmh ! 0 and is not
considered here.

Our numerical simulations support the expectations
outlined above. The bottom panel of Fig. 1 shows
the running coupling calculated at five di↵erent values,
bmh = 0.050, 0.060, 0.080, 0.100 and 1 (i.e. Nf = 4). We
define the energy dependent running coupling through
the Wilson flow scheme and match the scales such that
all five systems predict the same g2(µ) in the infrared
limit [31, 32]. The Nf = 4 system shows the expected
fast running, but a shoulder develops as bmh is lowered.
The dashed curves in the bottom panel of Fig. 1 indicate
regions where cuto↵ e↵ects could be significant; however,
theoretical considerations guarantee that the gauge cou-
pling takes its IRFP value as bmh ! 0. The similarity
between the top and bottom panels of Fig. 1 is strik-
ing and suggests that our simulations have entered the
walking regime. A walking gauge coupling leads to the
enhancement of the fermion condensate and is necessary

to satisfy electroweak constraints.

LATTICE SIMULATIONS AND THE HADRON
SPECTRUM

Wilson renormalization group considerations predict
that the 4+8 flavor system shows hyperscaling in the
am` = 0 chiral limit where dimensionless ratios of hadron
masses are independent of the heavy mass amh. How-
ever, these ratios have to neither match the Nf = 12 nor
the Nf = 4 flavor values. In this section we present nu-
merical results for the hadron spectrum of the Nf = 4+8
model at four di↵erent amh values.
We use staggered fermions with nHYP smeared gauge

links [33, 34] and a gauge action that is the combination
of fundamental and adjoint plaquette terms. This action
has been used in Nf = 12 flavor simulations [15, 16, 19]
and we chose the parameters for this work based on those
results. We have carried out simulations at one gauge
coupling, � = 4.0, and four di↵erent values of the mass
of the heavy flavors, amh = 0.050, 0.060, 0.080 and 0.100.
Based on the results of the finite size scaling study [19]
we expect that the three lightest values are within the
scaling regime of the IRFP, while mh = 0.100 could be
on the boundary. We chose the light fermion masses in
the range am` = 0.003 � 0.035 and the lattice volumes
vary from 243⇥48 to 483⇥96. At many (am`, amh) mass
values we consider two volumes to monitor finite volume
e↵ects. We use the Wilson flow transformation to de-
fine the lattice scale [31]. As am` ! 0 and amh ! 0,
our simulations approach the Nf = 12 conformal limit
and consequently the lattice spacing decreases, requiring
simulations on increasingly larger volumes. Since we ob-
serve significant changes in the lattice spacing both when
varying amh and am`, we present our results in terms of
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We propose to construct a chirally broken model based on the infrared fixed point of a conformal
system by raising the mass of some flavors while keeping the others massless. In the infrared limit the
massive fermions decouple and the massless fermions break chiral symmetry. The running coupling
of this system “walks” and the energy range of walking can be tuned by the mass of the heavy
flavors. Renormalization group considerations predict that the spectrum of such a system shows
hyperscaling.

We have studied a model with four light and eight heavy flavors coupled to SU(3) gauge fields
and verified the above expectations. We determined the mass of several hadronic states and found
that some of them are in the 2-3 TeV range if the scale is set by the pseudoscalar decay constant
F⇡ ⇡ 250 GeV. The 0++ scalar state behaves very di↵erently from the other hadronic states. In
most of our simulations it is nearly degenerate with the pion and we estimate its mass to be less
than half of the vector resonance mass.

PACS numbers: 11.15.Ha, 12.60.Rc

INTRODUCTION

Electroweak symmetry breaking (EWSB) and the na-
ture of the Higgs boson are central questions of beyond
the Standard Model (BSM) investigations. A gauge
theory exhibiting spontaneous chiral symmetry break-
ing (S�SB) may describe EWSB when coupled to the
Standard Model. In such a system three of the massless
Goldstone pions become the longitudinal component of
the W± and Z bosons, while all other hadronic states
appear as experimentally observable excitations in the
spectrum. The physical energy scale is set by match-
ing the decay constant of the pseudoscalar (pion) to the
vacuum expectation value of the EWSB, i.e. F⇡ ⇡ 250
GeV. BSM theories based on this construction are par-
ticularly interesting as they predict several resonances
around 2-3 TeV, an energy range accessible at the LHC.
The lightest vector meson state in our model is close to
2 TeV and could correspond to the recently reported res-
onance [1]. These theories are based on similar concepts
originally introduced in the context of technicolor [2–5].
Phenomenologically viable models must have properties
quite di↵erent from QCD, suggesting they are likely near
the conformal boundary. Recent lattice simulations with
many fundamental flavors or with fermions in higher rep-
resentations have indeed revealed non-QCD-like proper-
ties [6–11].

A composite BSM model with two massless fermions
generates the required three Goldstone bosons. If the
number of fermions is larger than two, as is the case
in systems with fundamental flavors near the conformal
boundary, the additional massless pseudoscalars have to
acquire mass. While the precise mechanism of this could
be complicated, for an e↵ective description one can sim-
ply add a mass term to the additional fermion flavors.
In a model with Nf fermions one would keep N` = 2

flavors massless and make Nh = Nf �N` fermions mas-
sive. That way, the system will have only three massless
Goldstone bosons in the infrared limit, yet the additional
flavors will have an influence on the spectrum.

When the total number of fermions increases above a
critical value, the system crosses the conformal bound-
ary. The infrared properties are now characterized by
a non-perturbative infrared fixed point (IRFP). Never-
theless the construction proposed above works just the
same. Lifting the masses of all but N` = 2 flavors will
lead to S�SB with three massless Goldstone bosons in
the infrared limit. The presence of the conformal IRFP
influences both the running of the gauge coupling and the
spectrum. The idea to give mass to some of the flavors
studied was previously discussed in Ref. [12] and a sim-
ilar construction, though with di↵erent phenomenology,
has been proposed e.g. in Refs. [13] and [14].

In this paper we investigate the properties of such a
system, based on the Nf = 12 conformal model [15–20].
We lift the masses of Nh = 8 fermions (heavy flavors) and
keep N` = 4 flavors light. This choice is motivated by the
lattice action we use in our simulations but a chirally bro-
ken model with four light flavors also has phenomenolog-
ical relevance. An example is the composite two Higgs-
doublet model of Ref. [21] that assumes four light flavors
and the Higgs bosons emerge as pseudo-Goldstone states.
More commonly discussed models feature two massless
fermions in the chiral limit and thus require simulations
with N` = 2. Our choice is, however, su�cient to investi-
gate general properties of mass split systems. By chang-
ing mh from zero to 1, our model interpolates between
the conformal 12-flavor and the chirally broken 4-flavor
systems. If mh > 0, chiral symmetry is spontaneously
broken. In the next section, we deduce that the hadron
spectrum of the light flavors shows hyperscaling in mh

assuming mh is in the scaling regime of the IRFP and
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FIG. 46. The fermion mass dependence of the mass of the flavor-singlet scalar Mσ. Masses of the

NG-pion π and vector meson ρ(PV) mass are also shown. The outer error represents the statistical

and systematic uncertainties added in quadrature, while the inner error is only statistical.

consistent with each other for mf ≥ 0.02. An estimate of LMσ suggests that the finite size

effect on Mσ is negligible in the data with LMσ ≥ 6, so that finite size effects for mf = 0.015

and mf = 0.012, where only a single volume is available, are inferred to be negligible in our

statistics.

First we would like to study the chiral behavior ofMσ from dimensionless ratios of spectral

quantities. Fig. 47 shows Mσ/Fπ as a function of Mρ/Fπ on the largest volume at each mass.

For reference, we also plot these quantities in QCD with f0(500) as a candidate for the lowest

scalar bound state. The ratio Mσ/Fπ has a mild mf dependence at smaller fermion masses,

and its value is close to the one in usual QCD, while there are large statistics and systematics

uncertainties.

Assuming this theory is in the chirally broken phase, we discuss the chiral limit extrap-

olation of Mσ. While we have a light scalar with mass comparable to Mπ, the validity of

chiral perturbation theory is intact by introducing a dilaton field which is a pseudo Nambu-

Goldstone boson of the scale symmetry (“Dilaton ChPT” (DChPT) [43]).

Treating the light scalar as a dilaton field in the effective theory is, in general, just a

particular assumption for its potential and possible interactions. However, for a vector-like

gauge theory, such as the one we study here on the lattice (Nf = 8 QCD), there cannot be

a light flavor-singlet scalar other than a dilaton. The global symmetry breaking patterns in

the chiral limit of vector-like gauge theories, dictated by the Vafa-Witten theorem, are of the
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We present results for the spectrum of a strongly interacting SU(3) gauge theory with Nf = 8 light
fermions in the fundamental representation. Carrying out non-perturbative lattice calculations at
the lightest masses and largest volumes considered to date, we confirm the existence of a remarkably
light singlet scalar particle. We explore the rich resonance spectrum of the 8-flavor theory in the
context of the search for new physics beyond the standard model at the Large Hadron Collider
(LHC). Connecting our results to models of dynamical electroweak symmetry breaking, we estimate
the vector resonance mass to be about 2 TeV with a width of roughly 450 GeV, and predict additional
resonances with masses below ⇠3 TeV.
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Introduction: Electroweak symmetry breaking
through new strong dynamics provides a potential mech-
anism to produce a composite scalar particle consistent
with the Higgs boson discovered at the LHC [1, 2]. Non-
perturbative lattice calculations are a crucial tool to
study relevant strongly interacting gauge theories, which
must di↵er qualitatively from quantum chromodynam-
ics (QCD) in order to remain phenomenologically viable.
In recent years lattice investigations have begun to ex-
plore novel near-conformal strong dynamics that emerge
upon enlarging the light fermion content of such sys-
tems. Of particular significance is increasing evidence
from this work [3–9] that such near-conformal dynamics
might generically give rise to scalar (0++) Higgs candi-
dates far lighter than the analogous f0 meson of QCD.
(See also the recent review [10] and references therein.)

