
•  Caveats/disclaimers/context:	
  
–  The	
   work	
   presented	
   here	
   represents	
   that	
   of	
   many	
   theorists	
   working	
   on	
  

resumma<on	
   calcula<ons	
   together	
   with	
   a	
   few	
   experimentalists.	
   Several	
   of	
  
them	
  are	
  present	
  here	
  of	
  course	
  and	
  should	
  help	
  me	
  answer	
  any	
  theore<cal	
  
ques<ons	
  which	
  might	
  arise	
  

–  This	
   work	
   is	
   done	
   in	
   the	
   context	
   of	
   the	
   wider	
   LHC	
   precision	
   EW	
   working	
  
group,	
  which	
  itself	
  is	
  a	
  sub-­‐group	
  of	
  the	
  LPCC	
  SM	
  WG.	
  

–  Unlike	
   many	
   fixed-­‐order	
   perturba<ve	
   calcula<ons,	
   a	
   benchmarking	
   of	
  
resumma<on	
  has	
  never	
  been	
  done	
  (some	
  aMempts	
  at	
  Les	
  Houches	
  though)	
  

–  This	
   aMempt	
   began	
   in	
   earnest	
   in	
   late	
   2018	
   and	
   has	
   now	
   produced	
   enough	
  
interes<ng	
  results	
  that	
  it	
  is	
  hoped	
  to	
  publish	
  these	
  within	
  the	
  next	
  year.	
  

–  Here	
   a	
   personal	
   and	
   par<ally	
   historical	
   overview	
   as	
   an	
   experimentalist:	
  
apologies	
   for	
   any	
  mistakes/misquotes	
   and	
   a	
   huge	
   thanks	
   to	
   all	
   our	
   theory	
  
colleagues	
  who	
  have	
  borne	
  with	
  pa<ence	
  the	
  brunt	
  of	
  all	
  our	
  ques<ons	
  over	
  
these	
  two	
  years	
  	
  
A	
  special	
  thanks	
  to	
  Tom	
  Cridge	
  from	
  whom	
  I	
  stole	
  some	
  slides	
  reported	
  at	
  the	
  
last	
  general	
  LPCC	
  SM	
  mee<ng!	
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 The word precision has different meanings in different areas (note 
that mass measurements are a special case):
•  It means sub-percent precision in DY and in some aspects of 

flavour physics in LHCb
•  It means a few percent at best still for top physics
•  It means 10-40% for Higgs physics (eg couplings), at least for quite 

a while
 It is not a surprise therefore that DY measurements are the most 
demanding in terms of theoretical accuracy (far more than Higgs!).
 In a nutshell, there are two key difficulties we are confronted with:
a)   The lack of a MC generator tool for DY production which would 

include N...NLO+N…NLL QCD (and EW/QED) calculations, 
perfectly matched and merged to PS, with a UE model 
reproducing the data

b)  The complexity of dealing with a large number of sources of 
theoretical uncertainty which are not reliable at this level  

Precision	
  measurements	
  in	
  the	
  EW	
  sector	
  at	
  the	
  LHC	
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Very precise measurement of Z pT has been posing 
problems to theory from early LHC data
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Very precise measurement of Z 
pT poses problems to theory

Higgs Tools Annual School 2015, Pré Saint Didier, Italy, 29/06/2015 

•  Shown also here are ResBos (top 
right) and resummation calculation 
by Banfi et al. (bottom right)

•  Note: uncertainty on measurement 
at low pT is ~ 0.5%, rising to 1.5% 
for pT

Z ~ 150 GeV
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•  Beware!	
  Plot	
  below	
  assumes	
  all	
  three	
  scales	
  (renorm.,	
  fact.	
  and	
  
resumma<on)	
  are	
  fully	
  correlated	
  between	
  W	
  and	
  Z.	
  	
  

DYRES:	
  a	
  tool	
  to	
  be	
  used	
  at	
  the	
  LHC?	
  
