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International referees invited by CERN


CDR “A Large Hadron Electron Collider at CERN” 
J. Phys. G: Nucl. Part. Phys. 39 (2012) 075001  [arXiv:1206.2913] 

“On the Relation of the LHeC and the LHC”  [arXiv:1211.5102] 

LHeC	
  CDR	
  :	
  About	
  200	
  experimentalists	
  and	
  
theorists	
  from	
  69	
  ins>tutes	
  working	
  for	
  5	
  years	
  
based	
  on	
  series	
  of	
  yearly	
  workshops	
  since	
  2008	
  

hFp://cern.ch/lhec	
  

LHeC  and  FCC-he 
High-energy frontier e-p and e-A 
colliders to follow HERA with factor 
1000 higher luminosity running 
simultaneously with HL-LHC / FCC-hh. 
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TDR’s 
published 

50 TeV protons 
TDR to be 

worked out 

A7er	
  EPS2013	
  :	
  FCC	
  group	
  
formed	
  for	
  pp,	
  ee,	
  ep	
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  parAally	
  from	
  R.	
  Assmann	
  EPS2013	
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Future Circular Collider Study 
Michael Benedikt 
FCC Physics Workshop, CERN, 16 January 2017 

International FCC collaboration 
(CERN as host lab) to study:  
•  pp-collider (FCC-hh)                      

à main emphasis, defining 
infrastructure requirements  

•  80-100 km tunnel infrastructure 
in Geneva area, site specific 

•  e+e- collider (FCC-ee),                
as potential first step 

•  p-e (FCC-he) option,    
integration one IP, FCC-hh & ERL 

•  HE-LHC with FCC-hh technology 

~16 T ⇒ 100 TeV pp in 100 km 

       Future Circular Collider Study             
  Goal: CDR for European Strategy Update 2018/19 



       Baseline : Electron Linac - LHC Ring  
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■  Design constraint: power consumption < 100 MW,  Ee = 60 GeV	
  
■  Two	
  10	
  GeV	
  electron	
  Linacs	
  with	
  Ie>6	
  mA	
  and	
  high	
  electron	
  polarisa>on	
  of	
  

80-­‐90%	
  
■  3	
  return	
  arcs,	
  20	
  MV/m	
  
■  Energy	
  recovery	
  in	
  same	
  structure	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
■  Installa>on	
  fully	
  decoupled	
  from	
  LHC	
  
opera>on!	
  
	
  
	
  
■  ep	
  Lumi	
  1033	
  	
  -­‐	
  1034	
  cm	
  s-­‐2	
  s-­‐1	
  **	
  
■  	
  10	
  -­‐	
  100	
  Z-­‐1	
  per	
  year	
  	
  
■  	
  100	
  Z-­‐1	
  –	
  1000	
  Z-­‐1	
  total	
  collected	
  in	
  10	
  years	
  
■  	
  eD	
  and	
  eA	
  collisions	
  have	
  always	
  been	
  integral	
  to	
  programme	
  
■  	
  eA	
  luminosity	
  es>mates	
  ~	
  1032	
  	
  cm	
  s-­‐2	
  s-­‐1	
  for	
  eD	
  (ePb)	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  **	
  based	
  on	
  exisAng	
  HL-­‐LHC	
  proposal	
  	
  

Using	
  material	
  from	
  Oliver	
  Bruning,	
  FCC	
  kickoff,	
  Geneva	
  2014,	
  
hSps://indico.cern.ch/event/282344/session/15/contribuAon/96/material/slides/1.pdf	
  
	
  



0.5 GeV 

0.5 GeV 

LHeC Recirculator with Energy 
Recovery 

10 GeV/pass 

Linac 1 

Arc1, 3, 5 
Arc 2, 4, 6 + λ/2 

10 GeV/pass 

LHC 

IP 

Linac 2 

injector 

dump 

60 GeV 

Alex Bogacz EIC14 Workshop, Jefferson Lab, March 20, 2014  



0.5 GeV 

0.5 GeV 

10 GeV/pass 

Linac 1 

Arc1, 3, 5 
Arc 2, 4, 6 + λ/2 

10 GeV/pass 

LHC 

IP 

Linac 2 

injector 

dump 

60 GeV 

LHeC Recirculator with Energy 
Recovery 

Alex Bogacz EIC14 Workshop, Jefferson Lab, March 20, 2014  



0.5 GeV 

0.5 GeV 

10 GeV/pass 

Linac 1 

Arc1, 3, 5 
Arc 2, 4, 6 + λ/2 

10 GeV/pass 

LHC 

IP 

Linac 2 

injector 

dump 

60 GeV 

LHeC Recirculator with Energy 
Recovery 

Alex Bogacz EIC14 Workshop, Jefferson Lab, March 20, 2014  



can	
  one	
  build	
  a	
  2	
  km	
  long	
  linac?	
  

it	
  has	
  been	
  done	
  before	
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Post-CDR: LHeC Baseline Parameter 
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1033	
  cm-­‐2	
  s-­‐1	
  Luminosity	
  reach	
   PROTONS	
   ELECTRONS	
  

Beam	
  Energy	
  [GeV]	
   7000	
   60	
  

Luminosity	
  [1033cm-­‐2s-­‐1]	
   1	
   1	
  

Normalized	
  emiSance	
  γεx,y	
  [µm]	
   3.75	
   50	
  

Beta	
  FunAon	
  β*x,y	
  [m]	
   0.1	
   0.12	
  

rms	
  Beam	
  size	
  σ*x,y	
  [µm]	
  	
   7	
   7	
  

rms	
  Beam	
  divergence	
  σ’*x,y	
  [µrad]	
  	
   70	
   58	
  

Beam	
  Current	
  [mA]	
   430	
  (860)	
   6.6	
  

Bunch	
  Spacing	
  [ns]	
   25	
  (50)	
   25	
  (50)	
  

Bunch	
  PopulaAon	
   1.7*1011	
   (1*109)	
  2*109	
  

Bunch	
  charge	
  [nC]	
   27	
   	
  (0.16)	
  0.32	
  

1034	
  cm-­‐2	
  s-­‐1	
  Luminosity	
  reach	
   PROTONS	
   ELECTRONS	
  

Beam	
  Energy	
  [GeV]	
   7000	
   60	
  

Luminosity	
  [1033cm-­‐2s-­‐1]	
   16	
   16	
  

Normalized	
  emiSance	
  γεx,y	
  [µm]	
   2.5	
   20	
  

Beta	
  FunAon	
  β*x,y	
  [m]	
   0.05	
   0.10	
  

rms	
  Beam	
  size	
  σ*x,y	
  [µm]	
  	
   4	
   4	
  

rms	
  Beam	
  divergence	
  σ’*x,y	
  [µrad]	
  	
   80	
   40	
  

Beam	
  Current	
  [mA]	
   1112	
   25	
  

Bunch	
  Spacing	
  [ns]	
   25	
   25	
  

Bunch	
  PopulaAon	
   2.2*1011	
   4*109	
  

Bunch	
  charge	
  [nC]	
   35	
   0.64	
  

Opera>on	
  concurrent	
  with	
  	
  
HL-­‐LHC	
  pp	
  data	
  taking	
  

à  for	
  first	
  >me	
  a	
  realis>c	
  op>on	
  of	
  an	
  1	
  ab-­‐1	
  electron-­‐proton	
  collider	
  also	
  due	
  to	
  
excellent	
  performance	
  of	
  LHC;	
  ERL	
  :	
  	
  960	
  superconducAng	
  caviAes	
  (20	
  MV/m)	
  
and	
  9	
  km	
  tunnel	
  	
  	
  	
  	
  [arXiv:1211.5102,	
  arXiv:1305.2090;	
  EPS2013	
  talk	
  by	
  D.	
  Schulte]	
  	
  

	
  
	
  	
  	
  



ep : Some Basics 
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€ 

q = (k − k '),q2 = −Q2

s = (k + P)2

(xP + q)2 = m2,P 2 = Mp
2

if (Q2 >> x 2Mp
2,m2) :

q2 + 2xPq = 0

x =
Q2

2Pq
Q2 = sxy

@SLAC:	
  	
  birth	
  of	
  DIS,	
  50	
  years	
  ago.	
  

