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Precision Collider Observables
Energy

<latexit sha1_base64="0J7swYsUilrEsL4ZQsZMzO/7EK8="></latexit>

⇤QCD

<latexit sha1_base64="why1IGW+ChX5ltyScgfy1V+SD9A="></latexit>pT

<latexit sha1_base64="ek4SCqkLDJxDgibiDLLLVFwXMOc="></latexit>pT,veto

<latexit sha1_base64="7QZxLbALr5gJ053i0lvZI4ZBgoc="></latexit>mW,Z,h

<latexit sha1_base64="VUaT+GdAII0E8tQqTJlsYVl+ecc="></latexit>mt

<latexit sha1_base64="b2ptLlzg2xDoKa/ikb/E4SKiQBg="></latexit>mJ

<latexit sha1_base64="Mcoo5BxtWvRw6rkTyyW3fbXKrfk="></latexit>mtt̄

• Multi scales are involved in measurements

‣ Fixed-order results are invalid due to large 
logarithms of scale ratios

‣ Large logs need to be resummed to all orders in  <latexit sha1_base64="IWLmvXvAryOJxDBNEsbLnaOVzTE="></latexit>↵s

‣ Renormalization-group evolutions are governed by 
anomalous dimensions

RGE

UV poles in low energy matrix elements

<latexit sha1_base64="McVNMzl+D+x436b23f+RVT/sjCI="></latexit>

� ⇠ H ⌦Ba/N ⌦Bb/N ⌦ S ⌦
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i

J

IR poles

Soft-collinear effective theory (SCET) is 
powerful for scale separation and factorization
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Becher & Schwartz  ’11
Thrust in e+e- collision:

<latexit sha1_base64="4NpKNXvdbMCqw/HbVAgmzeJbWX8="></latexit>

T ⌘ 1� ⌧ = maxn

P
i |pi · n|P
i |pi|

Precision Collider Observables

<latexit sha1_base64="J7br/YrjT7l0dHEIU52XSwUEcug="></latexit>
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<latexit sha1_base64="6sFCo1a4jEB5Iuk0vfySbrXmWi0=">AAAB/HicbVDLSsNAFJ34rPEV7dLNYBFclUREXRbduHBRwT6gCWEynbRDZyZhZiKEUH/FjQtF3Poh7vwbJ20W2nrgwuGce7n3nihlVGnX/bZWVtfWNzZrW/b2zu7evnNw2FVJJjHp4IQlsh8hRRgVpKOpZqSfSoJ4xEgvmtyUfu+RSEUT8aDzlAQcjQSNKUbaSKFT9xFLxyhU8M5XlEMP2nboNNymOwNcJl5FGqBCO3S+/GGCM06ExgwpNfDcVAcFkppiRqa2nymSIjxBIzIwVCBOVFDMjp/CE6MMYZxIU0LDmfp7okBcqZxHppMjPVaLXin+5w0yHV8FBRVpponA80VxxqBOYJkEHFJJsGa5IQhLam6FeIwkwtrkVYbgLb68TLpnTe+i6d2fN1rXVRw1cASOwSnwwCVogVvQBh2AQQ6ewSt4s56sF+vd+pi3rljVTB38gfX5A0i4kzk=</latexit>

↵sL ⇠ 1

Expansion in      is 
not convergent,
but expansion in 1/L is ! 

<latexit sha1_base64="jHXCajV7MXklfV1E5l4JqOBegiY=">AAAB8XicdVBNS8NAEN34WetX1aOXxSJ4CkkNbb0VvXisYD+wDWWy3bRLN5uwuxFK6L/w4kERr/4bb/4bN20FFX0w8Hhvhpl5QcKZ0o7zYa2srq1vbBa2its7u3v7pYPDtopTSWiLxDyW3QAU5UzQlmaa024iKUQBp51gcpX7nXsqFYvFrZ4m1I9gJFjICGgj3fWBJ2MYKFwclMqOfVGvVrwqdmzHqbkVNyeVmnfuYdcoOcpoieag9N4fxiSNqNCEg1I910m0n4HUjHA6K/ZTRRMgExjRnqECIqr8bH7xDJ8aZYjDWJoSGs/V7xMZREpNo8B0RqDH6reXi395vVSHdT9jIkk1FWSxKEw51jHO38dDJinRfGoIEMnMrZiMQQLRJqQ8hK9P8f+kXbHdqu3eeOXG5TKOAjpGJ+gMuaiGGugaNVELESTQA3pCz5ayHq0X63XRumItZ47QD1hvnwsUkIQ=</latexit>↵s

<latexit sha1_base64="Oy5fn79LyZr9u8MlNpvUJoVlIYE=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1EYI2lhYRDAfmDvC3mYvWbK3d+zOCSHkX9hYKGLrv7Hz37hJrtDog4HHezPMzAtTKQy67pdTWFpeWV0rrpc2Nre2d8q7e02TZJrxBktkotshNVwKxRsoUPJ2qjmNQ8lb4fB66rceuTYiUfc4SnkQ074SkWAUrfRwe+lLRXykWbdccavuDOQv8XJSgRz1bvnT7yUsi7lCJqkxHc9NMRhTjYJJPin5meEpZUPa5x1LFY25CcaziyfkyCo9EiXalkIyU39OjGlszCgObWdMcWAWvan4n9fJMLoIxkKlGXLF5ouiTBJMyPR90hOaM5QjSyjTwt5K2IBqytCGVLIheIsv/yXNk6p3VvXuTiu1qzyOIhzAIRyDB+dQgxuoQwMYKHiCF3h1jPPsvDnv89aCk8/swy84H9/jLpBp</latexit>

L = ln ⌧

<latexit sha1_base64="qoN/HomgSyXMF0R0PT0Dvn9maSc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbt0swm7E6GE/gUvHhTx6h/y5r9x0+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKOZSH2k6qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bH7rjJxZZUjCWNtSSObq74mMRsZMo8B2RhTHZtnLxf+8XorhjZ8JlaTIFVssClNJMCb542QoNGcop5ZQpoW9lbAx1ZShjadiQ/CWX14l7Yu6d1X3Hi5rjdsijjKcwCmcgwfX0IB7aEILGIzhGV7hzYmcF+fd+Vi0lpxi5hj+wPn8ASMljk4=</latexit>⌧
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Soft-Collinear Factorization

J

SH

<latexit sha1_base64="EyX4yRLBE1Lkg8KojF4LseamiIo="></latexit>

S({�}, ✏)
Y

i

J(L2
i , ✏)|M({s}, ✏)iOff-Shell Green’s function  =

UV renormalized

free of IR poles

J

For n-jet amplitudes:

cusp angles

<latexit sha1_base64="Awku5xuUg6f4ZRRICJ1GOkmEdv8="></latexit>

ln
µ2

�p2i

<latexit sha1_base64="2gnnb12gRAOTZExlHsYL3vzfyE4="></latexit>

�ij = ln
(�sij) µ2

(�p2i )(�p2j )

<latexit sha1_base64="cobP9uMOhf2O2sa1sx5uHIZ1Nnk="></latexit>

sij = ±2pi · pj

Hard

Collinear

Soft

E

<latexit sha1_base64="VwA9tgpjutssWTQGzsvY1hfMe84=">AAACC3icdVDLSgMxFM34rPU11qWbYBFcDZnWvnZFNy4r2Af0MWTSTBuazAxJRiyln+AvuNW9O3HrR7j1S0wfghU9cOFwzr3ce48fc6Y0Qh/W2vrG5tZ2aie9u7d/cGgfZRoqSiShdRLxSLZ8rChnIa1rpjltxZJi4XPa9EdXM795R6ViUXirxzHtCjwIWcAI1kby7ExHJB7p5TqKCQhjj/Vynp1FDioWKnkEkVNAbqlSMQShYjmfg64hM2TBEjXP/uz0I5IIGmrCsVJtF8W6O8FSM8LpNN1JFI0xGeEBbRsaYkFVdzK/fQrPjNKHQSRNhRrO1Z8TEyyUGgvfdAqsh+q3NxP/8tqJDsrdCQvjRNOQLBYFCYc6grMgYJ9JSjQfG4KJZOZWSIZYYqJNXCtbfDFNm1C+P4f/k0bOcYuOe3ORrV4u40mBE3AKzoELSqAKrkEN1AEB9+ARPIFn68F6sV6tt0XrmrWcOQYrsN6/AMeDmpE=</latexit>

µ2
c ⇠ p2i

<latexit sha1_base64="v4T0ifCY3g+/83bX27ddk3p1HyY="></latexit>

µ2
s ⇠

p2i p
2
j

sij

<latexit sha1_base64="XEjDnb0erLr+/B2dZZOm9yI+yw4=">AAACEnicdZDLSgMxFIYzXmu9jboSN8EiuCqTIr3sim5cVrAX6NQhk8m0scnMkGSEUoov4Su41b07cesLuPVJzLQVrOiBwMf/n8PJ+f2EM6Ud58NaWl5ZXVvPbeQ3t7Z3du29/ZaKU0lok8Q8lh0fK8pZRJuaaU47iaRY+Jy2/eFF5rfvqFQsjq71KKE9gfsRCxnB2kiefeiK1BvclFzFBISJx1wSxNrArWcXnKLjOAghmAGqlB0DtVq1hKoQZZapAphXw7M/3SAmqaCRJhwr1UVOontjLDUjnE7ybqpogskQ92nXYIQFVb3x9IQJPDFKAMNYmhdpOFV/ToyxUGokfNMpsB6o314m/uV1Ux1We2MWJammEZktClMOdQyzPGDAJCWajwxgIpn5KyQDLDHRJrWFLb6Y5E0o35fD/6FVKqJyEV2dFern83hy4Agcg1OAQAXUwSVogCYg4B48gifwbD1YL9ar9TZrXbLmMwdgoaz3L1pwnZg=</latexit>

µ2
h ⇠ pi · pj

Matrix in color space
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Construct Soft Anomalous Dimensions
• Kinematic dependences

‣ Linearly depends on cusp angles - soft-collinear factorization


‣ Conformal cross ratios - independent on collinear scales

• Only color connected - Non-Abelian Exponentiation Theorem

<latexit sha1_base64="kxeus0kIoGZJskJQ5ZgO4h0O9Bc="></latexit>

�ij = Li + Lj � ln
µ2

�sij

<latexit sha1_base64="Y5VbQzVX+TVYVKJJoZ7j/406Olk="></latexit>

�Ij = Lj � ln
mIµ

�sIj

<latexit sha1_base64="kgDOA4/OOhtIeBgFelEm6eZJcvA="></latexit>

�IJ = cosh�1

✓
�sIJ

2mImJ

◆

<latexit sha1_base64="5LuXTEjEKXnT+vLP0sFmvM++zjI="></latexit>

�ijkl = �ij + �kl � �ik � �jl
<latexit sha1_base64="mgPa0VnNUpGpcUcxjUKT7BiI6EA="></latexit>

rijI ⌘ v2I (ni · nj)

2 (vI · ni)(vI · nj)

Purely massless:

One massive:

Gardi, Magnea ’09
Becher, Neubert ’09

ZLL, Schalch ’22

<latexit sha1_base64="kUQeNel0+7AmRaMX1vBgmKQvf00=">AAACJnicbZDLSgMxFIYz9VbrbdSN4CZYBFdlRkRdFt24rNAb9DJk0kwbm2SGJKOUYXwaF270UdyJuPMt3Jq2I9jWHwIf/zmHk/P7EaNKO86nlVtaXlldy68XNja3tnfs3b26CmOJSQ2HLJRNHynCqCA1TTUjzUgSxH1GGv7welxv3BOpaCiqehSRDkd9QQOKkTaWZx8kbZ/DaurRLoK/fNdFBc8uOiVnIrgIbgZFkKni2d/tXohjToTGDCnVcp1IdxIkNcWMpIV2rEiE8BD1ScugQJyoTjK5IIXHxunBIJTmCQ0n7t+JBHGlRtw3nRzpgZqvjc3/aq1YB5edhIoo1kTg6aIgZlCHcBwH7FFJsGYjAwhLav4K8QBJhLUJbWaLz2duSHjMNJXhQ2qScudzWYT6ack9L7m3Z8XyVZZZHhyCI3ACXHAByuAGVEANYPAInsALeLWerTfr3fqYtuasbGYfzMj6+gEegaYc</latexit>

T a
i T

a
j

Sum over all the permutations of i,j,k,…
<latexit sha1_base64="e+QEJEX23eV3dnOlnhjU8LTKnYc="></latexit>

Tijkl ⌘ fadef bce
�
T a
i T

b
j T

c
kT

d
l

�
+

<latexit sha1_base64="/P41Ik6DoljH+p3uUmIBuFO3l7M="></latexit>

Tijk ⌘ ifabc
�
T a
i T

b
j T

c
k

�
+

color dipole

<latexit sha1_base64="XOO3BkDJneDn00UpqeoN/eQYPi4=">AAACF3icbZDLSgMxFIYzXmu9jbp0EyyCq2FGRF0W3bis0Bu00yFJM21sJjMkGaEMfQs3voobF4q41Z1vY9pORVt/CHz85xxOzo8TzpR23S9raXlldW29sFHc3Nre2bX39usqTiWhNRLzWDYxUpQzQWuaaU6biaQowpw28OB6XG/cU6lYLKp6mFA/Qj3BQkaQNlZgO1kbh7A6ClgHwRnfdfAPDzpohryDA7vkOu5EcBG8HEogVyWwP9vdmKQRFZpwpFTLcxPtZ0hqRjgdFdupogkiA9SjLYMCRVT52eSuETw2TheGsTRPaDhxf09kKFJqGGHTGSHdV/O1sflfrZXq8NLPmEhSTQWZLgpTDnUMxyHBLpOUaD40gIhk5q+Q9JFERJsoiyYEb/7kRaifOt65492elcpXeRwFcAiOwAnwwAUogxtQATVAwAN4Ai/g1Xq0nq03633aumTlMwfgj6yPb9+9nyE=</latexit>