A straightforward way to enlarge the fermion content is
to increase the number Nf of light fermions transform-
ing under the fundamental representation of the gauge
group SU(3). Previous lattice studies have identified the
case of Nf = 8 as a system that exhibits several fea-
tures quite distinct from QCD, which make it a partic-
ularly interesting representative of the broader class of
near-conformal gauge theories. These features include
slow running of the gauge coupling (a small � func-
tion) [11, 12], a reduced electroweak S parameter [13], a

slowly evolving mass anomalous dimension �m [14], and
changes to the composite spectrum including a light 0++

scalar [4, 13, 15, 16]. Although Refs. [17–19] even argue
that the 8-flavor theory may flow to a chirally symmetric
IR fixed point in the massless chiral limit, we support
the conventional wisdom that chiral symmetry appears
to break spontaneously for Nf = 8 [10–13, 15, 20]. The
8-flavor theory continues to be investigated by several lat-
tice groups in order to learn more about its low-energy
dynamics and relate it to phenomenological model build-
ing.

Here we summarize the main results from our lattice
calculations of the spectrum of the 8-flavor theory, high-
lighting the growing evidence for a light singlet scalar
0++ state. We also determine the vector (1��) and
axial-vector (1++) masses and decay constants and an-
alyze other aspects of the rich composite spectrum of
the theory, which are of phenomenological importance
in the context of searches for new resonances at the
LHC [21, 22]. When the 8-flavor theory is responsible
for electroweak symmetry breaking in models with chi-
ral electroweak couplings assigned to only one doublet
(ND = 1), we estimate that the vector meson has a physi-
cal mass of about 2 TeV and a width of roughly 450 GeV.

In the context of new strong dynamics beyond the stan-
dard model, it is important for lattice calculations to be
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FIG. 3. The pseudoscalar, vector and axial-vector decay
constants F⇡, F⇢ and Fa1 vs. the input fermion mass am.
Only statistical uncertainties are shown, within which F⇢ ⇡
Fa1 throughout the range of masses we investigate.

FIG. 4. Ratios of the Nf = 8 hadron masses divided by the
pseudoscalar decay constant F⇡ at each fermion mass am.

smallest [50], while the vector F⇢ and axial-vector Fa1 are
approximately degenerate within statistical errors. Sim-
ilar behavior was reported in Refs. [13, 28], where it was
related to reductions in the electroweak S parameter.

In Fig. 4 we plot ratios of the hadron masses divided by
F⇡, observing that all the ratios are rather independent of
the fermion mass, although some changes appear at our
lightest mass where the vector meson is above the two-
pseudoscalar threshold. We find that M⇢/F⇡ ⇡ 8 and
MN/F⇡ ⇡ 11, similar to the physical QCD ratios. In
fact, M⇢/F⇡ ⇡ 8 appears to be a generic feature of many
strongly coupled gauge theories, both IR conformal and
chirally broken [8, 15, 29–31].

Let us now specialize to models in which we assign
chiral electroweak couplings to only ND = 1 pair of the
Nf = 8 fermions. This choice sets the physical value

FIG. 5. Comparing our 8-flavor M0++ and M⇢ results with
those of the LatKMI Collaboration [4, 15, 38], using the same
reference scale

p
8t0. We plot these quantities vs. M⇡ and

include a dashed line to highlight degeneracy with the pseu-
doscalar meson. A consistent trend is clearly visible, with the
light singlet scalar 0++ state following the pseudoscalar to the
smallest masses studied so far.

of F = 246 GeV/
p
ND, and is motivated to keep the

electroweak S parameter as close as possible to its small
experimental value [13, 28]. Translating our results into
physical units by identifying F⇡ with the low-energy con-
stant F is strictly correct only in the chiral limit. We can-
not currently carry out a controlled chiral extrapolation,
in part because the e↵ects of a light 0++ scalar on the
low-energy e↵ective theory are not yet well understood
despite ongoing investigations [32–36]. If we assume that
the ratio M⇢/F⇡ shown in Fig. 4 remains relatively insen-
sitive to the fermion masses then we would end up with a
vector meson mass around 2 TeV. Similar considerations
suggest that MN and Ma1 would be around 2.7 TeV.
On the other hand, the physical 0++ mass will depend
sensitively on how long this state continues to track the
pseudoscalar whose mass must vanish in the chiral limit.
At present we can estimate 0 . M0++ . 1 TeV, and this
mass could be reduced further by interactions with the
top quark in realistic models where the strong dynamics
we study is coupled to the standard model [37].

Comparison with previous work: Some aspects of
the Nf = 8 spectrum discussed above were observed in
earlier lattice studies using di↵erent discretizations and
heavier masses [4, 13, 15, 16]. In particular, the remark-
ably light singlet scalar 0++ Higgs candidate was first
reported by Ref. [4]. The increasing evidence [3–9] that
such behavior could be a fairly generic feature of near-
conformal strong dynamics is extremely interesting from
the phenomenological point of view.

In this context the behavior of M0++ in the chiral limit
is particularly important. As a step in this direction, in
Fig. 5 we compare our results for the light meson spec-
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FIG. 2. The pion, rho, isosinglet 0++ and isomultiplet a0 scalar, axial, and nucleon mass of the light flavor spectrum in
units of F⇡. The first narrow panel shows the experimental values for QCD [28] normalized by F⇡ = 94 MeV, while the last
one corresponds to average values obtained from Nf = 12 flavor simulations [7, 16, 29, 30]. The four wider panels show the
Nf = 4 + 8 spectrum as the function of the light quark mass aFm` for amh = 0.100, 0.080, 0.060, and 0.050. If the chirally
broken Nf = 4 + 8 system triggered EWSB, F⇡ ⇡ 250 GeV would set the correct electroweak scale.

ward the IRFP. At the UV energy scale denoted by ⇤UV

the gauge coupling reaches the vicinity of the IRFP. Its
value is close to g? and changes only slowly when further
reducing the energy scale. In this regime the coupling
“walks.” If all fermions were massless, g(µ ! 0) = g?
as is indicated by the solid line in the figure. On the
other hand if some of the fermions are massive, their
mass becomes comparable to the cuto↵ at some energy
scale, denoted by ⇤IR, and they decouple. In this limit
the system behaves like a chirally broken model with N`

massless fermions. The corresponding fast running cou-
pling is denoted by the dashed blue lines in Fig. 1. The
walking range between the scales ⇤UV and ⇤IR can be
tuned by bmh, and a walking behavior in these systems
is guaranteed. The red long-dashed curve in Fig. 1 de-
scribes the case where the heavy fermions decouple before
the gauge coupling reaches the vicinity of the IRFP. This
situation can be avoided by tuning bmh ! 0 and is not
considered here.

Our numerical simulations support the expectations
outlined above. The bottom panel of Fig. 1 shows
the running coupling calculated at five di↵erent values,
bmh = 0.050, 0.060, 0.080, 0.100 and 1 (i.e. Nf = 4). We
define the energy dependent running coupling through
the Wilson flow scheme and match the scales such that
all five systems predict the same g2(µ) in the infrared
limit [31, 32]. The Nf = 4 system shows the expected
fast running, but a shoulder develops as bmh is lowered.
The dashed curves in the bottom panel of Fig. 1 indicate
regions where cuto↵ e↵ects could be significant; however,
theoretical considerations guarantee that the gauge cou-
pling takes its IRFP value as bmh ! 0. The similarity
between the top and bottom panels of Fig. 1 is strik-
ing and suggests that our simulations have entered the
walking regime. A walking gauge coupling leads to the
enhancement of the fermion condensate and is necessary

to satisfy electroweak constraints.

LATTICE SIMULATIONS AND THE HADRON
SPECTRUM

Wilson renormalization group considerations predict
that the 4+8 flavor system shows hyperscaling in the
am` = 0 chiral limit where dimensionless ratios of hadron
masses are independent of the heavy mass amh. How-
ever, these ratios have to neither match the Nf = 12 nor
the Nf = 4 flavor values. In this section we present nu-
merical results for the hadron spectrum of the Nf = 4+8
model at four di↵erent amh values.
We use staggered fermions with nHYP smeared gauge

links [33, 34] and a gauge action that is the combination
of fundamental and adjoint plaquette terms. This action
has been used in Nf = 12 flavor simulations [15, 16, 19]
and we chose the parameters for this work based on those
results. We have carried out simulations at one gauge
coupling, � = 4.0, and four di↵erent values of the mass
of the heavy flavors, amh = 0.050, 0.060, 0.080 and 0.100.
Based on the results of the finite size scaling study [19]
we expect that the three lightest values are within the
scaling regime of the IRFP, while mh = 0.100 could be
on the boundary. We chose the light fermion masses in
the range am` = 0.003 � 0.035 and the lattice volumes
vary from 243⇥48 to 483⇥96. At many (am`, amh) mass
values we consider two volumes to monitor finite volume
e↵ects. We use the Wilson flow transformation to de-
fine the lattice scale [31]. As am` ! 0 and amh ! 0,
our simulations approach the Nf = 12 conformal limit
and consequently the lattice spacing decreases, requiring
simulations on increasingly larger volumes. Since we ob-
serve significant changes in the lattice spacing both when
varying amh and am`, we present our results in terms of

EDINBURGH 2015/31

Composite Higgs model at a conformal fixed point

R.C. Brower,1 A. Hasenfratz,2 C. Rebbi,1 E. Weinberg,1 and O. Witzel3

1Department of Physics and Center for Computational Science, Boston University, Boston, MA 02215, USA
2Department of Physics, University of Colorado, Boulder, CO 80309, USA

3Higgs Centre for Theoretical Physics, School of Physics & Astronomy, The University of Edinburgh, Edinburgh, EH9 3FD, UK
(Dated: April 29, 2016)

We propose to construct a chirally broken model based on the infrared fixed point of a conformal
system by raising the mass of some flavors while keeping the others massless. In the infrared limit the
massive fermions decouple and the massless fermions break chiral symmetry. The running coupling
of this system “walks” and the energy range of walking can be tuned by the mass of the heavy
flavors. Renormalization group considerations predict that the spectrum of such a system shows
hyperscaling.

