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qq ! ZH /18

A lot of progress in VH
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❖ Much work done on ZH production at LHC: P + P  Z  + H → (ll′ ) (bb̄)

❖ qq̄ → ZH

• Higgs-bremsstrahlung (Drell-Yan type): NNLO & N LOapprox in massless QCD3

❖  finally observed at the LHC in VH-events!H → bb̄ [ATLAS, CMS ‘18]

 [Campbell, Ellis, Williams ’16]   [Ferrera, Grazzini, Tramontano ’15]    [Kumar, Mandal and Ravindran ’15]  [Brein, Hartader, Wesemann, Zirke ’12]      [Brein, Djouadi, Hartader, ’04] 

 [Ferrera, Somogyi, Tramontano ’18]  

• Bottom quark initiated with Higgs Yukawa (non Drell-Yan type): NNLO in massless QCD
[TA, Chen, Dhani, Ajjath, Mukherjee, Ravindran ’19]

• Top-loop induced NNLO (non-Drell-Yan type) QCD corrections in the heavy-top limit
[Brein, Djouadi, Harlander ’04]   [Brein, Harlander, Wiesemann, Zirke ’12] 

[Ciccolini, Dittmaier, Kramer ’03]  [Denner, Dittmaier, Kallweit, Mueck ’11] 

❖ gg → ZH

• LO: exact with full t dependencemt [Kniehl ’90]

• NLO QCD:  - in the heavy-top & high-energy limit

• NLO Electroweak corrections

[Altenkamp, Dittmaier, Harlander, Rzehak, Zirke ’13] 

[Brein, Hartader, Wesemann, Zirke ’12]      

[Chen, Heinrich, Jones, Kerner, Klappert, Schlenk ’21][Alasfar, Degrassi, Giardino, Groeber, Vitti ’21]

[Davies, Mishima, Steinhauser ’20]

[Dicus, Kao ’88]

[Hasselhuhn, Luthe, Steinhauser ’17]

[Talk by G. Mishima & M. Kerner]
- with full  dependencemt
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qq ! ZH /18

Our Focus

3

❖   in massless QCD with non-zero Yukawa couplingbb̄ → ZH ❖   in Higgs effective field theoryqq̄ → ZH

q

q̄

Z

H

❖ 2-loop QCD corrections in analytic form:  & 𝒪(λbα2
s ) 𝒪(α3

s )

Goal

❖ Addressing a subtle issue in FF decomposition for axial current in D-dimensions

❖ How axial FF can be obtained from vector counterpart without dealing  issues for  γ5 bb̄ → ZH

❖ A surprising phenomenon upon applying non-anticommuting  for  in HEFT γ5 qq̄ → ZH

𝒪(λb) 𝒪(λtα2
s )
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Form Factor Decomposition: Vector

4

Lorentz covariance 

ℳvec = v̄(p2)Γμ
vecu(p1)ε*μ (q1)

❖ Reflects the chirality flipping along massless b-quark line & parity even

❖ Linearly independent & complete in D-dimensions

<latexit sha1_base64="eMZqQNiIbaeOodzu/f6vxGIGeN0="></latexit>

�µ
X = F1,Xpµ1 + F2,Xpµ2 + F3,Xqµ1 + F4,X�µ

/q1

D = 4 − 2ϵ

❖ Projectors: 

ℳ = ∑ FnTn

Gij = ⟨T†
i , Tj⟩

Gram Matrix Pn = G−1
nj T†

j

D-dimensional projectors

❖ FF in CDR / HV scheme

λb

p1

q2p2

q1

• Issue in FF decomposition
• Restoring axial from vector
• NAC  in HEFTγ5
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Form Factor Decomposition: Axial & Issues
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❖ DR preserves Lorentz & gauge invariance but not chiral invariance:  is inherently 4-dimensionalγ5
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{�µ, �5} 6= 0❖ ’t Hooft–Veltman prescription & Breitenlohner - Maison (HVBM):
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v̄(p2)
n
�5p

µ
1 , �5p

µ
2 , �5q

µ
1 , �µ�5/q1

o
u(p1)

❖ Basis

Linearly complete in 4-dim but not in D dimensions
(unless fully anticommuting  is used)γ5

Issues with NAC γ5

[Hooft, Veltman ’72][Breitenlohner-Maison ’77]

Not easy to construct full D-dim linearly complete basis for all loop orders

Even with an incomplete basis, keeping full D-dependence leads complicated expressions

Setting D=4 simplify but not known whether it is legitimate, in general

• Issue in FF decomposition
• Restoring axial from vector
• NAC  in HEFTγ5
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Form Factor Decomposition: Axial & Issues

6

ℳaxi = v̄(p2)Γμ
axiu(p1)ε*μ (q1)

Acrobatic form: set D = 4 in projectors and define ‘axial FF’ 