NC	
  DIS	
  The	
  only	
  ep	
  collider	
  so	
  far	
  :	
  HERA	
  @	
  DESY	
  	
  
with	
  a	
  c.m.s.	
  energy	
  of	
  0.32	
  TeV	
  using	
  
electrons/positrons	
  with	
  Ee=	
  27.6	
  GeV	
  
protons	
  with	
  Ep=	
  0.92	
  TeV	
  	
  	
  [like	
  Tevatron	
  protons]	
  
Precise	
  probe	
  of	
  	
  proton	
  structure	
  using	
  Deep	
  InelasAc	
  
ScaSering	
  	
  (DIS)	
  in	
  a	
  new	
  kinemaAc	
  range	
  
with	
  a	
  resoluAon	
  up	
  to	
  10-­‐18	
  m	
  :	
  ep	
  =	
  Supermicroscope	
  
	
  

scaSered	
  	
  
electron	
  

scaSered	
  	
  
quark	
  (gluon)	
  

proton	
  	
  
beam	
  
remnants	
  

	
  	
  	
  	
  	
  	
  	
  rela>on	
  to	
  pp	
  
x1,2=	
  (M/√s)	
  exp(±y)	
  
	
  	
  
Q2	
  =	
  M2	
  

Neutral	
  Current	
  DIS	
  event	
  with	
  H1	
  experiment	
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  “Limita>ons”	
  of	
  HERA	
  	
  
à	
  Luminosity	
  1-­‐4	
  1031	
  cm-­‐2	
  s-­‐1	
  
à  No	
  eA	
  collisions	
  
à  No	
  polarised	
  protons	
  	
  	
  

HERA Run 2 

è Mandatory	
  input	
  for	
  
our	
  currently	
  best	
  
knowledge	
  about	
  the	
  
quark-­‐gluon	
  dynamics	
  
of	
  the	
  proton,	
  e.g.	
  LHC	
  
Higgs	
  cross	
  secAon	
  
predicAons.	
  



Standard Model Particles & QCD  
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Higgs	
  discovery	
  at	
  LHC	
  via	
  
gluon-­‐gluon	
  fusion	
  

Higgs	
  poten>al	
  	
  in	
  ep:	
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16 

Higgs	
  discovery	
  at	
  LHC	
  via	
  
gluon-­‐gluon	
  fusion	
  

Higgs	
  poten>al	
  	
  in	
  ep:	
  

QS: Matter of Definition and Frame (II)

7

Infinite Momentum Frame:
• BFKL (linear QCD): splitting functions ⇒ gluon density grows
• BK (non-linear): recombination of gluons ⇒ gluon density tamed

BFKL: BK adds:

αs << 1αs ∼ 1 ΛQCD

know how to 
do physics here?

m
ax

. d
en

si
ty

Qs kT

~ 1/kT

k T
 φ

(x
, k

T2 )

• At Qs:   gluon emission balanced by recombination

Unintegrated gluon distribution
depends on kT and x:
the majority of gluons have 
transverse momentum kT ~ QS
(common definition)

QS: Matter of Definition and Frame (II)

7

Infinite Momentum Frame:
• BFKL (linear QCD): splitting functions ⇒ gluon density grows
• BK (non-linear): recombination of gluons ⇒ gluon density tamed

BFKL: BK adds:

αs << 1αs ∼ 1 ΛQCD

know how to 
do physics here?

ma
x. 

de
ns

ity

Qs kT

~ 1/kT

k T φ
(x,

 k T2 )

• At Qs:   gluon emission balanced by recombination

Unintegrated gluon distribution
depends on kT and x:
the majority of gluons have 
transverse momentum kT ~ QS
(common definition)

HERA’s	
  legacy	
  

“gluon	
  ocean”	
  



Standard Model Particles & QCD  
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Higgs	
  discovery	
  at	
  LHC	
  via	
  
gluon-­‐gluon	
  fusion	
  

Aper	
  the	
  Higgs	
  discovery:	
  
•  How	
  can	
  we	
  reach	
  a	
  best	
  understanding	
  Higgs	
  

properAes	
  /	
  EW	
  symmetry	
  breaking?	
  
•  How	
  can	
  we	
  exploit	
  best	
  our	
  highest	
  energy	
  

machines	
  for	
  finding	
  	
  new	
  physics/new	
  
parAcles?	
  	
  

ü  ep	
  :	
  Precision	
  quark-­‐gluon	
  dynamics	
  for	
  
sensiAve	
  	
  searches;	
  top	
  &	
  Higgs	
  physics	
  

ü  Concurrent	
  running	
  of	
  pp	
  and	
  ep	
  	
  :	
  
Compelling	
  synergy	
  	
  for	
  	
  exploring	
  the	
  EW	
  
and	
  QCD	
  sector	
  to	
  unprecedented	
  precision.	
  	
  

Higgs	
  poten>al	
  	
  in	
  ep:	
  

QS: Matter of Definition and Frame (II)
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The ep Physics at the Energy Frontier 
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Large x 
Gluon & 
valence 
quarks 

Higgs 
Boson 

-fo
ur

-m
om

en
tu

m
 tr

an
sf

er
 s

qu
ar

ed
 

  Bjorken 

High Density Matter 
- New form of 
gluonic matter? 

RPV SUSY, LQ 
Substructure ? 

High  
Precision 
QCD & 
EW (top) 
Physics 

HERA 
established 

the validity of  
pQCD down to 

x>10-4 

(DGLAP)  
due to a very 
high lever arm 

in Q2. 
 

Extensions of 
both x and Q2 

ranges are 
crucial for new 
experiments 

and HEP 
theory 

developments!  

Proton	
  
Spin	
  

UHE Neutrinos 

Hà HH 

Rela>on	
  to	
  pp	
  :	
  	
  x1,2=	
  (M/√s)	
  exp(±y)	
  	
  &	
  	
  Q2	
  =	
  M2	
  



Neutrino-Nucleon Cross Section at UHE   
& its astrophysical Implications 

19 

Alba	
  SOTO	
  ONTOSO,	
  
@POETIC	
  VI	
  
PRD	
  92,	
  014027	
  (2015)	
  	
  

…	
  	
  have	
  a	
  much	
  larger	
  uncertain>es	
  than	
  
currently	
  assumed	
  :	
  	
  
	
  	
  	
  	
  	
  	
  	
  factors	
  1.4	
  to	
  4.5	
  for	
  109	
  <Eν<	
  1014	
  GeV.	
  

No	
  PDF	
  data	
  



Partons in Nuclei 

20 

NOTHING! 
 What do we know about gluons in a nucleus? 

Uta	
  Klein,	
  Future	
  ep/eA	
  Colliders	
  

Precision measurements of gluon distribution essential for quantitative studies of 
onset of saturation as a high density (small x in ep) and matter (A1/3) effect. 

