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SM inspiration

My favorite part of physics is that is 
it possible to guess the answer



Naturalness : Using dimensional analysis to 
predict a new scale (sometimes this is the 

mass of a new particle)

This talk : Naturalness



Naturalness : Using dimensional analysis to 
predict a new scale (sometimes this is the 

mass of a new particle)

Believe : Experimental evidence indicates 
dimensional analysis always works

Physics Math

Just like Occam’s Razor

SM inspiration



Familiar Examples

Simple Example

Drop a ball

Time when you hear a noise

d ⇠ g t2

Predict distance to new physics



Familiar Examples

Simple Example

Guess the size of molecule

Use terms in the 
multipole expansion to 

guess size of object

V =
c1
r

+
c2
r2

+
c3
r3

+
c4
r4

+ · · ·
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Todo : do this for methane



Classic Examples

Classical Radius of the electron

VE+M ⇠ ↵

re
⇠ me

“Anticipated” Quantum Mechanics

re

Familiar Examples



Classic Examples

Charged pion mass

“Anticipated” Rho meson

m2
⇡± �m2

⇡0 ⇠ ↵⇤2

Diagrams enforce 
dimensional analysis

Familiar Examples



Classic Examples

Charm quark

Prediction of charm quark

1.1 Mesons, quarks and box diagrams 3
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Figure 1: Box diagrams forK−K ,D−D , Bd−Bd and Bs−Bs mixing. The zigzag lines represent
W bosons. For each process there is also a second box diagram, obtained by a 90◦ rotation.

quantum number F = S, C or B, represent the lowest non-vanishing contribution to the transition
matrix element Σ12 defined by

− i(2π)4δ(4)(pM − pM )Σ12 =
〈M(#pM )|S|M (#pM )〉

2MM
(4)

with the S-matrix S and the generic notation M = K ,D,Bd or Bs. (The notation Σ12 refers to the
quantum-mechanical two-state system with |1〉 = |M〉 and |2〉 = |M 〉.) I comply with the standard
relativistic normalisation of the meson states, 〈M(#p ′)|M(#p)〉 = 2E (2π)3δ(3)(#p ′ − #p). The meson
mass MM =

√
E2 − #p 2 in the denominator in Eq. (4) is introduced for later convenience. In terms

of the Hamiltonian (density) HSM
int (x) = −LSM

int (x), which encodes all interactions of the SM, the
S-matrix is given by the usual time-ordered exponential

S = Te−i
R

d4xHSM
int (x). (5)

In order to link Eqs. (4) and (5) to the diagrams of Fig. 1 we must consider the contribution from LW in
Eq. (2) to −HSM

int and expand the time-ordered exponential in Eq. (5) to order g4
w. The determination

of this term amounts to the calculation of the two contributing box diagrams with the usual Feynman
rules of the weak interaction. To this point we have only used standard text-book quantum field
theory, noting an important omission: No effect of the strong interaction has been taken into account
by now. Most importantly, we do not know yet how to take care of quark confinement, which forces
the external quarks in the diagrams of Fig. 1 to form mesons. As an important feature, Quantum
Chromodynamics (QCD) behaves very differently at short and long distances: At short distances

-18- NAL- Pub-74/ 21-THY 

G 
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(This estimate is for a triplet-quark schem'e; for the 3 

the above should be multiplied by 2/3.) 

Thus, 

The KL - K
5 

ma·ss difference is given by 

. . 1 
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mL- m 5 = mK 1 + mK <K . -d-eff K > 
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-mK_ 1 - mK <K ! - I K >) 2 
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Exp-erimentally the left hand side is about 0, 7 x 10- 14 , so we have 

-3 
E=i.4x10 

Eq.uation (2. 8) is compatible [see Eqs. {F. 4-5)]· either with 

m m and large, and m ' m -::: 1 GeV, or m << m 'and 
pp· PP. P P 

m 1-::: 2 GeV, We argue in the next section, in connection with the 
p 

nonsuppression of the KL _.. y _Y rate, that the latter is the logically 

tenable alternative. In this case 

I . 2 I -2 
E =Eo ,1n{E 0 sln fl\\')·"" 10 (2. 91 
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\\hat is the meaning of the suppression factor c? Th"e expression 

{2. 4)1 couched as it is in the language of the ft·ee quark model, is hard to 

inteq:Jret in the context of a realistic model. Nevertheless, it indicates 

the degree to which the Gl:\1 cancellation mechanism must be effective, 

and suggest:o that charmed meson states cannot be too massive, We 

suggest that in a more realistic model {which we shall discuss elsewhere) 

the suppression factor will take the form 

,_ 
2 2 

m c m\\' 
2 2 £n --2-

m\\ ;;in 0 \\' me 

in the limit of chiral Sl:(3) x Sl"{3) symmetry, where me is the average 

mass of the charmed pseudoscalar mesons. If this is correct, we 

expect me to be less than, sa)•, 10 GeV. The experimental implications 

of the existence of charmed mesons have already been discussed by GIM, 

Snow ail.d other,.;, 1 -'i,ib 

Finally, with the suppression factor € of the order of {2.9), the 

weak contribution to" he well within the bounds implied 
L 

by the experimental data even if the cancellatiqn of the axial vector 

part were not complete. 

2. 2 !..:: - 1T v \' 

The effective interaction derived in (A.?) for the elementary process 

)... + n _,. 1 ... £ allows us to the rates for K + ..... rr + v + v, Noting that 

{1-"V )\ 1 K+> l r +{p l r 
fl 5 +fL+ -fJ. 

-0.- ,u r-u 
-...2<:r n y (1-y );>..· K > =-"'·2<-rr .>-'V (1-y )n K > 

v 5 fl 5 

M.K. Gaillard and B. Lee, Phys.Rev.D 10 (1974) 897

Familiar Examples



Fermi in 1922 predicted (stimulated) 
Schwinger pair-production

B

Larmor Radiation 

!� ⇠ �2 eB

m
⇠ �m

Something 
happens when �eB ⇠ m2

Familiar Examples



Elephant in the Room

Guess the energy scale where 
something changes

⇤NP ⇠
mH

y
⇠ O(1)⇥ 500GeV
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Tradition
What happens at this scale?  New 

Particles!

1. Colored scalars

2. Colored particles

3. Particles 

SU
SY

Little Higgs

Extra dimensions

Tw
in H

iggs



Dimensional Analysis does not predict O(1) numbers

What’s going on?

Where are the 500 GeV new particles????

To the extent that there is 
nothing there, we must be 

missing something important!
*Most Current Models are somewhat tuned

Twin Higgs
Axion/Relaxation solution
Cosmological Naturalness



Making Friends

Concrete example where ASSUMPTION that 
what appears is particles is INCORRECT 

Dimensional analysis still correct, but instead 
new dynamics instead of new particles



Outline

• IR EFT

• A Yukawa coupled fermion without quadratic divergences

• UV completion

• Confirm we aren’t tricking ourselves

• Interpretation

• We still don’t completely understand why our result is what it is

• Conclusion



IR EFT

L =
p
2 y f sin

✓
�

2f

◆
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L = y �  
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Quadratic divergence

No new particles
No y2 divergence in 
effective potential



Warmup

Calculate the physical Yukawa coupling

L =
p
2 y f sin
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All corrections are multiplicative

Warmup

�1

2
(
1

2f
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Z
d4p

(2⇡)4
i

p2
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Two derivatives on sine Coupling Constant squared

Symmetry factor Loop
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Later calculations are more easily 
done in position space

Warmup
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Previous result squared

Additional cyclic symmetry factor

Warmup



All corrections are multiplicative

<latexit sha1_base64="l9yZhi4EFkgrrt1ORlYy+R3Qlhw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSIIQklE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+Oyura+sbm4Wt4vbO7t5+6eCwqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3dRvPaHSPJYPZpygH9GB5CFn1Fipft4rld2KOwNZJl5OypCj1it9dfsxSyOUhgmqdcdzE+NnVBnOBE6K3VRjQtmIDrBjqaQRaj+bHTohp1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1IQ3fsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2RRtCN7iy8ukeVHxripe/bJcvc3jKMAxnMAZeHANVbiHGjSAAcIzvMKb8+i8OO/Ox7x1xclnjuAPnM8fc32MtQ==</latexit>

+
<latexit sha1_base64="l9yZhi4EFkgrrt1ORlYy+R3Qlhw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSIIQklE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+Oyura+sbm4Wt4vbO7t5+6eCwqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3dRvPaHSPJYPZpygH9GB5CFn1Fipft4rld2KOwNZJl5OypCj1it9dfsxSyOUhgmqdcdzE+NnVBnOBE6K3VRjQtmIDrBjqaQRaj+bHTohp1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1IQ3fsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2RRtCN7iy8ukeVHxripe/bJcvc3jKMAxnMAZeHANVbiHGjSAAcIzvMKb8+i8OO/Ox7x1xclnjuAPnM8fc32MtQ==</latexit>

+ <latexit sha1_base64="etxfFIAobHk9bAbwnYGzOMhDeno=">AAAB7XicbVBNS8NAEJ34WetX1aOXYBE8lUREPRa9eKxgP6ANZbPZtGs3u2F3IpTQ/+DFgyJe/T/e/Ddu2xy09cHA470ZZuaFqeAGPe/bWVldW9/YLG2Vt3d29/YrB4ctozJNWZMqoXQnJIYJLlkTOQrWSTUjSShYOxzdTv32E9OGK/mA45QFCRlIHnNK0EqtHo0Umn6l6tW8Gdxl4hekCgUa/cpXL1I0S5hEKogxXd9LMciJRk4Fm5R7mWEpoSMyYF1LJUmYCfLZtRP31CqRGyttS6I7U39P5CQxZpyEtjMhODSL3lT8z+tmGF8HOZdphkzS+aI4Ey4qd/q6G3HNKIqxJYRqbm916ZBoQtEGVLYh+IsvL5PWec2/rPn3F9X6TRFHCY7hBM7Ahyuowx00oAkUHuEZXuHNUc6L8+58zFtXnGLmCP7A+fwBsE+PNQ==</latexit>· · ·
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<latexit sha1_base64="SHL1L/lqH2sje+2H5vOsbVeD1X8="></latexit><latexit sha1_base64="SHL1L/lqH2sje+2H5vOsbVeD1X8="></latexit><latexit sha1_base64="SHL1L/lqH2sje+2H5vOsbVeD1X8="></latexit><latexit sha1_base64="SHL1L/lqH2sje+2H5vOsbVeD1X8="></latexit>

Warmup



All corrections are multiplicative

<latexit sha1_base64="l9yZhi4EFkgrrt1ORlYy+R3Qlhw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSIIQklE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+Oyura+sbm4Wt4vbO7t5+6eCwqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3dRvPaHSPJYPZpygH9GB5CFn1Fipft4rld2KOwNZJl5OypCj1it9dfsxSyOUhgmqdcdzE+NnVBnOBE6K3VRjQtmIDrBjqaQRaj+bHTohp1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1IQ3fsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2RRtCN7iy8ukeVHxripe/bJcvc3jKMAxnMAZeHANVbiHGjSAAcIzvMKb8+i8OO/Ox7x1xclnjuAPnM8fc32MtQ==</latexit>

+
<latexit sha1_base64="l9yZhi4EFkgrrt1ORlYy+R3Qlhw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSIIQklE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+Oyura+sbm4Wt4vbO7t5+6eCwqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3dRvPaHSPJYPZpygH9GB5CFn1Fipft4rld2KOwNZJl5OypCj1it9dfsxSyOUhgmqdcdzE+NnVBnOBE6K3VRjQtmIDrBjqaQRaj+bHTohp1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1IQ3fsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2RRtCN7iy8ukeVHxripe/bJcvc3jKMAxnMAZeHANVbiHGjSAAcIzvMKb8+i8OO/Ox7x1xclnjuAPnM8fc32MtQ==</latexit>

