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Topics to (try to) cover

•Review of the SM its “Bugs and Features”
•Case study in BSM: SUSY
•General BSM
•Dark Matter at Colliders and in the Cosmos
•Model Building in the LHC era
•Conclusions
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The Standard Model

+ Gauge principle

1.2. FLAVOR IN THE STANDARD MODEL 3

“hypercharge” Y = 1/6 and right handed spinor singlets ui

R
and di

R
with Y = 2/3

and Y = �1/3. The color (SU(3)), weak (SU(2)), and Lorentz-transformation
indices are implicit. The “i” index runs over i = 1, 2, 3 accounting for three copies,
or “generations.” A more concise description is qi

L
= (3, 2)1/6, meaning that qi

L

transforms as a 3 under SU(3), a 2 under SU(2) and has Y = 1/6 (the U(1)
charge). Similarly, ui

R
= (3, 1)2/3 and di

R
= (3, 1)�1/3. The leptons are color

singlets: `i
L

= (1, 2)�1/2 and ei
R

= (1, 1)�1.
We give names to the quarks in di↵erent generations:

qiL =

✓✓
uL

dL

◆
,

✓
cL
sL

◆
,

✓
tL
bL

◆◆
, ui

R = (uR, cR, tR), diR = (dR, sR, bR).

(1.1)
Note that we have used the same symbols, “u” and “d,” to denote the collection of
quarks in a generation and the individual elements in the first generation. When
the superscript i is explicit this should give rise to no confusion. But soon we will
want to drop the superscript to denote collectively the generations as vectors qL,
uR and dR, and then we will have to rely on the context to figure out whether it
is the collection or the individual first element that we are referring to. For this
reason some authors use the capital letters UR and DR to denote the vectors in
generation space. But I want to reserve U for unitary transformations, and I think
you should have no problem figuring out what we are talking about from context.

Similarly, for leptons we have

`iL =

✓✓
⌫eL
eL

◆
,

✓
⌫µL
µL

◆
,

✓
⌫⌧L
⌧L

◆◆
, eiR = (eR, µR, ⌧R). (1.2)

The last ingredient of the SM is the Brout-Englert-Higgs (BEH) field, H, a
collection of complex scalars transforming as (1, 2)1/2. The BEH field has an ex-
pectation value, which we take to be

hHi =
1p
2

✓
0
v

◆
. (1.3)

The hermitian conjugate field eH = i�2H⇤ transforms as (1, 2)�1/2 and is useful
in constructing Yukawa interactions invariant under the electroweak group. The
covariant derivative is

Dµ = @µ + igsT
aAa

µ + ig2
�j

2
W j

µ + ig1Y Bµ. (1.4)

Here we have used already the Pauli �i matrices as generators of SU(2), since
the only fields which are non-singlets under this group are all doublets (and, of
course, one should replace zero for �j above in the case of singlets). It should
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L = L0 + L1 + L2 + L3 + L4 + L5 + L6 + . . .
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The Standard Model

L0 = ⇤4
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The cosmological constant…hard to measure @LHC

L1 = µ3�
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Need a gauge singlet scalar, none in SM.

L2 = ±µ
2|H|2
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Mass term of SM Higgs

L3 = µ ⇠⌘
<latexit sha1_base64="fIWbDiG0pWudJH46HlGn/SXDS04="></latexit><latexit sha1_base64="fIWbDiG0pWudJH46HlGn/SXDS04="></latexit><latexit sha1_base64="fIWbDiG0pWudJH46HlGn/SXDS04="></latexit><latexit sha1_base64="fIWbDiG0pWudJH46HlGn/SXDS04="></latexit> Fermion mass term.  Sterile neutrinos?

Gauge kinetic terms, fermion kinetic terms, Higgs self-
coupling, Yukawa couplings

L4 = �1

4
Fµ⌫F

µ⌫ + Q̄ /DQ+ |DµH|2 � �|H|4 + yHQU
c + . . .

<latexit sha1_base64="bGvhVTfm93eIh3kqHfHsRwtP2Ac="></latexit><latexit sha1_base64="bGvhVTfm93eIh3kqHfHsRwtP2Ac="></latexit><latexit sha1_base64="bGvhVTfm93eIh3kqHfHsRwtP2Ac="></latexit><latexit sha1_base64="bGvhVTfm93eIh3kqHfHsRwtP2Ac="></latexit>



!4

L = L0 + L1 + L2 + L3 + L4 + L5 + L6 + . . .
<latexit sha1_base64="J2/ha3Yy3KWxLzxrp5/XeXxNtps=">AAACbXicbZHLSsNAFIYn8VbrLSouvCCDRRSEktR62QhFNy5cVLAXaEOYTCbt0MmFmYlQQnc+oTtfwY2v4KTNoo0eGPi//5zDnDnjxowKaZpfmr60vLK6Vlovb2xube8Yu3ttESUckxaOWMS7LhKE0ZC0JJWMdGNOUOAy0nFHT1m+8064oFH4JscxsQM0CKlPMZLKcoyPfoDkECOWvkzgA5wjx4RXC2wVuFbg6wLXC3xT4NuMmRdJ4RgVs2pOA/4VVi4qII+mY3z2vQgnAQklZkiInmXG0k4RlxQzMin3E0FihEdoQHpKhiggwk6n25rAc+V40I+4OqGEU3e+I0WBEOPAVZXZtKKYy8z/cr1E+vd2SsM4kSTEs4v8hEEZwWz10KOcYMnGSiDMqZoV4iHiCEv1QWW1BKv45L+iXataZtV6rVcaj/k6SuAYnIFLYIE70ADPoAlaAINvzdAOtSPtRz/QT/TTWamu5T37YCH0i18PVLiU</latexit><latexit sha1_base64="J2/ha3Yy3KWxLzxrp5/XeXxNtps=">AAACbXicbZHLSsNAFIYn8VbrLSouvCCDRRSEktR62QhFNy5cVLAXaEOYTCbt0MmFmYlQQnc+oTtfwY2v4KTNoo0eGPi//5zDnDnjxowKaZpfmr60vLK6Vlovb2xube8Yu3ttESUckxaOWMS7LhKE0ZC0JJWMdGNOUOAy0nFHT1m+8064oFH4JscxsQM0CKlPMZLKcoyPfoDkECOWvkzgA5wjx4RXC2wVuFbg6wLXC3xT4NuMmRdJ4RgVs2pOA/4VVi4qII+mY3z2vQgnAQklZkiInmXG0k4RlxQzMin3E0FihEdoQHpKhiggwk6n25rAc+V40I+4OqGEU3e+I0WBEOPAVZXZtKKYy8z/cr1E+vd2SsM4kSTEs4v8hEEZwWz10KOcYMnGSiDMqZoV4iHiCEv1QWW1BKv45L+iXataZtV6rVcaj/k6SuAYnIFLYIE70ADPoAlaAINvzdAOtSPtRz/QT/TTWamu5T37YCH0i18PVLiU</latexit><latexit sha1_base64="J2/ha3Yy3KWxLzxrp5/XeXxNtps=">AAACbXicbZHLSsNAFIYn8VbrLSouvCCDRRSEktR62QhFNy5cVLAXaEOYTCbt0MmFmYlQQnc+oTtfwY2v4KTNoo0eGPi//5zDnDnjxowKaZpfmr60vLK6Vlovb2xube8Yu3ttESUckxaOWMS7LhKE0ZC0JJWMdGNOUOAy0nFHT1m+8064oFH4JscxsQM0CKlPMZLKcoyPfoDkECOWvkzgA5wjx4RXC2wVuFbg6wLXC3xT4NuMmRdJ4RgVs2pOA/4VVi4qII+mY3z2vQgnAQklZkiInmXG0k4RlxQzMin3E0FihEdoQHpKhiggwk6n25rAc+V40I+4OqGEU3e+I0WBEOPAVZXZtKKYy8z/cr1E+vd2SsM4kSTEs4v8hEEZwWz10KOcYMnGSiDMqZoV4iHiCEv1QWW1BKv45L+iXataZtV6rVcaj/k6SuAYnIFLYIE70ADPoAlaAINvzdAOtSPtRz/QT/TTWamu5T37YCH0i18PVLiU</latexit><latexit sha1_base64="J2/ha3Yy3KWxLzxrp5/XeXxNtps=">AAACbXicbZHLSsNAFIYn8VbrLSouvCCDRRSEktR62QhFNy5cVLAXaEOYTCbt0MmFmYlQQnc+oTtfwY2v4KTNoo0eGPi//5zDnDnjxowKaZpfmr60vLK6Vlovb2xube8Yu3ttESUckxaOWMS7LhKE0ZC0JJWMdGNOUOAy0nFHT1m+8064oFH4JscxsQM0CKlPMZLKcoyPfoDkECOWvkzgA5wjx4RXC2wVuFbg6wLXC3xT4NuMmRdJ4RgVs2pOA/4VVi4qII+mY3z2vQgnAQklZkiInmXG0k4RlxQzMin3E0FihEdoQHpKhiggwk6n25rAc+V40I+4OqGEU3e+I0WBEOPAVZXZtKKYy8z/cr1E+vd2SsM4kSTEs4v8hEEZwWz10KOcYMnGSiDMqZoV4iHiCEv1QWW1BKv45L+iXataZtV6rVcaj/k6SuAYnIFLYIE70ADPoAlaAINvzdAOtSPtRz/QT/TTWamu5T37YCH0i18PVLiU</latexit>

The Standard Model

L0 = ⇤4
<latexit sha1_base64="evM1BKDvJNzuoiIyS+wxf9BWMA0=">AAACAnicdVDLSgMxFM3UV62vUVfiJlgEVyVTh7YuhKIbF11UsK3QGYdMmrahmQdJRihDceOvuHGhiFu/wp1/Y6atoKIHAodz7iH3Hj/mTCqEPozcwuLS8kp+tbC2vrG5ZW7vtGWUCEJbJOKRuPaxpJyFtKWY4vQ6FhQHPqcdf3Se+Z1bKiSLwis1jqkb4EHI+oxgpSXP3HMCrIYE87Qx8RA8hU5Dh3v4xvbMIiqd1CpluwJRCaGqVbYyUq7axza0tJKhCOZoeua704tIEtBQEY6l7FooVm6KhWKE00nBSSSNMRnhAe1qGuKASjednjCBh1rpwX4k9AsVnKrfEykOpBwHvp7MFpa/vUz8y+smql9zUxbGiaIhmX3UTzhUEcz6gD0mKFF8rAkmguldIRligYnSrRV0CV+Xwv9Ju1yyUMm6tIv1s3kdebAPDsARsEAV1MEFaIIWIOAOPIAn8GzcG4/Gi/E6G80Z88wu+AHj7RMiF5ac</latexit><latexit sha1_base64="evM1BKDvJNzuoiIyS+wxf9BWMA0=">AAACAnicdVDLSgMxFM3UV62vUVfiJlgEVyVTh7YuhKIbF11UsK3QGYdMmrahmQdJRihDceOvuHGhiFu/wp1/Y6atoKIHAodz7iH3Hj/mTCqEPozcwuLS8kp+tbC2vrG5ZW7vtGWUCEJbJOKRuPaxpJyFtKWY4vQ6FhQHPqcdf3Se+Z1bKiSLwis1jqkb4EHI+oxgpSXP3HMCrIYE87Qx8RA8hU5Dh3v4xvbMIiqd1CpluwJRCaGqVbYyUq7axza0tJKhCOZoeua704tIEtBQEY6l7FooVm6KhWKE00nBSSSNMRnhAe1qGuKASjednjCBh1rpwX4k9AsVnKrfEykOpBwHvp7MFpa/vUz8y+smql9zUxbGiaIhmX3UTzhUEcz6gD0mKFF8rAkmguldIRligYnSrRV0CV+Xwv9Ju1yyUMm6tIv1s3kdebAPDsARsEAV1MEFaIIWIOAOPIAn8GzcG4/Gi/E6G80Z88wu+AHj7RMiF5ac</latexit><latexit sha1_base64="evM1BKDvJNzuoiIyS+wxf9BWMA0=">AAACAnicdVDLSgMxFM3UV62vUVfiJlgEVyVTh7YuhKIbF11UsK3QGYdMmrahmQdJRihDceOvuHGhiFu/wp1/Y6atoKIHAodz7iH3Hj/mTCqEPozcwuLS8kp+tbC2vrG5ZW7vtGWUCEJbJOKRuPaxpJyFtKWY4vQ6FhQHPqcdf3Se+Z1bKiSLwis1jqkb4EHI+oxgpSXP3HMCrIYE87Qx8RA8hU5Dh3v4xvbMIiqd1CpluwJRCaGqVbYyUq7axza0tJKhCOZoeua704tIEtBQEY6l7FooVm6KhWKE00nBSSSNMRnhAe1qGuKASjednjCBh1rpwX4k9AsVnKrfEykOpBwHvp7MFpa/vUz8y+smql9zUxbGiaIhmX3UTzhUEcz6gD0mKFF8rAkmguldIRligYnSrRV0CV+Xwv9Ju1yyUMm6tIv1s3kdebAPDsARsEAV1MEFaIIWIOAOPIAn8GzcG4/Gi/E6G80Z88wu+AHj7RMiF5ac</latexit><latexit sha1_base64="evM1BKDvJNzuoiIyS+wxf9BWMA0=">AAACAnicdVDLSgMxFM3UV62vUVfiJlgEVyVTh7YuhKIbF11UsK3QGYdMmrahmQdJRihDceOvuHGhiFu/wp1/Y6atoKIHAodz7iH3Hj/mTCqEPozcwuLS8kp+tbC2vrG5ZW7vtGWUCEJbJOKRuPaxpJyFtKWY4vQ6FhQHPqcdf3Se+Z1bKiSLwis1jqkb4EHI+oxgpSXP3HMCrIYE87Qx8RA8hU5Dh3v4xvbMIiqd1CpluwJRCaGqVbYyUq7axza0tJKhCOZoeua704tIEtBQEY6l7FooVm6KhWKE00nBSSSNMRnhAe1qGuKASjednjCBh1rpwX4k9AsVnKrfEykOpBwHvp7MFpa/vUz8y+smql9zUxbGiaIhmX3UTzhUEcz6gD0mKFF8rAkmguldIRligYnSrRV0CV+Xwv9Ju1yyUMm6tIv1s3kdebAPDsARsEAV1MEFaIIWIOAOPIAn8GzcG4/Gi/E6G80Z88wu+AHj7RMiF5ac</latexit>

