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•Physics Beyond the Standard Model in the next decade: Energy vs. Precision

•Exploring BSM in the Higgs Couplings
How do we study sensitivity to extensions of the SM ? 

EFTs
Explicit Models 

•Form Factors in Higgs Couplings from BSM physics

•Models and  Signals

•Conclusions



The Transition from Energy to Precision
Looking for new physics beyond the SM

•Look for new particles at energy frontier: LHC.

•Test the SM with precision, low(er) energies: Flavor Physics, Electroweak tests 
•Look for hidden/dark sectors: dark sector/DM searches at various energies

•Precision Tests of the Higgs Sector: Higgs Couplings to everything 

Energy Frontier: at 
p
s ' 14 TeV
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for a while

Higgs as a window to new dynamics BSM
+ }
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Understand Higgs couplings
at the LHC/HL-LHC

)
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Higgs Couplings and New Physics
Effective Field Theory approach

•New physics encoded in expansion in local HDOs

•Model Independent

•Correlated constraints from EW and Higgs data

• Are dim-6 operators enough ? Do we need dim-8 in some cases ? 

•Reconstruction of non-local effects 
Are dim-6 enough to be as sensitive to them as the HL-LHC data ?

LSM +
X

i,n>4

c(n)i

⇤n�4
O

(n)
i
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SMEFT

HEFT
or

Brivio and Trott (2019)

Alonso, Gavela, Merlo, Rigolin, Yepes (2013)



Momentum Dependence in Higgs Couplings
Higgs as a window to BSM physics

New physics can generate momentum dependence in couplings 

Requires off shell momentum 

)
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Form factor in Higgs couplings

Is the EFT approach ideal to deal with momentum dependence effects ? 

Isidori, Trott (2014)

Bellazzini, Csaki, et al. (2016)

Gonçalves, Han, Mukhopadhyay (2018)
{
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Azatov, Grojean, Paul, Salvioni (2014)
Englert, Soreq, Spannowsky (2014)



Form Factors in Higgs Couplings from BSM
Model dependent approach

Compute the Higgs form factors in a specific model               full momentum dependence 

Matching with EFT may require operators of dim > 6 to capture full non-local features

Loose generality, Gain in power of data to constrain specific BSM not directly accessible  

“Scan" over models so as to cover all signals : where is the momentum dependence coming from ? 

•Higgs line
• Gauge boson line
•Fermion line



Form Factors in Higgs Couplings from BSM
General features of Higgs Form Factors

In general, Higgs coupling to SM particle X in an extension of the SM 

ch,X(q, p) = cSMh,X X F (q, p)
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with F (0,mX) = 1
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couplings defined at zero momentum

But on shell modification can always be reabsorbed in 0
X = X F (mh, p)

<latexit sha1_base64="2zix7TDFRUtolRs8Crj5P0QHceM=">AAACBXicdZDNSgMxFIUz/tb6N+pSF8EiVihlUsW2C6EoiMsKth1oy5BJ0zY0MxOSjFBKN258FTcuFHHrO7jzbcy0FVT0QuDjnHu5uccXnCntOB/W3PzC4tJyaiW9ura+sWlvbddVFEtCayTikXR9rChnIa1ppjl1haQ48Dlt+IOLxG/cUqlYFN7ooaDtAPdC1mUEayN59l5rgIXAh557NiXPbeUus4HXz4kjz844ecdxEEIwAVQ8dQyUy6UCKkGUWKYyYFZVz35vdSISBzTUhGOlmsgRuj3CUjPC6TjdihUVmAxwjzYNhjigqj2aXDGGB0bpwG4kzQs1nKjfJ0Y4UGoY+KYzwLqvfnuJ+JfXjHW31B6xUMSahmS6qBtzqCOYRAI7TFKi+dAAJpKZv0LSxxITbYJLmxC+LoX/Q72QR8f5wvVJpnI+iyMFdsE+yAIEiqACrkAV1AABd+ABPIFn6956tF6s12nrnDWb2QE/ynr7BOppl5A=</latexit>