+ <latexit sha1_base64="etxfFIAobHk9bAbwnYGzOMhDeno=">AAAB7XicbVBNS8NAEJ34WetX1aOXYBE8lUREPRa9eKxgP6ANZbPZtGs3u2F3IpTQ/+DFgyJe/T/e/Ddu2xy09cHA470ZZuaFqeAGPe/bWVldW9/YLG2Vt3d29/YrB4ctozJNWZMqoXQnJIYJLlkTOQrWSTUjSShYOxzdTv32E9OGK/mA45QFCRlIHnNK0EqtHo0Umn6l6tW8Gdxl4hekCgUa/cpXL1I0S5hEKogxXd9LMciJRk4Fm5R7mWEpoSMyYF1LJUmYCfLZtRP31CqRGyttS6I7U39P5CQxZpyEtjMhODSL3lT8z+tmGF8HOZdphkzS+aI4Ey4qd/q6G3HNKIqxJYRqbm916ZBoQtEGVLYh+IsvL5PWec2/rPn3F9X6TRFHCY7hBM7Ahyuowx00oAkUHuEZXuHNUc6L8+58zFtXnGLmCP7A+fwBsE+PNQ==</latexit>· · ·
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<latexit sha1_base64="abocZWsHWKIV6g/sJuiPgzZ2yvo="></latexit><latexit sha1_base64="abocZWsHWKIV6g/sJuiPgzZ2yvo="></latexit><latexit sha1_base64="abocZWsHWKIV6g/sJuiPgzZ2yvo="></latexit><latexit sha1_base64="abocZWsHWKIV6g/sJuiPgzZ2yvo="></latexit>

e�D�(0)/8f
2

<latexit sha1_base64="+iH1VcbFe56FEU8voRwwk9pq28c=">AAAB/XicbVDJSgNBEO1xjXEbl5uXxiDEg3EmCOYY1IPHCGaBZDL0dGqSJj0L3T1CHIK/4sWDIl79D2/+jZ1kDpr4oODxXhVV9byYM6ks69tYWl5ZXVvPbeQ3t7Z3ds29/YaMEkGhTiMeiZZHJHAWQl0xxaEVCyCBx6HpDa8nfvMBhGRReK9GMTgB6YfMZ5QoLbnmIXTTsxu3Ew9Y0To9r2C/Wx67ZsEqWVPgRWJnpIAy1Fzzq9OLaBJAqCgnUrZtK1ZOSoRilMM430kkxIQOSR/amoYkAOmk0+vH+EQrPexHQleo8FT9PZGSQMpR4OnOgKiBnPcm4n9eO1F+xUlZGCcKQjpb5CccqwhPosA9JoAqPtKEUMH0rZgOiCBU6cDyOgR7/uVF0iiXbKtk310UqldZHDl0hI5REdnoElXRLaqhOqLoET2jV/RmPBkvxrvxMWtdMrKZA/QHxucP9tKTmQ==</latexit><latexit sha1_base64="+iH1VcbFe56FEU8voRwwk9pq28c=">AAAB/XicbVDJSgNBEO1xjXEbl5uXxiDEg3EmCOYY1IPHCGaBZDL0dGqSJj0L3T1CHIK/4sWDIl79D2/+jZ1kDpr4oODxXhVV9byYM6ks69tYWl5ZXVvPbeQ3t7Z3ds29/YaMEkGhTiMeiZZHJHAWQl0xxaEVCyCBx6HpDa8nfvMBhGRReK9GMTgB6YfMZ5QoLbnmIXTTsxu3Ew9Y0To9r2C/Wx67ZsEqWVPgRWJnpIAy1Fzzq9OLaBJAqCgnUrZtK1ZOSoRilMM430kkxIQOSR/amoYkAOmk0+vH+EQrPexHQleo8FT9PZGSQMpR4OnOgKiBnPcm4n9eO1F+xUlZGCcKQjpb5CccqwhPosA9JoAqPtKEUMH0rZgOiCBU6cDyOgR7/uVF0iiXbKtk310UqldZHDl0hI5REdnoElXRLaqhOqLoET2jV/RmPBkvxrvxMWtdMrKZA/QHxucP9tKTmQ==</latexit><latexit sha1_base64="+iH1VcbFe56FEU8voRwwk9pq28c=">AAAB/XicbVDJSgNBEO1xjXEbl5uXxiDEg3EmCOYY1IPHCGaBZDL0dGqSJj0L3T1CHIK/4sWDIl79D2/+jZ1kDpr4oODxXhVV9byYM6ks69tYWl5ZXVvPbeQ3t7Z3ds29/YaMEkGhTiMeiZZHJHAWQl0xxaEVCyCBx6HpDa8nfvMBhGRReK9GMTgB6YfMZ5QoLbnmIXTTsxu3Ew9Y0To9r2C/Wx67ZsEqWVPgRWJnpIAy1Fzzq9OLaBJAqCgnUrZtK1ZOSoRilMM430kkxIQOSR/amoYkAOmk0+vH+EQrPexHQleo8FT9PZGSQMpR4OnOgKiBnPcm4n9eO1F+xUlZGCcKQjpb5CccqwhPosA9JoAqPtKEUMH0rZgOiCBU6cDyOgR7/uVF0iiXbKtk310UqldZHDl0hI5REdnoElXRLaqhOqLoET2jV/RmPBkvxrvxMWtdMrKZA/QHxucP9tKTmQ==</latexit><latexit sha1_base64="+iH1VcbFe56FEU8voRwwk9pq28c=">AAAB/XicbVDJSgNBEO1xjXEbl5uXxiDEg3EmCOYY1IPHCGaBZDL0dGqSJj0L3T1CHIK/4sWDIl79D2/+jZ1kDpr4oODxXhVV9byYM6ks69tYWl5ZXVvPbeQ3t7Z3ds29/YaMEkGhTiMeiZZHJHAWQl0xxaEVCyCBx6HpDa8nfvMBhGRReK9GMTgB6YfMZ5QoLbnmIXTTsxu3Ew9Y0To9r2C/Wx67ZsEqWVPgRWJnpIAy1Fzzq9OLaBJAqCgnUrZtK1ZOSoRilMM430kkxIQOSR/amoYkAOmk0+vH+EQrPexHQleo8FT9PZGSQMpR4OnOgKiBnPcm4n9eO1F+xUlZGCcKQjpb5CccqwhPosA9JoAqPtKEUMH0rZgOiCBU6cDyOgR7/uVF0iiXbKtk310UqldZHDl0hI5REdnoElXRLaqhOqLoET2jV/RmPBkvxrvxMWtdMrKZA/QHxucP9tKTmQ==</latexit>

Warmup



End Result

Divergences resum into an exponential 
suppression instead of enhancement!

Warmup

Also true for mass term!

yobs = y e�D�(0)/8f
2

<latexit sha1_base64="flyzM1H9/OKhuYeTLOGuGvUiz4M=">AAACEnicbVA9SwNBEN3zM8avqKXNYhAMaLwTQRshqIWlgolCLjn2NnNmyd4Hu3PiceQ32PhXbCwUsbWy89+4iSk0+mDg8d4MM/P8RAqNtv1pTUxOTc/MFuaK8wuLS8ulldWGjlPFoc5jGatrn2mQIoI6CpRwnShgoS/hyu+dDPyrW1BaxNElZgm0QnYTiUBwhkbySpXMcxHuMI993adHNKPuNoV2vkNPPTfpii27sntIg/Ze3yuV7ao9BP1LnBEpkxHOvdKH24l5GkKEXDKtm46dYCtnCgWX0C+6qYaE8R67gaahEQtBt/LhS326aZQODWJlKkI6VH9O5CzUOgt90xky7OpxbyD+5zVTDA5buYiSFCHi34uCVFKM6SAf2hEKOMrMEMaVMLdS3mWKcTQpFk0IzvjLf0ljr+rYVediv1w7HsVRIOtkg2wRhxyQGjkj56ROOLknj+SZvFgP1pP1ar19t05Yo5k18gvW+xefpJt+</latexit><latexit sha1_base64="flyzM1H9/OKhuYeTLOGuGvUiz4M=">AAACEnicbVA9SwNBEN3zM8avqKXNYhAMaLwTQRshqIWlgolCLjn2NnNmyd4Hu3PiceQ32PhXbCwUsbWy89+4iSk0+mDg8d4MM/P8RAqNtv1pTUxOTc/MFuaK8wuLS8ulldWGjlPFoc5jGatrn2mQIoI6CpRwnShgoS/hyu+dDPyrW1BaxNElZgm0QnYTiUBwhkbySpXMcxHuMI993adHNKPuNoV2vkNPPTfpii27sntIg/Ze3yuV7ao9BP1LnBEpkxHOvdKH24l5GkKEXDKtm46dYCtnCgWX0C+6qYaE8R67gaahEQtBt/LhS326aZQODWJlKkI6VH9O5CzUOgt90xky7OpxbyD+5zVTDA5buYiSFCHi34uCVFKM6SAf2hEKOMrMEMaVMLdS3mWKcTQpFk0IzvjLf0ljr+rYVediv1w7HsVRIOtkg2wRhxyQGjkj56ROOLknj+SZvFgP1pP1ar19t05Yo5k18gvW+xefpJt+</latexit><latexit sha1_base64="flyzM1H9/OKhuYeTLOGuGvUiz4M=">AAACEnicbVA9SwNBEN3zM8avqKXNYhAMaLwTQRshqIWlgolCLjn2NnNmyd4Hu3PiceQ32PhXbCwUsbWy89+4iSk0+mDg8d4MM/P8RAqNtv1pTUxOTc/MFuaK8wuLS8ulldWGjlPFoc5jGatrn2mQIoI6CpRwnShgoS/hyu+dDPyrW1BaxNElZgm0QnYTiUBwhkbySpXMcxHuMI993adHNKPuNoV2vkNPPTfpii27sntIg/Ze3yuV7ao9BP1LnBEpkxHOvdKH24l5GkKEXDKtm46dYCtnCgWX0C+6qYaE8R67gaahEQtBt/LhS326aZQODWJlKkI6VH9O5CzUOgt90xky7OpxbyD+5zVTDA5buYiSFCHi34uCVFKM6SAf2hEKOMrMEMaVMLdS3mWKcTQpFk0IzvjLf0ljr+rYVediv1w7HsVRIOtkg2wRhxyQGjkj56ROOLknj+SZvFgP1pP1ar19t05Yo5k18gvW+xefpJt+</latexit><latexit sha1_base64="flyzM1H9/OKhuYeTLOGuGvUiz4M=">AAACEnicbVA9SwNBEN3zM8avqKXNYhAMaLwTQRshqIWlgolCLjn2NnNmyd4Hu3PiceQ32PhXbCwUsbWy89+4iSk0+mDg8d4MM/P8RAqNtv1pTUxOTc/MFuaK8wuLS8ulldWGjlPFoc5jGatrn2mQIoI6CpRwnShgoS/hyu+dDPyrW1BaxNElZgm0QnYTiUBwhkbySpXMcxHuMI993adHNKPuNoV2vkNPPTfpii27sntIg/Ze3yuV7ao9BP1LnBEpkxHOvdKH24l5GkKEXDKtm46dYCtnCgWX0C+6qYaE8R67gaahEQtBt/LhS326aZQODWJlKkI6VH9O5CzUOgt90xky7OpxbyD+5zVTDA5buYiSFCHi34uCVFKM6SAf2hEKOMrMEMaVMLdS3mWKcTQpFk0IzvjLf0ljr+rYVediv1w7HsVRIOtkg2wRhxyQGjkj56ROOLknj+SZvFgP1pP1ar19t05Yo5k18gvW+xefpJt+</latexit>