LHeC projections 

Q2
s(eA) / Q2

s(ep) A
1/3

Data	
  fits:	
  	
  

LHeC will measure all nuclear 
PDFs for the first time and in an 
unprecedented kinematic range. 
Quarks through  NC and CC DIS 
(flavour separation).  
Gluons accessed through 
dF2/dln(Q2) (large range in Q2) 



Synergy : eA and AA 
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The	
  LHeC-­‐eA	
  will	
  explore	
  a	
  region	
  overlapping	
  with	
  the	
  LHC-­‐AA	
  
➜	
  in	
  a	
  cleaner	
  experimental	
  setup;	
  
➜	
  on	
  firmer	
  theore>cal	
  grounds.	
  

LHeC-­‐eA	
  explores	
  2	
  orders	
  of	
  magnitude	
  higher	
  in	
  Q2	
  and	
  1/x	
  compared	
  to	
  US-­‐EIC.	
  

eA:	
  measure	
  in	
  semi-­‐
inclusive	
  DIS	
  
modificaAon	
  of	
  
fragmentaAon/
hadronisaAon	
  in	
  dense	
  
nuclear	
  medium	
  

hadrons	
  
π,	
  K,	
  D	
  and	
  

B	
  etc.	
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Guido	
  Altaralli	
  
Cern	
  6/2015	
  On the Synergies of ep and pp 
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Guido	
  Altaralli	
  
Cern	
  6/2015	
  On the Synergies of ep and pp 



Searches and PDF  
Uncertainties @ LHC 
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A.	
  Weiler@EPS2105	
  

We	
  do	
  NOT	
  
know	
  the	
  
structure	
  of	
  the	
  
proton	
  at	
  	
  
high	
  x	
  (high	
  
masses)	
  
	
  

NC	
  DY	
  at	
  NNLO	
  QCD	
  
U.	
  Klein	
  using	
  VRAP	
  

LHC@13TeV	
  

Z’	
  



W and Z @ FCC-hh  
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W+	
  

W-­‐	
  

Z/γ	
  

Assuming	
  collinear	
  
factoriza>on	
  &	
  
momentum	
  sum	
  

rule…	
  



Precision Gluons for SUSY 
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Poster	
  presented	
  on	
  behalf	
  of	
  the	
  LHeC	
  Study	
  Group	
  	
  
References:	
  J.	
  L.	
  A.	
  Fernandez	
  et	
  al.	
  [LHeC	
  Study	
  Group	
  Collabora>on],	
  J.	
  Phys.	
  G	
  39	
  (2012)	
  075001	
  [arXiv:1206.2913];	
  	
  arXiv:1211.4831;	
  arXiv:1211.5102.	
  

Searches	
  for	
  Supersymmetry	
  
	
  

Direct	
  searches	
  for	
  Supersymmetry	
  at	
  the	
  LHeC	
  	
  can	
  be	
  performed	
  in	
  the	
  context	
  of	
  R-­‐parity	
  conserving	
  or	
  viola>ng	
  scenarios:	
  	
  
•  R-­‐parity	
  =	
  (-­‐1)3(B-­‐L)+2s	
  	
  (R	
  =	
  1	
  for	
  SM	
  parAcles,	
  -­‐1	
  for	
  MSSM	
  partners)	
  
•  If	
  conserved:	
  	
  

•  SensiAvity	
  for	
  selectron-­‐squark	
  	
  
producAon	
  	
  
à	
  sizeble	
  σ	
  for	
  m(sele)=500	
  GeV	
  

•  Exclusion	
  limits	
  set	
  by	
  the	
  LHC	
  	
  
	
  	
  	
  	
  depend	
  on	
  the	
  SUSY	
  mass	
  hierarchy	
  assumed	
  	
  

	
  
	
  
If	
  no	
  evidence	
  for	
  RPC	
  SUSY	
  is	
  found	
  in	
  Run	
  II,	
  SUSY	
  par>cles	
  may	
  	
  be	
  out	
  of	
  reach	
  for	
  LHC	
  à	
  interplay	
  in	
  terms	
  of	
  PDF	
  fundamental	
  for	
  HL-­‐LHC	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

•  If	
  violated,	
  various	
  terms	
  arising	
  from	
  superpotenAal	
  

•  Reach	
  up	
  to	
  1	
  TeV	
  squark	
  masses	
  	
  
•  Feasibility	
  of	
  these	
  searches	
  will	
  	
  
	
  	
  	
  	
  depend	
  on	
  LHC	
  findings	
  	
  

Strong	
  impact	
  of	
  improved	
  PDF	
  fits	
  on	
  the	
  
theoreAcal	
  predicAons	
  for	
  SUSY	
  process	
  at	
  high	
  
sparAcle	
  masses.	
  	
  
Ex.:	
  gluino	
  pair	
  produc9on	
  (m_gl	
  =	
  m_sq)	
  	
  

Dependency	
  on	
  discovery	
  potenAal	
  and	
  exclusion	
  limits	
  
at	
  300	
  and	
  3000	
  /t	
  for	
  14	
  TeV	
  c.o.m.	
  at	
  the	
  LHC	
  	
  

CT10	
  up	
  
ABKM09	
  down	
  
MSTW08	
  (equivalent	
  to	
  
LHeC	
  PDF	
  )	
  	
  

Effect	
  up	
  to	
  1	
  TeV	
  (plot	
  to	
  be	
  replaced)	
  
ATLAS-­‐PUB-­‐2012-­‐001	
  

LHeC	
  

Using	
  2012	
  NLO	
  PDFs	
  
LHeC	
  Note	
  2012-­‐005	
  [arXiv:1211.5102]	
  
LHeC-­‐PDF	
  uncertainAes	
  	
  accessible	
  via	
  LHAPDF	
  
	
  

C.	
  Gwenlan	
  @DIS2015	
  

LHeC	
  

Using	
  2014	
  NNLO	
  PDFs	
  

xg(x)	
  



ep + pp and free fit to u,d,s 
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no	
  HERA	
  data	
  for	
  x<10-­‐4	
  

à	
  adding	
  e.g.	
  high	
  precision	
  ATLAS	
  W,Z	
  data	
  give	
  some	
  
constraints	
  in	
  parAcular	
  for	
  strange	
  at	
  medium	
  x	
  	
  	
  



Precision Strange Quark Distributions 
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ü  High	
  luminosity	
  
ü  High	
  Q2	
  lever	
  arm	
  
ü  Small	
  beam	
  spot	
  
ü  Modern	
  Silicon	
  detectors	
  
ü  NO	
  pile-­‐up,	
  no	
  DPS	
  …	
  
ü  similar	
  new	
  measurements	
  

for	
  charm	
  and	
  beauty	
  
à δMc	
  reduced	
  from	
  60	
  to	
  	
  
3	
  MeV	
  à	
  αS	
  precision	
  	
  	
  
	
  
à First	
  (x,Q2)	
  
measurement	
  of	
  
the	
  (an>-­‐)strange	
  	
  
density	
  (even	
  intrinsic	
  charm?)	
  
over	
  large	
  phase	
  space	
  
x	
   = 10-­‐4	
  ..	
  0.05	
  
Q2	
  =	
  100	
  –	
  105	
  GeV2	
  

LHeC	
  :	
  Complete	
  unfolding	
  of	
  the	
  flavour	
  structure	
  of	
  the	
  proton	
  for	
  the	
  first	
  >me.	
  

	
  √s=1.3	
  TeV	
  	
  



Resolving Partonic Structure  
free of symmetry assumptions 
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•  One	
  can	
  see	
  that	
  for	
  HERA	
  data,	
  if	
  we	
  relax	
  the	
  low	
  x	
  constraint	
  on	
  u	
  and	
  d,	
  the	
  
“PDF	
  errors”	
  are	
  increased	
  tremendously!	
  