)
<latexit sha1_base64="aa+RtvqzfdVoDKVWFQEMlw9hXxM=">AAAB8nicbVBNS8NAEJ34WetX1aOXYBE8laQKeix68VjFfkAayma7aZdudsPuRCmlP8OLB0W8+mu8+W/ctjlo64OBx3szzMyLUsENet63s7K6tr6xWdgqbu/s7u2XDg6bRmWasgZVQul2RAwTXLIGchSsnWpGkkiwVjS8mfqtR6YNV/IBRykLE9KXPOaUoJWCzj3vD5BorZ66pbJX8WZwl4mfkzLkqHdLX52eolnCJFJBjAl8L8VwTDRyKtik2MkMSwkdkj4LLJUkYSYcz06euKdW6bmx0rYkujP198SYJMaMksh2JgQHZtGbiv95QYbxVTjmMs2QSTpfFGfCReVO/3d7XDOKYmQJoZrbW106IJpQtCkVbQj+4svLpFmt+OeV6t1FuXadx1GAYziBM/DhEmpwC3VoAAUFz/AKbw46L8678zFvXXHymSP4A+fzB5JpkXE=</latexit>

Need off shell Higgs or X to observe momentum dependence



Form Factors in Higgs Couplings from BSM
Three Examples

•A Composite Higgs Model

•Mixing of Higgs with a heavier scalar 

•Mixing with an unparticle scalar sector

Fermion and Vector resonances

Scalar resonance 

No resonances



Composite Higgs Models
Higgs is a pseudo-Goldstone boson G ! H
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Coset G/H
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at scale f
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Spectrum 
L = LES + LCS + Lint.
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Elementary Sector: SM fermions and gauge bosons
Composite Sector: Resonances and the pNGBs, including Higgs
Higgs couplings to SM from Lint.
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Integrating out resonances                form factors 

Agashe, Contino, Pomarol (2005)



Composite Higgs Models: MCHM
Vector Resonances

SO(5)/SO(4)
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SO(4) ⇠ SU(2)L ⇥ SU(2)R
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Kinetic Mixing

(equivalent to mass mixing)



Gauge Form Factor in  MCHM

= gV MV ⇠ fV V h(p1, p2)
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⇠ =
p

1� v2/f2 =
p
1� ⇠
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2
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Fermion Form Factor in  MCHM
Fermions Embed in incomplete 5 of SO(5) MCHM5

q5L =
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0
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0
0
0
0
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1
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.
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Fermion Resonances 4 and 1 of SO(4) 

Partial Compositeness Elementary fermions couple linearly to composite operators



Fermion Form Factor in  MCHM

Integrating out fermion resonances Momentum dependence in       coupling              t̄th
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<latexit sha1_base64="uHo+69r8Q2XYAV1GqyfyNivJ6DE=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGK/YAmlM120y7d7IbdjVJC/4YXD4p49c9489+4aXPQ1gcDj/dmmJkXJpxp47rfzsrq2vrGZmmrvL2zu7dfOThsa5kqQltEcqm6IdaUM0FbhhlOu4miOA457YTjm9zvPFKlmRQPZpLQIMZDwSJGsLGS79+z4chgpeRTuV+pujV3BrRMvIJUoUCzX/nyB5KkMRWGcKx1z3MTE2RYGUY4nZb9VNMEkzEe0p6lAsdUB9ns5ik6tcoARVLZEgbN1N8TGY61nsSh7YyxGelFLxf/83qpia6CjIkkNVSQ+aIo5chIlAeABkxRYvjEEkwUs7ciMsIKE2NjykPwFl9eJu16zTuv1e8uqo3rIo4SHMMJnIEHl9CAW2hCCwgk8Ayv8Oakzovz7nzMW1ecYuYI/sD5/AHLDpGF</latexit>



= yt 
5
⇠ ft̄th(p1, p2)