Ta
iT

b
jT

a
kT

b
l
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General Structure of Anomalous Dimension

ZLL, Schalch, ‘22

<latexit sha1_base64="pjTLcF3ErFVXYxEHHnsniToAi+c="></latexit>

Z(✏, {p}, µ) = P exp

Z 1

µ

dµ0

µ0 �({p}, µ
0)

�
Renormalization factor in      scheme

<latexit sha1_base64="KniejH5f1B6feqpIoN2uO5R6fW0=">AAACCnicbVDLSsNAFJ3UV62vVJduBovgqiQi6rLoxo1Q0T6gCWUynbRDZyZhZqKUkD/wF9zq3p249Sfc+iVO2ixs64ELh3Pu4V5OEDOqtON8W6WV1bX1jfJmZWt7Z3fPru63VZRITFo4YpHsBkgRRgVpaaoZ6caSIB4w0gnG17nfeSRS0Ug86ElMfI6GgoYUI22kvl31ImPn6dSTHN7eZ3275tSdKeAycQtSAwWaffvHG0Q44URozJBSPdeJtZ8iqSlmJKt4iSIxwmM0JD1DBeJE+en09QweG2UAw0iaERpO1b+JFHGlJjwwmxzpkVr0cvE/r5fo8NJPqYgTTQSeHQoTBnUE8x7ggEqCNZsYgrCk5leIR0girE1bc1cCnlVMKe5iBcukfVp3z+vu3VmtcVXUUwaH4AicABdcgAa4AU3QAhg8gRfwCt6sZ+vd+rA+Z6slq8gcgDlYX7/uIZq0</latexit>

MS

Non-dipole correlations involving one massive parton is give by
<latexit sha1_base64="qAfrXl5+dwd2vog3k1BTaHaDcTw="></latexit>

�({p}, µ)
��
non�dipole

=
X

I

X

(i,j)

TijIIFh2(rijI ,↵s) +
X

I

X

(i,j,k)

TijkIFh3(rijI , rikI , rjkI ,↵s)

n1

n2 v

n1

n2 v

The analytical result has been obtained at 3 loops!



Leading Power Subleading Power
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+

M2 ! Q2

+ · · ·

M

Q

• Factorization is local

• rapidity divergence

• Endpoint-divergent convolutions

• rapidity divergence

• No convolution, no endpoint

H(Q2
, µ)Jn(M,µ, ⌫/Q)Jn̄(M,µ, ⌫/Q)S(M,µ, ⌫/M)

<latexit sha1_base64="veWJaoN+1MWMSunJwJdgRBr6B5U=">AAACJ3icbVDLSgMxFM3UV62vqks3wSK0UOpMEdSVRTdFKLTo2EJnLJk0bUMzmSHJCGXo57jxV9yIqOjSPzF9LPrwQODcc+7l5h4vZFQq0/wxEiura+sbyc3U1vbO7l56/+BBBpHAxMYBC0TDQ5IwyomtqGKkEQqCfI+Rute/Gfn1JyIkDfi9GoTE9VGX0w7FSGmplb4qZ2uPxbzjR7nbFs9WRizv8Oi0puvY8ZCAfDgn381UlVwrnTEL5hhwmVhTkgFTVFvpd6cd4MgnXGGGpGxaZqjcGAlFMSPDlBNJEiLcR13S1JQjn0g3Hh86hCdaacNOIPTjCo7V2YkY+VIOfE93+kj15KI3Ev/zmpHqXLgx5WGkCMeTRZ2IQRXAUWqwTQXBig00QVhQ/VeIe0ggrHS2KR2CtXjyMrGLhcuCVTvLlK6naSTBETgGWWCBc1ACZVAFNsDgGbyCD/BpvBhvxpfxPWlNGNOZQzAH4/cPkz+i2A==</latexit><latexit sha1_base64="veWJaoN+1MWMSunJwJdgRBr6B5U=">AAACJ3icbVDLSgMxFM3UV62vqks3wSK0UOpMEdSVRTdFKLTo2EJnLJk0bUMzmSHJCGXo57jxV9yIqOjSPzF9LPrwQODcc+7l5h4vZFQq0/wxEiura+sbyc3U1vbO7l56/+BBBpHAxMYBC0TDQ5IwyomtqGKkEQqCfI+Rute/Gfn1JyIkDfi9GoTE9VGX0w7FSGmplb4qZ2uPxbzjR7nbFs9WRizv8Oi0puvY8ZCAfDgn381UlVwrnTEL5hhwmVhTkgFTVFvpd6cd4MgnXGGGpGxaZqjcGAlFMSPDlBNJEiLcR13S1JQjn0g3Hh86hCdaacNOIPTjCo7V2YkY+VIOfE93+kj15KI3Ev/zmpHqXLgx5WGkCMeTRZ2IQRXAUWqwTQXBig00QVhQ/VeIe0ggrHS2KR2CtXjyMrGLhcuCVTvLlK6naSTBETgGWWCBc1ACZVAFNsDgGbyCD/BpvBhvxpfxPWlNGNOZQzAH4/cPkz+i2A==</latexit><latexit sha1_base64="veWJaoN+1MWMSunJwJdgRBr6B5U=">AAACJ3icbVDLSgMxFM3UV62vqks3wSK0UOpMEdSVRTdFKLTo2EJnLJk0bUMzmSHJCGXo57jxV9yIqOjSPzF9LPrwQODcc+7l5h4vZFQq0/wxEiura+sbyc3U1vbO7l56/+BBBpHAxMYBC0TDQ5IwyomtqGKkEQqCfI+Rute/Gfn1JyIkDfi9GoTE9VGX0w7FSGmplb4qZ2uPxbzjR7nbFs9WRizv8Oi0puvY8ZCAfDgn381UlVwrnTEL5hhwmVhTkgFTVFvpd6cd4MgnXGGGpGxaZqjcGAlFMSPDlBNJEiLcR13S1JQjn0g3Hh86hCdaacNOIPTjCo7V2YkY+VIOfE93+kj15KI3Ev/zmpHqXLgx5WGkCMeTRZ2IQRXAUWqwTQXBig00QVhQ/VeIe0ggrHS2KR2CtXjyMrGLhcuCVTvLlK6naSTBETgGWWCBc1ACZVAFNsDgGbyCD/BpvBhvxpfxPWlNGNOZQzAH4/cPkz+i2A==</latexit><latexit sha1_base64="veWJaoN+1MWMSunJwJdgRBr6B5U=">AAACJ3icbVDLSgMxFM3UV62vqks3wSK0UOpMEdSVRTdFKLTo2EJnLJk0bUMzmSHJCGXo57jxV9yIqOjSPzF9LPrwQODcc+7l5h4vZFQq0/wxEiura+sbyc3U1vbO7l56/+BBBpHAxMYBC0TDQ5IwyomtqGKkEQqCfI+Rute/Gfn1JyIkDfi9GoTE9VGX0w7FSGmplb4qZ2uPxbzjR7nbFs9WRizv8Oi0puvY8ZCAfDgn381UlVwrnTEL5hhwmVhTkgFTVFvpd6cd4MgnXGGGpGxaZqjcGAlFMSPDlBNJEiLcR13S1JQjn0g3Hh86hCdaacNOIPTjCo7V2YkY+VIOfE93+kj15KI3Ev/zmpHqXLgx5WGkCMeTRZ2IQRXAUWqwTQXBig00QVhQ/VeIe0ggrHS2KR2CtXjyMrGLhcuCVTvLlK6naSTBETgGWWCBc1ACZVAFNsDgGbyCD/BpvBhvxpfxPWlNGNOZQzAH4/cPkz+i2A==</latexit>

Factorization at Subleading Power

• Factorization is non-local

⇠ 1 +
↵

4⇡

�
�L2 + 4L+ c0

�
+O(↵2)

<latexit sha1_base64="Va5RovNfeQ/LiPSG01JuyR5+DJw="></latexit><latexit sha1_base64="Va5RovNfeQ/LiPSG01JuyR5+DJw="></latexit><latexit sha1_base64="Va5RovNfeQ/LiPSG01JuyR5+DJw="></latexit><latexit sha1_base64="Va5RovNfeQ/LiPSG01JuyR5+DJw="></latexit>

L = ln
�Q2

M2
<latexit sha1_base64="XDmnyY9M7fqripIKARrOQ8RNE3s=">AAAB/XicbVBNS8NAEJ3Ur1q/ouLJS7AIXixJEdSDUPTiQaEFYwtNLJvtpl262YTdjVBCwb/ixYOKV/+HN/+N2zYHbX0ww+O9GXb2BQmjUtn2t1FYWFxaXimultbWNza3zO2dexmnAhMXxywWrQBJwignrqKKkVYiCIoCRprB4GrsNx+JkDTmd2qYED9CPU5DipHSUsfcu7nwGPdCgXB23HiojrJb3Tpm2a7YE1jzxMlJGXLUO+aX141xGhGuMENSth07UX6GhKKYkVHJSyVJEB6gHmlrylFEpJ9Nzh9Zh1rpWmEsdHFlTdTfGxmKpBxGgZ6MkOrLWW8s/ue1UxWe+RnlSaoIx9OHwpRZKrbGWVhdKghWbKgJwoLqWy3cRzoKpRMr6RCc2S/PE7daOa84jZNy7TJPowj7cABH4MAp1OAa6uAChgye4RXejCfjxXg3PqajBSPf2YU/MD5/ALislOM=</latexit><latexit sha1_base64="XDmnyY9M7fqripIKARrOQ8RNE3s=">AAAB/XicbVBNS8NAEJ3Ur1q/ouLJS7AIXixJEdSDUPTiQaEFYwtNLJvtpl262YTdjVBCwb/ixYOKV/+HN/+N2zYHbX0ww+O9GXb2BQmjUtn2t1FYWFxaXimultbWNza3zO2dexmnAhMXxywWrQBJwignrqKKkVYiCIoCRprB4GrsNx+JkDTmd2qYED9CPU5DipHSUsfcu7nwGPdCgXB23HiojrJb3Tpm2a7YE1jzxMlJGXLUO+aX141xGhGuMENSth07UX6GhKKYkVHJSyVJEB6gHmlrylFEpJ9Nzh9Zh1rpWmEsdHFlTdTfGxmKpBxGgZ6MkOrLWW8s/ue1UxWe+RnlSaoIx9OHwpRZKrbGWVhdKghWbKgJwoLqWy3cRzoKpRMr6RCc2S/PE7daOa84jZNy7TJPowj7cABH4MAp1OAa6uAChgye4RXejCfjxXg3PqajBSPf2YU/MD5/ALislOM=</latexit><latexit sha1_base64="XDmnyY9M7fqripIKARrOQ8RNE3s=">AAAB/XicbVBNS8NAEJ3Ur1q/ouLJS7AIXixJEdSDUPTiQaEFYwtNLJvtpl262YTdjVBCwb/ixYOKV/+HN/+N2zYHbX0ww+O9GXb2BQmjUtn2t1FYWFxaXimultbWNza3zO2dexmnAhMXxywWrQBJwignrqKKkVYiCIoCRprB4GrsNx+JkDTmd2qYED9CPU5DipHSUsfcu7nwGPdCgXB23HiojrJb3Tpm2a7YE1jzxMlJGXLUO+aX141xGhGuMENSth07UX6GhKKYkVHJSyVJEB6gHmlrylFEpJ9Nzh9Zh1rpWmEsdHFlTdTfGxmKpBxGgZ6MkOrLWW8s/ue1UxWe+RnlSaoIx9OHwpRZKrbGWVhdKghWbKgJwoLqWy3cRzoKpRMr6RCc2S/PE7daOa84jZNy7TJPowj7cABH4MAp1OAa6uAChgye4RXejCfjxXg3PqajBSPf2YU/MD5/ALislOM=</latexit><latexit sha1_base64="XDmnyY9M7fqripIKARrOQ8RNE3s=">AAAB/XicbVBNS8NAEJ3Ur1q/ouLJS7AIXixJEdSDUPTiQaEFYwtNLJvtpl262YTdjVBCwb/ixYOKV/+HN/+N2zYHbX0ww+O9GXb2BQmjUtn2t1FYWFxaXimultbWNza3zO2dexmnAhMXxywWrQBJwignrqKKkVYiCIoCRprB4GrsNx+JkDTmd2qYED9CPU5DipHSUsfcu7nwGPdCgXB23HiojrJb3Tpm2a7YE1jzxMlJGXLUO+aX141xGhGuMENSth07UX6GhKKYkVHJSyVJEB6gHmlrylFEpJ9Nzh9Zh1rpWmEsdHFlTdTfGxmKpBxGgZ6MkOrLWW8s/ue1UxWe+RnlSaoIx9OHwpRZKrbGWVhdKghWbKgJwoLqWy3cRzoKpRMr6RCc2S/PE7daOa84jZNy7TJPowj7cABH4MAp1OAa6uAChgye4RXejCfjxXg3PqajBSPf2YU/MD5/ALislOM=</latexit>