= y e�⇤2/32⇡2f2

<latexit sha1_base64="fAOZgzFG/VGYn/XubD50HpfiFe8=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwoTWJgm6EohsXLirYBzRJmUwm7dDJJMxMhBL6AW78FTcuFHHrB7jzb5y2WWjrgYHDOedy5x4/YVQq0/w2CguLS8srxdXS2vrG5lZ5e6cp41Rg0sAxi0XbR5IwyklDUcVIOxEERT4jLX9wPfZbD0RIGvN7NUyIG6EepyHFSGmpW65cwiF0jiDxsmPo3OrBAHn2yakNnYR6Ngw9e6RTZtWcAM4TKycVkKPeLX85QYzTiHCFGZKyY5mJcjMkFMWMjEpOKkmC8AD1SEdTjiIi3WxyzAgeaCWAYSz04wpO1N8TGYqkHEa+TkZI9eWsNxb/8zqpCi/cjPIkVYTj6aIwZVDFcNwMDKggWLGhJggLqv8KcR8JhJXur6RLsGZPnidNu2qZVevurFK7yusogj2wDw6BBc5BDdyAOmgADB7BM3gFb8aT8WK8Gx/TaMHIZ3bBHxifP/3umGs=</latexit><latexit sha1_base64="fAOZgzFG/VGYn/XubD50HpfiFe8=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwoTWJgm6EohsXLirYBzRJmUwm7dDJJMxMhBL6AW78FTcuFHHrB7jzb5y2WWjrgYHDOedy5x4/YVQq0/w2CguLS8srxdXS2vrG5lZ5e6cp41Rg0sAxi0XbR5IwyklDUcVIOxEERT4jLX9wPfZbD0RIGvN7NUyIG6EepyHFSGmpW65cwiF0jiDxsmPo3OrBAHn2yakNnYR6Ngw9e6RTZtWcAM4TKycVkKPeLX85QYzTiHCFGZKyY5mJcjMkFMWMjEpOKkmC8AD1SEdTjiIi3WxyzAgeaCWAYSz04wpO1N8TGYqkHEa+TkZI9eWsNxb/8zqpCi/cjPIkVYTj6aIwZVDFcNwMDKggWLGhJggLqv8KcR8JhJXur6RLsGZPnidNu2qZVevurFK7yusogj2wDw6BBc5BDdyAOmgADB7BM3gFb8aT8WK8Gx/TaMHIZ3bBHxifP/3umGs=</latexit><latexit sha1_base64="fAOZgzFG/VGYn/XubD50HpfiFe8=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwoTWJgm6EohsXLirYBzRJmUwm7dDJJMxMhBL6AW78FTcuFHHrB7jzb5y2WWjrgYHDOedy5x4/YVQq0/w2CguLS8srxdXS2vrG5lZ5e6cp41Rg0sAxi0XbR5IwyklDUcVIOxEERT4jLX9wPfZbD0RIGvN7NUyIG6EepyHFSGmpW65cwiF0jiDxsmPo3OrBAHn2yakNnYR6Ngw9e6RTZtWcAM4TKycVkKPeLX85QYzTiHCFGZKyY5mJcjMkFMWMjEpOKkmC8AD1SEdTjiIi3WxyzAgeaCWAYSz04wpO1N8TGYqkHEa+TkZI9eWsNxb/8zqpCi/cjPIkVYTj6aIwZVDFcNwMDKggWLGhJggLqv8KcR8JhJXur6RLsGZPnidNu2qZVevurFK7yusogj2wDw6BBc5BDdyAOmgADB7BM3gFb8aT8WK8Gx/TaMHIZ3bBHxifP/3umGs=</latexit><latexit sha1_base64="fAOZgzFG/VGYn/XubD50HpfiFe8=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwoTWJgm6EohsXLirYBzRJmUwm7dDJJMxMhBL6AW78FTcuFHHrB7jzb5y2WWjrgYHDOedy5x4/YVQq0/w2CguLS8srxdXS2vrG5lZ5e6cp41Rg0sAxi0XbR5IwyklDUcVIOxEERT4jLX9wPfZbD0RIGvN7NUyIG6EepyHFSGmpW65cwiF0jiDxsmPo3OrBAHn2yakNnYR6Ngw9e6RTZtWcAM4TKycVkKPeLX85QYzTiHCFGZKyY5mJcjMkFMWMjEpOKkmC8AD1SEdTjiIi3WxyzAgeaCWAYSz04wpO1N8TGYqkHEa+TkZI9eWsNxb/8zqpCi/cjPIkVYTj6aIwZVDFcNwMDKggWLGhJggLqv8KcR8JhJXur6RLsGZPnidNu2qZVevurFK7yusogj2wDw6BBc5BDdyAOmgADB7BM3gFb8aT8WK8Gx/TaMHIZ3bBHxifP/3umGs=</latexit>



Calculate faster

Perturbation theory is a way of doing path integral

Delta function source terms

yei�/2f  c

Z
D��eiSei��/2f

<latexit sha1_base64="2PpT9x5o1ypPSc+xwuCEFKO1BPg="></latexit><latexit sha1_base64="2PpT9x5o1ypPSc+xwuCEFKO1BPg="></latexit><latexit sha1_base64="2PpT9x5o1ypPSc+xwuCEFKO1BPg="></latexit><latexit sha1_base64="2PpT9x5o1ypPSc+xwuCEFKO1BPg="></latexit>

Just do path integral

eiS+
R
d4x�4(x�x0)i��(x)/2f

<latexit sha1_base64="/asxJtRsdbXTs2lICn8AezjAX60=">AAACIXicbZDLSsNAFIYnXmu9RV26GSxCRaxJKehSdOOyor1Ak5bJ5MQOnVyYmUhK6Ku48VXcuFDEnfgyTmsW3n4Y+PjPOcw5v5dwJpVlvRtz8wuLS8ullfLq2vrGprm13ZZxKii0aMxj0fWIBM4iaCmmOHQTAST0OHS80cW03rkDIVkc3ahxAm5IbiMWMEqUtgbmKfRzdo0PscMihf1+A2fY8YErorGaHWUD6wCzwsJOMmTV7OC4HkwGZsWqWTPhv2AXUEGFmgPzzfFjmoYQKcqJlD3bSpSbE6EY5TApO6mEhNARuYWexoiEIN18duEE72vHx0Es9NN7ztzvEzkJpRyHnu4MiRrK37Wp+V+tl6rg1M1ZlKQKIvr1UZByrGI8jQv7TABVfKyBUMH0rpgOiSBU6VDLOgT798l/oV2v2VbNvmpUzs6LOEpoF+2hKrLRCTpDl6iJWoiie/SIntGL8WA8Ga/G21frnFHM7KAfMj4+AYOqoKM=</latexit><latexit sha1_base64="/asxJtRsdbXTs2lICn8AezjAX60=">AAACIXicbZDLSsNAFIYnXmu9RV26GSxCRaxJKehSdOOyor1Ak5bJ5MQOnVyYmUhK6Ku48VXcuFDEnfgyTmsW3n4Y+PjPOcw5v5dwJpVlvRtz8wuLS8ullfLq2vrGprm13ZZxKii0aMxj0fWIBM4iaCmmOHQTAST0OHS80cW03rkDIVkc3ahxAm5IbiMWMEqUtgbmKfRzdo0PscMihf1+A2fY8YErorGaHWUD6wCzwsJOMmTV7OC4HkwGZsWqWTPhv2AXUEGFmgPzzfFjmoYQKcqJlD3bSpSbE6EY5TApO6mEhNARuYWexoiEIN18duEE72vHx0Es9NN7ztzvEzkJpRyHnu4MiRrK37Wp+V+tl6rg1M1ZlKQKIvr1UZByrGI8jQv7TABVfKyBUMH0rpgOiSBU6VDLOgT798l/oV2v2VbNvmpUzs6LOEpoF+2hKrLRCTpDl6iJWoiie/SIntGL8WA8Ga/G21frnFHM7KAfMj4+AYOqoKM=</latexit><latexit sha1_base64="/asxJtRsdbXTs2lICn8AezjAX60=">AAACIXicbZDLSsNAFIYnXmu9RV26GSxCRaxJKehSdOOyor1Ak5bJ5MQOnVyYmUhK6Ku48VXcuFDEnfgyTmsW3n4Y+PjPOcw5v5dwJpVlvRtz8wuLS8ullfLq2vrGprm13ZZxKii0aMxj0fWIBM4iaCmmOHQTAST0OHS80cW03rkDIVkc3ahxAm5IbiMWMEqUtgbmKfRzdo0PscMihf1+A2fY8YErorGaHWUD6wCzwsJOMmTV7OC4HkwGZsWqWTPhv2AXUEGFmgPzzfFjmoYQKcqJlD3bSpSbE6EY5TApO6mEhNARuYWexoiEIN18duEE72vHx0Es9NN7ztzvEzkJpRyHnu4MiRrK37Wp+V+tl6rg1M1ZlKQKIvr1UZByrGI8jQv7TABVfKyBUMH0rpgOiSBU6VDLOgT798l/oV2v2VbNvmpUzs6LOEpoF+2hKrLRCTpDl6iJWoiie/SIntGL8WA8Ga/G21frnFHM7KAfMj4+AYOqoKM=</latexit><latexit sha1_base64="/asxJtRsdbXTs2lICn8AezjAX60=">AAACIXicbZDLSsNAFIYnXmu9RV26GSxCRaxJKehSdOOyor1Ak5bJ5MQOnVyYmUhK6Ku48VXcuFDEnfgyTmsW3n4Y+PjPOcw5v5dwJpVlvRtz8wuLS8ullfLq2vrGprm13ZZxKii0aMxj0fWIBM4iaCmmOHQTAST0OHS80cW03rkDIVkc3ahxAm5IbiMWMEqUtgbmKfRzdo0PscMihf1+A2fY8YErorGaHWUD6wCzwsJOMmTV7OC4HkwGZsWqWTPhv2AXUEGFmgPzzfFjmoYQKcqJlD3bSpSbE6EY5TApO6mEhNARuYWexoiEIN18duEE72vHx0Es9NN7ztzvEzkJpRyHnu4MiRrK37Wp+V+tl6rg1M1ZlKQKIvr1UZByrGI8jQv7TABVfKyBUMH0rpgOiSBU6VDLOgT798l/oV2v2VbNvmpUzs6LOEpoF+2hKrLRCTpDl6iJWoiie/SIntGL8WA8Ga/G21frnFHM7KAfMj4+AYOqoKM=</latexit>

+h.c.
<latexit sha1_base64="tt7SE9tpDPM+5NMSiq7oEsjRr7c=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBEEYdkVQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvSgU31ve/0crq2vrGZmmrvL2zu7dfOThsGpVpyhpUCaXbETFMcMkallvB2qlmJIkEa0Wj26nfemLacCUf7DhlYUIGksecEuuk5jkeetTrVaq+58+Al0lQkCoUqPcqX92+olnCpKWCGNMJ/NSGOdGWU8Em5W5mWEroiAxYx1FJEmbCfHbtBJ86pY9jpV1Ji2fq74mcJMaMk8h1JsQOzaI3Ff/zOpmNr8OcyzSzTNL5ojgT2Co8fR33uWbUirEjhGrubsV0SDSh1gVUdiEEiy8vk+aFF/hecH9Zrd0UcZTgGE7gDAK4ghrcQR0aQOERnuEV3pBCL+gdfcxbV1AxcwR/gD5/AB0kjig=</latexit><latexit sha1_base64="tt7SE9tpDPM+5NMSiq7oEsjRr7c=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBEEYdkVQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvSgU31ve/0crq2vrGZmmrvL2zu7dfOThsGpVpyhpUCaXbETFMcMkallvB2qlmJIkEa0Wj26nfemLacCUf7DhlYUIGksecEuuk5jkeetTrVaq+58+Al0lQkCoUqPcqX92+olnCpKWCGNMJ/NSGOdGWU8Em5W5mWEroiAxYx1FJEmbCfHbtBJ86pY9jpV1Ji2fq74mcJMaMk8h1JsQOzaI3Ff/zOpmNr8OcyzSzTNL5ojgT2Co8fR33uWbUirEjhGrubsV0SDSh1gVUdiEEiy8vk+aFF/hecH9Zrd0UcZTgGE7gDAK4ghrcQR0aQOERnuEV3pBCL+gdfcxbV1AxcwR/gD5/AB0kjig=</latexit><latexit sha1_base64="tt7SE9tpDPM+5NMSiq7oEsjRr7c=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBEEYdkVQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvSgU31ve/0crq2vrGZmmrvL2zu7dfOThsGpVpyhpUCaXbETFMcMkallvB2qlmJIkEa0Wj26nfemLacCUf7DhlYUIGksecEuuk5jkeetTrVaq+58+Al0lQkCoUqPcqX92+olnCpKWCGNMJ/NSGOdGWU8Em5W5mWEroiAxYx1FJEmbCfHbtBJ86pY9jpV1Ji2fq74mcJMaMk8h1JsQOzaI3Ff/zOpmNr8OcyzSzTNL5ojgT2Co8fR33uWbUirEjhGrubsV0SDSh1gVUdiEEiy8vk+aFF/hecH9Zrd0UcZTgGE7gDAK4ghrcQR0aQOERnuEV3pBCL+gdfcxbV1AxcwR/gD5/AB0kjig=</latexit><latexit sha1_base64="tt7SE9tpDPM+5NMSiq7oEsjRr7c=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBEEYdkVQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvSgU31ve/0crq2vrGZmmrvL2zu7dfOThsGpVpyhpUCaXbETFMcMkallvB2qlmJIkEa0Wj26nfemLacCUf7DhlYUIGksecEuuk5jkeetTrVaq+58+Al0lQkCoUqPcqX92+olnCpKWCGNMJ/NSGOdGWU8Em5W5mWEroiAxYx1FJEmbCfHbtBJ86pY9jpV1Ji2fq74mcJMaMk8h1JsQOzaI3Ff/zOpmNr8OcyzSzTNL5ojgT2Co8fR33uWbUirEjhGrubsV0SDSh1gVUdiEEiy8vk+aFF/hecH9Zrd0UcZTgGE7gDAK4ghrcQR0aQOERnuEV3pBCL+gdfcxbV1AxcwR/gD5/AB0kjig=</latexit>



Calculate faster

Complete the square

S = �1

2

Z
d4x d4yJ(x)D�(x� y)J(y)

<latexit sha1_base64="Rej4NAeict54u2XlCbnkNn01Sjw="></latexit><latexit sha1_base64="Rej4NAeict54u2XlCbnkNn01Sjw="></latexit><latexit sha1_base64="Rej4NAeict54u2XlCbnkNn01Sjw="></latexit><latexit sha1_base64="Rej4NAeict54u2XlCbnkNn01Sjw="></latexit>