The cosmological constant…hard to measure @LHC

L1 = µ3�
<latexit sha1_base64="af1ymeic0Iiq+Bvuc7jCRFN7Xf8=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbBVUmq2HYhFN24cFHBtkJnHDJp2oZmHiQZoQwFN/6KGxeKuPUn3Pk3ZtoKKnrgwuGce7n3Hj8WXGmEPqzc3PzC4lJ+ubCyura+YW9utVSUSMqaNBKRvPaJYoKHrKm5Fuw6lowEvmBtf3iW+e1bJhWPwis9ipkbkH7Ie5wSbSTP3nECogeUiPRi7GF4Ap0guTmETmPAPbuISgghjDHMCK4cI0NqtWoZVyHOLIMimKHh2e9ON6JJwEJNBVGqg1Gs3ZRIzalg44KTKBYTOiR91jE0JAFTbjr5YQz3jdKFvUiaCjWcqN8nUhIoNQp805ldrH57mfiX10l0r+qmPIwTzUI6XdRLBNQRzAKBXS4Z1WJkCKGSm1shHRBJqDaxFUwIX5/C/0mrXMKohC+PivXTWRx5sAv2wAHAoALq4Bw0QBNQcAcewBN4tu6tR+vFep225qzZzDb4AevtE5ozltg=</latexit><latexit sha1_base64="af1ymeic0Iiq+Bvuc7jCRFN7Xf8=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbBVUmq2HYhFN24cFHBtkJnHDJp2oZmHiQZoQwFN/6KGxeKuPUn3Pk3ZtoKKnrgwuGce7n3Hj8WXGmEPqzc3PzC4lJ+ubCyura+YW9utVSUSMqaNBKRvPaJYoKHrKm5Fuw6lowEvmBtf3iW+e1bJhWPwis9ipkbkH7Ie5wSbSTP3nECogeUiPRi7GF4Ap0guTmETmPAPbuISgghjDHMCK4cI0NqtWoZVyHOLIMimKHh2e9ON6JJwEJNBVGqg1Gs3ZRIzalg44KTKBYTOiR91jE0JAFTbjr5YQz3jdKFvUiaCjWcqN8nUhIoNQp805ldrH57mfiX10l0r+qmPIwTzUI6XdRLBNQRzAKBXS4Z1WJkCKGSm1shHRBJqDaxFUwIX5/C/0mrXMKohC+PivXTWRx5sAv2wAHAoALq4Bw0QBNQcAcewBN4tu6tR+vFep225qzZzDb4AevtE5ozltg=</latexit><latexit sha1_base64="af1ymeic0Iiq+Bvuc7jCRFN7Xf8=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbBVUmq2HYhFN24cFHBtkJnHDJp2oZmHiQZoQwFN/6KGxeKuPUn3Pk3ZtoKKnrgwuGce7n3Hj8WXGmEPqzc3PzC4lJ+ubCyura+YW9utVSUSMqaNBKRvPaJYoKHrKm5Fuw6lowEvmBtf3iW+e1bJhWPwis9ipkbkH7Ie5wSbSTP3nECogeUiPRi7GF4Ap0guTmETmPAPbuISgghjDHMCK4cI0NqtWoZVyHOLIMimKHh2e9ON6JJwEJNBVGqg1Gs3ZRIzalg44KTKBYTOiR91jE0JAFTbjr5YQz3jdKFvUiaCjWcqN8nUhIoNQp805ldrH57mfiX10l0r+qmPIwTzUI6XdRLBNQRzAKBXS4Z1WJkCKGSm1shHRBJqDaxFUwIX5/C/0mrXMKohC+PivXTWRx5sAv2wAHAoALq4Bw0QBNQcAcewBN4tu6tR+vFep225qzZzDb4AevtE5ozltg=</latexit><latexit sha1_base64="af1ymeic0Iiq+Bvuc7jCRFN7Xf8=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbBVUmq2HYhFN24cFHBtkJnHDJp2oZmHiQZoQwFN/6KGxeKuPUn3Pk3ZtoKKnrgwuGce7n3Hj8WXGmEPqzc3PzC4lJ+ubCyura+YW9utVSUSMqaNBKRvPaJYoKHrKm5Fuw6lowEvmBtf3iW+e1bJhWPwis9ipkbkH7Ie5wSbSTP3nECogeUiPRi7GF4Ap0guTmETmPAPbuISgghjDHMCK4cI0NqtWoZVyHOLIMimKHh2e9ON6JJwEJNBVGqg1Gs3ZRIzalg44KTKBYTOiR91jE0JAFTbjr5YQz3jdKFvUiaCjWcqN8nUhIoNQp805ldrH57mfiX10l0r+qmPIwTzUI6XdRLBNQRzAKBXS4Z1WJkCKGSm1shHRBJqDaxFUwIX5/C/0mrXMKohC+PivXTWRx5sAv2wAHAoALq4Bw0QBNQcAcewBN4tu6tR+vFep225qzZzDb4AevtE5ozltg=</latexit>

Need a gauge singlet scalar, none in SM.

L2 = ±µ
2|H|2

<latexit sha1_base64="SUMGINxH61KoVOKTKeQ6YWYDDwU=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUmKoBuh6KYLFxXsA5o0TKaTduhMEmYmQkm7dOOvuHGhiFs/wZ1/46TNQlsPXDiccy/33uPHjEplWd9GYWV1bX2juFna2t7Z3TP3D1oySgQmTRyxSHR8JAmjIWkqqhjpxIIg7jPS9kc3md9+IELSKLxX45i4HA1CGlCMlJY889jhSA0xYunt1KvCK+jEHDo86VXhpD7pVT2zbFWsGeAysXNSBjkanvnl9COccBIqzJCUXduKlZsioShmZFpyEklihEdoQLqahogT6aazR6bwVCt9GERCV6jgTP09kSIu5Zj7ujM7Wy56mfif101UcOmmNIwTRUI8XxQkDKoIZqnAPhUEKzbWBGFB9a0QD5FAWOnsSjoEe/HlZdKqVmyrYt+dl2vXeRxFcAROwBmwwQWogTpogCbA4BE8g1fwZjwZL8a78TFvLRj5zCH4A+PzB8ELmIA=</latexit><latexit sha1_base64="SUMGINxH61KoVOKTKeQ6YWYDDwU=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUmKoBuh6KYLFxXsA5o0TKaTduhMEmYmQkm7dOOvuHGhiFs/wZ1/46TNQlsPXDiccy/33uPHjEplWd9GYWV1bX2juFna2t7Z3TP3D1oySgQmTRyxSHR8JAmjIWkqqhjpxIIg7jPS9kc3md9+IELSKLxX45i4HA1CGlCMlJY889jhSA0xYunt1KvCK+jEHDo86VXhpD7pVT2zbFWsGeAysXNSBjkanvnl9COccBIqzJCUXduKlZsioShmZFpyEklihEdoQLqahogT6aazR6bwVCt9GERCV6jgTP09kSIu5Zj7ujM7Wy56mfif101UcOmmNIwTRUI8XxQkDKoIZqnAPhUEKzbWBGFB9a0QD5FAWOnsSjoEe/HlZdKqVmyrYt+dl2vXeRxFcAROwBmwwQWogTpogCbA4BE8g1fwZjwZL8a78TFvLRj5zCH4A+PzB8ELmIA=</latexit><latexit sha1_base64="SUMGINxH61KoVOKTKeQ6YWYDDwU=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUmKoBuh6KYLFxXsA5o0TKaTduhMEmYmQkm7dOOvuHGhiFs/wZ1/46TNQlsPXDiccy/33uPHjEplWd9GYWV1bX2juFna2t7Z3TP3D1oySgQmTRyxSHR8JAmjIWkqqhjpxIIg7jPS9kc3md9+IELSKLxX45i4HA1CGlCMlJY889jhSA0xYunt1KvCK+jEHDo86VXhpD7pVT2zbFWsGeAysXNSBjkanvnl9COccBIqzJCUXduKlZsioShmZFpyEklihEdoQLqahogT6aazR6bwVCt9GERCV6jgTP09kSIu5Zj7ujM7Wy56mfif101UcOmmNIwTRUI8XxQkDKoIZqnAPhUEKzbWBGFB9a0QD5FAWOnsSjoEe/HlZdKqVmyrYt+dl2vXeRxFcAROwBmwwQWogTpogCbA4BE8g1fwZjwZL8a78TFvLRj5zCH4A+PzB8ELmIA=</latexit><latexit sha1_base64="SUMGINxH61KoVOKTKeQ6YWYDDwU=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUmKoBuh6KYLFxXsA5o0TKaTduhMEmYmQkm7dOOvuHGhiFs/wZ1/46TNQlsPXDiccy/33uPHjEplWd9GYWV1bX2juFna2t7Z3TP3D1oySgQmTRyxSHR8JAmjIWkqqhjpxIIg7jPS9kc3md9+IELSKLxX45i4HA1CGlCMlJY889jhSA0xYunt1KvCK+jEHDo86VXhpD7pVT2zbFWsGeAysXNSBjkanvnl9COccBIqzJCUXduKlZsioShmZFpyEklihEdoQLqahogT6aazR6bwVCt9GERCV6jgTP09kSIu5Zj7ujM7Wy56mfif101UcOmmNIwTRUI8XxQkDKoIZqnAPhUEKzbWBGFB9a0QD5FAWOnsSjoEe/HlZdKqVmyrYt+dl2vXeRxFcAROwBmwwQWogTpogCbA4BE8g1fwZjwZL8a78TFvLRj5zCH4A+PzB8ELmIA=</latexit>

Mass term of SM Higgs

L3 = µ ⇠⌘
<latexit sha1_base64="fIWbDiG0pWudJH46HlGn/SXDS04="></latexit><latexit sha1_base64="fIWbDiG0pWudJH46HlGn/SXDS04="></latexit><latexit sha1_base64="fIWbDiG0pWudJH46HlGn/SXDS04="></latexit><latexit sha1_base64="fIWbDiG0pWudJH46HlGn/SXDS04="></latexit> Fermion mass term.  Sterile neutrinos?