Intermediate axial amp
<latexit sha1_base64="7W/OsTj55v7qqXQWS7ZCoSnDnLU="></latexit>

�̃µ
axi ⌘ F1,axi�5p

µ
1 + F2,axi�5p

µ
2 + F3,axi�5q

µ
1 + F4,axi�

µ�5/q1

is not algebraically identical to original Feynman amplitude

Leads to correct finite remainder in 4-dim
• Ward identity

• Polarised amplitudes using physical projectors that does not rely on FF decomposition [Chen ’19]

Projectors derived in 4-dim can be used in D-dimensional calculations and 
lead to correct physical results

Message 1

[TA, Chen, Dhani, Ajjath, Mukherjee, Ravindran ’19]
[Peraro, Tancredi ’19, ’20]

• Issue in FF decomposition
• Restoring axial from vector
• NAC  in HEFTγ5



/Taushif Ahmed A pitfall in applying a non-anticommuting          in                               amplitudes 
<latexit sha1_base64="mlYTGzmUrDXgrnKIPN4a7M+MsKE=">AAAB73icdVDLSgMxFM3UV62vqks3wSK4GmamTh+7ohuXFewD2qFk0kwbmmTGJCOU0p9w40IRt/6OO//GTFtBRQ9cOJxzL/feEyaMKu04H1ZubX1jcyu/XdjZ3ds/KB4etVWcSkxaOGax7IZIEUYFaWmqGekmkiAeMtIJJ1eZ37knUtFY3OppQgKORoJGFCNtpG5/hDhHA39QLDm273qeX4eOXfar1XItI+V6pVaHru0sUAIrNAfF9/4wxiknQmOGlOq5TqKDGZKaYkbmhX6qSILwBI1Iz1CBOFHBbHHvHJ4ZZQijWJoSGi7U7xMzxJWa8tB0cqTH6reXiX95vVRHtWBGRZJqIvByUZQyqGOYPQ+HVBKs2dQQhCU1t0I8RhJhbSIqmBC+PoX/k7ZnuxXbu7koNS5XceTBCTgF58AFVdAA16AJWgADBh7AE3i27qxH68V6XbbmrNXMMfgB6+0TQW+QIw==</latexit>�5

<latexit sha1_base64="FP/ai2LbsgQo4c+gpL0ijGISkWc=">AAAB/nicdVDLSsNAFJ34rPUVFVduBovgKiSpfe2KbrqsYB/YhDKZTtqhk0dnJkIJBX/FjQtF3Pod7vwbJ20FFT0wcDjnXObe48WMCmmaH9rK6tr6xmZuK7+9s7u3rx8ctkWUcExaOGIR73pIEEZD0pJUMtKNOUGBx0jHG19lfueOcEGj8EZOY+IGaBhSn2IkldTXjyepE6lANg8nM+jICN42+nrBNEqWbZdq0DSKpUqlWM1IsVau1qBlmHMUwBLNvv7uDCKcBCSUmCEhepYZSzdFXFLMyCzvJILECI/RkPQUDVFAhJvO15/BM6UMoB9x9UIJ5+r3iRQFQkwDTyUDJEfit5eJf3m9RPpVN6VhnEgS4sVHfsKgujHrAg4oJ1iyqSIIc6p2hXiEOMJSNZZXJXxdCv8nbduwyoZ9fVGoXy7ryIETcArOgQUqoA4aoAlaAIMUPIAn8Kzda4/ai/a6iK5oy5kj8APa2ydUyJW+</latexit>

qq ! ZH /18

Axial Form Factors restored from Vector
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Non-vanishing non-anomalous diagrams

class ZH          +          class HZ  Turning off axial coupling of Z-boson completely
<latexit sha1_base64="ldMjsiPv0SrnRTajJ0Ax2xp2nl4="></latexit>

Mvec = v̄(p2)
⇣
�µ

ZH
+ �µ

HZ

⌘
u(p1) "

⇤
µ
(q1)

Similarly for higher loop orders
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�µ
X = F1,Xpµ1 + F2,Xpµ2 + F3,Xqµ1 + F4,X�µ

/q1

Linearly independent & complete in D-dimensions

p1

p2 q1

q2

All 2-loop diagrams with Higgs or Higgs + Z  radiated from a closed fermion loop vanish

<latexit sha1_base64="xvR7ONPY5frzhdaFUAtUbxZIEjU=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9SIUvXisYj+gDWWz3bRLN5uwOxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkQKg6777aysrq1vbBa2its7u3v7pYPDpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDv1W09cGxGrRxwn3I/oQIlQMIpWerh2e6WyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn80unZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9G3SF5ozlGNLKNPC3krYkGrK0IZTtCF4iy8vk2a14l1Uqvfn5dpNHkcBjuEEzsCDS6jBHdShAQxCeIZXeHNGzovz7nzMW1ecfOYI/sD5/AH8+I0C</latexit>