H1 O1 +H2 ⌦O2 +H3 ⌦ J ⌦ J ⌦ S
<latexit sha1_base64="h2b/BKtel0QWQBchBgm3l5TjqWk=">AAACInicbZBLS8NAEMc3Pmt9RT16WSyCUClJFXycil6Cl1Y0ttCEsNlu2qWbB7sboYR+Fy9+FS8efJ0EP4zbNoK2Diz85j8zzM7fTxgV0jA+tbn5hcWl5cJKcXVtfWNT39q+E3HKMbFxzGLe8pEgjEbEllQy0ko4QaHPSNPvX47qzXvCBY2jWzlIiBuibkQDipFUkqefW57pHNY9E5ah5VWhE0saEgHrisuWd/STX83AjaeXjIoxDjgLZg4lkEfD09+dTozTkEQSMyRE2zQS6WaIS4oZGRadVJAE4T7qkrbCCKk1bja+cQj3ldKBQczViyQcq78nMhQKMQh91Rki2RPTtZH4X62dyuDUzWiUpJJEeLIoSBmUMRwZBjuUEyzZQAHCnKq/QtxDHGGpbC0qE8zpk2fBrlbOKub1cal2kbtRALtgDxwAE5yAGrBAA9gAgwfwBF7Aq/aoPWtv2sekdU7LZ3bAn9C+vgGwMKGG</latexit><latexit sha1_base64="h2b/BKtel0QWQBchBgm3l5TjqWk=">AAACInicbZBLS8NAEMc3Pmt9RT16WSyCUClJFXycil6Cl1Y0ttCEsNlu2qWbB7sboYR+Fy9+FS8efJ0EP4zbNoK2Diz85j8zzM7fTxgV0jA+tbn5hcWl5cJKcXVtfWNT39q+E3HKMbFxzGLe8pEgjEbEllQy0ko4QaHPSNPvX47qzXvCBY2jWzlIiBuibkQDipFUkqefW57pHNY9E5ah5VWhE0saEgHrisuWd/STX83AjaeXjIoxDjgLZg4lkEfD09+dTozTkEQSMyRE2zQS6WaIS4oZGRadVJAE4T7qkrbCCKk1bja+cQj3ldKBQczViyQcq78nMhQKMQh91Rki2RPTtZH4X62dyuDUzWiUpJJEeLIoSBmUMRwZBjuUEyzZQAHCnKq/QtxDHGGpbC0qE8zpk2fBrlbOKub1cal2kbtRALtgDxwAE5yAGrBAA9gAgwfwBF7Aq/aoPWtv2sekdU7LZ3bAn9C+vgGwMKGG</latexit><latexit sha1_base64="h2b/BKtel0QWQBchBgm3l5TjqWk=">AAACInicbZBLS8NAEMc3Pmt9RT16WSyCUClJFXycil6Cl1Y0ttCEsNlu2qWbB7sboYR+Fy9+FS8efJ0EP4zbNoK2Diz85j8zzM7fTxgV0jA+tbn5hcWl5cJKcXVtfWNT39q+E3HKMbFxzGLe8pEgjEbEllQy0ko4QaHPSNPvX47qzXvCBY2jWzlIiBuibkQDipFUkqefW57pHNY9E5ah5VWhE0saEgHrisuWd/STX83AjaeXjIoxDjgLZg4lkEfD09+dTozTkEQSMyRE2zQS6WaIS4oZGRadVJAE4T7qkrbCCKk1bja+cQj3ldKBQczViyQcq78nMhQKMQh91Rki2RPTtZH4X62dyuDUzWiUpJJEeLIoSBmUMRwZBjuUEyzZQAHCnKq/QtxDHGGpbC0qE8zpk2fBrlbOKub1cal2kbtRALtgDxwAE5yAGrBAA9gAgwfwBF7Aq/aoPWtv2sekdU7LZ3bAn9C+vgGwMKGG</latexit><latexit sha1_base64="h2b/BKtel0QWQBchBgm3l5TjqWk=">AAACInicbZBLS8NAEMc3Pmt9RT16WSyCUClJFXycil6Cl1Y0ttCEsNlu2qWbB7sboYR+Fy9+FS8efJ0EP4zbNoK2Diz85j8zzM7fTxgV0jA+tbn5hcWl5cJKcXVtfWNT39q+E3HKMbFxzGLe8pEgjEbEllQy0ko4QaHPSNPvX47qzXvCBY2jWzlIiBuibkQDipFUkqefW57pHNY9E5ah5VWhE0saEgHrisuWd/STX83AjaeXjIoxDjgLZg4lkEfD09+dTozTkEQSMyRE2zQS6WaIS4oZGRadVJAE4T7qkrbCCKk1bja+cQj3ldKBQczViyQcq78nMhQKMQh91Rki2RPTtZH4X62dyuDUzWiUpJJEeLIoSBmUMRwZBjuUEyzZQAHCnKq/QtxDHGGpbC0qE8zpk2fBrlbOKub1cal2kbtRALtgDxwAE5yAGrBAA9gAgwfwBF7Aq/aoPWtv2sekdU7LZ3bAn9C+vgGwMKGG</latexit>

⇠ ybmb

⇢✓
L2

2
� 2

◆
+

CF↵s

4⇡


�

L4

12
� L3 + · · ·

��
+O(↵2

s)
<latexit sha1_base64="IauVybNTvl6Oeh+1dEPKglRDY2E="></latexit><latexit sha1_base64="IauVybNTvl6Oeh+1dEPKglRDY2E="></latexit><latexit sha1_base64="IauVybNTvl6Oeh+1dEPKglRDY2E="></latexit><latexit sha1_base64="IauVybNTvl6Oeh+1dEPKglRDY2E="></latexit>

+ + · · ·

Mh

mb
mb ! Mh

L R

+O(�2)
<latexit sha1_base64="9WkWS5URtfSfIrKCYxGQ9KpF4os="></latexit><latexit sha1_base64="9WkWS5URtfSfIrKCYxGQ9KpF4os="></latexit><latexit sha1_base64="9WkWS5URtfSfIrKCYxGQ9KpF4os="></latexit><latexit sha1_base64="9WkWS5URtfSfIrKCYxGQ9KpF4os="></latexit>

<latexit sha1_base64="3/CJnSTjXvUUa8vNQm2cnWfz9gE="></latexit>

L = ln
�M2

h

m2
b
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SM

SU(3)c × U(1)em
µ2 ∼ M 2

h

µ2 ∼ Mhmb

µ2 ∼ m2
b

O2(z)
<latexit sha1_base64="ees+jNGCynfuMdM2o/O/ldIR5oU=">AAAB7HicdVDLSsNAFL3xWeur6tLNYBHqJiTFV3dFN+6sYNpCG8pkOmnHTjJhZiLU0H9w40LFrR/kzr9x+hCq6IELh3Pu5d57goQzpR3n01pYXFpeWc2t5dc3Nre2Czu7dSVSSahHBBeyGWBFOYupp5nmtJlIiqOA00YwuBz7jXsqFRPxrR4m1I9wL2YhI1gbqX7dKZcejjqFoms7EyDHPnHcyqlryEz5toowQ61T+Gh3BUkjGmvCsVIt10m0n2GpGeF0lG+niiaYDHCPtgyNcUSVn02uHaFDo3RRKKSpWKOJOj+R4UipYRSYzgjrvvrtjcW/vFaqw3M/Y3GSahqT6aIw5UgLNH4ddZmkRPOhIZhIZm5FpI8lJtoElJ8P4X/ile2K7d4cF6sXszRysA8HUAIXzqAKV1ADDwjcwSM8w4slrCfr1Xqbti5Ys5k9+AHr/QsDDI5M</latexit><latexit sha1_base64="ees+jNGCynfuMdM2o/O/ldIR5oU=">AAAB7HicdVDLSsNAFL3xWeur6tLNYBHqJiTFV3dFN+6sYNpCG8pkOmnHTjJhZiLU0H9w40LFrR/kzr9x+hCq6IELh3Pu5d57goQzpR3n01pYXFpeWc2t5dc3Nre2Czu7dSVSSahHBBeyGWBFOYupp5nmtJlIiqOA00YwuBz7jXsqFRPxrR4m1I9wL2YhI1gbqX7dKZcejjqFoms7EyDHPnHcyqlryEz5toowQ61T+Gh3BUkjGmvCsVIt10m0n2GpGeF0lG+niiaYDHCPtgyNcUSVn02uHaFDo3RRKKSpWKOJOj+R4UipYRSYzgjrvvrtjcW/vFaqw3M/Y3GSahqT6aIw5UgLNH4ddZmkRPOhIZhIZm5FpI8lJtoElJ8P4X/ile2K7d4cF6sXszRysA8HUAIXzqAKV1ADDwjcwSM8w4slrCfr1Xqbti5Ys5k9+AHr/QsDDI5M</latexit><latexit sha1_base64="ees+jNGCynfuMdM2o/O/ldIR5oU=">AAAB7HicdVDLSsNAFL3xWeur6tLNYBHqJiTFV3dFN+6sYNpCG8pkOmnHTjJhZiLU0H9w40LFrR/kzr9x+hCq6IELh3Pu5d57goQzpR3n01pYXFpeWc2t5dc3Nre2Czu7dSVSSahHBBeyGWBFOYupp5nmtJlIiqOA00YwuBz7jXsqFRPxrR4m1I9wL2YhI1gbqX7dKZcejjqFoms7EyDHPnHcyqlryEz5toowQ61T+Gh3BUkjGmvCsVIt10m0n2GpGeF0lG+niiaYDHCPtgyNcUSVn02uHaFDo3RRKKSpWKOJOj+R4UipYRSYzgjrvvrtjcW/vFaqw3M/Y3GSahqT6aIw5UgLNH4ddZmkRPOhIZhIZm5FpI8lJtoElJ8P4X/ile2K7d4cF6sXszRysA8HUAIXzqAKV1ADDwjcwSM8w4slrCfr1Xqbti5Ys5k9+AHr/QsDDI5M</latexit><latexit sha1_base64="ees+jNGCynfuMdM2o/O/ldIR5oU=">AAAB7HicdVDLSsNAFL3xWeur6tLNYBHqJiTFV3dFN+6sYNpCG8pkOmnHTjJhZiLU0H9w40LFrR/kzr9x+hCq6IELh3Pu5d57goQzpR3n01pYXFpeWc2t5dc3Nre2Czu7dSVSSahHBBeyGWBFOYupp5nmtJlIiqOA00YwuBz7jXsqFRPxrR4m1I9wL2YhI1gbqX7dKZcejjqFoms7EyDHPnHcyqlryEz5toowQ61T+Gh3BUkjGmvCsVIt10m0n2GpGeF0lG+niiaYDHCPtgyNcUSVn02uHaFDo3RRKKSpWKOJOj+R4UipYRSYzgjrvvrtjcW/vFaqw3M/Y3GSahqT6aIw5UgLNH4ddZmkRPOhIZhIZm5FpI8lJtoElJ8P4X/ile2K7d4cF6sXszRysA8HUAIXzqAKV1ADDwjcwSM8w4slrCfr1Xqbti5Ys5k9+AHr/QsDDI5M</latexit>

S(`+`�,m2
b)

<latexit sha1_base64="jqRTqm+9GdQ0p18+4zjtmbMbRhs=">AAAB/XicdVDLSgMxFM3UV62vUXHlJliEijpkitV2V3TjsqK1hb7IpJk2NPMgyQhlKPgrblyouPU/3Pk3ptMRVPTAvRzOuZfcHCfkTCqEPozM3PzC4lJ2Obeyura+YW5u3cogEoTWScAD0XSwpJz5tK6Y4rQZCoo9h9OGM7qY+o07KiQL/Bs1DmnHwwOfuYxgpaWeuXNdaFPOu4dJPz7yek63eNAz88hCCSCySsiunNqaFEuoUkbQTq08SFHrme/tfkAij/qKcCxly0ah6sRYKEY4neTakaQhJiM8oC1NfexR2YmT8ydwXyt96AZCl69gon7fiLEn5dhz9KSH1VD+9qbiX14rUm65EzM/jBT1yewhN+JQBXCaBewzQYniY00wEUzfCskQC0yUTiynQ/j6Kfyf1ItWxbKvTvLV8zSNLNgFe6AAbHAGquAS1EAdEBCDB/AEno1749F4MV5noxkj3dkGP2C8fQLWG5RT</latexit><latexit sha1_base64="jqRTqm+9GdQ0p18+4zjtmbMbRhs=">AAAB/XicdVDLSgMxFM3UV62vUXHlJliEijpkitV2V3TjsqK1hb7IpJk2NPMgyQhlKPgrblyouPU/3Pk3ptMRVPTAvRzOuZfcHCfkTCqEPozM3PzC4lJ2Obeyura+YW5u3cogEoTWScAD0XSwpJz5tK6Y4rQZCoo9h9OGM7qY+o07KiQL/Bs1DmnHwwOfuYxgpaWeuXNdaFPOu4dJPz7yek63eNAz88hCCSCySsiunNqaFEuoUkbQTq08SFHrme/tfkAij/qKcCxly0ah6sRYKEY4neTakaQhJiM8oC1NfexR2YmT8ydwXyt96AZCl69gon7fiLEn5dhz9KSH1VD+9qbiX14rUm65EzM/jBT1yewhN+JQBXCaBewzQYniY00wEUzfCskQC0yUTiynQ/j6Kfyf1ItWxbKvTvLV8zSNLNgFe6AAbHAGquAS1EAdEBCDB/AEno1749F4MV5noxkj3dkGP2C8fQLWG5RT</latexit><latexit sha1_base64="jqRTqm+9GdQ0p18+4zjtmbMbRhs=">AAAB/XicdVDLSgMxFM3UV62vUXHlJliEijpkitV2V3TjsqK1hb7IpJk2NPMgyQhlKPgrblyouPU/3Pk3ptMRVPTAvRzOuZfcHCfkTCqEPozM3PzC4lJ2Obeyura+YW5u3cogEoTWScAD0XSwpJz5tK6Y4rQZCoo9h9OGM7qY+o07KiQL/Bs1DmnHwwOfuYxgpaWeuXNdaFPOu4dJPz7yek63eNAz88hCCSCySsiunNqaFEuoUkbQTq08SFHrme/tfkAij/qKcCxly0ah6sRYKEY4neTakaQhJiM8oC1NfexR2YmT8ydwXyt96AZCl69gon7fiLEn5dhz9KSH1VD+9qbiX14rUm65EzM/jBT1yewhN+JQBXCaBewzQYniY00wEUzfCskQC0yUTiynQ/j6Kfyf1ItWxbKvTvLV8zSNLNgFe6AAbHAGquAS1EAdEBCDB/AEno1749F4MV5noxkj3dkGP2C8fQLWG5RT</latexit><latexit sha1_base64="jqRTqm+9GdQ0p18+4zjtmbMbRhs=">AAAB/XicdVDLSgMxFM3UV62vUXHlJliEijpkitV2V3TjsqK1hb7IpJk2NPMgyQhlKPgrblyouPU/3Pk3ptMRVPTAvRzOuZfcHCfkTCqEPozM3PzC4lJ2Obeyura+YW5u3cogEoTWScAD0XSwpJz5tK6Y4rQZCoo9h9OGM7qY+o07KiQL/Bs1DmnHwwOfuYxgpaWeuXNdaFPOu4dJPz7yek63eNAz88hCCSCySsiunNqaFEuoUkbQTq08SFHrme/tfkAij/qKcCxly0ah6sRYKEY4neTakaQhJiM8oC1NfexR2YmT8ydwXyt96AZCl69gon7fiLEn5dhz9KSH1VD+9qbiX14rUm65EzM/jBT1yewhN+JQBXCaBewzQYniY00wEUzfCskQC0yUTiynQ/j6Kfyf1ItWxbKvTvLV8zSNLNgFe6AAbHAGquAS1EAdEBCDB/AEno1749F4MV5noxkj3dkGP2C8fQLWG5RT</latexit>

