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Leading coupling between DM and SM  
involves derivative:
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GB shift symmetry
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pNGB Dark Matter
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• Pure Goldstone Higgs portal to SM: leading derivative interaction in 
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Relic density  
 
fixes one-to-one  
relation between mχ and f

Ωχh 2 ∝ 1
⟨σv⟩ Blue: full Boltzmann solution

Orange: Approximate
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Correct DM thermal relic density requires:
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Interesting ! 

This scale corresponds to expectation for a  
natural pGB — as in minimal composite 
Higgs models.
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Full Boltzmann solution

Estimation: 
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Direct detection of DM ?
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Impressive (problematic?) 

limits for WIMPs



Direct detection of exact 
Goldstone DM
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pNGB Dark Matter
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• Pure Goldstone Higgs portal to SM: leading derivative interaction in 
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χ
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Annihilation Direct Detection
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χ χ
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h
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f 2 ≲ (100 MeV)2

(1 TeV)2

Relic density  
 
fixes one-to-one  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Ωχh 2 ∝ 1
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direct detection limits
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<latexit sha1_base64="v6hokL2SCXzxscNbHrDmDQUgNXI="></latexit><latexit sha1_base64="v6hokL2SCXzxscNbHrDmDQUgNXI="></latexit><latexit sha1_base64="v6hokL2SCXzxscNbHrDmDQUgNXI="></latexit><latexit sha1_base64="v6hokL2SCXzxscNbHrDmDQUgNXI="></latexit><latexit sha1_base64="v6hokL2SCXzxscNbHrDmDQUgNXI="></latexit>

Explains absence of current (and future) direct  
detection signals.

nuclear recoil 
    energy

f ⇡ 1TeV
<latexit sha1_base64="PzKfjhr/HLGJ5ZYjX0QtsY6NbMs=">AAACAnicdVDLSgNBEJz1GeMr6km8DAbBgyyz6qK5Bb14VDBRyIYwO+nVwdkHM71iWIIXf8WLB0W8+hXe/BsnMYKKFjQUVd10d4WZkgYZe3fGxicmp6ZLM+XZufmFxcrSctOkuRbQEKlK9XnIDSiZQAMlKjjPNPA4VHAWXh0O/LNr0EamySn2MmjH/CKRkRQcrdSprEY04Fmm0xvq0WCLBgg3WJxCs9+pVJnL/JrvMcpcn3m1nQGp1fZ3fZ96LhuiSkY47lTegm4q8hgSFIob0/JYhu2Ca5RCQb8c5AYyLq74BbQsTXgMpl0MX+jTDat0aZRqWwnSofp9ouCxMb04tJ0xx0vz2xuIf3mtHKP9diGTLEdIxOeiKFcUUzrIg3alBoGqZwkXWtpbqbjkmgu0qZVtCF+f0v9Jc9v1dlzvZLdaPxjFUSJrZJ1sEo/skTo5IsekQQS5JffkkTw5d86D8+y8fLaOOaOZFfIDzusHNjSWsw==</latexit>