Gauge kinetic terms, fermion kinetic terms, Higgs self-
coupling, Yukawa couplings

L4 = �1

4
Fµ⌫F

µ⌫ + Q̄ /DQ+ |DµH|2 � �|H|4 + yHQU
c + . . .

<latexit sha1_base64="bGvhVTfm93eIh3kqHfHsRwtP2Ac="></latexit><latexit sha1_base64="bGvhVTfm93eIh3kqHfHsRwtP2Ac="></latexit><latexit sha1_base64="bGvhVTfm93eIh3kqHfHsRwtP2Ac="></latexit><latexit sha1_base64="bGvhVTfm93eIh3kqHfHsRwtP2Ac="></latexit>

Come back to these later



The Standard Model
The SM contains 18 physical parameters, the Lagrangian contains 
many more e.g.

!5
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<latexit sha1_base64="aX74qbGY8HGDVpsd5NaQ0md0gXo="></latexit><latexit sha1_base64="aX74qbGY8HGDVpsd5NaQ0md0gXo="></latexit><latexit sha1_base64="aX74qbGY8HGDVpsd5NaQ0md0gXo="></latexit><latexit sha1_base64="SNxKziySuUv3uDJlZuab7g+cVU0=">AAAB7nicbZDNSsNAFIVv6l+NVevazWARXJXEjS4FNy4r2FZoQ5lMbtqhk0mYuRFK6Au49RHciS/kE/gaTn8W2npg4HDODPfOFxdKWgqCL6+2s7u3f1A/9I8a/vHJabPRs3lpBHZFrnLzHHOLSmrskiSFz4VBnsUK+/H0ftH3X9BYmesnmhUYZXysZSoFJxd1Rs1W0A6WYtsmXJsWrDVqfg+TXJQZahKKWzsIg4KiihuSQuHcH5YWCy6mfIwDZzXP0EbVcs05u3RJwtLcuKOJLdPfLyqeWTvLYncz4zSxm90i/LezbpUJJhvjKb2NKqmLklCL1fS0VIxytgDBEmlQkJo5w4WR7gNMTLjhghwu34EJNzFsm951Owza4WMAdTiHC7iCEG7gDh6gA10QkMArvHlz7937WAGseWuSZ/BH3ucPns+S/A==</latexit><latexit sha1_base64="uPkVx0k3vbXxiEWgF0dCVe+45G0="></latexit><latexit sha1_base64="uPkVx0k3vbXxiEWgF0dCVe+45G0="></latexit><latexit sha1_base64="tflBCRI/WVlpQsWuI4QDcCTccWA="></latexit><latexit sha1_base64="aX74qbGY8HGDVpsd5NaQ0md0gXo="></latexit><latexit sha1_base64="aX74qbGY8HGDVpsd5NaQ0md0gXo="></latexit><latexit sha1_base64="aX74qbGY8HGDVpsd5NaQ0md0gXo="></latexit><latexit sha1_base64="aX74qbGY8HGDVpsd5NaQ0md0gXo="></latexit><latexit sha1_base64="aX74qbGY8HGDVpsd5NaQ0md0gXo="></latexit><latexit sha1_base64="aX74qbGY8HGDVpsd5NaQ0md0gXo="></latexit>
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6 quark masses, 3 angles 
and 1 phase of CKM



The Standard Model
What are the 18 physical parameters?

How do we explain them?
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Problem 3.1. Simplest unitary parameterization of the CKM. Given that we know that
the physical content of the ckm matrix must boil down to three mixing angles and one phase, show
that the most general ckm matrix can be parameterized by at most 4 real parameters that cannot
all be in the same row. That is, that we must have a minimum of five complex elements.

In light of the above mathematical result, it is customary to choose Vud, Vus, Vcb, and Vtb to be
purely real. The remaining elements are complex. One standard parameterization of the mixing
angles is: ✓12, ✓13, ✓23. In the limit of two generations (e.g. d and s), ✓12 is the usual Cabbibo
angle. The two indices tell us which plane we’re rotating about. The phase �KM is typically
named after Kobayashi and Maskawa. In terms of these parameters, the ckm matrix takes the
form (writing c12 = cos ✓12, etc.)

VCKM =

0

@
c12c13 s12c13 s13e�i�

�s12c23 � c12s23s13ei� c12c23 � s12s23s13ei� s23c13
s12s23 � c12c23s13ei� �c12s23 � s12c23s13ei� c23c13

1

A . (3.11)

From the utfit website,7 we find that the data give

sin ✓12 = 0.22497± 0.00069 (3.12)

sin ✓23 = 0.04229± 0.00057 (3.13)

sin ✓13 = 0.00368± 0.00010 (3.14)

�[�] = 65.9± 2.0 . (3.15)

Notice that all mixing angles are small! This is an important case where the Standard Model is
not a generic standard model. Thus it would be nice to have an approximation that captures the
essential physics in a way that makes it more transparent. This is a bit of a shift in paradigm, so
let’s take a moment to discuss some philosophy. The reason why we use approximations in physics
is because we often can’t solve things exactly. However, here we have an exact parameterization of
the ckm matrix, but we want to move away from it to an approximation. This sounds extremely
stupid! It will seem even more stupid when you realize that the approximation that we make is
not even unitary—we lose one of the fundamental properties of the matrix! However, part of being
a physicist means knowing what you can neglect.

We tell the undergrads at Cornell that it is not by mistake that our department is
in the College of Arts and Sciences. Physics is about the art of making the right
approximation. Making the right approximation can teach you a lot.

The first person to make such an approximation was Wolfenstein—you might be familiar with him
from the msw e↵ect in neutrino physics. His key insight was that the orders of magnitude of the
ckm matrix seem to follow a particular pattern:

|V | ⇠

0

@
1 � �3

� 1 �2

�3 �2 1

1

A , (3.16)

where � ⇡ 0.2. Motivated by this, he defined four di↵erent parameters to describe the physical
content of the ckm matrix: �, A, ⇢, ⌘. One takes � to be a small parameter worthy of expanding

7
http://www.utfit.org/UTfit/
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VCKM
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✓QCD,m⌫e,⌫µ,⌫⌧ , VPMNS
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3

2

3

6

4

1+3+4
(Depends on neutrino mass model)

= 18
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Fig. 6. MSSM contribution to electron EDM, the photon is attached to the loop in all
possible ways.

7. RGEs

In Sec. 4 we discussed the generation of SUSY breaking parameters at a
high scale, the messenger scale, whereas in Sec. 6 we discussed the masses
of the superpartners at the weak scale. The natural tool for relating the two
is renormalisation. I will only discuss one-loop renormalisation equations,
for more details and two loop expressions see Ref. 50.

7.1. Gauge couplings

Since the normalisation of the generator of a U(1) group is arbitrary, all
that matters is coupling ⇥ charge is fixed, we are free to rescale the U(1)Y

gauge coupling. A convenient choice is g1 =
p

5/3g0 which would be the
normalisation if the U(1) were embedded in SU(5) or SO(10), in addition
define g2 = g and g3 = gs. The one-loop renormalisation group equations
which describe how the gauge couplings evolve with scale, µ, are

d

dt
↵�1

i
= �

bi

2⇡
, (126)

with t = log µ/⇤. The coe�cients, bi, are determined by the charges of the
fields. For SU(N) groups they are,

b =
11
3

N �
2
3

X

fermions

C(rf )�
1
3

X

bosons

C(rb). (127)

For a fundamental (adjoint) representation C = 1/2 (N) and for a repre-
sentation with charge Q under a U(1) group C = Q2.

In a supersymmetric SU(Nc) gauge theory with Nf pairs of fields
(Q, Q), transforming in the fundamental representation, Eq. (127) takes
on the simple form,

b = 3Nc �Nf . (128)
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Thus in the MSSM the coe�cients are bi = (b1, b2, b3) = (�33/5,�1, 3) to
be compared with the SM, bi = (�41/10, 19/6, 7).

Exercise: Solve the gauge coupling RGEs for both the SM and the MSSM,
starting from the weak scale where the gauge couplings are known. How
does unification compare for the two cases, both in terms of the scale of
closest approach and in terms of the size of the triangle at this scale - a
measure of the success of unification, cf Fig. 2.

7.2. Superpotential terms

The renormalisation group equations for superpotential terms have a very
interesting feature, they are all multiplicatively renormalised. Thus if a
parameter, such as the µ term, is small it will remain small even after SUSY
breaking. This result follows from holomorphy51 of the superpotential and
can be proven using the spurion techniques of Sec. 4, it has also been proven
diagrammatically.52

One treats the parameters in the superpotential as chiral superfields
that get a scalar VEV. Allowing these spurions to transform restores some
global symmetries. The charge assignments of the spurions and the re-
quirement that these fields always appear holomorphicaly in the superpo-
tential forbid the superpotential from being renormalised in perturbation
theory. For more detailed discussion of this remarkable result see for exam-
ple, Ref. 15,53,54

Although the superpotential will not be renormalised in perturbation
theory, there can be non-perturbative corrections. The Kähler potential will
be renormalised in perturbation theory so the superfields will have a wave-
function renormalisation. As a result of the wave function renormaliation
the physical couplings will be renormalised, even though the superpotential
is not, but only by these wavefunctions. Consequently the running of the
superpotential terms is entirely determined by the anomalous dimensions
of the fields involved in the coupling. We illustrate this by writing down the
one-loop equations for the top Yukawa and the µ term, for the complete
set of RGEs (up to two loops) see for example Ref. 50,

dyt

dt
=

yt

16⇡2

✓
6|yt|

2 + |yb|
2
�

16
3

g2
3 � 3g2

2 �
13
15

g2
1

◆

dµ

dt
=

µ

16⇡2

✓
3|yt|

2 + 3|yb|
2 + |y⌧ |

2
� 3g2

2 �
3
5
g2
1

◆
(129)
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The renormalisation group equations for superpotential terms have a very
interesting feature, they are all multiplicatively renormalised. Thus if a
parameter, such as the µ term, is small it will remain small even after SUSY
breaking. This result follows from holomorphy51 of the superpotential and
can be proven using the spurion techniques of Sec. 4, it has also been proven
diagrammatically.52

One treats the parameters in the superpotential as chiral superfields
that get a scalar VEV. Allowing these spurions to transform restores some
global symmetries. The charge assignments of the spurions and the re-
quirement that these fields always appear holomorphicaly in the superpo-
tential forbid the superpotential from being renormalised in perturbation
theory. For more detailed discussion of this remarkable result see for exam-
ple, Ref. 15,53,54

Although the superpotential will not be renormalised in perturbation
theory, there can be non-perturbative corrections. The Kähler potential will
be renormalised in perturbation theory so the superfields will have a wave-
function renormalisation. As a result of the wave function renormaliation
the physical couplings will be renormalised, even though the superpotential
is not, but only by these wavefunctions. Consequently the running of the
superpotential terms is entirely determined by the anomalous dimensions
of the fields involved in the coupling. We illustrate this by writing down the
one-loop equations for the top Yukawa and the µ term, for the complete
set of RGEs (up to two loops) see for example Ref. 50,
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However, the unification is far from perfect in the SM. Although the
three lines do get close to one another at a high scale the unification is not
ideal, and the scale of closest approach is low enough that proton decay,
mediated by gauge bosons at the GUT scale which are left over when the
GUT group is broken, should already have been observed. In the MSSM
there are additional states at and just above the weak scale that will alter
the RGEs and the running of the gauge couplings. Assuming that they
are the only new states, i.e. there is a SUSY desert, one can calculate
the gauge coupling running. Remarkably, the couplings now unify to a far
greater degree and at a higher scale, ⇠ 1016 GeV, than before, correcting
both of the problems of the SM. Figure 2 shows an illustration of the the
gauge coupling running, at one loop, in both the SM and the MSSM. See
Sec. 7 for more discussion.
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Fig. 2. One loop gauge coupling evolution for the SM (dashed lines) and the MSSM
(solid lines). The SU(3) gauge coupling is shown in blue (bottom lines), the SU(2) in
green (middle lines) and the U(1), in GUT normalisation (g1 =

p
5/3g

0), in red (top
lines).

2. Superfield (and other) formalism

“. . . what he needed was a notion, not a notation.”
– Gauss writing about the mathematician John Wilson

SU(3)
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Fig. 6. MSSM contribution to electron EDM, the photon is attached to the loop in all
possible ways.

