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Why go to dim > 6 in SMEFT?

A = ASM + A6
E2

Λ2
+ A8

E4

Λ4
+ ⋯Generic amplitude:

|A |2 = |ASM |2 +
2 E2

Λ2
Re(A*SM A6) +

E4

Λ4
|A6 |2 +

2 E4

Λ4
Re(A*SM A8) ⋯

same order in 1/Λ

• If you want to include (dim-6)2, need to include dim-8 to 
be consistent

• 1/Λ⁴ important  to understand uncertainty on 1/Λ² 
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Why go to dim > 6 in SMEFT?

While (dim-6)2 , dim-8 have same 1/Λ, they may have  
 different energy dependence

e.g. if helicity of process mismatches with dim-6 structure 
but not dim-8 

[1607.05236 Azatov et al]
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Why go to dim > 6?

In that case:

|A |2 ⊃
v2 ̂s
Λ4

|A6 |2 + 2
̂s2

Λ4
Re(A*SMA8) + ⋯

Dim-8 piece enhanced relative to (dim-6)2 at large energy

(similar situation if dim-6 violates a symmetry (i.e. CP))
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Why go to dim > 6?

In that case:

|A |2 ⊃
v2 ̂s
Λ4

|A6 |2 + 2
̂s2

Λ4
Re(A*SMA8) + ⋯

Dim-8 piece enhanced relative to (dim-6)2 at large energy

(similar situation if dim-6 violates a symmetry (i.e. CP))

But: dim > 6 gets complicated because there are more fields = 
number ways to contract indices grows rapidly. Also IBP and 

EOM redundancies 

DµHDµHH†2, DµH
†DµH†H2, DµHDµH†(H†H)ex.)

not independent
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Powerful new tool

# of operators and their field content can be generated 
automatically via Hilbert Series

given symmetry 
group G,  

fields φi, ψi, XiL,R

# and form of all 
invariant (Lorentz & 
gauge) operators, 

Hilbert 
Series

• extends to all orders 
• includes all IBP, EOM redundancies 
• works for all sorts of EFT (SMEFT, nonlinear reps, non-

relativistic QFT) [Kobach, Pal ’17, ’18]

[Lehman, AM ’15, Henning et al ’15, ’17]
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Example output: SMEFT dim-8
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Where the D indicates the derivative, which can act on any of the fields to the right.

As with the earlier operators, Lorentz structure is suppressed but can be figured out from

context. At O(H):
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Then, at O(H2):
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The last set of baryon number respecting, single derivative terms have O(H4):
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Lastly, there are the BNV operators with a single derivative
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Without flavor indices, this gives 181 operators at O(D).
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and, the LL LL terms at O(H2) are

2 (L†L)2 (H†H)

3 (Q†Q)2 (H†H)

5 (L†L)(Q†Q) (H†H)

(B.2)

Finally, there are the BNV terms. These all come at O(H2)
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B.2 Field strengths, no other derivatives

One power of X
µ⌫

(d†
c

d
c

)(e†
c

e
c

)FL (u†
c

u
c

)(e†
c

e
c

)FL 2 (d†
c

d
c

)(u†
c

u
c

)FL (d†
c

d
c

)(L† L)FL

(u†
c

u
c

)(L† L)FL (e†
c

e
c

)(L† L)FL (e†
c

e
c

)(Q†Q)FL (d
c

Q)(e†
c

L†)FL

(d
c

Q)(e†
c

L†)FR 2 (L† L)(Q†Q)FL 2 (d†
c

d
c

)(Q†Q)FL 2 (u†
c

u
c

)(Q†Q)FL

3 (e
c

L)(u
c

Q)FL 3 (u
c

d
c

)Q2 FL (d†
c

d
c

)(L† L)WL (e†
c

e
c

)(L† L)WL

(e†
c

e
c

)(Q†Q)WL (u†
c

u
c

)(L† L)WL (L† L)2WL (e†
c

L†)(d
c

Q)WL

(e
c

L)(d†
c

Q†)WL 2 (d†
c

d
c

)(Q†Q)WL 2 (u†
c

u
c

)(Q†Q)WL 3 (L† L)(Q†Q)WL

2 (Q†Q)2WL 3 (e
c

L)(u
c

Q)WL 3 (u
c

d
c

)Q2WL (d†
c

)2 d2
c

GL

(u†
c

)2 u2
c

GL (d†
c

d
c

)(e†
c

e
c

)GL (u†
c

u
c

)(e†
c

e
c

)GL 4 (d†
c

d
c

)(u†
c

u
c

)GL

(Q†Q)(e†
c

e
c

)GL (d†
c

d
c

)(L† L)GL (u†
c

u
c

)(L† L)GL 2 (Q†Q)(L† L)GL

4 (d†
c

d
c

)(Q†Q)GL 4 (u†
c

u
c

)(Q†Q)GL 2 (Q†)2Q2GL (d
c

Q)(e†
c

L†)GL

(d
c

Q)(e†
c

L†)GR 3 (e
c

L)(u
c

Q)GL 6 (d
c

u
c

)Q2GL

At one power of X
µ⌫

and more than one power of the Higgs field.
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(we could write any of the above using only FL,WL and using the h.c. ). At two powers

of X there must be at least one Higgs. At O(X2H)
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# of operators and field content automatic, but no 
information about how to attach indices or how to 

place derivatives 

Systematic algorithm for how to add indices & select minimal sets 
developed in 1808.00442
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Finding the form of operators:

 terms are straight forward group theory + Bose/Fermi 
statistics, trickiness enters with derivatives