J =
1

2f
�4(x� x0)

<latexit sha1_base64="KThZ72GUN7NewsALdwxSPNAKq7s=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1WoC0tSCroRim7EVQX7gCaGyWTSDp08mJlIS8gPuPFX3LhQxK17d/6N0zYLbT1w4XDOvdx7jxszKqRhfGuFpeWV1bXiemljc2t7R9/da4so4Zi0cMQi3nWRIIyGpCWpZKQbc4ICl5GOO7ya+J0HwgWNwjs5jokdoH5IfYqRVJKjH93AC2j5HOHUzNIa9DNoeYRJdF+HFTg6hSPHOHH0slE1poCLxMxJGeRoOvqX5UU4CUgoMUNC9EwjlnaKuKSYkaxkJYLECA9Rn/QUDVFAhJ1Ov8ngsVI86EdcVSjhVP09kaJAiHHgqs4AyYGY9ybif14vkf65ndIwTiQJ8WyRnzAoIziJBnqUEyzZWBGEOVW3QjxAKhqpAiypEMz5lxdJu1Y1jap5Wy83LvM4iuAAHIIKMMEZaIBr0AQtgMEjeAav4E170l60d+1j1lrQ8pl98Afa5w9DsZkg</latexit><latexit sha1_base64="KThZ72GUN7NewsALdwxSPNAKq7s=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1WoC0tSCroRim7EVQX7gCaGyWTSDp08mJlIS8gPuPFX3LhQxK17d/6N0zYLbT1w4XDOvdx7jxszKqRhfGuFpeWV1bXiemljc2t7R9/da4so4Zi0cMQi3nWRIIyGpCWpZKQbc4ICl5GOO7ya+J0HwgWNwjs5jokdoH5IfYqRVJKjH93AC2j5HOHUzNIa9DNoeYRJdF+HFTg6hSPHOHH0slE1poCLxMxJGeRoOvqX5UU4CUgoMUNC9EwjlnaKuKSYkaxkJYLECA9Rn/QUDVFAhJ1Ov8ngsVI86EdcVSjhVP09kaJAiHHgqs4AyYGY9ybif14vkf65ndIwTiQJ8WyRnzAoIziJBnqUEyzZWBGEOVW3QjxAKhqpAiypEMz5lxdJu1Y1jap5Wy83LvM4iuAAHIIKMMEZaIBr0AQtgMEjeAav4E170l60d+1j1lrQ8pl98Afa5w9DsZkg</latexit><latexit sha1_base64="KThZ72GUN7NewsALdwxSPNAKq7s=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1WoC0tSCroRim7EVQX7gCaGyWTSDp08mJlIS8gPuPFX3LhQxK17d/6N0zYLbT1w4XDOvdx7jxszKqRhfGuFpeWV1bXiemljc2t7R9/da4so4Zi0cMQi3nWRIIyGpCWpZKQbc4ICl5GOO7ya+J0HwgWNwjs5jokdoH5IfYqRVJKjH93AC2j5HOHUzNIa9DNoeYRJdF+HFTg6hSPHOHH0slE1poCLxMxJGeRoOvqX5UU4CUgoMUNC9EwjlnaKuKSYkaxkJYLECA9Rn/QUDVFAhJ1Ov8ngsVI86EdcVSjhVP09kaJAiHHgqs4AyYGY9ybif14vkf65ndIwTiQJ8WyRnzAoIziJBnqUEyzZWBGEOVW3QjxAKhqpAiypEMz5lxdJu1Y1jap5Wy83LvM4iuAAHIIKMMEZaIBr0AQtgMEjeAav4E170l60d+1j1lrQ8pl98Afa5w9DsZkg</latexit><latexit sha1_base64="KThZ72GUN7NewsALdwxSPNAKq7s=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1WoC0tSCroRim7EVQX7gCaGyWTSDp08mJlIS8gPuPFX3LhQxK17d/6N0zYLbT1w4XDOvdx7jxszKqRhfGuFpeWV1bXiemljc2t7R9/da4so4Zi0cMQi3nWRIIyGpCWpZKQbc4ICl5GOO7ya+J0HwgWNwjs5jokdoH5IfYqRVJKjH93AC2j5HOHUzNIa9DNoeYRJdF+HFTg6hSPHOHH0slE1poCLxMxJGeRoOvqX5UU4CUgoMUNC9EwjlnaKuKSYkaxkJYLECA9Rn/QUDVFAhJ1Ov8ngsVI86EdcVSjhVP09kaJAiHHgqs4AyYGY9ybif14vkf65ndIwTiQJ8WyRnzAoIziJBnqUEyzZWBGEOVW3QjxAKhqpAiypEMz5lxdJu1Y1jap5Wy83LvM4iuAAHIIKMMEZaIBr0AQtgMEjeAav4E170l60d+1j1lrQ8pl98Afa5w9DsZkg</latexit>



Complete the square to get

Same as Feynman Diagrams

Calculate faster

L =
p
2 y f sin

✓
�

2f

◆
  

<latexit sha1_base64="abocZWsHWKIV6g/sJuiPgzZ2yvo="></latexit><latexit sha1_base64="abocZWsHWKIV6g/sJuiPgzZ2yvo="></latexit><latexit sha1_base64="abocZWsHWKIV6g/sJuiPgzZ2yvo="></latexit><latexit sha1_base64="abocZWsHWKIV6g/sJuiPgzZ2yvo="></latexit>

e�D�(0)/8f
2

<latexit sha1_base64="+iH1VcbFe56FEU8voRwwk9pq28c=">AAAB/XicbVDJSgNBEO1xjXEbl5uXxiDEg3EmCOYY1IPHCGaBZDL0dGqSJj0L3T1CHIK/4sWDIl79D2/+jZ1kDpr4oODxXhVV9byYM6ks69tYWl5ZXVvPbeQ3t7Z3ds29/YaMEkGhTiMeiZZHJHAWQl0xxaEVCyCBx6HpDa8nfvMBhGRReK9GMTgB6YfMZ5QoLbnmIXTTsxu3Ew9Y0To9r2C/Wx67ZsEqWVPgRWJnpIAy1Fzzq9OLaBJAqCgnUrZtK1ZOSoRilMM430kkxIQOSR/amoYkAOmk0+vH+EQrPexHQleo8FT9PZGSQMpR4OnOgKiBnPcm4n9eO1F+xUlZGCcKQjpb5CccqwhPosA9JoAqPtKEUMH0rZgOiCBU6cDyOgR7/uVF0iiXbKtk310UqldZHDl0hI5REdnoElXRLaqhOqLoET2jV/RmPBkvxrvxMWtdMrKZA/QHxucP9tKTmQ==</latexit><latexit sha1_base64="+iH1VcbFe56FEU8voRwwk9pq28c=">AAAB/XicbVDJSgNBEO1xjXEbl5uXxiDEg3EmCOYY1IPHCGaBZDL0dGqSJj0L3T1CHIK/4sWDIl79D2/+jZ1kDpr4oODxXhVV9byYM6ks69tYWl5ZXVvPbeQ3t7Z3ds29/YaMEkGhTiMeiZZHJHAWQl0xxaEVCyCBx6HpDa8nfvMBhGRReK9GMTgB6YfMZ5QoLbnmIXTTsxu3Ew9Y0To9r2C/Wx67ZsEqWVPgRWJnpIAy1Fzzq9OLaBJAqCgnUrZtK1ZOSoRilMM430kkxIQOSR/amoYkAOmk0+vH+EQrPexHQleo8FT9PZGSQMpR4OnOgKiBnPcm4n9eO1F+xUlZGCcKQjpb5CccqwhPosA9JoAqPtKEUMH0rZgOiCBU6cDyOgR7/uVF0iiXbKtk310UqldZHDl0hI5REdnoElXRLaqhOqLoET2jV/RmPBkvxrvxMWtdMrKZA/QHxucP9tKTmQ==</latexit><latexit sha1_base64="+iH1VcbFe56FEU8voRwwk9pq28c=">AAAB/XicbVDJSgNBEO1xjXEbl5uXxiDEg3EmCOYY1IPHCGaBZDL0dGqSJj0L3T1CHIK/4sWDIl79D2/+jZ1kDpr4oODxXhVV9byYM6ks69tYWl5ZXVvPbeQ3t7Z3ds29/YaMEkGhTiMeiZZHJHAWQl0xxaEVCyCBx6HpDa8nfvMBhGRReK9GMTgB6YfMZ5QoLbnmIXTTsxu3Ew9Y0To9r2C/Wx67ZsEqWVPgRWJnpIAy1Fzzq9OLaBJAqCgnUrZtK1ZOSoRilMM430kkxIQOSR/amoYkAOmk0+vH+EQrPexHQleo8FT9PZGSQMpR4OnOgKiBnPcm4n9eO1F+xUlZGCcKQjpb5CccqwhPosA9JoAqPtKEUMH0rZgOiCBU6cDyOgR7/uVF0iiXbKtk310UqldZHDl0hI5REdnoElXRLaqhOqLoET2jV/RmPBkvxrvxMWtdMrKZA/QHxucP9tKTmQ==</latexit><latexit sha1_base64="+iH1VcbFe56FEU8voRwwk9pq28c=">AAAB/XicbVDJSgNBEO1xjXEbl5uXxiDEg3EmCOYY1IPHCGaBZDL0dGqSJj0L3T1CHIK/4sWDIl79D2/+jZ1kDpr4oODxXhVV9byYM6ks69tYWl5ZXVvPbeQ3t7Z3ds29/YaMEkGhTiMeiZZHJHAWQl0xxaEVCyCBx6HpDa8nfvMBhGRReK9GMTgB6YfMZ5QoLbnmIXTTsxu3Ew9Y0To9r2C/Wx67ZsEqWVPgRWJnpIAy1Fzzq9OLaBJAqCgnUrZtK1ZOSoRilMM430kkxIQOSR/amoYkAOmk0+vH+EQrPexHQleo8FT9PZGSQMpR4OnOgKiBnPcm4n9eO1F+xUlZGCcKQjpb5CccqwhPosA9JoAqPtKEUMH0rZgOiCBU6cDyOgR7/uVF0iiXbKtk310UqldZHDl0hI5REdnoElXRLaqhOqLoET2jV/RmPBkvxrvxMWtdMrKZA/QHxucP9tKTmQ==</latexit>



Finally calculate the fermion loop

Took you long enough

Scalar loops can hit either Yukawa or 
reach between them



Fermion Loop

Fermion loop in position space

Fluctuations

�Ve↵ = �y2f2

2
cos

✓
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f

◆ Z
d4xTr (D (x)D (�x))

