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❖ Obtain gravity amplitudes from much simpler YM amplitudes
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❖ Example: momentum deflection in classical fast scattering

❖ Up to factors, just somehow square part of the EM expression

❖ We’ll see this follows from a property of quantum amplitudes

❖ Extends to all orders of perturbation theory, many observables
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�pµ1 = � e2

2⇡

bµ

b · b
u1 · u2p

(u1 · u2)2 � 1
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�pµ1 = 4Gm1m2
bµ

b · b
(u1 · u2)2p
(u1 · u2)2 � 1

<latexit sha1_base64="lM5WwG8MmHjRl/ieMR6Cfnf0E7c="></latexit><latexit sha1_base64="lM5WwG8MmHjRl/ieMR6Cfnf0E7c="></latexit><latexit sha1_base64="lM5WwG8MmHjRl/ieMR6Cfnf0E7c="></latexit><latexit sha1_base64="lM5WwG8MmHjRl/ieMR6Cfnf0E7c="></latexit>



Invitation
❖ Theoretical progress is timely

❖ Bright future for gravitational 
wave observatories

❖ Space-based: LISA

❖ Ground-based: KAGRA, 
Voyager, Einstein Telescope,…

❖ High precision, large datasets

❖ We want high precision GR



Invitation
❖ Can extract interaction potential from scalar amplitudes

❖ Potential is flexible, but it requires some definition

❖ My philosophy: use on-shell, gauge invariant quantities

❖ Experience with amplitudes is it pays to be on shell

❖ Build formalism for computing classical observables which is 
valid to all orders

Donoghue, 
Bjerrum-Bohr, Damgaard, Torma, Holstein, Ross, Vanhove, Planté, Festuccia,

Neill, Rothstein,
Bern, Cheung, Roiban, Shen, Solon, Zeng 

Talks by Bern, Cheung



Quantum Amplitudes for Classical Physics

1. Background on amplitudes

2. Observables

3. Classical observables

4. Conclude



Amplitudes
❖ Time evolution operator from far past to far future is the S matrix:

❖ Write

P (1 ! 2) = |h2|S|1i|2
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Amplitudes
❖ Time evolution operator from far past to far future is the S matrix:

❖ Write

Nothing
happens

P (1 ! 2) = |h2|S|1i|2
<latexit sha1_base64="q1qeyOu/huqkxdSGA8Qnbu8upso="></latexit><latexit sha1_base64="q1qeyOu/huqkxdSGA8Qnbu8upso="></latexit><latexit sha1_base64="q1qeyOu/huqkxdSGA8Qnbu8upso="></latexit><latexit sha1_base64="q1qeyOu/huqkxdSGA8Qnbu8upso="></latexit>



Amplitudes
❖ Time evolution operator from far past to far future is the S matrix:

❖ Write

“Transition matrix”

P (1 ! 2) = |h2|S|1i|2
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Amplitudes
❖ Time evolution operator from far past to far future is the S matrix:

❖ Write

“Transition matrix”

❖ The matrix elements of T on momentum states are the amplitudes 

❖ Compute eg with Feynman diagrams

P (1 ! 2) = |h2|S|1i|2
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Amplitudes

Kawai, Lewellen, Tye
Bern, Carrasco, Johansson

AYM =
X

i2diagrams

cini

Di
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Amplitudes
❖ Key idea to simplify gravity amplitudes:

❖ “Double copy”: gravity = YM^2 Kawai, Lewellen, Tye
Bern, Carrasco, Johansson

AYM =
X

i2diagrams

cini

Di
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Amplitudes
❖ Key idea to simplify gravity amplitudes:

❖ “Double copy”: gravity = YM^2 Kawai, Lewellen, Tye
Bern, Carrasco, Johansson

AYM =
X

i2diagrams

cini

Di
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Amplitudes
❖ Key idea to simplify gravity amplitudes:

❖ “Double copy”: gravity = YM^2 Kawai, Lewellen, Tye
Bern, Carrasco, Johansson

AYM =
X

i2diagrams

cini

Di
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Gauge group colour factors: fabef cde · · ·



Amplitudes
❖ Key idea to simplify gravity amplitudes:

❖ “Double copy”: gravity = YM^2 Kawai, Lewellen, Tye
Bern, Carrasco, Johansson

AYM =
X

i2diagrams

cini

Di
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Kinematic numerator: ✏1 · (p2 � p3) · · ·



Amplitudes
❖ Key idea to simplify gravity amplitudes:

❖ “Double copy”: gravity = YM^2

❖ If numerators have property of colour-kinematics duality then

Kawai, Lewellen, Tye
Bern, Carrasco, Johansson

AYM =
X

i2diagrams

cini

Di
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) AGR =
X

i2diagrams

nini

Di
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Amplitudes
❖ Key idea to simplify gravity amplitudes:

❖ “Double copy”: gravity = YM^2

❖ If numerators have property of colour-kinematics duality then

Kawai, Lewellen, Tye
Bern, Carrasco, Johansson

AYM =
X

i2diagrams

cini

Di
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) AGR =
X

i2diagrams

nini

Di
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ci + cj + ck = 0

) ni + nj + nk = 0



Amplitudes
❖ Key idea to simplify gravity amplitudes:

❖ “Double copy”: gravity = YM^2

❖ If numerators have property of colour-kinematics duality then

❖ Greatly simplifies calculation of gravity amplitudes

❖ One issue: double copy introduces unwanted dilaton, axion

Kawai, Lewellen, Tye
Bern, Carrasco, Johansson

AYM =
X

i2diagrams

cini

Di
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) AGR =
X

i2diagrams

nini

Di
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ci + cj + ck = 0

) ni + nj + nk = 0

Talks by Bern and Shen

Talks by Roiban, Edison, Kälin



❖ Now let’s restore the factors of 

❖ Easy to do this by dimensional analysis…

❖ … once you know the right dimensions

❖ Consistent to choose dimension of amplitude
[An] = M4�n
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(even when          ) ~ 6= 1
<latexit sha1_base64="HbVVhk///ITLb2ta1CgDqSq6Mtg=">AAACCXicbVDLSsNAFL2pr1pfVZduBovgqiQi2GXBjcsK9gFNKJPppBk6mYwzE7GEfoF7t/oL7sStX+Ef+BlO2yy09cCFwzn3cu89oeRMG9f9ckpr6xubW+Xtys7u3v5B9fCoo9NMEdomKU9VL8SaciZo2zDDaU8qipOQ0244vp753QeqNEvFnZlIGiR4JFjECDZW8v04xAr5gt4jb1CtuXV3DrRKvILUoEBrUP32hynJEioM4VjrvudKE+RYGUY4nVb8TFOJyRiPaN9SgROqg3x+8xSdWWWIolTZEgbN1d8TOU60niSh7UywifWyNxP/9UYKy5iRx6X9JmoEORMyM1SQxfoo48ikaBYLGjJFieETSzBRzH6ASIwVJsaGV7HReMtBrJLORd1z697tZa3ZKEIqwwmcwjl4cAVNuIEWtIGAhGd4gVfnyXlz3p2PRWvJKWaO4Q+czx/3AJpD</latexit><latexit sha1_base64="HbVVhk///ITLb2ta1CgDqSq6Mtg=">AAACCXicbVDLSsNAFL2pr1pfVZduBovgqiQi2GXBjcsK9gFNKJPppBk6mYwzE7GEfoF7t/oL7sStX+Ef+BlO2yy09cCFwzn3cu89oeRMG9f9ckpr6xubW+Xtys7u3v5B9fCoo9NMEdomKU9VL8SaciZo2zDDaU8qipOQ0244vp753QeqNEvFnZlIGiR4JFjECDZW8v04xAr5gt4jb1CtuXV3DrRKvILUoEBrUP32hynJEioM4VjrvudKE+RYGUY4nVb8TFOJyRiPaN9SgROqg3x+8xSdWWWIolTZEgbN1d8TOU60niSh7UywifWyNxP/9UYKy5iRx6X9JmoEORMyM1SQxfoo48ikaBYLGjJFieETSzBRzH6ASIwVJsaGV7HReMtBrJLORd1z697tZa3ZKEIqwwmcwjl4cAVNuIEWtIGAhGd4gVfnyXlz3p2PRWvJKWaO4Q+czx/3AJpD</latexit><latexit sha1_base64="HbVVhk///ITLb2ta1CgDqSq6Mtg=">AAACCXicbVDLSsNAFL2pr1pfVZduBovgqiQi2GXBjcsK9gFNKJPppBk6mYwzE7GEfoF7t/oL7sStX+Ef+BlO2yy09cCFwzn3cu89oeRMG9f9ckpr6xubW+Xtys7u3v5B9fCoo9NMEdomKU9VL8SaciZo2zDDaU8qipOQ0244vp753QeqNEvFnZlIGiR4JFjECDZW8v04xAr5gt4jb1CtuXV3DrRKvILUoEBrUP32hynJEioM4VjrvudKE+RYGUY4nVb8TFOJyRiPaN9SgROqg3x+8xSdWWWIolTZEgbN1d8TOU60niSh7UywifWyNxP/9UYKy5iRx6X9JmoEORMyM1SQxfoo48ikaBYLGjJFieETSzBRzH6ASIwVJsaGV7HReMtBrJLORd1z697tZa3ZKEIqwwmcwjl4cAVNuIEWtIGAhGd4gVfnyXlz3p2PRWvJKWaO4Q+czx/3AJpD</latexit><latexit sha1_base64="HbVVhk///ITLb2ta1CgDqSq6Mtg=">AAACCXicbVDLSsNAFL2pr1pfVZduBovgqiQi2GXBjcsK9gFNKJPppBk6mYwzE7GEfoF7t/oL7sStX+Ef+BlO2yy09cCFwzn3cu89oeRMG9f9ckpr6xubW+Xtys7u3v5B9fCoo9NMEdomKU9VL8SaciZo2zDDaU8qipOQ0244vp753QeqNEvFnZlIGiR4JFjECDZW8v04xAr5gt4jb1CtuXV3DrRKvILUoEBrUP32hynJEioM4VjrvudKE+RYGUY4nVb8TFOJyRiPaN9SgROqg3x+8xSdWWWIolTZEgbN1d8TOU60niSh7UywifWyNxP/9UYKy5iRx6X9JmoEORMyM1SQxfoo48ikaBYLGjJFieETSzBRzH6ASIwVJsaGV7HReMtBrJLORd1z697tZa3ZKEIqwwmcwjl4cAVNuIEWtIGAhGd4gVfnyXlz3p2PRWvJKWaO4Q+czx/3AJpD</latexit>

Dimension of mass

Amplitudes
~

<latexit sha1_base64="JV9NBhVvWm7RV2U8PIa4F/KSKiM="></latexit><latexit sha1_base64="JV9NBhVvWm7RV2U8PIa4F/KSKiM="></latexit><latexit sha1_base64="JV9NBhVvWm7RV2U8PIa4F/KSKiM="></latexit><latexit sha1_base64="JV9NBhVvWm7RV2U8PIa4F/KSKiM="></latexit>



❖ “Messenger”: photon or graviton, coupling 

Amplitudes
~ = 1

<latexit sha1_base64="F5U1jbgUYlP3a9nf+UXMQRYSezQ=">AAACMnicbVDLSgMxFM34rPXV2qWbYBHcWGZE0I1ScOOygn1IW8qdNNOGJpkhyYjj0K9wq3/hz+hO3PoRpu0sbOuBC4dz7s3NPX7EmTau++GsrK6tb2zmtvLbO7t7+4XiQUOHsSK0TkIeqpYPmnImad0ww2krUhSEz2nTH91M/OYjVZqF8t4kEe0KGEgWMALGSg+doQ8KX2GvVyi7FXcKvEy8jJRRhlqv6JQ6/ZDEgkpDOGjd9tzIdFNQhhFOx/lOrGkEZAQD2rZUgqC6m05/PMbHVunjIFS2pMFT9e9ECkLrRPi2U4AZ6kVvIv7rDRREQ0aeFvab4LKbMhnFhkoyWx/EHJsQT0LBfaYoMTyxBIhi9gJMhqCAGBvd3PuGjZ7HS8ppQBMpQI5tjN5iaMukcVbx3Ip3d16uXmeB5tAhOkInyEMXqIpuUQ3VEUECvaBX9Oa8O5/Ol/M9a11xspkSmoPz8wsTCqpU</latexit><latexit sha1_base64="F5U1jbgUYlP3a9nf+UXMQRYSezQ=">AAACMnicbVDLSgMxFM34rPXV2qWbYBHcWGZE0I1ScOOygn1IW8qdNNOGJpkhyYjj0K9wq3/hz+hO3PoRpu0sbOuBC4dz7s3NPX7EmTau++GsrK6tb2zmtvLbO7t7+4XiQUOHsSK0TkIeqpYPmnImad0ww2krUhSEz2nTH91M/OYjVZqF8t4kEe0KGEgWMALGSg+doQ8KX2GvVyi7FXcKvEy8jJRRhlqv6JQ6/ZDEgkpDOGjd9tzIdFNQhhFOx/lOrGkEZAQD2rZUgqC6m05/PMbHVunjIFS2pMFT9e9ECkLrRPi2U4AZ6kVvIv7rDRREQ0aeFvab4LKbMhnFhkoyWx/EHJsQT0LBfaYoMTyxBIhi9gJMhqCAGBvd3PuGjZ7HS8ppQBMpQI5tjN5iaMukcVbx3Ip3d16uXmeB5tAhOkInyEMXqIpuUQ3VEUECvaBX9Oa8O5/Ol/M9a11xspkSmoPz8wsTCqpU</latexit><latexit sha1_base64="F5U1jbgUYlP3a9nf+UXMQRYSezQ=">AAACMnicbVDLSgMxFM34rPXV2qWbYBHcWGZE0I1ScOOygn1IW8qdNNOGJpkhyYjj0K9wq3/hz+hO3PoRpu0sbOuBC4dz7s3NPX7EmTau++GsrK6tb2zmtvLbO7t7+4XiQUOHsSK0TkIeqpYPmnImad0ww2krUhSEz2nTH91M/OYjVZqF8t4kEe0KGEgWMALGSg+doQ8KX2GvVyi7FXcKvEy8jJRRhlqv6JQ6/ZDEgkpDOGjd9tzIdFNQhhFOx/lOrGkEZAQD2rZUgqC6m05/PMbHVunjIFS2pMFT9e9ECkLrRPi2U4AZ6kVvIv7rDRREQ0aeFvab4LKbMhnFhkoyWx/EHJsQT0LBfaYoMTyxBIhi9gJMhqCAGBvd3PuGjZ7HS8ppQBMpQI5tjN5iaMukcVbx3Ip3d16uXmeB5tAhOkInyEMXqIpuUQ3VEUECvaBX9Oa8O5/Ol/M9a11xspkSmoPz8wsTCqpU</latexit><latexit sha1_base64="F5U1jbgUYlP3a9nf+UXMQRYSezQ=">AAACMnicbVDLSgMxFM34rPXV2qWbYBHcWGZE0I1ScOOygn1IW8qdNNOGJpkhyYjj0K9wq3/hz+hO3PoRpu0sbOuBC4dz7s3NPX7EmTau++GsrK6tb2zmtvLbO7t7+4XiQUOHsSK0TkIeqpYPmnImad0ww2krUhSEz2nTH91M/OYjVZqF8t4kEe0KGEgWMALGSg+doQ8KX2GvVyi7FXcKvEy8jJRRhlqv6JQ6/ZDEgkpDOGjd9tzIdFNQhhFOx/lOrGkEZAQD2rZUgqC6m05/PMbHVunjIFS2pMFT9e9ECkLrRPi2U4AZ6kVvIv7rDRREQ0aeFvab4LKbMhnFhkoyWx/EHJsQT0LBfaYoMTyxBIhi9gJMhqCAGBvd3PuGjZ7HS8ppQBMpQI5tjN5iaMukcVbx3Ip3d16uXmeB5tAhOkInyEMXqIpuUQ3VEUECvaBX9Oa8O5/Ol/M9a11xspkSmoPz8wsTCqpU</latexit>

g
<latexit sha1_base64="YC6SY565TsFqufrQO/knI6D35kM=">AAACKnicbZDLSgMxFIaTeqv11tqlm8EiuLHMiKArKbhx2YK9QDuUTHpmGprJDElGHIc+gVt9C5/GXXHrg5i2s7CtBwIf/39OTvJ7MWdK2/YMF7a2d3b3ivulg8Oj45Ny5bSjokRSaNOIR7LnEQWcCWhrpjn0Ygkk9Dh0vcnD3O8+g1QsEk86jcENSSCYzyjRRmoFw3LNrtuLsjbByaGG8moOK7g6GEU0CUFoyolSfceOtZsRqRnlMC0NEgUxoRMSQN+gICEoN1u8dGpdGGVk+ZE0R2hrof6dyEioVBp6pjMkeqzWvbn4rxdIEo8ZfVnbr/07N2MiTjQIulzvJ9zSkTUPwxoxCVTz1AChkpkfWHRMJKHaRLZyv2aT1+mGcuVDKkIipiZGZz20Tehc1x3DrZta4z4PtIjO0Dm6RA66RQ30iJqojSgC9Ibe0Qf+xF94hr+XrQWcz1TRSuGfX98fp8Q=</latexit><latexit sha1_base64="YC6SY565TsFqufrQO/knI6D35kM=">AAACKnicbZDLSgMxFIaTeqv11tqlm8EiuLHMiKArKbhx2YK9QDuUTHpmGprJDElGHIc+gVt9C5/GXXHrg5i2s7CtBwIf/39OTvJ7MWdK2/YMF7a2d3b3ivulg8Oj45Ny5bSjokRSaNOIR7LnEQWcCWhrpjn0Ygkk9Dh0vcnD3O8+g1QsEk86jcENSSCYzyjRRmoFw3LNrtuLsjbByaGG8moOK7g6GEU0CUFoyolSfceOtZsRqRnlMC0NEgUxoRMSQN+gICEoN1u8dGpdGGVk+ZE0R2hrof6dyEioVBp6pjMkeqzWvbn4rxdIEo8ZfVnbr/07N2MiTjQIulzvJ9zSkTUPwxoxCVTz1AChkpkfWHRMJKHaRLZyv2aT1+mGcuVDKkIipiZGZz20Tehc1x3DrZta4z4PtIjO0Dm6RA66RQ30iJqojSgC9Ibe0Qf+xF94hr+XrQWcz1TRSuGfX98fp8Q=</latexit><latexit sha1_base64="YC6SY565TsFqufrQO/knI6D35kM=">AAACKnicbZDLSgMxFIaTeqv11tqlm8EiuLHMiKArKbhx2YK9QDuUTHpmGprJDElGHIc+gVt9C5/GXXHrg5i2s7CtBwIf/39OTvJ7MWdK2/YMF7a2d3b3ivulg8Oj45Ny5bSjokRSaNOIR7LnEQWcCWhrpjn0Ygkk9Dh0vcnD3O8+g1QsEk86jcENSSCYzyjRRmoFw3LNrtuLsjbByaGG8moOK7g6GEU0CUFoyolSfceOtZsRqRnlMC0NEgUxoRMSQN+gICEoN1u8dGpdGGVk+ZE0R2hrof6dyEioVBp6pjMkeqzWvbn4rxdIEo8ZfVnbr/07N2MiTjQIulzvJ9zSkTUPwxoxCVTz1AChkpkfWHRMJKHaRLZyv2aT1+mGcuVDKkIipiZGZz20Tehc1x3DrZta4z4PtIjO0Dm6RA66RQ30iJqojSgC9Ibe0Qf+xF94hr+XrQWcz1TRSuGfX98fp8Q=</latexit><latexit sha1_base64="YC6SY565TsFqufrQO/knI6D35kM=">AAACKnicbZDLSgMxFIaTeqv11tqlm8EiuLHMiKArKbhx2YK9QDuUTHpmGprJDElGHIc+gVt9C5/GXXHrg5i2s7CtBwIf/39OTvJ7MWdK2/YMF7a2d3b3ivulg8Oj45Ny5bSjokRSaNOIR7LnEQWcCWhrpjn0Ygkk9Dh0vcnD3O8+g1QsEk86jcENSSCYzyjRRmoFw3LNrtuLsjbByaGG8moOK7g6GEU0CUFoyolSfceOtZsRqRnlMC0NEgUxoRMSQN+gICEoN1u8dGpdGGVk+ZE0R2hrof6dyEioVBp6pjMkeqzWvbn4rxdIEo8ZfVnbr/07N2MiTjQIulzvJ9zSkTUPwxoxCVTz1AChkpkfWHRMJKHaRLZyv2aT1+mGcuVDKkIipiZGZz20Tehc1x3DrZta4z4PtIjO0Dm6RA66RQ30iJqojSgC9Ibe0Qf+xF94hr+XrQWcz1TRSuGfX98fp8Q=</latexit>

iA(p1p2 ! p01p
0
2) =

p1 p1 + q

p2 p2 � q

= ig2
(4p1 · p2 + q2)n

q2
.