Problem only gets worse as you add derivatives

𝒪(D0)

2 D3(d†
c dc H†H)

d†c(Ddc)(D
2H†)H,

d†c(Ddc)H
† D2H,

d†c(Ddc)(DH†)2H,

d†c(Ddc)(H
†)(DH)2,

d†c(Ddc)(DH†)(DH)H†H
<latexit sha1_base64="APEKbjQ84qisfWrtSwmHoKNfN9U="></latexit><latexit sha1_base64="APEKbjQ84qisfWrtSwmHoKNfN9U="></latexit><latexit sha1_base64="APEKbjQ84qisfWrtSwmHoKNfN9U="></latexit><latexit sha1_base64="APEKbjQ84qisfWrtSwmHoKNfN9U="></latexit>

…

ex.)

14 terms{
<latexit sha1_base64="3mUsSsGBzxIwMHqEtbUH8pys3v8="></latexit><latexit sha1_base64="3mUsSsGBzxIwMHqEtbUH8pys3v8="></latexit><latexit sha1_base64="3mUsSsGBzxIwMHqEtbUH8pys3v8="></latexit><latexit sha1_base64="3mUsSsGBzxIwMHqEtbUH8pys3v8="></latexit>

3D(d†
c d2

c HQ) = ?
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𝒪i(Dmϕn)

Finding the form of operators:

Suppose we’re interested in operators with n fields, m derivatives

To proceed: manually reconstruct IBP relationships
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𝒪i(Dmϕn)

Finding the form of operators:

Suppose we’re interested in operators with n fields, m derivatives

To proceed: manually reconstruct IBP relationships

i.e. D²(φ²(φ*)²)

(Dμφ*)φ*φ²…Look first for operators: 𝒪j
μ(Dm−1ϕn)

one fewer derivative, four-vector representation of 
Lorentz, invariant under all other symmetries

1.)

(see talk by David for related approach)
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Finding the form of operators:

𝒪i(Dmϕn)

2.) apply the last derivative:

Dμ𝒪j
μ(Dm−1ϕn) = ∑

i

cji 𝒪i(Dmϕn)

relation between operators  

Dμ(ϕ2 ϕ* Dμϕ*) = 2 ϕϕ*(Dμϕ)(Dμϕ*) + ϕ2 (Dμϕ*)2ex.)

=
�
2 1

�✓ ��⇤(Dµ�)(Dµ�⇤)
�2(Dµ�⇤)2

◆

<latexit sha1_base64="iFize7MwR053tvAfLh3k6ohD2ww="></latexit><latexit sha1_base64="iFize7MwR053tvAfLh3k6ohD2ww="></latexit><latexit sha1_base64="iFize7MwR053tvAfLh3k6ohD2ww="></latexit><latexit sha1_base64="iFize7MwR053tvAfLh3k6ohD2ww="></latexit>