<latexit sha1_base64="8Mh1wbvjDKgDMXMOg7jJ9x2HN9o=">AAACf3icbVFNb9NAEF2brxI+msKRy6gRIhVtZEeVgANSBRw4FqlJK2UTa70eJ6uuP7Q7rhJZ/hv8MG78Fw5sXBdBy5NWevtm3uzsTFxqZSkIfnr+vfsPHj7aedx78vTZ893+3oupLSojcSILXZiLWFjUKscJKdJ4URoUWazxPL78vI2fX6GxqsjPaFPiPBPLXKVKCnJS1P/OE9QkYBpxwjXVmKYNfIQj4KkRst4sxpAuxk09bo DLwgLXmBIMuzAvVyoKmtp5uFHLFcEB8EPgKidIFsfr9tLWPTPNHy98iXhp1XB9cMOOHG1xUyXqD4JR0ALukrAjA9bhNOr/4EkhqwxzklpYOwuDkua1MKSkxqbHK4ulkJdiiTNHc5Ghndft/Bp47ZQE0sK44zpv1b8dtcis3WSxy8wErezt2Fb8X2xWUfp+Xqu8rAhzef1QWmmgArbLgEQZlKQ3jghplOsV5Eq4yZJbWc8NIbz95btkOh6FwSj8djw4+dSNY4e9YvtsyEL2jp2wr+yUTZhkv7x976136Hv+G3/kB9epvtd5XrJ/4H/4DYuEvA8=</latexit><latexit sha1_base64="8Mh1wbvjDKgDMXMOg7jJ9x2HN9o=">AAACf3icbVFNb9NAEF2brxI+msKRy6gRIhVtZEeVgANSBRw4FqlJK2UTa70eJ6uuP7Q7rhJZ/hv8MG78Fw5sXBdBy5NWevtm3uzsTFxqZSkIfnr+vfsPHj7aedx78vTZ893+3oupLSojcSILXZiLWFjUKscJKdJ4URoUWazxPL78vI2fX6GxqsjPaFPiPBPLXKVKCnJS1P/OE9QkYBpxwjXVmKYNfIQj4KkRst4sxpAuxk09bo DLwgLXmBIMuzAvVyoKmtp5uFHLFcEB8EPgKidIFsfr9tLWPTPNHy98iXhp1XB9cMOOHG1xUyXqD4JR0ALukrAjA9bhNOr/4EkhqwxzklpYOwuDkua1MKSkxqbHK4ulkJdiiTNHc5Ghndft/Bp47ZQE0sK44zpv1b8dtcis3WSxy8wErezt2Fb8X2xWUfp+Xqu8rAhzef1QWmmgArbLgEQZlKQ3jghplOsV5Eq4yZJbWc8NIbz95btkOh6FwSj8djw4+dSNY4e9YvtsyEL2jp2wr+yUTZhkv7x976136Hv+G3/kB9epvtd5XrJ/4H/4DYuEvA8=</latexit><latexit sha1_base64="8Mh1wbvjDKgDMXMOg7jJ9x2HN9o=">AAACf3icbVFNb9NAEF2brxI+msKRy6gRIhVtZEeVgANSBRw4FqlJK2UTa70eJ6uuP7Q7rhJZ/hv8MG78Fw5sXBdBy5NWevtm3uzsTFxqZSkIfnr+vfsPHj7aedx78vTZ893+3oupLSojcSILXZiLWFjUKscJKdJ4URoUWazxPL78vI2fX6GxqsjPaFPiPBPLXKVKCnJS1P/OE9QkYBpxwjXVmKYNfIQj4KkRst4sxpAuxk09bo DLwgLXmBIMuzAvVyoKmtp5uFHLFcEB8EPgKidIFsfr9tLWPTPNHy98iXhp1XB9cMOOHG1xUyXqD4JR0ALukrAjA9bhNOr/4EkhqwxzklpYOwuDkua1MKSkxqbHK4ulkJdiiTNHc5Ghndft/Bp47ZQE0sK44zpv1b8dtcis3WSxy8wErezt2Fb8X2xWUfp+Xqu8rAhzef1QWmmgArbLgEQZlKQ3jghplOsV5Eq4yZJbWc8NIbz95btkOh6FwSj8djw4+dSNY4e9YvtsyEL2jp2wr+yUTZhkv7x976136Hv+G3/kB9epvtd5XrJ/4H/4DYuEvA8=</latexit><latexit sha1_base64="8Mh1wbvjDKgDMXMOg7jJ9x2HN9o=">AAACf3icbVFNb9NAEF2brxI+msKRy6gRIhVtZEeVgANSBRw4FqlJK2UTa70eJ6uuP7Q7rhJZ/hv8MG78Fw5sXBdBy5NWevtm3uzsTFxqZSkIfnr+vfsPHj7aedx78vTZ893+3oupLSojcSILXZiLWFjUKscJKdJ4URoUWazxPL78vI2fX6GxqsjPaFPiPBPLXKVKCnJS1P/OE9QkYBpxwjXVmKYNfIQj4KkRst4sxpAuxk09bo DLwgLXmBIMuzAvVyoKmtp5uFHLFcEB8EPgKidIFsfr9tLWPTPNHy98iXhp1XB9cMOOHG1xUyXqD4JR0ALukrAjA9bhNOr/4EkhqwxzklpYOwuDkua1MKSkxqbHK4ulkJdiiTNHc5Ghndft/Bp47ZQE0sK44zpv1b8dtcis3WSxy8wErezt2Fb8X2xWUfp+Xqu8rAhzef1QWmmgArbLgEQZlKQ3jghplOsV5Eq4yZJbWc8NIbz95btkOh6FwSj8djw4+dSNY4e9YvtsyEL2jp2wr+yUTZhkv7x976136Hv+G3/kB9epvtd5XrJ/4H/4DYuEvA8=</latexit>
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Fermion Loop

Complete the square

Takes Yukawa couplings to IR value
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Fermion Loop

Complete the square

Divergent integral made finite
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Fermion Loop

Final ResultAfter Wick rotation the result can be written as
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where the massless fermion propagator D (x) gave Tr (D (x)D (�x)) = �1/(⇡4
x
6); more-

over we used eq. (2.12) and similarly to before defined
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�

D
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8f2 . (2.16)

This time, the standard quadratically divergent loop integral has been rendered finite with

the UV cuto↵ instead replaced by ⇠ 4⇡f 9.

Notice, amusingly, that in the self-consistent situation where eq. (2.15) represents the

leading contribution to the scalar potential, there is a sharp relation between the masses m 

and m� of respectively fermion and boson. The minimum of the potential in eq. (2.15) is at

�/f = ⇡ which breaks the discrete chiral symmetry protecting the fermion mass. Expanding

around the minimum we find m� = 2m . The fact that m� is not suppressed with respect to

m , even though it is generated from loops involving the fermion mass interaction is because

quantum fluctuations of ei�/f at the scale 4⇡f are unsuppressed 10.

General Operators. Our two examples are not exceptions. The dressing of erstwhile

divergences with exponentials is a general phenomenon. If the scalar couples to an operator

as
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then the e↵ective potential will be corrected as
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where �O is the dimension of the operator O. The integral is dominated at a scale 4⇡f
p
�O.

Only for large enough �O � 1 can this e↵ective cut-o↵ approach the physical UV cuto↵ of

the theory.

9The factor of 2 increase in the UV cut-o↵ with respect to the previous case stems from the 1/2 in the
phase factor of the Yukawa interaction, see eq. (2.2).

10For instance, in a strongly coupled composite Higgs model where the strong scale is ⇠ 4⇡vF ⇠ 2 TeV
coincides with the UV-cut-o↵, one expects, according to eq. (1.3), a correction �mH ⇠ mt with no suppression.
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Finite correction to the potential
No quadratic divergence after resuming diagrams
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Main result of this talk!

Before trying to interpret this result, a 
few is to dot and a few ts to cross

• Unitarity
• Does anything happens at the scale 4𝜋f ?
• UV completion



Unitarity

Unitarity Limit - Result only matters if UV 
cutoff can be taken large

Figure 3. The solid line shows I(��N ) as a function of ��N while the dashed line shows the large ��N

fit of 1/��N . Whenever I(��N ) < 1, then the IR physicist guesses that the scale of new physics is at
a scale parametrically smaller than m⇢ so that rather than obtaining the mass scale of new physics,
they are instead obtaining the scale at which new interactions become important.

With Eq. 4.7 we have everything we need to see the modification of the structure of

divergences and where it is peaked. Firstly, we plot the integrand in Fig. 2. As can be clearly

seen in the figure, the quadratic growth with energy is cut o↵ at the scale x2 ⇠ �. This shows

both that the structure of divergences has been modified in such a manner that the fermion

loop is now finite and that the peak is located well below m⇢.

Eq. 4.7 has been set up such that the standard estimates of naturalness will guess the

scale
p
Im⇢ as the mass scale of new physics. If I ⌧ 1, then the scale of new physics is

parametrically above what is otherwise guessed. The value of I(��N ) is shown in Fig. 3. As

can be easily seen, I < 1 as long as ��N is large. A fit to the large ��N limit gives I ⇡
1

��N
.

In the limit of large ��N , we see that m2
� / 1/��N , exactly the guess in Eq. 1.5. We have

found that the IR contribution to the integral does not disrupt this scaling as was feared

might occur.

4.2 Reproducing the UV results from an IR perspective

We now show how to reproduce the results of Sec. 4.1 from the IR. As before, we need to

include all of the higher dimensional operators due to the shift symmetry of �. We begin

with the Yukawa coupling

L =
y
p
2
�  c

!
p
2yf sin

✓
�

2f

◆
  c. (4.8)

There is a simple way to get to the final answer. This Lagrangian is the same as in Sec. 4.1

except without ⇢. We can thus simply repeat the exact same calculation without the ⇢ and
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⇤ > 4⇡f

No Yukawa means no UV cutoff so it 
depends on Yukawa coupling



Unitarity Limit on scalar + fermion matrix 
element
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Had a hint of this from the exponential 
nature of the divergent corrections to the 

Yukawa coupling

Large UV cutoff requires small Yukawa

Unitarity
<latexit sha1_base64="a654sNqgWWWaclQahyO0Zi//bDo=">AAACGXicbVC7TsMwFHV4lvIKMLJYVEhMJakqYKxgYSwSfUhNqBzXaa06drAdpCjKb7DwKywMIMQIE3+D22aAliNd6eice3XvPUHMqNKO820tLa+srq2XNsqbW9s7u/befluJRGLSwoIJ2Q2QIoxy0tJUM9KNJUFRwEgnGF9N/M4DkYoKfqvTmPgRGnIaUoy0kfq244US4cxT91JnKs8znkOPEaUUjWAdejGFoRHE8C5zT2s5TPt2xak6U8BF4hakAgo0+/anNxA4iQjXmCGleq4Taz9DUlPMSF72EkVihMdoSHqGchQR5WfTz3J4bJQBDIU0xTWcqr8nMhQplUaB6YyQHql5byL+5/USHV74GeVxognHs0VhwqAWcBITHFBJsGapIQhLam6FeIRMVNqEWTYhuPMvL5J2reqeVd2beqVxWcRRAofgCJwAF5yDBrgGTdACGDyCZ/AK3qwn68V6tz5mrUtWMXMA/sD6+gE+saBi</latexit>p
s

n
. 4⇡f log1/2 y



Many Legs + Final States

What physically happens at this new scale?

<latexit sha1_base64="zAGF7xjJo1/vCxwWcA0kLSvcuGU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUkP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo1Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4A2QmM+A==</latexit>n
<latexit sha1_base64="zAGF7xjJo1/vCxwWcA0kLSvcuGU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUkP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo1Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4A2QmM+A==</latexit>n

<latexit sha1_base64="bG2M2kjG6IOkd0T1E7PdlqtNnPo="></latexit>

Mn!n ⇠ y

✓
E

4⇡fn3/2

◆2n�4

. 1

<latexit sha1_base64="n6DMsQ7jyk9QCHtVwEyq8VfvT6Q=">AAACHXicbVDLSgNBEJz1bXxFPXoZDIJe4q6KehRF8KhgVMjGMDvpTYbMzC4zvWJY9ke8+CtePCjiwYv4N05iDr4KGoqqbrq7olQKi77/4Y2Mjo1PTE5Nl2Zm5+YXyotLFzbJDIcaT2RiriJmQQoNNRQo4So1wFQk4TLqHvX9yxswViT6HHspNBRraxELztBJzfKOboYIt5grdlvQ0ApFQwkx0nUaxobx/LjIY2cY0e4g3bjOtza3i2a54lf9AehfEgxJhQxx2iy/ha2EZwo0csmsrQd+io2cGRRcQlEKMwsp413WhrqjmimwjXzwXUHXnNKicWJcaaQD9ftEzpS1PRW5TsWwY397ffE/r55hvN/IhU4zBM2/FsWZpJjQflS0JQxwlD1HGDfC3Up5h7lQ0AVaciEEv1/+Sy62qsFuNTjbqRwcDuOYIitklayTgOyRA3JCTkmNcHJHHsgTefbuvUfvxXv9ah3xhjPL5Ae890+lvKGZ</latexit>

nmax ⇠
✓
E

f

◆2/3



Many Legs + Final States

What physically happens at this new scale?

Multiple scalar final states become important
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Many Legs + Final States

Many loops become more important than 
few loops

Surprisingly, by making 
diagrams more divergent, the 

loop becomes convergent
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Outline

• IR EFT

• A Yukawa coupled fermion without quadratic divergences

• UV completion

• Confirm we aren’t tricking ourselves

• Interpretation

• We still don’t completely understand why our result is what it is

• Conclusion



Our starting point is everyone’s favorite 
toy theory

A simple starting point

Spontaneous Symmetry breaking  with a 
Higgs mode and a Goldstone

<latexit sha1_base64="+BYmTBMSYiyf6b5vhwY/h6h28q0="></latexit>
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4
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Break U(1) but preserve a ZN

We will be interested in the loop of 
fermions
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�L = Y (�N/2 � �†,N/2)  c
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�L = �N�N

A simple starting point

High dimensional 
operator is why multi-

particle final states 
become important



Limit under consideration
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F/N = f = const.

Symmetry breaking scale and 
classical dimension large.  Many legs

Loop expansion small

1-Loop effects are O(1) important

Radial mode has a fixed mass

New scale



Nice Simplification

Useful Simplification
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⇡ FN/2

2N/4
e(⇢+i�)/2f Radial Mode also 

exponentiates

Radial mode and pNGB appear the 
same up to an factor of i



Fermion Loop

where for convenience we have defined Y = 1p
2i
yf

⇣p
2

F

⌘N/2
and this structure (namely that

what appears is a sine rather than a cosine) can be enforced with a Z2 symmetry. For

simplicity, we will use the same notation as Sec. 3.1 when dealing with the complex scalar �.

