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Outline
● Some motivation for VLQs

– And why 1-loop is important

● How we did 1-loop calculations
– First the hard way, and then the easy way

● Putting everything in the fit
● The physics results
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Motivations for vector-like fermions
● Appear in many BSM theories – GUTs, extra 

dimensions, composite Higgs
● Can explain                 ,                , CAA, ...
● Not currently ruled out by experiment (unlike 

heavy chiral fermions)
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Vector-like fermions (VLFs)
● Left and right components have same gauge 

charges
● Allows to directly write a mass term in the 

Lagrangian
– Not limited to electroweak scale
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VLQs
● But after EW symmetry breaking, can mix with 

the SM quarks
– So all VLQs cause shifts in many processes, already 

tree level!
– And of course even more @ 1-loop!
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Vector-like quarks (VLQs)

● Lots of different representations, so can mix 
(and therefore affect) lots of quark processes
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Vector-like quarks (VLQs)
● Lots of different representations, so can mix 

(and therefore affect) lots of quark processes
– Mix with 2nd/3rd gen up-type => enhanced                 

plus                   (2204.05962)
– Mix with 1st/2nd gen up- or down-type => CAA        

(2212.06862)

https://arxiv.org/abs/2204.05962
https://arxiv.org/abs/2212.06862
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● Even now        seems SM like, still plenty of 
tension in                  measurements

● Even better for VLQs – no need to do anything 
fancy on the lepton side
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CAA?
● Cabibbo Angle Anomaly
● Recent (since 2018ish) changes to         and     

determinations mean there is now a roughly          
       discrepancy between experiments and the 
relationship predicted by the SM => 
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VLQs at tree level
● Affect Z and W decays => lots of effects
● E.g.

– Flavour changing Z vertex
– Modified W vertex
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VLQs at 1-loop
●       mixing (or meson 

mixing in general)
● Radiative decays
● W mass
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VLQs at 1-loop
●       mixing (or meson 

mixing in general)
● Radiative decays
● W mass
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VLQs at 1-loop
● Also further modified 

gauge couplings
– E.g. at tree level the U VLQ 

only modifies          vertex, 
but @ 1-loop also modifies 

– So can give effects in          
or          for example
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VLQs at 1-loop
●       from modified 

– With real BSM couplings, no imaginary contribution to    
                    SMEFT coefficients

– But 1-loop matching from SMEFT to WET picks up 
phase from SM penguin (see 1612.08839, 1703.04753)

– This automatically included if you remember to turn on 
1-loop matching in wilson (which is off by default)
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Calculating 1-loop effects
● Fixed order way

– Directly calculated every observable
– Large logs common e.g. B mixing: 
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Calculating 1-loop effects
● EFT way

– VLQs have mass far above SM scale
● Exp limit is 1.3 TeV for 3rd gen quark couplings
● For 1st or 2nd gen, limit is similar

– So integrate them out and use the SMEFT

1808.02343

2006.07172

https://arxiv.org/abs/1808.02343
https://arxiv.org/abs/2006.07172
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SMEFT
● “Factorises” calculations

– Match UV to SMEFT  RG in SMEFT (  match → →
SMEFT to LEFT  RG in LEFT)  observables in → →
terms of WCs
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SMEFT
● “Factorises” calculations

– Match UV to SMEFT  RG in SMEFT (  match → →
SMEFT to LEFT  RG in LEFT)  observables in → →
terms of WCs

● Each step is independent
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SMEFT
● Match UV to SMEFT

– Model dependent

● RG in SMEFT
– Alonso, Jenkins, Manohar, 

Trott

● Match SMEFT to LEFT
– Jenkins, Manohar, Stoffer & 

Dekens, Stoffer

● RG in LEFT
– Jenkins, Manohar, Stoffer

– Plus higher orders in QCD

● Observables in terms 
of WCs
– Everyone
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SMEFT
● Match UV to SMEFT

– Until recently, by hand

● RG in SMEFT: 
– DsixTools, wilson                       

 

● Match SMEFT to LEFT
– DsixTools, wilson                   

● RG in LEFT
– DsixTools, wilson

● Observables in terms 
of WCs
– flavio, EOS
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1-loop SMEFT  LEFT→
●       from modified 