total derivative

ⱼᵢ

[
<latexit sha1_base64="8K/WRXgxsTpqvh7t8DacJxayLPU=">AAAB6HicbZBNS8NAEIYnftb6VfXoZbEInkoigh6LXjy2YD8gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vrCwsM7M+zMG6aCa+O6387a+sbm1nZpp7y7t39wWDk6buskUwxbLBGJ6oZUo+ASW4Ybgd1UIY1DgZ1wfDerd55QaZ7IBzNJMYjpUPKIM2qs1fT7lapbc+ciq+AVUIVCjX7lqzdIWBajNExQrX3PTU2QU2U4Ezgt9zKNKWVjOkTfoqQx6iCfLzol59YZkChR9klD5u7viZzGWk/i0HbG1Iz0cm1m/lfzMxPdBDmXaWZQssVHUSaIScjsajLgCpkREwuUKW53JWxEFWXGZlO2IXjLJ69C+7LmWW5eVeu3RRwlOIUzuAAPrqEO99CAFjBAeIZXeHMenRfn3flYtK45xcwJ/JHz+QO6R4zf</latexit><latexit sha1_base64="8K/WRXgxsTpqvh7t8DacJxayLPU=">AAAB6HicbZBNS8NAEIYnftb6VfXoZbEInkoigh6LXjy2YD8gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vrCwsM7M+zMG6aCa+O6387a+sbm1nZpp7y7t39wWDk6buskUwxbLBGJ6oZUo+ASW4Ybgd1UIY1DgZ1wfDerd55QaZ7IBzNJMYjpUPKIM2qs1fT7lapbc+ciq+AVUIVCjX7lqzdIWBajNExQrX3PTU2QU2U4Ezgt9zKNKWVjOkTfoqQx6iCfLzol59YZkChR9klD5u7viZzGWk/i0HbG1Iz0cm1m/lfzMxPdBDmXaWZQssVHUSaIScjsajLgCpkREwuUKW53JWxEFWXGZlO2IXjLJ69C+7LmWW5eVeu3RRwlOIUzuAAPrqEO99CAFjBAeIZXeHMenRfn3flYtK45xcwJ/JHz+QO6R4zf</latexit><latexit sha1_base64="8K/WRXgxsTpqvh7t8DacJxayLPU=">AAAB6HicbZBNS8NAEIYnftb6VfXoZbEInkoigh6LXjy2YD8gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vrCwsM7M+zMG6aCa+O6387a+sbm1nZpp7y7t39wWDk6buskUwxbLBGJ6oZUo+ASW4Ybgd1UIY1DgZ1wfDerd55QaZ7IBzNJMYjpUPKIM2qs1fT7lapbc+ciq+AVUIVCjX7lqzdIWBajNExQrX3PTU2QU2U4Ezgt9zKNKWVjOkTfoqQx6iCfLzol59YZkChR9klD5u7viZzGWk/i0HbG1Iz0cm1m/lfzMxPdBDmXaWZQssVHUSaIScjsajLgCpkREwuUKW53JWxEFWXGZlO2IXjLJ69C+7LmWW5eVeu3RRwlOIUzuAAPrqEO99CAFjBAeIZXeHMenRfn3flYtK45xcwJ/JHz+QO6R4zf</latexit><latexit sha1_base64="8K/WRXgxsTpqvh7t8DacJxayLPU=">AAAB6HicbZBNS8NAEIYnftb6VfXoZbEInkoigh6LXjy2YD8gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vrCwsM7M+zMG6aCa+O6387a+sbm1nZpp7y7t39wWDk6buskUwxbLBGJ6oZUo+ASW4Ybgd1UIY1DgZ1wfDerd55QaZ7IBzNJMYjpUPKIM2qs1fT7lapbc+ciq+AVUIVCjX7lqzdIWBajNExQrX3PTU2QU2U4Ezgt9zKNKWVjOkTfoqQx6iCfLzol59YZkChR9klD5u7viZzGWk/i0HbG1Iz0cm1m/lfzMxPdBDmXaWZQssVHUSaIScjsajLgCpkREwuUKW53JWxEFWXGZlO2IXjLJ69C+7LmWW5eVeu3RRwlOIUzuAAPrqEO99CAFjBAeIZXeHMenRfn3flYtK45xcwJ/JHz+QO6R4zf</latexit>

]
<latexit sha1_base64="KF68lJTYY5CbUAZf+PnYVyF/cW8=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjraY/KFfcqrsQWQcvhwrkagzKX/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWZQ0Qu1ni0Vn5MI6QxLGyj5pyML9PZHRSOtpFNjOiJqxXq3Nzf9qvdSEN37GZZIalGz5UZgKYmIyv5oMuUJmxNQCZYrbXQkbU0WZsdmUbAje6snr0L6qepab15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh85nz+9T4zh</latexit><latexit sha1_base64="KF68lJTYY5CbUAZf+PnYVyF/cW8=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjraY/KFfcqrsQWQcvhwrkagzKX/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWZQ0Qu1ni0Vn5MI6QxLGyj5pyML9PZHRSOtpFNjOiJqxXq3Nzf9qvdSEN37GZZIalGz5UZgKYmIyv5oMuUJmxNQCZYrbXQkbU0WZsdmUbAje6snr0L6qepab15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh85nz+9T4zh</latexit><latexit sha1_base64="KF68lJTYY5CbUAZf+PnYVyF/cW8=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjraY/KFfcqrsQWQcvhwrkagzKX/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWZQ0Qu1ni0Vn5MI6QxLGyj5pyML9PZHRSOtpFNjOiJqxXq3Nzf9qvdSEN37GZZIalGz5UZgKYmIyv5oMuUJmxNQCZYrbXQkbU0WZsdmUbAje6snr0L6qepab15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh85nz+9T4zh</latexit><latexit sha1_base64="KF68lJTYY5CbUAZf+PnYVyF/cW8=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjraY/KFfcqrsQWQcvhwrkagzKX/1hzNIIpWGCat3z3MT4GVWGM4GzUj/VmFA2oSPsWZQ0Qu1ni0Vn5MI6QxLGyj5pyML9PZHRSOtpFNjOiJqxXq3Nzf9qvdSEN37GZZIalGz5UZgKYmIyv5oMuUJmxNQCZYrbXQkbU0WZsdmUbAje6snr0L6qepab15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh85nz+9T4zh</latexit>
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#  ∴ #  𝒪i(Dmϕn)
Including IBP

= 𝒪i(Dmϕn) 𝒪j
μ(Dm−1ϕn)-  #  

As                     operators may not be independent:
− rank(cij)

𝒪j
μ(Dm−1ϕn)

• row-reduced cij tells us complete IBP relations among   𝒪i(Dmϕn)

(d†σ̄μDνdc)(D2
{μν}H

† H)
(d†σ̄μDνdc)(H† D2

{μν}H)

(d†
c σ̄μdc)(D2

{μν}H
† DνH)

(d†
c σ̄μdc)(DνH† D2

{μν}H)