Wait … 

• DM cannot be an exact Goldstone, 
because DM massive
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<latexit sha1_base64="nunupATiC8wxwqBlvyDTkbXjcFM=">AAACEnicbZDLSgMxFIYzXmu9jbrTTbAIglBmiqDLghuXFewFOuOQyWTa0CQzJBmhTAs+hM/gVtfuxK0v4NI3MdN2YVsPhHz8/zmc5A9TRpV2nG9rZXVtfWOztFXe3tnd27cPDlsqySQmTZywRHZCpAijgjQ11Yx0UkkQDxlph4Obwm8/EqloIu71MCU+Rz1BY4qRNlJgH/PAw336UIOj4h4ZuIAeixKtArviVJ1JwWVwZ1ABs2oE9o8XJTjjRGjMkFJd10m1nyOpKWZkXPYyRVKEB6hHugYF4kT5+eQPY3hmlAjGiTRHaDhR/07kiCs15KHp5Ej31aJXiP953UzH135ORZppIvB0UZwxqBNYBAIjKgnWbGgAYUnNWyHuI4mwNrHNbQn52GTiLiawDK1a1XWq7t1lpV6fpVMCJ+AUnAMXXIE6uAUN0AQYPIEX8ArerGfr3fqwPqetK9Zs5gjMlfX1C5+enVQ=</latexit><latexit sha1_base64="nunupATiC8wxwqBlvyDTkbXjcFM=">AAACEnicbZDLSgMxFIYzXmu9jbrTTbAIglBmiqDLghuXFewFOuOQyWTa0CQzJBmhTAs+hM/gVtfuxK0v4NI3MdN2YVsPhHz8/zmc5A9TRpV2nG9rZXVtfWOztFXe3tnd27cPDlsqySQmTZywRHZCpAijgjQ11Yx0UkkQDxlph4Obwm8/EqloIu71MCU+Rz1BY4qRNlJgH/PAw336UIOj4h4ZuIAeixKtArviVJ1JwWVwZ1ABs2oE9o8XJTjjRGjMkFJd10m1nyOpKWZkXPYyRVKEB6hHugYF4kT5+eQPY3hmlAjGiTRHaDhR/07kiCs15KHp5Ej31aJXiP953UzH135ORZppIvB0UZwxqBNYBAIjKgnWbGgAYUnNWyHuI4mwNrHNbQn52GTiLiawDK1a1XWq7t1lpV6fpVMCJ+AUnAMXXIE6uAUN0AQYPIEX8ArerGfr3fqwPqetK9Zs5gjMlfX1C5+enVQ=</latexit><latexit sha1_base64="nunupATiC8wxwqBlvyDTkbXjcFM=">AAACEnicbZDLSgMxFIYzXmu9jbrTTbAIglBmiqDLghuXFewFOuOQyWTa0CQzJBmhTAs+hM/gVtfuxK0v4NI3MdN2YVsPhHz8/zmc5A9TRpV2nG9rZXVtfWOztFXe3tnd27cPDlsqySQmTZywRHZCpAijgjQ11Yx0UkkQDxlph4Obwm8/EqloIu71MCU+Rz1BY4qRNlJgH/PAw336UIOj4h4ZuIAeixKtArviVJ1JwWVwZ1ABs2oE9o8XJTjjRGjMkFJd10m1nyOpKWZkXPYyRVKEB6hHugYF4kT5+eQPY3hmlAjGiTRHaDhR/07kiCs15KHp5Ej31aJXiP953UzH135ORZppIvB0UZwxqBNYBAIjKgnWbGgAYUnNWyHuI4mwNrHNbQn52GTiLiawDK1a1XWq7t1lpV6fpVMCJ+AUnAMXXIE6uAUN0AQYPIEX8ArerGfr3fqwPqetK9Zs5gjMlfX1C5+enVQ=</latexit><latexit sha1_base64="nunupATiC8wxwqBlvyDTkbXjcFM=">AAACEnicbZDLSgMxFIYzXmu9jbrTTbAIglBmiqDLghuXFewFOuOQyWTa0CQzJBmhTAs+hM/gVtfuxK0v4NI3MdN2YVsPhHz8/zmc5A9TRpV2nG9rZXVtfWOztFXe3tnd27cPDlsqySQmTZywRHZCpAijgjQ11Yx0UkkQDxlph4Obwm8/EqloIu71MCU+Rz1BY4qRNlJgH/PAw336UIOj4h4ZuIAeixKtArviVJ1JwWVwZ1ABs2oE9o8XJTjjRGjMkFJd10m1nyOpKWZkXPYyRVKEB6hHugYF4kT5+eQPY3hmlAjGiTRHaDhR/07kiCs15KHp5Ej31aJXiP953UzH135ORZppIvB0UZwxqBNYBAIjKgnWbGgAYUnNWyHuI4mwNrHNbQn52GTiLiawDK1a1XWq7t1lpV6fpVMCJ+AUnAMXXIE6uAUN0AQYPIEX8ArerGfr3fqwPqetK9Zs5gjMlfX1C5+enVQ=</latexit><latexit sha1_base64="nunupATiC8wxwqBlvyDTkbXjcFM=">AAACEnicbZDLSgMxFIYzXmu9jbrTTbAIglBmiqDLghuXFewFOuOQyWTa0CQzJBmhTAs+hM/gVtfuxK0v4NI3MdN2YVsPhHz8/zmc5A9TRpV2nG9rZXVtfWOztFXe3tnd27cPDlsqySQmTZywRHZCpAijgjQ11Yx0UkkQDxlph4Obwm8/EqloIu71MCU+Rz1BY4qRNlJgH/PAw336UIOj4h4ZuIAeixKtArviVJ1JwWVwZ1ABs2oE9o8XJTjjRGjMkFJd10m1nyOpKWZkXPYyRVKEB6hHugYF4kT5+eQPY3hmlAjGiTRHaDhR/07kiCs15KHp5Ej31aJXiP953UzH135ORZppIvB0UZwxqBNYBAIjKgnWbGgAYUnNWyHuI4mwNrHNbQn52GTiLiawDK1a1XWq7t1lpV6fpVMCJ+AUnAMXXIE6uAUN0AQYPIEX8ArerGfr3fqwPqetK9Zs5gjMlfX1C5+enVQ=</latexit>
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<latexit sha1_base64="E60LDkFjLdkQrLpSbmBbb0MCYnM=">AAACCXicdVDLSsNAFJ34rPWV6tLNYBEEISQ1tHVXEMFlBfuAJpTJdNIOnUzCzEQpoV/gN7jVtTtx61e49E+ctBWs6IELh3Pu5d57goRRqWz7w1hZXVvf2CxsFbd3dvf2zdJBW8apwKSFYxaLboAkYZSTlqKKkW4iCIoCRjrB+DL3O3dESBrzWzVJiB+hIachxUhpqW+WPDyi0FMxnJEzGPbNsm1d1KsVtwpty7ZrTsXJSaXmnrvQ0UqOMlig2Tc/vUGM04hwhRmSsufYifIzJBTFjEyLXipJgvAYDUlPU44iIv1sdvoUnmhlAMNY6OIKztSfExmKpJxEge6MkBrJ314u/uX1UhXW/YzyJFWE4/miMGVQf5rnAAdUEKzYRBOEBdW3QjxCAmGl01raEkRTncn34/B/0q5Yjm05N265cbVIpwCOwDE4BQ6ogQa4Bk3QAhjcg0fwBJ6NB+PFeDXe5q0rxmLmECzBeP8Cu9uZoA==</latexit><latexit sha1_base64="E60LDkFjLdkQrLpSbmBbb0MCYnM=">AAACCXicdVDLSsNAFJ34rPWV6tLNYBEEISQ1tHVXEMFlBfuAJpTJdNIOnUzCzEQpoV/gN7jVtTtx61e49E+ctBWs6IELh3Pu5d57goRRqWz7w1hZXVvf2CxsFbd3dvf2zdJBW8apwKSFYxaLboAkYZSTlqKKkW4iCIoCRjrB+DL3O3dESBrzWzVJiB+hIachxUhpqW+WPDyi0FMxnJEzGPbNsm1d1KsVtwpty7ZrTsXJSaXmnrvQ0UqOMlig2Tc/vUGM04hwhRmSsufYifIzJBTFjEyLXipJgvAYDUlPU44iIv1sdvoUnmhlAMNY6OIKztSfExmKpJxEge6MkBrJ314u/uX1UhXW/YzyJFWE4/miMGVQf5rnAAdUEKzYRBOEBdW3QjxCAmGl01raEkRTncn34/B/0q5Yjm05N265cbVIpwCOwDE4BQ6ogQa4Bk3QAhjcg0fwBJ6NB+PFeDXe5q0rxmLmECzBeP8Cu9uZoA==</latexit><latexit sha1_base64="E60LDkFjLdkQrLpSbmBbb0MCYnM=">AAACCXicdVDLSsNAFJ34rPWV6tLNYBEEISQ1tHVXEMFlBfuAJpTJdNIOnUzCzEQpoV/gN7jVtTtx61e49E+ctBWs6IELh3Pu5d57goRRqWz7w1hZXVvf2CxsFbd3dvf2zdJBW8apwKSFYxaLboAkYZSTlqKKkW4iCIoCRjrB+DL3O3dESBrzWzVJiB+hIachxUhpqW+WPDyi0FMxnJEzGPbNsm1d1KsVtwpty7ZrTsXJSaXmnrvQ0UqOMlig2Tc/vUGM04hwhRmSsufYifIzJBTFjEyLXipJgvAYDUlPU44iIv1sdvoUnmhlAMNY6OIKztSfExmKpJxEge6MkBrJ314u/uX1UhXW/YzyJFWE4/miMGVQf5rnAAdUEKzYRBOEBdW3QjxCAmGl01raEkRTncn34/B/0q5Yjm05N265cbVIpwCOwDE4BQ6ogQa4Bk3QAhjcg0fwBJ6NB+PFeDXe5q0rxmLmECzBeP8Cu9uZoA==</latexit><latexit sha1_base64="E60LDkFjLdkQrLpSbmBbb0MCYnM=">AAACCXicdVDLSsNAFJ34rPWV6tLNYBEEISQ1tHVXEMFlBfuAJpTJdNIOnUzCzEQpoV/gN7jVtTtx61e49E+ctBWs6IELh3Pu5d57goRRqWz7w1hZXVvf2CxsFbd3dvf2zdJBW8apwKSFYxaLboAkYZSTlqKKkW4iCIoCRjrB+DL3O3dESBrzWzVJiB+hIachxUhpqW+WPDyi0FMxnJEzGPbNsm1d1KsVtwpty7ZrTsXJSaXmnrvQ0UqOMlig2Tc/vUGM04hwhRmSsufYifIzJBTFjEyLXipJgvAYDUlPU44iIv1sdvoUnmhlAMNY6OIKztSfExmKpJxEge6MkBrJ314u/uX1UhXW/YzyJFWE4/miMGVQf5rnAAdUEKzYRBOEBdW3QjxCAmGl01raEkRTncn34/B/0q5Yjm05N265cbVIpwCOwDE4BQ6ogQa4Bk3QAhjcg0fwBJ6NB+PFeDXe5q0rxmLmECzBeP8Cu9uZoA==</latexit><latexit sha1_base64="E60LDkFjLdkQrLpSbmBbb0MCYnM=">AAACCXicdVDLSsNAFJ34rPWV6tLNYBEEISQ1tHVXEMFlBfuAJpTJdNIOnUzCzEQpoV/gN7jVtTtx61e49E+ctBWs6IELh3Pu5d57goRRqWz7w1hZXVvf2CxsFbd3dvf2zdJBW8apwKSFYxaLboAkYZSTlqKKkW4iCIoCRjrB+DL3O3dESBrzWzVJiB+hIachxUhpqW+WPDyi0FMxnJEzGPbNsm1d1KsVtwpty7ZrTsXJSaXmnrvQ0UqOMlig2Tc/vUGM04hwhRmSsufYifIzJBTFjEyLXipJgvAYDUlPU44iIv1sdvoUnmhlAMNY6OIKztSfExmKpJxEge6MkBrJ314u/uX1UhXW/YzyJFWE4/miMGVQf5rnAAdUEKzYRBOEBdW3QjxCAmGl01raEkRTncn34/B/0q5Yjm05N265cbVIpwCOwDE4BQ6ogQa4Bk3QAhjcg0fwBJ6NB+PFeDXe5q0rxmLmECzBeP8Cu9uZoA==</latexit>

means



Controlled breaking of DM shift symmetry…
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<latexit sha1_base64="ov6T6dY2HCRtIHTOklguIBV+jL4="></latexit><latexit sha1_base64="ov6T6dY2HCRtIHTOklguIBV+jL4="></latexit><latexit sha1_base64="ov6T6dY2HCRtIHTOklguIBV+jL4="></latexit><latexit sha1_base64="ov6T6dY2HCRtIHTOklguIBV+jL4="></latexit><latexit sha1_base64="ov6T6dY2HCRtIHTOklguIBV+jL4="></latexit>

… induces mass but also marginal portal to SM.