We have studied a model with four light and eight heavy flavors coupled to SU(3) gauge fields
and verified the above expectations. We determined the mass of several hadronic states and found
that some of them are in the 2-3 TeV range if the scale is set by the pseudoscalar decay constant
F⇡ ⇡ 250 GeV. The 0++ scalar state behaves very di↵erently from the other hadronic states. In
most of our simulations it is nearly degenerate with the pion and we estimate its mass to be less
than half of the vector resonance mass.

PACS numbers: 11.15.Ha, 12.60.Rc

INTRODUCTION

Electroweak symmetry breaking (EWSB) and the na-
ture of the Higgs boson are central questions of beyond
the Standard Model (BSM) investigations. A gauge
theory exhibiting spontaneous chiral symmetry break-
ing (S�SB) may describe EWSB when coupled to the
Standard Model. In such a system three of the massless
Goldstone pions become the longitudinal component of
the W± and Z bosons, while all other hadronic states
appear as experimentally observable excitations in the
spectrum. The physical energy scale is set by match-
ing the decay constant of the pseudoscalar (pion) to the
vacuum expectation value of the EWSB, i.e. F⇡ ⇡ 250
GeV. BSM theories based on this construction are par-
ticularly interesting as they predict several resonances
around 2-3 TeV, an energy range accessible at the LHC.
The lightest vector meson state in our model is close to
2 TeV and could correspond to the recently reported res-
onance [1]. These theories are based on similar concepts
originally introduced in the context of technicolor [2–5].
Phenomenologically viable models must have properties
quite di↵erent from QCD, suggesting they are likely near
the conformal boundary. Recent lattice simulations with
many fundamental flavors or with fermions in higher rep-
resentations have indeed revealed non-QCD-like proper-
ties [6–11].

A composite BSM model with two massless fermions
generates the required three Goldstone bosons. If the
number of fermions is larger than two, as is the case
in systems with fundamental flavors near the conformal
boundary, the additional massless pseudoscalars have to
acquire mass. While the precise mechanism of this could
be complicated, for an e↵ective description one can sim-
ply add a mass term to the additional fermion flavors.
In a model with Nf fermions one would keep N` = 2

flavors massless and make Nh = Nf �N` fermions mas-
sive. That way, the system will have only three massless
Goldstone bosons in the infrared limit, yet the additional
flavors will have an influence on the spectrum.

When the total number of fermions increases above a
critical value, the system crosses the conformal bound-
ary. The infrared properties are now characterized by
a non-perturbative infrared fixed point (IRFP). Never-
theless the construction proposed above works just the
same. Lifting the masses of all but N` = 2 flavors will
lead to S�SB with three massless Goldstone bosons in
the infrared limit. The presence of the conformal IRFP
influences both the running of the gauge coupling and the
spectrum. The idea to give mass to some of the flavors
studied was previously discussed in Ref. [12] and a sim-
ilar construction, though with di↵erent phenomenology,
has been proposed e.g. in Refs. [13] and [14].

In this paper we investigate the properties of such a
system, based on the Nf = 12 conformal model [15–20].
We lift the masses of Nh = 8 fermions (heavy flavors) and
keep N` = 4 flavors light. This choice is motivated by the
lattice action we use in our simulations but a chirally bro-
ken model with four light flavors also has phenomenolog-
ical relevance. An example is the composite two Higgs-
doublet model of Ref. [21] that assumes four light flavors
and the Higgs bosons emerge as pseudo-Goldstone states.
More commonly discussed models feature two massless
fermions in the chiral limit and thus require simulations
with N` = 2. Our choice is, however, su�cient to investi-
gate general properties of mass split systems. By chang-
ing mh from zero to 1, our model interpolates between
the conformal 12-flavor and the chirally broken 4-flavor
systems. If mh > 0, chiral symmetry is spontaneously
broken. In the next section, we deduce that the hadron
spectrum of the light flavors shows hyperscaling in mh

assuming mh is in the scaling regime of the IRFP and
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FIG. 46. The fermion mass dependence of the mass of the flavor-singlet scalar Mσ. Masses of the

NG-pion π and vector meson ρ(PV) mass are also shown. The outer error represents the statistical

and systematic uncertainties added in quadrature, while the inner error is only statistical.

consistent with each other for mf ≥ 0.02. An estimate of LMσ suggests that the finite size

effect on Mσ is negligible in the data with LMσ ≥ 6, so that finite size effects for mf = 0.015

and mf = 0.012, where only a single volume is available, are inferred to be negligible in our

statistics.

First we would like to study the chiral behavior ofMσ from dimensionless ratios of spectral

quantities. Fig. 47 shows Mσ/Fπ as a function of Mρ/Fπ on the largest volume at each mass.

For reference, we also plot these quantities in QCD with f0(500) as a candidate for the lowest

scalar bound state. The ratio Mσ/Fπ has a mild mf dependence at smaller fermion masses,

and its value is close to the one in usual QCD, while there are large statistics and systematics

uncertainties.

Assuming this theory is in the chirally broken phase, we discuss the chiral limit extrap-

olation of Mσ. While we have a light scalar with mass comparable to Mπ, the validity of

chiral perturbation theory is intact by introducing a dilaton field which is a pseudo Nambu-

Goldstone boson of the scale symmetry (“Dilaton ChPT” (DChPT) [43]).

Treating the light scalar as a dilaton field in the effective theory is, in general, just a

particular assumption for its potential and possible interactions. However, for a vector-like

gauge theory, such as the one we study here on the lattice (Nf = 8 QCD), there cannot be

a light flavor-singlet scalar other than a dilaton. The global symmetry breaking patterns in

the chiral limit of vector-like gauge theories, dictated by the Vafa-Witten theorem, are of the
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a light dilaton at the conformal transition?
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�
<latexit sha1_base64="HozSBSgsMFftZkA0v3rmHvvMBkw=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YAmlM120i7dbMLuRiihP8KLB0W8+nu8+W/ctjlo64OBx3szzMwLU8G1cd1vZ219Y3Nru7RT3t3bPzisHB23dZIphi2WiER1Q6pRcIktw43AbqqQxqHATji+m/mdJ1SaJ/LRTFIMYjqUPOKMGit1/DDymyPer1TdmjsHWSVeQapQoNmvfPmDhGUxSsME1brnuakJcqoMZwKnZT/TmFI2pkPsWSppjDrI5+dOyblVBiRKlC1pyFz9PZHTWOtJHNrOmJqRXvZm4n9eLzPRTZBzmWYGJVssijJBTEJmv5MBV8iMmFhCmeL2VsJGVFFmbEJlG4K3/PIqaddr3mWt/nBVbdwWcZTgFM7gAjy4hgbcQxNawGAMz/AKb07qvDjvzseidc0pZk7gD5zPHxMyj2U=</latexit>

AdS1

AdS tachyon

●

●
AdS2
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slow-roll
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II)
m2

rad / @zIR�

�
! 0

<latexit sha1_base64="0KnIVGqhI5Cj04TrYx3zXjC5Tv0="></latexit>
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2 = 1<latexit sha1_base64="J2ArlzokODs9F4OMEU53zS/R3uo=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkpSBL0IRS8eK9gPaGLZbDft0s0m7G6EGvpLvHhQxKs/xZv/xk2bg7Y+GHi8N8PMvCDhTGnH+bZKa+sbm1vl7crO7t5+1T447Kg4lYS2Scxj2QuwopwJ2tZMc9pLJMVRwGk3mNzkfveRSsVica+nCfUjPBIsZARrIw3sqheEyJvgJMEPjSu3MrBrTt2ZA60StyA1KNAa2F/eMCZpRIUmHCvVd51E+xmWmhFOZxUvVTTBZIJHtG+owBFVfjY/fIZOjTJEYSxNCY3m6u+JDEdKTaPAdEZYj9Wyl4v/ef1Uh5d+xkSSairIYlGYcqRjlKeAhkxSovnUEEwkM7ciMsYSE22yykNwl19eJZ1G3XXq7t15rXldxFGGYziBM3DhAppwCy1oA4EUnuEV3qwn68V6tz4WrSWrmDmCP7A+fwD08pH2</latexit><latexit sha1_base64="J2ArlzokODs9F4OMEU53zS/R3uo=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkpSBL0IRS8eK9gPaGLZbDft0s0m7G6EGvpLvHhQxKs/xZv/xk2bg7Y+GHi8N8PMvCDhTGnH+bZKa+sbm1vl7crO7t5+1T447Kg4lYS2Scxj2QuwopwJ2tZMc9pLJMVRwGk3mNzkfveRSsVica+nCfUjPBIsZARrIw3sqheEyJvgJMEPjSu3MrBrTt2ZA60StyA1KNAa2F/eMCZpRIUmHCvVd51E+xmWmhFOZxUvVTTBZIJHtG+owBFVfjY/fIZOjTJEYSxNCY3m6u+JDEdKTaPAdEZYj9Wyl4v/ef1Uh5d+xkSSairIYlGYcqRjlKeAhkxSovnUEEwkM7ciMsYSE22yykNwl19eJZ1G3XXq7t15rXldxFGGYziBM3DhAppwCy1oA4EUnuEV3qwn68V6tz4WrSWrmDmCP7A+fwD08pH2</latexit><latexit sha1_base64="J2ArlzokODs9F4OMEU53zS/R3uo=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkpSBL0IRS8eK9gPaGLZbDft0s0m7G6EGvpLvHhQxKs/xZv/xk2bg7Y+GHi8N8PMvCDhTGnH+bZKa+sbm1vl7crO7t5+1T447Kg4lYS2Scxj2QuwopwJ2tZMc9pLJMVRwGk3mNzkfveRSsVica+nCfUjPBIsZARrIw3sqheEyJvgJMEPjSu3MrBrTt2ZA60StyA1KNAa2F/eMCZpRIUmHCvVd51E+xmWmhFOZxUvVTTBZIJHtG+owBFVfjY/fIZOjTJEYSxNCY3m6u+JDEdKTaPAdEZYj9Wyl4v/ef1Uh5d+xkSSairIYlGYcqRjlKeAhkxSovnUEEwkM7ciMsYSE22yykNwl19eJZ1G3XXq7t15rXldxFGGYziBM3DhAppwCy1oA4EUnuEV3qwn68V6tz4WrSWrmDmCP7A+fwD08pH2</latexit><latexit sha1_base64="J2ArlzokODs9F4OMEU53zS/R3uo=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkpSBL0IRS8eK9gPaGLZbDft0s0m7G6EGvpLvHhQxKs/xZv/xk2bg7Y+GHi8N8PMvCDhTGnH+bZKa+sbm1vl7crO7t5+1T447Kg4lYS2Scxj2QuwopwJ2tZMc9pLJMVRwGk3mNzkfveRSsVica+nCfUjPBIsZARrIw3sqheEyJvgJMEPjSu3MrBrTt2ZA60StyA1KNAa2F/eMCZpRIUmHCvVd51E+xmWmhFOZxUvVTTBZIJHtG+owBFVfjY/fIZOjTJEYSxNCY3m6u+JDEdKTaPAdEZYj9Wyl4v/ef1Uh5d+xkSSairIYlGYcqRjlKeAhkxSovnUEEwkM7ciMsYSE22yykNwl19eJZ1G3XXq7t15rXldxFGGYziBM3DhAppwCy1oA4EUnuEV3qwn68V6tz4WrSWrmDmCP7A+fwD08pH2</latexit>