2 D3(d†
c dc H†H)ex.) For (14 terms, 14 conditions from O(D²))

}
<latexit sha1_base64="pC6ulxdEfAglYJI77oeVgQ9s/Uc=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5Davd55QaR7LRzNN0I/oSPKQM2qs9dCfVQbVmlt35yKr4BVQg0LNQfWrP4xZGqE0TFCte56bGD+jynAmcFbppxoTyiZ0hD2Lkkao/Wy+6oycWWdIwljZJw2Zu78nMhppPY0C2xlRM9bLtdz8r9ZLTXjtZ1wmqUHJFh+FqSAmJvndZMgVMiOmFihT3O5K2JgqyoxNJw/BWz55FdoXdc/y/WWtcVPEUYYTOIVz8OAKGnAHTWgBgxE8wyu8OcJ5cd6dj0VrySlmjuGPnM8f03WNew==</latexit><latexit sha1_base64="pC6ulxdEfAglYJI77oeVgQ9s/Uc=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5Davd55QaR7LRzNN0I/oSPKQM2qs9dCfVQbVmlt35yKr4BVQg0LNQfWrP4xZGqE0TFCte56bGD+jynAmcFbppxoTyiZ0hD2Lkkao/Wy+6oycWWdIwljZJw2Zu78nMhppPY0C2xlRM9bLtdz8r9ZLTXjtZ1wmqUHJFh+FqSAmJvndZMgVMiOmFihT3O5K2JgqyoxNJw/BWz55FdoXdc/y/WWtcVPEUYYTOIVz8OAKGnAHTWgBgxE8wyu8OcJ5cd6dj0VrySlmjuGPnM8f03WNew==</latexit><latexit sha1_base64="pC6ulxdEfAglYJI77oeVgQ9s/Uc=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5Davd55QaR7LRzNN0I/oSPKQM2qs9dCfVQbVmlt35yKr4BVQg0LNQfWrP4xZGqE0TFCte56bGD+jynAmcFbppxoTyiZ0hD2Lkkao/Wy+6oycWWdIwljZJw2Zu78nMhppPY0C2xlRM9bLtdz8r9ZLTXjtZ1wmqUHJFh+FqSAmJvndZMgVMiOmFihT3O5K2JgqyoxNJw/BWz55FdoXdc/y/WWtcVPEUYYTOIVz8OAKGnAHTWgBgxE8wyu8OcJ5cd6dj0VrySlmjuGPnM8f03WNew==</latexit><latexit sha1_base64="pC6ulxdEfAglYJI77oeVgQ9s/Uc=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5Davd55QaR7LRzNN0I/oSPKQM2qs9dCfVQbVmlt35yKr4BVQg0LNQfWrP4xZGqE0TFCte56bGD+jynAmcFbppxoTyiZ0hD2Lkkao/Wy+6oycWWdIwljZJw2Zu78nMhppPY0C2xlRM9bLtdz8r9ZLTXjtZ1wmqUHJFh+FqSAmJvndZMgVMiOmFihT3O5K2JgqyoxNJw/BWz55FdoXdc/y/WWtcVPEUYYTOIVz8OAKGnAHTWgBgxE8wyu8OcJ5cd6dj0VrySlmjuGPnM8f03WNew==</latexit>

}
<latexit sha1_base64="pC6ulxdEfAglYJI77oeVgQ9s/Uc=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5Davd55QaR7LRzNN0I/oSPKQM2qs9dCfVQbVmlt35yKr4BVQg0LNQfWrP4xZGqE0TFCte56bGD+jynAmcFbppxoTyiZ0hD2Lkkao/Wy+6oycWWdIwljZJw2Zu78nMhppPY0C2xlRM9bLtdz8r9ZLTXjtZ1wmqUHJFh+FqSAmJvndZMgVMiOmFihT3O5K2JgqyoxNJw/BWz55FdoXdc/y/WWtcVPEUYYTOIVz8OAKGnAHTWgBgxE8wyu8OcJ5cd6dj0VrySlmjuGPnM8f03WNew==</latexit><latexit sha1_base64="pC6ulxdEfAglYJI77oeVgQ9s/Uc=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5Davd55QaR7LRzNN0I/oSPKQM2qs9dCfVQbVmlt35yKr4BVQg0LNQfWrP4xZGqE0TFCte56bGD+jynAmcFbppxoTyiZ0hD2Lkkao/Wy+6oycWWdIwljZJw2Zu78nMhppPY0C2xlRM9bLtdz8r9ZLTXjtZ1wmqUHJFh+FqSAmJvndZMgVMiOmFihT3O5K2JgqyoxNJw/BWz55FdoXdc/y/WWtcVPEUYYTOIVz8OAKGnAHTWgBgxE8wyu8OcJ5cd6dj0VrySlmjuGPnM8f03WNew==</latexit><latexit sha1_base64="pC6ulxdEfAglYJI77oeVgQ9s/Uc=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5Davd55QaR7LRzNN0I/oSPKQM2qs9dCfVQbVmlt35yKr4BVQg0LNQfWrP4xZGqE0TFCte56bGD+jynAmcFbppxoTyiZ0hD2Lkkao/Wy+6oycWWdIwljZJw2Zu78nMhppPY0C2xlRM9bLtdz8r9ZLTXjtZ1wmqUHJFh+FqSAmJvndZMgVMiOmFihT3O5K2JgqyoxNJw/BWz55FdoXdc/y/WWtcVPEUYYTOIVz8OAKGnAHTWgBgxE8wyu8OcJ5cd6dj0VrySlmjuGPnM8f03WNew==</latexit><latexit sha1_base64="pC6ulxdEfAglYJI77oeVgQ9s/Uc=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5Davd55QaR7LRzNN0I/oSPKQM2qs9dCfVQbVmlt35yKr4BVQg0LNQfWrP4xZGqE0TFCte56bGD+jynAmcFbppxoTyiZ0hD2Lkkao/Wy+6oycWWdIwljZJw2Zu78nMhppPY0C2xlRM9bLtdz8r9ZLTXjtZ1wmqUHJFh+FqSAmJvndZMgVMiOmFihT3O5K2JgqyoxNJw/BWz55FdoXdc/y/WWtcVPEUYYTOIVz8OAKGnAHTWgBgxE8wyu8OcJ5cd6dj0VrySlmjuGPnM8f03WNew==</latexit>
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#  ∴ #  𝒪i(Dmϕn)
Including IBP