•  However,	
  when	
  adding	
  the	
  LHeC	
  simulated	
  data,	
  we	
  observe	
  that	
  uncertainAes	
  are	
  
visibly	
  improved	
  even	
  without	
  this	
  assumpAon.	
  

•  Further	
  important	
  cross	
  check	
  comes	
  from	
  the	
  deuteron	
  measurements,	
  with	
  
tagged	
  spectator	
  and	
  controlling	
  shadowing	
  (small	
  x	
  partons)	
  	
  with	
  diffracAon…	
  

•  All	
  parton	
  distribu>on	
  func>ons	
  of	
  the	
  proton	
  at	
  N3LO	
  	
  !	
  

constrained	
  (u=d)	
   unconstrained	
  

Voica	
  Radescu	
  &	
  
Max	
  Klein	
  ,	
  2014	
  



LHC : Total Higgs Cross Sections @ N3LO 

30 hSps://indico.cern.ch/event/462111/	
  	
  
Falko	
  Dulat	
  for	
  the	
  N3LO	
  team.	
  
CERN	
  seminar	
  11.12.2015	
  
	
  

arXiv:	
  1602.00695	
  



Tensions :  αS and σtot
Higgs @ 13 TeV   

31 PDG	
  2016	
  

C.Anastasiou	
  et	
  al,	
  	
  
arXiv:	
  1602.00695	
  

RecommendaAon	
  using	
  PDF4LHC	
  and	
  68%	
  CL	
  

ABM	
  predicAon	
  

ABM	
  

CT14	
  with	
  	
  
αS	
  (ABM)	
  

PFD4LHC	
  



 Strong Coupling Constant 

Uncertainty	
  on	
  Higgs	
  cross	
  sec>on	
  
Giulia	
  Zanderighi,	
  Vietnam	
  9/16,	
  
from	
  C.Anastasiou	
  et	
  al,	
  1602.00695	
  
who	
  also	
  discuss	
  the	
  ABM	
  alpha_s..	
  	
  

-­‐	
  αs	
  least	
  known	
  of	
  coupling	
  constants	
  	
  
Grand	
  Unifica>on	
  predic>ons	
  need	
  smaller	
  δαs	
  	
  
	
  
-­‐	
  Is	
  αs(DIS)	
  lower	
  than	
  world	
  average	
  (?)	
  
	
  
-­‐	
  LHeC:	
  per	
  mille	
  	
  -­‐	
  independent	
  of	
  BCDMS!	
  
	
  
-­‐  High	
  precision	
  from	
  inclusive	
  data	
  –	
  αs(jets)	
  	
  
	
  	
  	
  	
  à	
  for	
  HERA	
  :	
  now	
  NNLO	
  calcula>ons	
  available	
  
	
  
-­‐	
  Challenge	
  la�ce	
  QCD	
  

LHeC	
  simulaAon,	
  NC+CC	
  inclusive,	
  total	
  exp	
  error	
  

PDG	
  
LHeC	
  



LHeC Precision Partons for Higgs@LHC 
à	
  Using	
  LHeC	
  input:	
  experimental	
  uncertainty	
  of	
  predicted	
  LHC	
  Higgs	
  
cross	
  sec>on	
  due	
  to	
  PDFs	
  and	
  αS	
  	
  is	
  strongly	
  reduced	
  to	
  ~0.4%	
  	
  
à	
  clear	
  theore/cal	
  path	
  to	
  determine	
  N3LO	
  PDFs	
  
à	
  Similar	
  conclusions	
  and	
  relaAons	
  expected	
  for	
  FCC-­‐hh	
  and	
  LHeC/FCC-­‐he	
  

33 

à	
  precision	
  from	
  LHeC	
  can	
  add	
  a	
  
very	
  significant	
  constraint	
  on	
  the	
  
Higgs	
  mass	
  but	
  also:	
  
	
  

αS	
  =	
  underlying	
  parameter	
  relevant	
  
for	
  uncertainty	
  	
  (0.0015	
  à	
  2.6%)	
  
@	
  LHeC:	
  measure	
  to	
  permille	
  
accuracy	
  (0.0002)	
  
	
  	
  

Study	
  
unifica/on	
  of	
  

couplings	
  

44

46

48

50

52

54

56

58

60

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

  
partons	
  
from	
  LHeC	
  



VBF Higgs Production in ep (top)  

                                                           and pp (bottom) 
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OR	
  

Z	
  

Z	
  

e	
   ep:	
  Higgs	
  producAon	
  in	
  ep	
  comes	
  
uniquely	
  from	
  either	
  CC	
  or	
  NC	
  
	
  
Pile-­‐up	
  in	
  ep	
  at	
  1034	
  cm-­‐2	
  s-­‐1	
  is	
  0.1@25ns	
  
Clean	
  bb	
  final	
  state,	
  S/B	
  ~	
  1	
  
e-­‐h	
  Cross	
  CalibraAon	
  à	
  Precision	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ep:	
  
Clean,	
  precise	
  reconstrucAon	
  and	
  
easy	
  disAncAon	
  of	
  WWZ	
  and	
  WWH	
  
without	
  pile-­‐up	
  (<~0.1	
  events)	
  
VBF:	
  Small	
  theoreAcal	
  uncertainAes!	
  

pp:	
  Higgs	
  producAon	
  in	
  pp	
  comes	
  
predominantly	
  from	
  ggà	
  H	
  
	
  
VBF	
  cross	
  secAon	
  about	
  200	
  t	
  
(about	
  as	
  large	
  as	
  	
  at	
  the	
  LHeC).	
  
	
  
Pile-­‐up	
  in	
  pp	
  at	
  5	
  1034	
  cm-­‐2	
  s-­‐1	
  is	
  150@25ns	
  
	
  S/B	
  	
  very	
  small	
  for	
  bb	
  
	
  
Precision	
  needs	
  accurate	
  PDFs	
  &	
  αS	
  



Light SM Higgs Production in ep 

35 

CC	
   NC	
  



• Scale	
  dependencies	
  of	
  the	
  LO	
  calcula>ons	
  
are	
  in	
  the	
  range	
  of	
  5-­‐10%.	
  
• 	
  NLO	
  QCD	
  correc>ons	
  are	
  small,	
  but	
  shape	
  
distor>ons	
  of	
  kinema>c	
  distribu>ons	
  up	
  to	
  
20%.	
  QED	
  correc>ons	
  up	
  to	
  -­‐5%.	
  