<latexit sha1_base64="nFcbhwYtDiNhLsnqf+Q77yPQvQk=">AAACIXicbVDLSgMxFM34rPVVdekmWAQFKTNVsRuh6Malgq1Cpw530owNzcyE5I5Yhv6KG3/FjQtF3Ik/Y/pY+DqXwMk595LcEyopDLruhzM1PTM7N19YKC4uLa+sltbWmybNNOMNlspUX4dguBQJb6BAya+V5hCHkl+FvdOhf3XHtRFpcol9xdsx3CYiEgzQSkGpdkz7Afp7tnqgFAT+vbjJ/TCihwM6lGkU2Ctoira6gx0VeHsqqO4GpbJbcUegf4k3IWUywXlQevc7KctiniCTYEzLcxW2c9AomOSDop8ZroD14Ja3LE0g5qadjzYc0G2rdGiUansSpCP1+0QOsTH9OLSdMWDX/PaG4n9eK8Oo1s5FojLkCRs/FGWSYkqHcdGO0Jyh7FsCTAv7V8q6oIGhDbVoQ/B+r/yXNKsVb79SvTgo108mcRTIJtkiO8QjR6ROzsg5aRBGHsgTeSGvzqPz7Lw57+PWKWcys0F+wPn8AoAuoTg=</latexit>

Fermion Form Factor in  MCHM
5
⇠ =

1� 2⇠p
1� ⇠

<latexit sha1_base64="LwoEkZ8nDBFrFPzVdQbN55B0sAw="></latexit>

ft̄th(m
2
t ,m

2
t ) = 1

<latexit sha1_base64="jMomVi2VH+0fKYn7Sc2LPbotrZY=">AAACCXicdVDLSgMxFM3UV62vqks3wSJUkDKpYtuFUHTjsoKtQluHTJppQzMPkjtCGbp146+4caGIW//AnX9jpq2goifkcjjnXpJ73EgKDbb9YWXm5hcWl7LLuZXVtfWN/OZWS4exYrzJQhmqa5dqLkXAmyBA8utIceq7kl+5w7PUv7rlSoswuIRRxLs+7QfCE4yCkZw89pyk41KFwZwBHhd9B27KB5O6j08wcfIFu2TbNiEEp4RUjm1DarVqmVQxSS2DApqh4eTfO72QxT4PgEmqdZvYEXQTqkAwyce5Tqx5RNmQ9nnb0ID6XHeTySZjvGeUHvZCZW4AeKJ+n0ior/XId02nT2Ggf3up+JfXjsGrdhMRRDHwgE0f8mKJIcRpLLgnFGcgR4ZQpoT5K2YDqigDE17OhPC1Kf6ftMolclgqXxwV6qezOLJoB+2iIiKoguroHDVQEzF0hx7QE3q27q1H68V6nbZmrNnMNvoB6+0TIkSYDg==</latexit>



Effects in MCHM



Mixing with a Scalar 
Additional Scalar Doublet

L = |DµHa|2 + |DµHb|2 �M
2
aH

†
aHa �M

2
bH

†
bHb � µ

2(H†
aHb + h.c.)

� �

2
(H†

aHa +H
†
bHb)

2 + �
0(H†

aHbH
†
bHa)

<latexit sha1_base64="Q2eULOqCsDz0z001jShQg3RZVVE="></latexit>

fhV V (q
2) =

2M2
V

v

✓
1� µ4

M4
b

q2

q2 �M2
b

◆

<latexit sha1_base64="BNz63qzyoYB8NkGgpwtrTMAjFkU="></latexit>

)
<latexit sha1_base64="uHo+69r8Q2XYAV1GqyfyNivJ6DE=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGK/YAmlM120y7d7IbdjVJC/4YXD4p49c9489+4aXPQ1gcDj/dmmJkXJpxp47rfzsrq2vrGZmmrvL2zu7dfOThsa5kqQltEcqm6IdaUM0FbhhlOu4miOA457YTjm9zvPFKlmRQPZpLQIMZDwSJGsLGS79+z4chgpeRTuV+pujV3BrRMvIJUoUCzX/nyB5KkMRWGcKx1z3MTE2RYGUY4nZb9VNMEkzEe0p6lAsdUB9ns5ik6tcoARVLZEgbN1N8TGY61nsSh7YyxGelFLxf/83qpia6CjIkkNVSQ+aIo5chIlAeABkxRYvjEEkwUs7ciMsIKE2NjykPwFl9eJu16zTuv1e8uqo3rIo4SHMMJnIEHl9CAW2hCCwgk8Ayv8Oakzovz7nzMW1ecYuYI/sD5/AHLDpGF</latexit>