<latexit sha1_base64="BHSAHVneiCcqM3cbOyI4iRvGHTs="></latexit><latexit sha1_base64="BHSAHVneiCcqM3cbOyI4iRvGHTs="></latexit><latexit sha1_base64="BHSAHVneiCcqM3cbOyI4iRvGHTs="></latexit><latexit sha1_base64="BHSAHVneiCcqM3cbOyI4iRvGHTs="></latexit>



❖ “Messenger”: photon or graviton, coupling 

❖ Dimensions of momenta, masses, polarisation vectors unchanged 
when

❖ But coupling becomes dimensionful

~ 6= 1
<latexit sha1_base64="mAQMog2Am6JXWfe0JOZOO7yRm0E=">AAACNXicbVDLSgNBEJyNrxhfiTl6GQyCF8OuCHqSgBePEcwDsiH0TnqTIbOz68ysGEN+w6v+hd/iwZt49RecPA4msaChqOqenq4gEVwb1/1wMmvrG5tb2e3czu7e/kG+cFjXcaoY1lgsYtUMQKPgEmuGG4HNRCFEgcBGMLiZ+I1HVJrH8t4ME2xH0JM85AyMlXy/H4CivsQH6nXyJbfsTkFXiTcnJTJHtVNwin43ZmmE0jABWrc8NzHtESjDmcBxzk81JsAG0MOWpRIi1O3R9NNjemKVLg1jZUsaOlX/Towg0noYBbYzAtPXy95E/NfrKUj6nD0t7TfhVXvEZZIalGy2PkwFNTGd5EK7XCEzYmgJMMXtBZT1QQEzNr2F9w0fPI9XlLMQhzICObYxesuhrZL6edlzy97dRalyPQ80S47IMTklHrkkFXJLqqRGGEnIC3klb8678+l8Od+z1owznymSBTg/vwPXq9U=</latexit><latexit sha1_base64="mAQMog2Am6JXWfe0JOZOO7yRm0E=">AAACNXicbVDLSgNBEJyNrxhfiTl6GQyCF8OuCHqSgBePEcwDsiH0TnqTIbOz68ysGEN+w6v+hd/iwZt49RecPA4msaChqOqenq4gEVwb1/1wMmvrG5tb2e3czu7e/kG+cFjXcaoY1lgsYtUMQKPgEmuGG4HNRCFEgcBGMLiZ+I1HVJrH8t4ME2xH0JM85AyMlXy/H4CivsQH6nXyJbfsTkFXiTcnJTJHtVNwin43ZmmE0jABWrc8NzHtESjDmcBxzk81JsAG0MOWpRIi1O3R9NNjemKVLg1jZUsaOlX/Towg0noYBbYzAtPXy95E/NfrKUj6nD0t7TfhVXvEZZIalGy2PkwFNTGd5EK7XCEzYmgJMMXtBZT1QQEzNr2F9w0fPI9XlLMQhzICObYxesuhrZL6edlzy97dRalyPQ80S47IMTklHrkkFXJLqqRGGEnIC3klb8678+l8Od+z1owznymSBTg/vwPXq9U=</latexit><latexit sha1_base64="mAQMog2Am6JXWfe0JOZOO7yRm0E=">AAACNXicbVDLSgNBEJyNrxhfiTl6GQyCF8OuCHqSgBePEcwDsiH0TnqTIbOz68ysGEN+w6v+hd/iwZt49RecPA4msaChqOqenq4gEVwb1/1wMmvrG5tb2e3czu7e/kG+cFjXcaoY1lgsYtUMQKPgEmuGG4HNRCFEgcBGMLiZ+I1HVJrH8t4ME2xH0JM85AyMlXy/H4CivsQH6nXyJbfsTkFXiTcnJTJHtVNwin43ZmmE0jABWrc8NzHtESjDmcBxzk81JsAG0MOWpRIi1O3R9NNjemKVLg1jZUsaOlX/Towg0noYBbYzAtPXy95E/NfrKUj6nD0t7TfhVXvEZZIalGy2PkwFNTGd5EK7XCEzYmgJMMXtBZT1QQEzNr2F9w0fPI9XlLMQhzICObYxesuhrZL6edlzy97dRalyPQ80S47IMTklHrkkFXJLqqRGGEnIC3klb8678+l8Od+z1owznymSBTg/vwPXq9U=</latexit><latexit sha1_base64="mAQMog2Am6JXWfe0JOZOO7yRm0E=">AAACNXicbVDLSgNBEJyNrxhfiTl6GQyCF8OuCHqSgBePEcwDsiH0TnqTIbOz68ysGEN+w6v+hd/iwZt49RecPA4msaChqOqenq4gEVwb1/1wMmvrG5tb2e3czu7e/kG+cFjXcaoY1lgsYtUMQKPgEmuGG4HNRCFEgcBGMLiZ+I1HVJrH8t4ME2xH0JM85AyMlXy/H4CivsQH6nXyJbfsTkFXiTcnJTJHtVNwin43ZmmE0jABWrc8NzHtESjDmcBxzk81JsAG0MOWpRIi1O3R9NNjemKVLg1jZUsaOlX/Towg0noYBbYzAtPXy95E/NfrKUj6nD0t7TfhVXvEZZIalGy2PkwFNTGd5EK7XCEzYmgJMMXtBZT1QQEzNr2F9w0fPI9XlLMQhzICObYxesuhrZL6edlzy97dRalyPQ80S47IMTklHrkkFXJLqqRGGEnIC3klb8678+l8Od+z1owznymSBTg/vwPXq9U=</latexit>

Amplitudes
~ = 1

<latexit sha1_base64="F5U1jbgUYlP3a9nf+UXMQRYSezQ=">AAACMnicbVDLSgMxFM34rPXV2qWbYBHcWGZE0I1ScOOygn1IW8qdNNOGJpkhyYjj0K9wq3/hz+hO3PoRpu0sbOuBC4dz7s3NPX7EmTau++GsrK6tb2zmtvLbO7t7+4XiQUOHsSK0TkIeqpYPmnImad0ww2krUhSEz2nTH91M/OYjVZqF8t4kEe0KGEgWMALGSg+doQ8KX2GvVyi7FXcKvEy8jJRRhlqv6JQ6/ZDEgkpDOGjd9tzIdFNQhhFOx/lOrGkEZAQD2rZUgqC6m05/PMbHVunjIFS2pMFT9e9ECkLrRPi2U4AZ6kVvIv7rDRREQ0aeFvab4LKbMhnFhkoyWx/EHJsQT0LBfaYoMTyxBIhi9gJMhqCAGBvd3PuGjZ7HS8ppQBMpQI5tjN5iaMukcVbx3Ip3d16uXmeB5tAhOkInyEMXqIpuUQ3VEUECvaBX9Oa8O5/Ol/M9a11xspkSmoPz8wsTCqpU</latexit><latexit sha1_base64="F5U1jbgUYlP3a9nf+UXMQRYSezQ=">AAACMnicbVDLSgMxFM34rPXV2qWbYBHcWGZE0I1ScOOygn1IW8qdNNOGJpkhyYjj0K9wq3/hz+hO3PoRpu0sbOuBC4dz7s3NPX7EmTau++GsrK6tb2zmtvLbO7t7+4XiQUOHsSK0TkIeqpYPmnImad0ww2krUhSEz2nTH91M/OYjVZqF8t4kEe0KGEgWMALGSg+doQ8KX2GvVyi7FXcKvEy8jJRRhlqv6JQ6/ZDEgkpDOGjd9tzIdFNQhhFOx/lOrGkEZAQD2rZUgqC6m05/PMbHVunjIFS2pMFT9e9ECkLrRPi2U4AZ6kVvIv7rDRREQ0aeFvab4LKbMhnFhkoyWx/EHJsQT0LBfaYoMTyxBIhi9gJMhqCAGBvd3PuGjZ7HS8ppQBMpQI5tjN5iaMukcVbx3Ip3d16uXmeB5tAhOkInyEMXqIpuUQ3VEUECvaBX9Oa8O5/Ol/M9a11xspkSmoPz8wsTCqpU</latexit><latexit sha1_base64="F5U1jbgUYlP3a9nf+UXMQRYSezQ=">AAACMnicbVDLSgMxFM34rPXV2qWbYBHcWGZE0I1ScOOygn1IW8qdNNOGJpkhyYjj0K9wq3/hz+hO3PoRpu0sbOuBC4dz7s3NPX7EmTau++GsrK6tb2zmtvLbO7t7+4XiQUOHsSK0TkIeqpYPmnImad0ww2krUhSEz2nTH91M/OYjVZqF8t4kEe0KGEgWMALGSg+doQ8KX2GvVyi7FXcKvEy8jJRRhlqv6JQ6/ZDEgkpDOGjd9tzIdFNQhhFOx/lOrGkEZAQD2rZUgqC6m05/PMbHVunjIFS2pMFT9e9ECkLrRPi2U4AZ6kVvIv7rDRREQ0aeFvab4LKbMhnFhkoyWx/EHJsQT0LBfaYoMTyxBIhi9gJMhqCAGBvd3PuGjZ7HS8ppQBMpQI5tjN5iaMukcVbx3Ip3d16uXmeB5tAhOkInyEMXqIpuUQ3VEUECvaBX9Oa8O5/Ol/M9a11xspkSmoPz8wsTCqpU</latexit><latexit sha1_base64="F5U1jbgUYlP3a9nf+UXMQRYSezQ=">AAACMnicbVDLSgMxFM34rPXV2qWbYBHcWGZE0I1ScOOygn1IW8qdNNOGJpkhyYjj0K9wq3/hz+hO3PoRpu0sbOuBC4dz7s3NPX7EmTau++GsrK6tb2zmtvLbO7t7+4XiQUOHsSK0TkIeqpYPmnImad0ww2krUhSEz2nTH91M/OYjVZqF8t4kEe0KGEgWMALGSg+doQ8KX2GvVyi7FXcKvEy8jJRRhlqv6JQ6/ZDEgkpDOGjd9tzIdFNQhhFOx/lOrGkEZAQD2rZUgqC6m05/PMbHVunjIFS2pMFT9e9ECkLrRPi2U4AZ6kVvIv7rDRREQ0aeFvab4LKbMhnFhkoyWx/EHJsQT0LBfaYoMTyxBIhi9gJMhqCAGBvd3PuGjZ7HS8ppQBMpQI5tjN5iaMukcVbx3Ip3d16uXmeB5tAhOkInyEMXqIpuUQ3VEUECvaBX9Oa8O5/Ol/M9a11xspkSmoPz8wsTCqpU</latexit>
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iA(p1p2 ! p01p
0
2) =

p1 p1 + q

p2 p2 � q

= ig2
(4p1 · p2 + q2)n

q2
.
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❖ “Messenger”: photon or graviton, coupling 

❖ Dimensions of momenta, masses, polarisation vectors unchanged 
when

❖ But coupling becomes dimensionful

~ 6= 1
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Amplitudes 

~ 6= 1
<latexit sha1_base64="mAQMog2Am6JXWfe0JOZOO7yRm0E=">AAACNXicbVDLSgNBEJyNrxhfiTl6GQyCF8OuCHqSgBePEcwDsiH0TnqTIbOz68ysGEN+w6v+hd/iwZt49RecPA4msaChqOqenq4gEVwb1/1wMmvrG5tb2e3czu7e/kG+cFjXcaoY1lgsYtUMQKPgEmuGG4HNRCFEgcBGMLiZ+I1HVJrH8t4ME2xH0JM85AyMlXy/H4CivsQH6nXyJbfsTkFXiTcnJTJHtVNwin43ZmmE0jABWrc8NzHtESjDmcBxzk81JsAG0MOWpRIi1O3R9NNjemKVLg1jZUsaOlX/Towg0noYBbYzAtPXy95E/NfrKUj6nD0t7TfhVXvEZZIalGy2PkwFNTGd5EK7XCEzYmgJMMXtBZT1QQEzNr2F9w0fPI9XlLMQhzICObYxesuhrZL6edlzy97dRalyPQ80S47IMTklHrkkFXJLqqRGGEnIC3klb8678+l8Od+z1owznymSBTg/vwPXq9U=</latexit><latexit sha1_base64="mAQMog2Am6JXWfe0JOZOO7yRm0E=">AAACNXicbVDLSgNBEJyNrxhfiTl6GQyCF8OuCHqSgBePEcwDsiH0TnqTIbOz68ysGEN+w6v+hd/iwZt49RecPA4msaChqOqenq4gEVwb1/1wMmvrG5tb2e3czu7e/kG+cFjXcaoY1lgsYtUMQKPgEmuGG4HNRCFEgcBGMLiZ+I1HVJrH8t4ME2xH0JM85AyMlXy/H4CivsQH6nXyJbfsTkFXiTcnJTJHtVNwin43ZmmE0jABWrc8NzHtESjDmcBxzk81JsAG0MOWpRIi1O3R9NNjemKVLg1jZUsaOlX/Towg0noYBbYzAtPXy95E/NfrKUj6nD0t7TfhVXvEZZIalGy2PkwFNTGd5EK7XCEzYmgJMMXtBZT1QQEzNr2F9w0fPI9XlLMQhzICObYxesuhrZL6edlzy97dRalyPQ80S47IMTklHrkkFXJLqqRGGEnIC3klb8678+l8Od+z1owznymSBTg/vwPXq9U=</latexit><latexit sha1_base64="mAQMog2Am6JXWfe0JOZOO7yRm0E=">AAACNXicbVDLSgNBEJyNrxhfiTl6GQyCF8OuCHqSgBePEcwDsiH0TnqTIbOz68ysGEN+w6v+hd/iwZt49RecPA4msaChqOqenq4gEVwb1/1wMmvrG5tb2e3czu7e/kG+cFjXcaoY1lgsYtUMQKPgEmuGG4HNRCFEgcBGMLiZ+I1HVJrH8t4ME2xH0JM85AyMlXy/H4CivsQH6nXyJbfsTkFXiTcnJTJHtVNwin43ZmmE0jABWrc8NzHtESjDmcBxzk81JsAG0MOWpRIi1O3R9NNjemKVLg1jZUsaOlX/Towg0noYBbYzAtPXy95E/NfrKUj6nD0t7TfhVXvEZZIalGy2PkwFNTGd5EK7XCEzYmgJMMXtBZT1QQEzNr2F9w0fPI9XlLMQhzICObYxesuhrZL6edlzy97dRalyPQ80S47IMTklHrkkFXJLqqRGGEnIC3klb8678+l8Od+z1owznymSBTg/vwPXq9U=</latexit><latexit sha1_base64="mAQMog2Am6JXWfe0JOZOO7yRm0E=">AAACNXicbVDLSgNBEJyNrxhfiTl6GQyCF8OuCHqSgBePEcwDsiH0TnqTIbOz68ysGEN+w6v+hd/iwZt49RecPA4msaChqOqenq4gEVwb1/1wMmvrG5tb2e3czu7e/kG+cFjXcaoY1lgsYtUMQKPgEmuGG4HNRCFEgcBGMLiZ+I1HVJrH8t4ME2xH0JM85AyMlXy/H4CivsQH6nXyJbfsTkFXiTcnJTJHtVNwin43ZmmE0jABWrc8NzHtESjDmcBxzk81JsAG0MOWpRIi1O3R9NNjemKVLg1jZUsaOlX/Towg0noYBbYzAtPXy95E/NfrKUj6nD0t7TfhVXvEZZIalGy2PkwFNTGd5EK7XCEzYmgJMMXtBZT1QQEzNr2F9w0fPI9XlLMQhzICObYxesuhrZL6edlzy97dRalyPQ80S47IMTklHrkkFXJLqqRGGEnIC3klb8678+l8Od+z1owznymSBTg/vwPXq9U=</latexit>
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iA(p1p2 ! p01p
0
2) =

p1 p1 + q

p2 p2 � q

= i
g2

~
(4p1 · p2 + q2)n

q2
.
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❖ “Messenger”: photon or graviton, coupling 