As the contribution of a loop of  fermions is IR dominated, we will neglect any contribution

to the mass of � coming from any UV contributions, i.e. we will take �N ⇡ 0 at the UV scale

and �N 6= 0 will come from Wilsonian integrating out smaller momentum scales. As before,

we will take the Yukawa coupling y small enough that we can neglect all backreaction due to

non-zero y.

We now integrate out all momentum shells from the UV scale where the theory was

originally defined, ⇤, down to zero momentum. We will first determine the IR values of the

Yukawa couplings. A manipulation similar to those done in Sec. 3 shows that

Y (0) = Y (⇤)e
1

8f2
(D⇢(0)�D�(0)). (4.3)

We are interested in the mass of � to leading order in Y 2. As the integral is convergent,

we do not need to worry about a choice in regulator. The leading order correction to the

mass of � is most easily done in position space and is
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[AH: Not sure I got O(1) numbers completely correct.] where D (y) is the fermonic Feynman

propagator in position space and we have gone into Euclidean space, yE . If one does not

integrate over fluctuations, then the result is the standard quadratic divergence. However as

we will see, the fluctuations will regulate the divergence if �N2 is large enough. As before,

we complete the square and integrate over fluctuations to give

��N =
Y (⇤)2
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Z
dy2E
y4E

e
1

8f2
(2D⇢(0)�2D�(0)+D⇢(y)�D�(y)+D⇢(�y)�D�(�y)). (4.5)

We can absorb the divergent pieces into the IR measured value of the Yukawa couplings

leaving us with a finite result. The rest of propagators can be combined using modified

Bessel functions into

1

8f2

�
D⇢(y)�D�(y) + D⇢(�y)�D�(y)

�

= ���N
1�m⇢ y K1(m⇢ y)

m2
⇢ y

2
⌘ ���NG(m⇢ y), (4.6)

where we have used the anomalous dimension of �N , ��N = �N2

32⇡2 , and defined a function

G(m⇢y) to simplify things. In the large m⇢ limit, we have G(m⇢y) ⇡ 1/
�
m2
⇢y
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Fermion loop in position space
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2i
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what appears is a sine rather than a cosine) can be enforced with a Z2 symmetry. For

simplicity, we will use the same notation as Sec. 3.1 when dealing with the complex scalar �.

As the contribution of a loop of  fermions is IR dominated, we will neglect any contribution

to the mass of � coming from any UV contributions, i.e. we will take �N ⇡ 0 at the UV scale

and �N 6= 0 will come from Wilsonian integrating out smaller momentum scales. As before,

we will take the Yukawa coupling y small enough that we can neglect all backreaction due to

non-zero y.

We now integrate out all momentum shells from the UV scale where the theory was

originally defined, ⇤, down to zero momentum. We will first determine the IR values of the

Yukawa couplings. A manipulation similar to those done in Sec. 3 shows that
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(D⇢(0)�D�(0)). (4.3)

We are interested in the mass of � to leading order in Y 2. As the integral is convergent,
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[AH: Not sure I got O(1) numbers completely correct.] where D (y) is the fermonic Feynman

propagator in position space and we have gone into Euclidean space, yE . If one does not

integrate over fluctuations, then the result is the standard quadratic divergence. However as

we will see, the fluctuations will regulate the divergence if �N2 is large enough. As before,

we complete the square and integrate over fluctuations to give

��N =
Y (⇤)2
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dy2E
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e
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8f2
(2D⇢(0)�2D�(0)+D⇢(y)�D�(y)+D⇢(�y)�D�(�y)). (4.5)

We can absorb the divergent pieces into the IR measured value of the Yukawa couplings

leaving us with a finite result. The rest of propagators can be combined using modified

Bessel functions into
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where we have used the anomalous dimension of �N , ��N = �N2
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Fluctuations
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Fermion Loop

Complete the square

where for convenience we have defined Y = 1p
2i
yf
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2

F

⌘N/2
and this structure (namely that

what appears is a sine rather than a cosine) can be enforced with a Z2 symmetry. For

simplicity, we will use the same notation as Sec. 3.1 when dealing with the complex scalar �.

As the contribution of a loop of  fermions is IR dominated, we will neglect any contribution

to the mass of � coming from any UV contributions, i.e. we will take �N ⇡ 0 at the UV scale

and �N 6= 0 will come from Wilsonian integrating out smaller momentum scales. As before,

we will take the Yukawa coupling y small enough that we can neglect all backreaction due to

non-zero y.

We now integrate out all momentum shells from the UV scale where the theory was

originally defined, ⇤, down to zero momentum. We will first determine the IR values of the

Yukawa couplings. A manipulation similar to those done in Sec. 3 shows that

Y (0) = Y (⇤)e
1

8f2
(D⇢(0)�D�(0)). (4.3)

We are interested in the mass of � to leading order in Y 2. As the integral is convergent,

we do not need to worry about a choice in regulator. The leading order correction to the

mass of � is most easily done in position space and is
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[AH: Not sure I got O(1) numbers completely correct.] where D (y) is the fermonic Feynman

propagator in position space and we have gone into Euclidean space, yE . If one does not

integrate over fluctuations, then the result is the standard quadratic divergence. However as

we will see, the fluctuations will regulate the divergence if �N2 is large enough. As before,

we complete the square and integrate over fluctuations to give

��N =
Y (⇤)2

8⇡2

Z
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y4E
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1

8f2
(2D⇢(0)�2D�(0)+D⇢(y)�D�(y)+D⇢(�y)�D�(�y)). (4.5)

We can absorb the divergent pieces into the IR measured value of the Yukawa couplings

leaving us with a finite result. The rest of propagators can be combined using modified

Bessel functions into

1

8f2
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D⇢(y)�D�(y) + D⇢(�y)�D�(y)
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1�m⇢ y K1(m⇢ y)
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where we have used the anomalous dimension of �N , ��N = �N2

32⇡2 , and defined a function

G(m⇢y) to simplify things. In the large m⇢ limit, we have G(m⇢y) ⇡ 1/
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Fermion Loop

Complete the square

where for convenience we have defined Y = 1p
2i
yf

⇣p
2
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⌘N/2
and this structure (namely that

what appears is a sine rather than a cosine) can be enforced with a Z2 symmetry. For

simplicity, we will use the same notation as Sec. 3.1 when dealing with the complex scalar �.

As the contribution of a loop of  fermions is IR dominated, we will neglect any contribution

to the mass of � coming from any UV contributions, i.e. we will take �N ⇡ 0 at the UV scale

and �N 6= 0 will come from Wilsonian integrating out smaller momentum scales. As before,

we will take the Yukawa coupling y small enough that we can neglect all backreaction due to

non-zero y.

We now integrate out all momentum shells from the UV scale where the theory was

originally defined, ⇤, down to zero momentum. We will first determine the IR values of the

Yukawa couplings. A manipulation similar to those done in Sec. 3 shows that

Y (0) = Y (⇤)e
1

8f2
(D⇢(0)�D�(0)). (4.3)

We are interested in the mass of � to leading order in Y 2. As the integral is convergent,

we do not need to worry about a choice in regulator. The leading order correction to the

mass of � is most easily done in position space and is
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[AH: Not sure I got O(1) numbers completely correct.] where D (y) is the fermonic Feynman

propagator in position space and we have gone into Euclidean space, yE . If one does not

integrate over fluctuations, then the result is the standard quadratic divergence. However as

we will see, the fluctuations will regulate the divergence if �N2 is large enough. As before,

we complete the square and integrate over fluctuations to give
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We can absorb the divergent pieces into the IR measured value of the Yukawa couplings

leaving us with a finite result. The rest of propagators can be combined using modified

Bessel functions into
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where we have used the anomalous dimension of �N , ��N = �N2
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Takes Yukawa couplings to IR value

Y (0) = Y (⇤)e(D⇢(0)�D�(0))/8f
2
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We will see that from the UV perspective 
all we are doing is the RG resummation



Fermion Loop

Complete the square

where for convenience we have defined Y = 1p
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and this structure (namely that

what appears is a sine rather than a cosine) can be enforced with a Z2 symmetry. For

simplicity, we will use the same notation as Sec. 3.1 when dealing with the complex scalar �.

As the contribution of a loop of  fermions is IR dominated, we will neglect any contribution
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and �N 6= 0 will come from Wilsonian integrating out smaller momentum scales. As before,

we will take the Yukawa coupling y small enough that we can neglect all backreaction due to
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We now integrate out all momentum shells from the UV scale where the theory was

originally defined, ⇤, down to zero momentum. We will first determine the IR values of the
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We are interested in the mass of � to leading order in Y 2. As the integral is convergent,

we do not need to worry about a choice in regulator. The leading order correction to the

mass of � is most easily done in position space and is
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[AH: Not sure I got O(1) numbers completely correct.] where D (y) is the fermonic Feynman

propagator in position space and we have gone into Euclidean space, yE . If one does not

integrate over fluctuations, then the result is the standard quadratic divergence. However as
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We can absorb the divergent pieces into the IR measured value of the Yukawa couplings

leaving us with a finite result. The rest of propagators can be combined using modified

Bessel functions into
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where we have used the anomalous dimension of �N , ��N = �N2

32⇡2 , and defined a function
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Divergent integral made finite
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Fermion Loop

Final Result
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High energy behavior

At high energies
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Anomalous Dimension
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log(m⇢y)
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2
log(m⇢y) = (��N � 2��N/2) log(m⇢y)

Exactly the differential RG running expected 
from Conformal Perturbation Theory
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Low energy behavior

Exponential Suppression
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Low energy behavior

Energy scale introduced 
by exponential

Exponential Suppression
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Exact behavior
Position Space Integrand
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Figure 2. The contribution of a loop of fermions as a function of distance to the mass of �, i.e.
the integrand of Eq. 4.7 as a function of x = m⇢y where y is the distance between the two vertices.
The solid line is when ��N = 10, the dashed line is when ��N = 102 while the dotted line is when
��N = 103. At low energies, large x, the standard quadratic growth is seen. At a scale x2

⇠ ��N , the
fermion loop saturates and begins to be suppressed indicating the the fermion loop has its structure
changed at scales well below the scale where the CFT has ceased to exist. This demonstrates that the
structure of divergences changes at a scale not associated with the mass of the ⇢, x = 1, and takes the
initially divergent fermion loop and renders it finite.

the divergence that we found in the previous section. In the small m⇢ limit, G(m⇢y) ⇡

�
1
2 log (m⇢y) reproducing standard RG running.

Combining Eq. 4.5 and Eq. 4.6 and defining x = m⇢y, we obtain the final e↵ective

potential

��N =
Y (0)2m2

⇢

8⇡2
I(��N ) �m2

� = �
y(0)2m2

⇢

8⇡2
I(��N ) (4.7)

I(��N ) =

Z
dx2

x4
e���N G(x).

We have taken the liberty to rewrite the results in terms of the mass of the pseudo-Goldstone

boson �. Using the small x limit of G(x) this integral is IR dominated as long as ��N > 4,

which coincides exactly with Eq. 1.4 providing a double check of our computation.

In the high energy limit, Eq. 4.7 has a simple physical interpretation. Let us consider

the contribution to the mass as a function of the distance x = m⇢y between the two vertices.