RESBOS	
  discarded	
  because	
  of	
  wrong	
  
predic<ons	
  for	
  angular	
  coefficients	
  

Cancella<on	
  of	
  uncertain<es	
  in	
  ra<os	
  (?)	
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•  ATLAS and CMS both have uncertainties which are far smaller than the 
theoretical ones and agree with each other to < 1%. 

•  However, ATLAS theory uncertainty estimates for FEWZ are smaller 
than those estimated by CMS, by a factor ~ 2. Why?? MC stats??

•  Key point however is that PDF uncertainties are far smaller than the 
difference between data and theory at pT ~ 40 GeV which is well in 
perturbative regime

•  This means that the data cannot be included in PDF fits because they 
will come out wrong. 

•  Why? Because PDF fits do not include theory scale uncertainties, they 
are not designed for this (yet). This has been a problem for jet physics 
results since a while and now it appears also for pT

Z

•  There are other more “hidden” uncertainties in PDF fits, related to 
assumptions such as that proven somewhat mistaken for the strange 
sea. PDF fit results can then suddenly move “out of their uncertainties”.

Very precise measurement of Z pT has been posing 
problems to theory since early LHC data
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problems to theory from early LHC data
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•  NNLOJETS	
  (using	
  antenna	
  subtrac<on)	
  state-­‐of-­‐the-­‐art	
  	
  and	
  much	
  needed	
  for	
  
fixed-­‐order	
  part	
  of	
  DY	
  qT	
  distribu<ons	
  down	
  to	
  quite	
  low	
  qT	
  values	
  	
  

•  NNLOJETS	
  also	
  state-­‐of-­‐the	
  art	
  and	
  much	
  needed	
  for	
  certain	
  combina<ons	
  of	
  
angular	
  coefficients	
  (Lam-­‐Tung	
  rela<on)	
  	
  

•  Full	
  run-­‐2	
  data	
  will	
  tell	
  us	
  whether	
  V+jets@N3LO	
  is	
  required	
  to	
  match	
  data!	
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State	
  of	
  the	
  art	
  results	
  already	
  available	
  from	
  RADISH	
  +	
  NNLOJETS	
  late	
  2018	
  
However,	
  uncertain<es	
  below	
  not	
  really	
  complete	
  and	
  perhaps	
  op<mis<c	
  	
  

L.	
  RoMoli	
  

Very precise measurement of Z pT has been posing 
problems to theory from early LHC data
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Benchmarking at level-1 (complete)
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Benchmarking at level-1 (complete)
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Benchmarking at level-1 (complete)
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•  Two	
  years	
  ago,	
  only	
  one	
  or	
  two	
  calcula<ons	
  to	
  N3LL/NNLL’	
  
•  Now,	
  we	
  have	
  six	
  calcula<ons	
  at	
  this	
  formal	
  accuracy	
  and	
  commiMed	
  to	
  
pursue	
  the	
  benchmarking	
  to	
  its	
  final	
  goals	
  	
  
(perhaps	
  seven	
  with	
  CUTE-­‐MCFM,	
  see	
  talk	
  by	
  Tobias	
  Neumann	
  yesterday)	
  	
  	
  

(see	
  back-­‐up	
  slides	
  for	
  nice	
  schema<c	
  view	
  of	
  difference	
  between	
  eg	
  N3LL	
  and	
  NNLL’)	
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Benchmarking at level-1 (complete)
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Due	
  to	
  treatment	
  of	
  Landau	
  pole	
  

Due	
  to	
  resumma<on	
  scheme	
  choice	
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Benchmarking at level-2 ( ~ complete)
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Benchmarking at level-2 ( ~ complete)
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Benchmarking at level-2 ( ~ complete)
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Clearly	
  uncertain<es	
  vary	
  widely	
  between	
  different	
  calcula<ons,	
  quite	
  
some	
  harmonisa<on	
  required	
  if	
  feasible	
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Benchmarking at level-3 (first results)
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Note:	
  this	
  is	
  not	
  state-­‐of-­‐the-­‐art	
  fixed	
  order,	
  	
  
but	
  provides	
  faster	
  turnaround	
  than	
  through	
  NNLOJET	
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Benchmarking at level-3 (first results)
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•  Hierarchy	
  of	
  sources	
  is	
  as	
  expected	
  but:	
  