Direct detection is very sensitive to this      . �
<latexit sha1_base64="NuNCz+sLyy3NPZbXPKu+puheYpo=">AAACD3icbVDLSsNAFL2pr1pfURcu3AwWwVVJRNBlQQSXFewDmlAmk2k7dDIJMxOhhHyE3+BW1+7ErZ/g0j9xmmZhWw8MHM69557hBAlnSjvOt1VZW9/Y3Kpu13Z29/YP7MOjjopTSWibxDyWvQArypmgbc00p71EUhwFnHaDye1s3n2iUrFYPOppQv0IjwQbMoK1kQb2Ccq84koW8JTmHjfWEOdoYNedhlMArRK3JHUo0RrYP14YkzSiQhOOleq7TqL9DEvNCKd5zUsVTTCZ4BHtGypwRJWfFdE5OjdKiIaxNE9oVKh/HRmOlJpGgdmMsB6r5dlM/G/WT/Xwxs+YSFJNBZkHDVOOdIxmbaCQSUo0nxqCiWTmr4iMscREm84WUoIoN524yw2sks5lw3Ua7sNVvXlXtlOFUziDC3DhGppwDy1oA4EcXuAV3qxn6936sD7nqxWr9BzDAqyvXyH8nTo=</latexit><latexit sha1_base64="NuNCz+sLyy3NPZbXPKu+puheYpo=">AAACD3icbVDLSsNAFL2pr1pfURcu3AwWwVVJRNBlQQSXFewDmlAmk2k7dDIJMxOhhHyE3+BW1+7ErZ/g0j9xmmZhWw8MHM69557hBAlnSjvOt1VZW9/Y3Kpu13Z29/YP7MOjjopTSWibxDyWvQArypmgbc00p71EUhwFnHaDye1s3n2iUrFYPOppQv0IjwQbMoK1kQb2Ccq84koW8JTmHjfWEOdoYNedhlMArRK3JHUo0RrYP14YkzSiQhOOleq7TqL9DEvNCKd5zUsVTTCZ4BHtGypwRJWfFdE5OjdKiIaxNE9oVKh/HRmOlJpGgdmMsB6r5dlM/G/WT/Xwxs+YSFJNBZkHDVOOdIxmbaCQSUo0nxqCiWTmr4iMscREm84WUoIoN524yw2sks5lw3Ua7sNVvXlXtlOFUziDC3DhGppwDy1oA4EcXuAV3qxn6936sD7nqxWr9BzDAqyvXyH8nTo=</latexit><latexit sha1_base64="NuNCz+sLyy3NPZbXPKu+puheYpo=">AAACD3icbVDLSsNAFL2pr1pfURcu3AwWwVVJRNBlQQSXFewDmlAmk2k7dDIJMxOhhHyE3+BW1+7ErZ/g0j9xmmZhWw8MHM69557hBAlnSjvOt1VZW9/Y3Kpu13Z29/YP7MOjjopTSWibxDyWvQArypmgbc00p71EUhwFnHaDye1s3n2iUrFYPOppQv0IjwQbMoK1kQb2Ccq84koW8JTmHjfWEOdoYNedhlMArRK3JHUo0RrYP14YkzSiQhOOleq7TqL9DEvNCKd5zUsVTTCZ4BHtGypwRJWfFdE5OjdKiIaxNE9oVKh/HRmOlJpGgdmMsB6r5dlM/G/WT/Xwxs+YSFJNBZkHDVOOdIxmbaCQSUo0nxqCiWTmr4iMscREm84WUoIoN524yw2sks5lw3Ua7sNVvXlXtlOFUziDC3DhGppwDy1oA4EcXuAV3qxn6936sD7nqxWr9BzDAqyvXyH8nTo=</latexit><latexit sha1_base64="NuNCz+sLyy3NPZbXPKu+puheYpo=">AAACD3icbVDLSsNAFL2pr1pfURcu3AwWwVVJRNBlQQSXFewDmlAmk2k7dDIJMxOhhHyE3+BW1+7ErZ/g0j9xmmZhWw8MHM69557hBAlnSjvOt1VZW9/Y3Kpu13Z29/YP7MOjjopTSWibxDyWvQArypmgbc00p71EUhwFnHaDye1s3n2iUrFYPOppQv0IjwQbMoK1kQb2Ccq84koW8JTmHjfWEOdoYNedhlMArRK3JHUo0RrYP14YkzSiQhOOleq7TqL9DEvNCKd5zUsVTTCZ4BHtGypwRJWfFdE5OjdKiIaxNE9oVKh/HRmOlJpGgdmMsB6r5dlM/G/WT/Xwxs+YSFJNBZkHDVOOdIxmbaCQSUo0nxqCiWTmr4iMscREm84WUoIoN524yw2sks5lw3Ua7sNVvXlXtlOFUziDC3DhGppwDy1oA4EcXuAV3qxn6936sD7nqxWr9BzDAqyvXyH8nTo=</latexit><latexit sha1_base64="NuNCz+sLyy3NPZbXPKu+puheYpo=">AAACD3icbVDLSsNAFL2pr1pfURcu3AwWwVVJRNBlQQSXFewDmlAmk2k7dDIJMxOhhHyE3+BW1+7ErZ/g0j9xmmZhWw8MHM69557hBAlnSjvOt1VZW9/Y3Kpu13Z29/YP7MOjjopTSWibxDyWvQArypmgbc00p71EUhwFnHaDye1s3n2iUrFYPOppQv0IjwQbMoK1kQb2Ccq84koW8JTmHjfWEOdoYNedhlMArRK3JHUo0RrYP14YkzSiQhOOleq7TqL9DEvNCKd5zUsVTTCZ4BHtGypwRJWfFdE5OjdKiIaxNE9oVKh/HRmOlJpGgdmMsB6r5dlM/G/WT/Xwxs+YSFJNBZkHDVOOdIxmbaCQSUo0nxqCiWTmr4iMscREm84WUoIoN524yw2sks5lw3Ua7sNVvXlXtlOFUziDC3DhGppwDy1oA4EcXuAV3qxn6936sD7nqxWr9BzDAqyvXyH8nTo=</latexit>



pNGB Dark Matter
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• BUT: DM mass requires explicit breaking of DM shift symmetry

1
f 2 ∂μ(h 2)∂μ(χ*χ)+ λh 2χ*χ

generates potential for  
Higgs and DM

DD is very sensitive  
to λ

want to be close to 
Goldstone limit

λ ≪ 1

Want to stay close to Goldstone limit: � ⌧ 1
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Composite Higgs

QCD Higgs as a pGB

A solution to the hierarchy problem: 


 the Higgs as a pGB bound state of a new strong force. 

Kaplan, Georgi ’84; Agashe, Contino, Pomarol ’04;  

Giudice, Grojean, Pomarol, Rattazzi ‘07 
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• A light elementary scalar is unnatural 

• Possible solution: Higgs is a bound state of a new  
strong sector 
 
Description changes above confinement scale (~ TeV) 
          Higgs mass is naturally “screened” 

• Analogy to QCD Pions: Higgs arises as (approximate) Goldstone 
Boson and is naturally light

Composite Higgs - A Reminder

Minimal Model:

Agashe, Contino, Pomarol 2004
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• A light elementary scalar is unnatural 

• Possible solution: Higgs is a bound state of a new  
strong sector 
 
Description changes above confinement scale (~ TeV) 
          Higgs mass is naturally “screened” 

• Analogy to QCD Pions: Higgs arises as (approximate) Goldstone 
Boson and is naturally light

Composite Higgs - A Reminder

Minimal Model:

Agashe, Contino, Pomarol 2004

Spontaneous breaking of a global symmetry G
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Description changes above confinement scale (~ TeV) 

Higgs mass is naturally  

“screened”. 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• Bottom-up perspective: no reason for Higgs to go alone 
 
                             additional pNGB     as WIMP  

•     is naturally light and weakly coupled at low energies 

• If stable: natural WIMP candidate 

• Couplings determined by global symmetry and explicit breaking

Composite Scalar Dark Matter

Frigerio, Pomarol, Riva, Urbano 2012

Enlarge global symmetry group: non-minimal pNGB

Compare to QCD:         


2 flavors:   SU(2)LxSU(2)R / SU(2)V     ->       3 GBs 


3 flavors:   SU(3)LxSU(3)R / SU(3)V     ->       8 GBs 

⇡0, ⇡±
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⇡0,±,K0,0,±, ⌘
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Symmetry that protects the (Higgs mass)2 also  

•  keeps WIMP    light:  

•  renders     stable:

�

� �(x) ! ��(x)

or

Goldstone dark matter 

parity

�(x) ! ei��(x) U(1)DM

�(x) ! �(x) + ↵

will use here



SO(7)/SO(6)

( )SO(4)

SO(2)

SU(2)L ⇥ SU(2)R

U(1)DM

0

BBBBBBBB@

0
0
0
0
0
0
f

1

CCCCCCCCA
Goldstones

G
oldstones

Dm in composite Higgs, see also: Frigerio, Pomarol, Riva, Urbano ’12, Marzocca, Urbano ’14; Carmona, Chala ’15, M. Chala, G. Nardini and 
I. Sobolev ’16; Ballesteros, Carmona, Chala ’17, the discussion is away from Goldstone limit, large marginal contribution 



Breaking the DM shift symmetry
• Top quark mass: 

                       

• Bottom quark mass:  

• Partial gauging of DM  
Goldstone symmetry U(1)DM :

� ⇠ �h

2
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Breaking the DM shift symmetry
• Top quark mass: 

                       

• Bottom quark mass:  

• Partial gauging of DM  
Goldstone symmetry U(1)DM :
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bR embedding 

decompositions (see for example Ref. [5]),

7 = (2,2,1)� (1,1,3),

8 = (2,1,2)� (1,2,2),

21 = (2,2,3)� (3,1,1)� (1,3,1)� (1,1,3),

27 = (3,3,1)� (2,2,3)� (1,1,5)� (1,1,1).