J(Mh`
+), J(Mh`

�)
<latexit sha1_base64="3LSB2LpnUBEiAyM2U6RcMZVXn9U=">AAACAXicdVDLSgMxFM3UV62vqitxEyxCizpkitV2V3QjglDBaqEdh0yatqGZzJBkhFKKG3/FjQsVt/6FO//G9CE+0AMXTs65l9x7/IgzpRF6txJT0zOzc8n51MLi0vJKenXtUoWxJLRKQh7Kmo8V5UzQqmaa01okKQ58Tq/87vHQv7qhUrFQXOheRN0AtwVrMYK1kbz0xmn2zOs0KOfXO7ndr8dezktnkF1ATunAgchGIxiSL6BSEUFnomTABBUv/dZohiQOqNCEY6XqDoq028dSM8LpINWIFY0w6eI2rRsqcECV2x+dMIDbRmnCVihNCQ1H6veJPg6U6gW+6Qyw7qjf3lD8y6vHulV0+0xEsaaCjD9qxRzqEA7zgE0mKdG8ZwgmkpldIelgiYk2qaVMCJ+Xwv9JNW+XbOd8P1M+mqSRBJtgC2SBAw5BGZyACqgCAm7BPXgET9ad9WA9Wy/j1oQ1mVkHP2C9fgAATJV3</latexit><latexit sha1_base64="3LSB2LpnUBEiAyM2U6RcMZVXn9U=">AAACAXicdVDLSgMxFM3UV62vqitxEyxCizpkitV2V3QjglDBaqEdh0yatqGZzJBkhFKKG3/FjQsVt/6FO//G9CE+0AMXTs65l9x7/IgzpRF6txJT0zOzc8n51MLi0vJKenXtUoWxJLRKQh7Kmo8V5UzQqmaa01okKQ58Tq/87vHQv7qhUrFQXOheRN0AtwVrMYK1kbz0xmn2zOs0KOfXO7ndr8dezktnkF1ATunAgchGIxiSL6BSEUFnomTABBUv/dZohiQOqNCEY6XqDoq028dSM8LpINWIFY0w6eI2rRsqcECV2x+dMIDbRmnCVihNCQ1H6veJPg6U6gW+6Qyw7qjf3lD8y6vHulV0+0xEsaaCjD9qxRzqEA7zgE0mKdG8ZwgmkpldIelgiYk2qaVMCJ+Xwv9JNW+XbOd8P1M+mqSRBJtgC2SBAw5BGZyACqgCAm7BPXgET9ad9WA9Wy/j1oQ1mVkHP2C9fgAATJV3</latexit><latexit sha1_base64="3LSB2LpnUBEiAyM2U6RcMZVXn9U=">AAACAXicdVDLSgMxFM3UV62vqitxEyxCizpkitV2V3QjglDBaqEdh0yatqGZzJBkhFKKG3/FjQsVt/6FO//G9CE+0AMXTs65l9x7/IgzpRF6txJT0zOzc8n51MLi0vJKenXtUoWxJLRKQh7Kmo8V5UzQqmaa01okKQ58Tq/87vHQv7qhUrFQXOheRN0AtwVrMYK1kbz0xmn2zOs0KOfXO7ndr8dezktnkF1ATunAgchGIxiSL6BSEUFnomTABBUv/dZohiQOqNCEY6XqDoq028dSM8LpINWIFY0w6eI2rRsqcECV2x+dMIDbRmnCVihNCQ1H6veJPg6U6gW+6Qyw7qjf3lD8y6vHulV0+0xEsaaCjD9qxRzqEA7zgE0mKdG8ZwgmkpldIelgiYk2qaVMCJ+Xwv9JNW+XbOd8P1M+mqSRBJtgC2SBAw5BGZyACqgCAm7BPXgET9ad9WA9Wy/j1oQ1mVkHP2C9fgAATJV3</latexit><latexit sha1_base64="3LSB2LpnUBEiAyM2U6RcMZVXn9U=">AAACAXicdVDLSgMxFM3UV62vqitxEyxCizpkitV2V3QjglDBaqEdh0yatqGZzJBkhFKKG3/FjQsVt/6FO//G9CE+0AMXTs65l9x7/IgzpRF6txJT0zOzc8n51MLi0vJKenXtUoWxJLRKQh7Kmo8V5UzQqmaa01okKQ58Tq/87vHQv7qhUrFQXOheRN0AtwVrMYK1kbz0xmn2zOs0KOfXO7ndr8dezktnkF1ATunAgchGIxiSL6BSEUFnomTABBUv/dZohiQOqNCEY6XqDoq028dSM8LpINWIFY0w6eI2rRsqcECV2x+dMIDbRmnCVihNCQ1H6veJPg6U6gW+6Qyw7qjf3lD8y6vHulV0+0xEsaaCjD9qxRzqEA7zgE0mKdG8ZwgmkpldIelgiYk2qaVMCJ+Xwv9JNW+XbOd8P1M+mqSRBJtgC2SBAw5BGZyACqgCAm7BPXgET9ad9WA9Wy/j1oQ1mVkHP2C9fgAATJV3</latexit>

H1, H2(z), H3
<latexit sha1_base64="QhU48W4NpYiBmyhiFUDfSI6/FVQ=">AAAB+HicbVDLSsNAFL2pr1pfUZduBotQQUpSBXVXdNNlBWMLbQiT6aQdOnkwMynU0D9x40LFrZ/izr9x0hbR1gOXezjnXubO8RPOpLKsL6Owsrq2vlHcLG1t7+zumfsHDzJOBaEOiXks2j6WlLOIOoopTtuJoDj0OW35w9vcb42okCyO7tU4oW6I+xELGMFKS55pNjz7DDW8WuXxNO/nnlm2qtYU6IfYi6QMczQ987Pbi0ka0kgRjqXs2Fai3AwLxQink1I3lTTBZIj7tKNphEMq3Wx6+QSdaKWHgljoihSaqr83MhxKOQ59PRliNZCLXi7+53VSFVy5GYuSVNGIzB4KUo5UjPIYUI8JShQfa4KJYPpWRAZYYKJ0WCUdwtKXl4lTq15X7buLcv1mnkYRjuAYKmDDJdShAU1wgMAInuAFXo3MeDbejPfZaMGY7xzCHxgf31GIkQ4=</latexit><latexit sha1_base64="QhU48W4NpYiBmyhiFUDfSI6/FVQ=">AAAB+HicbVDLSsNAFL2pr1pfUZduBotQQUpSBXVXdNNlBWMLbQiT6aQdOnkwMynU0D9x40LFrZ/izr9x0hbR1gOXezjnXubO8RPOpLKsL6Owsrq2vlHcLG1t7+zumfsHDzJOBaEOiXks2j6WlLOIOoopTtuJoDj0OW35w9vcb42okCyO7tU4oW6I+xELGMFKS55pNjz7DDW8WuXxNO/nnlm2qtYU6IfYi6QMczQ987Pbi0ka0kgRjqXs2Fai3AwLxQink1I3lTTBZIj7tKNphEMq3Wx6+QSdaKWHgljoihSaqr83MhxKOQ59PRliNZCLXi7+53VSFVy5GYuSVNGIzB4KUo5UjPIYUI8JShQfa4KJYPpWRAZYYKJ0WCUdwtKXl4lTq15X7buLcv1mnkYRjuAYKmDDJdShAU1wgMAInuAFXo3MeDbejPfZaMGY7xzCHxgf31GIkQ4=</latexit><latexit sha1_base64="QhU48W4NpYiBmyhiFUDfSI6/FVQ=">AAAB+HicbVDLSsNAFL2pr1pfUZduBotQQUpSBXVXdNNlBWMLbQiT6aQdOnkwMynU0D9x40LFrZ/izr9x0hbR1gOXezjnXubO8RPOpLKsL6Owsrq2vlHcLG1t7+zumfsHDzJOBaEOiXks2j6WlLOIOoopTtuJoDj0OW35w9vcb42okCyO7tU4oW6I+xELGMFKS55pNjz7DDW8WuXxNO/nnlm2qtYU6IfYi6QMczQ987Pbi0ka0kgRjqXs2Fai3AwLxQink1I3lTTBZIj7tKNphEMq3Wx6+QSdaKWHgljoihSaqr83MhxKOQ59PRliNZCLXi7+53VSFVy5GYuSVNGIzB4KUo5UjPIYUI8JShQfa4KJYPpWRAZYYKJ0WCUdwtKXl4lTq15X7buLcv1mnkYRjuAYKmDDJdShAU1wgMAInuAFXo3MeDbejPfZaMGY7xzCHxgf31GIkQ4=</latexit><latexit sha1_base64="QhU48W4NpYiBmyhiFUDfSI6/FVQ=">AAAB+HicbVDLSsNAFL2pr1pfUZduBotQQUpSBXVXdNNlBWMLbQiT6aQdOnkwMynU0D9x40LFrZ/izr9x0hbR1gOXezjnXubO8RPOpLKsL6Owsrq2vlHcLG1t7+zumfsHDzJOBaEOiXks2j6WlLOIOoopTtuJoDj0OW35w9vcb42okCyO7tU4oW6I+xELGMFKS55pNjz7DDW8WuXxNO/nnlm2qtYU6IfYi6QMczQ987Pbi0ka0kgRjqXs2Fai3AwLxQink1I3lTTBZIj7tKNphEMq3Wx6+QSdaKWHgljoihSaqr83MhxKOQ59PRliNZCLXi7+53VSFVy5GYuSVNGIzB4KUo5UjPIYUI8JShQfa4KJYPpWRAZYYKJ0WCUdwtKXl4lTq15X7buLcv1mnkYRjuAYKmDDJdShAU1wgMAInuAFXo3MeDbejPfZaMGY7xzCHxgf31GIkQ4=</latexit>