•  Matching	
  varia<ons	
  are	
  dominant	
  and	
  large	
  between	
  30	
  and	
  60	
  GeV	
  
•  Resumma<on	
  varia<ons	
  are	
  much	
  larger	
  at	
  low	
  qT	
  than	
  those	
  

obtained	
  from	
  eg	
  TMDs.	
  Without	
  including	
  NP	
  physics,	
  this	
  seems	
  
much	
  more	
  credible	
  to	
  me	
  J	
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Theory nuisance parameters: a dream for experiments!?
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•  It	
  is	
  beyond	
  my	
  competence	
  to	
  compare	
  the	
  uncertainty	
  bands	
  at	
  eg	
  NNLL’	
  for	
  
nuisance	
  parameters	
  with	
  those	
  at	
  eg	
  N3LL	
  for	
  the	
  scale	
  varia<ons	
  in	
  SCETLIB.	
  
They	
  are	
  of	
  the	
  same	
  order	
  at	
  least	
  J	
  

•  I	
  wish	
  to	
  stress	
  that	
  as	
  experimentalists	
  we	
  would	
  dream	
  of	
  such	
  a	
  nuisance	
  
parameter	
  approach	
  for	
  all	
  feasible	
  theore<cal	
  calcula<ons	
  for	
  precision	
  
measurements	
  at	
  the	
  LHC	
  

•  However,	
  anomalous	
  dimensions	
  and	
  cusps	
  etc	
  are	
  not	
  all	
  universal	
  L	
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Theory nuisance parameters: a dream for experiments!?
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One	
  can	
  verify	
  the	
  validity	
  of	
  “generic”	
  choices	
  of	
  range	
  of	
  varia<ons	
  for	
  unknown	
  

nuisance	
  parameters	
   F.	
  Tackmann	
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Fitting NP physics to data: a forlorn hope?
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•  PDF	
  uncertain<es	
  at	
  low	
  qT	
  are	
  not	
  negligible	
  (example	
  kindly	
  provided	
  by	
  
NangaParbat	
  below	
  (PDF	
  unc.	
  double-­‐counted	
  however)!	
  

•  As	
  shown	
  by	
  Ignazio	
  Scimemi	
  yesterday,	
  the	
  spread	
  between	
  PDFs	
  is	
  not	
  small	
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•  PDF	
  uncertain<es	
  discussed	
  above	
  need	
  to	
  be	
  treated	
  as	
  is	
  done	
  most	
  olen	
  by	
  
experiments,	
  eg	
  by	
  adding	
  in	
  quadrature	
  to	
  the	
  uncertain<es	
  of	
  a	
  chosen	
  baseline	
  
PDF	
  set,	
  the	
  spread	
  given	
  by	
  the	
  envelope	
  of	
  the	
  central	
  values	
  of	
  the	
  three	
  or	
  
four	
  global	
  PDF	
  sets	
  which	
  should	
  be	
  considered	
  (don’t	
  forget	
  ABMP	
  and	
  please	
  
don’t	
  use	
  PDF4LHC	
  which	
  is	
  of	
  no	
  help	
  at	
  all	
  in	
  evalua<ng	
  any	
  of	
  these	
  issues!)	
  

•  There	
  is	
  however	
  another	
  source	
  of	
  uncertain<es	
  at	
  low	
  qT	
  which	
  cannot	
  be	
  
swept	
  under	
  the	
  carpet,	
  namely	
  that	
  of	
  the	
  heavy	
  quark	
  mass	
  thresholds.	
  This	
  is	
  
par<cularly	
  important	
  if	
  one	
  wishes	
  to	
  produce	
  a	
  ra<o	
  of	
  pTW/pTZ	
  with	
  at	
  least	
  
an	
  aMempt	
  at	
  decorrela<ng	
  certain	
  uncertain<es	
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D.	
  Froidevaux	
  REF	
  Conference,	
  08/12/2020	
  