= 0 Due to odd number of      matrices
<latexit sha1_base64="N29tSf3kwZOyzVWjRFGRSPW6/w8=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKewGUY9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0qpVg8tq7f6iUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPiTWPHA==</latexit>�

• Issue in FF decomposition
• Restoring axial from vector
• NAC  in HEFTγ5



/Taushif Ahmed A pitfall in applying a non-anticommuting          in                               amplitudes 
<latexit sha1_base64="mlYTGzmUrDXgrnKIPN4a7M+MsKE=">AAAB73icdVDLSgMxFM3UV62vqks3wSK4GmamTh+7ohuXFewD2qFk0kwbmmTGJCOU0p9w40IRt/6OO//GTFtBRQ9cOJxzL/feEyaMKu04H1ZubX1jcyu/XdjZ3ds/KB4etVWcSkxaOGax7IZIEUYFaWmqGekmkiAeMtIJJ1eZ37knUtFY3OppQgKORoJGFCNtpG5/hDhHA39QLDm273qeX4eOXfar1XItI+V6pVaHru0sUAIrNAfF9/4wxiknQmOGlOq5TqKDGZKaYkbmhX6qSILwBI1Iz1CBOFHBbHHvHJ4ZZQijWJoSGi7U7xMzxJWa8tB0cqTH6reXiX95vVRHtWBGRZJqIvByUZQyqGOYPQ+HVBKs2dQQhCU1t0I8RhJhbSIqmBC+PoX/k7ZnuxXbu7koNS5XceTBCTgF58AFVdAA16AJWgADBh7AE3i27qxH68V6XbbmrNXMMfgB6+0TQW+QIw==</latexit>�5

<latexit sha1_base64="FP/ai2LbsgQo4c+gpL0ijGISkWc=">AAAB/nicdVDLSsNAFJ34rPUVFVduBovgKiSpfe2KbrqsYB/YhDKZTtqhk0dnJkIJBX/FjQtF3Pod7vwbJ20FFT0wcDjnXObe48WMCmmaH9rK6tr6xmZuK7+9s7u3rx8ctkWUcExaOGIR73pIEEZD0pJUMtKNOUGBx0jHG19lfueOcEGj8EZOY+IGaBhSn2IkldTXjyepE6lANg8nM+jICN42+nrBNEqWbZdq0DSKpUqlWM1IsVau1qBlmHMUwBLNvv7uDCKcBCSUmCEhepYZSzdFXFLMyCzvJILECI/RkPQUDVFAhJvO15/BM6UMoB9x9UIJ5+r3iRQFQkwDTyUDJEfit5eJf3m9RPpVN6VhnEgS4sVHfsKgujHrAg4oJ1iyqSIIc6p2hXiEOMJSNZZXJXxdCv8nbduwyoZ9fVGoXy7ryIETcArOgQUqoA4aoAlaAIMUPIAn8Kzda4/ai/a6iK5oy5kj8APa2ydUyJW+</latexit>

qq ! ZH /18

Axial Form Factors restored from Vector
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Vector FFs

Axial FFs
<latexit sha1_base64="I9lV+WpgJYl6kKnkPGWayngWGYI=">AAACIHicbZDLSgMxFIYzXmu9VV26CRahIpSZItaNUHTjRqhgL9AOw5k0bUMzmSHJiGWYR3Hjq7hxoYju9GlMLwvb+kPg5zvncHJ+P+JMadv+tpaWV1bX1jMb2c2t7Z3d3N5+XYWxJLRGQh7Kpg+KciZoTTPNaTOSFAKf04Y/uB7VGw9UKhaKez2MqBtAT7AuI6AN8nLlpE2A49vUS+CRpfgSz4CCUCcpPp2Dhnm5vF20x8KLxpmaPJqq6uW+2p2QxAEVmnBQquXYkXYTkJoRTtNsO1Y0AjKAHm0ZKyCgyk3GB6b42JAO7obSPKHxmP6dSCBQahj4pjMA3VfztRH8r9aKdffCTZiIYk0FmSzqxhzrEI/Swh0mKdF8aAwQycxfMemDBKJNplkTgjN/8qKpl4rOebF0d5avXE3jyKBDdIQKyEFlVEE3qIpqiKAn9ILe0Lv1bL1aH9bnpHXJms4coBlZP78hCqJU</latexit>

Maxi = Maxi(ns) +Maxi(s)