‣ factorization violated at z ⌧ 1 ,
<latexit sha1_base64="WiiuWB6l8nvrM3wzyO9dLxe6+3I=">AAAB73icdVDLSgNBEOyNrxhfUY9eBoPgIYRdEdRb0IvHCK6JZJcwO5lNhszMLjOzQlzyFV48qHj1d7z5N04eQnwVNBRV3XR3RSln2rjuh1NYWFxaXimultbWNza3yts7NzrJFKE+SXiiWhHWlDNJfcMMp61UUSwiTpvR4GLsN++o0iyR12aY0lDgnmQxI9hY6fY+4Bx5QbXaKVe8mjsBcn+RL6sCMzQ65fegm5BMUGkIx1q3PTc1YY6VYYTTUSnINE0xGeAebVsqsaA6zCcHj9CBVbooTpQtadBEnZ/IsdB6KCLbKbDp65/eWPzLa2cmPg1zJtPMUEmmi+KMI5Og8feoyxQlhg8twUQxeysifawwMTaj0nwI/xP/qHZW866OK/XzWRpF2IN9OAQPTqAOl9AAHwgIeIAneHaU8+i8OK/T1oIzm9mFb3DePgHpyo9c</latexit><latexit sha1_base64="WiiuWB6l8nvrM3wzyO9dLxe6+3I=">AAAB73icdVDLSgNBEOyNrxhfUY9eBoPgIYRdEdRb0IvHCK6JZJcwO5lNhszMLjOzQlzyFV48qHj1d7z5N04eQnwVNBRV3XR3RSln2rjuh1NYWFxaXimultbWNza3yts7NzrJFKE+SXiiWhHWlDNJfcMMp61UUSwiTpvR4GLsN++o0iyR12aY0lDgnmQxI9hY6fY+4Bx5QbXaKVe8mjsBcn+RL6sCMzQ65fegm5BMUGkIx1q3PTc1YY6VYYTTUSnINE0xGeAebVsqsaA6zCcHj9CBVbooTpQtadBEnZ/IsdB6KCLbKbDp65/eWPzLa2cmPg1zJtPMUEmmi+KMI5Og8feoyxQlhg8twUQxeysifawwMTaj0nwI/xP/qHZW866OK/XzWRpF2IN9OAQPTqAOl9AAHwgIeIAneHaU8+i8OK/T1oIzm9mFb3DePgHpyo9c</latexit><latexit sha1_base64="WiiuWB6l8nvrM3wzyO9dLxe6+3I=">AAAB73icdVDLSgNBEOyNrxhfUY9eBoPgIYRdEdRb0IvHCK6JZJcwO5lNhszMLjOzQlzyFV48qHj1d7z5N04eQnwVNBRV3XR3RSln2rjuh1NYWFxaXimultbWNza3yts7NzrJFKE+SXiiWhHWlDNJfcMMp61UUSwiTpvR4GLsN++o0iyR12aY0lDgnmQxI9hY6fY+4Bx5QbXaKVe8mjsBcn+RL6sCMzQ65fegm5BMUGkIx1q3PTc1YY6VYYTTUSnINE0xGeAebVsqsaA6zCcHj9CBVbooTpQtadBEnZ/IsdB6KCLbKbDp65/eWPzLa2cmPg1zJtPMUEmmi+KMI5Og8feoyxQlhg8twUQxeysifawwMTaj0nwI/xP/qHZW866OK/XzWRpF2IN9OAQPTqAOl9AAHwgIeIAneHaU8+i8OK/T1oIzm9mFb3DePgHpyo9c</latexit><latexit sha1_base64="WiiuWB6l8nvrM3wzyO9dLxe6+3I=">AAAB73icdVDLSgNBEOyNrxhfUY9eBoPgIYRdEdRb0IvHCK6JZJcwO5lNhszMLjOzQlzyFV48qHj1d7z5N04eQnwVNBRV3XR3RSln2rjuh1NYWFxaXimultbWNza3yts7NzrJFKE+SXiiWhHWlDNJfcMMp61UUSwiTpvR4GLsN++o0iyR12aY0lDgnmQxI9hY6fY+4Bx5QbXaKVe8mjsBcn+RL6sCMzQ65fegm5BMUGkIx1q3PTc1YY6VYYTTUSnINE0xGeAebVsqsaA6zCcHj9CBVbooTpQtadBEnZ/IsdB6KCLbKbDp65/eWPzLa2cmPg1zJtPMUEmmi+KMI5Og8feoyxQlhg8twUQxeysifawwMTaj0nwI/xP/qHZW866OK/XzWRpF2IN9OAQPTqAOl9AAHwgIeIAneHaU8+i8OK/T1oIzm9mFb3DePgHpyo9c</latexit>

`�/`+ � 1
<latexit sha1_base64="01aP8akSqtmJHyBhEjXolTex208=">AAAB+nicdVDLSsNAFJ3UV62vWJduBosgiDURQd0V3bisYGyhiWUyvUmHTh7MTMQS+ituXKi49Uvc+TdO0wr1deByD+fcy70cP+VMKsv6MEpz8wuLS+Xlysrq2vqGuVm9kUkmKDg04Ylo+0QCZzE4iikO7VQAiXwOLX9wMfZbdyAkS+JrNUzBi0gYs4BRorTUNasucH57cFi0fTcMsd01a3bdKoCtX+TLqqEpml3z3e0lNIsgVpQTKTu2lSovJ0IxymFUcTMJKaEDEkJH05hEIL28+H2Ed7XSw0EidMUKF+rsRk4iKYeRrycjovrypzcW//I6mQpOvZzFaaYgppNDQcaxSvA4CNxjAqjiQ00IFUz/immfCEKVjqsyG8L/xDmqn9Xtq+Na43yaRhltox20h2x0ghroEjWRgyi6Rw/oCT0bI+PReDFeJ6MlY7qzhb7BePsEvOeTJA==</latexit><latexit sha1_base64="01aP8akSqtmJHyBhEjXolTex208=">AAAB+nicdVDLSsNAFJ3UV62vWJduBosgiDURQd0V3bisYGyhiWUyvUmHTh7MTMQS+ituXKi49Uvc+TdO0wr1deByD+fcy70cP+VMKsv6MEpz8wuLS+Xlysrq2vqGuVm9kUkmKDg04Ylo+0QCZzE4iikO7VQAiXwOLX9wMfZbdyAkS+JrNUzBi0gYs4BRorTUNasucH57cFi0fTcMsd01a3bdKoCtX+TLqqEpml3z3e0lNIsgVpQTKTu2lSovJ0IxymFUcTMJKaEDEkJH05hEIL28+H2Ed7XSw0EidMUKF+rsRk4iKYeRrycjovrypzcW//I6mQpOvZzFaaYgppNDQcaxSvA4CNxjAqjiQ00IFUz/immfCEKVjqsyG8L/xDmqn9Xtq+Na43yaRhltox20h2x0ghroEjWRgyi6Rw/oCT0bI+PReDFeJ6MlY7qzhb7BePsEvOeTJA==</latexit><latexit sha1_base64="01aP8akSqtmJHyBhEjXolTex208=">AAAB+nicdVDLSsNAFJ3UV62vWJduBosgiDURQd0V3bisYGyhiWUyvUmHTh7MTMQS+ituXKi49Uvc+TdO0wr1deByD+fcy70cP+VMKsv6MEpz8wuLS+Xlysrq2vqGuVm9kUkmKDg04Ylo+0QCZzE4iikO7VQAiXwOLX9wMfZbdyAkS+JrNUzBi0gYs4BRorTUNasucH57cFi0fTcMsd01a3bdKoCtX+TLqqEpml3z3e0lNIsgVpQTKTu2lSovJ0IxymFUcTMJKaEDEkJH05hEIL28+H2Ed7XSw0EidMUKF+rsRk4iKYeRrycjovrypzcW//I6mQpOvZzFaaYgppNDQcaxSvA4CNxjAqjiQ00IFUz/immfCEKVjqsyG8L/xDmqn9Xtq+Na43yaRhltox20h2x0ghroEjWRgyi6Rw/oCT0bI+PReDFeJ6MlY7qzhb7BePsEvOeTJA==</latexit><latexit sha1_base64="01aP8akSqtmJHyBhEjXolTex208=">AAAB+nicdVDLSsNAFJ3UV62vWJduBosgiDURQd0V3bisYGyhiWUyvUmHTh7MTMQS+ituXKi49Uvc+TdO0wr1deByD+fcy70cP+VMKsv6MEpz8wuLS+Xlysrq2vqGuVm9kUkmKDg04Ylo+0QCZzE4iikO7VQAiXwOLX9wMfZbdyAkS+JrNUzBi0gYs4BRorTUNasucH57cFi0fTcMsd01a3bdKoCtX+TLqqEpml3z3e0lNIsgVpQTKTu2lSovJ0IxymFUcTMJKaEDEkJH05hEIL28+H2Ed7XSw0EidMUKF+rsRk4iKYeRrycjovrypzcW//I6mQpOvZzFaaYgppNDQcaxSvA4CNxjAqjiQ00IFUz/immfCEKVjqsyG8L/xDmqn9Xtq+Na43yaRhltox20h2x0ghroEjWRgyi6Rw/oCT0bI+PReDFeJ6MlY7qzhb7BePsEvOeTJA==</latexit>

`+ , `� ⇠ Mh
<latexit sha1_base64="8PuuQq6UQibXbM1tI138JA3QxWs="></latexit><latexit sha1_base64="8PuuQq6UQibXbM1tI138JA3QxWs="></latexit><latexit sha1_base64="8PuuQq6UQibXbM1tI138JA3QxWs="></latexit><latexit sha1_base64="8PuuQq6UQibXbM1tI138JA3QxWs="></latexit>

SCET-I

SCET-II

O1
<latexit sha1_base64="mtOuY3U4N4So8V4DhdzoVHDVkyY=">AAACFHicdVDLSsNAFJ3UV62vqEs3g0VwUUIivrorunFnBWMLaQiT6aQdOnkwMxFKyE+48VfcuFBx68Kdf+M0baCKHhg4nHPuncvxE0aFNM0vrbKwuLS8Ul2tra1vbG7p2zt3Ik45JjaOWcy7PhKE0YjYkkpGugknKPQZ6fijy4nfuSdc0Di6leOEuCEaRDSgGEkleXoj6xVLHD7w3cwyzAIN0zgxreappchUya89K/f0epmAZQKWCVhadTBD29M/e/0YpyGJJGZICMcyE+lmiEuKGclrvVSQBOERGhBH0QiFRLhZcVAOD5TSh0HM1YskLNT5iQyFQoxDXyVDJIfitzcR//KcVAbnbkajJJUkwtOPgpRBGcNJRbBPOcGSjRVBmFN1K8RDxBGWqsjafAn/E/vIaBrWzXG9dTFrowr2wD44BBY4Ay1wBdrABhg8gCfwAl61R+1Ze9Pep9GKNpvZBT+gfXwD9NqadA==</latexit><latexit sha1_base64="mtOuY3U4N4So8V4DhdzoVHDVkyY=">AAACFHicdVDLSsNAFJ3UV62vqEs3g0VwUUIivrorunFnBWMLaQiT6aQdOnkwMxFKyE+48VfcuFBx68Kdf+M0baCKHhg4nHPuncvxE0aFNM0vrbKwuLS8Ul2tra1vbG7p2zt3Ik45JjaOWcy7PhKE0YjYkkpGugknKPQZ6fijy4nfuSdc0Di6leOEuCEaRDSgGEkleXoj6xVLHD7w3cwyzAIN0zgxreappchUya89K/f0epmAZQKWCVhadTBD29M/e/0YpyGJJGZICMcyE+lmiEuKGclrvVSQBOERGhBH0QiFRLhZcVAOD5TSh0HM1YskLNT5iQyFQoxDXyVDJIfitzcR//KcVAbnbkajJJUkwtOPgpRBGcNJRbBPOcGSjRVBmFN1K8RDxBGWqsjafAn/E/vIaBrWzXG9dTFrowr2wD44BBY4Ay1wBdrABhg8gCfwAl61R+1Ze9Pep9GKNpvZBT+gfXwD9NqadA==</latexit><latexit sha1_base64="mtOuY3U4N4So8V4DhdzoVHDVkyY=">AAACFHicdVDLSsNAFJ3UV62vqEs3g0VwUUIivrorunFnBWMLaQiT6aQdOnkwMxFKyE+48VfcuFBx68Kdf+M0baCKHhg4nHPuncvxE0aFNM0vrbKwuLS8Ul2tra1vbG7p2zt3Ik45JjaOWcy7PhKE0YjYkkpGugknKPQZ6fijy4nfuSdc0Di6leOEuCEaRDSgGEkleXoj6xVLHD7w3cwyzAIN0zgxreappchUya89K/f0epmAZQKWCVhadTBD29M/e/0YpyGJJGZICMcyE+lmiEuKGclrvVSQBOERGhBH0QiFRLhZcVAOD5TSh0HM1YskLNT5iQyFQoxDXyVDJIfitzcR//KcVAbnbkajJJUkwtOPgpRBGcNJRbBPOcGSjRVBmFN1K8RDxBGWqsjafAn/E/vIaBrWzXG9dTFrowr2wD44BBY4Ay1wBdrABhg8gCfwAl61R+1Ze9Pep9GKNpvZBT+gfXwD9NqadA==</latexit><latexit sha1_base64="mtOuY3U4N4So8V4DhdzoVHDVkyY=">AAACFHicdVDLSsNAFJ3UV62vqEs3g0VwUUIivrorunFnBWMLaQiT6aQdOnkwMxFKyE+48VfcuFBx68Kdf+M0baCKHhg4nHPuncvxE0aFNM0vrbKwuLS8Ul2tra1vbG7p2zt3Ik45JjaOWcy7PhKE0YjYkkpGugknKPQZ6fijy4nfuSdc0Di6leOEuCEaRDSgGEkleXoj6xVLHD7w3cwyzAIN0zgxreappchUya89K/f0epmAZQKWCVhadTBD29M/e/0YpyGJJGZICMcyE+lmiEuKGclrvVSQBOERGhBH0QiFRLhZcVAOD5TSh0HM1YskLNT5iQyFQoxDXyVDJIfitzcR//KcVAbnbkajJJUkwtOPgpRBGcNJRbBPOcGSjRVBmFN1K8RDxBGWqsjafAn/E/vIaBrWzXG9dTFrowr2wD44BBY4Ay1wBdrABhg8gCfwAl61R+1Ze9Pep9GKNpvZBT+gfXwD9NqadA==</latexit>

Factorization at Subleading Power

H1 ·
h

h

h

H3 ·
hc

s

hc

S

J J

c h

c

H2(z)⊗
z

c c

ZLL, Neubert, ’19• b-quark induced Higgs to diphoton decay
<latexit sha1_base64="Z8xxB3ARP61pxIbWMH3VYAeKqbc="></latexit>

`µ = (n̄ · `)n
µ

2
+ (n · `) n̄

µ

2
+ `µ? ⌘ `�

nµ

2
+ `+

n̄µ

2
+ `µ?
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z → 0

J

n1 n1 n1 s

H3
k2

k2z

H2(z)