Note: on shell deviation
fhV V (m

2
h) =

2M2
V

v
(1 + cb⇠)

<latexit sha1_base64="XtByWmDxTT4FaNX2n3WbS7OpyaQ="></latexit>

⇠ =
v2

M2
b

<latexit sha1_base64="tZ2zm59NwudXMaekoWUdSzHZqUk=">AAACAHicdVC7SgNBFJ2NrxhfUQsLm8EgWIWdVUxSCEEbGyGCSYRks8xOZpMhsw9mZoNh2cZfsbFQxNbPsPNvnE0iqOiBC4dz7uXee9yIM6lM88PILSwuLa/kVwtr6xubW8XtnZYMY0Fok4Q8FLculpSzgDYVU5zeRoJi3+W07Y4uMr89pkKyMLhRk4jaPh4EzGMEKy05xb3uHYNnsOsJTJJxz0qTq57luKlTLJll0zQRQjAjqHJqalKrVS1UhSizNEpgjoZTfO/2QxL7NFCEYyk7yIyUnWChGOE0LXRjSSNMRnhAO5oG2KfSTqYPpPBQK33ohUJXoOBU/T6RYF/Kie/qTh+rofztZeJfXidWXtVOWBDFigZktsiLOVQhzNKAfSYoUXyiCSaC6VshGWKdhdKZFXQIX5/C/0nLKqPjsnV9Uqqfz+PIg31wAI4AAhVQB5egAZqAgBQ8gCfwbNwbj8aL8TprzRnzmV3wA8bbJwfLlhE=</latexit>

cb = 2�
µ4

M4
b

<latexit sha1_base64="+a/Y6qpvmzm2TJPwnk3MrI8Y8hc="></latexit>

{
<latexit sha1_base64="7jF/axiKQ50qck453cB+aS7CDO0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh17WL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7plJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmb5OB0JyhnFhCmRb2VsJGVFOGNpySDcFbfnmVtGpV76Jau7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB5zSjWk=</latexit>

Hill, Machado,Thomsen, Turner (2019) 



Mixing with a Scalar 
Mb = 2 TeV

<latexit sha1_base64="riShS3b8ulqlrWKE1NG8FfGgiM0=">AAAB+nicdVDLSgMxFM3UV62vqS7dBIvgqkxGse1CKLpxI1ToC9phyKSZNjTzIMkoZax/4saFIm79Enf+jZm2gooeuHA4517uvceLOZPKsj6M3NLyyupafr2wsbm1vWMWd9sySgShLRLxSHQ9LClnIW0ppjjtxoLiwOO0440vMr9zQ4VkUdhUk5g6AR6GzGcEKy25ZvHK9c7se5j2RQCbtD2FrlmyypZlIYRgRlDl1NKkVqvaqApRZmmUwAIN13zvDyKSBDRUhGMpe8iKlZNioRjhdFroJ5LGmIzxkPY0DXFApZPOTp/CQ60MoB8JXaGCM/X7RIoDKSeBpzsDrEbyt5eJf3m9RPlVJ2VhnCgakvkiP+FQRTDLAQ6YoETxiSaYCKZvhWSEBSZKp1XQIXx9Cv8nbbuMjsv29Umpfr6IIw/2wQE4AghUQB1cggZoAQJuwQN4As/GnfFovBiv89acsZjZAz9gvH0C9ViTLA==</latexit>



Mixing with an Unparticle Scalar Sector
Scalar unparticle operator of dimension d