(7)

To guarantee custodial protection against zero-momentum corrections to the ZbLb̄L vertex,

which would conflict with LEP measurements, qL must be embedded in the (2,2)2/3 repre-

sentation of (SU(2)L, SU(2)R)X [6]. Hence a natural and minimal possibility is Oq ⇠ 72/3,

which we adopt henceforth. In this case the coupling of qL preserves the entire SU(2)0. The

requirement of U(1)X-invariance of the top mass term fixes then the X charge of Ot to be

2/3, but several options are available for its transformation under SO(7).

In this paper we focus on the choice tR ⇠ (1,1,3) ⇢ 7. In this case the SU(2)0 is explicitly

broken, but the embedding can be chosen as to preserve a residual U(1), generated by one

among {X⌘, X, TDM}. Therefore we can either leave the shift-symmetry of one of the

singlets intact, thus keeping it massless, or preserve the U(1) symmetry acting on ⌘ and 

that is generated by TDM. We choose the latter, hence ⌘ and  are combined into a complex

scalar field

� ⌘ (+ i⌘) /
p
2 , (8)

that is an eigenstate of U(1)DM with charge +1. The complex scalar � is our DM candidate,

and the unbroken U(1)DM ensures its stability. This setup is represented schematically in

Fig. 1. Under (SU(2)L, SU(2)R)DM
X the 72/3 decomposes as

72/3 = (2,2)02/3 � (1,1)02/3 � (1,1)±1
2/3 , (9)

so the tR is embedded in the (1,1)02/3, while the qL is embedded in the (2,2)02/3. The coupling

of tR to the strong sector breaks explicitly the shift symmetry for �, which will acquire a

potential, and in particular a mass, of the same parametric size as the Higgs. The explicit

form of the embeddings is

⇠L =
1p
2

⇣
ibL, bL, itL, �tL, 0, 0, 0

⌘T

, ⇠R =
⇣
0, 0, 0, 0, 0, 0, tR

⌘T

. (10)

A di↵erent phenomenological scenario is realized if the embedding of tR preserves SU(2)0.

Glancing at Eq. (7), this can be obtained in several ways: for example, tR ⇠ (1,3,1) ⇢ 21

4

SO(7) � SU(2)L ⇥ SU(2)R ⇥ SU(2)DM

…
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DM shift symmetry broken  
by gauging U(1)DM
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QCD analogy: radiative 
splitting of pion masses
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Using the above expression of ⇧LR, the integral appearing in the pion potential gives
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For any value of the masses, the above expression is always positive (reflecting the
positivity of ⇧LR in eq.(86)). This means that the pion potential is minimized for

h⇡1
i = h⇡2

i = 0 . (88)

In other words, the radiative corrections align the vacuum along the U(1)-preserving
direction, and the photon remains massless. It turns out that the positivity of the
integral (87) and the above conclusion on the alignment of the vacuum are much more
general that our approximate result. Witten [41] has shown that in a generic vector-like
confining gauge theory one has

⇧LR(Q2) � 0 for 0  Q2
 1 , (89)

so that the radiative contribution from gauge fields always tends to align the vacuum
in the direction that preserves the gauge symmetry.

The e↵ect of the one-loop potential (78) is that of lifting the degeneracy of vacua
and give a (positive) mass to the charged pion, while leaving the neutral one massless.
Notice indeed that the potential vanishes in the vacuum (88), so that there is still
a flat direction along ⇡0. All the results derived above are valid in the chiral limit,
that is for vanishing quark masses. When the quark masses is turned on, both the
charged and neutral pion get a mass, as a consequence of the explicit breaking of the
chiral symmetry. The di↵erence of the charged and neutral pion mass, however, is
still dominantly accounted for by the electromagnetic correction that we have derived.
Thus, we can compare our prediction with the experimentally measured value and
check the accuracy of our approximations. From eqs.(78) and (87) one gets
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m2
a1 � m2

⇢

log

✓
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a1

m2
⇢

◆
. (90)

This result was first derived in 1967 by Das et al. using current algebra techniques [42].
Inserting the experimental values m⇢ = 770 MeV and ma1 = 1260 MeV into eq.(90) one
obtains the theoretical prediction

(m⇡± � m⇡0)|TH ' 5.8 MeV , (91)

to be compared with the experimentally measured value

(m⇡± � m⇡0)|EXP ' 4.6 MeV . (92)

Considering that corrections to the large-Nc approximation are expected to be of or-
der ⇠ 30%, we conclude that the agreement of our theoretical prediction with the
experimental value is fully satisfactory.
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Dark photon interaction U(1)DM breaks shift symmetry … 


          … radiatively generates non-derivative terms.
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Not generated at  
  1-loop! 
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Dark photon interaction U(1)DM breaks shift symmetry … 


          … radiatively generates non-derivative terms.
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Not generated at 1 loop
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Radiative DM mass:
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FIG. 2. Schematic summary of the three scenarios discussed in this paper. The EFT coe�cients

cd, c
�

b
and � were defined in Eqs. (7), (14) and (15), respectively. In the third scenario we denote

with �D the dark photon associated to the gauging of U(1)DM with coupling gD, and mark the

gauge interactions in green.

Higgs quartic, � . �h/2 ' 0.065. These rough estimates imply that �f 2 . m2
�
, hence from

Eq. (16) we read that � plays a subleading but non-negligible role in DM annihilation. In

addition, � determines the DM-nucleon scattering cross section as [5]

��N

SI ' f 2
N

⇡

�2m4
N

m4
h
m2

�

⇡ 1.6⇥ 10�46 cm2

✓
�

0.02

◆2 ✓300 GeV

m�

◆2

, (tR breaking) (20)

where fN ' 0.30 contains the dependence on the nucleon matrix elements (since Higgs

exchange dominates, all SM quarks contribute to the signal strength). The XENON1T ex-

periment is currently probing cross sections of the size of Eq. (20), and part of the parameter

12



1) Massless dark photon 

2) Massive dark photon 

m�D = ?
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Massless Dark Photon
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αD → 0
Annihilation purely 
to SM through

1
f 2 ∂μ(h 2)∂μ(χ*χ)

αD

vrel
≳ 10− 3

10− 4 ≫ 1

Annihilation is Sommerfeld Enhanced 
in dwarf galaxies today:

Annihilation mainly to dark photon
χ*χ → ADAD

Massless gD �D
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m�D < 6⇥ 10�4 eV X/X
�D is dark radiation today,

strong constraints from SE of ��⇤ ! SM

6⇥ 10�4 eV < m�D . 3m�/25 X
�D is relativistic at freeze-out,

ruled out by warm DM bounds/overabundant

3m�/25 < m�D < m� X �D is non-relativistic at freeze-out, overabundant

m� . m�D < 2m� X both �D and � are cold DM

2m� < m�D X �D is unstable

TABLE I. Overview of the di↵erent regions in the dark photon mass space. The second column

indicates whether each region satisfies (X) or conflicts with (X) experimental constraints, while

the third column summarizes the key features.

light of the previous discussion, however, we do not interpret these as strict exclusions, but

rather note that they constitute an important class of probes of our setup, which may in the

near future provide important evidence in favor of, or against, DM self-interactions mediated

by a massless dark photon. Such self-interactions could also have interesting implications [11]

for the small-scale issues of the collisionless cold DM paradigm [48]. A complementary test

of the light DM mass region is the search for invisible h ! �⇤� decays at the LHC,11 which

will be sensitive to f . 1.6 TeV by the end of the high-luminosity phase (see Fig. 3).

B. Phenomenology for massive dark photon

We regard the mass of the dark photon as a free parameter of our model. Having exten-

sively discussed the simplest possibility m�D = 0 in Sec. IVA, we turn here to the study

of the massive case. The physics is qualitatively di↵erent if m�D < m� or m� < m�D ,

so we analyze these two regions separately. Our main findings are that (1) the region

m�D < m� is ruled out, unless �D is so light that it still behaves as radiation today, and (2)

for m� . m�D < 2m� we obtain a two-component DM setup with novel properties. Table I

11 The Higgs can also decay to �D�D via a � loop. The decay width for m�D = 0 is �(h ! �D�D) =

m3
h↵

2
Dc2dv

2|F
� m2

h
4m2

�

�
|2/(64⇡3f4), where F (⌧) is given in Eq. (D2). Numerically, for m� < mh/2 this is

negligible compared to �(h ! �⇤�), while for m� > mh/2 it is too small to be observable: e.g. for

m� = 100 GeV and f = 1 TeV we have �(h ! �D�D) ⇠ 10�12 GeV.
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rather note that they constitute an important class of probes of our setup, which may in the

near future provide important evidence in favor of, or against, DM self-interactions mediated

by a massless dark photon. Such self-interactions could also have interesting implications [11]

for the small-scale issues of the collisionless cold DM paradigm [48]. A complementary test

of the light DM mass region is the search for invisible h ! �⇤� decays at the LHC,11 which

will be sensitive to f . 1.6 TeV by the end of the high-luminosity phase (see Fig. 3).