	
  

[J.	
  Blumlein,	
  G.J.	
  van	
  Oldenborgh	
  ,	
  R.	
  Ruckl,	
  
Nucl.Phys.B395:35-­‐59,1993]	
  [B.Jager,	
  arXiv:
1001.3789]	
  	
  

Light SM Higgs Production in ep 

ETmiss	
  	
  electrons	
  à	
  

	
  LHC	
  protons	
  à	
  
Fwd	
  jet	
  

WWH	
  	
  

	
  electrons	
  à	
  

	
  LHC	
  protons	
  à	
   Fwd	
  jet	
  

FS	
  electron	
  

ZZH	
  

è	
  In	
  ep,	
  direcAon	
  of	
  quark	
  (FS)	
  is	
  well	
  defined.	
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Electron	
  beam	
  
energy	


CC	
  
e-­‐p	


CC	
  
e+p	


NC	
  
e-­‐p	


cross	
  sec>on	
  
[Z]	


109	
  
	


58	
 20	


polarised	
  cross	
  
sec>on	
  [Z]	
  
P=-­‐80%	


196	
 N.A.	
 25	


	
  Ee=60	
  GeV	
  :	
  √s=	
  1.3	
  TeV	
  	
  

M
H=
12
5	
  
Ge

V	
  



SM Higgs in ep  

37 
LHeC	
  /	
  FCC-­‐he:	
  Sizeable	
  charged	
  current	
  (CC)	
  DIS	
  unpolarised	
  ep	
  cross	
  sec>ons	
  	
  

Ee=60	
  GeV	
  

Ee=120	
  GeV	
  

FCC-­‐he	
  

LHeC	
  

HERA	
  

US-­‐EIC	
  

U.	
  Klein,	
  
@DIS2015	
  	
  

electrons	
  

protons	
  



Analysis Framework & New Developments  
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n  Calculate	
  cross	
  secAon	
  with	
  tree-­‐level	
  Feynman	
  
diagrams	
  using	
  pT	
  of	
  scaSered	
  quark	
  as	
  scale	
  
(CDR	
  ŝ	
  )	
  for	
  ep	
  processes	
  like	
  single	
  t,	
  Z,	
  W,	
  H	
  	
  

à	
  Standard	
  HERA	
  tools	
  can	
  NOT	
  to	
  be	
  used	
  !	
  
n  NEW:	
  full	
  update	
  for	
  Madgraph5	
  	
  (CDR	
  MG4)	
  
n  Higgs	
  mass	
  125	
  GeV	
  as	
  default	
  for	
  sm	
  and	
  sm-­‐
full	
  (for	
  Hcc)à	
  BR	
  corrected	
  to	
  ‘best’	
  HDECAY	
  	
  

n  FragmentaAon	
  &	
  hadronisaAon	
  uses	
  ep-­‐
customised	
  Pythia.	
  	
  

n  Interface	
  to	
  Delphes	
  ‘detector’	
  àdisplaced	
  
ver>ces	
  and	
  	
  signed	
  impact	
  parameter	
  
distribu>on	
  analysis	
  for	
  Hcc!	
  

è	
  powerful	
  method	
  to	
  opAmise	
  detector	
  tuning	
  
and	
  S/N	
  for	
  various	
  Higgs	
  decays	
  
Valid	
  for	
  ep	
  only.	
  Any	
  other	
  model	
  can	
  be	
  easily	
  
tested	
  è	
  non-­‐SM	
  higgs,	
  SUSY	
  etc.	
  
[eA	
  needs	
  modelling	
  of	
  nuclear	
  fragmentaAon]	
  	
  

Event	
  generaAon	
  

by	
  MadGraph5/MadEvent	
  

•  SM	
  /	
  BSM	
  Higgs	
  producAon	
  
•  CC	
  &	
  NC	
  background	


•  FragmentaAon	
  
•  HadronizaAon	
  

Fast	
  detector	
  simulaAon	
  
by	
  PGS	
  (LHC-­‐style	
  detector) 

	
  H	
  →	
  bb	
  (any	
  decay)	
  selecAon	


by	
  PYTHIA	
  (modified	
  for	
  ep)	
  



Examples: Generated Samples 
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Background (examples)	


CC: 3 jets (~57 pb)   CC: single top 
production (~4.1 pb)   

CC: Z production  
(~0.11 pb)   

NC: b pair production 
(~1.1 nb) 

Signal 	


CC: H → bb (BR ~ 0.7 at MH=120GeV)  

σ~ 0.16 pb 
at √s=2.05TeV 

NOTE:	
  Background	
  sample	
  cross	
  secAons	
  are	
  a7er	
  
	
  pre-­‐selecAon	
  in	
  generator	
  and	
  for	
  Ee=150	
  GeV	


Graphs	
  by	
  MadGraph	
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CDR : Selection of H→bb 
n  NC	
  DIS	
  rejecAon	
  

n  Exclude	
  electron-­‐tagged	
  events	
  
n  ET,miss	
  >	
  20	
  GeV	
  
n  Njet	
  (pT	
  >	
  20	
  GeV)	
  ≧	
  3	
  
n  ET,total	
  >	
  100	
  GeV	
  
n  yJB	
  <	
  0.9,	
  Q2

JB	
  >	
  400	
  GeV2	
  

n  b-­‐tag	
  requirement	
  
n  Nb-­‐jet	
  (pT	
  >	
  20	
  GeV)	
  ≧	
  2	
  

n  Higgs	
  invariant	
  mass	
  
n  90	
  <	
  MH	
  <	
  120	
  GeV	
  

n  Single	
  top	
  rejecAon	
  
n  Mjjj,top	
  >	
  250	
  GeV	
  
n  Mjj,W	
  >	
  130	
  GeV	
  

ET
miss cut 

b-tag requirement 
Flat	
  efficiency	
  for	
  |η|	
  <	
  3	
  
of 60% (c:10%, lq,g:1%) 

H→bb	
  
CC	
  BG	
  
NC	
  BG	


⇒	
  44%	
  of	
  remaining	
  BG	
  is	
  single-­‐top…	


⇒10%	
  mis-­‐ID	
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[ before Higgs discovery MH=120 GeV,  Ep=7 TeV, Ee=150 GeV]  

CDR:	
  A	
  Large	
  Hadron	
  
Electron	
  Collider	
  at	
  CERN	
  	
  
J.	
  Phys.	
  G:	
  Nucl.	
  Part.	
  Phys.	
  
39	
  (2012)	
  075001	
  	
  



CDR : H→bb Results         
Forward jet η tag H	
  →	
  bb	
  signal	
n  Forward	
  jet	
  tagging	
  

n  ηjet	
  >	
  2	
  (lowest	
  η	
  jet	
  	
  
excluding	
  b-­‐tagged	
  jets)	
  

	
  

	
  

n  Higgs	
  invariant	
  mass	
  a7er	
  all	
  selecAon	
  

 
 
	


H→bb	
  
CC	
  BG	
  
NC	
  BG	


Coordinate: 
Fwd: +z-axis along proton beam	


Z→bb	

10 fb-1 

Clear	
  signal	
  
obtained	
  with	
  
just	
  cut	
  based	
  	
  
analysis	
  already!	
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[ before Higgs discovery MH=120 GeV,  Ep=7 TeV, Ee=150 GeV]  

Ee	
  =	
  150	
  GeV	
  
(10	
  Z-­‐1,	
  P=0)	


H	
  →	
  bb	
  
signal	


84.6	


S/N	
   1.79	
  (4.7*)	
  	


S/√N	
 12.3	


*parton-level study. 



Measure CP Properties of Higgs 
•  Higgs	
  couplings	
  with	
  a	
  pair	
  of	
  gauge	
  bosons	
  (WW/ZZ)	
  and	
  a	
  pair	
  of	
  heavy	
  fermions	
  

(t/b/τ)	
  are	
  largest.	
  
•  Higgs@LHeC	
  allows	
  uniquely	
  to	
  access	
  HWW	
  vertex	
  è	
  	
  explore	
  the	
  CP	
  properAes	
  

of	
  HVV	
  couplings:	
  BSM	
  will	
  modify	
  CP-­‐even	
  (λ)	
  and	
  CP-­‐odd	
  (	
  λ’)	
  states	
  differently	
  

•  Study	
  shape	
  changes	
  in	
  DIS	
  normalised	
  CC	
  Higgsà	
  bb	
  cross	
  secAon	
  versus	
  the	
  
azimuthal	
  angle,	
  ΔφMET,J,	
  between	
  ET,miss	
  and	
  forward	
  jet.	
  	
  

In	
  ep,	
  full	
  
Δφ	
  range	
  needs	
  to	
  
be	
  	
  explored	
  sAll.	
  