❖ Dimensions of momenta, masses, polarisation vectors unchanged 
when

❖ But coupling becomes dimensionful

~ 6= 1
<latexit sha1_base64="mAQMog2Am6JXWfe0JOZOO7yRm0E=">AAACNXicbVDLSgNBEJyNrxhfiTl6GQyCF8OuCHqSgBePEcwDsiH0TnqTIbOz68ysGEN+w6v+hd/iwZt49RecPA4msaChqOqenq4gEVwb1/1wMmvrG5tb2e3czu7e/kG+cFjXcaoY1lgsYtUMQKPgEmuGG4HNRCFEgcBGMLiZ+I1HVJrH8t4ME2xH0JM85AyMlXy/H4CivsQH6nXyJbfsTkFXiTcnJTJHtVNwin43ZmmE0jABWrc8NzHtESjDmcBxzk81JsAG0MOWpRIi1O3R9NNjemKVLg1jZUsaOlX/Towg0noYBbYzAtPXy95E/NfrKUj6nD0t7TfhVXvEZZIalGy2PkwFNTGd5EK7XCEzYmgJMMXtBZT1QQEzNr2F9w0fPI9XlLMQhzICObYxesuhrZL6edlzy97dRalyPQ80S47IMTklHrkkFXJLqqRGGEnIC3klb8678+l8Od+z1owznymSBTg/vwPXq9U=</latexit><latexit sha1_base64="mAQMog2Am6JXWfe0JOZOO7yRm0E=">AAACNXicbVDLSgNBEJyNrxhfiTl6GQyCF8OuCHqSgBePEcwDsiH0TnqTIbOz68ysGEN+w6v+hd/iwZt49RecPA4msaChqOqenq4gEVwb1/1wMmvrG5tb2e3czu7e/kG+cFjXcaoY1lgsYtUMQKPgEmuGG4HNRCFEgcBGMLiZ+I1HVJrH8t4ME2xH0JM85AyMlXy/H4CivsQH6nXyJbfsTkFXiTcnJTJHtVNwin43ZmmE0jABWrc8NzHtESjDmcBxzk81JsAG0MOWpRIi1O3R9NNjemKVLg1jZUsaOlX/Towg0noYBbYzAtPXy95E/NfrKUj6nD0t7TfhVXvEZZIalGy2PkwFNTGd5EK7XCEzYmgJMMXtBZT1QQEzNr2F9w0fPI9XlLMQhzICObYxesuhrZL6edlzy97dRalyPQ80S47IMTklHrkkFXJLqqRGGEnIC3klb8678+l8Od+z1owznymSBTg/vwPXq9U=</latexit><latexit sha1_base64="mAQMog2Am6JXWfe0JOZOO7yRm0E=">AAACNXicbVDLSgNBEJyNrxhfiTl6GQyCF8OuCHqSgBePEcwDsiH0TnqTIbOz68ysGEN+w6v+hd/iwZt49RecPA4msaChqOqenq4gEVwb1/1wMmvrG5tb2e3czu7e/kG+cFjXcaoY1lgsYtUMQKPgEmuGG4HNRCFEgcBGMLiZ+I1HVJrH8t4ME2xH0JM85AyMlXy/H4CivsQH6nXyJbfsTkFXiTcnJTJHtVNwin43ZmmE0jABWrc8NzHtESjDmcBxzk81JsAG0MOWpRIi1O3R9NNjemKVLg1jZUsaOlX/Towg0noYBbYzAtPXy95E/NfrKUj6nD0t7TfhVXvEZZIalGy2PkwFNTGd5EK7XCEzYmgJMMXtBZT1QQEzNr2F9w0fPI9XlLMQhzICObYxesuhrZL6edlzy97dRalyPQ80S47IMTklHrkkFXJLqqRGGEnIC3klb8678+l8Od+z1owznymSBTg/vwPXq9U=</latexit><latexit sha1_base64="mAQMog2Am6JXWfe0JOZOO7yRm0E=">AAACNXicbVDLSgNBEJyNrxhfiTl6GQyCF8OuCHqSgBePEcwDsiH0TnqTIbOz68ysGEN+w6v+hd/iwZt49RecPA4msaChqOqenq4gEVwb1/1wMmvrG5tb2e3czu7e/kG+cFjXcaoY1lgsYtUMQKPgEmuGG4HNRCFEgcBGMLiZ+I1HVJrH8t4ME2xH0JM85AyMlXy/H4CivsQH6nXyJbfsTkFXiTcnJTJHtVNwin43ZmmE0jABWrc8NzHtESjDmcBxzk81JsAG0MOWpRIi1O3R9NNjemKVLg1jZUsaOlX/Towg0noYBbYzAtPXy95E/NfrKUj6nD0t7TfhVXvEZZIalGy2PkwFNTGd5EK7XCEzYmgJMMXtBZT1QQEzNr2F9w0fPI9XlLMQhzICObYxesuhrZL6edlzy97dRalyPQ80S47IMTklHrkkFXJLqqRGGEnIC3klb8678+l8Od+z1owznymSBTg/vwPXq9U=</latexit>

Amplitudes 

~ 6= 1
<latexit sha1_base64="mAQMog2Am6JXWfe0JOZOO7yRm0E=">AAACNXicbVDLSgNBEJyNrxhfiTl6GQyCF8OuCHqSgBePEcwDsiH0TnqTIbOz68ysGEN+w6v+hd/iwZt49RecPA4msaChqOqenq4gEVwb1/1wMmvrG5tb2e3czu7e/kG+cFjXcaoY1lgsYtUMQKPgEmuGG4HNRCFEgcBGMLiZ+I1HVJrH8t4ME2xH0JM85AyMlXy/H4CivsQH6nXyJbfsTkFXiTcnJTJHtVNwin43ZmmE0jABWrc8NzHtESjDmcBxzk81JsAG0MOWpRIi1O3R9NNjemKVLg1jZUsaOlX/Towg0noYBbYzAtPXy95E/NfrKUj6nD0t7TfhVXvEZZIalGy2PkwFNTGd5EK7XCEzYmgJMMXtBZT1QQEzNr2F9w0fPI9XlLMQhzICObYxesuhrZL6edlzy97dRalyPQ80S47IMTklHrkkFXJLqqRGGEnIC3klb8678+l8Od+z1owznymSBTg/vwPXq9U=</latexit><latexit sha1_base64="mAQMog2Am6JXWfe0JOZOO7yRm0E=">AAACNXicbVDLSgNBEJyNrxhfiTl6GQyCF8OuCHqSgBePEcwDsiH0TnqTIbOz68ysGEN+w6v+hd/iwZt49RecPA4msaChqOqenq4gEVwb1/1wMmvrG5tb2e3czu7e/kG+cFjXcaoY1lgsYtUMQKPgEmuGG4HNRCFEgcBGMLiZ+I1HVJrH8t4ME2xH0JM85AyMlXy/H4CivsQH6nXyJbfsTkFXiTcnJTJHtVNwin43ZmmE0jABWrc8NzHtESjDmcBxzk81JsAG0MOWpRIi1O3R9NNjemKVLg1jZUsaOlX/Towg0noYBbYzAtPXy95E/NfrKUj6nD0t7TfhVXvEZZIalGy2PkwFNTGd5EK7XCEzYmgJMMXtBZT1QQEzNr2F9w0fPI9XlLMQhzICObYxesuhrZL6edlzy97dRalyPQ80S47IMTklHrkkFXJLqqRGGEnIC3klb8678+l8Od+z1owznymSBTg/vwPXq9U=</latexit><latexit sha1_base64="mAQMog2Am6JXWfe0JOZOO7yRm0E=">AAACNXicbVDLSgNBEJyNrxhfiTl6GQyCF8OuCHqSgBePEcwDsiH0TnqTIbOz68ysGEN+w6v+hd/iwZt49RecPA4msaChqOqenq4gEVwb1/1wMmvrG5tb2e3czu7e/kG+cFjXcaoY1lgsYtUMQKPgEmuGG4HNRCFEgcBGMLiZ+I1HVJrH8t4ME2xH0JM85AyMlXy/H4CivsQH6nXyJbfsTkFXiTcnJTJHtVNwin43ZmmE0jABWrc8NzHtESjDmcBxzk81JsAG0MOWpRIi1O3R9NNjemKVLg1jZUsaOlX/Towg0noYBbYzAtPXy95E/NfrKUj6nD0t7TfhVXvEZZIalGy2PkwFNTGd5EK7XCEzYmgJMMXtBZT1QQEzNr2F9w0fPI9XlLMQhzICObYxesuhrZL6edlzy97dRalyPQ80S47IMTklHrkkFXJLqqRGGEnIC3klb8678+l8Od+z1owznymSBTg/vwPXq9U=</latexit><latexit sha1_base64="mAQMog2Am6JXWfe0JOZOO7yRm0E=">AAACNXicbVDLSgNBEJyNrxhfiTl6GQyCF8OuCHqSgBePEcwDsiH0TnqTIbOz68ysGEN+w6v+hd/iwZt49RecPA4msaChqOqenq4gEVwb1/1wMmvrG5tb2e3czu7e/kG+cFjXcaoY1lgsYtUMQKPgEmuGG4HNRCFEgcBGMLiZ+I1HVJrH8t4ME2xH0JM85AyMlXy/H4CivsQH6nXyJbfsTkFXiTcnJTJHtVNwin43ZmmE0jABWrc8NzHtESjDmcBxzk81JsAG0MOWpRIi1O3R9NNjemKVLg1jZUsaOlX/Towg0noYBbYzAtPXy95E/NfrKUj6nD0t7TfhVXvEZZIalGy2PkwFNTGd5EK7XCEzYmgJMMXtBZT1QQEzNr2F9w0fPI9XlLMQhzICObYxesuhrZL6edlzy97dRalyPQ80S47IMTklHrkkFXJLqqRGGEnIC3klb8678+l8Od+z1owznymSBTg/vwPXq9U=</latexit>

Simply insert factor
for each factor of  

1/
p
~

<latexit sha1_base64="mAk0VpssXqY5R4sDDgjpWsh6q0A=">AAACN3icbVDLTsJAFJ3iC/EFsnTTSEzciK0xkSWJG5eYyCMBJLfDFCZMp3Xm1lib/odb/Qs/xZU749Y/sAUWAp7kJifn3Dt37nECwTVa1oeRW1vf2NzKbxd2dvf2D4qlw5b2Q0VZk/rCVx0HNBNcsiZyFKwTKAaeI1jbmVxnfvuRKc19eYdRwPoejCR3OQVMpXv7vKcfFMa9sQMqGRQrVtWawlwl9pxUyByNQcko94Y+DT0mkQrQumtbAfZjUMipYEmhF2oWAJ3AiHVTKsFjuh9Pv52YJ6kyNF1fpSXRnKp/J2LwtI48J+30AMd62cvEf72RgmDM6dPSfnRr/ZjLIEQm6Wy9GwoTfTNLxhxyxSiKKCVAFU8vMOkYFFBM81t4H/nkOVlRzlwWSQ9kFqO9HNoqaV1Ubatq315W6rV5oHlyRI7JKbHJFamTG9IgTUKJIi/klbwZ78an8WV8z1pzxnymTBZg/PwC3F6tUA==</latexit><latexit sha1_base64="mAk0VpssXqY5R4sDDgjpWsh6q0A=">AAACN3icbVDLTsJAFJ3iC/EFsnTTSEzciK0xkSWJG5eYyCMBJLfDFCZMp3Xm1lib/odb/Qs/xZU749Y/sAUWAp7kJifn3Dt37nECwTVa1oeRW1vf2NzKbxd2dvf2D4qlw5b2Q0VZk/rCVx0HNBNcsiZyFKwTKAaeI1jbmVxnfvuRKc19eYdRwPoejCR3OQVMpXv7vKcfFMa9sQMqGRQrVtWawlwl9pxUyByNQcko94Y+DT0mkQrQumtbAfZjUMipYEmhF2oWAJ3AiHVTKsFjuh9Pv52YJ6kyNF1fpSXRnKp/J2LwtI48J+30AMd62cvEf72RgmDM6dPSfnRr/ZjLIEQm6Wy9GwoTfTNLxhxyxSiKKCVAFU8vMOkYFFBM81t4H/nkOVlRzlwWSQ9kFqO9HNoqaV1Ubatq315W6rV5oHlyRI7JKbHJFamTG9IgTUKJIi/klbwZ78an8WV8z1pzxnymTBZg/PwC3F6tUA==</latexit><latexit sha1_base64="mAk0VpssXqY5R4sDDgjpWsh6q0A=">AAACN3icbVDLTsJAFJ3iC/EFsnTTSEzciK0xkSWJG5eYyCMBJLfDFCZMp3Xm1lib/odb/Qs/xZU749Y/sAUWAp7kJifn3Dt37nECwTVa1oeRW1vf2NzKbxd2dvf2D4qlw5b2Q0VZk/rCVx0HNBNcsiZyFKwTKAaeI1jbmVxnfvuRKc19eYdRwPoejCR3OQVMpXv7vKcfFMa9sQMqGRQrVtWawlwl9pxUyByNQcko94Y+DT0mkQrQumtbAfZjUMipYEmhF2oWAJ3AiHVTKsFjuh9Pv52YJ6kyNF1fpSXRnKp/J2LwtI48J+30AMd62cvEf72RgmDM6dPSfnRr/ZjLIEQm6Wy9GwoTfTNLxhxyxSiKKCVAFU8vMOkYFFBM81t4H/nkOVlRzlwWSQ9kFqO9HNoqaV1Ubatq315W6rV5oHlyRI7JKbHJFamTG9IgTUKJIi/klbwZ78an8WV8z1pzxnymTBZg/PwC3F6tUA==</latexit><latexit sha1_base64="mAk0VpssXqY5R4sDDgjpWsh6q0A=">AAACN3icbVDLTsJAFJ3iC/EFsnTTSEzciK0xkSWJG5eYyCMBJLfDFCZMp3Xm1lib/odb/Qs/xZU749Y/sAUWAp7kJifn3Dt37nECwTVa1oeRW1vf2NzKbxd2dvf2D4qlw5b2Q0VZk/rCVx0HNBNcsiZyFKwTKAaeI1jbmVxnfvuRKc19eYdRwPoejCR3OQVMpXv7vKcfFMa9sQMqGRQrVtWawlwl9pxUyByNQcko94Y+DT0mkQrQumtbAfZjUMipYEmhF2oWAJ3AiHVTKsFjuh9Pv52YJ6kyNF1fpSXRnKp/J2LwtI48J+30AMd62cvEf72RgmDM6dPSfnRr/ZjLIEQm6Wy9GwoTfTNLxhxyxSiKKCVAFU8vMOkYFFBM81t4H/nkOVlRzlwWSQ9kFqO9HNoqaV1Ubatq315W6rV5oHlyRI7JKbHJFamTG9IgTUKJIi/klbwZ78an8WV8z1pzxnymTBZg/PwC3F6tUA==</latexit>
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<latexit sha1_base64="YC6SY565TsFqufrQO/knI6D35kM=">AAACKnicbZDLSgMxFIaTeqv11tqlm8EiuLHMiKArKbhx2YK9QDuUTHpmGprJDElGHIc+gVt9C5/GXXHrg5i2s7CtBwIf/39OTvJ7MWdK2/YMF7a2d3b3ivulg8Oj45Ny5bSjokRSaNOIR7LnEQWcCWhrpjn0Ygkk9Dh0vcnD3O8+g1QsEk86jcENSSCYzyjRRmoFw3LNrtuLsjbByaGG8moOK7g6GEU0CUFoyolSfceOtZsRqRnlMC0NEgUxoRMSQN+gICEoN1u8dGpdGGVk+ZE0R2hrof6dyEioVBp6pjMkeqzWvbn4rxdIEo8ZfVnbr/07N2MiTjQIulzvJ9zSkTUPwxoxCVTz1AChkpkfWHRMJKHaRLZyv2aT1+mGcuVDKkIipiZGZz20Tehc1x3DrZta4z4PtIjO0Dm6RA66RQ30iJqojSgC9Ibe0Qf+xF94hr+XrQWcz1TRSuGfX98fp8Q=</latexit><latexit sha1_base64="YC6SY565TsFqufrQO/knI6D35kM=">AAACKnicbZDLSgMxFIaTeqv11tqlm8EiuLHMiKArKbhx2YK9QDuUTHpmGprJDElGHIc+gVt9C5/GXXHrg5i2s7CtBwIf/39OTvJ7MWdK2/YMF7a2d3b3ivulg8Oj45Ny5bSjokRSaNOIR7LnEQWcCWhrpjn0Ygkk9Dh0vcnD3O8+g1QsEk86jcENSSCYzyjRRmoFw3LNrtuLsjbByaGG8moOK7g6GEU0CUFoyolSfceOtZsRqRnlMC0NEgUxoRMSQN+gICEoN1u8dGpdGGVk+ZE0R2hrof6dyEioVBp6pjMkeqzWvbn4rxdIEo8ZfVnbr/07N2MiTjQIulzvJ9zSkTUPwxoxCVTz1AChkpkfWHRMJKHaRLZyv2aT1+mGcuVDKkIipiZGZz20Tehc1x3DrZta4z4PtIjO0Dm6RA66RQ30iJqojSgC9Ibe0Qf+xF94hr+XrQWcz1TRSuGfX98fp8Q=</latexit><latexit sha1_base64="YC6SY565TsFqufrQO/knI6D35kM=">AAACKnicbZDLSgMxFIaTeqv11tqlm8EiuLHMiKArKbhx2YK9QDuUTHpmGprJDElGHIc+gVt9C5/GXXHrg5i2s7CtBwIf/39OTvJ7MWdK2/YMF7a2d3b3ivulg8Oj45Ny5bSjokRSaNOIR7LnEQWcCWhrpjn0Ygkk9Dh0vcnD3O8+g1QsEk86jcENSSCYzyjRRmoFw3LNrtuLsjbByaGG8moOK7g6GEU0CUFoyolSfceOtZsRqRnlMC0NEgUxoRMSQN+gICEoN1u8dGpdGGVk+ZE0R2hrof6dyEioVBp6pjMkeqzWvbn4rxdIEo8ZfVnbr/07N2MiTjQIulzvJ9zSkTUPwxoxCVTz1AChkpkfWHRMJKHaRLZyv2aT1+mGcuVDKkIipiZGZz20Tehc1x3DrZta4z4PtIjO0Dm6RA66RQ30iJqojSgC9Ibe0Qf+xF94hr+XrQWcz1TRSuGfX98fp8Q=</latexit><latexit sha1_base64="YC6SY565TsFqufrQO/knI6D35kM=">AAACKnicbZDLSgMxFIaTeqv11tqlm8EiuLHMiKArKbhx2YK9QDuUTHpmGprJDElGHIc+gVt9C5/GXXHrg5i2s7CtBwIf/39OTvJ7MWdK2/YMF7a2d3b3ivulg8Oj45Ny5bSjokRSaNOIR7LnEQWcCWhrpjn0Ygkk9Dh0vcnD3O8+g1QsEk86jcENSSCYzyjRRmoFw3LNrtuLsjbByaGG8moOK7g6GEU0CUFoyolSfceOtZsRqRnlMC0NEgUxoRMSQN+gICEoN1u8dGpdGGVk+ZE0R2hrof6dyEioVBp6pjMkeqzWvbn4rxdIEo8ZfVnbr/07N2MiTjQIulzvJ9zSkTUPwxoxCVTz1AChkpkfWHRMJKHaRLZyv2aT1+mGcuVDKkIipiZGZz20Tehc1x3DrZta4z4PtIjO0Dm6RA66RQ30iJqojSgC9Ibe0Qf+xF94hr+XrQWcz1TRSuGfX98fp8Q=</latexit>
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<latexit sha1_base64="YC6SY565TsFqufrQO/knI6D35kM=">AAACKnicbZDLSgMxFIaTeqv11tqlm8EiuLHMiKArKbhx2YK9QDuUTHpmGprJDElGHIc+gVt9C5/GXXHrg5i2s7CtBwIf/39OTvJ7MWdK2/YMF7a2d3b3ivulg8Oj45Ny5bSjokRSaNOIR7LnEQWcCWhrpjn0Ygkk9Dh0vcnD3O8+g1QsEk86jcENSSCYzyjRRmoFw3LNrtuLsjbByaGG8moOK7g6GEU0CUFoyolSfceOtZsRqRnlMC0NEgUxoRMSQN+gICEoN1u8dGpdGGVk+ZE0R2hrof6dyEioVBp6pjMkeqzWvbn4rxdIEo8ZfVnbr/07N2MiTjQIulzvJ9zSkTUPwxoxCVTz1AChkpkfWHRMJKHaRLZyv2aT1+mGcuVDKkIipiZGZz20Tehc1x3DrZta4z4PtIjO0Dm6RA66RQ30iJqojSgC9Ibe0Qf+xF94hr+XrQWcz1TRSuGfX98fp8Q=</latexit><latexit sha1_base64="YC6SY565TsFqufrQO/knI6D35kM=">AAACKnicbZDLSgMxFIaTeqv11tqlm8EiuLHMiKArKbhx2YK9QDuUTHpmGprJDElGHIc+gVt9C5/GXXHrg5i2s7CtBwIf/39OTvJ7MWdK2/YMF7a2d3b3ivulg8Oj45Ny5bSjokRSaNOIR7LnEQWcCWhrpjn0Ygkk9Dh0vcnD3O8+g1QsEk86jcENSSCYzyjRRmoFw3LNrtuLsjbByaGG8moOK7g6GEU0CUFoyolSfceOtZsRqRnlMC0NEgUxoRMSQN+gICEoN1u8dGpdGGVk+ZE0R2hrof6dyEioVBp6pjMkeqzWvbn4rxdIEo8ZfVnbr/07N2MiTjQIulzvJ9zSkTUPwxoxCVTz1AChkpkfWHRMJKHaRLZyv2aT1+mGcuVDKkIipiZGZz20Tehc1x3DrZta4z4PtIjO0Dm6RA66RQ30iJqojSgC9Ibe0Qf+xF94hr+XrQWcz1TRSuGfX98fp8Q=</latexit><latexit sha1_base64="YC6SY565TsFqufrQO/knI6D35kM=">AAACKnicbZDLSgMxFIaTeqv11tqlm8EiuLHMiKArKbhx2YK9QDuUTHpmGprJDElGHIc+gVt9C5/GXXHrg5i2s7CtBwIf/39OTvJ7MWdK2/YMF7a2d3b3ivulg8Oj45Ny5bSjokRSaNOIR7LnEQWcCWhrpjn0Ygkk9Dh0vcnD3O8+g1QsEk86jcENSSCYzyjRRmoFw3LNrtuLsjbByaGG8moOK7g6GEU0CUFoyolSfceOtZsRqRnlMC0NEgUxoRMSQN+gICEoN1u8dGpdGGVk+ZE0R2hrof6dyEioVBp6pjMkeqzWvbn4rxdIEo8ZfVnbr/07N2MiTjQIulzvJ9zSkTUPwxoxCVTz1AChkpkfWHRMJKHaRLZyv2aT1+mGcuVDKkIipiZGZz20Tehc1x3DrZta4z4PtIjO0Dm6RA66RQ30iJqojSgC9Ibe0Qf+xF94hr+XrQWcz1TRSuGfX98fp8Q=</latexit><latexit sha1_base64="YC6SY565TsFqufrQO/knI6D35kM=">AAACKnicbZDLSgMxFIaTeqv11tqlm8EiuLHMiKArKbhx2YK9QDuUTHpmGprJDElGHIc+gVt9C5/GXXHrg5i2s7CtBwIf/39OTvJ7MWdK2/YMF7a2d3b3ivulg8Oj45Ny5bSjokRSaNOIR7LnEQWcCWhrpjn0Ygkk9Dh0vcnD3O8+g1QsEk86jcENSSCYzyjRRmoFw3LNrtuLsjbByaGG8moOK7g6GEU0CUFoyolSfceOtZsRqRnlMC0NEgUxoRMSQN+gICEoN1u8dGpdGGVk+ZE0R2hrof6dyEioVBp6pjMkeqzWvbn4rxdIEo8ZfVnbr/07N2MiTjQIulzvJ9zSkTUPwxoxCVTz1AChkpkfWHRMJKHaRLZyv2aT1+mGcuVDKkIipiZGZz20Tehc1x3DrZta4z4PtIjO0Dm6RA66RQ30iJqojSgC9Ibe0Qf+xF94hr+XrQWcz1TRSuGfX98fp8Q=</latexit>