B. Phenomenology for massive dark photon

We regard the mass of the dark photon as a free parameter of our model. Having exten-

sively discussed the simplest possibility m�D = 0 in Sec. IVA, we turn here to the study

of the massive case. The physics is qualitatively di↵erent if m�D < m� or m� < m�D ,

so we analyze these two regions separately. Our main findings are that (1) the region

m�D < m� is ruled out, unless �D is so light that it still behaves as radiation today, and (2)

for m� . m�D < 2m� we obtain a two-component DM setup with novel properties. Table I

11 The Higgs can also decay to �D�D via a � loop. The decay width for m�D = 0 is �(h ! �D�D) =

m3
h↵

2
Dc2dv

2|F
� m2

h
4m2

�

�
|2/(64⇡3f4), where F (⌧) is given in Eq. (D2). Numerically, for m� < mh/2 this is

negligible compared to �(h ! �⇤�), while for m� > mh/2 it is too small to be observable: e.g. for

m� = 100 GeV and f = 1 TeV we have �(h ! �D�D) ⇠ 10�12 GeV.
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FIG. 8. Left panel: contours in the (m�D/m�,↵D) plane where the sum of the � and �D densities

matches the observed total DM density, ⌦�+�⇤ + ⌦�D = ⌦DM, assuming f = 1 TeV and for

representative values of m� > m(f)
� ⇡ 122 GeV. The solid portions highlight the range of ↵D

where m� can be obtained from dark photon loops cut o↵ at 2.5 TeV < m⇢ < 4⇡f (see Eq. (B8)),

where the lower bound comes from the S parameter, bS ⇠ m2
W
/m2

⇢ . 10�3 (see e.g. Ref. [26]).

Right panel: e↵ective cross section for present-day DM annihilation to SM particles, calculated

along the relic density contours in the left panel. Also shown are the observed 95% CL limits

from dSphs in the WW channel [36] (dashed lines), together with the 95% CL uncertainties on

the expected limits (colored regions). For reference, the black solid line shows h�vrelican, the cross

section expected for a single thermal relic that annihilates entirely to SM particles.

analysis:

(a) The non-degenerate region, 2m� � mh ⇡ 1.6m� < m�D < 2m�. The dark pho-

ton freeze-out is determined by the semi-annihilation process �Dh ! ��⇤, which is

kinematically allowed at zero temperature. Hence the relic density contour is ap-

proximately given by neq
h
h��Dh!��⇤vreli = constant, where the LHS is evaluated at

the �D freeze-out temperature, T fo
�D

⇡ m�D/25, and the thermally averaged cross sec-

tion is given in Eq. (D5). As m�D/m� decreases, the dark fine structure constant

increases exponentially to compensate for the suppression of the Higgs number den-

sity, ↵D / exp
�
mh
m�

25
m�D/m�

�
, where we dropped subleading power corrections. The

importance of semi-annihilation processes, which change the total DM number by one

unit (rather than two units as for ordinary annihilation), was discussed for the first

time in Ref. [53].
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(b) The intermediate region, 1.3m� . m�D . 1.6m� ⇡ 2m� � mh. The �D freeze-out

is still determined by �Dh ! ��⇤, which however is now forbidden at zero tempera-

ture. Using detailed balance, the relic density contour is given by neq
h
h��Dh!��⇤vreli =

(neq 2
�

/neq
�D
)h���⇤!�Dhvreli = constant, where the LHS is evaluated at T fo

�D
⇡ m�D/25

and the cross section can be found in Eq. (D6). The dependence of ↵D on m�D/m� is

exponential and faster than in the non-degenerate region, ↵D / exp
⇥�
2�m�D

m�

�
25

m�D/m�

⇤
,

where power corrections were neglected.

(c) The degenerate region, m� . m�D . 1.3m�. As m�D/m� decreases the semi-

annihilation is increasingly Boltzmann suppressed, while the rate of the annihilation

�D�D ! ��⇤ increases as ↵2
D
. Therefore the dark photon freezes out when its anni-

hilation to ��⇤ goes out of equilibrium. The relic density contour is approximately

described by h��D�D!��⇤vreli = constant, where the cross section is given in Eq. (D4).

The resulting variation of ↵D is slow in comparison to the regions dominated by semi-

annihilation, thus explaining the nearly flat behavior of the contours. Importantly, in

this region the evolutions of the � and �D densities are tightly coupled, and the injec-

tion of � particles due to the �D�D ! ��⇤ process gives a larger � abundance than

the one expected based on the simplified decoupled picture. This interesting type of

system was first studied numerically in Ref. [54], and we provide here analytical insight

into its dynamics. After the yields Y�,�D become much larger than their equilibrium

values, they obey the simplified Boltzmann equations (x ⌘ m�/T )

b��1x2 dY�

dx
= �h�vreliSMY 2

�
+ 1

2h�vreli�D�DY
2
�D

(36a)

b��1x2 dY�D

dx
= �h�vreli�D�DY

2
�D

(36b)

where b� ⌘ (2
p
10 ⇡/15)(g⇤sm�MPl/

p
g⇤), while h�vreliSM refers to ��⇤ ! SM and

h�vreli�D�D to �D�D ! ��⇤. The analytical solution of this system gives at x � 1

1

a�

✓
2Y�

Y�D

◆2

' 1 + 1
2

⇣
a� +

p
a�(a� + 4)

⌘
, a� ⌘ h�vreli�D�D

h�vreliSM/2
, (37)

where a� goes to a constant since both processes are s-wave. This result is obtained

by solving a quadratic equation, whose other root yields dY�/dx > 0 and is therefore

unphysical. For a� ⌧ 1, as verified in the m� = 300, 600 GeV examples, the RHS

of Eq. (37) goes to 1 and the formula expresses the equality of the fluxes that enter
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LHC signatures

• Composite Top partners, Higgs/DM mass light  
        => at least one top partner ~ 1 TeV 

• Additional U(1)DM charged particles -> MET 

• Interesting new signatures 

where PL/R are the left and right handed chirality projection operators and the covariant derivative is given by

rµ = @µ � iEµ � iqXg0
0
Bµ. (30)

It is also possible to write down interactions of the vector and fermion resonances with the CCWZ symbols dµ and
Eµ (see Marzocca: http://arxiv.org/abs/1205.0770). At the lowest order in derivatives this is given by

Lint =
X

⌘=L,R

⇥
kV
ij
Q̄i�

µ (g⇢⇢µ � Eµ)P⌘Qj + kA
ij
S̄i�

µgaaµP⌘Qj + kd
ij
S̄i�

µdµP⌘Qj + h.c.
⇤
. (31)

These couplings do not contribute to the computation of the e↵ective potential but are important (above all the
last term) for single production of top partners and they modify the couplings of the SM fermions to the gauge
bosons.

1.6 Fermion Phenomenology

In the following we will have a closer look at the fermion sector, especially the top partners (spin-1/2 resonances).
We will therefore concentrate on the minimal case, i.e. NQ = NS = 1.

1.6.1 Fermion Multiplet

We parameterize the resonancesQ in the fundamental representation of SO(6) in terms of SU(2)L⇥U(1)Y ⇥U(1)DM

(where U(1)Y stands for the total hypercharge, i.e. Y = T3R +X) eigenstates

Q =
1
p
2

0

BBBBBB@

iB � iX5/3

B +X5/3

iT + iX2/3

�T +X2/3

�iY + iZ
Y + Z

1

CCCCCCA
(32)

with (T,B)T 2 20

1/6
, (X5/3, X2/3)

T
2 20

7/6
and Y, Z 2 1±1

2/3
of (SU(2)L)

U(1)DM

U(1)Y
. So the fermion spectrum contains

top- and bottom-like fermions T and B, but also exotic states like X5/3 with electric charge 5/3. Additionally
there are two electrically charged SU(2)L singlets which behave like the right handed top, aside from the fact that
they are charged under U(1)DM and therefore cannot mix with the top if U(1)DM is not spontaneously broken.