2 = 10<latexit sha1_base64="6+3Lbi6doOu7LLea/23mxHphWcY=">AAAB+nicbVBNS8NAEJ34WetXqkcvi0XwVJIi6EUoevFYwX5AE8tmu2mXbjZhd6OU2J/ixYMiXv0l3vw3btoctPXBwOO9GWbmBQlnSjvOt7Wyura+sVnaKm/v7O7t25WDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaC8XXudx6oVCwWd3qSUD/CQ8FCRrA2Ut+ueEGIvDFOEnxfv0SuU+7bVafmzICWiVuQKhRo9u0vbxCTNKJCE46V6rlOov0MS80Ip9OylyqaYDLGQ9ozVOCIKj+bnT5FJ0YZoDCWpoRGM/X3RIYjpSZRYDojrEdq0cvF/7xeqsMLP2MiSTUVZL4oTDnSMcpzQAMmKdF8YggmkplbERlhiYk2aeUhuIsvL5N2veY6Nff2rNq4KuIowREcwym4cA4NuIEmtIDAIzzDK7xZT9aL9W59zFtXrGLmEP7A+vwBwjaSWg==</latexit><latexit sha1_base64="6+3Lbi6doOu7LLea/23mxHphWcY=">AAAB+nicbVBNS8NAEJ34WetXqkcvi0XwVJIi6EUoevFYwX5AE8tmu2mXbjZhd6OU2J/ixYMiXv0l3vw3btoctPXBwOO9GWbmBQlnSjvOt7Wyura+sVnaKm/v7O7t25WDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaC8XXudx6oVCwWd3qSUD/CQ8FCRrA2Ut+ueEGIvDFOEnxfv0SuU+7bVafmzICWiVuQKhRo9u0vbxCTNKJCE46V6rlOov0MS80Ip9OylyqaYDLGQ9ozVOCIKj+bnT5FJ0YZoDCWpoRGM/X3RIYjpSZRYDojrEdq0cvF/7xeqsMLP2MiSTUVZL4oTDnSMcpzQAMmKdF8YggmkplbERlhiYk2aeUhuIsvL5N2veY6Nff2rNq4KuIowREcwym4cA4NuIEmtIDAIzzDK7xZT9aL9W59zFtXrGLmEP7A+vwBwjaSWg==</latexit><latexit sha1_base64="6+3Lbi6doOu7LLea/23mxHphWcY=">AAAB+nicbVBNS8NAEJ34WetXqkcvi0XwVJIi6EUoevFYwX5AE8tmu2mXbjZhd6OU2J/ixYMiXv0l3vw3btoctPXBwOO9GWbmBQlnSjvOt7Wyura+sVnaKm/v7O7t25WDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaC8XXudx6oVCwWd3qSUD/CQ8FCRrA2Ut+ueEGIvDFOEnxfv0SuU+7bVafmzICWiVuQKhRo9u0vbxCTNKJCE46V6rlOov0MS80Ip9OylyqaYDLGQ9ozVOCIKj+bnT5FJ0YZoDCWpoRGM/X3RIYjpSZRYDojrEdq0cvF/7xeqsMLP2MiSTUVZL4oTDnSMcpzQAMmKdF8YggmkplbERlhiYk2aeUhuIsvL5N2veY6Nff2rNq4KuIowREcwym4cA4NuIEmtIDAIzzDK7xZT9aL9W59zFtXrGLmEP7A+vwBwjaSWg==</latexit><latexit sha1_base64="6+3Lbi6doOu7LLea/23mxHphWcY=">AAAB+nicbVBNS8NAEJ34WetXqkcvi0XwVJIi6EUoevFYwX5AE8tmu2mXbjZhd6OU2J/ixYMiXv0l3vw3btoctPXBwOO9GWbmBQlnSjvOt7Wyura+sVnaKm/v7O7t25WDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaC8XXudx6oVCwWd3qSUD/CQ8FCRrA2Ut+ueEGIvDFOEnxfv0SuU+7bVafmzICWiVuQKhRo9u0vbxCTNKJCE46V6rlOov0MS80Ip9OylyqaYDLGQ9ozVOCIKj+bnT5FJ0YZoDCWpoRGM/X3RIYjpSZRYDojrEdq0cvF/7xeqsMLP2MiSTUVZL4oTDnSMcpzQAMmKdF8YggmkplbERlhiYk2aeUhuIsvL5N2veY6Nff2rNq4KuIowREcwym4cA4NuIEmtIDAIzzDK7xZT9aL9W59zFtXrGLmEP7A+vwBwjaSWg==</latexit>

2 = 10
<latexit sha1_base64="6+3Lbi6doOu7LLea/23mxHphWcY=">AAAB+nicbVBNS8NAEJ34WetXqkcvi0XwVJIi6EUoevFYwX5AE8tmu2mXbjZhd6OU2J/ixYMiXv0l3vw3btoctPXBwOO9GWbmBQlnSjvOt7Wyura+sVnaKm/v7O7t25WDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaC8XXudx6oVCwWd3qSUD/CQ8FCRrA2Ut+ueEGIvDFOEnxfv0SuU+7bVafmzICWiVuQKhRo9u0vbxCTNKJCE46V6rlOov0MS80Ip9OylyqaYDLGQ9ozVOCIKj+bnT5FJ0YZoDCWpoRGM/X3RIYjpSZRYDojrEdq0cvF/7xeqsMLP2MiSTUVZL4oTDnSMcpzQAMmKdF8YggmkplbERlhiYk2aeUhuIsvL5N2veY6Nff2rNq4KuIowREcwym4cA4NuIEmtIDAIzzDK7xZT9aL9W59zFtXrGLmEP7A+vwBwjaSWg==</latexit><latexit sha1_base64="6+3Lbi6doOu7LLea/23mxHphWcY=">AAAB+nicbVBNS8NAEJ34WetXqkcvi0XwVJIi6EUoevFYwX5AE8tmu2mXbjZhd6OU2J/ixYMiXv0l3vw3btoctPXBwOO9GWbmBQlnSjvOt7Wyura+sVnaKm/v7O7t25WDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaC8XXudx6oVCwWd3qSUD/CQ8FCRrA2Ut+ueEGIvDFOEnxfv0SuU+7bVafmzICWiVuQKhRo9u0vbxCTNKJCE46V6rlOov0MS80Ip9OylyqaYDLGQ9ozVOCIKj+bnT5FJ0YZoDCWpoRGM/X3RIYjpSZRYDojrEdq0cvF/7xeqsMLP2MiSTUVZL4oTDnSMcpzQAMmKdF8YggmkplbERlhiYk2aeUhuIsvL5N2veY6Nff2rNq4KuIowREcwym4cA4NuIEmtIDAIzzDK7xZT9aL9W59zFtXrGLmEP7A+vwBwjaSWg==</latexit><latexit sha1_base64="6+3Lbi6doOu7LLea/23mxHphWcY=">AAAB+nicbVBNS8NAEJ34WetXqkcvi0XwVJIi6EUoevFYwX5AE8tmu2mXbjZhd6OU2J/ixYMiXv0l3vw3btoctPXBwOO9GWbmBQlnSjvOt7Wyura+sVnaKm/v7O7t25WDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaC8XXudx6oVCwWd3qSUD/CQ8FCRrA2Ut+ueEGIvDFOEnxfv0SuU+7bVafmzICWiVuQKhRo9u0vbxCTNKJCE46V6rlOov0MS80Ip9OylyqaYDLGQ9ozVOCIKj+bnT5FJ0YZoDCWpoRGM/X3RIYjpSZRYDojrEdq0cvF/7xeqsMLP2MiSTUVZL4oTDnSMcpzQAMmKdF8YggmkplbERlhiYk2aeUhuIsvL5N2veY6Nff2rNq4KuIowREcwym4cA4NuIEmtIDAIzzDK7xZT9aL9W59zFtXrGLmEP7A+vwBwjaSWg==</latexit><latexit sha1_base64="6+3Lbi6doOu7LLea/23mxHphWcY=">AAAB+nicbVBNS8NAEJ34WetXqkcvi0XwVJIi6EUoevFYwX5AE8tmu2mXbjZhd6OU2J/ixYMiXv0l3vw3btoctPXBwOO9GWbmBQlnSjvOt7Wyura+sVnaKm/v7O7t25WDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaC8XXudx6oVCwWd3qSUD/CQ8FCRrA2Ut+ueEGIvDFOEnxfv0SuU+7bVafmzICWiVuQKhRo9u0vbxCTNKJCE46V6rlOov0MS80Ip9OylyqaYDLGQ9ozVOCIKj+bnT5FJ0YZoDCWpoRGM/X3RIYjpSZRYDojrEdq0cvF/7xeqsMLP2MiSTUVZL4oTDnSMcpzQAMmKdF8YggmkplbERlhiYk2aeUhuIsvL5N2veY6Nff2rNq4KuIowREcwym4cA4NuIEmtIDAIzzDK7xZT9aL9W59zFtXrGLmEP7A+vwBwjaSWg==</latexit>