è 

42 

CDR	
  ini>al	
  study	
  
of	
  HWW	
  vertex:	
  
CP	
  couplings	
  
probed	
  to	
  
λ~0.05	
  
λ’~0.2	
  
based	
  on	
  50	
  Z-­‐1	
  

[ CDR before Higgs discovery MH=120 GeV,  Ep=7 TeV]  



Post-­‐CDR:	
  	
  for	
  first	
  >me	
  a	
  realis>c	
  op>on	
  of	
  an	
  1	
  ab-­‐1	
  ep	
  collider	
  (stronger	
  e-­‐
source,	
  stronger	
  focussing	
  magnets)	
  and	
  excellent	
  performance	
  of	
  LHC	
  (higher	
  
brightness	
  of	
  proton	
  beam)	
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Ultimate polarised 
e-beam of 60 GeV 
and LHC 7 TeV p-
beams, 10 years 
of operation 

è Decay to bb is 
dominating 
HFL decay 
modes : 

Higgs decay to cc 
is factor 20 less 
likely than Hbb 
times the ratio of 
detection 
efficiencies-
squared ! 

à need	
  of	
  
different	
  
models	
  :	
  
cc:	
  ‘sm-­‐full’	
  
	
  
	
  
	
  
	
  
gg,	
  γγ:	
  ‘hep’ 
 

	
  √s=	
  1.3	
  TeV	
  	
  

ep Higgs “Facility” @ 1 ab-1 



LHeC @ ICHEP14 :  H→bb Updated      
[P=-0.8, BR=0.577] 

44 

	
  

	
  

	
  
	
  
	


	
  Ee=60	
  GeV	
  	
  

100	
  t-­‐1	
  

	
  

	
  

	
  

	
  

	
  
	
  
	


à Master	
  thesis	
  Ellis	
  Kay,	
  University	
  of	
  Liverpool	
  2014,	
  together	
  with	
  U.	
  Klein	
  
à Dedicated	
  background	
  sample	
  producAon	
  including	
  a	
  first	
  emulaAon	
  of	
  PHP	
  background	
  

using	
  either	
  very	
  low	
  Q	
  NC	
  events	
  or	
  a	
  monochromaAc	
  Photon	
  beam	
  of	
  0.8*Ee	
  
à NEW	
  :	
  Using	
  MG	
  2.1.1	
  Photoproduc>on	
  (PHP)	
  background	
  is	
  now	
  	
  produced	
  based	
  on	
  the	
  

Weizsacker-­‐Williams	
  approxima>on	
  	
  
è	
  NEW	
  :	
  use	
  a	
  real	
  experimental	
  method	
  for	
  HFL	
  tagging	
  based	
  on	
  jet	
  life>me	
  probabili>es	
  	
  

Disclaimer	
  :	
  
PGS	
  of	
  LHC	
  detector	
  
+	
  flat	
  parton-­‐level	
  b-­‐
tagging	
  in	
  the	
  tracking	
  
range	
  of	
  |η|<3.0	
  
b:	
  60%,	
  c:	
  10%,	
  udsg:	
  1%	
  
CAL	
  coverage	
  unAl	
  |η|<5.0	
  	
  

Higgs	
  :	
  S/B	
  ~	
  1..2	
  



Dijet Mass : two lowest eta Jets – HFL untagged 
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Basic	
  kinema>c	
  cuts	
  but	
  
loose	
  selec>on	
  (pT>15	
  GeV)	
  
for	
  BDT	
  training!	
  	
  
No	
  an>-­‐top	
  cuts!	
  

W	
  

Z	
  

Note	
  :	
  PhotoproducAon	
  background	
  is	
  assumed	
  to	
  be	
  untagged	
  (‘worst’	
  scenario)!	
  
à	
  addiAon	
  of	
  small	
  angle	
  electron	
  taggers	
  will	
  reduce	
  the	
  PHP	
  ~1-­‐2%	
  

100	
  t-­‐1	
  

H	
  



Top: Mass of three highest pT Jets 
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Single	
  top	
  candidates!	
  

HFL	
  untagged	
  

è usual	
  cut	
  to	
  accept	
  Higgs	
  candidates	
  
BUT	
  on	
  cost	
  of	
  signal	
  efficiency	
  

top	
  

100	
  t-­‐1	
  



BDT Result for Higgs à cc 
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1000	
  Z-­‐1	
  

All	
  backgrounds	
  assumed	
  
to	
  2%	
  	
  
~15000	
  Hbb	
  evts.	
  S/B~4-­‐5	
  
	
  κ(Hbb)	
  ≤	
  0.5%	
  

BDT	
  cut	
  >0.2:	
  Hcc	
  Signal	
  events	
  :	
  ~474;	
  
S/√S+B=12.8	
  	
  	
  à	
  κ(Hcc)	
  =	
  4%	
  for	
  
1000	
  Z-­‐1	
  	
  	
  

Clear	
  poten>al	
  to	
  access	
  the	
  Higgs	
  to	
  
charm	
  decay	
  channel	
  at	
  the	
  LHeC.	
  

NEW	
  :	
  Using	
  R	
  =	
  0.5	
  anA-­‐kt	
  jets	
  and	
  ATLAS	
  IBL	
  vertex	
  resoluAon	
  (5	
  μm	
  )	
  
è	
  Hcc	
  candidates	
  increased	
  by	
  factor	
  3.5	
  w.r.t.	
  anA-­‐kt	
  R=0.9	
  jets	
  	
  

Uta	
  Klein	
  &	
  
Daniel	
  Hampson	
  
May	
  2016	
  



The LHC as ONE Higgs Facility 
HL-­‐LHC	
   HL-­‐LHC	
  +	
  LHeC	
  

pp:	
  PDF+αS	
  	
  errors	
  	
  
<0.5%	
  with	
  LHeC	
  

input!	
  



charm!	
  

Higgs Couplings at pp + ep 
running concurrently 

c.m.s.	
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FIG. 1: Higgs boson production at an ep collider through
WW fusion and the HWW vertex.

in such studies [8–10]. As pointed out in Refs. [11, 12]
a study of e+e− → tt̄H0 production offers the possibil-
ity of a clear and unambiguous determination of the CP
properties of the H0; however, at the LHC this process
may be accessible only in the high energy and luminosity
phase. However, it is interesting to note that the pro-
duction of a Higgs boson in the WW fusion process in
the charged current reactions e + p → νH0X [13, 14]
or ν + p → eH0X [15] arise only from a single Feyn-
man diagram involving the HWW vertex as shown in

the Figure 1 for e + p → νe +X +H(bb̄). These modi-
fied charged current (CC) processes not only provide the
best way to observe the H → bb̄ decay, but also render
the measurement of the HWW vertex free from possi-
ble contamination by contributions from HZZ or Hγγ
vertices. Moreover, the ep collision has an additional ad-
vantage over the LHC in that the initial states would be
asymmetric. Thus, we can disentangle backward scatter-
ing from forward scattering and study these separately,
which is not possible at the LHC. In this letter, there-
fore, we focus on the measurement of the HWW vertex
in such CC events at the high-energy high-luminosity ep
collider envisaged in the LHeC proposal [13], where a
high energy (∼ 50 − 150 GeV) beam of electrons would
be made to collide with the multi-TeV beams from the
LHC. Such a machine will have a centre-of-mass energy
as high as 1 − 1.5 TeV and can therefore produce H0

events copiously [13, 14].
A glance at Figure 1 will show that the final state has

missing transverse energy (MET) and three jets J1, J2
and J3, of which two (say J2 and J3) can be tagged as b-
jets. At the parton level, the squared and spin-summed-
averaged matrix element for the process

e−(k1) + q(k2) −→ νe(p1) + q′(p2) +H(p3)

can now be worked out to be

|M|2 =

(
4π3α3

sin6 θW

)
1

M2
W (t̂1 −M2

W )2 (û2 −M2
W )2

×

[
4M4

W ŝŝ1

+ λ2
{
t̂1û2(ŝ

2 + ŝ21 + t̂1û2 − 2t̂2û1) + (ŝŝ1 − t̂2û1)
2
}
+ 2λM2

W (ŝ+ ŝ1)(ŝŝ1 + t̂1û2 − t̂2û1)