1.6.2 Mixing Lagrangian and Mass Matrix

Using the above parameterization of the fermion resonances we can write explicitly the interaction part of the
fermion Lagrangian in eq. (29) which mixes the spin-1/2 resonances with the SM fermions. In unitary gauge this
is given by

Lmix =✏tS⌦t̄RSL �
✏qS
p
2f

ht̄LSR �
✏tQ
p
2f

t̄R
⇣
h
�
X2/3L

� TL

�
+
p
2 (�⇤YL + �ZL)

⌘

+ ✏qQ
�
b̄LBR + t̄LTR

�
�

✏qQ
2f2(1 + ⌦)

t̄Lh
⇣
h
�
TR �X2/3R

�
�
p
2 (�⇤YR + �ZR)

⌘
+ h.c.

(33)

where ⌦ =
q

1� h2

f2 �
2�†�
f2 . A convenient way of writing this is in matrix notation

Lmix =
�
t̄L, T̄L, X̄2/3L

, S̄L, ȲL, Z̄L

�
M

0

BBBBBB@

tR
TR

X2/3R

SR

YR

ZR

1

CCCCCCA
+ h.c. (34)
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FIG. 2. Cross section values for the single production of top
(black curves) and bottom (red curves) partners. We summed

over the single production of T̃ (B) and ¯̃T (B̄) at the LHC withp
s = 14 TeV (continuous lines) and

p
s = 8 TeV (dotted

lines). We set the �T̃ and the �B coupling to the reference
value � = 3; cross sections scale with � as �2.

m
T̃
, that comes from the LHC data at

p
s = 7 TeV, is

indeed of about 420 GeV. We derive this constraint from
the study in [22], which presents a search for pair pro-
duction of top-prime’s decaying predominantly into Wb,
by considering a value BR(T̃ ! Wb) = 0.5 instead of
BR(T̃ ! Wb) = 1.
In the range of masses we will consider and for the refer-
ence value �

T̃
= 3 we have

BR(T̃ ! ht) ' 0.25 �(T̃ )/m
T̃

' 0.17 (11)

III. ANALYSIS

In this section we discuss the prospects of observing
the process pp ! (T̃ ! (h ! bb)t)b+X at the LHC. We
consider the leptonic decay of the top. The physical final
state is thus:

pp ! l
±+ n jets + 6ET . (12)

We will present a simple parton-level analysis aimed at
assessing the LHC discovery reach. We consider two
center-of-mass energies:

p
s = 8TeV, the energy of the

current phase of data taking, and
p

s = 14 TeV, the de-
sign energy that will be reached in the next phase of
operation of the LHC. Our selection strategy does not de-
pend, however, on the value of the collider energy. This
is because we will apply a set of cuts which exploit the
peculiar kinematics of the signal, and a change in the col-
lider energy mainly implies a rescaling of the production

cross sections of signal and background via the parton lu-
minosities, without a↵ecting the kinematic distributions.

A. Montecarlo simulation of signal and background

We simulate the signal by using MadGraph v4 [26], af-
ter implementing the two-site model with Feynrules [27],
while for the background we make use of both MadGraph
and ALPGEN [28]. In our parton-level analysis jets are
identified with the quarks and gluons from the hard scat-
tering. If two quarks or gluons are closer than the sepa-
ration �R = 0.4, they are merged into a single jet whose
four-momentum is the vectorial sum of the original mo-
menta. We require that the jets and the leptons satisfy
the following set of acceptance and isolation cuts:

pTj � 30 GeV |⌘j |  5 �Rjj � 0.4

pTl � 20 GeV |⌘l|  2.5 �Rjl � 0.4 .

(13)

Here pTj (pTl) and ⌘j (⌘l) are respectively the jet (lepton)
transverse momentum and pseudorapidity, and �Rjj ,
�Rjl denote the jet-jet and jet-lepton separations.

Detector e↵ects are roughly accounted for by perform-
ing a simple Gaussian smearing on the jet energy and mo-
mentum absolute value with �E/E = 100%/

p
E/GeV,

and on the jet momentum direction using an angle reso-
lution �� = 0.05 radians and �⌘ = 0.04. Moreover, the
missing energy 6ET of each event has been computed by in-
cluding a Gaussian resolution �( 6ET ) = a ·

pP
i
Ei

T
/GeV,

where
P

i
E

i

T
is the scalar sum of the transverse energies

of all the reconstructed objects (electrons, muons and
jets). We choose a = 0.49 5 . After applying the ac-
ceptance and isolation cuts (13) to the signal, we find a
fraction of signal events with four reconstructed jets in
the final state (where jet is either a light jet or a b-jet)
of about 0.4. The signal events with 4j are mainly con-
stituted by events where one of the final five jets is soft,
with pTj < 30 GeV, and does not pass the cuts in (13)
6. Because this fraction is significant and we would want
to preserve it, we will select events with at least four jets
passing the cuts in (13) and exactly one lepton from the
leptonic decay of the top quark. We further require the
b-tagging of at least two b-jets.

pp ! l
±+ n jets + 6ET , n � 4 , At least 2 b-tag (14)

5
This numerical value, as well as the b-tagging e�ciency and re-

jection rate and the resolution parameters considered in the jet

smearing, have been chosen according to the performance of the

ATLAS detector [29].
6
The fraction of signal events where one jet is a ‘fat’ jet, resulting

from the merging of the bb̄ pair from the Higgs, increases with

larger T̃ masses, because the Higgs is more boosted in this case,

but is not so relevant (it is about 0.07 for a 1 TeV T̃ ); sophisti-

cated technique of tagging boosted object could not be useful in

this case.

T2/3

�

interesting new signatures
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the study in [22], which presents a search for pair pro-
duction of top-prime’s decaying predominantly into Wb,
by considering a value BR(T̃ ! Wb) = 0.5 instead of
BR(T̃ ! Wb) = 1.
In the range of masses we will consider and for the refer-
ence value �

T̃
= 3 we have

BR(T̃ ! ht) ' 0.25 �(T̃ )/m
T̃

' 0.17 (11)

III. ANALYSIS

In this section we discuss the prospects of observing
the process pp ! (T̃ ! (h ! bb)t)b+X at the LHC. We
consider the leptonic decay of the top. The physical final
state is thus:

pp ! l
±+ n jets + 6ET . (12)

We will present a simple parton-level analysis aimed at
assessing the LHC discovery reach. We consider two
center-of-mass energies:

p
s = 8TeV, the energy of the

current phase of data taking, and
p

s = 14 TeV, the de-
sign energy that will be reached in the next phase of
operation of the LHC. Our selection strategy does not de-
pend, however, on the value of the collider energy. This
is because we will apply a set of cuts which exploit the
peculiar kinematics of the signal, and a change in the col-
lider energy mainly implies a rescaling of the production

cross sections of signal and background via the parton lu-
minosities, without a↵ecting the kinematic distributions.

A. Montecarlo simulation of signal and background

We simulate the signal by using MadGraph v4 [26], af-
ter implementing the two-site model with Feynrules [27],
while for the background we make use of both MadGraph
and ALPGEN [28]. In our parton-level analysis jets are
identified with the quarks and gluons from the hard scat-
tering. If two quarks or gluons are closer than the sepa-
ration �R = 0.4, they are merged into a single jet whose
four-momentum is the vectorial sum of the original mo-
menta. We require that the jets and the leptons satisfy
the following set of acceptance and isolation cuts:

pTj � 30 GeV |⌘j |  5 �Rjj � 0.4

pTl � 20 GeV |⌘l|  2.5 �Rjl � 0.4 .

(13)

Here pTj (pTl) and ⌘j (⌘l) are respectively the jet (lepton)
transverse momentum and pseudorapidity, and �Rjj ,
�Rjl denote the jet-jet and jet-lepton separations.