<latexit sha1_base64="q1iIuPhwiqiZNNnLUZB+qChgVY0=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8hZkoJrkFvXhMwDwgWcLs7GwyZvbBzKwQQr7AiwdFvPpJ3vwbZ5MIKlrQUFR1093lJVJog/GHs7K6tr6xmdvKb+/s7u0XDg7bOk4V4y0Wy1h1Paq5FBFvGWEk7yaK09CTvOONrzO/c8+VFnF0ayYJd0M6jEQgGDVWavqDQhGXMMaEEJQRUrnEltRq1TKpIpJZFkVYojEovPf9mKUhjwyTVOsewYlxp1QZwSSf5fup5gllYzrkPUsjGnLtTueHztCpVXwUxMpWZNBc/T4xpaHWk9CznSE1I/3by8S/vF5qgqo7FVGSGh6xxaIglcjEKPsa+UJxZuTEEsqUsLciNqKKMmOzydsQvj5F/5N2uUTOS+XmRbF+tYwjB8dwAmdAoAJ1uIEGtIABhwd4gmfnznl0XpzXReuKs5w5gh9w3j4BFjyNIg==</latexit>

�(x)
<latexit sha1_base64="VxYj38BkU17q3g+T1p/oHc7IbZw=">AAAB7nicdVDLSgMxFM3UV62vqks3wSLUTUmq2HZXdOOygn1AO5RMmrahmUxIMmIZ+hFuXCji1u9x59+YaSuo6IELh3Pu5d57AiW4sQh9eJmV1bX1jexmbmt7Z3cvv3/QMlGsKWvSSES6ExDDBJesabkVrKM0I2EgWDuYXKV++45pwyN5a6eK+SEZST7klFgntXtqzIv3p/18AZUQQhhjmBJcuUCO1GrVMq5CnFoOBbBEo59/7w0iGodMWiqIMV2MlPUToi2ngs1yvdgwReiEjFjXUUlCZvxkfu4MnjhlAIeRdiUtnKvfJxISGjMNA9cZEjs2v71U/MvrxnZY9RMuVWyZpItFw1hAG8H0dzjgmlErpo4Qqrm7FdIx0YRal1DOhfD1KfyftMolfFYq35wX6pfLOLLgCByDIsCgAurgGjRAE1AwAQ/gCTx7ynv0XrzXRWvGW84cgh/w3j4BBvGPYA==</latexit>

1 < d < 2
<latexit sha1_base64="P4P0zfbQjzLXRad6CtYXyEUr1TE=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4KkkV24KLohuXFewDpkPJZDJtaGYyJBmhDP0MNy4UcevXuPNvzLQVVPRAwuGce7n3Hj8RXBuEPpzCyura+kZxs7S1vbO7V94/6GqZKso6VAqp+j7RTPCYdQw3gvUTxUjkC9bzJ9e537tnSnMZ35lpwryIjGIeckqMlVwMLyEMoP1rw3IFVRFCGGOYE1y/QJY0m40abkCcWxYVsER7WH4fBJKmEYsNFURrF6PEeBlRhlPBZqVBqllC6ISMmGtpTCKmvWy+8gyeWCWAoVT2xQbO1e8dGYm0nka+rYyIGevfXi7+5bmpCRtexuMkNSymi0FhKqCRML8fBlwxasTUEkIVt7tCOiaKUGNTKtkQvi6F/5NurYrPqrXb80rrahlHERyBY3AKMKiDFrgBbdABFEjwAJ7As2OcR+fFeV2UFpxlzyH4AeftEwCcjyE=</latexit>

Non-local action SNL =

Z
d
4
x

⇢
�
†(D2 � µ

2)2�d
�+ ↵|H|2 |�|2

⇤2(d�1)