Ssssss	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
s	
  

S.	
  Camarda	
  



•  Resumma<on	
  benchmarking	
  between	
  many	
  different	
  calcula<ons	
  is	
  
converging	
  for	
  the	
  first	
  <me	
  and	
  we	
  have	
  all	
  learned	
  a	
  lot	
  over	
  the	
  past	
  
two	
  years	
  

•  Over	
  next	
  year,	
  need	
  to	
  converge	
  on	
  a	
  publica<on	
  (plus	
  Yellow	
  Report)	
  

•  Many	
  issues	
  will	
  require	
  further	
  work	
  and	
  are	
  actually	
  being	
  worked	
  on	
  in	
  
parallel	
  (eg	
  NP	
  physics,	
  heavy	
  quark	
  thresholds)	
  

•  For	
  experimentalists,	
  what	
  is	
  needed	
  ideally	
  for	
  punng	
  LHC	
  precision	
  EW	
  
physics	
  on	
  the	
  map	
  of	
  electroweak	
  fits	
  with	
  a	
  proper	
  treatment	
  of	
  
uncertain<es	
  compared	
  eg	
  to	
  the	
  legacy	
  from	
  LEP	
  is:	
  
1)	
  Predic<ons	
  with	
  nuisance	
  parameter-­‐style	
  uncertain<es	
  for	
  the	
  qT	
  
spectrum	
  of	
  Z	
  and	
  W	
  and	
  more	
  importantly	
  even	
  of	
  their	
  ra<o	
  
2)	
  A	
  quan<ta<ve	
  measurement	
  of	
  correla<ons	
  between	
  global	
  PDF	
  fits	
  
(work	
  in	
  progress	
  with	
  however	
  some	
  resistance	
  from	
  certain	
  PDF	
  
groups)	
  
3)	
  Probably	
  N3LO+N3LL	
  for	
  DY,	
  if	
  possible	
  in	
  MC	
  programme	
  J	
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Back-­‐up	
  slides	
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Control	
  of	
  pTW	
  modelling	
  :	
  u||
e,	
  u||

µ

The	
  region	
  u//l	
  <	
  -­‐10	
  GeV	
  is	
  sensi<ve	
  to	
  the	
  physics	
  modelling	
  of	
  the	
  sol	
  part	
  of	
  the	
  
pTW	
  spectrum	
  

With	
  a	
  total	
  of	
  e.g.	
  ~	
  0.8M	
  W	
  to	
  µν	
  decays,	
  one	
  can	
  constrain	
  modelling	
  
uncertain<es	
  to	
  ~	
  10	
  MeV	
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• The	
  u||
l	
  distribuOon	
  is	
  very	
  sensiOve	
  to	
  the	
  underlying	
  pT

W	
  distribuOon,	
  for	
  u||
l	
  <	
  0.	
  

This	
  feature	
  can	
  be	
  exploited,	
  even	
  in	
  a	
  high	
  pile-­‐up	
  environment	
  to	
  verify	
  the	
  
accuracy	
  of	
  the	
  baseline	
  model,	
  and	
  to	
  compare	
  to	
  alternaOve	
  (more	
  state-­‐of-­‐the-­‐
art?)	
  models	
  

Pythia 8 tuned to Z OK; DYRES, Powheg MiNLO disfavoured 

Control	
  of	
  pTW	
  modelling	
  :	
  u||
e,	
  u||

µ

aa	
  



Benchmarking at level-1 (complete)
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Benchmarking at level-1 (complete)

D.	
  Froidevaux	
  REF	
  Conference,	
  08/12/2020	
  

V.	
  Bertone	
  



Benchmarking at level-1 (complete)

33	
  D.	
  Froidevaux	
  REF	
  Conference,	
  08/12/2020	
  

V.	
  Bertone	
  



34	
  

Benchmarking at level-1 (complete)
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Benchmarking at level-1 (complete)

D.	
  Froidevaux	
  REF	
  Conference,	
  08/12/2020	
  



Benchmarking at level-2 ( ~ complete)
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T.	
  Cridge	
  



Benchmarking at level-2 ( ~ complete)
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Scale variations in SCETLIB
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Scale variations in SCETLIB
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Nuisance parameters in SCETLIB
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