S

J

k1

k2

k1

k2

x− t n2

0
z → 0

z

Refactorization near the endpoint

`�
<latexit sha1_base64="SwhAd67iQMIj36fdOa178Wvxikk=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4sSQiqLeiF48VTFtoY9lsJ+3aTTbsboQS+h+8eFDx6g/y5r9x+3HQ1gcDj/dmmJkXpoJr47rfztLyyuraemGjuLm1vbNb2tuva5kphj6TQqpmSDUKnqBvuBHYTBXSOBTYCAc3Y7/xhEpzmdybYYpBTHsJjzijxkr1NgrxcNopld2KOwFZJN6MlGGGWqf01e5KlsWYGCao1i3PTU2QU2U4EzgqtjONKWUD2sOWpQmNUQf55NoRObZKl0RS2UoMmai/J3Iaaz2MQ9sZU9PX895Y/M9rZSa6DHKepJnBhE0XRZkgRpLx66TLFTIjhpZQpri9lbA+VZQZG1DRhuDNv7xI/LPKVcW7Oy9Xr2dpFOAQjuAEPLiAKtxCDXxg8AjP8ApvjnRenHfnY9q65MxmDuAPnM8fmi2Org==</latexit><latexit sha1_base64="SwhAd67iQMIj36fdOa178Wvxikk=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4sSQiqLeiF48VTFtoY9lsJ+3aTTbsboQS+h+8eFDx6g/y5r9x+3HQ1gcDj/dmmJkXpoJr47rfztLyyuraemGjuLm1vbNb2tuva5kphj6TQqpmSDUKnqBvuBHYTBXSOBTYCAc3Y7/xhEpzmdybYYpBTHsJjzijxkr1NgrxcNopld2KOwFZJN6MlGGGWqf01e5KlsWYGCao1i3PTU2QU2U4EzgqtjONKWUD2sOWpQmNUQf55NoRObZKl0RS2UoMmai/J3Iaaz2MQ9sZU9PX895Y/M9rZSa6DHKepJnBhE0XRZkgRpLx66TLFTIjhpZQpri9lbA+VZQZG1DRhuDNv7xI/LPKVcW7Oy9Xr2dpFOAQjuAEPLiAKtxCDXxg8AjP8ApvjnRenHfnY9q65MxmDuAPnM8fmi2Org==</latexit><latexit sha1_base64="SwhAd67iQMIj36fdOa178Wvxikk=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4sSQiqLeiF48VTFtoY9lsJ+3aTTbsboQS+h+8eFDx6g/y5r9x+3HQ1gcDj/dmmJkXpoJr47rfztLyyuraemGjuLm1vbNb2tuva5kphj6TQqpmSDUKnqBvuBHYTBXSOBTYCAc3Y7/xhEpzmdybYYpBTHsJjzijxkr1NgrxcNopld2KOwFZJN6MlGGGWqf01e5KlsWYGCao1i3PTU2QU2U4EzgqtjONKWUD2sOWpQmNUQf55NoRObZKl0RS2UoMmai/J3Iaaz2MQ9sZU9PX895Y/M9rZSa6DHKepJnBhE0XRZkgRpLx66TLFTIjhpZQpri9lbA+VZQZG1DRhuDNv7xI/LPKVcW7Oy9Xr2dpFOAQjuAEPLiAKtxCDXxg8AjP8ApvjnRenHfnY9q65MxmDuAPnM8fmi2Org==</latexit><latexit sha1_base64="SwhAd67iQMIj36fdOa178Wvxikk=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4sSQiqLeiF48VTFtoY9lsJ+3aTTbsboQS+h+8eFDx6g/y5r9x+3HQ1gcDj/dmmJkXpoJr47rfztLyyuraemGjuLm1vbNb2tuva5kphj6TQqpmSDUKnqBvuBHYTBXSOBTYCAc3Y7/xhEpzmdybYYpBTHsJjzijxkr1NgrxcNopld2KOwFZJN6MlGGGWqf01e5KlsWYGCao1i3PTU2QU2U4EzgqtjONKWUD2sOWpQmNUQf55NoRObZKl0RS2UoMmai/J3Iaaz2MQ9sZU9PX895Y/M9rZSa6DHKepJnBhE0XRZkgRpLx66TLFTIjhpZQpri9lbA+VZQZG1DRhuDNv7xI/LPKVcW7Oy9Xr2dpFOAQjuAEPLiAKtxCDXxg8AjP8ApvjnRenHfnY9q65MxmDuAPnM8fmi2Org==</latexit>Mh

<latexit sha1_base64="FaSf6O5wPFIbAXAECIVZ8mmsBxU="></latexit><latexit sha1_base64="FaSf6O5wPFIbAXAECIVZ8mmsBxU="></latexit><latexit sha1_base64="FaSf6O5wPFIbAXAECIVZ8mmsBxU="></latexit><latexit sha1_base64="FaSf6O5wPFIbAXAECIVZ8mmsBxU="></latexit>

H3

 Z 1

Mh

d`
�

`�

Z 1

0

d`
+

`+
+

Z Mh

0

d`
�

`�

Z 1

0

d`
+

`+

!
J(Mh`

�)J(Mh`
+)S(`+`�) = 0

<latexit sha1_base64="B9JlkH/WPmfsc9I8V7BKBnxC0eY="></latexit><latexit sha1_base64="B9JlkH/WPmfsc9I8V7BKBnxC0eY="></latexit><latexit sha1_base64="B9JlkH/WPmfsc9I8V7BKBnxC0eY="></latexit><latexit sha1_base64="B9JlkH/WPmfsc9I8V7BKBnxC0eY="></latexit>

Z 1

0
dz[[H2(z)]][[O2(z)]]

<latexit sha1_base64="9gSxcTrdA60LGp6sGeM5T4PltR0="></latexit><latexit sha1_base64="9gSxcTrdA60LGp6sGeM5T4PltR0="></latexit><latexit sha1_base64="9gSxcTrdA60LGp6sGeM5T4PltR0="></latexit><latexit sha1_base64="9gSxcTrdA60LGp6sGeM5T4PltR0="></latexit>

`+
<latexit sha1_base64="LOFXNymcH/pBBXDnPbdbdz3S4xY=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQklEUG9FLx4rmLbQxrLZTtq1m2zY3Qgl9D948aDi1R/kzX/j9uOgrQ8GHu/NMDMvTAXXxnW/naXlldW19cJGcXNre2e3tLdf1zJTDH0mhVTNkGoUPEHfcCOwmSqkcSiwEQ5uxn7jCZXmMrk3wxSDmPYSHnFGjZXqbRTi4bRTKrsVdwKySLwZKcMMtU7pq92VLIsxMUxQrVuem5ogp8pwJnBUbGcaU8oGtIctSxMaow7yybUjcmyVLomkspUYMlF/T+Q01noYh7Yzpqav572x+J/Xykx0GeQ8STODCZsuijJBjCTj10mXK2RGDC2hTHF7K2F9qigzNqCiDcGbf3mR+GeVq4p3d16uXs/SKMAhHMEJeHABVbiFGvjA4BGe4RXeHOm8OO/Ox7R1yZnNHMAfOJ8/lyeOrA==</latexit><latexit sha1_base64="LOFXNymcH/pBBXDnPbdbdz3S4xY=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQklEUG9FLx4rmLbQxrLZTtq1m2zY3Qgl9D948aDi1R/kzX/j9uOgrQ8GHu/NMDMvTAXXxnW/naXlldW19cJGcXNre2e3tLdf1zJTDH0mhVTNkGoUPEHfcCOwmSqkcSiwEQ5uxn7jCZXmMrk3wxSDmPYSHnFGjZXqbRTi4bRTKrsVdwKySLwZKcMMtU7pq92VLIsxMUxQrVuem5ogp8pwJnBUbGcaU8oGtIctSxMaow7yybUjcmyVLomkspUYMlF/T+Q01noYh7Yzpqav572x+J/Xykx0GeQ8STODCZsuijJBjCTj10mXK2RGDC2hTHF7K2F9qigzNqCiDcGbf3mR+GeVq4p3d16uXs/SKMAhHMEJeHABVbiFGvjA4BGe4RXeHOm8OO/Ox7R1yZnNHMAfOJ8/lyeOrA==</latexit><latexit sha1_base64="LOFXNymcH/pBBXDnPbdbdz3S4xY=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQklEUG9FLx4rmLbQxrLZTtq1m2zY3Qgl9D948aDi1R/kzX/j9uOgrQ8GHu/NMDMvTAXXxnW/naXlldW19cJGcXNre2e3tLdf1zJTDH0mhVTNkGoUPEHfcCOwmSqkcSiwEQ5uxn7jCZXmMrk3wxSDmPYSHnFGjZXqbRTi4bRTKrsVdwKySLwZKcMMtU7pq92VLIsxMUxQrVuem5ogp8pwJnBUbGcaU8oGtIctSxMaow7yybUjcmyVLomkspUYMlF/T+Q01noYh7Yzpqav572x+J/Xykx0GeQ8STODCZsuijJBjCTj10mXK2RGDC2hTHF7K2F9qigzNqCiDcGbf3mR+GeVq4p3d16uXs/SKMAhHMEJeHABVbiFGvjA4BGe4RXeHOm8OO/Ox7R1yZnNHMAfOJ8/lyeOrA==</latexit><latexit sha1_base64="LOFXNymcH/pBBXDnPbdbdz3S4xY=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQklEUG9FLx4rmLbQxrLZTtq1m2zY3Qgl9D948aDi1R/kzX/j9uOgrQ8GHu/NMDMvTAXXxnW/naXlldW19cJGcXNre2e3tLdf1zJTDH0mhVTNkGoUPEHfcCOwmSqkcSiwEQ5uxn7jCZXmMrk3wxSDmPYSHnFGjZXqbRTi4bRTKrsVdwKySLwZKcMMtU7pq92VLIsxMUxQrVuem5ogp8pwJnBUbGcaU8oGtIctSxMaow7yybUjcmyVLomkspUYMlF/T+Q01noYh7Yzpqav572x+J/Xykx0GeQ8STODCZsuijJBjCTj10mXK2RGDC2hTHF7K2F9qigzNqCiDcGbf3mR+GeVq4p3d16uXs/SKMAhHMEJeHABVbiFGvjA4BGe4RXeHOm8OO/Ox7R1yZnNHMAfOJ8/lyeOrA==</latexit>

Mh
<latexit sha1_base64="FaSf6O5wPFIbAXAECIVZ8mmsBxU="></latexit><latexit sha1_base64="FaSf6O5wPFIbAXAECIVZ8mmsBxU="></latexit><latexit sha1_base64="FaSf6O5wPFIbAXAECIVZ8mmsBxU="></latexit><latexit sha1_base64="FaSf6O5wPFIbAXAECIVZ8mmsBxU="></latexit>



11

Endpoint Divergences
`+

<latexit sha1_base64="LOFXNymcH/pBBXDnPbdbdz3S4xY=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQklEUG9FLx4rmLbQxrLZTtq1m2zY3Qgl9D948aDi1R/kzX/j9uOgrQ8GHu/NMDMvTAXXxnW/naXlldW19cJGcXNre2e3tLdf1zJTDH0mhVTNkGoUPEHfcCOwmSqkcSiwEQ5uxn7jCZXmMrk3wxSDmPYSHnFGjZXqbRTi4bRTKrsVdwKySLwZKcMMtU7pq92VLIsxMUxQrVuem5ogp8pwJnBUbGcaU8oGtIctSxMaow7yybUjcmyVLomkspUYMlF/T+Q01noYh7Yzpqav572x+J/Xykx0GeQ8STODCZsuijJBjCTj10mXK2RGDC2hTHF7K2F9qigzNqCiDcGbf3mR+GeVq4p3d16uXs/SKMAhHMEJeHABVbiFGvjA4BGe4RXeHOm8OO/Ox7R1yZnNHMAfOJ8/lyeOrA==</latexit><latexit sha1_base64="LOFXNymcH/pBBXDnPbdbdz3S4xY=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQklEUG9FLx4rmLbQxrLZTtq1m2zY3Qgl9D948aDi1R/kzX/j9uOgrQ8GHu/NMDMvTAXXxnW/naXlldW19cJGcXNre2e3tLdf1zJTDH0mhVTNkGoUPEHfcCOwmSqkcSiwEQ5uxn7jCZXmMrk3wxSDmPYSHnFGjZXqbRTi4bRTKrsVdwKySLwZKcMMtU7pq92VLIsxMUxQrVuem5ogp8pwJnBUbGcaU8oGtIctSxMaow7yybUjcmyVLomkspUYMlF/T+Q01noYh7Yzpqav572x+J/Xykx0GeQ8STODCZsuijJBjCTj10mXK2RGDC2hTHF7K2F9qigzNqCiDcGbf3mR+GeVq4p3d16uXs/SKMAhHMEJeHABVbiFGvjA4BGe4RXeHOm8OO/Ox7R1yZnNHMAfOJ8/lyeOrA==</latexit><latexit sha1_base64="LOFXNymcH/pBBXDnPbdbdz3S4xY=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQklEUG9FLx4rmLbQxrLZTtq1m2zY3Qgl9D948aDi1R/kzX/j9uOgrQ8GHu/NMDMvTAXXxnW/naXlldW19cJGcXNre2e3tLdf1zJTDH0mhVTNkGoUPEHfcCOwmSqkcSiwEQ5uxn7jCZXmMrk3wxSDmPYSHnFGjZXqbRTi4bRTKrsVdwKySLwZKcMMtU7pq92VLIsxMUxQrVuem5ogp8pwJnBUbGcaU8oGtIctSxMaow7yybUjcmyVLomkspUYMlF/T+Q01noYh7Yzpqav572x+J/Xykx0GeQ8STODCZsuijJBjCTj10mXK2RGDC2hTHF7K2F9qigzNqCiDcGbf3mR+GeVq4p3d16uXs/SKMAhHMEJeHABVbiFGvjA4BGe4RXeHOm8OO/Ox7R1yZnNHMAfOJ8/lyeOrA==</latexit><latexit sha1_base64="LOFXNymcH/pBBXDnPbdbdz3S4xY=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQklEUG9FLx4rmLbQxrLZTtq1m2zY3Qgl9D948aDi1R/kzX/j9uOgrQ8GHu/NMDMvTAXXxnW/naXlldW19cJGcXNre2e3tLdf1zJTDH0mhVTNkGoUPEHfcCOwmSqkcSiwEQ5uxn7jCZXmMrk3wxSDmPYSHnFGjZXqbRTi4bRTKrsVdwKySLwZKcMMtU7pq92VLIsxMUxQrVuem5ogp8pwJnBUbGcaU8oGtIctSxMaow7yybUjcmyVLomkspUYMlF/T+Q01noYh7Yzpqav572x+J/Xykx0GeQ8STODCZsuijJBjCTj10mXK2RGDC2hTHF7K2F9qigzNqCiDcGbf3mR+GeVq4p3d16uXs/SKMAhHMEJeHABVbiFGvjA4BGe4RXeHOm8OO/Ox7R1yZnNHMAfOJ8/lyeOrA==</latexit>