Flavour non-singlet: non-anomalous

Flavour singlet: Anomalous

<latexit sha1_base64="CTqEQfwz1wUJlKfJhpe+mATCmX8="></latexit>

Fi,axi(ns) = Fi,HZ � Fi,ZH

❖ Basis: Linearly independent & complete in 4-dimensions

❖ Chirality-flipping Yukawa interaction on b-quark line generates relative -ve sign:
<latexit sha1_base64="L10XUzn3JjhLcDdkSKn4QfPnTxQ=">AAACGnicbVDLSgMxFM3UV62vUZe6CBahgpSZIuqyKIjLCvYBbSmZ9LYNzWTGJFMsw2z8Dj/ArX6CO3Hrxi/wN0wfC9t6IHDuOfdyc48Xcqa043xbqaXlldW19HpmY3Nre8fe3auoIJIUyjTggax5RAFnAsqaaQ61UALxPQ5Vr3898qsDkIoF4l4PQ2j6pCtYh1GijdSyD29aMTsdAE1wQ8ADHpfkkeWEOkladtbJO2PgReJOSRZNUWrZP412QCMfhKacKFV3nVA3YyI1oxySTCNSEBLaJ12oGyqID6oZj69I8LFR2rgTSPOExmP170RMfKWGvmc6faJ7at4bif959Uh3LpsxE2GkQdDJok7EsQ7wKBLcZhKo5kNDCJXM/BXTHpGEahPczBZljupBO8mYZNz5HBZJpZB3z/OFu7Ns8WqaURodoCOUQy66QEV0i0qojCh6Qi/oFb1Zz9a79WF9TlpT1nRmH83A+voF0mGgmQ==</latexit>

Fi,vec 6= Fi,axi(ns)

<latexit sha1_base64="qPDDiti1Q5eDa72jp0UkYve/Wa4="></latexit>

Fi,vec = Fi,HZ + Fi,ZH

❖ UV renormalisation procedure is identical to vector counterpart

<latexit sha1_base64="2mENYlexSI2zg6qcKR67ksvonhc="></latexit>

Mµ
axi(ns) = v̄(p2)

h
F1,axi(ns)p

µ
1 + F2,axi(ns)p

µ
2

+F3,axi(ns)q
µ
1 + F4,axi(ns)�

µ
/q1

i
�5u(p1)

Message 2 Even for non Drell-Yan type diagrams, axial & vector FFs can be related

• Issue in FF decomposition
• Restoring axial from vector
• NAC  in HEFTγ5



/Taushif Ahmed A pitfall in applying a non-anticommuting          in                               amplitudes 
<latexit sha1_base64="mlYTGzmUrDXgrnKIPN4a7M+MsKE=">AAAB73icdVDLSgMxFM3UV62vqks3wSK4GmamTh+7ohuXFewD2qFk0kwbmmTGJCOU0p9w40IRt/6OO//GTFtBRQ9cOJxzL/feEyaMKu04H1ZubX1jcyu/XdjZ3ds/KB4etVWcSkxaOGax7IZIEUYFaWmqGekmkiAeMtIJJ1eZ37knUtFY3OppQgKORoJGFCNtpG5/hDhHA39QLDm273qeX4eOXfar1XItI+V6pVaHru0sUAIrNAfF9/4wxiknQmOGlOq5TqKDGZKaYkbmhX6qSILwBI1Iz1CBOFHBbHHvHJ4ZZQijWJoSGi7U7xMzxJWa8tB0cqTH6reXiX95vVRHtWBGRZJqIvByUZQyqGOYPQ+HVBKs2dQQhCU1t0I8RhJhbSIqmBC+PoX/k7ZnuxXbu7koNS5XceTBCTgF58AFVdAA16AJWgADBh7AE3i27qxH68V6XbbmrNXMMfgB6+0TQW+QIw==</latexit>�5

<latexit sha1_base64="FP/ai2LbsgQo4c+gpL0ijGISkWc=">AAAB/nicdVDLSsNAFJ34rPUVFVduBovgKiSpfe2KbrqsYB/YhDKZTtqhk0dnJkIJBX/FjQtF3Pod7vwbJ20FFT0wcDjnXObe48WMCmmaH9rK6tr6xmZuK7+9s7u3rx8ctkWUcExaOGIR73pIEEZD0pJUMtKNOUGBx0jHG19lfueOcEGj8EZOY+IGaBhSn2IkldTXjyepE6lANg8nM+jICN42+nrBNEqWbZdq0DSKpUqlWM1IsVau1qBlmHMUwBLNvv7uDCKcBCSUmCEhepYZSzdFXFLMyCzvJILECI/RkPQUDVFAhJvO15/BM6UMoB9x9UIJ5+r3iRQFQkwDTyUDJEfit5eJf3m9RPpVN6VhnEgS4sVHfsKgujHrAg4oJ1iyqSIIc6p2hXiEOMJSNZZXJXxdCv8nbduwyoZ9fVGoXy7ryIETcArOgQUqoA4aoAlaAIMUPIAn8Kzda4/ai/a6iK5oy5kj8APa2ydUyJW+</latexit>