= 𝒪i(Dmϕn) 𝒪j
μ(Dm−1ϕn)-  #  

As                     operators may not be independent:
− rank(cij)

𝒪j
μ(Dm−1ϕn)

• row-reduced cij tells us complete IBP relations among   𝒪i(Dmϕn)

(d†σ̄μDνdc)(D2
{μν}H

† H)
(d†σ̄μDνdc)(H† D2

{μν}H)

(d†
c σ̄μdc)(D2

{μν}H
† DνH)

(d†
c σ̄μdc)(DνH† D2

{μν}H)

2 D3(d†
c dc H†H)ex.) For (14 terms, 14 conditions from O(D²))

}
<latexit sha1_base64="pC6ulxdEfAglYJI77oeVgQ9s/Uc=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5Davd55QaR7LRzNN0I/oSPKQM2qs9dCfVQbVmlt35yKr4BVQg0LNQfWrP4xZGqE0TFCte56bGD+jynAmcFbppxoTyiZ0hD2Lkkao/Wy+6oycWWdIwljZJw2Zu78nMhppPY0C2xlRM9bLtdz8r9ZLTXjtZ1wmqUHJFh+FqSAmJvndZMgVMiOmFihT3O5K2JgqyoxNJw/BWz55FdoXdc/y/WWtcVPEUYYTOIVz8OAKGnAHTWgBgxE8wyu8OcJ5cd6dj0VrySlmjuGPnM8f03WNew==</latexit><latexit sha1_base64="pC6ulxdEfAglYJI77oeVgQ9s/Uc=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5Davd55QaR7LRzNN0I/oSPKQM2qs9dCfVQbVmlt35yKr4BVQg0LNQfWrP4xZGqE0TFCte56bGD+jynAmcFbppxoTyiZ0hD2Lkkao/Wy+6oycWWdIwljZJw2Zu78nMhppPY0C2xlRM9bLtdz8r9ZLTXjtZ1wmqUHJFh+FqSAmJvndZMgVMiOmFihT3O5K2JgqyoxNJw/BWz55FdoXdc/y/WWtcVPEUYYTOIVz8OAKGnAHTWgBgxE8wyu8OcJ5cd6dj0VrySlmjuGPnM8f03WNew==</latexit><latexit sha1_base64="pC6ulxdEfAglYJI77oeVgQ9s/Uc=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5Davd55QaR7LRzNN0I/oSPKQM2qs9dCfVQbVmlt35yKr4BVQg0LNQfWrP4xZGqE0TFCte56bGD+jynAmcFbppxoTyiZ0hD2Lkkao/Wy+6oycWWdIwljZJw2Zu78nMhppPY0C2xlRM9bLtdz8r9ZLTXjtZ1wmqUHJFh+FqSAmJvndZMgVMiOmFihT3O5K2JgqyoxNJw/BWz55FdoXdc/y/WWtcVPEUYYTOIVz8OAKGnAHTWgBgxE8wyu8OcJ5cd6dj0VrySlmjuGPnM8f03WNew==</latexit><latexit sha1_base64="pC6ulxdEfAglYJI77oeVgQ9s/Uc=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5Davd55QaR7LRzNN0I/oSPKQM2qs9dCfVQbVmlt35yKr4BVQg0LNQfWrP4xZGqE0TFCte56bGD+jynAmcFbppxoTyiZ0hD2Lkkao/Wy+6oycWWdIwljZJw2Zu78nMhppPY0C2xlRM9bLtdz8r9ZLTXjtZ1wmqUHJFh+FqSAmJvndZMgVMiOmFihT3O5K2JgqyoxNJw/BWz55FdoXdc/y/WWtcVPEUYYTOIVz8OAKGnAHTWgBgxE8wyu8OcJ5cd6dj0VrySlmjuGPnM8f03WNew==</latexit>