7. RGEs

In Sec. 4 we discussed the generation of SUSY breaking parameters at a
high scale, the messenger scale, whereas in Sec. 6 we discussed the masses
of the superpartners at the weak scale. The natural tool for relating the two
is renormalisation. I will only discuss one-loop renormalisation equations,
for more details and two loop expressions see Ref. 50.

7.1. Gauge couplings

Since the normalisation of the generator of a U(1) group is arbitrary, all
that matters is coupling ⇥ charge is fixed, we are free to rescale the U(1)Y

gauge coupling. A convenient choice is g1 =
p

5/3g0 which would be the
normalisation if the U(1) were embedded in SU(5) or SO(10), in addition
define g2 = g and g3 = gs. The one-loop renormalisation group equations
which describe how the gauge couplings evolve with scale, µ, are

d

dt
↵�1

i
= �

bi

2⇡
, (126)

with t = log µ/⇤. The coe�cients, bi, are determined by the charges of the
fields. For SU(N) groups they are,

b =
11
3

N �
2
3

X

fermions

C(rf )�
1
3

X

bosons

C(rb). (127)

For a fundamental (adjoint) representation C = 1/2 (N) and for a repre-
sentation with charge Q under a U(1) group C = Q2.

In a supersymmetric SU(Nc) gauge theory with Nf pairs of fields
(Q, Q), transforming in the fundamental representation, Eq. (127) takes
on the simple form,

b = 3Nc �Nf . (128)

SU(2)
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U(1)[g1 =
p

5/3g0]
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However, the unification is far from perfect in the SM. Although the
three lines do get close to one another at a high scale the unification is not
ideal, and the scale of closest approach is low enough that proton decay,
mediated by gauge bosons at the GUT scale which are left over when the
GUT group is broken, should already have been observed. In the MSSM
there are additional states at and just above the weak scale that will alter
the RGEs and the running of the gauge couplings. Assuming that they
are the only new states, i.e. there is a SUSY desert, one can calculate
the gauge coupling running. Remarkably, the couplings now unify to a far
greater degree and at a higher scale, ⇠ 1016 GeV, than before, correcting
both of the problems of the SM. Figure 2 shows an illustration of the the
gauge coupling running, at one loop, in both the SM and the MSSM. See
Sec. 7 for more discussion.
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Fig. 2. One loop gauge coupling evolution for the SM (dashed lines) and the MSSM
(solid lines). The SU(3) gauge coupling is shown in blue (bottom lines), the SU(2) in
green (middle lines) and the U(1), in GUT normalisation (g1 =

p
5/3g

0), in red (top
lines).

2. Superfield (and other) formalism

“. . . what he needed was a notion, not a notation.”
– Gauss writing about the mathematician John Wilson

Hint for what new physics?

Many possible combinations of weak scale states give 
good unification e.g. MSSM, NMSSM, 6 Higgs doublets, 
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Figure 1: On the plane of the Dynkin indices of new matter (N2 − N3) and (N2 − N1)5/2,
the diagonal band shows the region where αs(MZ) is within 2-σ of its measured value.
Points along the vertical lines give the same value of MGUT, and the lines corresponding to
MGUT = 1015 GeV and 1019 GeV are shown. The black dot indicates the solution with only
fermions in real irreps and the gray dots indicate solutions when also new scalar particles
are added.

In fig. 1 we show the predictions for αs(MZ) and MGUT as functions of N2 − N3 and

(N2−N1)5/2, taking sin2 θW (MZ) = 0.23150±0.00016 and α−1(MZ) = 128.936±0.0049 [4].

Agreement with the measured value αs(MZ) = 0.119± 0.003 gives a well-defined correlation

between N2 −N3 and (N2 −N1)5/2, shown by the diagonal band in fig. 1. The requirement

that unification is achieved (αGUT > 0) in the perturbative domain (αGUT < 1) imposes the

constraint

2N2 − N1
<∼ 31 − 4(Ng − 3). (9)

A further limitation of the available parameters comes from the request that MGUT is

sufficiently smaller than the Planck mass, in order to trust field theory without quantum

gravity, and sufficiently large to avoid quick proton decay. GUT gauge bosons with mass

MGUT mediate the decay p → π0e+ with lifetime

τ(p → π0e+) =
4 f 2

π M4
GUT

πmpα2
GUT(1 + D + F )2α2

N [A2
R + (1 + |Vud|2)2A2

L]
(10)

=
(

MGUT

1016 GeV

)4
(

1/35

αGUT

)2 (
0.015 GeV3

αN

)2
(

5

AL

)2

4.4 × 1034 yr. (11)

each SU(3) factor. By using eq. 7 we then find

N3 = q3D2, N2 = q2D3,
5

2
N1 = 3

4
TrY 2 = (3p3 + q3)D2 + (2p2 + q2)D3 − 2r2r3 , (8)

where p2, q2, r2, p3, q3, r3 are given by eqs. 7. Therefore, N3, N2 and 5N1/2 are integers.

4

[Giudice, Romanino, ph/0406088]
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ideal, and the scale of closest approach is low enough that proton decay,
mediated by gauge bosons at the GUT scale which are left over when the
GUT group is broken, should already have been observed. In the MSSM
there are additional states at and just above the weak scale that will alter
the RGEs and the running of the gauge couplings. Assuming that they
are the only new states, i.e. there is a SUSY desert, one can calculate
the gauge coupling running. Remarkably, the couplings now unify to a far
greater degree and at a higher scale, ⇠ 1016 GeV, than before, correcting
both of the problems of the SM. Figure 2 shows an illustration of the the
gauge coupling running, at one loop, in both the SM and the MSSM. See
Sec. 7 for more discussion.
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Fig. 2. One loop gauge coupling evolution for the SM (dashed lines) and the MSSM
(solid lines). The SU(3) gauge coupling is shown in blue (bottom lines), the SU(2) in
green (middle lines) and the U(1), in GUT normalisation (g1 =

p
5/3g

0), in red (top
lines).

2. Superfield (and other) formalism

“. . . what he needed was a notion, not a notation.”
– Gauss writing about the mathematician John Wilson

Hint for what new physics?

Many possible combinations of weak scale states give 
good unification e.g. MSSM, NMSSM, 6 Higgs doublets, 
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Figure 1: On the plane of the Dynkin indices of new matter (N2 − N3) and (N2 − N1)5/2,
the diagonal band shows the region where αs(MZ) is within 2-σ of its measured value.
Points along the vertical lines give the same value of MGUT, and the lines corresponding to
MGUT = 1015 GeV and 1019 GeV are shown. The black dot indicates the solution with only
fermions in real irreps and the gray dots indicate solutions when also new scalar particles
are added.

In fig. 1 we show the predictions for αs(MZ) and MGUT as functions of N2 − N3 and

(N2−N1)5/2, taking sin2 θW (MZ) = 0.23150±0.00016 and α−1(MZ) = 128.936±0.0049 [4].

Agreement with the measured value αs(MZ) = 0.119± 0.003 gives a well-defined correlation

between N2 −N3 and (N2 −N1)5/2, shown by the diagonal band in fig. 1. The requirement

that unification is achieved (αGUT > 0) in the perturbative domain (αGUT < 1) imposes the

constraint

2N2 − N1
<∼ 31 − 4(Ng − 3). (9)

A further limitation of the available parameters comes from the request that MGUT is

sufficiently smaller than the Planck mass, in order to trust field theory without quantum

gravity, and sufficiently large to avoid quick proton decay. GUT gauge bosons with mass

MGUT mediate the decay p → π0e+ with lifetime

τ(p → π0e+) =
4 f 2

π M4
GUT

πmpα2
GUT(1 + D + F )2α2

N [A2
R + (1 + |Vud|2)2A2

L]
(10)

=
(

MGUT

1016 GeV

)4
(

1/35

αGUT

)2 (
0.015 GeV3

αN

)2
(

5

AL

)2

4.4 × 1034 yr. (11)

each SU(3) factor. By using eq. 7 we then find

N3 = q3D2, N2 = q2D3,
5

2
N1 = 3

4
TrY 2 = (3p3 + q3)D2 + (2p2 + q2)D3 − 2r2r3 , (8)

where p2, q2, r2, p3, q3, r3 are given by eqs. 7. Therefore, N3, N2 and 5N1/2 are integers.

4

[Giudice, Romanino, ph/0406088]
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New states at weak 

scale with SM charge


New states at GUT scale

—proton decay!
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(solid lines). The SU(3) gauge coupling is shown in blue (bottom lines), the SU(2) in
green (middle lines) and the U(1), in GUT normalisation (g1 =
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2. Superfield (and other) formalism

“. . . what he needed was a notion, not a notation.”
– Gauss writing about the mathematician John Wilson

X,Y lead to proton decay, generate dim-6 operator
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GUT group is broken, should already have been observed. In the MSSM
there are additional states at and just above the weak scale that will alter
the RGEs and the running of the gauge couplings. Assuming that they
are the only new states, i.e. there is a SUSY desert, one can calculate
the gauge coupling running. Remarkably, the couplings now unify to a far
greater degree and at a higher scale, ⇠ 1016 GeV, than before, correcting
both of the problems of the SM. Figure 2 shows an illustration of the the
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2. Superfield (and other) formalism

“. . . what he needed was a notion, not a notation.”
– Gauss writing about the mathematician John Wilson
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Bugs and Features
Fermion masses, and mixings
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Figure 1: Quark and lepton masses at the 1 TeV scale, from Ref. [7].

in rank-two mass matrices at 1 loop and rank-three mass matrices at 2 loops. A similar

scheme could be responsible for the lepton masses [5, 6], although the current constraints

on neutrino masses push the mass of the new particles introduced in [5] above 1014 GeV,

while the constraints on lepton flavor violating processes in the model of [6] render the

muon and electron masses too small.

However, the fermion masses follow more complicated patterns, as displayed in Figure

1. Within the third generation, the b quark and the τ lepton are almost two orders of

magnitude lighter than the top quark. The charm quark, which belongs to the second

generation, is only a few times lighter than the b and τ . The other second generation

fermions, namely the strange quark and the muon, are lighter by an additional order of

magnitude.

Here we propose a mechanism for generating quark and lepton masses based on the

assumption that only the top quark mass arises at tree level. In order to generate all

the fermion masses, some new fields must couple the top quark to other standard model

fermions. One might expect that such a mechanism would require a large number of

fields, and furthermore that all the masses would arise at one loop. Remarkably, both

these expectations turn out to be wrong due to the interplay of rank-one contributions to

the mass matrices.

Concretely, we first introduce one scalar field that couples the top quark to the leptons

(Section 2). This leads to masses for the τ , µ and the electron at 1, 3 and 5 loops

2

Chiral symmetry

What explains this 
hierarchy?


Technically natural

�mf ⇠ g2

16⇡2
mf log

✓
⇤

mf

◆
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SM has no tree-level FCNC’s

BSM physics probed indirectly for FCNC searches

See Jure Zupan’s lectures
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Figure 1: Quark and lepton masses at the 1 TeV scale, from Ref. [7].

in rank-two mass matrices at 1 loop and rank-three mass matrices at 2 loops. A similar

scheme could be responsible for the lepton masses [5, 6], although the current constraints

on neutrino masses push the mass of the new particles introduced in [5] above 1014 GeV,

while the constraints on lepton flavor violating processes in the model of [6] render the

muon and electron masses too small.

However, the fermion masses follow more complicated patterns, as displayed in Figure

1. Within the third generation, the b quark and the τ lepton are almost two orders of

magnitude lighter than the top quark. The charm quark, which belongs to the second

generation, is only a few times lighter than the b and τ . The other second generation

fermions, namely the strange quark and the muon, are lighter by an additional order of

magnitude.

Here we propose a mechanism for generating quark and lepton masses based on the

assumption that only the top quark mass arises at tree level. In order to generate all

the fermion masses, some new fields must couple the top quark to other standard model

fermions. One might expect that such a mechanism would require a large number of

fields, and furthermore that all the masses would arise at one loop. Remarkably, both

these expectations turn out to be wrong due to the interplay of rank-one contributions to

the mass matrices.

Concretely, we first introduce one scalar field that couples the top quark to the leptons

(Section 2). This leads to masses for the τ , µ and the electron at 1, 3 and 5 loops

2

Neutrinos?

Chiral symmetry

What explains this 
hierarchy?
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Bugs and Features (see A. Shukraft lectures )Neutrino masses-another window to high scales?