Detector e↵ects are roughly accounted for by perform-
ing a simple Gaussian smearing on the jet energy and mo-
mentum absolute value with �E/E = 100%/

p
E/GeV,

and on the jet momentum direction using an angle reso-
lution �� = 0.05 radians and �⌘ = 0.04. Moreover, the
missing energy 6ET of each event has been computed by in-
cluding a Gaussian resolution �( 6ET ) = a ·

pP
i
Ei

T
/GeV,

where
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T
is the scalar sum of the transverse energies

of all the reconstructed objects (electrons, muons and
jets). We choose a = 0.49 5 . After applying the ac-
ceptance and isolation cuts (13) to the signal, we find a
fraction of signal events with four reconstructed jets in
the final state (where jet is either a light jet or a b-jet)
of about 0.4. The signal events with 4j are mainly con-
stituted by events where one of the final five jets is soft,
with pTj < 30 GeV, and does not pass the cuts in (13)
6. Because this fraction is significant and we would want
to preserve it, we will select events with at least four jets
passing the cuts in (13) and exactly one lepton from the
leptonic decay of the top quark. We further require the
b-tagging of at least two b-jets.

pp ! l
±+ n jets + 6ET , n � 4 , At least 2 b-tag (14)

5
This numerical value, as well as the b-tagging e�ciency and re-

jection rate and the resolution parameters considered in the jet

smearing, have been chosen according to the performance of the

ATLAS detector [29].
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Conclusions

• Dark Matter as a Goldstone boson naturally arises, 
especially if Higgs is composite 

• Direct detection is (strongly) suppressed 

• Opportunities to discover pGB-DM in indirect 
detection and collider searches, and future direct 
detection experiments 
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NGB -> pNGB

• Gauging of  

• SM fermions in incomplete G=SO(7) multiplets, 
couple linearly to strong sector

Shift symmetry                               broken by�(x) ! �(x) + ↵

partial compositeness

U(1)DM
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Partial compositeness
D. B. Kaplan ‘91

elementary composite

|SMi = cos↵ |t > +sin↵ |T i

mt

v
⇡ sin↵L · Y · sin↵R

L = gAµJ
µ

µ ⇠ m⇤mq ⇠ �L(µ)�R(µ)

g⇤
v

10

L = �L q̄LOR + �R ūROL + h.c.

qRqL

Linear couplings

 Hypothesis: each SM fermion couples to a composite fermionic operator 
with the same SU(3)cxSU(2)LxU(1)Y quantum numbers

Quark masses need 
two such couplings

Similar to linear couplings of 
elementary gauge fields:

D.B. Kaplan  NPB 365 (1991) 259
...
RS with bulk fermions

(linear couplings)



SM matter embedding
• Useful to classify according to 

where the SU(2)DM is generated by

{T±, TDM}

U(1)DM : stability of DMbroken generators -> 
  charged DM pNGB 

SO(7) � SO(4)⇥ SO(3) = SU(2)L ⇥ SU(2)R ⇥ SU(2)DM
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Accidental parity:

Appendix C: SO(7)/SO(6) model: U(1)Y -U(1)DM kinetic mixing

In this appendix we show that kinetic mixing of U(1)Y and U(1)DM (in short, Y -DM

kinetic mixing) can vanish exactly in the SO(7)/SO(6) model, thus motivating the choice

" = 0 made throughout our discussion.

As first step, we neglect the explicit G breaking in the fermion sector and consider the

bosonic Lagrangian including the gauging of SU(2)L ⇥ U(1)Y ⇥ U(1)DM . At O(p2) this

is simply given by Eq. (B2), and the kinetic mixing operators arise at O(p4). The four-

derivative bosonic Lagrangian was first written down for the SO(5)/SO(4) model in Ref. [71].

To obtain a basis of operators for our model we find it convenient to follow Ref. [72], where

the O(p4) Lagrangian for SO(5)/SO(4) was discussed by parametrizing the GBs with the

matrix ⌃(~⇡) = U(~⇡)2. This alternative, but equivalent, description is possible for symmetric

cosets such as SO(N+1)/SO(N), which admit an automorphism (grading) R of the algebra

that flips the sign of only the broken generators, T â ! +T â and Xa ! �Xa. The three

building blocks that are used to construct invariant operators, all transforming in the adjoint

of G, are

Vµ = (Dµ⌃)⌃
�1, Aµ⌫ = @µA⌫ � @⌫Aµ � i[Aµ, A⌫ ], ⌃AR

µ⌫
⌃�1, (C1)

where AR
µ⌫

⌘ R(Aµ⌫) and we formally took the whole of G to be gauged by Aµ = gGAA

µ
TA,

hence the covariant derivative is Dµ⌃ = @µ⌃ � i(Aµ⌃ � ⌃AR
µ
). In this formalism, the

two-derivative Lagrangian is L⇡ = �(f 2/16)Tr
⇥
VµV µ

⇤
.

In our model the physical sources are given by Eq. (B1), which satisfies AR
µ

= Aµ. By

constructing a complete basis for the O(p4) Lagrangian L4, we find that Y -DM kinetic

mixing is encoded by the operators

Tr
⇥
B̄µ⌫F̄

µ⌫

D

⇤
, Tr

⇥
⌃B̄µ⌫⌃

�1F̄µ⌫

D

⇤
, (C2)

where B̄µ⌫ ⌘ ḡ0B̄µ⌫T 3
R
and F̄µ⌫

D
⌘

p
2 ḡDF̄

µ⌫

D
TDM. Both operators in Eq. (C2) vanish iden-

tically. In fact, we have checked that the whole L⇡ + L4 is invariant under the parity

P6 = diag (1, 1, 1, 1, 1,�1, 1) 2 O(7). Recalling that TDM generates rotations in the (5, 6)

plane [
p
2TDM = diag (04⇥4, �2, 0)], P6 is identified with the charge conjugation CD that we

referred to in the main text. The action of P6 on the SO(7) generators is

P6 TP6 = +T, T =
�
T ↵

L,R
, T a5, Xb

 
and P6 T P6 = � T , T =

�
TDM, T a6, X6

 

(C3)
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section. We find it remarkable that such a simple model is e↵ectively inaccessible to direct

detection experiments.

The introduction of the dark photon has significant impact on the phenomenology. It

is important to stress that in Eq. (23) we have not included the operator "Bµ⌫F
µ⌫

D
/2 that

mixes kinetically U(1)DM and the SM hypercharge. The choice to set " = 0 in the EFT is

motivated by the SO(7)/SO(6) model, where the kinetic mixing is forbidden by CD, the

charge conjugation of U(1)DM, which is an accidental symmetry (provided it is respected

by subleading spurionic embeddings of the SM fermions, see Appendix C). In particular, in

the low-energy theory CD transforms Aµ

D
! �Aµ

D
and � ! ��⇤, whereas all SM fields are

left unchanged. An additional, important consequence of this discrete symmetry is that the

dark photon is stable if m�D < 2m�, when the �D ! ��⇤ decay is kinematically forbidden.

The complete discussion of kinetic mixing, as well as the details on the implementation of

CD as an O(6) transformation that we call P6, are contained in Appendix C.

The dark sector, composed of the DM and the dark photon, is thus characterized by

the four parameters {m�, f,↵D,m�D}. In the remainder of this section we analyze its phe-

nomenology in detail, beginning in Sec. IVA with the simplest setup where the dark photon

is massless, and later moving to the massive case in Sec. IVB.

A. Phenomenology for massless dark photon

Setting m�D = 0 leaves the three-dimensional parameter space {m�, f,↵D}. We begin

the discussion with a summary of the thermal history of the model. At early times the

dark sector, composed of � and �D, and the visible sector are kept in kinetic equilibrium

by elastic �f ! �f scatterings mediated by Higgs exchange, where f denotes the still-

relativistic SM fermions. These processes are e↵ective down to temperatures T ⌧ m�, but

eventually they become slower than the Hubble expansion rate and the dark and visible

sectors decouple. The corresponding decoupling temperature Tdec is defined through [37]

H(Tdec) = �(Tdec)/2, where H(T ) = ⇡
p
g⇤(T )T 2/(3

p
10MPl) is the Hubble parameter for a

radiation-dominated Universe (g⇤(T ) is the total number of relativistic degrees of freedom

including both the visible and dark sectors, and MPl is the reduced Planck mass), whereas

�(T ) is the momentum relaxation rate, which scales as � ⇠ (T/m�)nfh��fvreli. Using the

16

Dark charge conjugation CD forbids kinetic photon mixing
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Respected by fermion embedding (since QDM  = 0 for SM). 

CD :



under SU(2)L⇥SU(2)R⇥U(1)DM, where the X = 2/3 charge is understood. In components,

G =
1

2

0

BBBBBBBBBBB@

0 �iT 12
+ B12

+ �X12
+ �i(B12

� +X12
� ) �B� � X5/3� �i(B+ + X5/3+)

0 �i(B12
+ +X12

+ ) �B12
� +X12

� i(B� � X5/3�) �B+ + X5/3+

0 �iT 12
� �T� � X2/3� �i(T+ + X2/3+)

0 �i(T� � X2/3�) T+ � X2/3+

0 �i
p
2 eS

0

1

CCCCCCCCCCCA

,

(A2)

where the lower triangle is determined by antisymmetry. We have made the definitions

T 12
± ⌘ eT1 ± eT2, Q12

± ⌘ ( eQ1 ± eQ2)/
p
2 (Q = X,B) and Q± ⌘ (Q(+) ± Q(�))/

p
2 (Q =

T ,B,X2/3,X5/3). Here ( eXi, eTi, eBi)T is a (3,1)0 for i = 1 and a (1,3)0 for i = 2, eS ⇠ (1,1)0 ,

and the fields with calligraphic names compose the (2,2)±1.16 The elementary-composite

mixing Lagrangian for the top sector is

L(t)
mix = ✏i

qS
⇠̄(t)A
L

UA7SR,i + ✏j
qQ
⇠̄(t)A
L

UAaQ
a

R,j
+ ✏j

tQ
⇠̄(t)BA

R
UAaUB7Q

a

L,j

+ ✏k
tG
⇠̄(t)BA

R
UAaUBbG

ab

L,k
+ h.c., (A3)

where repeated indices are summed. Here {i, j, k} count the multiplicities of resonances and

therefore run from 1 to {NS, NQ, NG}, respectively, while A,B are SO(7) indices and a, b

are SO(6) indices. Calculability of the one-loop scalar potential is obtained via generalized

Weinberg sum rules (WSRs), see Ref. [5] for more details. The minimal field content that

gives a completely ultraviolet (UV)-finite one-loop Higgs potential is NS = NQ = NG = 1,

which we adopt. The embeddings in Eq. (A1) yield a Higgs potential with “double tuning”

structure [66], where parametrically ��1 ⇠ (v2/f 2)(✏t)2.