qq ! ZH /18

                  in Higgs Effective Field Theory
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<latexit sha1_base64="t9kPk030tPEzIcGLLmPtPfIrsqg=">AAAB+XicdVBNT8JAEN3iF+JX1aOXjcTEU9NCQbwRvXDERIRIG7JdFtiw3ZbdLQlp+CdePGiMV/+JN/+NC9REjb5kkpf3ZjIzL4gZlcq2P4zc2vrG5lZ+u7Czu7d/YB4e3ckoEZi0cMQi0QmQJIxy0lJUMdKJBUFhwEg7GF8v/PaUCEkjfqtmMfFDNOR0QDFSWuqZ5iT1AiTgZA49FcH7Rs8s2pa9BLQtt1SuVKua1MoV99KFTmYVQYZmz3z3+hFOQsIVZkjKrmPHyk+RUBQzMi94iSQxwmM0JF1NOQqJ9NPl5XN4ppU+HERCF1dwqX6fSFEo5SwMdGeI1Ej+9hbiX143UYOan1IeJ4pwvFo0SBjUPy5igH0qCFZspgnCgupbIR4hgbDSYRV0CF+fwv/JXclyqlbpxi3Wr7I48uAEnIJz4IALUAcN0AQtgMEUPIAn8GykxqPxYryuWnNGNnMMfsB4+wTvvJM5</latexit>

qq̄ ! ZH

Top quark loop is integrated out
t

<latexit sha1_base64="aCqwgaoXsjdyEbEQeOSwj/Yarv4=">AAAB9XicbVBNS8NAEN34WetX1aOXxSJ4KkkR9Vj04rGC/YAmls120y7d3YTdiRJC/4cXD4p49b9489+4bXPQ1gcDj/dmmJkXJoIbcN1vZ2V1bX1js7RV3t7Z3duvHBy2TZxqylo0FrHuhsQwwRVrAQfBuolmRIaCdcLxzdTvPDJteKzuIUtYIMlQ8YhTAlZ6kH3APsTY5yqCrF+pujV3BrxMvIJUUYFmv/LlD2KaSqaACmJMz3MTCHKigVPBJmU/NSwhdEyGrGepIpKZIJ9dPcGnVhngKNa2FOCZ+nsiJ9KYTIa2UxIYmUVvKv7n9VKIroKcqyQFpuh8UZQKbP+cRoAHXDMKIrOEUM3trZiOiCYUbFBlG4K3+PIyaddr3kWtfndebVwXcZTQMTpBZ8hDl6iBblETtRBFGj2jV/TmPDkvzrvzMW9dcYqZI/QHzucPMNWSUg==</latexit>mt ! 1
CH

𝒪(α2
s )

𝒪(α3
s )

Leading order

∝ λt

Non-anomalous

anomalous

[Brein, Hartader, Wesemann, Zirke ’11]  

LO: asymptotic expansion in 
             heavy-top limit

• Issue in FF decomposition
• Restoring axial from vector
• NAC  in HEFTγ5



/Taushif Ahmed A pitfall in applying a non-anticommuting          in                               amplitudes 
<latexit sha1_base64="mlYTGzmUrDXgrnKIPN4a7M+MsKE=">AAAB73icdVDLSgMxFM3UV62vqks3wSK4GmamTh+7ohuXFewD2qFk0kwbmmTGJCOU0p9w40IRt/6OO//GTFtBRQ9cOJxzL/feEyaMKu04H1ZubX1jcyu/XdjZ3ds/KB4etVWcSkxaOGax7IZIEUYFaWmqGekmkiAeMtIJJ1eZ37knUtFY3OppQgKORoJGFCNtpG5/hDhHA39QLDm273qeX4eOXfar1XItI+V6pVaHru0sUAIrNAfF9/4wxiknQmOGlOq5TqKDGZKaYkbmhX6qSILwBI1Iz1CBOFHBbHHvHJ4ZZQijWJoSGi7U7xMzxJWa8tB0cqTH6reXiX95vVRHtWBGRZJqIvByUZQyqGOYPQ+HVBKs2dQQhCU1t0I8RhJhbSIqmBC+PoX/k7ZnuxXbu7koNS5XceTBCTgF58AFVdAA16AJWgADBh7AE3i27qxH68V6XbbmrNXMMfgB6+0TQW+QIw==</latexit>�5