�

<latexit sha1_base64="VjZn+JMzpoGyStD49IBo08XiJBU="></latexit>

�(p, µ, d) =

Z
d4xh0|T �(x)�†(0)|0i = Ad

2⇡

Z 1

µ2

ds(s� µ2)d�2 i

p2 � s+ i✏
,

<latexit sha1_base64="dK96XRggw+zFBoD3vDoPzwRW98s="></latexit>

2-point function with IR cutoff µ
<latexit sha1_base64="5AzA3X8J3SaEADVDS7wpDZoOkzc=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4KkkV2+6KblxWtA9oh5JJM21okhmSjFCGfoIbF4q49Yvc+Tdm2goqeuDC4Zx7ufeeIBbcWIQ+vNzK6tr6Rn6zsLW9s7tX3D9omyjRlLVoJCLdDYhhgivWstwK1o01IzIQrBNMrjK/c8+04ZG6s9OY+ZKMFA85JdZJt32ZDIolVEYIYYxhRnD1AjlSr9cquAZxZjmUwBLNQfG9P4xoIpmyVBBjehjF1k+JtpwKNiv0E8NiQidkxHqOKiKZ8dP5qTN44pQhDCPtSlk4V79PpEQaM5WB65TEjs1vLxP/8nqJDWt+ylWcWKboYlGYCGgjmP0Nh1wzasXUEUI1d7dCOiaaUOvSKbgQvj6F/5N2pYzPypWb81LjchlHHhyBY3AKMKiCBrgGTdACFIzAA3gCz57wHr0X73XRmvOWM4fgB7y3T6uijhA=</latexit>

Fox, Rajaraman, Shirman (2007)
Cacciapaglia, Marandella, Terning (2008)



Form Factor from an Unparticle Scalar Sector

µ = 1 TeV
<latexit sha1_base64="RJp2s4zdIDW4VL0vu4SeWgsjG6g=">AAAB+nicdVDLSgMxFM34rPU11aWbYBFclUkV2y6EohuXFfqCzlAyaaYNTWaGJKOUsf6JGxeKuPVL3Pk3ZtoKKnrgwuGce7n3Hj/mTGnH+bCWlldW19ZzG/nNre2dXbuw11ZRIgltkYhHsutjRTkLaUszzWk3lhQLn9OOP77M/M4NlYpFYVNPYuoJPAxZwAjWRurbBVck8Byi+9SVAjZpe9q3i07JcRyEEMwIqpw5htRq1TKqQpRZBkWwQKNvv7uDiCSChppwrFQPObH2Uiw1I5xO826iaIzJGA9pz9AQC6q8dHb6FB4ZZQCDSJoKNZyp3ydSLJSaCN90CqxH6reXiX95vUQHVS9lYZxoGpL5oiDhUEcwywEOmKRE84khmEhmboVkhCUm2qSVNyF8fQr/J+1yCZ2UytenxfrFIo4cOACH4BggUAF1cAUaoAUIuAUP4Ak8W3fWo/Vivc5bl6zFzD74AevtEzwmk1s=</latexit>

Results for fhV V (q
2)

<latexit sha1_base64="RDWk8UxiSbiSzyHwNAja1/0gKNQ=">AAAB83icdVBNSwMxEM36WetX1aOXYBHqpSRVbHsrevFYwW4L7VqyabYNzWbXJCuUpX/DiwdFvPpnvPlvzLYVVPTBwOO9GWbm+bHg2iD04Swtr6yurec28ptb2zu7hb19V0eJoqxFIxGpjk80E1yyluFGsE6sGAl9wdr++DLz2/dMaR7JGzOJmReSoeQBp8RYqRf005HrTkt3t5WTfqGIygghjDHMCK6eI0vq9VoF1yDOLIsiWKDZL7z3BhFNQiYNFUTrLkax8VKiDKeCTfO9RLOY0DEZsq6lkoRMe+ns5ik8tsoABpGyJQ2cqd8nUhJqPQl92xkSM9K/vUz8y+smJqh5KZdxYpik80VBIqCJYBYAHHDFqBETSwhV3N4K6YgoQo2NKW9D+PoU/k/cShmflivXZ8XGxSKOHDgER6AEMKiCBrgCTdACFMTgATyBZydxHp0X53XeuuQsZg7ADzhvn3O2kU8=</latexit>