For each distance, we integrate out a small momentum shell and generate a contribution to

the mass of � that is hit by an additional factor e���N G(x). In the UV, the dominant e↵ect is

the logarithmic RG running and the additional factor e���N G(x)
⇡ e

�
�N
2 log(m⇢y) is simply the

di↵erential RG running between the Yukawas and the mass term. Due to the nonlinearity of

the anomalous dimension with respect to N , the mass term RG evolves faster towards zero

(��N = �N2

32⇡2 ) than the Yukawa couplings do (��N/2 = �N2

128⇡2 ). A factor of ��N /2 is absorbed

into the IR value of the Yukawa couplings leaving ��N /2 as the remaining di↵erential RG

running. We RG evolve from 1/y to m⇢ because for energy scales above 1/y, the fluctuation

�� and �⇢ causing the di↵erential RG evolution cannot reach between the two vertices.
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A new scale appears
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<latexit sha1_base64="Jz6A/dEiQKA7BGFLg7RtpqPW9OE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeiyK4LEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfzsrq2vrGZmGruL2zu7dfOjhs6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WDGSfoR3QgecgZNVaq3/VKZbfizkCWiZeTMuSo9Upf3X7M0gilYYJq3fHcxPgZVYYzgZNiN9WYUDaiA+xYKmmE2s9mh07IqVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeG1n3GZpAYlmy8KU0FMTKZfkz5XyIwYW0KZ4vZWwoZUUWZsNkUbgrf48jJpnle8y4pXvyhXb/I4CnAMJ3AGHlxBFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHmuWMzw==</latexit>

E

<latexit sha1_base64="mvQhOh++zvTft+itRHn/YkeP864=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKe6KqBchKIgniWAekIQwO5lNhszOLjO9QljyEV48KOLV7/Hm3zhJ9qCJBQ1FVTfdXX4shUHX/XZyS8srq2v59cLG5tb2TnF3r26iRDNeY5GMdNOnhkuheA0FSt6MNaehL3nDH95M/MYT10ZE6hFHMe+EtK9EIBhFKzVuT+7JFQm6xZJbdqcgi8TLSAkyVLvFr3YvYknIFTJJjWl5boydlGoUTPJxoZ0YHlM2pH3eslTRkJtOOj13TI6s0iNBpG0pJFP190RKQ2NGoW87Q4oDM+9NxP+8VoLBZScVKk6QKzZbFCSSYEQmv5Oe0JyhHFlCmRb2VsIGVFOGNqGCDcGbf3mR1E/L3nnZezgrVa6zOPJwAIdwDB5cQAXuoAo1YDCEZ3iFNyd2Xpx352PWmnOymX34A+fzB5RNjmw=</latexit>

F/N = f

Multi Particle Final state important

Conformal Perturbation Theory

Differential running

Exponential Unimportant - Usual 
Quadratic Divergence



Outline

• IR EFT

• A Yukawa coupled fermion without quadratic divergences

• UV completion

• Confirm we aren’t tricking ourselves

• Interpretation

• We still don’t completely understand why our result is what it is

• Conclusion



Dimensional Analysis

Traditional Statements : New Particles

Quartic Coupling

Yukawa Coupling
<latexit sha1_base64="rgrR7kV1sldaTjTrGvjJ2V+zXtc=">AAACEnicbZC7TsMwFIadcivlFmBksaiQYKmSCkHHChbGItGL1ITIcZ3Wqu1EtoMURX0GFl6FhQGEWJnYeBvcNgO0HMnWp/8/R/b5w4RRpR3n2yqtrK6tb5Q3K1vbO7t79v5BR8WpxKSNYxbLXogUYVSQtqaakV4iCeIhI91wfD31uw9EKhqLO50lxOdoKGhEMdJGCuwzHuTZ5L4OPUU59CKJcN6AXkKNxAMvGRmY5Jm5Arvq1JxZwWVwC6iColqB/eUNYpxyIjRmSKm+6yTaz5HUFDMyqXipIgnCYzQkfYMCcaL8fLbSBJ4YZQCjWJojNJypvydyxJXKeGg6OdIjtehNxf+8fqqjhp9TkaSaCDx/KEoZ1DGc5gMHVBKsWWYAYUnNXyEeIROLNilWTAju4srL0KnX3Iuae3tebV4VcZTBETgGp8AFl6AJbkALtAEGj+AZvII368l6sd6tj3lrySpmDsGfsj5/ACJZnSQ=</latexit>

m2
y ⇠

8⇡2m2
�

y2

<latexit sha1_base64="jtqHBWCwWmBBgZmFcJKY1szzKt8=">AAACInicbVDLSsNAFJ34rPUVdelmsAiuSlLFx67oxmUF+4Amhslk0g6dScLMRCgh3+LGX3HjQlFXgh/jNI2grQcGzj33XO7c4yeMSmVZn8bC4tLyymplrbq+sbm1be7sdmScCkzaOGax6PlIEkYj0lZUMdJLBEHcZ6Trj64m/e49EZLG0a0aJ8TlaBDRkGKktOSZF9zLHKb9AcrvGtCRlEMnFAhnx7pKqNa45yRDTfIfY1Hnnlmz6lYBOE/sktRAiZZnvjtBjFNOIoUZkrJvW4lyMyQUxYzkVSeVJEF4hAakr2mEOJFuVpyYw0OtBDCMhX6RgoX6eyJDXMox97WTIzWUs72J+F+vn6rw3M1olKSKRHi6KEwZVDGc5AUDKghWbKwJwoLqv0I8RDogpVOt6hDs2ZPnSadRt0/r9s1JrXlZxlEB++AAHAEbnIEmuAYt0AYYPIAn8AJejUfj2XgzPqbWBaOc2QN/YHx9A943o+U=</latexit>

m2
� ⇠

32⇡2m2
�

��



Dimensional Analysis

<latexit sha1_base64="KjpRJsP0XTyuB4Ldu7dY0hy2Kqs=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1RL+nR6pfrvhVfw60SoKcVCBHo1/+6g0USQWVlnBsTDfwExtmWFtGOJ2WeqmhCSZjPKRdRyUW1ITZ/NopOnPKAMVKu5IWzdXfExkWxkxE5DoFtiOz7M3E/7xuauPrMGMySS2VZLEoTjmyCs1eRwOmKbF84ggmmrlbERlhjYl1AZVcCMHyy6ukdVENatXg/rJSv8njKMIJnMI5BHAFdbiDBjSBwCM8wyu8ecp78d69j0VrwctnjuEPvM8fpFaPLQ==</latexit>m⇢

Traditional Statements : New Particles

<latexit sha1_base64="MYvIMOz2u+CRjINSNn2XK/ER3Vw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1RL+XjFi/XPGr/hxolQQ5qUCORr/81RsokgoqLeHYmG7gJzbMsLaMcDot9VJDE0zGeEi7jkosqAmz+bVTdOaUAYqVdiUtmqu/JzIsjJmIyHUKbEdm2ZuJ/3nd1MbXYcZkkloqyWJRnHJkFZq9jgZMU2L5xBFMNHO3IjLCGhPrAiq5EILll1dJ66Ia1KrB/WWlfpPHUYQTOIVzCOAK6nAHDWgCgUd4hld485T34r17H4vWgpfPHMMfeJ8/mDKPJQ==</latexit>m�

Standard estimates of mass of new 
particles parametrically incorrect

<latexit sha1_base64="RZaJnQtQ0huGorJTjvCOF3x5ftY=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cVbK20Q8lkMm1oHkOSEcrQr3DjQhG3fo47/8a0nYW2HggczjmX3HuilDNjff/bK62srq1vlDcrW9s7u3vV/YO2UZkmtEUUV7oTYUM5k7RlmeW0k2qKRcTpQzS6mfoPT1QbpuS9Hac0FHggWcIItk56FP0ed+EY96s1v+7PgJZJUJAaFGj2q1+9WJFMUGkJx8Z0Az+1YY61ZYTTSaWXGZpiMsID2nVUYkFNmM8WnqATp8QoUdo9adFM/T2RY2HMWEQuKbAdmkVvKv7ndTObXIU5k2lmqSTzj5KMI6vQ9HoUM02J5WNHMNHM7YrIEGtMrOuo4koIFk9eJu2zenBRD+7Oa43roo4yHMExnEIAl9CAW2hCCwgIeIZXePO09+K9ex/zaMkrZg7hD7zPH8PfkGM=</latexit>m�

<latexit sha1_base64="UvzkCNAxYmoE2aEUdIoQmvkae7A=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RjQkkS5idzCZD5rHMzArLkk/w4kERr36RN//GSbIHTSxoKKq66e6KEs6M9f1vr7Syura+Ud6sbG3v7O5V9w8ejUo1oS2iuNKdCBvKmaQtyyynnURTLCJO29H4Zuq3n6g2TMkHmyU0FHgoWcwItk66F/2sX635dX8GtEyCgtSgQLNf/eoNFEkFlZZwbEw38BMb5lhbRjidVHqpoQkmYzykXUclFtSE+ezUCTpxygDFSruSFs3U3xM5FsZkInKdAtuRWfSm4n9eN7XxVZgzmaSWSjJfFKccWYWmf6MB05RYnjmCiWbuVkRGWGNiXToVF0Kw+PIyeTyrBxf14O681rgu4ijDERzDKQRwCQ24hSa0gMAQnuEV3jzuvXjv3se8teQVM4fwB97nD2oGjeM=</latexit>my



Dimensional Analysis

<latexit sha1_base64="KjpRJsP0XTyuB4Ldu7dY0hy2Kqs=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1RL+nR6pfrvhVfw60SoKcVCBHo1/+6g0USQWVlnBsTDfwExtmWFtGOJ2WeqmhCSZjPKRdRyUW1ITZ/NopOnPKAMVKu5IWzdXfExkWxkxE5DoFtiOz7M3E/7xuauPrMGMySS2VZLEoTjmyCs1eRwOmKbF84ggmmrlbERlhjYl1AZVcCMHyy6ukdVENatXg/rJSv8njKMIJnMI5BHAFdbiDBjSBwCM8wyu8ecp78d69j0VrwctnjuEPvM8fpFaPLQ==</latexit>m⇢
Dimensional analysis does not 

say what has to happen

<latexit sha1_base64="MYvIMOz2u+CRjINSNn2XK/ER3Vw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1RL+XjFi/XPGr/hxolQQ5qUCORr/81RsokgoqLeHYmG7gJzbMsLaMcDot9VJDE0zGeEi7jkosqAmz+bVTdOaUAYqVdiUtmqu/JzIsjJmIyHUKbEdm2ZuJ/3nd1MbXYcZkkloqyWJRnHJkFZq9jgZMU2L5xBFMNHO3IjLCGhPrAiq5EILll1dJ66Ia1KrB/WWlfpPHUYQTOIVzCOAK6nAHDWgCgUd4hld485T34r17H4vWgpfPHMMfeJ8/mDKPJQ==</latexit>m�

<latexit sha1_base64="RZaJnQtQ0huGorJTjvCOF3x5ftY=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cVbK20Q8lkMm1oHkOSEcrQr3DjQhG3fo47/8a0nYW2HggczjmX3HuilDNjff/bK62srq1vlDcrW9s7u3vV/YO2UZkmtEUUV7oTYUM5k7RlmeW0k2qKRcTpQzS6mfoPT1QbpuS9Hac0FHggWcIItk56FP0ed+EY96s1v+7PgJZJUJAaFGj2q1+9WJFMUGkJx8Z0Az+1YY61ZYTTSaWXGZpiMsID2nVUYkFNmM8WnqATp8QoUdo9adFM/T2RY2HMWEQuKbAdmkVvKv7ndTObXIU5k2lmqSTzj5KMI6vQ9HoUM02J5WNHMNHM7YrIEGtMrOuo4koIFk9eJu2zenBRD+7Oa43roo4yHMExnEIAl9CAW2hCCwgIeIZXePO09+K9ex/zaMkrZg7hD7zPH8PfkGM=</latexit>m�

<latexit sha1_base64="mvQhOh++zvTft+itRHn/YkeP864=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKe6KqBchKIgniWAekIQwO5lNhszOLjO9QljyEV48KOLV7/Hm3zhJ9qCJBQ1FVTfdXX4shUHX/XZyS8srq2v59cLG5tb2TnF3r26iRDNeY5GMdNOnhkuheA0FSt6MNaehL3nDH95M/MYT10ZE6hFHMe+EtK9EIBhFKzVuT+7JFQm6xZJbdqcgi8TLSAkyVLvFr3YvYknIFTJJjWl5boydlGoUTPJxoZ0YHlM2pH3eslTRkJtOOj13TI6s0iNBpG0pJFP190RKQ2NGoW87Q4oDM+9NxP+8VoLBZScVKk6QKzZbFCSSYEQmv5Oe0JyhHFlCmRb2VsIGVFOGNqGCDcGbf3mR1E/L3nnZezgrVa6zOPJwAIdwDB5cQAXuoAo1YDCEZ3iFNyd2Xpx352PWmnOymX34A+fzB5RNjmw=</latexit>

F/N = f

Successfully predicts when the 
many legged phenomenon 

becomes important

<latexit sha1_base64="UvzkCNAxYmoE2aEUdIoQmvkae7A=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RjQkkS5idzCZD5rHMzArLkk/w4kERr36RN//GSbIHTSxoKKq66e6KEs6M9f1vr7Syura+Ud6sbG3v7O5V9w8ejUo1oS2iuNKdCBvKmaQtyyynnURTLCJO29H4Zuq3n6g2TMkHmyU0FHgoWcwItk66F/2sX635dX8GtEyCgtSgQLNf/eoNFEkFlZZwbEw38BMb5lhbRjidVHqpoQkmYzykXUclFtSE+ezUCTpxygDFSruSFs3U3xM5FsZkInKdAtuRWfSm4n9eN7XxVZgzmaSWSjJfFKccWYWmf6MB05RYnjmCiWbuVkRGWGNiXToVF0Kw+PIyeTyrBxf14O681rgu4ijDERzDKQRwCQ24hSa0gMAQnuEV3jzuvXjv3se8teQVM4fwB97nD2oGjeM=</latexit>my



Dimensional Analysis

Dimensional analysis doesn’t fail

People have mis-interpret what 
needs to happen at the scale



Why?