+ λ′2
{
t̂1û2(ŝ

2 + ŝ21 − t̂1û2 + 2t̂2û1)− (ŝŝ1 − t̂2û1)
2
}
− 2λ′M2

W (ŝ− ŝ1)(ŝŝ1 + t̂1û2 − t̂2û1)

+ 2λλ′t̂1û2(ŝ
2
1 − ŝ2)

]
(4)

where the invariant variables are defined by ŝ = (k1 +
k2)2, t̂1 = (k1 − p1)2, û1 = (k1 − p2)2, ŝ1 = (p1 + p2)2,
t̂2 = (k2 − p1)2 and û2 = (k2 − p2)2. The first term in-
side the square brackets is the SM contribution and is,
of course, just the beta decay matrix element. The other
terms include direct and interference BSM contributions
of both CP -conserving and CP -violating types and even
a crossed term between the two types of BSM contribu-
tions.
The expression in Eqn. (4), though exact, is not very

transparent. It can be shown [4], however, that in the
limit when there is practically no energy transfer to the
W bosons and the final states are very forward, the CP -
conserving (CP -violating) coupling λ (λ′) contributes to
the matrix element for this process a term of the form

Mλ ∝ +λ p⃗T1.p⃗T2 M′
λ ∝ −λ′ p⃗T1.p⃗T2 , (5)

where p⃗T1 is the vector of the missing transverse energy.
These terms Mλ and M′

λ both go through a zero when
the azimuthal angle ∆ϕMET−J between the non-b jet J1

(arising from the parton q′) and the missing transverse
energy is π/2 or 3π/2. When Mλ and M′

λ are added
to the relatively flat (in ∆ϕMET−J) SM background, one
predicts a curve with a peak (dip) around ∆ϕMET−J ≈
0(π) for the λ operator and the opposite behaviour for
the λ′ operator, when the signs of λ,λ′ are positive and
vice versa when they are negative. The exact behaviour is
illustrated in Figure 2, which was generated for the case
of a 140 GeV electron colliding with a 6.5 TeV proton
and setting the Higgs boson mass to 125 GeV. Since the
approximations which reduce Eqn. (4) to Eqn. (5) are
somewhat too drastic, these curves show the expected
qualitative behaviour but the peaks (dips) are somewhat
displaced from the values quoted above.

In generating these ‘theoretical’ distributions, no kine-
matic cuts were applied. The choices of λ,λ′ = 0,±1
in Figure 2 are completely ad hoc – in a specific BSM
model the actual value can vary considerably – but they
serve the purposes of illustration well. Of course, the
precise value of λ (or λ′) is crucial to any actual study
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pp:	
  PDF+αS	
  	
  errors	
  	
  
<0.5%	
  with	
  	
  

new	
  ep	
  input!	
  

results	
  in	
  2038	
  …	
  
concurrent	
  with	
  HL-­‐LHC	
  end	
  	
  
	
  

à  to	
  be	
  improved	
  further	
  
à more	
  couplings	
  to	
  come	
  
à	
  turn	
  pp	
  into	
  ONE	
  powerful	
  
Higgs	
  facility	
  by	
  adding	
  an	
  
electron	
  beam	
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Invisible Higgs@LHeC 
relating the Higgs and the ‘dark’ sectors 

HL-­‐LHC	
  @	
  3	
  ab-­‐1	
  	
  [arXiv:1411.	
  7699]	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  <	
  3.5%	
  @95%	
  C.L.,	
  MVA	
  based	
  
For	
  LHeC,	
  assume	
  :	
  1ab-­‐1,	
  Pe=-­‐0.9,	
  cut	
  based	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  <	
  6%	
  @	
  95	
  %	
  C.L.	
  	
  

	
  

Y.-­‐L.	
  Tang	
  et	
  al.,	
  
arXiv:	
  1508.01095	
  	
  

e	
   e	
  

p	
   jet	
  

è NEW	
  studies	
  performed	
  
on	
  Delphes	
  detector-­‐
level	
  using	
  our	
  Madevent	
  
framework	
  

è poten>al	
  much	
  enhanced	
  
for	
  FCC-­‐eh	
  @	
  3.5	
  TeV	
  and	
  
HE-­‐LHC-­‐eh	
  @	
  1.8	
  TeV	
  Colours:	
  	
  

expected	
  staAsAcal	
  significance	
  

κZ	
  :	
  	
  BSM	
  	
  
w.r.t.	
  	
  
SM	
  HZZ	
  
coupling	
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Branching for invisible Higgs 

Delphes	
  
detectors	
  

LHeC	
   DLHeC	
   FCC-­‐eh	
  

1.3	
  TeV	
   1.8	
  TeV	
   3.5	
  TeV	
  

LHC-­‐style	
   4.7%	
   3.2%	
   1.9%	
  

First	
  ‘ep-­‐style’	
   5.7%	
   2.6%	
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ü  Results	
  look	
  very	
  encouraging	
  for	
  a	
  measurement	
  of	
  the	
  branching	
  
of	
  	
  Higgs	
  to	
  invisible	
  in	
  ep	
  down	
  to	
  2%.	
  

ü  For	
  2	
  different	
  	
  detector	
  opAons	
  we	
  get	
  similar	
  results.	
  

•  Certainly	
  	
  :	
  we	
  will	
  use	
  this	
  channel	
  to	
  further	
  opAmize	
  analysis	
  
strategies	
  (used	
  methods	
  and	
  requirements,	
  e.g.	
  size	
  of	
  jets	
  and	
  
electron	
  reconstrucAons)	
  and	
  to	
  modify	
  our	
  ep-­‐detector	
  

•  employ	
  synergies	
  within	
  FCC	
  study	
  group	
  è	
  detector	
  has	
  certainly	
  
a	
  significant	
  impact	
  on	
  results	
  

Values	
  given	
  in	
  case	
  of	
  2σ	
  	
  

Satoshi	
  Kawaguchi,	
  	
  
Masahiro	
  Kuze	
  
Tokyo	
  Tech	
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Exotic Higgs at LHeC@1ab-1 
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[arXiv:1608.08458]	
  

95%	
  C.L.	
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  mφ	
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  GeV	
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is	
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  0.2%	
  and	
  0.1%	
  	
  

dashed	
  lines	
  :	
  5σ	
  discovery	
  	
  
solid	
  lines	
  :	
  95%	
  C.L.	
  exclusions	
  

Btag	
  
scenarios	
  

Sensi>vity	
  comparison	
  in	
  	
  
Higgs	
  Singlet	
  Model	
  

95%CL	
  
excluded	
  
by	
  LEP	
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Young-­‐Kee	
  Kim	
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  A	
  Matveev	
  (JINR	
  Dubna)	
  
Shin-­‐Ichi	
  Kurokawa	
  (Tsukuba)	
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  NisaA	
  (Rome)	
  
Leonid	
  Rivkin	
  (Lausanne)	
  
Herwig	
  Schopper	
  (CERN)	
  –	
  Chair	
  
Jurgen	
  Schukra7	
  (CERN)	
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  Stocchi	
  (LAL	
  Orsay)	
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5(11)	
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  of	
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FCC	
  coordinaAon	
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OB+MK:	
  FCC-­‐eh	
  responsibles	
  
MDO:	
  physics	
  co-­‐convenor	
  

PDFs,	
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Fred	
  Olness,	
  	
  
Voica	
  Radescu	
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Detector	
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  being	
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  by	
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  DG	
  
We	
  lost	
  Guido	
  Altarelli.	
  	