Not present in the SM, but observed in Nature 
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Only dim-5 op….already observed?

Neutrino model building
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Dial “N” for neutrino

yLHN +MNN ! y
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See-saw mechanism, new states at high scale

Low energy observable
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Bugs and Features
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Massless up quark? (probably not)

Symmetry protection? e.g. Peccei-Quinn, Nelson-Barr
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Figure 1: Exclusion ranges as described in the text.
The dark intervals are the approximate CAST and
ADMX search ranges. Limits on coupling strengths are
translated into limits on mA and fA using z = 0.56
and the KSVZ values for the coupling strengths. The
“Laboratory” bar is a rough representation of the ex-
clusion range for standard or variant axions. The “GC
stars and white-dwarf cooling” range uses the DFSZ
model with an axion-electron coupling corresponding to
cos2 β = 1/2. The Cold Dark Matter exclusion range
is particularly uncertain. We show the benchmark case
from the misalignment mechanism.
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FIG. 1: (color) (a) Simple photon regeneration. (b) Resonant
photon regeneration, employing matched Fabry-Perot cavi-
ties. The overall envelope schematically shown by the thin
dashed lines indicates the important condition that the axion
wave, and thus the Fabry-Perot mode, in the conversion mag-
net must follow that of the hypothetically unimpeded photon
wave from the Fabry-Perot mode in the production magnet.
Between the laser and the cavity is the injection optics (IO)
which manages mode matching of the laser to the cavity, im-
poses RF sidebands for reflection locking of the laser to the
cavity, and provides isolation for the laser. The photon detec-
tors are also preceded by matching and beam-steering optics.
Not shown at all is the electro-optical system required to lock
the two cavities together in frequency.

Fig. 1a shows the axion-photon regeneration exper-
iment as usually conceived. If P0 is the power of the
laser, the power of the axion beam traversing the wall is
p P0 where p is the conversion probability in the magnet
on the LHS of Fig. 1a. Let p′ be the conversion probabil-
ity in the magnet on the RHS. The power in regenerated
photons is P = p′ p P0.

Fig. 1b shows the two improvements we propose for
the experiment. The first improvement is to build up the
power on the photon-to-axion conversion side of the ex-
periment using a Fabry-Perot cavity, as illustrated. Pho-
tons in the production cavity will then convert to ax-
ions with probability p for each pass through the cavity.
The standing wave in the production cavity is the sum of
left-moving and right-moving components of equal am-
plitude. If the reflectivity of the cavity mirrors is given
by

R = 1 − η (5)

and the power of the laser is P0, the power of the right-
moving wave in the production cavity is 1

η P0. Therefore
the axion power through the wall in the setup of Fig. 1b
is 1

η p P0. Assuming the lasers in Fig. 1a and Fig. 1b
have the same power, the axion flux is increased by the
factor 1

η .
Increasing the axion production rate, and thus the pho-

ton regeneration rate, by building up the optical power in
the first magnet is not a new idea. In fact, the only pho-
ton regeneration experiment performed and published to

date, by Ruoso et al. utilized an “optical delay line,” i.e.,
an incoherent cavity encompassing the production mag-
net, causing the laser beam to traverse the magnet 200
times before exiting. With relatively modest magnets
(4.4 m, 3.7 T each), a limit of gaγγ < 7.7 × 10−7 GeV−1

was set [9].
There is substantial gain from building up the laser

power in the axion production magnet; however, it is
immaterial whether one “recycles” the photons incoher-
ently, as in an optical delay line, or coherently, as in a
Fabry-Perot (FP) cavity. In contrast, the coherent case
alone can provide a large additional gain in sensitivity for
photon regeneration. Thus, the second improvement is to
also install a Fabry-Perot cavity on the regeneration side
of the experiment, making a symmetric arrangement, as
illustrated in Fig. 1b. When the second FP cavity is
locked to the first, the probability of axion to photon
conversion in the second FP cavity is 2

η′ p′ = 2
π F ′ p′

where F ′ is the finesse of the cavity, and p′ is the axion-
to-photon conversion probability in the absence of the
cavity. The calculation which yields this result is out-
lined in the next paragraph.

The cavity modes are described by

A⃗n = An(t)ŷ sin(
nπ

L
z) (6)

where ẑ is in the direction of light propagation and ŷ is a
transverse direction. The dependence of the mode func-
tion on the transverse coordinates (x and y) is neglected
here, but will be discussed later. Using Eqs (2) one can
show that, in the presence of an axion beam travelling
through the cavity in the z-direction

a(z, t) = A sin(kaz − ωt) , (7)

the coefficients An(t) satisfy

(
d2

dt2
+ γ

d

dt
+ ω2

n)An(t) = C sin(ωt −
qL

2
) , (8)

where ωn = nπ√
ϵL

and

C =
1

ϵ
gωB0A

2

Lq
sin(

qL

2
) . (9)

As before, q = ka − kn =
√

ω2 − m2
a − nπ

L is the momen-
tum transfer. When the production cavity and the regen-
eration cavity are tuned to the same frequency, ωn = ω
for some n. Then

A⃗n = ŷ
C

ωγ
sin(

nπ

L
z) sin(ωt −

qL

2
−

π

2
) , (10)

up to transients. The energy stored in the cavity is
E = 1

4SLA2ϵω2 where A = C
ωγ and S is the cross-

sectional area of the cavity mode. The power emitted
by the cavity is P = γE, assuming that there are no
losses other than by transmission through the mirrors.
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However, this combination of mA and GAγγ does not exclude

plausible axion models.

IV.3 Microwave cavity experiments

The limits of Figure 1 suggest that axions, if they exist,

provide a significant fraction or even perhaps all of the cos-

mic CDM. In a broad range of the plausible mA range for

CDM, galactic halo axions may be detected by their resonant

conversion into a quasi-monochromatic microwave signal in a

high-Q electromagnetic cavity permeated by a strong static B

field [5,76]. The cavity frequency is tunable, and the signal is

maximized when the frequency is the total axion energy, rest

mass plus kinetic energy, of ν = (mA/2π) [1 + O(10−6)], the

width above the rest mass representing the virial distribution

in the galaxy. The frequency spectrum may also contain finer

structure from axions more recently fallen into the galactic

potential and not yet completely virialized [77].

Figure 3: Exclusion region reported from the
microwave cavity experiments RBF and UF [78]
and ADMX [79]. A local dark-matter density
of 450 MeV cm−3 is assumed.
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Why is    so much smaller than               ?μ MGUT, MPl

Unlike fermions (and gauge bosons) no symmetry 
protects scalar mass parameter

1.Nature is fine-tuned (anthropics?)

2.The SM has no high scales (gravity?, unification?)

3.New dynamics/symmetries keeps mass scale low
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Why is    so much smaller than               ?μ MGUT, MPl

Unlike fermions (and gauge bosons) no symmetry 
protects scalar mass parameter

1.Nature is fine-tuned (anthropics?)

2.The SM has no high scales (gravity?, unification?)

3.New dynamics/symmetries keeps mass scale low

There is something fascinating about science. One

gets such wholesale returns of conjecture out of such

a trifling investment of fact.

—Mark Twain
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anti-commutation as well as commutation relations (i.e. the generators are
no longer bosonic but may also be fermionic) we have graded Lie algebras
and may avoid the Coleman Mandula theorem. This more general analysis
was carried out by Haag, Lopuszanski and Sohnius2 and they identified the
most general graded Lie algebra allowed: the super-Poincare algebra.

The fact that supersymmetry is the most general space-time symmetry
allowed by nature does not in principle mean it exists in nature, but it is a
compelling reason to study it. SUSY involves introducing fermionic group
generators, Q, and thus the action of the group, Q| i = | 0

i, must change
the spin of the state. Thus, in a supersymmetric world a bosonic state has
a fermionic partner and vice versa. As we will see shortly Q commutes with
the Hamiltonian so these partners are degenerate in mass. Obviously this
symmetry is broken in nature, what makes us believe SUSY is something
we may be able to test at weak scale experiments rather than something
that is broken at some high scale like the GUT scale? There are several
reasons to think that SUSY may have something to do with the TeV scale
and we will expound on these in more detail in these lectures.

1.1. The Hierarchy Problem

As is well known the Standard Model (SM) su↵ers from the hierarchy prob-
lem - the Higgs boson is quadratically sensitive to high scale physics. Since
this is one of the main motivations for SUSY to show up at the LHC it is
worth discussing the issue, and how SUSY alleviates this problem, in some
detail even before we have a complete definition of what SUSY is.

The only piece of the SM not yet observed is the Higgs boson. It is
also the only fundamental scalar in the theory and so behaves di↵erently
from all the other fields under quantum corrections. As a simple toy model
consider a theory with a scalar (the Higgs) coupled to a heavy fermion (the
top quark), for now we will ignore all gauge interactions. In the SM the
fermion mass is generated from the scalar vev, here we will just insert it by
hand. The Lagrangian is

L = |@µ�|
2 +  i6@ �mf  � y�  � µ2

|�|2 � � |�|4 , (1)

where µ2 is positive. Classically there is a fermion of mass mf and a scalar
of mass m2

s
= µ2. At loop level the fermion mass term and the scalar mass

term receive corrections from diagrams shown in Fig. 1. They di↵er in one
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Fig. 1. One loop corrections to fermions and scalars.

of scales, such as galaxy rotation curves and measurements of the mi-
crowave background, tell us that dark matter (DM) contributes about 20%
of the critical energy density of the universe. Since all observations so fara

have been through DM’s gravitational e↵ects very little about it is known.
However, we do know that it was cold, i.e. non-relativistic, during struc-
ture formation, it is only weakly interacting and is stable on cosmological
timescales. There is no particle within the SM that satisfies these require-
ments so the existence of DM is clear indication of BSM physics.

Potential DM candidates include axions, black holes and weakly in-
teracting massive particles (WIMPs) with mass ranging from ⇠ 1GeV to
⇠ 10�100 TeV. As we will see, the MSSM contains within it a WIMP par-
ticle with the right properties to be the DM - it is absolutely stable, weakly
interacting, and has mass ⇠ 100 GeV. Even more enticing is the fact that
in the thermal evolution of the universe after the big bang this particle was
made in just the right abundance to explain the observed amount of DM!
It seems that SUSY gives us a candidate for DM for free. It also relates
what may be observed in the lab to what is being observed in the cosmos,
an exciting possibility. See Sec. 8 for more details.

1.3. Gauge coupling unification

The gauge couplings of the SM depend on energy in a way determined by the
renormalization group equations (RGEs). If one assumes that there are no
new states above the weak scale, a so called desert, the three gauge couplings
run in such a way that they are nearly all the same value at a high scale, ⇠
1014 GeV. This remarkable fact, that three a priori independent parameters
have the same value at high scales is suggestive: perhaps SU(3)⇥SU(2)⇥
U(1) of the SM are really three pieces of one larger unified group, e.g. SU(5)
or SO(10), that is broken at the high scale. This idea, and the models that
realise it, are called GUTs, Grand Unified Theories.

aRecently there have been some anomalies in experiments searching directly and in-
directly for dark matter that may be interpreted as observation of non-standard dark
matter, see Neal Weiner’s lectures Ref. 3 for more details.
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very significant way,
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The fermion mass corrections are multiplicatively renormalised whereas the
scalars have an additive renormalisation. Thus, if the tree-level fermion
masses are small they remain so after quantum corrections, whereas the
scalar masses are dragged up to the cuto↵ scale of the theory. As expected
in e↵ective field theory (EFT), all operators allowed by symmetry are gen-
erated at the cuto↵ scale with O(1) coe�cients. Here the symmetry pro-
tecting the fermion mass is a chiral symmetry,  ! ei↵�5 . This is broken
by the mass term and results in the loop correction being proportional to
mf . There is no such symmetry for the scalar. If the scalar were related to
the fermion through a symmetry then the quadratic divergence would be
removed, since it doesn’t exist for the fermion. In a supersymmetric world
where  and � are related by supersymmetry we would find that � and y
are related leading to the necessary cancellation.