We now describe the embeddings of the bottom quark in the two models discussed in the

main text: the one of Sec. III B, where the � shift symmetry is broken by bR, and the one

of Sec. IV, where the � shift symmetry is preserved by the bottom sector.

DM shift symmetry broken by b quark The bottom quark embeddings are

7�1/3 ⇠ ⇠(b)
L

=
1p
2

⇣
�itL, tL, ibL, bL, 0T

3

⌘T

, 7�1/3 ⇠ ⇠(b)
R

= bR
⇣
0T

6 , 1
⌘T

. (A4)

16 Fields with calligraphic names have the same SO(4) quantum numbers as their non-calligraphic versions.

For example X (±)
5/3 transforms as X5/3 under SO(4), but has in addition charge ±1 under U(1)DM.
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|SMi = cos �|elem.i + sin�|comp.i

|heavyi = � sin �|elem.i+ cos �|comp.i

is still dominated by s-channel Higgs exchange, but now the �⇤�h coupling has both a

derivative and a non-derivative component,

M(��⇤ ! SM) /
⇣
cd

s

f 2
� 2�

⌘
v '

⇣
cd
4m2

�

f 2
� 2�

⌘
v . (16)

A priori, for m� > mt the �⇤�t̄t interaction proportional to c�t can also give an important

contribution to �⇤� ! tt̄. As we will discuss momentarily, however, in the models we

consider c�t is suppressed or altogether absent, hence Eq. (16) is a good approximation of

the strength for annihilation to SM particles.

DM scattering with nuclei proceeds via t-channel Higgs exchange and through the contact

interactions parametrized by c�
q
. The e↵ective interactions with the SM quarks q have the

form

2mqaq q̄q�
⇤� , aq ⇡

�

m2
h

+
c�
q

2f 2
. (17)

As already emphasized, the contribution of the derivative Higgs portal is negligible.

Note that, for any relevant values of the parameters, the DM self-interactions mediated

by c�, c̃� and �DM are far too small to have any e↵ects on cosmological scales.

C. Origins of explicit breaking and DM scenarios

Two irreducible sources of explicit symmetry breaking, which generate at least some of

the interactions contained in Eqs. (14) and (15), are the gauging of the SM electroweak

subgroup SU(2)L ⇥ U(1)Y ⇢ H and the Yukawa couplings for the SM fermions. The SM

gauging only contributes to the scalar potential and, under our assumption that the DM is

a SM singlet, at one-loop level generates only µ2
h
and �h. In the fermion sector, Yukawas

are assumed to arise via the partial compositeness mechanism [6]: the elementary fermions

couple linearly to operators of the strong sector,

LUV
mix ⇠ �qf q̄LOq + �tf t̄ROt + �q0f q̄LOq 0 + �bf b̄ROb + h.c., (18)

where we have ignored the flavor structure and put our focus on the masses of the third

generation of quarks [31]. We have included mixings of the left-handed quark doublet with

two distinct operators, as it is in general required to generate both the top and bottom

Yukawa couplings. For example, in the SO(6)/SO(5) and SO(7)/SO(6) models the global

symmetry is extended by an unbroken U(1)X , hence if tR and bR are coupled to operators

10

Linear mixing with operators in strong sector (partial compositness)

in DM GB generator



U = ei⇡/f h�i

SU(2)L ⇥ SU(2)R/SU(2)L+R

QCD-Pions as pNGBs

⇡+

Le↵ =
f2

4
tr(@µU

†@µU) + . . .



U = ei⇡/f h�i

SU(2)L ⇥ SU(2)R/SU(2)L+R

QCD-Pions as pNGBs

⇡+

⇡ ! �⇡

Good symmetry? Depends on the UV… 

(U ! U†)

Le↵ =
f2

4
tr(@µU

†@µU) + . . .



IR probe of UV physics 
pdg

 . Wess, Zumino ’71, Witten ‘83

http://pdg.lbl.gov/2016/listings/rpp2016-list-pi-zero.pdf


IR probe of UV physics 
pdg

�

�

⇡0

Anomaly: WZW term

182 VI Very low energy QCD - pions and photons

with

Tp=Tr (Q2LP + Q2RP + ^

where Aa is the photon field, F^v is the photon field strength, and Nc = 3
is the number of colors. A crucial aspect of this expression is that it has
a known coefficient. In this respect, it is unlike other terms in the effec-
tive lagrangian, which have free parameters that need to be determined
phenomenologically. This is because it is a prediction of the anomaly
structure of QCD. A corollary of this is that CA must not be renormal-
ized by radiative corrections. This was proven at the quark-gluon level
by Adler and Bardeen [AdB 69].

The 7T°  —•  77 amplitude is found by expanding CA to first order in the
pion field, yielding

(5.5)
where we have integrated by parts in the second line. This produces a
Tj-0 _> ^j matrix element of the form

rvN

t ° ^GV-> , (5.6)
in excellent agreement with the experimental value. This is widely recog-
nized as an important test of QCD, both as a measurement of the number
of colors and also as a reflection of the symmetries and anomalies of the
theory. It is a remarkable result.

What would have happened if the axial anomaly were not present?
The decay TT0 —>  77 could still occur, but it would be suppressed. The
7T° —>  77 transition must be at least of order i?4, as it must involve the
dimension 4 operator FF. The anomaly occurs at this order. However,
non-anomalous lagrangians leading to this transition can be constructed
at order E6. This result was first derived by Sutherland and Veltman
using a soft-pion technique [Su 67, Ve 67]. Following the steps employed
in Sect. IV-4, one uses the PC AC identification dxJ§x = rrv^F^ip^o to
calculate the matrix element

2 _ m 2 \

Id'x
J

(5.7)

⇡ ! �⇡

 . Wess, Zumino ’71, Witten ‘83

http://pdg.lbl.gov/2016/listings/rpp2016-list-pi-zero.pdf
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FIG. 8. Left panel: contours in the (m�D/m�,↵D) plane where the sum of the � and �D densities

matches the observed total DM density, ⌦�+�⇤ + ⌦�D = ⌦DM, assuming f = 1 TeV and for

representative values of m� > m(f)
� ⇡ 122 GeV. The solid portions highlight the range of ↵D

where m� can be obtained from dark photon loops cut o↵ at 2.5 TeV < m⇢ < 4⇡f (see Eq. (B8)),

where the lower bound comes from the S parameter, bS ⇠ m2
W
/m2

⇢ . 10�3 (see e.g. Ref. [26]).

Right panel: e↵ective cross section for present-day DM annihilation to SM particles, calculated

along the relic density contours in the left panel. Also shown are the observed 95% CL limits

from dSphs in the WW channel [36] (dashed lines), together with the 95% CL uncertainties on

the expected limits (colored regions). For reference, the black solid line shows h�vrelican, the cross

section expected for a single thermal relic that annihilates entirely to SM particles.

analysis:

(a) The non-degenerate region, 2m� � mh ⇡ 1.6m� < m�D < 2m�. The dark pho-

ton freeze-out is determined by the semi-annihilation process �Dh ! ��⇤, which is

kinematically allowed at zero temperature. Hence the relic density contour is ap-

proximately given by neq
h
h��Dh!��⇤vreli = constant, where the LHS is evaluated at

the �D freeze-out temperature, T fo
�D

⇡ m�D/25, and the thermally averaged cross sec-

tion is given in Eq. (D5). As m�D/m� decreases, the dark fine structure constant

increases exponentially to compensate for the suppression of the Higgs number den-

sity, ↵D / exp
�
mh
m�

25
m�D/m�

�
, where we dropped subleading power corrections. The

importance of semi-annihilation processes, which change the total DM number by one

unit (rather than two units as for ordinary annihilation), was discussed for the first

time in Ref. [53].
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