`�
<latexit sha1_base64="SwhAd67iQMIj36fdOa178Wvxikk=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4sSQiqLeiF48VTFtoY9lsJ+3aTTbsboQS+h+8eFDx6g/y5r9x+3HQ1gcDj/dmmJkXpoJr47rfztLyyuraemGjuLm1vbNb2tuva5kphj6TQqpmSDUKnqBvuBHYTBXSOBTYCAc3Y7/xhEpzmdybYYpBTHsJjzijxkr1NgrxcNopld2KOwFZJN6MlGGGWqf01e5KlsWYGCao1i3PTU2QU2U4EzgqtjONKWUD2sOWpQmNUQf55NoRObZKl0RS2UoMmai/J3Iaaz2MQ9sZU9PX895Y/M9rZSa6DHKepJnBhE0XRZkgRpLx66TLFTIjhpZQpri9lbA+VZQZG1DRhuDNv7xI/LPKVcW7Oy9Xr2dpFOAQjuAEPLiAKtxCDXxg8AjP8ApvjnRenHfnY9q65MxmDuAPnM8fmi2Org==</latexit><latexit sha1_base64="SwhAd67iQMIj36fdOa178Wvxikk=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4sSQiqLeiF48VTFtoY9lsJ+3aTTbsboQS+h+8eFDx6g/y5r9x+3HQ1gcDj/dmmJkXpoJr47rfztLyyuraemGjuLm1vbNb2tuva5kphj6TQqpmSDUKnqBvuBHYTBXSOBTYCAc3Y7/xhEpzmdybYYpBTHsJjzijxkr1NgrxcNopld2KOwFZJN6MlGGGWqf01e5KlsWYGCao1i3PTU2QU2U4EzgqtjONKWUD2sOWpQmNUQf55NoRObZKl0RS2UoMmai/J3Iaaz2MQ9sZU9PX895Y/M9rZSa6DHKepJnBhE0XRZkgRpLx66TLFTIjhpZQpri9lbA+VZQZG1DRhuDNv7xI/LPKVcW7Oy9Xr2dpFOAQjuAEPLiAKtxCDXxg8AjP8ApvjnRenHfnY9q65MxmDuAPnM8fmi2Org==</latexit><latexit sha1_base64="SwhAd67iQMIj36fdOa178Wvxikk=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4sSQiqLeiF48VTFtoY9lsJ+3aTTbsboQS+h+8eFDx6g/y5r9x+3HQ1gcDj/dmmJkXpoJr47rfztLyyuraemGjuLm1vbNb2tuva5kphj6TQqpmSDUKnqBvuBHYTBXSOBTYCAc3Y7/xhEpzmdybYYpBTHsJjzijxkr1NgrxcNopld2KOwFZJN6MlGGGWqf01e5KlsWYGCao1i3PTU2QU2U4EzgqtjONKWUD2sOWpQmNUQf55NoRObZKl0RS2UoMmai/J3Iaaz2MQ9sZU9PX895Y/M9rZSa6DHKepJnBhE0XRZkgRpLx66TLFTIjhpZQpri9lbA+VZQZG1DRhuDNv7xI/LPKVcW7Oy9Xr2dpFOAQjuAEPLiAKtxCDXxg8AjP8ApvjnRenHfnY9q65MxmDuAPnM8fmi2Org==</latexit><latexit sha1_base64="SwhAd67iQMIj36fdOa178Wvxikk=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4sSQiqLeiF48VTFtoY9lsJ+3aTTbsboQS+h+8eFDx6g/y5r9x+3HQ1gcDj/dmmJkXpoJr47rfztLyyuraemGjuLm1vbNb2tuva5kphj6TQqpmSDUKnqBvuBHYTBXSOBTYCAc3Y7/xhEpzmdybYYpBTHsJjzijxkr1NgrxcNopld2KOwFZJN6MlGGGWqf01e5KlsWYGCao1i3PTU2QU2U4EzgqtjONKWUD2sOWpQmNUQf55NoRObZKl0RS2UoMmai/J3Iaaz2MQ9sZU9PX895Y/M9rZSa6DHKepJnBhE0XRZkgRpLx66TLFTIjhpZQpri9lbA+VZQZG1DRhuDNv7xI/LPKVcW7Oy9Xr2dpFOAQjuAEPLiAKtxCDXxg8AjP8ApvjnRenHfnY9q65MxmDuAPnM8fmi2Org==</latexit>

Mh
<latexit sha1_base64="FaSf6O5wPFIbAXAECIVZ8mmsBxU="></latexit><latexit sha1_base64="FaSf6O5wPFIbAXAECIVZ8mmsBxU="></latexit><latexit sha1_base64="FaSf6O5wPFIbAXAECIVZ8mmsBxU="></latexit><latexit sha1_base64="FaSf6O5wPFIbAXAECIVZ8mmsBxU="></latexit>

Mh
<latexit sha1_base64="FaSf6O5wPFIbAXAECIVZ8mmsBxU="></latexit><latexit sha1_base64="FaSf6O5wPFIbAXAECIVZ8mmsBxU="></latexit><latexit sha1_base64="FaSf6O5wPFIbAXAECIVZ8mmsBxU="></latexit><latexit sha1_base64="FaSf6O5wPFIbAXAECIVZ8mmsBxU="></latexit>

infinity-bin

�H1O1
<latexit sha1_base64="yfojuB3X1c0R4qG8m+/I720mHY4=">AAAB9HicbVDJSgNBEO2JW4xb1KOXxiB4GqbFLZ4CesjNCI4RknHo6dQkTXoWunuUMOQ/vHhQ8erHePNv7CygRh8UPN6roqpekAqutON8WoW5+YXFpeJyaWV1bX2jvLl1o5JMMnBZIhJ5G1AFgsfgaq4F3KYSaBQIaAb985HfvAepeBJf60EKXkS7MQ85o9pId+0LEJriuk/wpU/8csWxjxxSPSbYsZ0xvgmZkgqaouGXP9qdhGURxJoJqlSLOKn2cio1ZwKGpXamIKWsT7vQMjSmESgvH189xHtG6eAwkaZijcfqz4mcRkoNosB0RlT31Kw3Ev/zWpkOT72cx2mmIWaTRWEmsE7wKALc4RKYFgNDKJPc3IpZj0rKtAmqZEIgsy//Je6BXbXJ1WGldjZNo4h20C7aRwSdoBqqowZyEUMSPaJn9GI9WE/Wq/U2aS1Y05lt9AvW+xckOJEl</latexit><latexit sha1_base64="yfojuB3X1c0R4qG8m+/I720mHY4=">AAAB9HicbVDJSgNBEO2JW4xb1KOXxiB4GqbFLZ4CesjNCI4RknHo6dQkTXoWunuUMOQ/vHhQ8erHePNv7CygRh8UPN6roqpekAqutON8WoW5+YXFpeJyaWV1bX2jvLl1o5JMMnBZIhJ5G1AFgsfgaq4F3KYSaBQIaAb985HfvAepeBJf60EKXkS7MQ85o9pId+0LEJriuk/wpU/8csWxjxxSPSbYsZ0xvgmZkgqaouGXP9qdhGURxJoJqlSLOKn2cio1ZwKGpXamIKWsT7vQMjSmESgvH189xHtG6eAwkaZijcfqz4mcRkoNosB0RlT31Kw3Ev/zWpkOT72cx2mmIWaTRWEmsE7wKALc4RKYFgNDKJPc3IpZj0rKtAmqZEIgsy//Je6BXbXJ1WGldjZNo4h20C7aRwSdoBqqowZyEUMSPaJn9GI9WE/Wq/U2aS1Y05lt9AvW+xckOJEl</latexit><latexit sha1_base64="yfojuB3X1c0R4qG8m+/I720mHY4=">AAAB9HicbVDJSgNBEO2JW4xb1KOXxiB4GqbFLZ4CesjNCI4RknHo6dQkTXoWunuUMOQ/vHhQ8erHePNv7CygRh8UPN6roqpekAqutON8WoW5+YXFpeJyaWV1bX2jvLl1o5JMMnBZIhJ5G1AFgsfgaq4F3KYSaBQIaAb985HfvAepeBJf60EKXkS7MQ85o9pId+0LEJriuk/wpU/8csWxjxxSPSbYsZ0xvgmZkgqaouGXP9qdhGURxJoJqlSLOKn2cio1ZwKGpXamIKWsT7vQMjSmESgvH189xHtG6eAwkaZijcfqz4mcRkoNosB0RlT31Kw3Ev/zWpkOT72cx2mmIWaTRWEmsE7wKALc4RKYFgNDKJPc3IpZj0rKtAmqZEIgsy//Je6BXbXJ1WGldjZNo4h20C7aRwSdoBqqowZyEUMSPaJn9GI9WE/Wq/U2aS1Y05lt9AvW+xckOJEl</latexit><latexit sha1_base64="yfojuB3X1c0R4qG8m+/I720mHY4=">AAAB9HicbVDJSgNBEO2JW4xb1KOXxiB4GqbFLZ4CesjNCI4RknHo6dQkTXoWunuUMOQ/vHhQ8erHePNv7CygRh8UPN6roqpekAqutON8WoW5+YXFpeJyaWV1bX2jvLl1o5JMMnBZIhJ5G1AFgsfgaq4F3KYSaBQIaAb985HfvAepeBJf60EKXkS7MQ85o9pId+0LEJriuk/wpU/8csWxjxxSPSbYsZ0xvgmZkgqaouGXP9qdhGURxJoJqlSLOKn2cio1ZwKGpXamIKWsT7vQMjSmESgvH189xHtG6eAwkaZijcfqz4mcRkoNosB0RlT31Kw3Ev/zWpkOT72cx2mmIWaTRWEmsE7wKALc4RKYFgNDKJPc3IpZj0rKtAmqZEIgsy//Je6BXbXJ1WGldjZNo4h20C7aRwSdoBqqowZyEUMSPaJn9GI9WE/Wq/U2aS1Y05lt9AvW+xckOJEl</latexit>

`+`� = m2
b

<latexit sha1_base64="meSUU1+BggsMooyUaAI1PpUNLhg=">AAAB+nicbVDLSgMxFM3UV62vsS7dBIsgiGWmCOpCKLpxWcGxhXY6ZNJMG5pkhiQjlqG/4saFilu/xJ1/Yzotoq0H7uVwzr3k5oQJo0o7zpdVWFpeWV0rrpc2Nre2d+zd8r2KU4mJh2MWy1aIFGFUEE9TzUgrkQTxkJFmOLye+M0HIhWNxZ0eJcTnqC9oRDHSRgrscocw1j3O+8klD8JuLbArTtXJAX+IO08qYIZGYH92ejFOOREaM6RU23US7WdIaooZGZc6qSIJwkPUJ21DBeJE+Vl++xgeGqUHo1iaEhrm6u+NDHGlRjw0kxzpgZr3JuJ/XjvV0bmfUZGkmgg8fShKGdQxnAQBe1QSrNnIEIQlNbdCPEASYW3iKpkQFr68SLxa9aLq3p5W6lezNIpgHxyAI+CCM1AHN6ABPIDBI3gCL+DVGlvP1pv1Ph0tWLOdPfAH1sc3OPmTdQ==</latexit><latexit sha1_base64="meSUU1+BggsMooyUaAI1PpUNLhg=">AAAB+nicbVDLSgMxFM3UV62vsS7dBIsgiGWmCOpCKLpxWcGxhXY6ZNJMG5pkhiQjlqG/4saFilu/xJ1/Yzotoq0H7uVwzr3k5oQJo0o7zpdVWFpeWV0rrpc2Nre2d+zd8r2KU4mJh2MWy1aIFGFUEE9TzUgrkQTxkJFmOLye+M0HIhWNxZ0eJcTnqC9oRDHSRgrscocw1j3O+8klD8JuLbArTtXJAX+IO08qYIZGYH92ejFOOREaM6RU23US7WdIaooZGZc6qSIJwkPUJ21DBeJE+Vl++xgeGqUHo1iaEhrm6u+NDHGlRjw0kxzpgZr3JuJ/XjvV0bmfUZGkmgg8fShKGdQxnAQBe1QSrNnIEIQlNbdCPEASYW3iKpkQFr68SLxa9aLq3p5W6lezNIpgHxyAI+CCM1AHN6ABPIDBI3gCL+DVGlvP1pv1Ph0tWLOdPfAH1sc3OPmTdQ==</latexit><latexit sha1_base64="meSUU1+BggsMooyUaAI1PpUNLhg=">AAAB+nicbVDLSgMxFM3UV62vsS7dBIsgiGWmCOpCKLpxWcGxhXY6ZNJMG5pkhiQjlqG/4saFilu/xJ1/Yzotoq0H7uVwzr3k5oQJo0o7zpdVWFpeWV0rrpc2Nre2d+zd8r2KU4mJh2MWy1aIFGFUEE9TzUgrkQTxkJFmOLye+M0HIhWNxZ0eJcTnqC9oRDHSRgrscocw1j3O+8klD8JuLbArTtXJAX+IO08qYIZGYH92ejFOOREaM6RU23US7WdIaooZGZc6qSIJwkPUJ21DBeJE+Vl++xgeGqUHo1iaEhrm6u+NDHGlRjw0kxzpgZr3JuJ/XjvV0bmfUZGkmgg8fShKGdQxnAQBe1QSrNnIEIQlNbdCPEASYW3iKpkQFr68SLxa9aLq3p5W6lezNIpgHxyAI+CCM1AHN6ABPIDBI3gCL+DVGlvP1pv1Ph0tWLOdPfAH1sc3OPmTdQ==</latexit><latexit sha1_base64="meSUU1+BggsMooyUaAI1PpUNLhg=">AAAB+nicbVDLSgMxFM3UV62vsS7dBIsgiGWmCOpCKLpxWcGxhXY6ZNJMG5pkhiQjlqG/4saFilu/xJ1/Yzotoq0H7uVwzr3k5oQJo0o7zpdVWFpeWV0rrpc2Nre2d+zd8r2KU4mJh2MWy1aIFGFUEE9TzUgrkQTxkJFmOLye+M0HIhWNxZ0eJcTnqC9oRDHSRgrscocw1j3O+8klD8JuLbArTtXJAX+IO08qYIZGYH92ejFOOREaM6RU23US7WdIaooZGZc6qSIJwkPUJ21DBeJE+Vl++xgeGqUHo1iaEhrm6u+NDHGlRjw0kxzpgZr3JuJ/XjvV0bmfUZGkmgg8fShKGdQxnAQBe1QSrNnIEIQlNbdCPEASYW3iKpkQFr68SLxa9aLq3p5W6lezNIpgHxyAI+CCM1AHN6ABPIDBI3gCL+DVGlvP1pv1Ph0tWLOdPfAH1sc3OPmTdQ==</latexit>