}
<latexit sha1_base64="pC6ulxdEfAglYJI77oeVgQ9s/Uc=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5Davd55QaR7LRzNN0I/oSPKQM2qs9dCfVQbVmlt35yKr4BVQg0LNQfWrP4xZGqE0TFCte56bGD+jynAmcFbppxoTyiZ0hD2Lkkao/Wy+6oycWWdIwljZJw2Zu78nMhppPY0C2xlRM9bLtdz8r9ZLTXjtZ1wmqUHJFh+FqSAmJvndZMgVMiOmFihT3O5K2JgqyoxNJw/BWz55FdoXdc/y/WWtcVPEUYYTOIVz8OAKGnAHTWgBgxE8wyu8OcJ5cd6dj0VrySlmjuGPnM8f03WNew==</latexit><latexit sha1_base64="pC6ulxdEfAglYJI77oeVgQ9s/Uc=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5Davd55QaR7LRzNN0I/oSPKQM2qs9dCfVQbVmlt35yKr4BVQg0LNQfWrP4xZGqE0TFCte56bGD+jynAmcFbppxoTyiZ0hD2Lkkao/Wy+6oycWWdIwljZJw2Zu78nMhppPY0C2xlRM9bLtdz8r9ZLTXjtZ1wmqUHJFh+FqSAmJvndZMgVMiOmFihT3O5K2JgqyoxNJw/BWz55FdoXdc/y/WWtcVPEUYYTOIVz8OAKGnAHTWgBgxE8wyu8OcJ5cd6dj0VrySlmjuGPnM8f03WNew==</latexit><latexit sha1_base64="pC6ulxdEfAglYJI77oeVgQ9s/Uc=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5Davd55QaR7LRzNN0I/oSPKQM2qs9dCfVQbVmlt35yKr4BVQg0LNQfWrP4xZGqE0TFCte56bGD+jynAmcFbppxoTyiZ0hD2Lkkao/Wy+6oycWWdIwljZJw2Zu78nMhppPY0C2xlRM9bLtdz8r9ZLTXjtZ1wmqUHJFh+FqSAmJvndZMgVMiOmFihT3O5K2JgqyoxNJw/BWz55FdoXdc/y/WWtcVPEUYYTOIVz8OAKGnAHTWgBgxE8wyu8OcJ5cd6dj0VrySlmjuGPnM8f03WNew==</latexit><latexit sha1_base64="pC6ulxdEfAglYJI77oeVgQ9s/Uc=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5Davd55QaR7LRzNN0I/oSPKQM2qs9dCfVQbVmlt35yKr4BVQg0LNQfWrP4xZGqE0TFCte56bGD+jynAmcFbppxoTyiZ0hD2Lkkao/Wy+6oycWWdIwljZJw2Zu78nMhppPY0C2xlRM9bLtdz8r9ZLTXjtZ1wmqUHJFh+FqSAmJvndZMgVMiOmFihT3O5K2JgqyoxNJw/BWz55FdoXdc/y/WWtcVPEUYYTOIVz8OAKGnAHTWgBgxE8wyu8OcJ5cd6dj0VrySlmjuGPnM8f03WNew==</latexit>

O2D1 (H†H)2(DµH
† DµH) O2D14 i ✏IJK (DµH

†⌧ ID⌫H)(W J
µ⇢

fWK
⇢⌫ + fW J

µ⇢W
K
⇢⌫)

O2D2 �IJ (H†H)(H†⌧ IH)(DµH
†⌧JDµH) O2D15 �IJ (DµH

† ⌧ IDµH)B⇢�W
J
⇢�

O2D3 (DµH
† D⌫H)Bµ⇢B⇢⌫ O2D16 �IJ (DµH

† ⌧ IDµH)B⇢�
fW J

⇢�

O2D4 (DµH
†DµH)B⇢�B⇢� O2D17 i �IJ (DµH

†⌧ ID⌫H)(Bµ⇢W
J
⇢⌫ �B⌫⇢W

J
⇢µ)

O2D5 (DµH
†DµH)B⇢�

eB⇢� O2D18 �IJ (DµH
†⌧ ID⌫H)(Bµ⇢W

J
⇢⌫ +B⌫⇢W

J
⇢µ)

O2D6 �AB (DµH
†D⌫H)GA

µ⇢G
B
⇢⌫ O2D19 �IJ (DµH

†⌧ ID⌫H)(B⇢[µ
fW J

⌫]⇢ � eB⇢[µW
J
⌫]⇢)

O2D7 �AB (DµH
†DµH)GA

⇢�G
B
⇢� O2D20 i �IJ (DµH

†⌧ ID⌫H)(B⇢{µfW J
⌫}⇢ + eB⇢{µW

J
⌫}⇢)

O2D8 �AB (DµH
†DµH)GA

⇢�
eGB
⇢� O2D21 (H†H)(DµH

† D⌫H)Bµ⌫

O2D9 �IJ (DµH
†D⌫H)W I

µ⇢W
J
⇢⌫ O2D22 (H†H)(DµH

† D⌫H) eBµ⌫

O2D10 �IJ (DµH
†DµH)W I

⇢�W
J
⇢� O2D23 �IJ (H†H)(DµH

†⌧ ID⌫H)W J
µ⌫

O2D11 �IJ (DµH
†DµH)W I

⇢�
fW J

⇢� O2D24 �IJ (H†H)(DµH
†⌧ ID⌫H)fW J

µ⌫

O2D12 i ✏IJK (DµH
†⌧ ID⌫H)W J

µ⇢W
K
⇢⌫ O2D25 i ✏IJK (H†⌧ IH)(DµH

†⌧JD⌫H)WK
µ⌫

O2D13 ✏IJK (DµH
†⌧ ID⌫H)(W J

µ⇢
fWK

⇢⌫ � fW J
µ⇢W

K
⇢⌫) O2D26 i ✏IJK (H†⌧ IH)(DµH

†⌧JD⌫H)fWK
µ⌫

Table 4. The 26 two-derivative operators after conversion to the standard X, eX notation (plus
linear combinations). Factors of i are included where necessary so that the operators are explicitly
self-hermitian with real coe�cients.