By supersymmetrizing the SM the quadratic divergence of the Higgs
mass can be cuto↵, this provides one motivation for the introduction of
SUSY. The Higgs is responsible for electroweak symmetry breaking, which
is associated with the ⇠ 100 GeV scale, and in a natural theory this is the
mass we would expect for the Higgs. We see from Eq. (2) that there are large
quantum corrections to any bare mass the Higgs may have. If the SM is an
e↵ective theory up to high scales, for instance the GUT scale ⇠ 1016 GeV,
then there will be large one-loop corrections to its mass. To maintain the
physical mass to be ⇠ 100 GeV there will need to be large cancellations
between the bare mass and the quantum corrections. If instead the SM
becomes supersymmetric at some scale ⇤SUSY , i.e.above this scale there
are superpartners of the SM fields present in the theory, these quadratic
divergences will be cuto↵. Requiring that there is only an O(1) tuning
between the bare mass and the quantum corrections, cuto↵ at the scale
⇤SUSY , we expect the superpartners to enter the theory around 4⇡⇥mH ⇠

TeV.

1.2. Dark Matter

There is now overwhelming evidence for a large non-baryonic contribu-
tion to the matter budget of the universe. Observations over a wide range

Hierarchy (Naturalness) problem
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anti-commutation as well as commutation relations (i.e. the generators are
no longer bosonic but may also be fermionic) we have graded Lie algebras
and may avoid the Coleman Mandula theorem. This more general analysis
was carried out by Haag, Lopuszanski and Sohnius2 and they identified the
most general graded Lie algebra allowed: the super-Poincare algebra.

The fact that supersymmetry is the most general space-time symmetry
allowed by nature does not in principle mean it exists in nature, but it is a
compelling reason to study it. SUSY involves introducing fermionic group
generators, Q, and thus the action of the group, Q| i = | 0

i, must change
the spin of the state. Thus, in a supersymmetric world a bosonic state has
a fermionic partner and vice versa. As we will see shortly Q commutes with
the Hamiltonian so these partners are degenerate in mass. Obviously this
symmetry is broken in nature, what makes us believe SUSY is something
we may be able to test at weak scale experiments rather than something
that is broken at some high scale like the GUT scale? There are several
reasons to think that SUSY may have something to do with the TeV scale
and we will expound on these in more detail in these lectures.

1.1. The Hierarchy Problem

As is well known the Standard Model (SM) su↵ers from the hierarchy prob-
lem - the Higgs boson is quadratically sensitive to high scale physics. Since
this is one of the main motivations for SUSY to show up at the LHC it is
worth discussing the issue, and how SUSY alleviates this problem, in some
detail even before we have a complete definition of what SUSY is.

The only piece of the SM not yet observed is the Higgs boson. It is
also the only fundamental scalar in the theory and so behaves di↵erently
from all the other fields under quantum corrections. As a simple toy model
consider a theory with a scalar (the Higgs) coupled to a heavy fermion (the
top quark), for now we will ignore all gauge interactions. In the SM the
fermion mass is generated from the scalar vev, here we will just insert it by
hand. The Lagrangian is

L = |@µ�|
2 +  i6@ �mf  � y�  � µ2

|�|2 � � |�|4 , (1)

where µ2 is positive. Classically there is a fermion of mass mf and a scalar
of mass m2

s
= µ2. At loop level the fermion mass term and the scalar mass

term receive corrections from diagrams shown in Fig. 1. They di↵er in one
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Fig. 1. One loop corrections to fermions and scalars.

of scales, such as galaxy rotation curves and measurements of the mi-
crowave background, tell us that dark matter (DM) contributes about 20%
of the critical energy density of the universe. Since all observations so fara

have been through DM’s gravitational e↵ects very little about it is known.
However, we do know that it was cold, i.e. non-relativistic, during struc-
ture formation, it is only weakly interacting and is stable on cosmological
timescales. There is no particle within the SM that satisfies these require-
ments so the existence of DM is clear indication of BSM physics.

Potential DM candidates include axions, black holes and weakly in-
teracting massive particles (WIMPs) with mass ranging from ⇠ 1GeV to
⇠ 10�100 TeV. As we will see, the MSSM contains within it a WIMP par-
ticle with the right properties to be the DM - it is absolutely stable, weakly
interacting, and has mass ⇠ 100 GeV. Even more enticing is the fact that
in the thermal evolution of the universe after the big bang this particle was
made in just the right abundance to explain the observed amount of DM!
It seems that SUSY gives us a candidate for DM for free. It also relates
what may be observed in the lab to what is being observed in the cosmos,
an exciting possibility. See Sec. 8 for more details.

1.3. Gauge coupling unification

The gauge couplings of the SM depend on energy in a way determined by the
renormalization group equations (RGEs). If one assumes that there are no
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aRecently there have been some anomalies in experiments searching directly and in-
directly for dark matter that may be interpreted as observation of non-standard dark
matter, see Neal Weiner’s lectures Ref. 3 for more details.
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Hierarchy (Naturalness) problem

Higgs boson mass, and occurs more readily than in 2 Higgs doublet models with a light Higgs
[5], and more simply than in “Little Higgs” models1. Furthermore, preliminary results from the
TeVatron indicate a somewhat lighter top quark, strengthening the upper bound on the SM Higgs
mass, and weakening the improved naturalness of the 2 Higgs doublet model with a light Higgs.

In most 2 Higgs doublet models a parity symmetry is introduced to ensure that Higgs exchange
does not give too large flavour changing amplitudes. In the IDM the parity acts only on the inert
doublet, and ensures that the doublet is inert. Unlike conventional 2 Higgs doublet models, the
parity is not spontaneously broken by doublet vevs, and hence the Lightest Inert Particle, or LIP,
is stable. In much of the parameter space the LIP contributes only a small fraction to the Dark
Matter of the universe. But if there is a mild degree of cancellation in the LIP mass, so that it is
in the range of 70 GeV, all DM can be accounted for by a neutral inert Higgs boson.

In Section 2 we set the stage by revisiting the SM with a heavy Higgs, paying special attention
to the improved naturalness, the triviality bound on the Higgs mass, and to its incompatibility
with EWPT constraints. In Section 3 we present the IDM, discussing in detail all the analogous
constraints. In the same section we give a first description of the LHC signals of the IDM and
we discuss the properties of the LIP as a Dark Matter candidate. In Section 4 we make a few
comments on alternative models to render a heavy Higgs compatible with the EWPT. Summary
and Conclusions are given in Section 5.

2 Standard Model with a Heavy Higgs

2.1 Improved naturalness

The SM is unnatural as a fundamental theory: the quadratic divergence of the Higgs mass makes
the electroweak scale highly sensitive to the UV cutoff. Presumably, this quadratic divergence
should be cancelled in the theory that extends the SM to higher energy scales. Two known mech-
anisms for accomplishing this are supersymmetry and realizing the Higgs as a pseudo-Goldstone
boson. Searching for such mechanisms amounts to what we might call the qualitative use of the
naturalness principle. However, the principle has also its other, quantitative side. Namely, it
can be used to predict the energy scale by which the divergence-cancelling physics is expected to
appear. Such a prediction follows from comparing the size of the one-loop quadratic divergence
to the physical mass.

The quadratic divergence is given by (v = 174 GeV)

δm2
h = αtΛ

2
t + αgΛ

2
g + αhΛ

2
h (1)

where

αt =
3m2

t

4π2v2
, αg = −6m2

W + 3m2
Z

16π2v2
, αh = − 3m2

h

16π2v2
(2)

and Λi are the cutoffs on the momenta of the virtual top quarks, gauge bosons, and the Higgs itself.
We keep these cutoffs separate, because generally there is no reason to expect that the physics

1A possible connection between the fine tuning and the Higgs mass has also been considered in “Little Higgs”
models. See, e.g., Ref [6].

2

SM Higgs sensitivity (how low can you go)

cancelling all three divergences will appear at exactly the same scale. In a more fundamental
theory, the various Λi may be correlated, but if we do not specify the theory which extends the
SM and cancels the quadratic divergences, the relative weight of the various terms in (1) cannot
be determined2.

Knowing (1), we can compute the sensitivity of the Higgs mass to the scale Λi by the formula

Di(mh) ≡
∣

∣

∣

∣

∂ log m2
h

∂ log Λ2
i

∣

∣

∣

∣

=
|αi|Λ2

i

m2
h

. (3)

The meaning of this quantity is that if Di > 1, the theory needs fine-tuning of 1 part in Di. The
no fine-tuning condition Di ≈ 1 is equivalent to demanding that quadratic contributions in (1)
(taken separately) do not exceed the physical mass squared. Using precise values of αi given in
(1), we obtain three no fine-tuning scales (for Di > 1 these scales should be multiplied by

√
Di):

Λt ≈ 3.5 mh

Λg ≈ 9 mh > Λt (4)

Λh ≈ 1.3 TeV.

These equations are the quantitative outcome of the naturalness analysis—they bound the ex-
pected scale of the divergence-cancelling physics. Not surprisingly, the precise value of this scale
crucially depends on the assumed value of the Higgs mass. The prevalent assumption nowadays
is that the Higgs is light, with mh close to the 114 GeV limit from the direct searches, so that
the low value of Λt makes us reasonably sure that at least the physics cancelling the virtual top
divergence should be seen at the LHC.

But what if the Higgs is heavy, say mh ! 400 GeV? The scale Λt is raised above 1.4 TeV
(“improved naturalness”), and since Λh is also rather large, we can no longer be certain that the
physics cancelling these divergences will be observable at the LHC. While Λi only provide upper
bounds on the scale of the cancellation physics, in the absence of supersymmetry, given the LEP
paradox, it is likely that these bounds are saturated. What will the LHC see in this case? This is
the question we would like to address.

2.2 Perturbativity, or how heavy is heavy?

How high up in mh can one go? As the Higgs mass is increased so the quartic scalar interaction
becomes stronger, and the maximum scale at which perturbation theory is useful, ΛP , is decreased.
Our aim is to have a natural theory up to energies of 1.5 TeV, hence we must require that ΛP > 1.5
TeV, placing an upper bound on the Higgs mass. If this requirement is fulfilled, we can reasonably
assume that the divergence-cancelling physics, which is expected to appear just around that scale
will also be able to stop the growth of the Higgs quartic coupling and prevent the Landau pole
from appearing. The RG evolution of the Higgs quartic coupling is reviewed in Appendix A. The
results of that discussion can be summarized in terms of two scales: the one-loop Landau pole

2Lumping all terms in (1) together with a common value of Λi = Λ, one arrives at the conclusion that the SM
has no 1-loop fine-tuning problem provided that the quadratic divergences in (1) cancel, which occurs for mh ≈ 300
GeV (the so-called Veltman condition [7]). For the reasons mentioned, we do not accept this argument.

3

(One) Measure of fine tuning:

No guaranteed discovery, unlike Higgs mechanism

Should not stop us looking!!
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Table 3. Field content and naming conventions of the MSSM.

SM Field SU(3) SU(2) U(1) MSSM partner Superfield
qi (LH quarks) 3 2 1

6 q̃i (LH squarks) Qi

u
c
i (RH top, charm, up) 3̄ 1 � 2

3 ũ
c
i (RH stop, scharm, sup) U

c
i

d
c
i (RH bottom, strange, down) 3̄ 1 1

3 d̃
c
i (RH sbottom, sstrange, sdown) D

c
i

`i (LH leptons) 1 2 � 1
2

˜̀
i (LH sleptons) Li

e
c
i (RH tau, muon, electron) 1 1 1 ẽ

c
i (RH stau, smuon, selectron) E

c
i

hu (hd) (up-type (down-type) Higgs) 1 2 1
2

`
� 1

2

´
h̃u

“
h̃d

”
(up-type (down-type) higgsino) Hu (Hd)

gauge kinetic terms of the form,
Z

d2✓
1

4g2
3

W (3)
↵

W (3)↵ + . . . . (74)

Finally, the superpotential which we discuss in two parts. First,

WMSSM = YUU cQHu �YDDcQHd �YEEcLHd + µHuHd . (75)

I have suppressed flavour and gauge indices for clarity. We can see again
the need for the introduction of a second Higgs doublet, without it some of
the SM fermions would be massless. As in the SM the fields may be rotated
such that the Yukawas are diagonal, and since the third generation of SM
fermions is appreciably heavier than first two the Yukawas are often approx-
imated as YU ⇡ diag(0, 0, yt), YD ⇡ diag(0, 0, yb) and YE ⇡ diag(0, 0, y⌧ ).
The µ-term is a mass term for the Higgsinos and will also, through F-terms,
contribute to the scalar potential.