`+
<latexit sha1_base64="LOFXNymcH/pBBXDnPbdbdz3S4xY=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQklEUG9FLx4rmLbQxrLZTtq1m2zY3Qgl9D948aDi1R/kzX/j9uOgrQ8GHu/NMDMvTAXXxnW/naXlldW19cJGcXNre2e3tLdf1zJTDH0mhVTNkGoUPEHfcCOwmSqkcSiwEQ5uxn7jCZXmMrk3wxSDmPYSHnFGjZXqbRTi4bRTKrsVdwKySLwZKcMMtU7pq92VLIsxMUxQrVuem5ogp8pwJnBUbGcaU8oGtIctSxMaow7yybUjcmyVLomkspUYMlF/T+Q01noYh7Yzpqav572x+J/Xykx0GeQ8STODCZsuijJBjCTj10mXK2RGDC2hTHF7K2F9qigzNqCiDcGbf3mR+GeVq4p3d16uXs/SKMAhHMEJeHABVbiFGvjA4BGe4RXeHOm8OO/Ox7R1yZnNHMAfOJ8/lyeOrA==</latexit><latexit sha1_base64="LOFXNymcH/pBBXDnPbdbdz3S4xY=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQklEUG9FLx4rmLbQxrLZTtq1m2zY3Qgl9D948aDi1R/kzX/j9uOgrQ8GHu/NMDMvTAXXxnW/naXlldW19cJGcXNre2e3tLdf1zJTDH0mhVTNkGoUPEHfcCOwmSqkcSiwEQ5uxn7jCZXmMrk3wxSDmPYSHnFGjZXqbRTi4bRTKrsVdwKySLwZKcMMtU7pq92VLIsxMUxQrVuem5ogp8pwJnBUbGcaU8oGtIctSxMaow7yybUjcmyVLomkspUYMlF/T+Q01noYh7Yzpqav572x+J/Xykx0GeQ8STODCZsuijJBjCTj10mXK2RGDC2hTHF7K2F9qigzNqCiDcGbf3mR+GeVq4p3d16uXs/SKMAhHMEJeHABVbiFGvjA4BGe4RXeHOm8OO/Ox7R1yZnNHMAfOJ8/lyeOrA==</latexit><latexit sha1_base64="LOFXNymcH/pBBXDnPbdbdz3S4xY=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQklEUG9FLx4rmLbQxrLZTtq1m2zY3Qgl9D948aDi1R/kzX/j9uOgrQ8GHu/NMDMvTAXXxnW/naXlldW19cJGcXNre2e3tLdf1zJTDH0mhVTNkGoUPEHfcCOwmSqkcSiwEQ5uxn7jCZXmMrk3wxSDmPYSHnFGjZXqbRTi4bRTKrsVdwKySLwZKcMMtU7pq92VLIsxMUxQrVuem5ogp8pwJnBUbGcaU8oGtIctSxMaow7yybUjcmyVLomkspUYMlF/T+Q01noYh7Yzpqav572x+J/Xykx0GeQ8STODCZsuijJBjCTj10mXK2RGDC2hTHF7K2F9qigzNqCiDcGbf3mR+GeVq4p3d16uXs/SKMAhHMEJeHABVbiFGvjA4BGe4RXeHOm8OO/Ox7R1yZnNHMAfOJ8/lyeOrA==</latexit><latexit sha1_base64="LOFXNymcH/pBBXDnPbdbdz3S4xY=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQklEUG9FLx4rmLbQxrLZTtq1m2zY3Qgl9D948aDi1R/kzX/j9uOgrQ8GHu/NMDMvTAXXxnW/naXlldW19cJGcXNre2e3tLdf1zJTDH0mhVTNkGoUPEHfcCOwmSqkcSiwEQ5uxn7jCZXmMrk3wxSDmPYSHnFGjZXqbRTi4bRTKrsVdwKySLwZKcMMtU7pq92VLIsxMUxQrVuem5ogp8pwJnBUbGcaU8oGtIctSxMaow7yybUjcmyVLomkspUYMlF/T+Q01noYh7Yzpqav572x+J/Xykx0GeQ8STODCZsuijJBjCTj10mXK2RGDC2hTHF7K2F9qigzNqCiDcGbf3mR+GeVq4p3d16uXs/SKMAhHMEJeHABVbiFGvjA4BGe4RXeHOm8OO/Ox7R1yZnNHMAfOJ8/lyeOrA==</latexit>

`�
<latexit sha1_base64="SwhAd67iQMIj36fdOa178Wvxikk=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4sSQiqLeiF48VTFtoY9lsJ+3aTTbsboQS+h+8eFDx6g/y5r9x+3HQ1gcDj/dmmJkXpoJr47rfztLyyuraemGjuLm1vbNb2tuva5kphj6TQqpmSDUKnqBvuBHYTBXSOBTYCAc3Y7/xhEpzmdybYYpBTHsJjzijxkr1NgrxcNopld2KOwFZJN6MlGGGWqf01e5KlsWYGCao1i3PTU2QU2U4EzgqtjONKWUD2sOWpQmNUQf55NoRObZKl0RS2UoMmai/J3Iaaz2MQ9sZU9PX895Y/M9rZSa6DHKepJnBhE0XRZkgRpLx66TLFTIjhpZQpri9lbA+VZQZG1DRhuDNv7xI/LPKVcW7Oy9Xr2dpFOAQjuAEPLiAKtxCDXxg8AjP8ApvjnRenHfnY9q65MxmDuAPnM8fmi2Org==</latexit><latexit sha1_base64="SwhAd67iQMIj36fdOa178Wvxikk=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4sSQiqLeiF48VTFtoY9lsJ+3aTTbsboQS+h+8eFDx6g/y5r9x+3HQ1gcDj/dmmJkXpoJr47rfztLyyuraemGjuLm1vbNb2tuva5kphj6TQqpmSDUKnqBvuBHYTBXSOBTYCAc3Y7/xhEpzmdybYYpBTHsJjzijxkr1NgrxcNopld2KOwFZJN6MlGGGWqf01e5KlsWYGCao1i3PTU2QU2U4EzgqtjONKWUD2sOWpQmNUQf55NoRObZKl0RS2UoMmai/J3Iaaz2MQ9sZU9PX895Y/M9rZSa6DHKepJnBhE0XRZkgRpLx66TLFTIjhpZQpri9lbA+VZQZG1DRhuDNv7xI/LPKVcW7Oy9Xr2dpFOAQjuAEPLiAKtxCDXxg8AjP8ApvjnRenHfnY9q65MxmDuAPnM8fmi2Org==</latexit><latexit sha1_base64="SwhAd67iQMIj36fdOa178Wvxikk=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4sSQiqLeiF48VTFtoY9lsJ+3aTTbsboQS+h+8eFDx6g/y5r9x+3HQ1gcDj/dmmJkXpoJr47rfztLyyuraemGjuLm1vbNb2tuva5kphj6TQqpmSDUKnqBvuBHYTBXSOBTYCAc3Y7/xhEpzmdybYYpBTHsJjzijxkr1NgrxcNopld2KOwFZJN6MlGGGWqf01e5KlsWYGCao1i3PTU2QU2U4EzgqtjONKWUD2sOWpQmNUQf55NoRObZKl0RS2UoMmai/J3Iaaz2MQ9sZU9PX895Y/M9rZSa6DHKepJnBhE0XRZkgRpLx66TLFTIjhpZQpri9lbA+VZQZG1DRhuDNv7xI/LPKVcW7Oy9Xr2dpFOAQjuAEPLiAKtxCDXxg8AjP8ApvjnRenHfnY9q65MxmDuAPnM8fmi2Org==</latexit><latexit sha1_base64="SwhAd67iQMIj36fdOa178Wvxikk=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4sSQiqLeiF48VTFtoY9lsJ+3aTTbsboQS+h+8eFDx6g/y5r9x+3HQ1gcDj/dmmJkXpoJr47rfztLyyuraemGjuLm1vbNb2tuva5kphj6TQqpmSDUKnqBvuBHYTBXSOBTYCAc3Y7/xhEpzmdybYYpBTHsJjzijxkr1NgrxcNopld2KOwFZJN6MlGGGWqf01e5KlsWYGCao1i3PTU2QU2U4EzgqtjONKWUD2sOWpQmNUQf55NoRObZKl0RS2UoMmai/J3Iaaz2MQ9sZU9PX895Y/M9rZSa6DHKepJnBhE0XRZkgRpLx66TLFTIjhpZQpri9lbA+VZQZG1DRhuDNv7xI/LPKVcW7Oy9Xr2dpFOAQjuAEPLiAKtxCDXxg8AjP8ApvjnRenHfnY9q65MxmDuAPnM8fmi2Org==</latexit>

Collinear

Soft

rapidity div.

rapidity div.

dimensionally 
regulated

M(h ! ��) = (H1 +�H1)O1

+ 4 lim
�!0

Z 1

�
dz

h
H2(z)O2(z)� [[H2(z)]] [[O2(z)]]

i

+H3 lim
�!�1

Z Mh

0

d`�
`�

Z �Mh

0

d`+
`+

J(Mh`�) J(�Mh`+)S(`+`�)
<latexit sha1_base64="Q68FxNjuTTM94qCh72kan2Ip9GA="></latexit><latexit sha1_base64="Q68FxNjuTTM94qCh72kan2Ip9GA="></latexit><latexit sha1_base64="Q68FxNjuTTM94qCh72kan2Ip9GA="></latexit><latexit sha1_base64="Q68FxNjuTTM94qCh72kan2Ip9GA="></latexit>

+(`+ $ `�)
<latexit sha1_base64="/QL4EhuIrj0wfNYO4Dt3ZhhBHnk="></latexit><latexit sha1_base64="/QL4EhuIrj0wfNYO4Dt3ZhhBHnk="></latexit><latexit sha1_base64="/QL4EhuIrj0wfNYO4Dt3ZhhBHnk="></latexit><latexit sha1_base64="/QL4EhuIrj0wfNYO4Dt3ZhhBHnk="></latexit>

infinity-bin subtraction

• Endpoint divergences are removed by rearrangement of phase space 
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Renormalized Factorization Theorem
ZLL, Neubert, Mecaj, Wang ‘20

T1

T2

T3

bare

renormalized

T3 =H3

Z Mh

0

d`�
`�

Z Mh

0

d`+

`+
J(Mh`�)J(�Mh`+)S(`+`�)

6=H3(µ)

Z Mh

0

d`�
`�

Z Mh

0

d`+

`+
J(Mh`�, µ)J(�Mh`+, µ)S(`+`�, µ)

<latexit sha1_base64="odklX2mwEY3Ij6N4GzOKlojoOoI="></latexit><latexit sha1_base64="odklX2mwEY3Ij6N4GzOKlojoOoI="></latexit><latexit sha1_base64="odklX2mwEY3Ij6N4GzOKlojoOoI="></latexit><latexit sha1_base64="odklX2mwEY3Ij6N4GzOKlojoOoI="></latexit>

• Final renormalized factorization theorem 

• Mismatch is a big problem!

Using refactorization conditions, the sum of mismatch in T2 and 
T3 is purely hard, absorbed to T1

Renormalization of jet and soft functions are non-local!



13

For the Future
• Multi-leg QCD amplitudes with massive partons

• Higher-order calculations of soft/collinear matrix elements 

‣ Hemisphere soft function at 3 loops - precision thrust distribution

‣ 2-loop jet function for photon isolation

‣ Develop methods to calculate phase space integration with 
step functions



Thanks for your attention!