iA(p1p2 ! p01p
0
2) =

p1 p1 + q

p2 p2 � q

= i
g2

~
(4p1 · p2 + q2)n

q2
.

<latexit sha1_base64="pFSi4LQ9R+s7TR/hCemJxAcyHeg="></latexit><latexit sha1_base64="pFSi4LQ9R+s7TR/hCemJxAcyHeg="></latexit><latexit sha1_base64="pFSi4LQ9R+s7TR/hCemJxAcyHeg="></latexit><latexit sha1_base64="pp9hxO637QwHogSN8tYICtEHHNo=">AAACG3icbZC9TsMwFIWd8ldKgVaMLBEVEgtVwgIjEgtjkWiL1EaV49y0Vm0nsm8QIcoLsPIWPA0b6tvg/gy05UiWPp1j+9onTAU36Hkzp7Kzu7d/UD2sHdVrxyenjXrPJJlm0GWJSPRLSA0IrqCLHAW8pBqoDAX0w+nDPO+/gjY8Uc+YpxBIOlY85oyitTqjRstrewu52+CvoEVWGjWds2GUsEyCQiaoMQPfSzEoqEbOBJS1YWYgpWxKxzCwqKgEExSLd5bupXUiN060XQrdhfv3REGlMbkM7U5JcWI2s7n5bzbWNJ1w9rYxH+O7oOAqzRAUW46PM+Fi4s6rcCOugaHILVCmuf2ByyZUU4a2sLX7kU/fyy3nOoZcSapK26K/2dk29G7avuUnj1TJObkgV8Qnt+SePJIO6RJGIvJBPp0v59v5WbZdcVa1N8manNkvwzWk0w==</latexit><latexit sha1_base64="4tyAx1jVrcZWHXu0nQ4tSSmmpFs="></latexit><latexit sha1_base64="4tyAx1jVrcZWHXu0nQ4tSSmmpFs="></latexit><latexit sha1_base64="oM5NxxGXe069BeOj/5N37l38A74="></latexit><latexit sha1_base64="pFSi4LQ9R+s7TR/hCemJxAcyHeg="></latexit><latexit sha1_base64="pFSi4LQ9R+s7TR/hCemJxAcyHeg="></latexit><latexit sha1_base64="pFSi4LQ9R+s7TR/hCemJxAcyHeg="></latexit><latexit sha1_base64="pFSi4LQ9R+s7TR/hCemJxAcyHeg="></latexit><latexit sha1_base64="pFSi4LQ9R+s7TR/hCemJxAcyHeg="></latexit><latexit sha1_base64="pFSi4LQ9R+s7TR/hCemJxAcyHeg="></latexit>



❖ So find

❖ Well-known! QED:

❖ Same in gravity

❖ But then how can we sensibly extract classical physics from an 
expansion in inverse powers of   ?  

Amplitudes

↵ = e2/(4⇡~c)
<latexit sha1_base64="S41GI72/lf4/DXoWUXq6qB1jSp8=">AAACHXicbZDLSsNAFIYn9VbrrepSkMEi1E1NSkE3SsGNywr2Ak0tJ9NpM3SSDDMTsYTufA/3bvUV3Ilb8Q18DKdtFtr6w4GP/5zD4fye4Exp2/6yMkvLK6tr2fXcxubW9k5+d6+holgSWicRj2TLA0U5C2ldM81pS0gKgcdp0xteTfrNeyoVi8JbPRK0E8AgZH1GQBurmz90gQsf8AWmd2V8iosV7AqGXd8DiclJN1+wS/ZUeBGcFAooVa2b/3Z7EYkDGmrCQam2YwvdSUBqRjgd59xYUQFkCAPaNhhCQFUnmf4xxsfG6eF+JE2FGk/d3xsJBEqNAs9MBqB9Nd+bmP/2BhKEz8jD3H3dP+8kLBSxpiGZne/HHOsIT6LCPSYp0XxkAIhk5gNMfJBAtAk0Z6Jx5oNYhEa55Bi+qRSql2lIWXSAjlAROegMVdE1qqE6IugRPaMX9Go9WW/Wu/UxG81Y6c4++iPr8wf6/J/d</latexit><latexit sha1_base64="S41GI72/lf4/DXoWUXq6qB1jSp8=">AAACHXicbZDLSsNAFIYn9VbrrepSkMEi1E1NSkE3SsGNywr2Ak0tJ9NpM3SSDDMTsYTufA/3bvUV3Ilb8Q18DKdtFtr6w4GP/5zD4fye4Exp2/6yMkvLK6tr2fXcxubW9k5+d6+holgSWicRj2TLA0U5C2ldM81pS0gKgcdp0xteTfrNeyoVi8JbPRK0E8AgZH1GQBurmz90gQsf8AWmd2V8iosV7AqGXd8DiclJN1+wS/ZUeBGcFAooVa2b/3Z7EYkDGmrCQam2YwvdSUBqRjgd59xYUQFkCAPaNhhCQFUnmf4xxsfG6eF+JE2FGk/d3xsJBEqNAs9MBqB9Nd+bmP/2BhKEz8jD3H3dP+8kLBSxpiGZne/HHOsIT6LCPSYp0XxkAIhk5gNMfJBAtAk0Z6Jx5oNYhEa55Bi+qRSql2lIWXSAjlAROegMVdE1qqE6IugRPaMX9Go9WW/Wu/UxG81Y6c4++iPr8wf6/J/d</latexit><latexit sha1_base64="S41GI72/lf4/DXoWUXq6qB1jSp8=">AAACHXicbZDLSsNAFIYn9VbrrepSkMEi1E1NSkE3SsGNywr2Ak0tJ9NpM3SSDDMTsYTufA/3bvUV3Ilb8Q18DKdtFtr6w4GP/5zD4fye4Exp2/6yMkvLK6tr2fXcxubW9k5+d6+holgSWicRj2TLA0U5C2ldM81pS0gKgcdp0xteTfrNeyoVi8JbPRK0E8AgZH1GQBurmz90gQsf8AWmd2V8iosV7AqGXd8DiclJN1+wS/ZUeBGcFAooVa2b/3Z7EYkDGmrCQam2YwvdSUBqRjgd59xYUQFkCAPaNhhCQFUnmf4xxsfG6eF+JE2FGk/d3xsJBEqNAs9MBqB9Nd+bmP/2BhKEz8jD3H3dP+8kLBSxpiGZne/HHOsIT6LCPSYp0XxkAIhk5gNMfJBAtAk0Z6Jx5oNYhEa55Bi+qRSql2lIWXSAjlAROegMVdE1qqE6IugRPaMX9Go9WW/Wu/UxG81Y6c4++iPr8wf6/J/d</latexit><latexit sha1_base64="S41GI72/lf4/DXoWUXq6qB1jSp8=">AAACHXicbZDLSsNAFIYn9VbrrepSkMEi1E1NSkE3SsGNywr2Ak0tJ9NpM3SSDDMTsYTufA/3bvUV3Ilb8Q18DKdtFtr6w4GP/5zD4fye4Exp2/6yMkvLK6tr2fXcxubW9k5+d6+holgSWicRj2TLA0U5C2ldM81pS0gKgcdp0xteTfrNeyoVi8JbPRK0E8AgZH1GQBurmz90gQsf8AWmd2V8iosV7AqGXd8DiclJN1+wS/ZUeBGcFAooVa2b/3Z7EYkDGmrCQam2YwvdSUBqRjgd59xYUQFkCAPaNhhCQFUnmf4xxsfG6eF+JE2FGk/d3xsJBEqNAs9MBqB9Nd+bmP/2BhKEz8jD3H3dP+8kLBSxpiGZne/HHOsIT6LCPSYp0XxkAIhk5gNMfJBAtAk0Z6Jx5oNYhEa55Bi+qRSql2lIWXSAjlAROegMVdE1qqE6IugRPaMX9Go9WW/Wu/UxG81Y6c4++iPr8wf6/J/d</latexit>
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g ! e
<latexit sha1_base64="w4znQm3eXEDNhqAMZ2IHgcs9mM8=">AAACOnicbZDLSgMxFIYz3q23qks3wSK4UWZE0JUIblwq2Au0pZxJz0xDM5khOaPW0idxq2/hi7h1J259ANPLQlsPBD7+/5yc5A8zJS35/rs3N7+wuLS8slpYW9/Y3Cpu71RsmhuBZZGq1NRCsKikxjJJUljLDEISKqyG3auhX71HY2Wq76iXYTOBWMtICiAntYpbMW8YGXcIjEkfOLaKJf/YHxWfhWACJTapm9a2t9topyJPUJNQYG098DNq9sGQFAoHhUZuMQPRhRjrDjUkaJv90csH/MApbR6lxh1NfKT+nuhDYm0vCV1nAtSx095Q/NeLDWQdKR6n9lN03uxLneWEWozXR7nilPJhOLwtDQpSPQcgjHQ/4KIDBgS5CP/cT7L7NJhRjiLs6QT0wMUYTIc2C5WT48Dx7Wnp8mIS6ArbY/vskAXsjF2ya3bDykywnD2zF/bqvXkf3qf3NW6d8yYzu+xPed8/8Mytyw==</latexit><latexit sha1_base64="w4znQm3eXEDNhqAMZ2IHgcs9mM8=">AAACOnicbZDLSgMxFIYz3q23qks3wSK4UWZE0JUIblwq2Au0pZxJz0xDM5khOaPW0idxq2/hi7h1J259ANPLQlsPBD7+/5yc5A8zJS35/rs3N7+wuLS8slpYW9/Y3Cpu71RsmhuBZZGq1NRCsKikxjJJUljLDEISKqyG3auhX71HY2Wq76iXYTOBWMtICiAntYpbMW8YGXcIjEkfOLaKJf/YHxWfhWACJTapm9a2t9topyJPUJNQYG098DNq9sGQFAoHhUZuMQPRhRjrDjUkaJv90csH/MApbR6lxh1NfKT+nuhDYm0vCV1nAtSx095Q/NeLDWQdKR6n9lN03uxLneWEWozXR7nilPJhOLwtDQpSPQcgjHQ/4KIDBgS5CP/cT7L7NJhRjiLs6QT0wMUYTIc2C5WT48Dx7Wnp8mIS6ArbY/vskAXsjF2ya3bDykywnD2zF/bqvXkf3qf3NW6d8yYzu+xPed8/8Mytyw==</latexit><latexit sha1_base64="w4znQm3eXEDNhqAMZ2IHgcs9mM8=">AAACOnicbZDLSgMxFIYz3q23qks3wSK4UWZE0JUIblwq2Au0pZxJz0xDM5khOaPW0idxq2/hi7h1J259ANPLQlsPBD7+/5yc5A8zJS35/rs3N7+wuLS8slpYW9/Y3Cpu71RsmhuBZZGq1NRCsKikxjJJUljLDEISKqyG3auhX71HY2Wq76iXYTOBWMtICiAntYpbMW8YGXcIjEkfOLaKJf/YHxWfhWACJTapm9a2t9topyJPUJNQYG098DNq9sGQFAoHhUZuMQPRhRjrDjUkaJv90csH/MApbR6lxh1NfKT+nuhDYm0vCV1nAtSx095Q/NeLDWQdKR6n9lN03uxLneWEWozXR7nilPJhOLwtDQpSPQcgjHQ/4KIDBgS5CP/cT7L7NJhRjiLs6QT0wMUYTIc2C5WT48Dx7Wnp8mIS6ArbY/vskAXsjF2ya3bDykywnD2zF/bqvXkf3qf3NW6d8yYzu+xPed8/8Mytyw==</latexit><latexit sha1_base64="w4znQm3eXEDNhqAMZ2IHgcs9mM8=">AAACOnicbZDLSgMxFIYz3q23qks3wSK4UWZE0JUIblwq2Au0pZxJz0xDM5khOaPW0idxq2/hi7h1J259ANPLQlsPBD7+/5yc5A8zJS35/rs3N7+wuLS8slpYW9/Y3Cpu71RsmhuBZZGq1NRCsKikxjJJUljLDEISKqyG3auhX71HY2Wq76iXYTOBWMtICiAntYpbMW8YGXcIjEkfOLaKJf/YHxWfhWACJTapm9a2t9topyJPUJNQYG098DNq9sGQFAoHhUZuMQPRhRjrDjUkaJv90csH/MApbR6lxh1NfKT+nuhDYm0vCV1nAtSx095Q/NeLDWQdKR6n9lN03uxLneWEWozXR7nilPJhOLwtDQpSPQcgjHQ/4KIDBgS5CP/cT7L7NJhRjiLs6QT0wMUYTIc2C5WT48Dx7Wnp8mIS6ArbY/vskAXsjF2ya3bDykywnD2zF/bqvXkf3qf3NW6d8yYzu+xPed8/8Mytyw==</latexit>

g ! /2 =
p

8⇡G/~
<latexit sha1_base64="1NLl929UfdJ+81mZzKrPIUmMSA8="></latexit><latexit sha1_base64="1NLl929UfdJ+81mZzKrPIUmMSA8="></latexit><latexit sha1_base64="1NLl929UfdJ+81mZzKrPIUmMSA8="></latexit><latexit sha1_base64="1NLl929UfdJ+81mZzKrPIUmMSA8="></latexit>



❖ Haven’t yet extracted all relevant factors of    

❖ Will define observables which make sense in both classical and 
quantum theories