Expanding the superfields in WMSSM in their component fields gives us
the Feynman rules for the SM particles and their superpartners. Concen-
trating on the top Yukawa term we can write down three di↵erent couplings
all of size yt and we learn a very useful rule of thumb for understanding
couplings in the MSSM, see Fig. 3. Take any vertex in the SM and replace
two of the particles with their superpartners and this is a vertex in the
MSSM. This does not capture all the available couplings, for instance the
F-term for U c leads to a four-point Higgs-squark coupling that has no SM
counterpart, but does work for couplings involving at least one SM fermion
coming from the superpotential and the gauge coupling terms.

Exercise: Put the flavour and gauge indices back into Eq. (75), paying close
attention to SU(2) indices which are contracted with ✏↵� , and confirm the
signs.

In addition to these SM-like terms there are some other renormalis-
able operators allowed by the gauge symmetries that can be added to the

Superpartners have the same couplings as SM partners

If SUSY (softly) broken they have different masses

Many new interactions…>100 new parameters!

(more than) Doubling of the spectrum

gluino                       8          1           0                        gluino
W/Z                         1          3           0                        Wino/Zino
B/photon                  1         1           0                         bino/photino

Many constrained by flavour, CP-violation 
SUSY breaking models (GMSB, AMSB ,…) predict relations
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c
i (RH stop, scharm, sup) U

c
i

d
c
i (RH bottom, strange, down) 3̄ 1 1

3 d̃
c
i (RH sbottom, sstrange, sdown) D

c
i

`i (LH leptons) 1 2 � 1
2

˜̀
i (LH sleptons) Li

e
c
i (RH tau, muon, electron) 1 1 1 ẽ
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Fig. 3. Top Yukawa couplings.

superpotential,

W�B,L = ijk

1 QiLjD
c

k
+ ijk

2 LiLjE
c

k
+ i

3L
iHu + ijk

4 Dc

i
Dc

j
U c

k
. (76)

However, the first 3 of these operators violate lepton number, and the last
is no better since it violates baryon number. Note that both 2 and 4 are
antisymmetric under i $ j because of the antisymmetry of the gauge in-
dices, one is contracted with ✏↵� and one with fabc. At the renormalizable
level in the SM baryon and lepton symmetries are accidental, operators
that would violate B or L are forbidden because of gauge symmetries; B
and L are separately violated by non-perturbative processes, only B � L
is conserved. In the MSSM this accident no longer happens because super-
partners allow us to construct the operators in Eq. (76). We could forbid
these operators by fiat, as we will see the superpotential has an interesting
non-renormalisation property so that even if there is no symmetry forbid-
ding these operators once their coe�cients are set to zero they won’t be
generated in perturbation theory, but this is not appealing.

These operators could be forbidden if we introduced a new symme-
try, the price we have to pay for wanting to solve the hierarchy prob-
lem. For instance we could introduce an R-symmetry as inSec. 2.4 where
R[Q, U c, Dc, L,Ec] = 1/2 and R[Hu, Hd] = 1. This would forbid the W�B,L

terms while allowing the WMSSM terms. However, as we will soon see, this
is too restrictive and would forbid mass terms for gauginos. Instead we
consider a discrete Z2 subgroup of the U(1) R-symmetry under which su-
perpartners flip sign and SM fields do not. Under this R-parityf the fields
have charge,

PR = (�1)3(B�L)+F (77)

Under the parity SM fields are even and superpartners are odd and it has
several interesting implications:

fEquivalently another possibility is matter parity where parity is assigned by PM =
(�1)3(B�L).
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the scalar squared-mass term as an insertion in the propagator, the arrow direction is preserved.
Figure 3.3 shows the gauge interactions in a supersymmetric theory. Figures 3.3a,b,c occur only

when the gauge group is non-Abelian, for example for SU(3)C color and SU(2)L weak isospin in the
MSSM. Figures 3.3a and 3.3b are the interactions of gauge bosons, which derive from the first term in
eq. (3.3.3). In the MSSM these are exactly the same as the well-known QCD gluon and electroweak
gauge boson vertices of the Standard Model. (We do not show the interactions of ghost fields, which
are necessary only for consistent loop amplitudes.) Figures 3.3c,d,e,f are just the standard interactions
between gauge bosons and fermion and scalar fields that must occur in any gauge theory because of the
form of the covariant derivative; they come from eqs. (3.3.5) and (3.4.2)-(3.4.4) inserted in the kinetic
part of the Lagrangian. Figure 3.3c shows the coupling of a gaugino to a gauge boson; the gaugino line
in a Feynman diagram is traditionally drawn as a solid fermion line superimposed on a wavy line. In
Figure 3.3g we have the coupling of a gaugino to a chiral fermion and a complex scalar [the first term
in the second line of eq. (3.4.9)]. One can think of this as the “supersymmetrization” of Figure 3.3e or
3.3f; any of these three vertices may be obtained from any other (up to a factor of

√
2) by replacing two

of the particles by their supersymmetric partners. There is also an interaction in Figure 3.3h which
is just like Figure 3.3g but with all arrows reversed, corresponding to the complex conjugate term in
the Lagrangian [the second term in the second line in eq. (3.4.9)]. Finally in Figure 3.3i we have a
scalar quartic interaction vertex [the last term in eq. (3.4.12)], which is also determined by the gauge
coupling.

The results of this section can be used as a recipe for constructing the supersymmetric interactions
for any model. In the case of the MSSM, we already know the gauge group, particle content and the
gauge transformation properties, so it only remains to decide on the superpotential. This we will do
in section 6.1. However, first we will revisit the structure of supersymmetric Lagrangians in section 4
using the manifestly supersymmetric formalism of superspace and superfields, and then describe the
general form of soft supersymmetry breaking terms in section 5.

4 Superspace and superfields

In this section, the basic ideas of superspace and superfields are covered. These ideas provide elegant
tools for understanding the structure of supersymmetric theories, and are essential for analyzing and
communicating ideas about the formal structure of supersymmetry in the most succinct ways. However,
they are also not strictly necessary; the discussion given above shows how supersymmetry can be
defined and studied completely without the superspace and superfield notation. The reader who is
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Table 3. Field content and naming conventions of the MSSM.

SM Field SU(3) SU(2) U(1) MSSM partner Superfield
qi (LH quarks) 3 2 1

6 q̃i (LH squarks) Qi

u
c
i (RH top, charm, up) 3̄ 1 � 2

3 ũ
c
i (RH stop, scharm, sup) U

c
i

d
c
i (RH bottom, strange, down) 3̄ 1 1

3 d̃
c
i (RH sbottom, sstrange, sdown) D

c
i

`i (LH leptons) 1 2 � 1
2

˜̀
i (LH sleptons) Li

e
c
i (RH tau, muon, electron) 1 1 1 ẽ

c
i (RH stau, smuon, selectron) E

c
i

hu (hd) (up-type (down-type) Higgs) 1 2 1
2

`
� 1

2

´
h̃u

“
h̃d

”
(up-type (down-type) higgsino) Hu (Hd)

gauge kinetic terms of the form,
Z

d2✓
1

4g2
3

W (3)
↵

W (3)↵ + . . . . (74)

Finally, the superpotential which we discuss in two parts. First,

WMSSM = YUU cQHu �YDDcQHd �YEEcLHd + µHuHd . (75)

I have suppressed flavour and gauge indices for clarity. We can see again
the need for the introduction of a second Higgs doublet, without it some of
the SM fermions would be massless. As in the SM the fields may be rotated
such that the Yukawas are diagonal, and since the third generation of SM
fermions is appreciably heavier than first two the Yukawas are often approx-
imated as YU ⇡ diag(0, 0, yt), YD ⇡ diag(0, 0, yb) and YE ⇡ diag(0, 0, y⌧ ).
The µ-term is a mass term for the Higgsinos and will also, through F-terms,
contribute to the scalar potential.

Expanding the superfields in WMSSM in their component fields gives us
the Feynman rules for the SM particles and their superpartners. Concen-
trating on the top Yukawa term we can write down three di↵erent couplings
all of size yt and we learn a very useful rule of thumb for understanding
couplings in the MSSM, see Fig. 3. Take any vertex in the SM and replace
two of the particles with their superpartners and this is a vertex in the
MSSM. This does not capture all the available couplings, for instance the
F-term for U c leads to a four-point Higgs-squark coupling that has no SM
counterpart, but does work for couplings involving at least one SM fermion
coming from the superpotential and the gauge coupling terms.

Exercise: Put the flavour and gauge indices back into Eq. (75), paying close
attention to SU(2) indices which are contracted with ✏↵� , and confirm the
signs.

In addition to these SM-like terms there are some other renormalis-
able operators allowed by the gauge symmetries that can be added to the
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superpotential,

W�B,L = ijk

1 QiLjD
c

k
+ ijk

2 LiLjE
c

k
+ i

3L
iHu + ijk

4 Dc

i
Dc

j
U c

k
. (76)

However, the first 3 of these operators violate lepton number, and the last
is no better since it violates baryon number. Note that both 2 and 4 are
antisymmetric under i $ j because of the antisymmetry of the gauge in-
dices, one is contracted with ✏↵� and one with fabc. At the renormalizable
level in the SM baryon and lepton symmetries are accidental, operators
that would violate B or L are forbidden because of gauge symmetries; B
and L are separately violated by non-perturbative processes, only B � L
is conserved. In the MSSM this accident no longer happens because super-
partners allow us to construct the operators in Eq. (76). We could forbid
these operators by fiat, as we will see the superpotential has an interesting
non-renormalisation property so that even if there is no symmetry forbid-
ding these operators once their coe�cients are set to zero they won’t be
generated in perturbation theory, but this is not appealing.

These operators could be forbidden if we introduced a new symme-
try, the price we have to pay for wanting to solve the hierarchy prob-
lem. For instance we could introduce an R-symmetry as inSec. 2.4 where
R[Q, U c, Dc, L,Ec] = 1/2 and R[Hu, Hd] = 1. This would forbid the W�B,L

terms while allowing the WMSSM terms. However, as we will soon see, this
is too restrictive and would forbid mass terms for gauginos. Instead we
consider a discrete Z2 subgroup of the U(1) R-symmetry under which su-
perpartners flip sign and SM fields do not. Under this R-parityf the fields
have charge,

PR = (�1)3(B�L)+F (77)

Under the parity SM fields are even and superpartners are odd and it has
several interesting implications:

fEquivalently another possibility is matter parity where parity is assigned by PM =
(�1)3(B�L).
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the scalar squared-mass term as an insertion in the propagator, the arrow direction is preserved.
Figure 3.3 shows the gauge interactions in a supersymmetric theory. Figures 3.3a,b,c occur only

when the gauge group is non-Abelian, for example for SU(3)C color and SU(2)L weak isospin in the
MSSM. Figures 3.3a and 3.3b are the interactions of gauge bosons, which derive from the first term in
eq. (3.3.3). In the MSSM these are exactly the same as the well-known QCD gluon and electroweak
gauge boson vertices of the Standard Model. (We do not show the interactions of ghost fields, which
are necessary only for consistent loop amplitudes.) Figures 3.3c,d,e,f are just the standard interactions
between gauge bosons and fermion and scalar fields that must occur in any gauge theory because of the
form of the covariant derivative; they come from eqs. (3.3.5) and (3.4.2)-(3.4.4) inserted in the kinetic
part of the Lagrangian. Figure 3.3c shows the coupling of a gaugino to a gauge boson; the gaugino line
in a Feynman diagram is traditionally drawn as a solid fermion line superimposed on a wavy line. In
Figure 3.3g we have the coupling of a gaugino to a chiral fermion and a complex scalar [the first term
in the second line of eq. (3.4.9)]. One can think of this as the “supersymmetrization” of Figure 3.3e or
3.3f; any of these three vertices may be obtained from any other (up to a factor of

√
2) by replacing two

of the particles by their supersymmetric partners. There is also an interaction in Figure 3.3h which
is just like Figure 3.3g but with all arrows reversed, corresponding to the complex conjugate term in
the Lagrangian [the second term in the second line in eq. (3.4.9)]. Finally in Figure 3.3i we have a
scalar quartic interaction vertex [the last term in eq. (3.4.12)], which is also determined by the gauge
coupling.