with off shell Higgs, on shell gauge bosons



Constraints from Higgs Production

If top line affected bounds on form factor scale from gg ! h ! ��, ZZ⇤, WW ⇤
<latexit sha1_base64="kbXSw9YUGjE/8W680dSNxbPnJss=">AAACEnicbVDLSgMxFM3UV62vUZdugkXQUspMFXRZdOOygu2UPsmkmWloMjMkGaEM7S+48VfcuFDErSt3/o3ptAttPZDL4Zx7ubnHjRiVyrK+jczK6tr6RnYzt7W9s7tn7h/UZRgLTGo4ZKFouEgSRgNSU1Qx0ogEQdxlxHGHN1PfeSBC0jC4V6OIdDjyA+pRjJSWeuaZ78O2CuEgrW0fcY5mtQgnTdjsFooT6ECnW+iZeatkpYDLxJ6TPJij2jO/2v0Qx5wECjMkZcu2ItVJkFAUMzLOtWNJIoSHyCctTQPEiewk6UljeKKVPvRCoV+gYKr+nkgQl3LEXd3JkRrIRW8q/ue1YuVddRIaRLEiAZ4t8mIG9fXTfGCfCoIVG2mCsKD6rxAPkEBY6RRzOgR78eRlUi+X7PNS+e4iX7mex5EFR+AYnAIbXIIKuAVVUAMYPIJn8ArejCfjxXg3PmatGWM+cwj+wPj8AZY6m4E=</latexit>

Current ATLAS/CMS data compatible with M > 1.5 TeV
<latexit sha1_base64="cMgI7gsvrI9O5yJnhTVG7a5qRY4=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgKiRV0ZUU3bgRKvQFbSiT6aQdOjMJMxOxhPgpblwo4tYfceffOG2z0NYDFw7n3Mu99wQxo0q77rdVWFldW98obpa2tnd29+z9cktFicSkiSMWyU6AFGFUkKammpFOLAniASPtYHwz9dsPRCoaiYaexMTnaChoSDHSRurb5Tt4BT3n/CntSQ4bpJXBvl1xHXcGuEy8nFRAjnrf/uoNIpxwIjRmSKmu58baT5HUFDOSlXqJIjHCYzQkXUMF4kT56ez2DB4bZQDDSJoSGs7U3xMp4kpNeGA6OdIjtehNxf+8bqLDSz+lIk40EXi+KEwY1BGcBgEHVBKs2cQQhCU1t0I8QhJhbeIqmRC8xZeXSavqeKdO9f6sUrvO4yiCQ3AEToAHLkAN3II6aAIMHsEzeAVvVma9WO/Wx7y1YOUzB+APrM8fbAySwg==</latexit> for generic form factor 

But need to perform full study including gauge boson form factor (may relax bound a bit)

MCHM 5 : f > 1.5 TeV
<latexit sha1_base64="kwdzjBoz8Z9rsO4vDFAHKI9g8rw=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrkJSFcWFFN24rNAXtKFMppN26EwSZiZCCRV/xY0LRdz6He78G6ePhbYeuHA4517uvSdIOFPadb+t3NLyyupafr2wsbm1vWPv7tVVnEpCayTmsWwGWFHOIlrTTHPaTCTFIuC0EQxux37jgUrF4qiqhwn1Be5FLGQEayN17IMrhEJ0jTzn/DFrS4GqtD5CHbvoOu4EaJF4M1KEGSod+6vdjUkqaKQJx0q1PDfRfoalZoTTUaGdKppgMsA92jI0woIqP5ucP0LHRumiMJamIo0m6u+JDAulhiIwnQLrvpr3xuJ/XivV4aWfsShJNY3IdFGYcqRjNM4CdZmkRPOhIZhIZm5FpI8lJtokVjAhePMvL5J6yfFOndL9WbF8M4sjD4dwBCfgwQWU4Q4qUAMCGTzDK7xZT9aL9W59TFtz1mxmH/7A+vwBxS2Tcw==</latexit>

if only top coupling affected



Signals
Sensitivity of channels to different sources of momentum dependence

1. Momentum dependence in gauge boson or fermion lines coupled to Higgs

•Example: CHMs. Vector and Fermion resonances 

•Channels: 