<latexit sha1_base64="FP/ai2LbsgQo4c+gpL0ijGISkWc=">AAAB/nicdVDLSsNAFJ34rPUVFVduBovgKiSpfe2KbrqsYB/YhDKZTtqhk0dnJkIJBX/FjQtF3Pod7vwbJ20FFT0wcDjnXObe48WMCmmaH9rK6tr6xmZuK7+9s7u3rx8ctkWUcExaOGIR73pIEEZD0pJUMtKNOUGBx0jHG19lfueOcEGj8EZOY+IGaBhSn2IkldTXjyepE6lANg8nM+jICN42+nrBNEqWbZdq0DSKpUqlWM1IsVau1qBlmHMUwBLNvv7uDCKcBCSUmCEhepYZSzdFXFLMyCzvJILECI/RkPQUDVFAhJvO15/BM6UMoB9x9UIJ5+r3iRQFQkwDTyUDJEfit5eJf3m9RPpVN6VhnEgS4sVHfsKgujHrAg4oJ1iyqSIIc6p2hXiEOMJSNZZXJXxdCv8nbduwyoZ9fVGoXy7ryIETcArOgQUqoA4aoAlaAIMUPIAn8Kzda4/ai/a6iK5oy5kj8APa2ydUyJW+</latexit>

qq ! ZH /18

Anticommuting  in HEFTγ5
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Vector FFs

❖ Linearly independent & complete in D-dimensions

❖ Reflects chiral conservation along massless quark line

Axial FFs 𝒜axi = gA,q 𝒜axi(ns) + gA,b 𝒜axi(s)

Anticommuting  γAC
5 : {γμ, γ5} = 0 ℱi,axi(ns) = ℱi,vec Since respects chiral invariance

Ward Identity q1,μ𝒜μ
vec = 0

q1,μ𝒜μ
axi(ns) = 0

<latexit sha1_base64="ofJVdffm3A0l3fQqhgJLyPqACjY="></latexit>

Aµ
vec = v̄(p2)

h
F1,vec /q1p

µ
1 + F2,vec /q1p

µ
2 + F3,vec /q1q

µ
1 + F4,vec�

µ
i
u(p1)

<latexit sha1_base64="KwVcx7NB6dbQE4Q6F4drZ5oi8vc="></latexit>

Aµ
axi = v̄(p2)

h
F1,axi /q1p

µ
1 + F2,axi /q1p

µ
2 + F3,axi /q1q

µ
1 + F4,axi�

µ
i
�5u(p1)

q1

• Issue in FF decomposition
• Restoring axial from vector
• NAC  in HEFTγ5



/Taushif Ahmed A pitfall in applying a non-anticommuting          in                               amplitudes 
<latexit sha1_base64="mlYTGzmUrDXgrnKIPN4a7M+MsKE=">AAAB73icdVDLSgMxFM3UV62vqks3wSK4GmamTh+7ohuXFewD2qFk0kwbmmTGJCOU0p9w40IRt/6OO//GTFtBRQ9cOJxzL/feEyaMKu04H1ZubX1jcyu/XdjZ3ds/KB4etVWcSkxaOGax7IZIEUYFaWmqGekmkiAeMtIJJ1eZ37knUtFY3OppQgKORoJGFCNtpG5/hDhHA39QLDm273qeX4eOXfar1XItI+V6pVaHru0sUAIrNAfF9/4wxiknQmOGlOq5TqKDGZKaYkbmhX6qSILwBI1Iz1CBOFHBbHHvHJ4ZZQijWJoSGi7U7xMzxJWa8tB0cqTH6reXiX95vVRHtWBGRZJqIvByUZQyqGOYPQ+HVBKs2dQQhCU1t0I8RhJhbSIqmBC+PoX/k7ZnuxXbu7koNS5XceTBCTgF58AFVdAA16AJWgADBh7AE3i27qxH68V6XbbmrNXMMfgB6+0TQW+QIw==</latexit>�5

<latexit sha1_base64="FP/ai2LbsgQo4c+gpL0ijGISkWc=">AAAB/nicdVDLSsNAFJ34rPUVFVduBovgKiSpfe2KbrqsYB/YhDKZTtqhk0dnJkIJBX/FjQtF3Pod7vwbJ20FFT0wcDjnXObe48WMCmmaH9rK6tr6xmZuK7+9s7u3rx8ctkWUcExaOGIR73pIEEZD0pJUMtKNOUGBx0jHG19lfueOcEGj8EZOY+IGaBhSn2IkldTXjyepE6lANg8nM+jICN42+nrBNEqWbZdq0DSKpUqlWM1IsVau1qBlmHMUwBLNvv7uDCKcBCSUmCEhepYZSzdFXFLMyCzvJILECI/RkPQUDVFAhJvO15/BM6UMoB9x9UIJ5+r3iRQFQkwDTyUDJEfit5eJf3m9RPpVN6VhnEgS4sVHfsKgujHrAg4oJ1iyqSIIc6p2hXiEOMJSNZZXJXxdCv8nbduwyoZ9fVGoXy7ryIETcArOgQUqoA4aoAlaAIMUPIAn8Kzda4/ai/a6iK5oy5kj8APa2ydUyJW+</latexit>

qq ! ZH /18

Non-anticommuting  in HEFTγ5
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Non anticommuting  γNAC
5 : {γμ, γ5} ≠ 0 γ5 = −

i
4!