O4D1 (DµH†D⌫H)(D⌫H†DµH)

O4D2 (DµH†D⌫H)(DµH†D⌫H)

O4D3 (DµH†DµH)(D⌫H†D⌫H)

Table 5. The explicit forms of the three bosonic dimension-8 operators containing at least one Higgs
field and four derivatives. These three operators have 3 independent real coe�cients.

also combine them, e.g. OQ5, OQ̃5, into six complex operators with complex coe�-

cients. The 8 operators on the right hand side correspond to the D(Q†Q H2(H†)2) and

D3(Q†QH†H). All 8 should be accompanied by real coe�cients. Throughout this list,

we have chosen to put derivatives on the Higgs fields whenever possible. However, while

it is possible to form an invariant with three derivative on Higgses, Q†Q D2H†DH and

Q†Q DH†D2H (with two EW contraction possibilities each), the two are not indepen-

dent under IBP so we cannot span the full set of D3(Q†QH†H) operators with them.

Rather than choose one, Q†Q D2H†DH or Q†Q DH†D2H we have opted for a more

symmetric choice involving two derivatives on Higgses and one on a fermion.

Using Table 6 one can easily write down similar operators involving right handed fermions

or leptons. For left-handed leptons, we just need to replace Q ! L as the SU(3)c structure

played no role; similarly, trading in Q for uc, dc or ec only the SU(2) singlet combinations

OQ1, O3Q1, O3Q3 and OQ5, OQ̃5, OQ6, OQ̃6 are allowed.

– 16 –
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First application: pp → W h

Why?

•  Few operators contribute: we only care about dim-8 
terms that can interfere w/ SM contributions — limits us 
to LH quarks, CP even: ~15 boson ops, ~14 fermionic, 
implemented in FeynRules/UFO

•  Potential for large effects: most dim-6 terms generate WT, 
not WL,  ∴ pp → WL h will have

(dim-6)2 ∼
v2 ̂s
Λ4

(dim-8) ∼
̂s2

Λ4

* Nf = 1 flavor universal higher dim effects, Warsaw basis
 11



modificationsf̄f V hVV
modifications

contact terms

Field strengths, EW inputs modified

First application: pp → W h
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First application: pp → W h

New at dim-8:

operators that affect contact terms but not ff̅V

(Q†σ̄μDνQ)(D2
{μν}H

†)H ⊃ v d†
Lσ̄μuL W−

ν ∂2
{μν}h + ⋯ex.)

(compare to (Q†σ̄μ Q)(H†Dμ H) at dim-6)
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First application: pp → W h

To estimate impact of dim-8 terms:

•  Turn on only one dim-6 operator at a time: 
First example: cHW H†H WμνWμν cHW =

1
Λ2

6
,

• Turn on all dim-8, equal magnitude coefficients: c(i)
8 =

1
Λ4

8
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First application: pp → W h

To estimate impact of dim-8 terms:

•  Turn on only one dim-6 operator at a time: 
First example: cHW H†H WμνWμν cHW =

1
Λ2

6
,

• Turn on all dim-8, equal magnitude coefficients: c(i)
8 =

1
Λ4

8

•  Naively: Λ₆ = Λ₈, but we’ll float these as a way to explore 
how big dim-8 could potentially be

•  Explore different signs among c(i)8 as there can be 
cancellations among terms. Results shown for a representative 
example choice of signs
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First application: pp → W h

Demand EFT consistency conditions:

• (dim-6) x SM > (dim-8) x SM

• (dim-8) x SM > (dim-8)2

Calculate: 

|σ(pp → W+h)SMEFT − σ(pp → W+h)SM | /σSM
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Application pp → W H in SMEFT
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Application pp → W H in SMEFT
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Application pp → W H in SMEFT
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Application pp → W H in SMEFT

δΛ6

Λ6
∼ few  %

δΛ6

Λ6
∼ 10 %

as ŝ ~ (mW + mH)² ∼ v², difference in energy dependence of EFT 
pieces is minimal → dim-8 effects small
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Application pp → W H in SMEFT

Same idea, but looking at mHW > 500 GeV: larger ŝ means energy 
differences in EFT terms more prominent
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Conclusions & future directions

number and field content of higher dim operators in EFTs: solved

• estimate dim-8 effect at O(few %) for current 
Δμ(pp → hW), growing to O(10%) by Δμ ∼ 0.1 

•  Larger effects, up to (δΛ6/Λ6) ~ 50% for 
boosted/high-ŝ regions 

Sample application: dim-8 SMEFT effects in pp → W+h

Translation to pheno form for dim-8 done for all bosonic 
operators with Higgses, subset of fermionic operators (Nf = 1), in 

Feynrules .fr format (in 1808.00442 source). 
 Recipe established to construct any others (SMEFT & 
beyond) based on constructing matrix of IBP relations  
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•  Expanding the set of processes: pp → Wγ, hh already in 
progress. Automatization (talk by David) will open up many more

Conclusions & future directions

• We only turned on one dim-6 operator, turning on multiple 
allows the possibility of more intricate/complex effects

• Dim-8 effects largest for specific polarizations. Worth 
studying how to enhance those populations in analyses 

Lots of interesting directions to explore!