❖ These will be gauge invariant, on-shell, well-defined quantities

❖ See momenta of messengers in propagators =    wavenumbers

❖ Further cancellations occur inside observables

~
<latexit sha1_base64="02Zf+nduNRmfyCTTrSW1UgZe9W4=">AAACLnicbVDLSsNAFJ2pr1pfrV26CRbBjSURQVdScOOygmmFNpSb6aQZOpmEmYkYQ7/Brf6FXyO4ELd+htM2C9t64MLhnHvnzj1+wpnStv2JS2vrG5tb5e3Kzu7e/kG1dthRcSoJdUnMY/ngg6KcCepqpjl9SCSFyOe0649vpn73kUrFYnGvs4R6EYwECxgBbSS3H/ogB9WG3bRnsFaJU5AGKtAe1HC9P4xJGlGhCQeleo6daC8HqRnhdFLpp4omQMYwoj1DBURUefnstxPrxChDK4ilKaGtmfp3IodIqSzyTWcEOlTL3lT81xtJSEJGnpb26+DKy5lIUk0Fma8PUm7p2JoGYg2ZpETzzBAgkpkLLBKCBKJNbAvvazZ+nqwoZwHNRARiYmJ0lkNbJZ3zpmM3nbuLRuu6CLSMjtAxOkUOukQtdIvayEUEMfSCXtEbfscf+At/z1tLuJipowXgn19Atql+</latexit><latexit sha1_base64="02Zf+nduNRmfyCTTrSW1UgZe9W4=">AAACLnicbVDLSsNAFJ2pr1pfrV26CRbBjSURQVdScOOygmmFNpSb6aQZOpmEmYkYQ7/Brf6FXyO4ELd+htM2C9t64MLhnHvnzj1+wpnStv2JS2vrG5tb5e3Kzu7e/kG1dthRcSoJdUnMY/ngg6KcCepqpjl9SCSFyOe0649vpn73kUrFYnGvs4R6EYwECxgBbSS3H/ogB9WG3bRnsFaJU5AGKtAe1HC9P4xJGlGhCQeleo6daC8HqRnhdFLpp4omQMYwoj1DBURUefnstxPrxChDK4ilKaGtmfp3IodIqSzyTWcEOlTL3lT81xtJSEJGnpb26+DKy5lIUk0Fma8PUm7p2JoGYg2ZpETzzBAgkpkLLBKCBKJNbAvvazZ+nqwoZwHNRARiYmJ0lkNbJZ3zpmM3nbuLRuu6CLSMjtAxOkUOukQtdIvayEUEMfSCXtEbfscf+At/z1tLuJipowXgn19Atql+</latexit><latexit sha1_base64="02Zf+nduNRmfyCTTrSW1UgZe9W4=">AAACLnicbVDLSsNAFJ2pr1pfrV26CRbBjSURQVdScOOygmmFNpSb6aQZOpmEmYkYQ7/Brf6FXyO4ELd+htM2C9t64MLhnHvnzj1+wpnStv2JS2vrG5tb5e3Kzu7e/kG1dthRcSoJdUnMY/ngg6KcCepqpjl9SCSFyOe0649vpn73kUrFYnGvs4R6EYwECxgBbSS3H/ogB9WG3bRnsFaJU5AGKtAe1HC9P4xJGlGhCQeleo6daC8HqRnhdFLpp4omQMYwoj1DBURUefnstxPrxChDK4ilKaGtmfp3IodIqSzyTWcEOlTL3lT81xtJSEJGnpb26+DKy5lIUk0Fma8PUm7p2JoGYg2ZpETzzBAgkpkLLBKCBKJNbAvvazZ+nqwoZwHNRARiYmJ0lkNbJZ3zpmM3nbuLRuu6CLSMjtAxOkUOukQtdIvayEUEMfSCXtEbfscf+At/z1tLuJipowXgn19Atql+</latexit><latexit sha1_base64="02Zf+nduNRmfyCTTrSW1UgZe9W4=">AAACLnicbVDLSsNAFJ2pr1pfrV26CRbBjSURQVdScOOygmmFNpSb6aQZOpmEmYkYQ7/Brf6FXyO4ELd+htM2C9t64MLhnHvnzj1+wpnStv2JS2vrG5tb5e3Kzu7e/kG1dthRcSoJdUnMY/ngg6KcCepqpjl9SCSFyOe0649vpn73kUrFYnGvs4R6EYwECxgBbSS3H/ogB9WG3bRnsFaJU5AGKtAe1HC9P4xJGlGhCQeleo6daC8HqRnhdFLpp4omQMYwoj1DBURUefnstxPrxChDK4ilKaGtmfp3IodIqSzyTWcEOlTL3lT81xtJSEJGnpb26+DKy5lIUk0Fma8PUm7p2JoGYg2ZpETzzBAgkpkLLBKCBKJNbAvvazZ+nqwoZwHNRARiYmJ0lkNbJZ3zpmM3nbuLRuu6CLSMjtAxOkUOukQtdIvayEUEMfSCXtEbfscf+At/z1tLuJipowXgn19Atql+</latexit>
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<latexit sha1_base64="02Zf+nduNRmfyCTTrSW1UgZe9W4=">AAACLnicbVDLSsNAFJ2pr1pfrV26CRbBjSURQVdScOOygmmFNpSb6aQZOpmEmYkYQ7/Brf6FXyO4ELd+htM2C9t64MLhnHvnzj1+wpnStv2JS2vrG5tb5e3Kzu7e/kG1dthRcSoJdUnMY/ngg6KcCepqpjl9SCSFyOe0649vpn73kUrFYnGvs4R6EYwECxgBbSS3H/ogB9WG3bRnsFaJU5AGKtAe1HC9P4xJGlGhCQeleo6daC8HqRnhdFLpp4omQMYwoj1DBURUefnstxPrxChDK4ilKaGtmfp3IodIqSzyTWcEOlTL3lT81xtJSEJGnpb26+DKy5lIUk0Fma8PUm7p2JoGYg2ZpETzzBAgkpkLLBKCBKJNbAvvazZ+nqwoZwHNRARiYmJ0lkNbJZ3zpmM3nbuLRuu6CLSMjtAxOkUOukQtdIvayEUEMfSCXtEbfscf+At/z1tLuJipowXgn19Atql+</latexit><latexit sha1_base64="02Zf+nduNRmfyCTTrSW1UgZe9W4=">AAACLnicbVDLSsNAFJ2pr1pfrV26CRbBjSURQVdScOOygmmFNpSb6aQZOpmEmYkYQ7/Brf6FXyO4ELd+htM2C9t64MLhnHvnzj1+wpnStv2JS2vrG5tb5e3Kzu7e/kG1dthRcSoJdUnMY/ngg6KcCepqpjl9SCSFyOe0649vpn73kUrFYnGvs4R6EYwECxgBbSS3H/ogB9WG3bRnsFaJU5AGKtAe1HC9P4xJGlGhCQeleo6daC8HqRnhdFLpp4omQMYwoj1DBURUefnstxPrxChDK4ilKaGtmfp3IodIqSzyTWcEOlTL3lT81xtJSEJGnpb26+DKy5lIUk0Fma8PUm7p2JoGYg2ZpETzzBAgkpkLLBKCBKJNbAvvazZ+nqwoZwHNRARiYmJ0lkNbJZ3zpmM3nbuLRuu6CLSMjtAxOkUOukQtdIvayEUEMfSCXtEbfscf+At/z1tLuJipowXgn19Atql+</latexit><latexit sha1_base64="02Zf+nduNRmfyCTTrSW1UgZe9W4=">AAACLnicbVDLSsNAFJ2pr1pfrV26CRbBjSURQVdScOOygmmFNpSb6aQZOpmEmYkYQ7/Brf6FXyO4ELd+htM2C9t64MLhnHvnzj1+wpnStv2JS2vrG5tb5e3Kzu7e/kG1dthRcSoJdUnMY/ngg6KcCepqpjl9SCSFyOe0649vpn73kUrFYnGvs4R6EYwECxgBbSS3H/ogB9WG3bRnsFaJU5AGKtAe1HC9P4xJGlGhCQeleo6daC8HqRnhdFLpp4omQMYwoj1DBURUefnstxPrxChDK4ilKaGtmfp3IodIqSzyTWcEOlTL3lT81xtJSEJGnpb26+DKy5lIUk0Fma8PUm7p2JoGYg2ZpETzzBAgkpkLLBKCBKJNbAvvazZ+nqwoZwHNRARiYmJ0lkNbJZ3zpmM3nbuLRuu6CLSMjtAxOkUOukQtdIvayEUEMfSCXtEbfscf+At/z1tLuJipowXgn19Atql+</latexit><latexit sha1_base64="02Zf+nduNRmfyCTTrSW1UgZe9W4=">AAACLnicbVDLSsNAFJ2pr1pfrV26CRbBjSURQVdScOOygmmFNpSb6aQZOpmEmYkYQ7/Brf6FXyO4ELd+htM2C9t64MLhnHvnzj1+wpnStv2JS2vrG5tb5e3Kzu7e/kG1dthRcSoJdUnMY/ngg6KcCepqpjl9SCSFyOe0649vpn73kUrFYnGvs4R6EYwECxgBbSS3H/ogB9WG3bRnsFaJU5AGKtAe1HC9P4xJGlGhCQeleo6daC8HqRnhdFLpp4omQMYwoj1DBURUefnstxPrxChDK4ilKaGtmfp3IodIqSzyTWcEOlTL3lT81xtJSEJGnpb26+DKy5lIUk0Fma8PUm7p2JoGYg2ZpETzzBAgkpkLLBKCBKJNbAvvazZ+nqwoZwHNRARiYmJ0lkNbJZ3zpmM3nbuLRuu6CLSMjtAxOkUOukQtdIvayEUEMfSCXtEbfscf+At/z1tLuJipowXgn19Atql+</latexit>

Amplitudes 



Observables



❖ Ultimately want to discuss classical point particles

❖ At quantum level: particles have uncertain positions, momenta

❖ Classical limit:     small

❖ But can’t take               … since then

❖ Particles are in wavepackets   
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<latexit sha1_base64="02Zf+nduNRmfyCTTrSW1UgZe9W4=">AAACLnicbVDLSsNAFJ2pr1pfrV26CRbBjSURQVdScOOygmmFNpSb6aQZOpmEmYkYQ7/Brf6FXyO4ELd+htM2C9t64MLhnHvnzj1+wpnStv2JS2vrG5tb5e3Kzu7e/kG1dthRcSoJdUnMY/ngg6KcCepqpjl9SCSFyOe0649vpn73kUrFYnGvs4R6EYwECxgBbSS3H/ogB9WG3bRnsFaJU5AGKtAe1HC9P4xJGlGhCQeleo6daC8HqRnhdFLpp4omQMYwoj1DBURUefnstxPrxChDK4ilKaGtmfp3IodIqSzyTWcEOlTL3lT81xtJSEJGnpb26+DKy5lIUk0Fma8PUm7p2JoGYg2ZpETzzBAgkpkLLBKCBKJNbAvvazZ+nqwoZwHNRARiYmJ0lkNbJZ3zpmM3nbuLRuu6CLSMjtAxOkUOukQtdIvayEUEMfSCXtEbfscf+At/z1tLuJipowXgn19Atql+</latexit><latexit sha1_base64="02Zf+nduNRmfyCTTrSW1UgZe9W4=">AAACLnicbVDLSsNAFJ2pr1pfrV26CRbBjSURQVdScOOygmmFNpSb6aQZOpmEmYkYQ7/Brf6FXyO4ELd+htM2C9t64MLhnHvnzj1+wpnStv2JS2vrG5tb5e3Kzu7e/kG1dthRcSoJdUnMY/ngg6KcCepqpjl9SCSFyOe0649vpn73kUrFYnGvs4R6EYwECxgBbSS3H/ogB9WG3bRnsFaJU5AGKtAe1HC9P4xJGlGhCQeleo6daC8HqRnhdFLpp4omQMYwoj1DBURUefnstxPrxChDK4ilKaGtmfp3IodIqSzyTWcEOlTL3lT81xtJSEJGnpb26+DKy5lIUk0Fma8PUm7p2JoGYg2ZpETzzBAgkpkLLBKCBKJNbAvvazZ+nqwoZwHNRARiYmJ0lkNbJZ3zpmM3nbuLRuu6CLSMjtAxOkUOukQtdIvayEUEMfSCXtEbfscf+At/z1tLuJipowXgn19Atql+</latexit><latexit sha1_base64="02Zf+nduNRmfyCTTrSW1UgZe9W4=">AAACLnicbVDLSsNAFJ2pr1pfrV26CRbBjSURQVdScOOygmmFNpSb6aQZOpmEmYkYQ7/Brf6FXyO4ELd+htM2C9t64MLhnHvnzj1+wpnStv2JS2vrG5tb5e3Kzu7e/kG1dthRcSoJdUnMY/ngg6KcCepqpjl9SCSFyOe0649vpn73kUrFYnGvs4R6EYwECxgBbSS3H/ogB9WG3bRnsFaJU5AGKtAe1HC9P4xJGlGhCQeleo6daC8HqRnhdFLpp4omQMYwoj1DBURUefnstxPrxChDK4ilKaGtmfp3IodIqSzyTWcEOlTL3lT81xtJSEJGnpb26+DKy5lIUk0Fma8PUm7p2JoGYg2ZpETzzBAgkpkLLBKCBKJNbAvvazZ+nqwoZwHNRARiYmJ0lkNbJZ3zpmM3nbuLRuu6CLSMjtAxOkUOukQtdIvayEUEMfSCXtEbfscf+At/z1tLuJipowXgn19Atql+</latexit><latexit sha1_base64="02Zf+nduNRmfyCTTrSW1UgZe9W4=">AAACLnicbVDLSsNAFJ2pr1pfrV26CRbBjSURQVdScOOygmmFNpSb6aQZOpmEmYkYQ7/Brf6FXyO4ELd+htM2C9t64MLhnHvnzj1+wpnStv2JS2vrG5tb5e3Kzu7e/kG1dthRcSoJdUnMY/ngg6KcCepqpjl9SCSFyOe0649vpn73kUrFYnGvs4R6EYwECxgBbSS3H/ogB9WG3bRnsFaJU5AGKtAe1HC9P4xJGlGhCQeleo6daC8HqRnhdFLpp4omQMYwoj1DBURUefnstxPrxChDK4ilKaGtmfp3IodIqSzyTWcEOlTL3lT81xtJSEJGnpb26+DKy5lIUk0Fma8PUm7p2JoGYg2ZpETzzBAgkpkLLBKCBKJNbAvvazZ+nqwoZwHNRARiYmJ0lkNbJZ3zpmM3nbuLRuu6CLSMjtAxOkUOukQtdIvayEUEMfSCXtEbfscf+At/z1tLuJipowXgn19Atql+</latexit>
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<latexit sha1_base64="eVnMjzAWrSKfc54NKLQPJ56z1Ks=">AAACNXicbZDPSgMxEMaz/rf+a/XoJVgEL8quCHpRCnrwqGCrYIvMprNtaDYbklmxlr6GV30Ln8WDN/HqK5jWHrR1IPDj+2YyyRcbJR2F4VswNT0zOze/sFhYWl5ZXSuW1msuy63AqshUZm9icKikxipJUnhjLEIaK7yOO6cD//oerZOZvqKuwUYKLS0TKYC8VK+foSLghh/z8K5YDvfCYfFJiEZQZqO6uCsFG/VmJvIUNQkFzt1GoaFGDyxJobBfqOcODYgOtPDWo4YUXaM3fHSfb3ulyZPM+qOJD9XfEz1Ineumse9Mgdpu3BuI/3otC6YtxcPYfkqOGj2pTU6oxc/6JFecMj7IhTelRUGq6wGElf4HXLTBgiCf3p/7SXYe+xPKboJdnYLu+xij8dAmoba/F3m+PChXTkaBLrBNtsV2WMQOWYWdswtWZYIZ9sSe2UvwGrwHH8HnT+tUMJrZYH8q+PoGEqSrTg==</latexit><latexit sha1_base64="eVnMjzAWrSKfc54NKLQPJ56z1Ks=">AAACNXicbZDPSgMxEMaz/rf+a/XoJVgEL8quCHpRCnrwqGCrYIvMprNtaDYbklmxlr6GV30Ln8WDN/HqK5jWHrR1IPDj+2YyyRcbJR2F4VswNT0zOze/sFhYWl5ZXSuW1msuy63AqshUZm9icKikxipJUnhjLEIaK7yOO6cD//oerZOZvqKuwUYKLS0TKYC8VK+foSLghh/z8K5YDvfCYfFJiEZQZqO6uCsFG/VmJvIUNQkFzt1GoaFGDyxJobBfqOcODYgOtPDWo4YUXaM3fHSfb3ulyZPM+qOJD9XfEz1Ineumse9Mgdpu3BuI/3otC6YtxcPYfkqOGj2pTU6oxc/6JFecMj7IhTelRUGq6wGElf4HXLTBgiCf3p/7SXYe+xPKboJdnYLu+xij8dAmoba/F3m+PChXTkaBLrBNtsV2WMQOWYWdswtWZYIZ9sSe2UvwGrwHH8HnT+tUMJrZYH8q+PoGEqSrTg==</latexit><latexit sha1_base64="eVnMjzAWrSKfc54NKLQPJ56z1Ks=">AAACNXicbZDPSgMxEMaz/rf+a/XoJVgEL8quCHpRCnrwqGCrYIvMprNtaDYbklmxlr6GV30Ln8WDN/HqK5jWHrR1IPDj+2YyyRcbJR2F4VswNT0zOze/sFhYWl5ZXSuW1msuy63AqshUZm9icKikxipJUnhjLEIaK7yOO6cD//oerZOZvqKuwUYKLS0TKYC8VK+foSLghh/z8K5YDvfCYfFJiEZQZqO6uCsFG/VmJvIUNQkFzt1GoaFGDyxJobBfqOcODYgOtPDWo4YUXaM3fHSfb3ulyZPM+qOJD9XfEz1Ineumse9Mgdpu3BuI/3otC6YtxcPYfkqOGj2pTU6oxc/6JFecMj7IhTelRUGq6wGElf4HXLTBgiCf3p/7SXYe+xPKboJdnYLu+xij8dAmoba/F3m+PChXTkaBLrBNtsV2WMQOWYWdswtWZYIZ9sSe2UvwGrwHH8HnT+tUMJrZYH8q+PoGEqSrTg==</latexit><latexit sha1_base64="eVnMjzAWrSKfc54NKLQPJ56z1Ks=">AAACNXicbZDPSgMxEMaz/rf+a/XoJVgEL8quCHpRCnrwqGCrYIvMprNtaDYbklmxlr6GV30Ln8WDN/HqK5jWHrR1IPDj+2YyyRcbJR2F4VswNT0zOze/sFhYWl5ZXSuW1msuy63AqshUZm9icKikxipJUnhjLEIaK7yOO6cD//oerZOZvqKuwUYKLS0TKYC8VK+foSLghh/z8K5YDvfCYfFJiEZQZqO6uCsFG/VmJvIUNQkFzt1GoaFGDyxJobBfqOcODYgOtPDWo4YUXaM3fHSfb3ulyZPM+qOJD9XfEz1Ineumse9Mgdpu3BuI/3otC6YtxcPYfkqOGj2pTU6oxc/6JFecMj7IhTelRUGq6wGElf4HXLTBgiCf3p/7SXYe+xPKboJdnYLu+xij8dAmoba/F3m+PChXTkaBLrBNtsV2WMQOWYWdswtWZYIZ9sSe2UvwGrwHH8HnT+tUMJrZYH8q+PoGEqSrTg==</latexit>
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Incoming state
❖ Wavefunction has an intrinsic length scale

❖ For impact parameter to make sense

❖ For mass to make sense

❖ We require

`w
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❖ Scatter different distinguishable, stable, scalar particles

❖ In the far past, prepare two well-separated localised states:

Incoming state



❖ Scatter different distinguishable, stable, scalar particles

❖ In the far past, prepare two well-separated localised states:

Incoming state
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Integral over massive
on-shell phase space



❖ Scatter different distinguishable, stable, scalar particles

❖ In the far past, prepare two well-separated localised states:

Incoming state

Dp1 ⌘ d4p1
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❖ Scatter different distinguishable, stable, scalar particles
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❖ First observable: impulse = time-integrated change in momentum 
of eg particle 1

❖ Can’t measure the exact momenta… instead measure expectations

❖ Impulse is

❖ This is an all-orders definition

hp0µ1 i = h |S†P̂µ
1 S| i
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Momentum operator
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Impulse

❖ Diagrammatically

h�pµ1 i = h |i[P̂µ
1 , T ]| i+ h |T †[P̂µ
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Integrate over undetermined
cut momentum
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Explicit factor of 
cut loop momentum
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Impulse
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Sum over 
all states



Radiated Momentum
❖ Always assume particles 1 and 2 present in final state

❖ Expectation of radiated momentum is
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Radiated Momentum
❖ Always assume particles 1 and 2 present in final state

❖ Expectation of radiated momentum is Time evolution
operator

hkµi =
X
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Radiated Momentum
❖ Always assume particles 1 and 2 present in final state

❖ Expectation of radiated momentum is

Sum over states

Time evolution
operator

hkµi =
X
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Radiated Momentum
❖ Always assume particles 1 and 2 present in final state

❖ Expectation of radiated momentum is

Sum over states

Time evolution
operator

hkµi =
X

X
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Messenger
momentum



Radiated Momentum
❖ Always assume particles 1 and 2 present in final state

❖ Expectation of radiated momentum is

Sum over states

Since                            ,
can replace 

hp1p2kX| i = 0
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Time evolution
operator
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Messenger
momentum



Radiated Momentum
❖ Always assume particles 1 and 2 present in final state

❖ Expectation of radiated momentum is

Sum over states

Since                            ,
can replace 

hp1p2kX| i = 0
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Time evolution
operator

❖ An on-shell observable, in both classical and quantum theories

hkµi =
X

X

Z
Dp1Dp2Dk kµX |hp1p2kX|S| i|2
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Messenger
momentum



❖ Insert the initial state

❖ Find:

❖ Again, all-orders definition: can go to whatever order you want

Radiated Momentum
hkµi =

X

X

Z
Dp1Dp2Dk kµX |hp1p2kX|S| i|2
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X

X

Z
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Z
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k
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❖ Useful to rewrite this slightly:

❖ Expectation value of messenger momentum operator at

Radiated Momentum
hkµi =

X

X

Z
Dp1Dp2Dk kµX |hp1p2kX|S| i|2
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hkµi =
X

X

Z
Dp1Dp2Dk h |T †|p1p1kXi kµX hp1p2kX|T | i

= h |T †K̂µT | i
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t = +1
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Momentum balance
❖ Impulse and radiated momentum should balance

❖ Simple case: only fields are 1, 2 and messenger

❖ But total momentum conserved

❖ … and no messengers in initial state

h�pµ1 i+ h�pµ2 i = h |i[P̂µ
1 + P̂µ

2 , T ]| i+ h |T †[P̂µ
1 + P̂µ

2 , T ]| i
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[P̂µ
1 + P̂µ

2 + K̂µ, T ] = 0
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K̂µ| i = 0
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) h�pµ1 i+ h�pµ2 i = �h |T †[K̂µ, T ]| i = �hkµi
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Classical Limit
❖ Already saw that 

❖ Focus on leading term in impulse

❖ Momentum space wavepacket spread is

❖ Write              :       wavenumber associated with 

❖ More careful (and covariant) derivation in paper

h�pµ1 i =
Z

on-shell

e�ib·q/~qµ ⇥

�1(p1) �⇤
1(p1 + q)

�2(p2) �⇤
2(p2 � q)
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�p =
~
`w

) q . ~
`w
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Classical Limit
❖ Already saw that 

❖ Focus on leading term in impulse

❖ Momentum space wavepacket spread is

❖ Write              :       wavenumber associated with 

❖ More careful (and covariant) derivation in paper
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<latexit sha1_base64="VxzLzqDJ0dPe/3aWHWHnHXwIaoI="></latexit><latexit sha1_base64="VxzLzqDJ0dPe/3aWHWHnHXwIaoI="></latexit><latexit sha1_base64="VxzLzqDJ0dPe/3aWHWHnHXwIaoI="></latexit><latexit sha1_base64="VxzLzqDJ0dPe/3aWHWHnHXwIaoI="></latexit>
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<latexit sha1_base64="R4YHsmWSNXYWWcxkLXya6onP8KQ="></latexit><latexit sha1_base64="R4YHsmWSNXYWWcxkLXya6onP8KQ="></latexit><latexit sha1_base64="R4YHsmWSNXYWWcxkLXya6onP8KQ="></latexit><latexit sha1_base64="R4YHsmWSNXYWWcxkLXya6onP8KQ="></latexit>

lc ⌧ `w ⌧ b
<latexit sha1_base64="VdePwtcx2Ob1Cioy3M33+mJDYz0="></latexit><latexit sha1_base64="VdePwtcx2Ob1Cioy3M33+mJDYz0="></latexit><latexit sha1_base64="VdePwtcx2Ob1Cioy3M33+mJDYz0="></latexit><latexit sha1_base64="VdePwtcx2Ob1Cioy3M33+mJDYz0="></latexit>

q̄
<latexit sha1_base64="KpqzTmvNFj54Fq8QGOgk2kdEmJo="></latexit><latexit sha1_base64="KpqzTmvNFj54Fq8QGOgk2kdEmJo="></latexit><latexit sha1_base64="KpqzTmvNFj54Fq8QGOgk2kdEmJo="></latexit><latexit sha1_base64="KpqzTmvNFj54Fq8QGOgk2kdEmJo="></latexit>

q
<latexit sha1_base64="rgIfX5m9dNMPM9SIpkrnQg5XC1I=">AAACRHicbVDLTsJAFJ36RHyBLt0UiYkbSGtMdGVI3LiERB4JrWQ6vYUJ02mdmRqh4Qvc6i/5D/6DO+PWOEAXAp7JJCfn3Js5c7yYUaks68NYW9/Y3NrO7eR39/YPDgvFo5aMEkGgSSIWiY6HJTDKoamoYtCJBeDQY9D2hrdTv/0EQtKI36tRDG6I+5wGlGClpcZjr1C2qtYM5iqxM1JGGeq9olFx/IgkIXBFGJaya1uxclMsFCUMJnknkRBjMsR96GrKcQjSTWdJJ+aZVnwziIS+XJkz9e9GikMpR6GnJ0OsBnLZm4r/en2B4wElzwvvp4oOx5UARjzEfNERwCQdL8dVwbWbUh4nCjiZpw0SZqrInHZn+lQAUWykCSaC6g+bZIAFJko3nHd8CBzfT32nND3p5KHilCa6YHu5zlXSuqjamjcuy7WbrOocOkGn6BzZ6ArV0B2qoyYiCNALekVvxrvxaXwZ3/PRNSPbOUYLMH5+AV67sTI=</latexit><latexit sha1_base64="rgIfX5m9dNMPM9SIpkrnQg5XC1I=">AAACRHicbVDLTsJAFJ36RHyBLt0UiYkbSGtMdGVI3LiERB4JrWQ6vYUJ02mdmRqh4Qvc6i/5D/6DO+PWOEAXAp7JJCfn3Js5c7yYUaks68NYW9/Y3NrO7eR39/YPDgvFo5aMEkGgSSIWiY6HJTDKoamoYtCJBeDQY9D2hrdTv/0EQtKI36tRDG6I+5wGlGClpcZjr1C2qtYM5iqxM1JGGeq9olFx/IgkIXBFGJaya1uxclMsFCUMJnknkRBjMsR96GrKcQjSTWdJJ+aZVnwziIS+XJkz9e9GikMpR6GnJ0OsBnLZm4r/en2B4wElzwvvp4oOx5UARjzEfNERwCQdL8dVwbWbUh4nCjiZpw0SZqrInHZn+lQAUWykCSaC6g+bZIAFJko3nHd8CBzfT32nND3p5KHilCa6YHu5zlXSuqjamjcuy7WbrOocOkGn6BzZ6ArV0B2qoyYiCNALekVvxrvxaXwZ3/PRNSPbOUYLMH5+AV67sTI=</latexit><latexit sha1_base64="rgIfX5m9dNMPM9SIpkrnQg5XC1I=">AAACRHicbVDLTsJAFJ36RHyBLt0UiYkbSGtMdGVI3LiERB4JrWQ6vYUJ02mdmRqh4Qvc6i/5D/6DO+PWOEAXAp7JJCfn3Js5c7yYUaks68NYW9/Y3NrO7eR39/YPDgvFo5aMEkGgSSIWiY6HJTDKoamoYtCJBeDQY9D2hrdTv/0EQtKI36tRDG6I+5wGlGClpcZjr1C2qtYM5iqxM1JGGeq9olFx/IgkIXBFGJaya1uxclMsFCUMJnknkRBjMsR96GrKcQjSTWdJJ+aZVnwziIS+XJkz9e9GikMpR6GnJ0OsBnLZm4r/en2B4wElzwvvp4oOx5UARjzEfNERwCQdL8dVwbWbUh4nCjiZpw0SZqrInHZn+lQAUWykCSaC6g+bZIAFJko3nHd8CBzfT32nND3p5KHilCa6YHu5zlXSuqjamjcuy7WbrOocOkGn6BzZ6ArV0B2qoyYiCNALekVvxrvxaXwZ3/PRNSPbOUYLMH5+AV67sTI=</latexit><latexit sha1_base64="rgIfX5m9dNMPM9SIpkrnQg5XC1I=">AAACRHicbVDLTsJAFJ36RHyBLt0UiYkbSGtMdGVI3LiERB4JrWQ6vYUJ02mdmRqh4Qvc6i/5D/6DO+PWOEAXAp7JJCfn3Js5c7yYUaks68NYW9/Y3NrO7eR39/YPDgvFo5aMEkGgSSIWiY6HJTDKoamoYtCJBeDQY9D2hrdTv/0EQtKI36tRDG6I+5wGlGClpcZjr1C2qtYM5iqxM1JGGeq9olFx/IgkIXBFGJaya1uxclMsFCUMJnknkRBjMsR96GrKcQjSTWdJJ+aZVnwziIS+XJkz9e9GikMpR6GnJ0OsBnLZm4r/en2B4wElzwvvp4oOx5UARjzEfNERwCQdL8dVwbWbUh4nCjiZpw0SZqrInHZn+lQAUWykCSaC6g+bZIAFJko3nHd8CBzfT32nND3p5KHilCa6YHu5zlXSuqjamjcuy7WbrOocOkGn6BzZ6ArV0B2qoyYiCNALekVvxrvxaXwZ3/PRNSPbOUYLMH5+AV67sTI=</latexit>



Classical Observables
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❖ See how this works: simple case, LO impulse

1. LO Impulse
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<latexit sha1_base64="BWKUep9cEHYnO0nJMFPGa5ObZaU="></latexit><latexit sha1_base64="BWKUep9cEHYnO0nJMFPGa5ObZaU="></latexit><latexit sha1_base64="BWKUep9cEHYnO0nJMFPGa5ObZaU="></latexit><latexit sha1_base64="BWKUep9cEHYnO0nJMFPGa5ObZaU="></latexit>

❖ See how this works: simple case, LO impulse

1. LO Impulse
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<latexit sha1_base64="swnEE5B3WwFVkbYoOmsSxw/Obj4="></latexit><latexit sha1_base64="swnEE5B3WwFVkbYoOmsSxw/Obj4="></latexit><latexit sha1_base64="swnEE5B3WwFVkbYoOmsSxw/Obj4="></latexit><latexit sha1_base64="swnEE5B3WwFVkbYoOmsSxw/Obj4="></latexit>

q = ~q̄
<latexit sha1_base64="24rEJvkZzSuqQcnaebDf/57vnQk=">AAACD3icbVDLSsNAFJ34rPUVdelmsAiuSiKC3QgFNy4r2Ac0odxMJ83QySSdmRRL6Ee4d6u/4E7c+gn+gZ/htM1CWw/cy+Gce7kzJ0g5U9pxvqy19Y3Nre3STnl3b//g0D46bqkkk4Q2ScIT2QlAUc4EbWqmOe2kkkIccNoOhrczvz2mUrFEPOhJSv0YBoKFjIA2Us+2R/gGe1EAEnuzNurZFafqzIFXiVuQCirQ6NnfXj8hWUyFJhyU6rpOqv0cpGaE02nZyxRNgQxhQLuGCoip8vP5y6f43Ch9HCbSlNB4rv7eyCFWahIHZjIGHallbyb+6w0kpBEjj0v3dVjzcybSTFNBFufDjGOd4Fk4uM8kJZpPDAEimfkBJhFIINpEWDbRuMtBrJLWZdV1qu79VaVeK0IqoVN0hi6Qi65RHd2hBmoigsboGb2gV+vJerPerY/F6JpV7JygP7A+fwDeW5u7</latexit><latexit sha1_base64="24rEJvkZzSuqQcnaebDf/57vnQk=">AAACD3icbVDLSsNAFJ34rPUVdelmsAiuSiKC3QgFNy4r2Ac0odxMJ83QySSdmRRL6Ee4d6u/4E7c+gn+gZ/htM1CWw/cy+Gce7kzJ0g5U9pxvqy19Y3Nre3STnl3b//g0D46bqkkk4Q2ScIT2QlAUc4EbWqmOe2kkkIccNoOhrczvz2mUrFEPOhJSv0YBoKFjIA2Us+2R/gGe1EAEnuzNurZFafqzIFXiVuQCirQ6NnfXj8hWUyFJhyU6rpOqv0cpGaE02nZyxRNgQxhQLuGCoip8vP5y6f43Ch9HCbSlNB4rv7eyCFWahIHZjIGHallbyb+6w0kpBEjj0v3dVjzcybSTFNBFufDjGOd4Fk4uM8kJZpPDAEimfkBJhFIINpEWDbRuMtBrJLWZdV1qu79VaVeK0IqoVN0hi6Qi65RHd2hBmoigsboGb2gV+vJerPerY/F6JpV7JygP7A+fwDeW5u7</latexit><latexit sha1_base64="24rEJvkZzSuqQcnaebDf/57vnQk=">AAACD3icbVDLSsNAFJ34rPUVdelmsAiuSiKC3QgFNy4r2Ac0odxMJ83QySSdmRRL6Ee4d6u/4E7c+gn+gZ/htM1CWw/cy+Gce7kzJ0g5U9pxvqy19Y3Nre3STnl3b//g0D46bqkkk4Q2ScIT2QlAUc4EbWqmOe2kkkIccNoOhrczvz2mUrFEPOhJSv0YBoKFjIA2Us+2R/gGe1EAEnuzNurZFafqzIFXiVuQCirQ6NnfXj8hWUyFJhyU6rpOqv0cpGaE02nZyxRNgQxhQLuGCoip8vP5y6f43Ch9HCbSlNB4rv7eyCFWahIHZjIGHallbyb+6w0kpBEjj0v3dVjzcybSTFNBFufDjGOd4Fk4uM8kJZpPDAEimfkBJhFIINpEWDbRuMtBrJLWZdV1qu79VaVeK0IqoVN0hi6Qi65RHd2hBmoigsboGb2gV+vJerPerY/F6JpV7JygP7A+fwDeW5u7</latexit><latexit sha1_base64="24rEJvkZzSuqQcnaebDf/57vnQk=">AAACD3icbVDLSsNAFJ34rPUVdelmsAiuSiKC3QgFNy4r2Ac0odxMJ83QySSdmRRL6Ee4d6u/4E7c+gn+gZ/htM1CWw/cy+Gce7kzJ0g5U9pxvqy19Y3Nre3STnl3b//g0D46bqkkk4Q2ScIT2QlAUc4EbWqmOe2kkkIccNoOhrczvz2mUrFEPOhJSv0YBoKFjIA2Us+2R/gGe1EAEnuzNurZFafqzIFXiVuQCirQ6NnfXj8hWUyFJhyU6rpOqv0cpGaE02nZyxRNgQxhQLuGCoip8vP5y6f43Ch9HCbSlNB4rv7eyCFWahIHZjIGHallbyb+6w0kpBEjj0v3dVjzcybSTFNBFufDjGOd4Fk4uM8kJZpPDAEimfkBJhFIINpEWDbRuMtBrJLWZdV1qu79VaVeK0IqoVN0hi6Qi65RHd2hBmoigsboGb2gV+vJerPerY/F6JpV7JygP7A+fwDeW5u7</latexit>

: neglect
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❖ See how this works: simple case, LO impulse

1. LO Impulse
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<latexit sha1_base64="RMJBDVEmyNnVUIjDjrj9yPVqjfU="></latexit><latexit sha1_base64="RMJBDVEmyNnVUIjDjrj9yPVqjfU="></latexit><latexit sha1_base64="RMJBDVEmyNnVUIjDjrj9yPVqjfU="></latexit><latexit sha1_base64="RMJBDVEmyNnVUIjDjrj9yPVqjfU="></latexit>
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<latexit sha1_base64="swnEE5B3WwFVkbYoOmsSxw/Obj4="></latexit><latexit sha1_base64="swnEE5B3WwFVkbYoOmsSxw/Obj4="></latexit><latexit sha1_base64="swnEE5B3WwFVkbYoOmsSxw/Obj4="></latexit><latexit sha1_base64="swnEE5B3WwFVkbYoOmsSxw/Obj4="></latexit>

q = ~q̄
<latexit sha1_base64="24rEJvkZzSuqQcnaebDf/57vnQk=">AAACD3icbVDLSsNAFJ34rPUVdelmsAiuSiKC3QgFNy4r2Ac0odxMJ83QySSdmRRL6Ee4d6u/4E7c+gn+gZ/htM1CWw/cy+Gce7kzJ0g5U9pxvqy19Y3Nre3STnl3b//g0D46bqkkk4Q2ScIT2QlAUc4EbWqmOe2kkkIccNoOhrczvz2mUrFEPOhJSv0YBoKFjIA2Us+2R/gGe1EAEnuzNurZFafqzIFXiVuQCirQ6NnfXj8hWUyFJhyU6rpOqv0cpGaE02nZyxRNgQxhQLuGCoip8vP5y6f43Ch9HCbSlNB4rv7eyCFWahIHZjIGHallbyb+6w0kpBEjj0v3dVjzcybSTFNBFufDjGOd4Fk4uM8kJZpPDAEimfkBJhFIINpEWDbRuMtBrJLWZdV1qu79VaVeK0IqoVN0hi6Qi65RHd2hBmoigsboGb2gV+vJerPerY/F6JpV7JygP7A+fwDeW5u7</latexit><latexit sha1_base64="24rEJvkZzSuqQcnaebDf/57vnQk=">AAACD3icbVDLSsNAFJ34rPUVdelmsAiuSiKC3QgFNy4r2Ac0odxMJ83QySSdmRRL6Ee4d6u/4E7c+gn+gZ/htM1CWw/cy+Gce7kzJ0g5U9pxvqy19Y3Nre3STnl3b//g0D46bqkkk4Q2ScIT2QlAUc4EbWqmOe2kkkIccNoOhrczvz2mUrFEPOhJSv0YBoKFjIA2Us+2R/gGe1EAEnuzNurZFafqzIFXiVuQCirQ6NnfXj8hWUyFJhyU6rpOqv0cpGaE02nZyxRNgQxhQLuGCoip8vP5y6f43Ch9HCbSlNB4rv7eyCFWahIHZjIGHallbyb+6w0kpBEjj0v3dVjzcybSTFNBFufDjGOd4Fk4uM8kJZpPDAEimfkBJhFIINpEWDbRuMtBrJLWZdV1qu79VaVeK0IqoVN0hi6Qi65RHd2hBmoigsboGb2gV+vJerPerY/F6JpV7JygP7A+fwDeW5u7</latexit><latexit sha1_base64="24rEJvkZzSuqQcnaebDf/57vnQk=">AAACD3icbVDLSsNAFJ34rPUVdelmsAiuSiKC3QgFNy4r2Ac0odxMJ83QySSdmRRL6Ee4d6u/4E7c+gn+gZ/htM1CWw/cy+Gce7kzJ0g5U9pxvqy19Y3Nre3STnl3b//g0D46bqkkk4Q2ScIT2QlAUc4EbWqmOe2kkkIccNoOhrczvz2mUrFEPOhJSv0YBoKFjIA2Us+2R/gGe1EAEnuzNurZFafqzIFXiVuQCirQ6NnfXj8hWUyFJhyU6rpOqv0cpGaE02nZyxRNgQxhQLuGCoip8vP5y6f43Ch9HCbSlNB4rv7eyCFWahIHZjIGHallbyb+6w0kpBEjj0v3dVjzcybSTFNBFufDjGOd4Fk4uM8kJZpPDAEimfkBJhFIINpEWDbRuMtBrJLWZdV1qu79VaVeK0IqoVN0hi6Qi65RHd2hBmoigsboGb2gV+vJerPerY/F6JpV7JygP7A+fwDeW5u7</latexit><latexit sha1_base64="24rEJvkZzSuqQcnaebDf/57vnQk=">AAACD3icbVDLSsNAFJ34rPUVdelmsAiuSiKC3QgFNy4r2Ac0odxMJ83QySSdmRRL6Ee4d6u/4E7c+gn+gZ/htM1CWw/cy+Gce7kzJ0g5U9pxvqy19Y3Nre3STnl3b//g0D46bqkkk4Q2ScIT2QlAUc4EbWqmOe2kkkIccNoOhrczvz2mUrFEPOhJSv0YBoKFjIA2Us+2R/gGe1EAEnuzNurZFafqzIFXiVuQCirQ6NnfXj8hWUyFJhyU6rpOqv0cpGaE02nZyxRNgQxhQLuGCoip8vP5y6f43Ch9HCbSlNB4rv7eyCFWahIHZjIGHallbyb+6w0kpBEjj0v3dVjzcybSTFNBFufDjGOd4Fk4uM8kJZpPDAEimfkBJhFIINpEWDbRuMtBrJLWZdV1qu79VaVeK0IqoVN0hi6Qi65RHd2hBmoigsboGb2gV+vJerPerY/F6JpV7JygP7A+fwDeW5u7</latexit>