εμνρσγμγνγργσ

❖ Vector FFs: do not change, as expected

❖ Axial FFs:  terms𝒪(ϵ0)

ℱNAC
i,axi(ns) = ℱi,vec , i = 1,2,3

ℱNAC
4,axi(ns) ≠ ℱ4,vec

q1,μ 𝒜μ,NAC
axi(ns) ≠ 0

❖ Violation of Ward identity
❖ Even at leading order!

s
u
r
p
r
i
s
i
n
g

Cure
Introduce an amendment

C ≡ as (−4CF) CH

v
[γμγ5]L renormalized according to Larin’s prescription

Zh
5(as) = 1 + 𝒪(as)

     4-point local 
composite operator

q1,μ 𝒜μ,NAC
vec = 0

• Issue in FF decomposition
• Restoring axial from vector
• NAC  in HEFTγ5



/Taushif Ahmed A pitfall in applying a non-anticommuting          in                               amplitudes 
<latexit sha1_base64="mlYTGzmUrDXgrnKIPN4a7M+MsKE=">AAAB73icdVDLSgMxFM3UV62vqks3wSK4GmamTh+7ohuXFewD2qFk0kwbmmTGJCOU0p9w40IRt/6OO//GTFtBRQ9cOJxzL/feEyaMKu04H1ZubX1jcyu/XdjZ3ds/KB4etVWcSkxaOGax7IZIEUYFaWmqGekmkiAeMtIJJ1eZ37knUtFY3OppQgKORoJGFCNtpG5/hDhHA39QLDm273qeX4eOXfar1XItI+V6pVaHru0sUAIrNAfF9/4wxiknQmOGlOq5TqKDGZKaYkbmhX6qSILwBI1Iz1CBOFHBbHHvHJ4ZZQijWJoSGi7U7xMzxJWa8tB0cqTH6reXiX95vVRHtWBGRZJqIvByUZQyqGOYPQ+HVBKs2dQQhCU1t0I8RhJhbSIqmBC+PoX/k7ZnuxXbu7koNS5XceTBCTgF58AFVdAA16AJWgADBh7AE3i27qxH68V6XbbmrNXMMfgB6+0TQW+QIw==</latexit>�5

<latexit sha1_base64="FP/ai2LbsgQo4c+gpL0ijGISkWc=">AAAB/nicdVDLSsNAFJ34rPUVFVduBovgKiSpfe2KbrqsYB/YhDKZTtqhk0dnJkIJBX/FjQtF3Pod7vwbJ20FFT0wcDjnXObe48WMCmmaH9rK6tr6xmZuK7+9s7u3rx8ctkWUcExaOGIR73pIEEZD0pJUMtKNOUGBx0jHG19lfueOcEGj8EZOY+IGaBhSn2IkldTXjyepE6lANg8nM+jICN42+nrBNEqWbZdq0DSKpUqlWM1IsVau1qBlmHMUwBLNvv7uDCKcBCSUmCEhepYZSzdFXFLMyCzvJILECI/RkPQUDVFAhJvO15/BM6UMoB9x9UIJ5+r3iRQFQkwDTyUDJEfit5eJf3m9RPpVN6VhnEgS4sVHfsKgujHrAg4oJ1iyqSIIc6p2hXiEOMJSNZZXJXxdCv8nbduwyoZ9fVGoXy7ryIETcArOgQUqoA4aoAlaAIMUPIAn8Kzda4/ai/a6iK5oy5kj8APa2ydUyJW+</latexit>

qq ! ZH /18

Non-anticommuting  in HEFTγ5
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Source: 1-loop box

ℱNAC
i,axi(ns) = ℱi,vec for i = 1,2,3,4 in 4D limit

❖ Contains terms which are separately divergent

❖ NAC & AC  lead to different D-dependent coefficients in front of divergent terms γ5

❖ Differences are suppressed by at least one power in (D-4)

❖ Crucially (D-4) difference is not an overall prefactor

❖ Non-vanishing evanescent anti-commutators are generated upon shifting  from 
    inside the loop to the outside 

γNAC
5  observed

discrepancy

𝒪(α2
s )

Leading order

• Issue in FF decomposition
• Restoring axial from vector
• NAC  in HEFTγ5
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qq ! ZH /18

NLO in HEFT: Non-singlet

𝒪(α3
s )Non-anomalous

Vector FFs

“History is to repeat itself ”

q1,μ 𝒜μ,NAC
vec = 0

Axial FFs

do not exhibit correct infrared structure:  is wrong!
1
ϵ

q1,μ [𝒜μ,NAC
axi(ns)]L

≠ 0

[ℱNAC
i,axi(ns)]L

  terms𝒪(ϵ0)[ℱNAC
4,axi(ns)]L

≠ ℱ4,vec Ward

13

[Catani ’98]