2 = 1
<latexit sha1_base64="J2ArlzokODs9F4OMEU53zS/R3uo=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkpSBL0IRS8eK9gPaGLZbDft0s0m7G6EGvpLvHhQxKs/xZv/xk2bg7Y+GHi8N8PMvCDhTGnH+bZKa+sbm1vl7crO7t5+1T447Kg4lYS2Scxj2QuwopwJ2tZMc9pLJMVRwGk3mNzkfveRSsVica+nCfUjPBIsZARrIw3sqheEyJvgJMEPjSu3MrBrTt2ZA60StyA1KNAa2F/eMCZpRIUmHCvVd51E+xmWmhFOZxUvVTTBZIJHtG+owBFVfjY/fIZOjTJEYSxNCY3m6u+JDEdKTaPAdEZYj9Wyl4v/ef1Uh5d+xkSSairIYlGYcqRjlKeAhkxSovnUEEwkM7ciMsYSE22yykNwl19eJZ1G3XXq7t15rXldxFGGYziBM3DhAppwCy1oA4EUnuEV3qwn68V6tz4WrSWrmDmCP7A+fwD08pH2</latexit><latexit sha1_base64="J2ArlzokODs9F4OMEU53zS/R3uo=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkpSBL0IRS8eK9gPaGLZbDft0s0m7G6EGvpLvHhQxKs/xZv/xk2bg7Y+GHi8N8PMvCDhTGnH+bZKa+sbm1vl7crO7t5+1T447Kg4lYS2Scxj2QuwopwJ2tZMc9pLJMVRwGk3mNzkfveRSsVica+nCfUjPBIsZARrIw3sqheEyJvgJMEPjSu3MrBrTt2ZA60StyA1KNAa2F/eMCZpRIUmHCvVd51E+xmWmhFOZxUvVTTBZIJHtG+owBFVfjY/fIZOjTJEYSxNCY3m6u+JDEdKTaPAdEZYj9Wyl4v/ef1Uh5d+xkSSairIYlGYcqRjlKeAhkxSovnUEEwkM7ciMsYSE22yykNwl19eJZ1G3XXq7t15rXldxFGGYziBM3DhAppwCy1oA4EUnuEV3qwn68V6tz4WrSWrmDmCP7A+fwD08pH2</latexit><latexit sha1_base64="J2ArlzokODs9F4OMEU53zS/R3uo=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkpSBL0IRS8eK9gPaGLZbDft0s0m7G6EGvpLvHhQxKs/xZv/xk2bg7Y+GHi8N8PMvCDhTGnH+bZKa+sbm1vl7crO7t5+1T447Kg4lYS2Scxj2QuwopwJ2tZMc9pLJMVRwGk3mNzkfveRSsVica+nCfUjPBIsZARrIw3sqheEyJvgJMEPjSu3MrBrTt2ZA60StyA1KNAa2F/eMCZpRIUmHCvVd51E+xmWmhFOZxUvVTTBZIJHtG+owBFVfjY/fIZOjTJEYSxNCY3m6u+JDEdKTaPAdEZYj9Wyl4v/ef1Uh5d+xkSSairIYlGYcqRjlKeAhkxSovnUEEwkM7ciMsYSE22yykNwl19eJZ1G3XXq7t15rXldxFGGYziBM3DhAppwCy1oA4EUnuEV3qwn68V6tz4WrSWrmDmCP7A+fwD08pH2</latexit><latexit sha1_base64="J2ArlzokODs9F4OMEU53zS/R3uo=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkpSBL0IRS8eK9gPaGLZbDft0s0m7G6EGvpLvHhQxKs/xZv/xk2bg7Y+GHi8N8PMvCDhTGnH+bZKa+sbm1vl7crO7t5+1T447Kg4lYS2Scxj2QuwopwJ2tZMc9pLJMVRwGk3mNzkfveRSsVica+nCfUjPBIsZARrIw3sqheEyJvgJMEPjSu3MrBrTt2ZA60StyA1KNAa2F/eMCZpRIUmHCvVd51E+xmWmhFOZxUvVTTBZIJHtG+owBFVfjY/fIZOjTJEYSxNCY3m6u+JDEdKTaPAdEZYj9Wyl4v/ef1Uh5d+xkSSairIYlGYcqRjlKeAhkxSovnUEEwkM7ciMsYSE22yykNwl19eJZ1G3XXq7t15rXldxFGGYziBM3DhAppwCy1oA4EUnuEV3qwn68V6tz4WrSWrmDmCP7A+fwD08pH2</latexit>

ln[zIR]

mS

m⇢
<latexit sha1_base64="aF0Ex622LYLEgpdAn3SKsaZ0ef4=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCqzJTBV0W3bisaB/QGUomzbSheQxJRijDuPFX3LhQxK1/4c6/MW1noa0HLvdwzr0k90QJo9p43reztLyyurZe2ihvbm3v7Lp7+y0tU4VJE0smVSdCmjAqSNNQw0gnUQTxiJF2NLqe+O0HojSV4t6MExJyNBA0phgZK/XcwyCKYRArhDPey+7y3LZADWXecyte1ZsCLhK/IBVQoNFzv4K+xCknwmCGtO76XmLCDClDMSN5OUg1SRAeoQHpWioQJzrMphfk8MQqfRhLZUsYOFV/b2SIaz3mkZ3kyAz1vDcR//O6qYkvw4yKJDVE4NlDccqgkXASB+xTRbBhY0sQVtT+FeIhsnEYG1rZhuDPn7xIWrWqf1at3Z5X6ldFHCVwBI7BKfDBBaiDG9AATYDBI3gGr+DNeXJenHfnYza65BQ7B+APnM8fHSmXUw==</latexit>

1)

mS

m⇢
<latexit sha1_base64="aF0Ex622LYLEgpdAn3SKsaZ0ef4=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCqzJTBV0W3bisaB/QGUomzbSheQxJRijDuPFX3LhQxK1/4c6/MW1noa0HLvdwzr0k90QJo9p43reztLyyurZe2ihvbm3v7Lp7+y0tU4VJE0smVSdCmjAqSNNQw0gnUQTxiJF2NLqe+O0HojSV4t6MExJyNBA0phgZK/XcwyCKYRArhDPey+7y3LZADWXecyte1ZsCLhK/IBVQoNFzv4K+xCknwmCGtO76XmLCDClDMSN5OUg1SRAeoQHpWioQJzrMphfk8MQqfRhLZUsYOFV/b2SIaz3mkZ3kyAz1vDcR//O6qYkvw4yKJDVE4NlDccqgkXASB+xTRbBhY0sQVtT+FeIhsnEYG1rZhuDPn7xIWrWqf1at3Z5X6ldFHCVwBI7BKfDBBaiDG9AATYDBI3gGr+DNeXJenHfnYza65BQ7B+APnM8fHSmXUw==</latexit>
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☛ Always a light scalar (mostly dilaton)  but not parametrically light!
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where from now on we will be using the dot notation: �̇ ⌘ @z�. It is important to notice that
by the field redefinition � ! �/

p|�| we could factorize |�| in front of the first term of Eq. (16)
and make the EOM that determines the solution for � independent of |�| (only sensitive to its
sign). This redefinition introduces |�| in the interactions of � with the gauge and gravitational
fields (second term of Eq. (16) and Eq. (18) respectively). Nevertheless, this can be reabsorbed
respectively in g2

5

and 2, making the solutions and full mass spectrum of the model insensitive
to |�|. Therefore, without loss of generality, we will consider � = ±1.

We are interested to study the model close to the conformal transition. Therefore we will
work in the limit ✏ ! 0. The solution for � then only depends on z

IR

, 2 and m2

b (and the sign
of �). At the UV-boundary we will impose � = 0, otherwise we would be breaking the chiral
symmetry from UV-physics (as adding an explicit mass term to the quarks in the dual theory).6

On the other hand, at the IR-boundary we must impose the boundary condition determined
by the model: ✓

M
5

NF

a
�̇+ V 0

b

◆����
zIR

= 0 , (19)

where we defined V 0
b ⌘ @�Vb. For the metric we must impose the junction condition [12]:

✓
�6M

5

2

ȧ

a2
+ Vb

◆����
zIR

= 0 . (20)

We will start looking for solutions of the tachyon for m̂2

b > �2, to discuss later the case
m̂2

b < �2. For m̂2

b > �2 non-trivial solutions from Eq. (16) fulfilling Eq. (19) are only found
if the IR-boundary is beyond some critical value, z

IR

> zc
IR

. It is easy to find zc
IR

, as this
corresponds to the critical value at which we pass from having all KK of � with positive
squared masses to having 4D tachyons in the theory. Therefore at z

IR

= zc
IR

there must be a
4D massless mode. The wave-function of this massless mode must satisfy the linearized bulk
EOM with p2 = 0. We obtain

�(z) =
A
L
z2 sin

✓p
✏ ln

z

z
UV

◆
, (21)

with A a normalization constant (the amplitude of the tachyon), and where the IR-boundary
condition Eq. (19) at z

IR

= zc
IR

leads to

tan

✓p
✏ ln

zc
IR

z
UV

◆
= �

p
✏

2 + m̂2

b

) p
✏ ln

zc
IR

z
UV

' n⇡ , n = 1, 2, ... , (22)

where we have taken the limit ✏ ! 0 (with z
UV

! 0). The presence of n solutions is a well-
known feature of these configurations, and it is associated to the existence of Efimov states. We

6Imposing a di↵erent boundary condition, such as z@
5

�|zUV / �|zUV , would lead to the same prediction in
the limit ✏ ! 0 (z

UV

! 0).

7

n=1   ground state
n=2,3,… Efimov states{
(the model has a discrete scale invariance) 

Always possible to stabilize the brane by the 4D tachyon:



Some pheno implications
(for strongly-coupled TeV sector with light dilatons)



● Mass?  Not light enough

For Mvector reso. > 3 TeV,  
    we need a reduction, in squared masses, of  < 0.002

Could this lighter scalar be the Higgs?  Resurrecting Technicolor? 



● Higgs-like couplings? 