: neglect

❖ Wavefunctions peaked at p1 = m1u1, p2 = m2u2
<latexit sha1_base64="HAWYu7BoPfQ6Nw/eeii2Pj9O4P8=">AAACG3icbVDLSgMxFM3UV62vUZe6CBbBhZSZQdCNUnDjsoJ9QDsMmTTThiYzIcmIZejG/3DvVn/Bnbh14R/4GabTWWjrgYRzz7mXyz2hYFRpx/mySkvLK6tr5fXKxubW9o69u9dSSSoxaeKEJbITIkUYjUlTU81IR0iCeMhIOxxdT/32PZGKJvGdHgviczSIaUQx0kYK7EMRuPAScvOngXsKReDlpWdKL7CrTs3JAReJW5AqKNAI7O9eP8EpJ7HGDCnVdR2h/QxJTTEjk0ovVUQgPEID0jU0RpwoP8uvmMBjo/RhlEjzYg1z9fdEhrhSYx6aTo70UM17U/FfbyCRGFL8MLdfRxd+RmORahLj2fooZVAncBoU7FNJsGZjQxCW1FwA8RBJhLWJs2KiceeDWCQtr+Y6Nff2rFq/KkIqgwNwBE6AC85BHdyABmgCDB7BM3gBr9aT9Wa9Wx+z1pJVzOyDP7A+fwC1VZ6d</latexit><latexit sha1_base64="HAWYu7BoPfQ6Nw/eeii2Pj9O4P8=">AAACG3icbVDLSgMxFM3UV62vUZe6CBbBhZSZQdCNUnDjsoJ9QDsMmTTThiYzIcmIZejG/3DvVn/Bnbh14R/4GabTWWjrgYRzz7mXyz2hYFRpx/mySkvLK6tr5fXKxubW9o69u9dSSSoxaeKEJbITIkUYjUlTU81IR0iCeMhIOxxdT/32PZGKJvGdHgviczSIaUQx0kYK7EMRuPAScvOngXsKReDlpWdKL7CrTs3JAReJW5AqKNAI7O9eP8EpJ7HGDCnVdR2h/QxJTTEjk0ovVUQgPEID0jU0RpwoP8uvmMBjo/RhlEjzYg1z9fdEhrhSYx6aTo70UM17U/FfbyCRGFL8MLdfRxd+RmORahLj2fooZVAncBoU7FNJsGZjQxCW1FwA8RBJhLWJs2KiceeDWCQtr+Y6Nff2rFq/KkIqgwNwBE6AC85BHdyABmgCDB7BM3gBr9aT9Wa9Wx+z1pJVzOyDP7A+fwC1VZ6d</latexit><latexit sha1_base64="HAWYu7BoPfQ6Nw/eeii2Pj9O4P8=">AAACG3icbVDLSgMxFM3UV62vUZe6CBbBhZSZQdCNUnDjsoJ9QDsMmTTThiYzIcmIZejG/3DvVn/Bnbh14R/4GabTWWjrgYRzz7mXyz2hYFRpx/mySkvLK6tr5fXKxubW9o69u9dSSSoxaeKEJbITIkUYjUlTU81IR0iCeMhIOxxdT/32PZGKJvGdHgviczSIaUQx0kYK7EMRuPAScvOngXsKReDlpWdKL7CrTs3JAReJW5AqKNAI7O9eP8EpJ7HGDCnVdR2h/QxJTTEjk0ovVUQgPEID0jU0RpwoP8uvmMBjo/RhlEjzYg1z9fdEhrhSYx6aTo70UM17U/FfbyCRGFL8MLdfRxd+RmORahLj2fooZVAncBoU7FNJsGZjQxCW1FwA8RBJhLWJs2KiceeDWCQtr+Y6Nff2rFq/KkIqgwNwBE6AC85BHdyABmgCDB7BM3gBr9aT9Wa9Wx+z1pJVzOyDP7A+fwC1VZ6d</latexit><latexit sha1_base64="HAWYu7BoPfQ6Nw/eeii2Pj9O4P8=">AAACG3icbVDLSgMxFM3UV62vUZe6CBbBhZSZQdCNUnDjsoJ9QDsMmTTThiYzIcmIZejG/3DvVn/Bnbh14R/4GabTWWjrgYRzz7mXyz2hYFRpx/mySkvLK6tr5fXKxubW9o69u9dSSSoxaeKEJbITIkUYjUlTU81IR0iCeMhIOxxdT/32PZGKJvGdHgviczSIaUQx0kYK7EMRuPAScvOngXsKReDlpWdKL7CrTs3JAReJW5AqKNAI7O9eP8EpJ7HGDCnVdR2h/QxJTTEjk0ovVUQgPEID0jU0RpwoP8uvmMBjo/RhlEjzYg1z9fdEhrhSYx6aTo70UM17U/FfbyCRGFL8MLdfRxd+RmORahLj2fooZVAncBoU7FNJsGZjQxCW1FwA8RBJhLWJs2KiceeDWCQtr+Y6Nff2rFq/KkIqgwNwBE6AC85BHdyABmgCDB7BM3gBr9aT9Wa9Wx+z1pJVzOyDP7A+fwC1VZ6d</latexit>



h�pµ1 i =
Z

on-shell

e�ib·q/~qµ ⇥

�1(p1) �⇤
1(p1 + q)

�2(p2) �⇤
2(p2 � q)

<latexit sha1_base64="BWKUep9cEHYnO0nJMFPGa5ObZaU="></latexit><latexit sha1_base64="BWKUep9cEHYnO0nJMFPGa5ObZaU="></latexit><latexit sha1_base64="BWKUep9cEHYnO0nJMFPGa5ObZaU="></latexit><latexit sha1_base64="BWKUep9cEHYnO0nJMFPGa5ObZaU="></latexit>

❖ See how this works: simple case, LO impulse

1. LO Impulse

! i

Z
d4q̄

�(u1 · q̄)
2m1

�(u2 · q̄)
2m2

e�ib·q̄ q̄µ ~3A(p1p2 ! p1 + q, p2 � q)
<latexit sha1_base64="RMJBDVEmyNnVUIjDjrj9yPVqjfU="></latexit><latexit sha1_base64="RMJBDVEmyNnVUIjDjrj9yPVqjfU="></latexit><latexit sha1_base64="RMJBDVEmyNnVUIjDjrj9yPVqjfU="></latexit><latexit sha1_base64="RMJBDVEmyNnVUIjDjrj9yPVqjfU="></latexit>

= i

Z
Dp1Dp2d

4q �(2p1 · q + q2)�(2p2 · q � q2)

⇥ e�ib·q/~ �1(p1)�2(p2)�
⇤
1(p1 + q)�⇤

2(p2 � q) qµ A(q)
<latexit sha1_base64="swnEE5B3WwFVkbYoOmsSxw/Obj4="></latexit><latexit sha1_base64="swnEE5B3WwFVkbYoOmsSxw/Obj4="></latexit><latexit sha1_base64="swnEE5B3WwFVkbYoOmsSxw/Obj4="></latexit><latexit sha1_base64="swnEE5B3WwFVkbYoOmsSxw/Obj4="></latexit>

q = ~q̄
<latexit sha1_base64="24rEJvkZzSuqQcnaebDf/57vnQk=">AAACD3icbVDLSsNAFJ34rPUVdelmsAiuSiKC3QgFNy4r2Ac0odxMJ83QySSdmRRL6Ee4d6u/4E7c+gn+gZ/htM1CWw/cy+Gce7kzJ0g5U9pxvqy19Y3Nre3STnl3b//g0D46bqkkk4Q2ScIT2QlAUc4EbWqmOe2kkkIccNoOhrczvz2mUrFEPOhJSv0YBoKFjIA2Us+2R/gGe1EAEnuzNurZFafqzIFXiVuQCirQ6NnfXj8hWUyFJhyU6rpOqv0cpGaE02nZyxRNgQxhQLuGCoip8vP5y6f43Ch9HCbSlNB4rv7eyCFWahIHZjIGHallbyb+6w0kpBEjj0v3dVjzcybSTFNBFufDjGOd4Fk4uM8kJZpPDAEimfkBJhFIINpEWDbRuMtBrJLWZdV1qu79VaVeK0IqoVN0hi6Qi65RHd2hBmoigsboGb2gV+vJerPerY/F6JpV7JygP7A+fwDeW5u7</latexit><latexit sha1_base64="24rEJvkZzSuqQcnaebDf/57vnQk=">AAACD3icbVDLSsNAFJ34rPUVdelmsAiuSiKC3QgFNy4r2Ac0odxMJ83QySSdmRRL6Ee4d6u/4E7c+gn+gZ/htM1CWw/cy+Gce7kzJ0g5U9pxvqy19Y3Nre3STnl3b//g0D46bqkkk4Q2ScIT2QlAUc4EbWqmOe2kkkIccNoOhrczvz2mUrFEPOhJSv0YBoKFjIA2Us+2R/gGe1EAEnuzNurZFafqzIFXiVuQCirQ6NnfXj8hWUyFJhyU6rpOqv0cpGaE02nZyxRNgQxhQLuGCoip8vP5y6f43Ch9HCbSlNB4rv7eyCFWahIHZjIGHallbyb+6w0kpBEjj0v3dVjzcybSTFNBFufDjGOd4Fk4uM8kJZpPDAEimfkBJhFIINpEWDbRuMtBrJLWZdV1qu79VaVeK0IqoVN0hi6Qi65RHd2hBmoigsboGb2gV+vJerPerY/F6JpV7JygP7A+fwDeW5u7</latexit><latexit sha1_base64="24rEJvkZzSuqQcnaebDf/57vnQk=">AAACD3icbVDLSsNAFJ34rPUVdelmsAiuSiKC3QgFNy4r2Ac0odxMJ83QySSdmRRL6Ee4d6u/4E7c+gn+gZ/htM1CWw/cy+Gce7kzJ0g5U9pxvqy19Y3Nre3STnl3b//g0D46bqkkk4Q2ScIT2QlAUc4EbWqmOe2kkkIccNoOhrczvz2mUrFEPOhJSv0YBoKFjIA2Us+2R/gGe1EAEnuzNurZFafqzIFXiVuQCirQ6NnfXj8hWUyFJhyU6rpOqv0cpGaE02nZyxRNgQxhQLuGCoip8vP5y6f43Ch9HCbSlNB4rv7eyCFWahIHZjIGHallbyb+6w0kpBEjj0v3dVjzcybSTFNBFufDjGOd4Fk4uM8kJZpPDAEimfkBJhFIINpEWDbRuMtBrJLWZdV1qu79VaVeK0IqoVN0hi6Qi65RHd2hBmoigsboGb2gV+vJerPerY/F6JpV7JygP7A+fwDeW5u7</latexit><latexit sha1_base64="24rEJvkZzSuqQcnaebDf/57vnQk=">AAACD3icbVDLSsNAFJ34rPUVdelmsAiuSiKC3QgFNy4r2Ac0odxMJ83QySSdmRRL6Ee4d6u/4E7c+gn+gZ/htM1CWw/cy+Gce7kzJ0g5U9pxvqy19Y3Nre3STnl3b//g0D46bqkkk4Q2ScIT2QlAUc4EbWqmOe2kkkIccNoOhrczvz2mUrFEPOhJSv0YBoKFjIA2Us+2R/gGe1EAEnuzNurZFafqzIFXiVuQCirQ6NnfXj8hWUyFJhyU6rpOqv0cpGaE02nZyxRNgQxhQLuGCoip8vP5y6f43Ch9HCbSlNB4rv7eyCFWahIHZjIGHallbyb+6w0kpBEjj0v3dVjzcybSTFNBFufDjGOd4Fk4uM8kJZpPDAEimfkBJhFIINpEWDbRuMtBrJLWZdV1qu79VaVeK0IqoVN0hi6Qi65RHd2hBmoigsboGb2gV+vJerPerY/F6JpV7JygP7A+fwDeW5u7</latexit>

: neglect

❖ Wavefunctions peaked at p1 = m1u1, p2 = m2u2
<latexit sha1_base64="HAWYu7BoPfQ6Nw/eeii2Pj9O4P8=">AAACG3icbVDLSgMxFM3UV62vUZe6CBbBhZSZQdCNUnDjsoJ9QDsMmTTThiYzIcmIZejG/3DvVn/Bnbh14R/4GabTWWjrgYRzz7mXyz2hYFRpx/mySkvLK6tr5fXKxubW9o69u9dSSSoxaeKEJbITIkUYjUlTU81IR0iCeMhIOxxdT/32PZGKJvGdHgviczSIaUQx0kYK7EMRuPAScvOngXsKReDlpWdKL7CrTs3JAReJW5AqKNAI7O9eP8EpJ7HGDCnVdR2h/QxJTTEjk0ovVUQgPEID0jU0RpwoP8uvmMBjo/RhlEjzYg1z9fdEhrhSYx6aTo70UM17U/FfbyCRGFL8MLdfRxd+RmORahLj2fooZVAncBoU7FNJsGZjQxCW1FwA8RBJhLWJs2KiceeDWCQtr+Y6Nff2rFq/KkIqgwNwBE6AC85BHdyABmgCDB7BM3gBr9aT9Wa9Wx+z1pJVzOyDP7A+fwC1VZ6d</latexit><latexit sha1_base64="HAWYu7BoPfQ6Nw/eeii2Pj9O4P8=">AAACG3icbVDLSgMxFM3UV62vUZe6CBbBhZSZQdCNUnDjsoJ9QDsMmTTThiYzIcmIZejG/3DvVn/Bnbh14R/4GabTWWjrgYRzz7mXyz2hYFRpx/mySkvLK6tr5fXKxubW9o69u9dSSSoxaeKEJbITIkUYjUlTU81IR0iCeMhIOxxdT/32PZGKJvGdHgviczSIaUQx0kYK7EMRuPAScvOngXsKReDlpWdKL7CrTs3JAReJW5AqKNAI7O9eP8EpJ7HGDCnVdR2h/QxJTTEjk0ovVUQgPEID0jU0RpwoP8uvmMBjo/RhlEjzYg1z9fdEhrhSYx6aTo70UM17U/FfbyCRGFL8MLdfRxd+RmORahLj2fooZVAncBoU7FNJsGZjQxCW1FwA8RBJhLWJs2KiceeDWCQtr+Y6Nff2rFq/KkIqgwNwBE6AC85BHdyABmgCDB7BM3gBr9aT9Wa9Wx+z1pJVzOyDP7A+fwC1VZ6d</latexit><latexit sha1_base64="HAWYu7BoPfQ6Nw/eeii2Pj9O4P8=">AAACG3icbVDLSgMxFM3UV62vUZe6CBbBhZSZQdCNUnDjsoJ9QDsMmTTThiYzIcmIZejG/3DvVn/Bnbh14R/4GabTWWjrgYRzz7mXyz2hYFRpx/mySkvLK6tr5fXKxubW9o69u9dSSSoxaeKEJbITIkUYjUlTU81IR0iCeMhIOxxdT/32PZGKJvGdHgviczSIaUQx0kYK7EMRuPAScvOngXsKReDlpWdKL7CrTs3JAReJW5AqKNAI7O9eP8EpJ7HGDCnVdR2h/QxJTTEjk0ovVUQgPEID0jU0RpwoP8uvmMBjo/RhlEjzYg1z9fdEhrhSYx6aTo70UM17U/FfbyCRGFL8MLdfRxd+RmORahLj2fooZVAncBoU7FNJsGZjQxCW1FwA8RBJhLWJs2KiceeDWCQtr+Y6Nff2rFq/KkIqgwNwBE6AC85BHdyABmgCDB7BM3gBr9aT9Wa9Wx+z1pJVzOyDP7A+fwC1VZ6d</latexit><latexit sha1_base64="HAWYu7BoPfQ6Nw/eeii2Pj9O4P8=">AAACG3icbVDLSgMxFM3UV62vUZe6CBbBhZSZQdCNUnDjsoJ9QDsMmTTThiYzIcmIZejG/3DvVn/Bnbh14R/4GabTWWjrgYRzz7mXyz2hYFRpx/mySkvLK6tr5fXKxubW9o69u9dSSSoxaeKEJbITIkUYjUlTU81IR0iCeMhIOxxdT/32PZGKJvGdHgviczSIaUQx0kYK7EMRuPAScvOngXsKReDlpWdKL7CrTs3JAReJW5AqKNAI7O9eP8EpJ7HGDCnVdR2h/QxJTTEjk0ovVUQgPEID0jU0RpwoP8uvmMBjo/RhlEjzYg1z9fdEhrhSYx6aTo70UM17U/FfbyCRGFL8MLdfRxd+RmORahLj2fooZVAncBoU7FNJsGZjQxCW1FwA8RBJhLWJs2KiceeDWCQtr+Y6Nff2rFq/KkIqgwNwBE6AC85BHdyABmgCDB7BM3gBr9aT9Wa9Wx+z1pJVzOyDP7A+fwC1VZ6d</latexit>