• Issue in FF decomposition
• Restoring axial from vector
• NAC  in HEFTγ5
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qq ! ZH /18

NLO in HEFT: Non-singlet
Cure

Incorporate quantum corrections to the amendment

Perturbative expansion of  Zh
5(as)

One-loop correction

demanding correct IR pole

{demanding
<latexit sha1_base64="V3U60nApQwodH5OraIuvsIiCX+8="></latexit>h
FNAC

4,axi(ns)

i

L
=F4,vec  terms𝒪(ϵ0)

Complete UV Renormalisation
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<latexit sha1_base64="rPfp3cuN7TDLbn+Jtj/EqG8LcC4="></latexit>

Aµ,NAC
axi(ns)(as) = Zns

5,L(as)Z
ns

A,L
(as)ZH(as)Âµ,NAC

axi(ns)(âs) + J µ,NAC
ns

<latexit sha1_base64="MjJRsOx7rrVUWMuSG2wQhq9eVg8="></latexit>

J µ,NAC
ns = Zh

5,ns(as)Z
ns
5,L(as)Z

ns
A,L(as)C

⇣
v̄(p2) �

µ�5 u(p1)
⌘

[Larin, Vermaseren ‘91]

[Larin ’93]

• Issue in FF decomposition
• Restoring axial from vector
• NAC  in HEFTγ5
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qq ! ZH /18

NLO in HEFT: Singlet

15

Anomalous

❖ Only massless b-quark loop survives ( )nf = 5

❖ Exhibits anomalous Ward identity

GG̃ = − ϵμνρσGa
μνGa

ρσ

J5μ = b̄γμγ5b

𝒜axi(s) = v̄(p2) Γμ
(s) u(p1) ε*μ

v̄(p2) Γμ
(s) u(p1) q1,μ =

as

2 ⟨H(q2) [GG̃]R
q(p1)q(p2)⟩

ε*μ → q1,μ

Momentum insertion  by the composite qμ
1 [GG̃]R

anomalous Ward fails!

Note: Larin’s  do not contribute: starts at  w.r.t. LOZ5 𝒪(a2
s )

   [Adler ’69, ’70]
[Bell, Jackiw  ’69]

Visit talk by L. Chen

• Issue in FF decomposition
• Restoring axial from vector
• NAC  in HEFTγ5
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qq ! ZH /18

NLO in HEFT: Singlet
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Cure
Incorporate quantum corrections to the amendment

Demand: finite anomaly obeying anomalous Ward identity

At a glance

{γ5, γμ} = 0 {γ5, γμ} ≠ 0

Everything is as expected in HEFT
            vector + non-singlet

A pitfall!

Additional local composite operators need to be introduced

• Issue in FF decomposition
• Restoring axial from vector
• NAC  in HEFTγ5
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qq ! ZH /18

What happens in Exact theory?
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∝ λt

nf = 6 Primary question with {γ5, γμ} ≠ 0

ℱNAC
i,axi(ns) = ℱi,vec

Ward identity
? without any amendment

❖ 6 diagrams at 2-loop IBP 55 master integrals

• Numerical evaluation: pySecDec

Finite FFs with

• 3 different bases
No irreducible numerators

Irreducible numerators are favoured

Quasi-finite

Kira: denominators’ D-dependence factories

ℱNAC
i,axi(ns) = ℱi,vec

The presence/absence of effective  vertex in heavy top-mass expansion 
depends on  prescription

qγμγ5q̄ZμH
γ5

[Chetyrkin, Tkachov ’81]
[Borowka, Heinrich, Jahn, Jones, Kerner, Schlenk, Zirke ’18]

[von Manteuffel, Panzer, Schabinger ’15]

[Maierhofer, Usovitsch ’18]
[Smirnov, Smirnov ’20]

[Usovitsch ’20]

Message 3

to 𝒪(ϵ0)

• Issue in FF decomposition
• Restoring axial from vector
• NAC  in HEFTγ5
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qq ! ZH /18

Take-Home Messages
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❖  in HEFTqq̄ → ZH

• Strengthening common lore: one should be careful with taking claims or assuming conditions
    with an AC  in a computation where a NAC  is employedγ5 γ5

• Non-anticommuting  requires additional local composite operatorsγ5

❖ Projectors derived in 4-dimensions can be used in D-dimensional calculations and lead to correct results for
    physical observables

❖ Revealed a relation between axial and vector FFs for non Drell-Yan bb̄ → ZH

❖ Whether “history is to repeat itself ” for  in HEFT requires investigationgg → ZH Thank you!

• Issue in FF decomposition
• Restoring axial from vector
• NAC  in HEFTγ5