The results of this section can be used as a recipe for constructing the supersymmetric interactions
for any model. In the case of the MSSM, we already know the gauge group, particle content and the
gauge transformation properties, so it only remains to decide on the superpotential. This we will do
in section 6.1. However, first we will revisit the structure of supersymmetric Lagrangians in section 4
using the manifestly supersymmetric formalism of superspace and superfields, and then describe the
general form of soft supersymmetry breaking terms in section 5.

4 Superspace and superfields

In this section, the basic ideas of superspace and superfields are covered. These ideas provide elegant
tools for understanding the structure of supersymmetric theories, and are essential for analyzing and
communicating ideas about the formal structure of supersymmetry in the most succinct ways. However,
they are also not strictly necessary; the discussion given above shows how supersymmetry can be
defined and studied completely without the superspace and superfield notation. The reader who is
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Table 3. Field content and naming conventions of the MSSM.
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c
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gauge kinetic terms of the form,
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Finally, the superpotential which we discuss in two parts. First,

WMSSM = YUU cQHu �YDDcQHd �YEEcLHd + µHuHd . (75)

I have suppressed flavour and gauge indices for clarity. We can see again
the need for the introduction of a second Higgs doublet, without it some of
the SM fermions would be massless. As in the SM the fields may be rotated
such that the Yukawas are diagonal, and since the third generation of SM
fermions is appreciably heavier than first two the Yukawas are often approx-
imated as YU ⇡ diag(0, 0, yt), YD ⇡ diag(0, 0, yb) and YE ⇡ diag(0, 0, y⌧ ).
The µ-term is a mass term for the Higgsinos and will also, through F-terms,
contribute to the scalar potential.

Expanding the superfields in WMSSM in their component fields gives us
the Feynman rules for the SM particles and their superpartners. Concen-
trating on the top Yukawa term we can write down three di↵erent couplings
all of size yt and we learn a very useful rule of thumb for understanding
couplings in the MSSM, see Fig. 3. Take any vertex in the SM and replace
two of the particles with their superpartners and this is a vertex in the
MSSM. This does not capture all the available couplings, for instance the
F-term for U c leads to a four-point Higgs-squark coupling that has no SM
counterpart, but does work for couplings involving at least one SM fermion
coming from the superpotential and the gauge coupling terms.

Exercise: Put the flavour and gauge indices back into Eq. (75), paying close
attention to SU(2) indices which are contracted with ✏↵� , and confirm the
signs.

In addition to these SM-like terms there are some other renormalis-
able operators allowed by the gauge symmetries that can be added to the

April 28, 2010 0:17 WSPC - Proceedings Trim Size: 9in x 6in draft7

22

H0
u

tR

tL

H̃0
u

tR

t̃L

H̃0
u

t̃R

tL

Fig. 3. Top Yukawa couplings.

superpotential,

W�B,L = ijk

1 QiLjD
c

k
+ ijk

2 LiLjE
c

k
+ i

3L
iHu + ijk

4 Dc

i
Dc

j
U c

k
. (76)

However, the first 3 of these operators violate lepton number, and the last
is no better since it violates baryon number. Note that both 2 and 4 are
antisymmetric under i $ j because of the antisymmetry of the gauge in-
dices, one is contracted with ✏↵� and one with fabc. At the renormalizable
level in the SM baryon and lepton symmetries are accidental, operators
that would violate B or L are forbidden because of gauge symmetries; B
and L are separately violated by non-perturbative processes, only B � L
is conserved. In the MSSM this accident no longer happens because super-
partners allow us to construct the operators in Eq. (76). We could forbid
these operators by fiat, as we will see the superpotential has an interesting
non-renormalisation property so that even if there is no symmetry forbid-
ding these operators once their coe�cients are set to zero they won’t be
generated in perturbation theory, but this is not appealing.

These operators could be forbidden if we introduced a new symme-
try, the price we have to pay for wanting to solve the hierarchy prob-
lem. For instance we could introduce an R-symmetry as inSec. 2.4 where
R[Q, U c, Dc, L,Ec] = 1/2 and R[Hu, Hd] = 1. This would forbid the W�B,L

terms while allowing the WMSSM terms. However, as we will soon see, this
is too restrictive and would forbid mass terms for gauginos. Instead we
consider a discrete Z2 subgroup of the U(1) R-symmetry under which su-
perpartners flip sign and SM fields do not. Under this R-parityf the fields
have charge,

PR = (�1)3(B�L)+F (77)

Under the parity SM fields are even and superpartners are odd and it has
several interesting implications:

fEquivalently another possibility is matter parity where parity is assigned by PM =
(�1)3(B�L).
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MSSM. Figures 3.3a and 3.3b are the interactions of gauge bosons, which derive from the first term in
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are necessary only for consistent loop amplitudes.) Figures 3.3c,d,e,f are just the standard interactions
between gauge bosons and fermion and scalar fields that must occur in any gauge theory because of the
form of the covariant derivative; they come from eqs. (3.3.5) and (3.4.2)-(3.4.4) inserted in the kinetic
part of the Lagrangian. Figure 3.3c shows the coupling of a gaugino to a gauge boson; the gaugino line
in a Feynman diagram is traditionally drawn as a solid fermion line superimposed on a wavy line. In
Figure 3.3g we have the coupling of a gaugino to a chiral fermion and a complex scalar [the first term
in the second line of eq. (3.4.9)]. One can think of this as the “supersymmetrization” of Figure 3.3e or
3.3f; any of these three vertices may be obtained from any other (up to a factor of
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of the particles by their supersymmetric partners. There is also an interaction in Figure 3.3h which
is just like Figure 3.3g but with all arrows reversed, corresponding to the complex conjugate term in
the Lagrangian [the second term in the second line in eq. (3.4.9)]. Finally in Figure 3.3i we have a
scalar quartic interaction vertex [the last term in eq. (3.4.12)], which is also determined by the gauge
coupling.

The results of this section can be used as a recipe for constructing the supersymmetric interactions
for any model. In the case of the MSSM, we already know the gauge group, particle content and the
gauge transformation properties, so it only remains to decide on the superpotential. This we will do
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Fig. 3. Top Yukawa couplings.

superpotential,

W�B,L = ijk

1 QiLjD
c

k
+ ijk

2 LiLjE
c

k
+ i

3L
iHu + ijk

4 Dc

i
Dc

j
U c

k
. (76)

However, the first 3 of these operators violate lepton number, and the last
is no better since it violates baryon number. Note that both 2 and 4 are
antisymmetric under i $ j because of the antisymmetry of the gauge in-
dices, one is contracted with ✏↵� and one with fabc. At the renormalizable
level in the SM baryon and lepton symmetries are accidental, operators
that would violate B or L are forbidden because of gauge symmetries; B
and L are separately violated by non-perturbative processes, only B � L
is conserved. In the MSSM this accident no longer happens because super-
partners allow us to construct the operators in Eq. (76). We could forbid
these operators by fiat, as we will see the superpotential has an interesting
non-renormalisation property so that even if there is no symmetry forbid-
ding these operators once their coe�cients are set to zero they won’t be
generated in perturbation theory, but this is not appealing.

These operators could be forbidden if we introduced a new symme-
try, the price we have to pay for wanting to solve the hierarchy prob-
lem. For instance we could introduce an R-symmetry as inSec. 2.4 where
R[Q, U c, Dc, L,Ec] = 1/2 and R[Hu, Hd] = 1. This would forbid the W�B,L

terms while allowing the WMSSM terms. However, as we will soon see, this
is too restrictive and would forbid mass terms for gauginos. Instead we
consider a discrete Z2 subgroup of the U(1) R-symmetry under which su-
perpartners flip sign and SM fields do not. Under this R-parityf the fields
have charge,

PR = (�1)3(B�L)+F (77)

Under the parity SM fields are even and superpartners are odd and it has
several interesting implications:

fEquivalently another possibility is matter parity where parity is assigned by PM =
(�1)3(B�L).
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However, the first 3 of these operators violate lepton number, and the last
is no better since it violates baryon number. Note that both 2 and 4 are
antisymmetric under i $ j because of the antisymmetry of the gauge in-
dices, one is contracted with ✏↵� and one with fabc. At the renormalizable
level in the SM baryon and lepton symmetries are accidental, operators
that would violate B or L are forbidden because of gauge symmetries; B
and L are separately violated by non-perturbative processes, only B � L
is conserved. In the MSSM this accident no longer happens because super-
partners allow us to construct the operators in Eq. (76). We could forbid
these operators by fiat, as we will see the superpotential has an interesting
non-renormalisation property so that even if there is no symmetry forbid-
ding these operators once their coe�cients are set to zero they won’t be
generated in perturbation theory, but this is not appealing.

These operators could be forbidden if we introduced a new symme-
try, the price we have to pay for wanting to solve the hierarchy prob-
lem. For instance we could introduce an R-symmetry as inSec. 2.4 where
R[Q, U c, Dc, L,Ec] = 1/2 and R[Hu, Hd] = 1. This would forbid the W�B,L

terms while allowing the WMSSM terms. However, as we will soon see, this
is too restrictive and would forbid mass terms for gauginos. Instead we
consider a discrete Z2 subgroup of the U(1) R-symmetry under which su-
perpartners flip sign and SM fields do not. Under this R-parityf the fields
have charge,

PR = (�1)3(B�L)+F (77)

Under the parity SM fields are even and superpartners are odd and it has
several interesting implications:

fEquivalently another possibility is matter parity where parity is assigned by PM =
(�1)3(B�L).
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2.SUSY states pair produced
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Supersymmetry
Complicated spectrum, details depend on model


GMSB, Effective/Natural SUSY, Dirac gauginos….

Many, many interesting collider signatures

Lightest coloured states made first, decays involve MET

Compressed/Stealth spectra can hide SUSY (a little)

Electroweakino sector starting to be probed (DM)

SUSY is a great signal generator
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ẽL

ẽR
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Figure 8.5: Four sample mass spectra for the undiscovered particles in the MSSM, for (a) MSUGRA
with m2

0 ≪ m2
1/2, (b) MSUGRA with m2

0 ≫ m2
1/2, (c) GMSB with N5 = 1, and (d) GMSB with

N5 = 3. Mass scales are not equal for the four cases, and are deliberately omitted. These spectra
are presented for entertainment purposes only! No warranty, expressed or implied, guarantees that
they look anything like the real world.
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General BSM lessons
Top partners (fermions/bosons)

Higgs sector modifications

LPOPs, parity, DM, MET

Extra matter in fundamental and adjoint reps.


New gauge groups? 
Lighter, more weakly coupled particles? 
Resonances? 
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Twin Higgs

Higgs is a PNGB, and Higgs potential is O(8) symmetric

SMA ⇥ SMB ⇥ Z2
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O(8) ! O(7) :7 Goldstone bosons, 3 eaten by B gauge bosons
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Twin Higgs
Gauge and Yukawa interactions explicitly break the O(8)

Mass for Higgs?

3
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Loop corrections to mass is O(8) symmetric, does not lead to 
quadratically divergent Higgs mass
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EFT aside
Low energy degrees of freedom, non-linearly realized symm.
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The Vector-like Twin
[NC, S. Knapen, P. Longhi, & M. Strassler ’16]
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To separate v and f and make the SM Higgs lie mostly in A 
introduce soft breaking µ2
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Higgs portal between A and B sectors
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• Higgs mixing and corrections to Higgs pheno at v
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• Higgs invisible decay width, to light B sector stuff

FIG. 2. In blue, a plot of the rate of Higgs events into SM states normalized to the SM. The green

line is the invisible branching ratio of the Higgs into mirror twin particles. The vertical orange and

red lines are the 95% confidence bound from precision electroweak constraints for a 1 TeV and 5

TeV cuto↵ respectively.

mass. Their analysis was carried out assuming a cuto↵ ⇤ =3 TeV. In general, however, the

leading contributions to the oblique parameters go like
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where mZ is the mass of the Z boson. For ✏ su�ciently small we expect these parameters

to dominate the analysis. In that case we may translate the bound on ✏ at ⇤ to a bound on

✏
0 at ⇤0 by
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The 2� bound on ✏
0 can be translated into a limit on the top partner mass. In Fig. 2 we

denote bound corresponding to a 1 TeV and 5 TeV cuto↵ by the vertical orange and red

lines respectively.

Finally, we estimate the tuning �m of the Higgs mass parameter m2 as a function of the

top partner mass as a measure of the naturalness of the MTH model. We use the formula
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m
2
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����
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(33)
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