3 powers of    ~
<latexit sha1_base64="kI9OqCR5GNUHU/921FBBEXuxbQ8=">AAACAnicbVBNS8NAEJ34WetX1aOXxSJ4KokI9ljw4rGCaQttKZPtplm62YTdjVhCb9696l/wJl79I/4Df4bbNgdtfTDweG+GmXlBKrg2rvvlrK1vbG5tl3bKu3v7B4eVo+OWTjJFmU8TkahOgJoJLplvuBGskyqGcSBYOxjfzPz2A1OaJ/LeTFLWj3EkecgpGiv5vShANahU3Zo7B1klXkGqUKA5qHz3hgnNYiYNFah113NT089RGU4Fm5Z7mWYp0jGOWNdSiTHT/Xx+7JScW2VIwkTZkobM1d8TOcZaT+LAdsZoIr3szcR/vZHCNOL0cWm/Cev9nMs0M0zSxfowE8QkZJYHGXLFqBETS5Aqbj8gNEKF1NjUyjYabzmIVdK6rHluzbu7qjbqRUglOIUzuAAPrqEBt9AEHyhweIYXeHWenDfn3flYtK45xcwJ/IHz+QOQDpfs</latexit><latexit sha1_base64="kI9OqCR5GNUHU/921FBBEXuxbQ8=">AAACAnicbVBNS8NAEJ34WetX1aOXxSJ4KokI9ljw4rGCaQttKZPtplm62YTdjVhCb9696l/wJl79I/4Df4bbNgdtfTDweG+GmXlBKrg2rvvlrK1vbG5tl3bKu3v7B4eVo+OWTjJFmU8TkahOgJoJLplvuBGskyqGcSBYOxjfzPz2A1OaJ/LeTFLWj3EkecgpGiv5vShANahU3Zo7B1klXkGqUKA5qHz3hgnNYiYNFah113NT089RGU4Fm5Z7mWYp0jGOWNdSiTHT/Xx+7JScW2VIwkTZkobM1d8TOcZaT+LAdsZoIr3szcR/vZHCNOL0cWm/Cev9nMs0M0zSxfowE8QkZJYHGXLFqBETS5Aqbj8gNEKF1NjUyjYabzmIVdK6rHluzbu7qjbqRUglOIUzuAAPrqEBt9AEHyhweIYXeHWenDfn3flYtK45xcwJ/IHz+QOQDpfs</latexit><latexit sha1_base64="kI9OqCR5GNUHU/921FBBEXuxbQ8=">AAACAnicbVBNS8NAEJ34WetX1aOXxSJ4KokI9ljw4rGCaQttKZPtplm62YTdjVhCb9696l/wJl79I/4Df4bbNgdtfTDweG+GmXlBKrg2rvvlrK1vbG5tl3bKu3v7B4eVo+OWTjJFmU8TkahOgJoJLplvuBGskyqGcSBYOxjfzPz2A1OaJ/LeTFLWj3EkecgpGiv5vShANahU3Zo7B1klXkGqUKA5qHz3hgnNYiYNFah113NT089RGU4Fm5Z7mWYp0jGOWNdSiTHT/Xx+7JScW2VIwkTZkobM1d8TOcZaT+LAdsZoIr3szcR/vZHCNOL0cWm/Cev9nMs0M0zSxfowE8QkZJYHGXLFqBETS5Aqbj8gNEKF1NjUyjYabzmIVdK6rHluzbu7qjbqRUglOIUzuAAPrqEBt9AEHyhweIYXeHWenDfn3flYtK45xcwJ/IHz+QOQDpfs</latexit><latexit sha1_base64="kI9OqCR5GNUHU/921FBBEXuxbQ8=">AAACAnicbVBNS8NAEJ34WetX1aOXxSJ4KokI9ljw4rGCaQttKZPtplm62YTdjVhCb9696l/wJl79I/4Df4bbNgdtfTDweG+GmXlBKrg2rvvlrK1vbG5tl3bKu3v7B4eVo+OWTjJFmU8TkahOgJoJLplvuBGskyqGcSBYOxjfzPz2A1OaJ/LeTFLWj3EkecgpGiv5vShANahU3Zo7B1klXkGqUKA5qHz3hgnNYiYNFah113NT089RGU4Fm5Z7mWYp0jGOWNdSiTHT/Xx+7JScW2VIwkTZkobM1d8TOcZaT+LAdsZoIr3szcR/vZHCNOL0cWm/Cev9nMs0M0zSxfowE8QkZJYHGXLFqBETS5Aqbj8gNEKF1NjUyjYabzmIVdK6rHluzbu7qjbqRUglOIUzuAAPrqEBt9AEHyhweIYXeHWenDfn3flYtK45xcwJ/IHz+QOQDpfs</latexit>



1. LO Impulse
❖ More specifically, take scalar QED amplitude

=
e2

~
4p1 · p2 + ~2q̄2

~2q̄2
<latexit sha1_base64="kQijzu7UG9r0RCNMUnnlh9T80h8="></latexit><latexit sha1_base64="kQijzu7UG9r0RCNMUnnlh9T80h8="></latexit><latexit sha1_base64="kQijzu7UG9r0RCNMUnnlh9T80h8="></latexit><latexit sha1_base64="kQijzu7UG9r0RCNMUnnlh9T80h8="></latexit>

A =

p1+q p2�q

p1 p2

q

=
e2

~
(2p1 + q) · (2p2 � q)

q2

<latexit sha1_base64="sWVYae3vWY2LvoUdEdptI4LuTTw="></latexit><latexit sha1_base64="sWVYae3vWY2LvoUdEdptI4LuTTw="></latexit><latexit sha1_base64="sWVYae3vWY2LvoUdEdptI4LuTTw="></latexit><latexit sha1_base64="sWVYae3vWY2LvoUdEdptI4LuTTw="></latexit>



1. LO Impulse
❖ More specifically, take scalar QED amplitude

=
e2

~
4p1 · p2 + ~2q̄2

~2q̄2
<latexit sha1_base64="kQijzu7UG9r0RCNMUnnlh9T80h8="></latexit><latexit sha1_base64="kQijzu7UG9r0RCNMUnnlh9T80h8="></latexit><latexit sha1_base64="kQijzu7UG9r0RCNMUnnlh9T80h8="></latexit><latexit sha1_base64="kQijzu7UG9r0RCNMUnnlh9T80h8="></latexit>

A =

p1+q p2�q

p1 p2

q

=
e2

~
(2p1 + q) · (2p2 � q)

q2

<latexit sha1_base64="sWVYae3vWY2LvoUdEdptI4LuTTw="></latexit><latexit sha1_base64="sWVYae3vWY2LvoUdEdptI4LuTTw="></latexit><latexit sha1_base64="sWVYae3vWY2LvoUdEdptI4LuTTw="></latexit><latexit sha1_base64="sWVYae3vWY2LvoUdEdptI4LuTTw="></latexit>

3 powers of    ~<latexit sha1_base64="kI9OqCR5GNUHU/921FBBEXuxbQ8=">AAACAnicbVBNS8NAEJ34WetX1aOXxSJ4KokI9ljw4rGCaQttKZPtplm62YTdjVhCb9696l/wJl79I/4Df4bbNgdtfTDweG+GmXlBKrg2rvvlrK1vbG5tl3bKu3v7B4eVo+OWTjJFmU8TkahOgJoJLplvuBGskyqGcSBYOxjfzPz2A1OaJ/LeTFLWj3EkecgpGiv5vShANahU3Zo7B1klXkGqUKA5qHz3hgnNYiYNFah113NT089RGU4Fm5Z7mWYp0jGOWNdSiTHT/Xx+7JScW2VIwkTZkobM1d8TOcZaT+LAdsZoIr3szcR/vZHCNOL0cWm/Cev9nMs0M0zSxfowE8QkZJYHGXLFqBETS5Aqbj8gNEKF1NjUyjYabzmIVdK6rHluzbu7qjbqRUglOIUzuAAPrqEBt9AEHyhweIYXeHWenDfn3flYtK45xcwJ/IHz+QOQDpfs</latexit><latexit sha1_base64="kI9OqCR5GNUHU/921FBBEXuxbQ8=">AAACAnicbVBNS8NAEJ34WetX1aOXxSJ4KokI9ljw4rGCaQttKZPtplm62YTdjVhCb9696l/wJl79I/4Df4bbNgdtfTDweG+GmXlBKrg2rvvlrK1vbG5tl3bKu3v7B4eVo+OWTjJFmU8TkahOgJoJLplvuBGskyqGcSBYOxjfzPz2A1OaJ/LeTFLWj3EkecgpGiv5vShANahU3Zo7B1klXkGqUKA5qHz3hgnNYiYNFah113NT089RGU4Fm5Z7mWYp0jGOWNdSiTHT/Xx+7JScW2VIwkTZkobM1d8TOcZaT+LAdsZoIr3szcR/vZHCNOL0cWm/Cev9nMs0M0zSxfowE8QkZJYHGXLFqBETS5Aqbj8gNEKF1NjUyjYabzmIVdK6rHluzbu7qjbqRUglOIUzuAAPrqEBt9AEHyhweIYXeHWenDfn3flYtK45xcwJ/IHz+QOQDpfs</latexit><latexit sha1_base64="kI9OqCR5GNUHU/921FBBEXuxbQ8=">AAACAnicbVBNS8NAEJ34WetX1aOXxSJ4KokI9ljw4rGCaQttKZPtplm62YTdjVhCb9696l/wJl79I/4Df4bbNgdtfTDweG+GmXlBKrg2rvvlrK1vbG5tl3bKu3v7B4eVo+OWTjJFmU8TkahOgJoJLplvuBGskyqGcSBYOxjfzPz2A1OaJ/LeTFLWj3EkecgpGiv5vShANahU3Zo7B1klXkGqUKA5qHz3hgnNYiYNFah113NT089RGU4Fm5Z7mWYp0jGOWNdSiTHT/Xx+7JScW2VIwkTZkobM1d8TOcZaT+LAdsZoIr3szcR/vZHCNOL0cWm/Cev9nMs0M0zSxfowE8QkZJYHGXLFqBETS5Aqbj8gNEKF1NjUyjYabzmIVdK6rHluzbu7qjbqRUglOIUzuAAPrqEBt9AEHyhweIYXeHWenDfn3flYtK45xcwJ/IHz+QOQDpfs</latexit><latexit sha1_base64="kI9OqCR5GNUHU/921FBBEXuxbQ8=">AAACAnicbVBNS8NAEJ34WetX1aOXxSJ4KokI9ljw4rGCaQttKZPtplm62YTdjVhCb9696l/wJl79I/4Df4bbNgdtfTDweG+GmXlBKrg2rvvlrK1vbG5tl3bKu3v7B4eVo+OWTjJFmU8TkahOgJoJLplvuBGskyqGcSBYOxjfzPz2A1OaJ/LeTFLWj3EkecgpGiv5vShANahU3Zo7B1klXkGqUKA5qHz3hgnNYiYNFah113NT089RGU4Fm5Z7mWYp0jGOWNdSiTHT/Xx+7JScW2VIwkTZkobM1d8TOcZaT+LAdsZoIr3szcR/vZHCNOL0cWm/Cev9nMs0M0zSxfowE8QkZJYHGXLFqBETS5Aqbj8gNEKF1NjUyjYabzmIVdK6rHluzbu7qjbqRUglOIUzuAAPrqEBt9AEHyhweIYXeHWenDfn3flYtK45xcwJ/IHz+QOQDpfs</latexit>



1. LO Impulse
❖ More specifically, take scalar QED amplitude
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❖ More specifically, take scalar QED amplitude

=
e2

~
4p1 · p2 + ~2q̄2

~2q̄2
<latexit sha1_base64="kQijzu7UG9r0RCNMUnnlh9T80h8="></latexit><latexit sha1_base64="kQijzu7UG9r0RCNMUnnlh9T80h8="></latexit><latexit sha1_base64="kQijzu7UG9r0RCNMUnnlh9T80h8="></latexit><latexit sha1_base64="kQijzu7UG9r0RCNMUnnlh9T80h8="></latexit>

) �pµ1 = i

Z
d4q̄ �(u1 · q̄)�(u2 · q̄) e�ib·q̄ q̄µ e2

u1 · u2

q̄2
<latexit sha1_base64="2oLyLr2UZneYMpf4ctUgDKPIWfU="></latexit><latexit sha1_base64="2oLyLr2UZneYMpf4ctUgDKPIWfU="></latexit><latexit sha1_base64="2oLyLr2UZneYMpf4ctUgDKPIWfU="></latexit><latexit sha1_base64="2oLyLr2UZneYMpf4ctUgDKPIWfU="></latexit>

A =

p1+q p2�q

p1 p2

q

=
e2

~
(2p1 + q) · (2p2 � q)

q2

<latexit sha1_base64="sWVYae3vWY2LvoUdEdptI4LuTTw="></latexit><latexit sha1_base64="sWVYae3vWY2LvoUdEdptI4LuTTw="></latexit><latexit sha1_base64="sWVYae3vWY2LvoUdEdptI4LuTTw="></latexit><latexit sha1_base64="sWVYae3vWY2LvoUdEdptI4LuTTw="></latexit>

3 powers of    ~<latexit sha1_base64="kI9OqCR5GNUHU/921FBBEXuxbQ8=">AAACAnicbVBNS8NAEJ34WetX1aOXxSJ4KokI9ljw4rGCaQttKZPtplm62YTdjVhCb9696l/wJl79I/4Df4bbNgdtfTDweG+GmXlBKrg2rvvlrK1vbG5tl3bKu3v7B4eVo+OWTjJFmU8TkahOgJoJLplvuBGskyqGcSBYOxjfzPz2A1OaJ/LeTFLWj3EkecgpGiv5vShANahU3Zo7B1klXkGqUKA5qHz3hgnNYiYNFah113NT089RGU4Fm5Z7mWYp0jGOWNdSiTHT/Xx+7JScW2VIwkTZkobM1d8TOcZaT+LAdsZoIr3szcR/vZHCNOL0cWm/Cev9nMs0M0zSxfowE8QkZJYHGXLFqBETS5Aqbj8gNEKF1NjUyjYabzmIVdK6rHluzbu7qjbqRUglOIUzuAAPrqEBt9AEHyhweIYXeHWenDfn3flYtK45xcwJ/IHz+QOQDpfs</latexit><latexit sha1_base64="kI9OqCR5GNUHU/921FBBEXuxbQ8=">AAACAnicbVBNS8NAEJ34WetX1aOXxSJ4KokI9ljw4rGCaQttKZPtplm62YTdjVhCb9696l/wJl79I/4Df4bbNgdtfTDweG+GmXlBKrg2rvvlrK1vbG5tl3bKu3v7B4eVo+OWTjJFmU8TkahOgJoJLplvuBGskyqGcSBYOxjfzPz2A1OaJ/LeTFLWj3EkecgpGiv5vShANahU3Zo7B1klXkGqUKA5qHz3hgnNYiYNFah113NT089RGU4Fm5Z7mWYp0jGOWNdSiTHT/Xx+7JScW2VIwkTZkobM1d8TOcZaT+LAdsZoIr3szcR/vZHCNOL0cWm/Cev9nMs0M0zSxfowE8QkZJYHGXLFqBETS5Aqbj8gNEKF1NjUyjYabzmIVdK6rHluzbu7qjbqRUglOIUzuAAPrqEBt9AEHyhweIYXeHWenDfn3flYtK45xcwJ/IHz+QOQDpfs</latexit><latexit sha1_base64="kI9OqCR5GNUHU/921FBBEXuxbQ8=">AAACAnicbVBNS8NAEJ34WetX1aOXxSJ4KokI9ljw4rGCaQttKZPtplm62YTdjVhCb9696l/wJl79I/4Df4bbNgdtfTDweG+GmXlBKrg2rvvlrK1vbG5tl3bKu3v7B4eVo+OWTjJFmU8TkahOgJoJLplvuBGskyqGcSBYOxjfzPz2A1OaJ/LeTFLWj3EkecgpGiv5vShANahU3Zo7B1klXkGqUKA5qHz3hgnNYiYNFah113NT089RGU4Fm5Z7mWYp0jGOWNdSiTHT/Xx+7JScW2VIwkTZkobM1d8TOcZaT+LAdsZoIr3szcR/vZHCNOL0cWm/Cev9nMs0M0zSxfowE8QkZJYHGXLFqBETS5Aqbj8gNEKF1NjUyjYabzmIVdK6rHluzbu7qjbqRUglOIUzuAAPrqEBt9AEHyhweIYXeHWenDfn3flYtK45xcwJ/IHz+QOQDpfs</latexit><latexit sha1_base64="kI9OqCR5GNUHU/921FBBEXuxbQ8=">AAACAnicbVBNS8NAEJ34WetX1aOXxSJ4KokI9ljw4rGCaQttKZPtplm62YTdjVhCb9696l/wJl79I/4Df4bbNgdtfTDweG+GmXlBKrg2rvvlrK1vbG5tl3bKu3v7B4eVo+OWTjJFmU8TkahOgJoJLplvuBGskyqGcSBYOxjfzPz2A1OaJ/LeTFLWj3EkecgpGiv5vShANahU3Zo7B1klXkGqUKA5qHz3hgnNYiYNFah113NT089RGU4Fm5Z7mWYp0jGOWNdSiTHT/Xx+7JScW2VIwkTZkobM1d8TOcZaT+LAdsZoIr3szcR/vZHCNOL0cWm/Cev9nMs0M0zSxfowE8QkZJYHGXLFqBETS5Aqbj8gNEKF1NjUyjYabzmIVdK6rHluzbu7qjbqRUglOIUzuAAPrqEBt9AEHyhweIYXeHWenDfn3flYtK45xcwJ/IHz+QOQDpfs</latexit>

Negligible



1. LO Impulse
❖ More specifically, take scalar QED amplitude
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1. LO Impulse
❖ Double copy:

❖ Therefore the momentum transfer in dilaton gravity is
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1. LO Impulse
❖ The momentum transfer in dilaton gravity is

❖ It’s easy to remove the dilaton to find the GR result

❖ Definitely attractive: follows from the double copy

❖ Extract scattering angle easily

�pµ1 = 4Gm1m2
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❖ Leading classical limit of radiated momentum

2. LO Radiation
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2. LO Radiation
❖ Unpack notation a little more:
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❖ This classical formula was used by Goldberger and Ridgway
❖ Quantity                   in terms of classical gauge fieldJ = ✏µ@
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❖ Amplitudes double copy      double copy for classical radiation 
Talks by Shen, Carrillo González
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2. LO Radiation
❖ Simplest case: 5 point tree amplitude in Yang-Mills theory
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2. LO Radiation
❖ Now expand in  

❖ Leading order term vanishes! (Singular in   )

❖ To get classical term, need to expand propagators… 

❖ Generate funny denominators, hard to see Jacobi relation

❖ Double copy more obscure in classical case: quantum > classical
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2. LO Radiation
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❖ Compute amplitude to find

2. LO Radiation

Pµ
12 ⌘ k · u1 uµ

2 � k · u2 uµ
1

Qµ
12 ⌘ (q1 � q2)

µ � q21
k · u1

uµ
1 +

q22
k · u2

uµ
2

<latexit sha1_base64="9GjpNZ63mxIl22Qu37lfxp4W1rQ="></latexit><latexit sha1_base64="9GjpNZ63mxIl22Qu37lfxp4W1rQ="></latexit><latexit sha1_base64="9GjpNZ63mxIl22Qu37lfxp4W1rQ="></latexit><latexit sha1_base64="9GjpNZ63mxIl22Qu37lfxp4W1rQ="></latexit>

M̄ =16m2
1m

2
2 ✏µ✏⌫


4
Pµ
12P

⌫
12

q21q
2
2

+ 2
u1 · u2

q21q
2
2

(Qµ
12P

⌫
12 +Q⌫

12P
µ
12)

+(u1 · u2)
2

✓
Qµ

12Q
⌫
12

q21q
2
2

� Pµ
12P

⌫
12

(k · u1)2(k · u2)2

◆�
.

<latexit sha1_base64="fW+dEln568EZ5QyQb80u2b5/vug="></latexit><latexit sha1_base64="fW+dEln568EZ5QyQb80u2b5/vug="></latexit><latexit sha1_base64="fW+dEln568EZ5QyQb80u2b5/vug="></latexit><latexit sha1_base64="fW+dEln568EZ5QyQb80u2b5/vug="></latexit>

Luna, Nicholson, White, 
DOC



❖ Compute amplitude to find

❖ By investigating factorisation channels, easy to remove dilaton:
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❖ Compute amplitude to find

❖ By investigating factorisation channels, easy to remove dilaton:

❖ Insert into radiation formula; matches direct GR calculation
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❖ As well as term linear in amplitude, now encounter cut

❖ Singularities in    cancel between these terms

❖ Interesting to see eg how massive propagators get cut
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3. NLO Impulse
❖ Eg one loop term

❖ Extract 

iA(p1p2 ! p01p
0
2) =

p1 p1 + q

p2 p2 � q
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3. NLO Impulse
❖ Eg one loop term

❖ Exploit symmetry

iA(p1p2 ! p01p
0
2) =

p1 p1 + q

p2 p2 � q

⇢ +
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Conclusions
❖ Lots of motivation to calculate in classical perturbative GR

❖ On-shell methods and scattering amplitudes have promise

❖ Can use standard double copy to get radiation, impulse

❖ Really understanding quantum theory: new computational power

❖ God didn’t make quantum field theory out of spite

❖ We still don’t understand colour-kinematics duality