Why does this happen?
Who knows

L =
p
2 y f sin

✓
�

2f

◆
  

<latexit sha1_base64="abocZWsHWKIV6g/sJuiPgzZ2yvo="></latexit><latexit sha1_base64="abocZWsHWKIV6g/sJuiPgzZ2yvo="></latexit><latexit sha1_base64="abocZWsHWKIV6g/sJuiPgzZ2yvo="></latexit><latexit sha1_base64="abocZWsHWKIV6g/sJuiPgzZ2yvo="></latexit>

Essential Singularity as f ! 0
<latexit sha1_base64="X/MGyeR6ccH3CKVmbSmeeFtQ2Lc=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkoigh6LXjxWsB/QhrLZbtqlm03YnSi19Jd48aCIV3+KN/+N2zYHbX0w8Hhvhpl5YSqFQc/7dgpr6xubW8Xt0s7u3n7ZPThsmiTTjDdYIhPdDqnhUijeQIGSt1PNaRxK3gpHNzO/9cC1EYm6x3HKg5gOlIgEo2ilnluOSFeLwRCp1skj8Xpuxat6c5BV4uekAjnqPfer209YFnOFTFJjOr6XYjChGgWTfFrqZoanlI3ogHcsVTTmJpjMD5+SU6v0SZRoWwrJXP09MaGxMeM4tJ0xxaFZ9mbif14nw+gqmAiVZsgVWyyKMkkwIbMUSF9ozlCOLaFMC3srYUOqKUObVcmG4C+/vEqa51Xfq/p3F5XadR5HEY7hBM7Ah0uowS3UoQEMMniGV3hznpwX5935WLQWnHzmCP7A+fwBI3+SvA==</latexit><latexit sha1_base64="X/MGyeR6ccH3CKVmbSmeeFtQ2Lc=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkoigh6LXjxWsB/QhrLZbtqlm03YnSi19Jd48aCIV3+KN/+N2zYHbX0w8Hhvhpl5YSqFQc/7dgpr6xubW8Xt0s7u3n7ZPThsmiTTjDdYIhPdDqnhUijeQIGSt1PNaRxK3gpHNzO/9cC1EYm6x3HKg5gOlIgEo2ilnluOSFeLwRCp1skj8Xpuxat6c5BV4uekAjnqPfer209YFnOFTFJjOr6XYjChGgWTfFrqZoanlI3ogHcsVTTmJpjMD5+SU6v0SZRoWwrJXP09MaGxMeM4tJ0xxaFZ9mbif14nw+gqmAiVZsgVWyyKMkkwIbMUSF9ozlCOLaFMC3srYUOqKUObVcmG4C+/vEqa51Xfq/p3F5XadR5HEY7hBM7Ah0uowS3UoQEMMniGV3hznpwX5935WLQWnHzmCP7A+fwBI3+SvA==</latexit><latexit sha1_base64="X/MGyeR6ccH3CKVmbSmeeFtQ2Lc=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkoigh6LXjxWsB/QhrLZbtqlm03YnSi19Jd48aCIV3+KN/+N2zYHbX0w8Hhvhpl5YSqFQc/7dgpr6xubW8Xt0s7u3n7ZPThsmiTTjDdYIhPdDqnhUijeQIGSt1PNaRxK3gpHNzO/9cC1EYm6x3HKg5gOlIgEo2ilnluOSFeLwRCp1skj8Xpuxat6c5BV4uekAjnqPfer209YFnOFTFJjOr6XYjChGgWTfFrqZoanlI3ogHcsVTTmJpjMD5+SU6v0SZRoWwrJXP09MaGxMeM4tJ0xxaFZ9mbif14nw+gqmAiVZsgVWyyKMkkwIbMUSF9ozlCOLaFMC3srYUOqKUObVcmG4C+/vEqa51Xfq/p3F5XadR5HEY7hBM7Ah0uowS3UoQEMMniGV3hznpwX5935WLQWnHzmCP7A+fwBI3+SvA==</latexit><latexit sha1_base64="X/MGyeR6ccH3CKVmbSmeeFtQ2Lc=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkoigh6LXjxWsB/QhrLZbtqlm03YnSi19Jd48aCIV3+KN/+N2zYHbX0w8Hhvhpl5YSqFQc/7dgpr6xubW8Xt0s7u3n7ZPThsmiTTjDdYIhPdDqnhUijeQIGSt1PNaRxK3gpHNzO/9cC1EYm6x3HKg5gOlIgEo2ilnluOSFeLwRCp1skj8Xpuxat6c5BV4uekAjnqPfer209YFnOFTFJjOr6XYjChGgWTfFrqZoanlI3ogHcsVTTmJpjMD5+SU6v0SZRoWwrJXP09MaGxMeM4tJ0xxaFZ9mbif14nw+gqmAiVZsgVWyyKMkkwIbMUSF9ozlCOLaFMC3srYUOqKUObVcmG4C+/vEqa51Xfq/p3F5XadR5HEY7hBM7Ah0uowS3UoQEMMniGV3hznpwX5935WLQWnHzmCP7A+fwBI3+SvA==</latexit>

Essential Singularity in the UV e±#/f2x2

<latexit sha1_base64="3xOh4Yjx135kdZe+ZOquzqutrJs=">AAAB+3icbVDLSsNAFJ3UV62vWJduBoPgqiZF0GXRjcsK9gFNWibTSTt0ZhJmJtIS8ituXCji1h9x5984bbPQ1gMXDufcy733hAmjSrvut1Xa2Nza3invVvb2Dw6P7ONqW8WpxKSFYxbLbogUYVSQlqaakW4iCeIhI51wcjf3O09EKhqLRz1LSMDRSNCIYqSNNLCrpJ/5CYe+cxn163Dar+cD23Fr7gJwnXgFcUCB5sD+8ocxTjkRGjOkVM9zEx1kSGqKGckrfqpIgvAEjUjPUIE4UUG2uD2H50YZwiiWpoSGC/X3RIa4UjMemk6O9FitenPxP6+X6ugmyKhIUk0EXi6KUgZ1DOdBwCGVBGs2MwRhSc2tEI+RRFibuComBG/15XXSrtc8t+Y9XDmN2yKOMjgFZ+ACeOAaNMA9aIIWwGAKnsEreLNy68V6tz6WrSWrmDkBf2B9/gA46pM/</latexit><latexit sha1_base64="3xOh4Yjx135kdZe+ZOquzqutrJs=">AAAB+3icbVDLSsNAFJ3UV62vWJduBoPgqiZF0GXRjcsK9gFNWibTSTt0ZhJmJtIS8ituXCji1h9x5984bbPQ1gMXDufcy733hAmjSrvut1Xa2Nza3invVvb2Dw6P7ONqW8WpxKSFYxbLbogUYVSQlqaakW4iCeIhI51wcjf3O09EKhqLRz1LSMDRSNCIYqSNNLCrpJ/5CYe+cxn163Dar+cD23Fr7gJwnXgFcUCB5sD+8ocxTjkRGjOkVM9zEx1kSGqKGckrfqpIgvAEjUjPUIE4UUG2uD2H50YZwiiWpoSGC/X3RIa4UjMemk6O9FitenPxP6+X6ugmyKhIUk0EXi6KUgZ1DOdBwCGVBGs2MwRhSc2tEI+RRFibuComBG/15XXSrtc8t+Y9XDmN2yKOMjgFZ+ACeOAaNMA9aIIWwGAKnsEreLNy68V6tz6WrSWrmDkBf2B9/gA46pM/</latexit><latexit sha1_base64="3xOh4Yjx135kdZe+ZOquzqutrJs=">AAAB+3icbVDLSsNAFJ3UV62vWJduBoPgqiZF0GXRjcsK9gFNWibTSTt0ZhJmJtIS8ituXCji1h9x5984bbPQ1gMXDufcy733hAmjSrvut1Xa2Nza3invVvb2Dw6P7ONqW8WpxKSFYxbLbogUYVSQlqaakW4iCeIhI51wcjf3O09EKhqLRz1LSMDRSNCIYqSNNLCrpJ/5CYe+cxn163Dar+cD23Fr7gJwnXgFcUCB5sD+8ocxTjkRGjOkVM9zEx1kSGqKGckrfqpIgvAEjUjPUIE4UUG2uD2H50YZwiiWpoSGC/X3RIa4UjMemk6O9FitenPxP6+X6ugmyKhIUk0EXi6KUgZ1DOdBwCGVBGs2MwRhSc2tEI+RRFibuComBG/15XXSrtc8t+Y9XDmN2yKOMjgFZ+ACeOAaNMA9aIIWwGAKnsEreLNy68V6tz6WrSWrmDkBf2B9/gA46pM/</latexit><latexit sha1_base64="3xOh4Yjx135kdZe+ZOquzqutrJs=">AAAB+3icbVDLSsNAFJ3UV62vWJduBoPgqiZF0GXRjcsK9gFNWibTSTt0ZhJmJtIS8ituXCji1h9x5984bbPQ1gMXDufcy733hAmjSrvut1Xa2Nza3invVvb2Dw6P7ONqW8WpxKSFYxbLbogUYVSQlqaakW4iCeIhI51wcjf3O09EKhqLRz1LSMDRSNCIYqSNNLCrpJ/5CYe+cxn163Dar+cD23Fr7gJwnXgFcUCB5sD+8ocxTjkRGjOkVM9zEx1kSGqKGckrfqpIgvAEjUjPUIE4UUG2uD2H50YZwiiWpoSGC/X3RIa4UjMemk6O9FitenPxP6+X6ugmyKhIUk0EXi6KUgZ1DOdBwCGVBGs2MwRhSc2tEI+RRFibuComBG/15XXSrtc8t+Y9XDmN2yKOMjgFZ+ACeOAaNMA9aIIWwGAKnsEreLNy68V6tz6WrSWrmDkBf2B9/gA46pM/</latexit>



Dimensional Analysis

Something odd with dimensional analysis

<latexit sha1_base64="PN1wj7fvvcLK9eqz6pZivMpNS64=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkoioh6LXjxWsB/QhLDZbtqlu0nY3Qgx9Jd48aCIV3+KN/+N2zYHbX0w8Hhvhpl5YcqZ0o7zbVXW1jc2t6rbtZ3dvf26fXDYVUkmCe2QhCeyH2JFOYtpRzPNaT+VFIuQ0144uZ35vUcqFUviB52n1Bd4FLOIEayNFNh1EXjpmCFPMYFyFAV2w2k6c6BV4pakASXagf3lDROSCRprwrFSA9dJtV9gqRnhdFrzMkVTTCZ4RAeGxlhQ5Rfzw6fo1ChDFCXSVKzRXP09UWChVC5C0ymwHqtlbyb+5w0yHV37BYvTTNOYLBZFGUc6QbMU0JBJSjTPDcFEMnMrImMsMdEmq5oJwV1+eZV0z5vuZdO9v2i0bso4qnAMJ3AGLlxBC+6gDR0gkMEzvMKb9WS9WO/Wx6K1YpUzR/AH1ucP35GSlA==</latexit>

m� ⇠ yf

Probably I’m just too stupid to realize what’s going on yet

<latexit sha1_base64="OuVaZm0AmaR8FRphoyYkaxoVD2o=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCBymJiHosiuCxgv2AJoTNdtMu3U3C7kYsoX/FiwdFvPpHvPlv3LY5aOuDgcd7M8zMC1POlHacb6u0srq2vlHerGxt7+zu2fvVtkoySWiLJDyR3RAryllMW5ppTruppFiEnHbC0c3U7zxSqVgSP+hxSn2BBzGLGMHaSIFdFYGXDhnyFBNojLxTdBvYNafuzICWiVuQGhRoBvaX109IJmisCcdK9Vwn1X6OpWaE00nFyxRNMRnhAe0ZGmNBlZ/Pbp+gY6P0UZRIU7FGM/X3RI6FUmMRmk6B9VAtelPxP6+X6ejKz1mcZprGZL4oyjjSCZoGgfpMUqL52BBMJDO3IjLEEhNt4qqYENzFl5dJ+6zuXtTd+/Na47qIowyHcAQn4MIlNOAOmtACAk/wDK/wZk2sF+vd+pi3lqxi5gD+wPr8ASvvkzk=</latexit>
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Dim. Analysis Result

What is the spurion argument that forces the energy scale 
to be f and not the UV cutoff?



Conclusion

Standard expectations of “naturalness” are a 
bit too simple

Perhaps new particles are not what 
occurs at the TeV scale

What about the Higgs boson?

Multiple Higgs final state in 
conjunction with top quarks?

New physics is not always new particles

Large Yukawas?
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mh ⇡ mt/
p
2

Extend to non-abelian, gauge interactions, …