t̄th
<latexit sha1_base64="J5wZcpjBCf8CDfOesqZz5Fsjrrc=">AAAB8XicdVDLSgMxFM3UV62vqks3wSK4KpMqtt0V3bisYB/YDiWTZtrQTGZI7ghl6F+4caGIW//GnX9jpq2goicEDufcy733+LEUBlz3w8mtrK6tb+Q3C1vbO7t7xf2DtokSzXiLRTLSXZ8aLoXiLRAgeTfWnIa+5B1/cpX5nXuujYjULUxj7oV0pEQgGAUr3fV9qjHYNx4US27ZdV1CCM4IqV64ltTrtQqpYZJZFiW0RHNQfO8PI5aEXAGT1JgecWPwUqpBMMlnhX5ieEzZhI54z1JFQ268dL7xDJ9YZYiDSNuvAM/V7x0pDY2Zhr6tDCmMzW8vE//yegkENS8VKk6AK7YYFCQSQ4Sz8/FQaM5ATi2hTAu7K2ZjqikDG1LBhvB1Kf6ftCtlclau3JyXGpfLOPLoCB2jU0RQFTXQNWqiFmJIoQf0hJ4d4zw6L87rojTnLHsO0Q84b5/JPpBZ</latexit>

Figure 9. Relevant channels for the appearance of momentum effects through the form factor
vertices. The tth channel (1) presents an off-shell top quark and the Zh (2) an off-shell Z-boson.
The gluon fusion (3) has off-shell top quarks in the loops and the ZZ channel (4) an off-shell higgs.

The introduction of momentum dependence will alter the predictions of (5.1) for off
shell momenta. Since in this case the form factors are induced by mixing with either fermion
or vector resonances, they will be a function of the top quark or Z boson momentum.
Therefore, to achieve a p2/f2 sensitivity greater than the v2/f2 in the on shell suppression,
we should choose channels with a high degree of top or Z, W off shellness. The most
important channels that have the requirements are tt̄h, and Zh represented in Figure 9
(1a-1c), (2).

The resonance masses used in the form factor expressions respect bounds from direct
production, as well as theoretical constraints. Both form factors from Section 3 must
respect the on shell normalization conditions, i.e. we recover the on shell suppressions (5.1)
. Consequently, if all external legs were on shell, we would only have the MCHM5 coupling
suppression factors.

The Higgs boson acquires a potential at one loop level due to the explicit breaking
of the SO(5) by the gauging of the EW group and the Yukawa couplings. Consequently,
we imposed the additional constraint of the Coleman-Weinberg calculation to ensure the
obtention of a light Higgs boson mass. The Higgs mass is dominated by the top partner
loops leading to [46]

m2
h =

N

⇡2

2

4
m2

t

�
m2

1m
2
4

�
log

⇣
m2

1
m2

4

⌘

f2
�
m2

1 �m2
4

� +
v2

4

✓
1� v2

f2

◆
(�y2)2

0

@
�
m2

1 +m2
4

�
log

⇣
m2

1
m2

4

⌘

2
�
m2

1 �m2
4

� � 1

1

A

3

5 ,

�y2 ⌘ |yl|2 � 2 |yr|2 . (5.2)

The light Higgs condition correlates the two masses m1 and m4 so that they cannot be both
arbitrarily heavy for a fixed f . In general, we expect lighter fermionic resonances in CHMs
to obtain a light Higgs mass [28, 46].
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V ⇤ V h
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E.g.



Signals
E.g. t̄th
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 in MCHM 5



2. Momentum dependence in Higgs line

Signals

E.g. pp ! h⇤ ! 4`
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Note: Destructive interference in SM



Signals
In pp ! h⇤ ! 4`
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Scalar
Unparticle Scalar

ff enhancement ff suppression



Conclusions
•Sensitivity to momentum dependence in Higgs couplings important to test SM at the (HL-)LHC 

•Study feasibility of channels with (significantly) off shell Higgs couplings 

• Complementary Strategies:

Model-independent EFT approach: more general

Model dependent approach: full momentum dependent known, more amenable to study/simulate signals

•To Do

Explore space-like off shell regions: Signals ? 

More models and their matching the the EFTs