[1712.01310 Franseschini et al,1804.08688 Liu, Wang ]

• Improve/optimize FeynRules implementation
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Hilbert series:
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=
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generating function — generates 
all possible polynomials of fields 

( φ², φ ψ, ψ² φ,etc.) 
and derivatives 

projects out invariants from 
polynomial (relies on character 

orthonormality)

removes IBP redundancies



Using other dim-6 operators
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Figure 4. Deviation in the inclusive (left panel) and high-mass (right panel) �(pp ! hW+) cross

section assuming the only non-zero dimension-6 operator is O(3)
HQ and adding in all dimension-8 oper-

ators with equal magnitude coe�cients and mixed signs as in the bottom panel of Fig. 2. The blue,

red, and dashed black lines correspond to the same scenarios as in Fig. 2. The current limit on c(3)HQ

at 95% CL is 0.66TeV�1 [88]; we have zoomed in to make the dimension-8 contribution more visible.

Figure 5. Deviation in the inclusive (left panel) and high-mass (right panel) �(pp ! hW+) cross
section assuming the only non-zero dimension-6 operator is OH⇤ and adding in all dimension-8 op-
erators with equal magnitude coe�cients and the mixed signs as in the bottom panel of Fig. 2. The
blue, red, and dashed black lines correspond to the same scenarios as in Fig. 2. Current constraints
on cH⇤ are weak, so we have zoomed in to make the dimension-8 contribution more visible.

at low values of the dimension-6 coupling is less pronounced than it was in Figs . 2 and 3.

This is due to the fact that a larger dimension-6 contribution to the cross section means ⇤8

can be lower before the ASM ⇥Adim-6 > ASM ⇥Adim-8 EFT validity criteria is violated. The

⇤8 = ⇤6 line in this scenario is di�cult to see because it hugs the blue line.

Next, we repeat the exercise assuming the only dimension-6 operator is OH⇤, with co-

e�cient cH⇤. As cH⇤ only modifies terms in the cross section at O(ŝ�1), its impact on

the cross section is very small. One might expect that a suppressed dimension-6 piece

could receive large relative dimension-8 corrections. However, our EFT validity requirement

ASM ⇥Adim-6 > ASM ⇥Adim-8 prevents this from happening. Notice that the majority of the

⇤6 = ⇤8 line lies outside of the region where we trust the EFT. In terms of new physics scales

inferred by measurements of |�µ|, |�µ(pp ! hW+)| = 0.1, the new physics scale ranges

– 36 –

c(3)
Hq (Q†σ̄μQ)(H†DμH)

Does contribute to pp → WL h ∴ larger impact on σ, 
reduced effect from dimension-8

δΛ6

Λ6
∼ few  %

δΛ6

Λ6
∼ few  %

δΛ6

Λ6
∼ 30 %



Using other dim-6 operators

Figure 4. Deviation in the inclusive (left panel) and high-mass (right panel) �(pp ! hW+) cross

section assuming the only non-zero dimension-6 operator is O(3)
HQ and adding in all dimension-8 oper-

ators with equal magnitude coe�cients and mixed signs as in the bottom panel of Fig. 2. The blue,

red, and dashed black lines correspond to the same scenarios as in Fig. 2. The current limit on c(3)HQ

at 95% CL is 0.66TeV�1 [88]; we have zoomed in to make the dimension-8 contribution more visible.
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Figure 5. Deviation in the inclusive (left panel) and high-mass (right panel) �(pp ! hW+) cross
section assuming the only non-zero dimension-6 operator is OH⇤ and adding in all dimension-8 op-
erators with equal magnitude coe�cients and the mixed signs as in the bottom panel of Fig. 2. The
blue, red, and dashed black lines correspond to the same scenarios as in Fig. 2. Current constraints
on cH⇤ are weak, so we have zoomed in to make the dimension-8 contribution more visible.

at low values of the dimension-6 coupling is less pronounced than it was in Figs . 2 and 3.

This is due to the fact that a larger dimension-6 contribution to the cross section means ⇤8

can be lower before the ASM ⇥Adim-6 > ASM ⇥Adim-8 EFT validity criteria is violated. The

⇤8 = ⇤6 line in this scenario is di�cult to see because it hugs the blue line.

Next, we repeat the exercise assuming the only dimension-6 operator is OH⇤, with co-

e�cient cH⇤. As cH⇤ only modifies terms in the cross section at O(ŝ�1), its impact on

the cross section is very small. One might expect that a suppressed dimension-6 piece

could receive large relative dimension-8 corrections. However, our EFT validity requirement

ASM ⇥Adim-6 > ASM ⇥Adim-8 prevents this from happening. Notice that the majority of the

⇤6 = ⇤8 line lies outside of the region where we trust the EFT. In terms of new physics scales

inferred by measurements of |�µ|, |�µ(pp ! hW+)| = 0.1, the new physics scale ranges

– 36 –

cH□ (H†H) □ (H†H)

Only enters via normalization of Higgs field

δΛ6

Λ6
∼ 7  %