● Mass?  Not light enough
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    we need a reduction, in squared masses, of  < 0.002
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SM Higgs:

Dilaton:
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⇥

b = c =
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    we need a reduction, in squared masses, of  < 0.002

Could this lighter scalar be the Higgs?  Resurrecting Technicolor? 
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Higgs coupling 't

● We can allow the Higgs boson to have 
BSM decays, i.e.:
– decay to weakly interacting stable 
particles (e.g. dark matter);

– decay to channels not searched      
(e.g. H ? cc);

– decay with unexpected topology    
(e.g. H ? XX ? ??).

● Fit performed constraining |kV|<1.

● The BSM decay changes the global 
Higgs width: 

i =
gHii

gSMHii

Hardly consistent 
with present measurements



A Collider bounds
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Figure 7: 95% C.L. collider exclusion limit on the scale of conformal symmetry breaking,
f , with respect to m

�

for our benchmark models A and B.

As mentioned in the main text, in addition to the direct detection bounds there are
also collider bounds from the LHC and earlier experiments. The dilaton (roughly) mimics
a Higgs boson, with couplings to massive SM fields suppressed by the factor v/f compared
to that of the Higgs and couplings to massless gauge bosons that involve contributions from
the matter content of the conformal sector. Collider bounds on the dilaton can thus be
obtained by recasting the results of direct production limits from Higgs boson searches. We
use the HiggsBound [44–46] code version 4.1.2, that incorporates all the currently available
experimental analyses from LEP, the Tevatron, and the LHC [44–46].

The resulting collider bounds on the conformal symmetry breaking scale f as a function
of the dilaton mass is presented in Fig. 7 for the two benchmark models A and B defined
in Sec. 2. In obtaining these bounds we assumed, for simplicity, no invisible decay channels
for the dilaton. We can see that the collider bounds are strongly model dependent: model
A has a large coupling to gluons, and thus is very strongly constrained throughout the
parameter space relevant for LHC kinematics. Model B has small couplings to gluons and
photons, and is only weakly constrained for dilaton masses above 200 GeV.

The resulting bound on f can be turned into a bound on m
�

using Fig. 2. For example
the f & 2 TeV bound for m

�

. 400 GeV in model A implies m
�

& 300 GeV, with the
exception for a narrow resonance region.
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arXiv:1410.1873 Experimental bounds

If not the Higgs, it could be the lightest resonance



Implications in  
the cosmological history

P.Baratella, AP, F. Rompineve  arXiv:1812.06996

(see also 1711.11554 & 1407.0030)
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m2
dil⇤

2
⇤

<latexit sha1_base64="uVeh1fnyHKs3oT/FhWO+gGEEqss=">AAACAXicbVDNS8MwHE39nPOr6kXwEhyCeBjtFPQ49OLBwwT3AWstaZpuYUlaklQYZV78V7x4UMSr/4U3/xuzrQfdfBB4ee/3SH4vTBlV2nG+rYXFpeWV1dJaeX1jc2vb3tltqSSTmDRxwhLZCZEijArS1FQz0kklQTxkpB0OrsZ++4FIRRNxp4cp8TnqCRpTjLSRAnvfC2PI72tBHlE28m5MMkLmehLYFafqTADniVuQCijQCOwvL0pwxonQmCGluq6Taj9HUlPMyKjsZYqkCA9Qj3QNFYgT5eeTDUbwyCgRjBNpjtBwov5O5IgrNeShmeRI99WsNxb/87qZji/8nIo000Tg6UNxxqBO4LgOGFFJsGZDQxCW1PwV4j6SCGtTWtmU4M6uPE9atap7Wq3dnlXql0UdJXAADsExcME5qINr0ABNgMEjeAav4M16sl6sd+tjOrpgFZk98AfW5w9OYJYm</latexit>

Tc '
p

mdil⇤⇤
<latexit sha1_base64="1u8V218yA11nbmvAIuZawYHZVWE=">AAACDXicbVC7TsMwFHV4lvIKMLJYFCTEUCUFCcYKFgaGIvUlNVHkOE5r1U5S20GqovwAC7/CwgBCrOxs/A1umwFajnSlo3Pute89fsKoVJb1bSwtr6yurZc2yptb2zu75t5+W8apwKSFYxaLro8kYTQiLUUVI91EEMR9Rjr+8Gbidx6IkDSOmmqcEJejfkRDipHSkmceO34Imx52JOVk5MiRUBn3soCy3LnTzwTIO8s9s2JVrSngIrELUgEFGp755QQxTjmJFGZIyp5tJcrNkFAUM5KXnVSSBOEh6pOephHiRLrZ9JocnmglgGEsdEUKTtXfExniUo65rzs5UgM5703E/7xeqsIrN6NRkioS4dlHYcqgiuEkGhhQQbBiY00QFlTvCvEACYSVDrCsQ7DnT14k7VrVPq/W7i8q9esijhI4BEfgFNjgEtTBLWiAFsDgETyDV/BmPBkvxrvxMWtdMoqZA/AHxucPCwKcLQ==</latexit>



~
unconfined 

phase

confined phase

●

Tunneling rate: � ⇠ e�SE ⇠ e�1/g2
⇤ ⇠ e�N2

c
<latexit sha1_base64="RLeNRLXXbqnx83ZgL0TIRKEbybw=">AAACInicbVBbS8MwFE7nbc7b1EdfgkMQwdkOQX0biuiTTHQXWLuSZukWlrQlSYVR9lt88a/44oOiPgn+GLOuiE4PBL7LOZycz4sYlco0P4zczOzc/EJ+sbC0vLK6VlzfaMgwFpjUcchC0fKQJIwGpK6oYqQVCYK4x0jTG5yN/eYdEZKGwa0aRsThqBdQn2KktOQWT2zPh/YF4hzZknJIOsn+jXs+SknKrIOeu9epjL7tKxdrWnCLJbNspgX/AisDJZBVzS2+2d0Qx5wECjMkZdsyI+UkSCiKGRkV7FiSCOEB6pG2hgHiRDpJeuII7milC/1Q6BcomKo/JxLEpRxyT3dypPpy2huL/3ntWPnHTkKDKFYkwJNFfsygCuE4L9ilgmDFhhogLKj+K8R9JBBWOtVxCNb0yX9Bo1K2zLJ1fViqnmZx5MEW2Aa7wAJHoAouQQ3UAQb34BE8gxfjwXgyXo33SWvOyGY2wa8yPr8AAEaiEA==</latexit><latexit sha1_base64="RLeNRLXXbqnx83ZgL0TIRKEbybw=">AAACInicbVBbS8MwFE7nbc7b1EdfgkMQwdkOQX0biuiTTHQXWLuSZukWlrQlSYVR9lt88a/44oOiPgn+GLOuiE4PBL7LOZycz4sYlco0P4zczOzc/EJ+sbC0vLK6VlzfaMgwFpjUcchC0fKQJIwGpK6oYqQVCYK4x0jTG5yN/eYdEZKGwa0aRsThqBdQn2KktOQWT2zPh/YF4hzZknJIOsn+jXs+SknKrIOeu9epjL7tKxdrWnCLJbNspgX/AisDJZBVzS2+2d0Qx5wECjMkZdsyI+UkSCiKGRkV7FiSCOEB6pG2hgHiRDpJeuII7milC/1Q6BcomKo/JxLEpRxyT3dypPpy2huL/3ntWPnHTkKDKFYkwJNFfsygCuE4L9ilgmDFhhogLKj+K8R9JBBWOtVxCNb0yX9Bo1K2zLJ1fViqnmZx5MEW2Aa7wAJHoAouQQ3UAQb34BE8gxfjwXgyXo33SWvOyGY2wa8yPr8AAEaiEA==</latexit><latexit sha1_base64="RLeNRLXXbqnx83ZgL0TIRKEbybw=">AAACInicbVBbS8MwFE7nbc7b1EdfgkMQwdkOQX0biuiTTHQXWLuSZukWlrQlSYVR9lt88a/44oOiPgn+GLOuiE4PBL7LOZycz4sYlco0P4zczOzc/EJ+sbC0vLK6VlzfaMgwFpjUcchC0fKQJIwGpK6oYqQVCYK4x0jTG5yN/eYdEZKGwa0aRsThqBdQn2KktOQWT2zPh/YF4hzZknJIOsn+jXs+SknKrIOeu9epjL7tKxdrWnCLJbNspgX/AisDJZBVzS2+2d0Qx5wECjMkZdsyI+UkSCiKGRkV7FiSCOEB6pG2hgHiRDpJeuII7milC/1Q6BcomKo/JxLEpRxyT3dypPpy2huL/3ntWPnHTkKDKFYkwJNFfsygCuE4L9ilgmDFhhogLKj+K8R9JBBWOtVxCNb0yX9Bo1K2zLJ1fViqnmZx5MEW2Aa7wAJHoAouQQ3UAQb34BE8gxfjwXgyXo33SWvOyGY2wa8yPr8AAEaiEA==</latexit><latexit sha1_base64="RLeNRLXXbqnx83ZgL0TIRKEbybw=">AAACInicbVBbS8MwFE7nbc7b1EdfgkMQwdkOQX0biuiTTHQXWLuSZukWlrQlSYVR9lt88a/44oOiPgn+GLOuiE4PBL7LOZycz4sYlco0P4zczOzc/EJ+sbC0vLK6VlzfaMgwFpjUcchC0fKQJIwGpK6oYqQVCYK4x0jTG5yN/eYdEZKGwa0aRsThqBdQn2KktOQWT2zPh/YF4hzZknJIOsn+jXs+SknKrIOeu9epjL7tKxdrWnCLJbNspgX/AisDJZBVzS2+2d0Qx5wECjMkZdsyI+UkSCiKGRkV7FiSCOEB6pG2hgHiRDpJeuII7milC/1Q6BcomKo/JxLEpRxyT3dypPpy2huL/3ntWPnHTkKDKFYkwJNFfsygCuE4L9ilgmDFhhogLKj+K8R9JBBWOtVxCNb0yX9Bo1K2zLJ1fViqnmZx5MEW2Aa7wAJHoAouQQ3UAQb34BE8gxfjwXgyXo33SWvOyGY2wa8yPr8AAEaiEA==</latexit>

T4

m2
dil⇤

2
⇤

<latexit sha1_base64="uVeh1fnyHKs3oT/FhWO+gGEEqss=">AAACAXicbVDNS8MwHE39nPOr6kXwEhyCeBjtFPQ49OLBwwT3AWstaZpuYUlaklQYZV78V7x4UMSr/4U3/xuzrQfdfBB4ee/3SH4vTBlV2nG+rYXFpeWV1dJaeX1jc2vb3tltqSSTmDRxwhLZCZEijArS1FQz0kklQTxkpB0OrsZ++4FIRRNxp4cp8TnqCRpTjLSRAnvfC2PI72tBHlE28m5MMkLmehLYFafqTADniVuQCijQCOwvL0pwxonQmCGluq6Taj9HUlPMyKjsZYqkCA9Qj3QNFYgT5eeTDUbwyCgRjBNpjtBwov5O5IgrNeShmeRI99WsNxb/87qZji/8nIo000Tg6UNxxqBO4LgOGFFJsGZDQxCW1PwV4j6SCGtTWtmU4M6uPE9atap7Wq3dnlXql0UdJXAADsExcME5qINr0ABNgMEjeAav4M16sl6sd+tjOrpgFZk98AfW5w9OYJYm</latexit>



Tunneling rate:

“Quark-gluon” plasma

“hadron” 
matter 

“hadron” 
matter 

“hadron” 
matter 

No percolation!