– But 1-loop matching from SMEFT to WET picks up 
phase from SM penguin (see 1612.08839, 1703.04753)

–                                                                                                              
                                       

– This automatically included if you remember to turn on 
1-loop matching in wilson (which is off by default)
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Matching to the SMEFT
● Tree level easy

–  

● 1 loop harder
– See hep-ph/9310302, 

2003.12525, 2003.05936, 
2107.12133, … 
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VLQs @ 1-loop
● We spent about 3 months trying to calculate all 

the coefficients
– (where by “all” I mean the ones we thought were 

relevant!)

● Lots learnt along the way



27

VLQs @ 1-loop
● Finite and log parts comparable!
● E.g. for       mixing, divergent box with VLQ and 

top gives something like 
● Log you can get from RG running
● But finite part is new from 1-loop matching



28

VLQs @ 1-loop
● Also unexpected cancellations:

–       mixing:
●           vs  

● Accidental at our considered coupling and masses
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VLQs @ 1-loop
● Also unexpected cancellations:

–               :
●            

● More robust cancellation       
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MatchMakerEFT
● Dec 2021 – paper on arXiv
● UV theory specified in terms of FeynRules .fr file
● Matching then proceeds totally automatically

2112.10787

https://arxiv.org/abs/2112.10787
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MatchMakerEFT
● Dec 2021 – paper on arXiv
● UV theory specified in terms of FeynRules .fr file
● Matching then proceeds totally automatically

2112.10787

Other matching software is available!

https://arxiv.org/abs/2112.10787
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VLQs in MatchMakerEFT
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VLQs in MatchMakerEFT
● Quick, no supercomputer needed!
● All algebraic
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VLQs in MatchMakerEFT
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MatchMakerEFT  smelli→
● From MatchMakerEFT we get algebraic 

expressions for the WCs at 1-loop, in nice simple 
format (i.e. with generic indices, and repeated 
indices for summation)

● In smelli (well wilson) need to specify each 
specific WC, in the non-redundant basis 
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MatchMakerEFT  smelli→

https://github.com/wilson-eft/
wilson/issues/105

https://github.com/wilson-eft/wilson/issues/105
https://github.com/wilson-eft/wilson/issues/105
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MatchMakerEFT  smelli→
● Useful: numpy.einsum
● Einstein summation convention in Python

–  
– np.einsum(“i,l,jk ijkl”, xi, xi, Yu)→
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Real life example



39

Real life example
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Future
● As I understand it, “MatchingDB” has this 

function built in
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Future
● As I understand it, “MatchingDB” has this 

function built in
● Project by Juan Carlos Criado & Jose Santiago 

(see talk @ SMEFT-Tools 2022 or Gitlab docs)
● Database to contain tree and loop level 

matching coefficients analytically, plus python 
interface

https://indico.icc.ub.edu/event/128/contributions/1428/
https://gitlab.com/jccriado/matchingdb/
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Future
● As I understand it, “MatchingDB” has this 

function built in
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Future
● As I understand it, “MatchingDB” has this 

function built in
● And there is a plan for MatchMakerEFT  →

MatchingDB export
● Final piece of the puzzle!
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Physics results
● So after all that, what did we learn about the 

universe?



45

Physics results:           
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Physics results:           
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Physics results: CAA
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Physics results: CAA
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Conclusions
● VLQs are interesting BSM models 
● Correlation with B physics,         , EWPO, …  

studied within SMEFT
● Automated 1-loop matching makes analysis 

very easy
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Backup
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t c Z exp limits→



52

MatchMakerEFT

2112.10787

https://arxiv.org/abs/2112.10787
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MatchMakerEFT
● Two step matching:

1) Create model – quick, low cost

2) Match model – “slow”, high cost
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CKM treatment
● Theory prediction needs CKM elements
● CKM elements are determined from observables
● Observables might be affected by NP
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CKM treatment
● (a) Solution

● Used by smelli with these 4 observables:
–                      ,                      ,                 ,  

● Thus these missing in fit

1812.08163

https://arxiv.org/abs/1812.08163
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