� ⌧ H4 ⇠
✓
TeV2

MP

◆4

<latexit sha1_base64="2XlZuk6onF7AqkHmRaarCltqzrU=">AAACH3icdZBLSwMxFIUzvq2vqks3wSLopsxIUZeiC90IFWwVmrZk0jttMJkZkjtCGfpP3PhX3LhQRNz5b0xrBZ8HAodz7iXJF6ZKWvT9N29icmp6ZnZuvrCwuLS8Ulxdq9skMwJqIlGJuQq5BSVjqKFEBVepAa5DBZfh9fGwv7wBY2USX2A/habm3VhGUnB0Ubu4x8KIshOuNWdK0dNWhVmpKVMQ4TaLDBf5BdRbu4P8rF0dMCO7PdxpVdrFUlD2R6L+L/NZlchY1XbxlXUSkWmIUShubSPwU2zm3KAUCgYFlllIubjmXWg4G3MNtpmP/jegWy7p0Cgx7sRIR+nXjZxra/s6dJOaY8/+7IbhX10jw+igmcs4zRBi8XFRlCmKCR3Coh1pQKDqO8OFke6tVPS4g4IOaeErhP9Nfbcc+OXgvFI6PBrjmCMbZJNsk4Dsk0NySqqkRgS5JffkkTx5d96D9+y9fIxOeOOddfJN3ts7sYyiJQ==</latexit><latexit sha1_base64="2XlZuk6onF7AqkHmRaarCltqzrU=">AAACH3icdZBLSwMxFIUzvq2vqks3wSLopsxIUZeiC90IFWwVmrZk0jttMJkZkjtCGfpP3PhX3LhQRNz5b0xrBZ8HAodz7iXJF6ZKWvT9N29icmp6ZnZuvrCwuLS8Ulxdq9skMwJqIlGJuQq5BSVjqKFEBVepAa5DBZfh9fGwv7wBY2USX2A/habm3VhGUnB0Ubu4x8KIshOuNWdK0dNWhVmpKVMQ4TaLDBf5BdRbu4P8rF0dMCO7PdxpVdrFUlD2R6L+L/NZlchY1XbxlXUSkWmIUShubSPwU2zm3KAUCgYFlllIubjmXWg4G3MNtpmP/jegWy7p0Cgx7sRIR+nXjZxra/s6dJOaY8/+7IbhX10jw+igmcs4zRBi8XFRlCmKCR3Coh1pQKDqO8OFke6tVPS4g4IOaeErhP9Nfbcc+OXgvFI6PBrjmCMbZJNsk4Dsk0NySqqkRgS5JffkkTx5d96D9+y9fIxOeOOddfJN3ts7sYyiJQ==</latexit><latexit sha1_base64="2XlZuk6onF7AqkHmRaarCltqzrU=">AAACH3icdZBLSwMxFIUzvq2vqks3wSLopsxIUZeiC90IFWwVmrZk0jttMJkZkjtCGfpP3PhX3LhQRNz5b0xrBZ8HAodz7iXJF6ZKWvT9N29icmp6ZnZuvrCwuLS8Ulxdq9skMwJqIlGJuQq5BSVjqKFEBVepAa5DBZfh9fGwv7wBY2USX2A/habm3VhGUnB0Ubu4x8KIshOuNWdK0dNWhVmpKVMQ4TaLDBf5BdRbu4P8rF0dMCO7PdxpVdrFUlD2R6L+L/NZlchY1XbxlXUSkWmIUShubSPwU2zm3KAUCgYFlllIubjmXWg4G3MNtpmP/jegWy7p0Cgx7sRIR+nXjZxra/s6dJOaY8/+7IbhX10jw+igmcs4zRBi8XFRlCmKCR3Coh1pQKDqO8OFke6tVPS4g4IOaeErhP9Nfbcc+OXgvFI6PBrjmCMbZJNsk4Dsk0NySqqkRgS5JffkkTx5d96D9+y9fIxOeOOddfJN3ts7sYyiJQ==</latexit><latexit sha1_base64="2XlZuk6onF7AqkHmRaarCltqzrU=">AAACH3icdZBLSwMxFIUzvq2vqks3wSLopsxIUZeiC90IFWwVmrZk0jttMJkZkjtCGfpP3PhX3LhQRNz5b0xrBZ8HAodz7iXJF6ZKWvT9N29icmp6ZnZuvrCwuLS8Ulxdq9skMwJqIlGJuQq5BSVjqKFEBVepAa5DBZfh9fGwv7wBY2USX2A/habm3VhGUnB0Ubu4x8KIshOuNWdK0dNWhVmpKVMQ4TaLDBf5BdRbu4P8rF0dMCO7PdxpVdrFUlD2R6L+L/NZlchY1XbxlXUSkWmIUShubSPwU2zm3KAUCgYFlllIubjmXWg4G3MNtpmP/jegWy7p0Cgx7sRIR+nXjZxra/s6dJOaY8/+7IbhX10jw+igmcs4zRBi8XFRlCmKCR3Coh1pQKDqO8OFke6tVPS4g4IOaeErhP9Nfbcc+OXgvFI6PBrjmCMbZJNsk4Dsk0NySqqkRgS5JffkkTx5d96D9+y9fIxOeOOddfJN3ts7sYyiJQ==</latexit>

~
unconfined 

phase

confined phase

●

� ⇠ e�SE ⇠ e�1/g2
⇤ ⇠ e�N2

c
<latexit sha1_base64="RLeNRLXXbqnx83ZgL0TIRKEbybw=">AAACInicbVBbS8MwFE7nbc7b1EdfgkMQwdkOQX0biuiTTHQXWLuSZukWlrQlSYVR9lt88a/44oOiPgn+GLOuiE4PBL7LOZycz4sYlco0P4zczOzc/EJ+sbC0vLK6VlzfaMgwFpjUcchC0fKQJIwGpK6oYqQVCYK4x0jTG5yN/eYdEZKGwa0aRsThqBdQn2KktOQWT2zPh/YF4hzZknJIOsn+jXs+SknKrIOeu9epjL7tKxdrWnCLJbNspgX/AisDJZBVzS2+2d0Qx5wECjMkZdsyI+UkSCiKGRkV7FiSCOEB6pG2hgHiRDpJeuII7milC/1Q6BcomKo/JxLEpRxyT3dypPpy2huL/3ntWPnHTkKDKFYkwJNFfsygCuE4L9ilgmDFhhogLKj+K8R9JBBWOtVxCNb0yX9Bo1K2zLJ1fViqnmZx5MEW2Aa7wAJHoAouQQ3UAQb34BE8gxfjwXgyXo33SWvOyGY2wa8yPr8AAEaiEA==</latexit><latexit sha1_base64="RLeNRLXXbqnx83ZgL0TIRKEbybw=">AAACInicbVBbS8MwFE7nbc7b1EdfgkMQwdkOQX0biuiTTHQXWLuSZukWlrQlSYVR9lt88a/44oOiPgn+GLOuiE4PBL7LOZycz4sYlco0P4zczOzc/EJ+sbC0vLK6VlzfaMgwFpjUcchC0fKQJIwGpK6oYqQVCYK4x0jTG5yN/eYdEZKGwa0aRsThqBdQn2KktOQWT2zPh/YF4hzZknJIOsn+jXs+SknKrIOeu9epjL7tKxdrWnCLJbNspgX/AisDJZBVzS2+2d0Qx5wECjMkZdsyI+UkSCiKGRkV7FiSCOEB6pG2hgHiRDpJeuII7milC/1Q6BcomKo/JxLEpRxyT3dypPpy2huL/3ntWPnHTkKDKFYkwJNFfsygCuE4L9ilgmDFhhogLKj+K8R9JBBWOtVxCNb0yX9Bo1K2zLJ1fViqnmZx5MEW2Aa7wAJHoAouQQ3UAQb34BE8gxfjwXgyXo33SWvOyGY2wa8yPr8AAEaiEA==</latexit><latexit sha1_base64="RLeNRLXXbqnx83ZgL0TIRKEbybw=">AAACInicbVBbS8MwFE7nbc7b1EdfgkMQwdkOQX0biuiTTHQXWLuSZukWlrQlSYVR9lt88a/44oOiPgn+GLOuiE4PBL7LOZycz4sYlco0P4zczOzc/EJ+sbC0vLK6VlzfaMgwFpjUcchC0fKQJIwGpK6oYqQVCYK4x0jTG5yN/eYdEZKGwa0aRsThqBdQn2KktOQWT2zPh/YF4hzZknJIOsn+jXs+SknKrIOeu9epjL7tKxdrWnCLJbNspgX/AisDJZBVzS2+2d0Qx5wECjMkZdsyI+UkSCiKGRkV7FiSCOEB6pG2hgHiRDpJeuII7milC/1Q6BcomKo/JxLEpRxyT3dypPpy2huL/3ntWPnHTkKDKFYkwJNFfsygCuE4L9ilgmDFhhogLKj+K8R9JBBWOtVxCNb0yX9Bo1K2zLJ1fViqnmZx5MEW2Aa7wAJHoAouQQ3UAQb34BE8gxfjwXgyXo33SWvOyGY2wa8yPr8AAEaiEA==</latexit><latexit sha1_base64="RLeNRLXXbqnx83ZgL0TIRKEbybw=">AAACInicbVBbS8MwFE7nbc7b1EdfgkMQwdkOQX0biuiTTHQXWLuSZukWlrQlSYVR9lt88a/44oOiPgn+GLOuiE4PBL7LOZycz4sYlco0P4zczOzc/EJ+sbC0vLK6VlzfaMgwFpjUcchC0fKQJIwGpK6oYqQVCYK4x0jTG5yN/eYdEZKGwa0aRsThqBdQn2KktOQWT2zPh/YF4hzZknJIOsn+jXs+SknKrIOeu9epjL7tKxdrWnCLJbNspgX/AisDJZBVzS2+2d0Qx5wECjMkZdsyI+UkSCiKGRkV7FiSCOEB6pG2hgHiRDpJeuII7milC/1Q6BcomKo/JxLEpRxyT3dypPpy2huL/3ntWPnHTkKDKFYkwJNFfsygCuE4L9ilgmDFhhogLKj+K8R9JBBWOtVxCNb0yX9Bo1K2zLJ1fViqnmZx5MEW2Aa7wAJHoAouQQ3UAQb34BE8gxfjwXgyXo33SWvOyGY2wa8yPr8AAEaiEA==</latexit>

T4

m2
dil⇤

2
⇤

<latexit sha1_base64="uVeh1fnyHKs3oT/FhWO+gGEEqss=">AAACAXicbVDNS8MwHE39nPOr6kXwEhyCeBjtFPQ49OLBwwT3AWstaZpuYUlaklQYZV78V7x4UMSr/4U3/xuzrQfdfBB4ee/3SH4vTBlV2nG+rYXFpeWV1dJaeX1jc2vb3tltqSSTmDRxwhLZCZEijArS1FQz0kklQTxkpB0OrsZ++4FIRRNxp4cp8TnqCRpTjLSRAnvfC2PI72tBHlE28m5MMkLmehLYFafqTADniVuQCijQCOwvL0pwxonQmCGluq6Taj9HUlPMyKjsZYqkCA9Qj3QNFYgT5eeTDUbwyCgRjBNpjtBwov5O5IgrNeShmeRI99WsNxb/87qZji/8nIo000Tg6UNxxqBO4LgOGFFJsGZDQxCW1PwV4j6SCGtTWtmU4M6uPE9atap7Wq3dnlXql0UdJXAADsExcME5qINr0ABNgMEjeAav4M16sl6sd+tjOrpgFZk98AfW5w9OYJYm</latexit>



Additional supercooling epoch

● ● ●

from P.Baratella (Benasque 18)



Additional supercooling epoch

● ● ●

from P.Baratella (Benasque 18)

Additional QCD phase transition
Implications? Impact on axion abundance
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<latexit sha1_base64="wzf+QBaniSiOe6VL+iG9YtOuDf0=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0UUFyWpgi6LbrpQqGAf0IQwmUzaoTNJmJkIJeQT3Pgrblwo4talO//GaZuFth64cDjn3pl7j58wKpVlfRulpeWV1bXyemVjc2t7x9zd68g4FZi0ccxi0fORJIxGpK2oYqSXCIK4z0jXH11P/O4DEZLG0b0aJ8TlaBDRkGKktOSZx44fwqYjKYdOKBDOuJcFlOXQudGPBMg7zbNbr5V7ZtWqWVPARWIXpAoKtDzzywlinHISKcyQlH3bSpSbIaEoZiSvOKkkCcIjNCB9TSPEiXSz6UE5PNJKAMNY6IoUnKq/JzLEpRxzX3dypIZy3puI/3n9VIWXbkajJFUkwrOPwpRBFcNJOjCggmDFxpogLKjeFeIh0rkonWFFh2DPn7xIOvWafVar351XG1dFHGVwAA7BCbDBBWiAJmiBNsDgETyDV/BmPBkvxrvxMWstGcXMPvgD4/MHKamcrQ==</latexit>

ma ⇠
⇤3/2

QCD

Fa
<latexit sha1_base64="woayIiE2XAgJZHVqvw0c3OKvbnQ=">AAACGHicbVDLSsNAFJ34rPVVdelmsAiu2qQVdCkq4sKFgn1AE8PNZFKHziRhZiKUkM9w46+4caGI2+78G6ePha8DA4dz7uHOPUHKmdK2/WnNzS8sLi2XVsqra+sbm5Wt7bZKMkloiyQ8kd0AFOUspi3NNKfdVFIQAaedYHA29jsPVCqWxLd6mFJPQD9mESOgjeRX6m4QYeGDq5jAbiSB5O6ViYfg564U+ObsvLjLm/VGUeQXPhR+pWrX7AnwX+LMSBXNcO1XRm6YkEzQWBMOSvUcO9VeDlIzwmlRdjNFUyAD6NOeoTEIqrx8cliB940S4iiR5sUaT9TviRyEUkMRmEkB+l799sbif14v09Gxl7M4zTSNyXRRlHGsEzxuCYdMUqL50BAgkpm/YnIPph1tuiybEpzfJ/8l7UbNadYaN4fVk9NZHSW0i/bQAXLQETpBl+gatRBBj+gZvaI368l6sd6tj+nonDXL7KAfsEZf92Ofug==</latexit>

~



If supercooling:
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           Right axion DM abundances for larger Fa :

Overdamped

Underdamped

⇤dec
QCD = 330 MeV

mdil = 100 GeV
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Figure 5: Constraints on Fa and Ne from DM overproduction. We have taken ⇤

dec
QCD

=

0.33 (10) GeV in the left (right) plot, as well as N = 5. In the blue region we have 3H > 2ma,
in the green region 3H  2ma, and in the white region 3H  ma. In the orange region
the supercooling era ends before the condition 3H = ma is satisfied. Contours of ⌦a =

1, 0.1, 0.01⌦
CDM

are respectively shown as thick, dashed and dotted black lines respectively.
The vertical orange dashed line shows the number of efolds corresponding to the critical QCD
temperature during supercooling.

The history of axionic topological defects starts at T ⇠ Fa, when the Peccei-Quinn sym-
metry is broken and string-like defects form. They evolve until Tc in a radiation dominated
background, according to the so-called scaling behavior : at any given cosmological time
there is approximately one horizon-length string per Hubble volume (for a recent analysis,
see [45–47]). This fast dilution is partially due to the emission of massless axion quanta from
T ⇠ Fa to Tosc. The relic number density of such axions is dominated by particles emitted
at Tosc.

In the standard cosmological history, the axion potential Eq. (4.8) switches on at the
QCD phase transition and domain walls form, which are attached to the strings. Such walls
pull the strings together and thus destroy the network if NDW = 1 (see [45, 48]). In the
supercooling scenario strings are pushed beyond the cosmological horizon by the inflationary
expansion. At the QCD phase transition during supercooling, strings are not in causal
contact and the network cannot annihilate, since two strings cannot feel the attractive force
of the wall stretching between them. Therefore, the network survives the first QCD phase
transition.

After reheating, as T drops in the ordinary expanding universe, the string network re-
enters the comoving Hubble sphere at the temperature T? ' Te. There are now two possible
scenarios depending on T?:

1. T? & GeV: the standard cosmology of topological defects and their contribution to
axion dark matter is not significantly affected.

2 T? . GeV: in this case strings re-enter the horizon when 3H < ma. Therefore, the
string-wall network is immediately formed and rapidly decays. The contribution to the
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Figure 5: Constraints on Fa and Ne from DM overproduction. We have taken ⇤

dec
QCD

=

0.33 (10) GeV in the left (right) plot, as well as N = 5. In the blue region we have 3H > 2ma,
in the green region 3H  2ma, and in the white region 3H  ma. In the orange region
the supercooling era ends before the condition 3H = ma is satisfied. Contours of ⌦a =

1, 0.1, 0.01⌦
CDM

are respectively shown as thick, dashed and dotted black lines respectively.
The vertical orange dashed line shows the number of efolds corresponding to the critical QCD
temperature during supercooling.

The history of axionic topological defects starts at T ⇠ Fa, when the Peccei-Quinn sym-
metry is broken and string-like defects form. They evolve until Tc in a radiation dominated
background, according to the so-called scaling behavior : at any given cosmological time
there is approximately one horizon-length string per Hubble volume (for a recent analysis,
see [45–47]). This fast dilution is partially due to the emission of massless axion quanta from
T ⇠ Fa to Tosc. The relic number density of such axions is dominated by particles emitted
at Tosc.

In the standard cosmological history, the axion potential Eq. (4.8) switches on at the
QCD phase transition and domain walls form, which are attached to the strings. Such walls
pull the strings together and thus destroy the network if NDW = 1 (see [45, 48]). In the
supercooling scenario strings are pushed beyond the cosmological horizon by the inflationary
expansion. At the QCD phase transition during supercooling, strings are not in causal
contact and the network cannot annihilate, since two strings cannot feel the attractive force
of the wall stretching between them. Therefore, the network survives the first QCD phase
transition.

After reheating, as T drops in the ordinary expanding universe, the string network re-
enters the comoving Hubble sphere at the temperature T? ' Te. There are now two possible
scenarios depending on T?:

1. T? & GeV: the standard cosmology of topological defects and their contribution to
axion dark matter is not significantly affected.

2 T? . GeV: in this case strings re-enter the horizon when 3H < ma. Therefore, the
string-wall network is immediately formed and rapidly decays. The contribution to the
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Cosmic strings and domain walls

String stretched 
beyond the horizon domain walls 

cannot annihilate them

strings reenter!



Conclusions

as seen by Lattice (but not parametrically light)
●  Could emerge from a conformal to non-conformal transition

}Supercooling

● Changes in the axion relic abundance ☛ Fa larger can be possible!

●  Impact in the cosmological history:

High-energy physics can affect low-energy physics

●  Light dilatons not easy but possible

●  Important to search for them at the LHC