  



luminosity  vs  energy  -­‐  most  op1ons


FCC	
  Accelerators,	
  Frank	
  Zimmermann,	
  1st	
  FCC	
  Physics	
  Week,	
  16.1.17	
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Sterile Neutrino Searches  
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… to take home  
•  We	
  have	
  a	
  fantas>c	
  machine	
  at	
  work	
  –	
  the	
  LHC	
  –	
  let’s	
  use	
  it	
  as	
  best	
  as	
  we	
  

can.	
  	
  

•  We	
  have	
  the	
  big	
  and	
  realisAc	
  opportunity	
  to	
  upgrade	
  the	
  HL-­‐LHC	
  complex	
  at	
  
CERN	
  with	
  an	
  electron	
  beam	
  and	
  to	
  found	
  ONE	
  powerful	
  ‘Higgs	
  facility’	
  
challenging	
  the	
  QCD	
  and	
  electroweak	
  sector	
  of	
  the	
  SM	
  to	
  a	
  state-­‐of-­‐the	
  art	
  
level	
  with	
  an	
  extremely	
  rich	
  physics	
  programme–	
  all	
  this	
  at	
  moderate	
  cost	
  
and	
  within	
  the	
  next	
  10	
  to	
  25	
  years.	
  

•  There	
  is	
  plenty	
  of	
  opportuniAes	
  to	
  contribute,	
  also	
  in	
  the	
  context	
  of	
  exciAng	
  
new	
  theoreAcal	
  developments	
  for	
  FCC	
  physics	
  and	
  accelerator	
  
developments	
  è	
  LHeC	
  design	
  (1000*	
  HERA	
  Luminosity)	
  rests	
  	
  on	
  high	
  
current,	
  mulA-­‐turn	
  energy	
  recovery	
  e	
  Linac.	
  ERL	
  test	
  facility:	
  CDR	
  to	
  be	
  
published	
  soon.	
  TDR	
  for	
  demonstrator	
  (“PERLE	
  at	
  Orsay”),	
  kickoff	
  

	
  	
  	
  	
  	
  	
  collaboraAon	
  meeAng,	
  February	
  17	
  in	
  LAL	
  Orsay.	
  
	
  
•  ‘Future	
  of	
  DIS’	
  session	
  at	
  DIS	
  2017	
  conference	
  in	
  Birmingham,	
  3.-­‐7.4.17	
  

hSp://www.ep.ph.bham.ac.uk/DIS2017/	
  
•  LHeC/FCC-­‐eh	
  Reports	
  (Physics,	
  Detector,	
  Accelerator)	
  by	
  end	
  of	
  2018	
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Mandate	
  	
  2014-­‐2018	
  renewed	
  by	
  new	
  CERN	
  management	
  
	
  
	
  Advice	
  to	
  the	
  LHeC	
  CoordinaAon	
  Group	
  and	
  the	
  CERN	
  directorate	
  
	
  by	
  following	
  the	
  development	
  of	
  op>ons	
  of	
  an	
  ep/eA	
  
	
  collider	
  at	
  the	
  LHC	
  and	
  at	
  FCC,	
  especially	
  with:	
  
	
  
	
  Provision	
  of	
  scien>fic	
  and	
  technical	
  direc>on	
  for	
  the	
  physics	
  
	
  poten>al	
  of	
  the	
  ep/eA	
  collider,	
  both	
  at	
  LHC	
  and	
  at	
  
	
  FCC,	
  as	
  a	
  func>on	
  of	
  the	
  machine	
  parameters	
  and	
  of	
  a	
  	
  
	
  realis>c	
  detector	
  design,	
  as	
  well	
  as	
  for	
  the	
  design	
  and	
  	
  
	
  possible	
  approval	
  of	
  an	
  ERL	
  test	
  facility	
  at	
  CERN.	
  
	
  
	
  Assistance	
  in	
  building	
  the	
  internaAonal	
  case	
  for	
  the	
  accelerator	
  	
  
	
  and	
  detector	
  developments	
  as	
  well	
  as	
  guidance	
  to	
  the	
  resource,	
  	
  
	
  infrastructure	
  and	
  science	
  policy	
  aspects	
  of	
  the	
  ep/eA	
  collider.	
  

The	
  IAC	
  was	
  invited	
  in	
  12/2013	
  by	
  the	
  CERN	
  DG	
  with	
  the	
  following	
  

	
  IAC	
  ComposiAon	
  June	
  2014,	
  plus	
  
	
  Oliver	
  Brüning	
  	
  	
  Max	
  Klein	
  ex	
  officio	
  

Guido	
  Altarelli	
  (Rome)+	
  
Sergio	
  Bertolucci	
  (CERN)	
  
Nichola	
  Bianchi	
  (FrascaA)	
  
Frederick	
  Bordry	
  (CERN)	
  
Stan	
  Brodsky	
  (SLAC)	
  
Hesheng	
  Chen	
  (IHEP	
  Beijing)	
  
Andrew	
  HuSon	
  (Jefferson	
  Lab)	
  
Young-­‐Kee	
  Kim	
  (Chicago)	
  
Victor	
  A	
  Matveev	
  (JINR	
  Dubna)	
  
Shin-­‐Ichi	
  Kurokawa	
  (Tsukuba)	
  
Leandro	
  NisaA	
  (Rome)	
  
Leonid	
  Rivkin	
  (Lausanne)	
  
Herwig	
  Schopper	
  (CERN)	
  –	
  Chair	
  
Jurgen	
  Schukra7	
  (CERN)	
  
Achille	
  Stocchi	
  (LAL	
  Orsay)	
  
John	
  Womersley	
  (STFC)	
  

Max	
  Klein	
  ICFA	
  Beijing	
  10/2014	
  

ep/eA International Advisory Committee 
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Additional Sources & Thanks to 

The	
  LHeC/FCC-­‐eh	
  study	
  group,	
  hFp://cern.ch/lhec.	
  
“On	
  the	
  RelaAon	
  of	
  the	
  LHeC	
  and	
  the	
  LHC”	
  	
  [arXiv:1211.5102]	
  	
  
	
  
PoeAc	
  2016	
  Workshop,	
  14.-­‐18.11.2016,	
  Temple	
  University	
  (USA)	
  
hSps://phys.cst.temple.edu/poeAc-­‐cteq-­‐2016/scienAfic_program.html	
  

	
  
1st	
  FCC	
  Physics	
  Workshop,	
  16.1.-­‐20.1.2017,	
  CERN	
  
hSps://indico.cern.ch/event/550509/	
  
à	
  see	
  M.	
  Benedikt’s	
  and	
  F.	
  Zimmermann’s	
  	
  and	
  further	
  eh	
  talks	
  
given	
  at	
  this	
  workshop	
  
	
  
	
  	
  Special	
  thanks	
  to	
  my	
  colleagues	
  in	
  the	
  LHeC/FCC-­‐eh	
  Higgs	
  group,	
  
the	
  project	
  leader	
  Max	
  Klein	
  and	
  our	
  detector	
  expert	
  Peter	
  Kostka.	
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Additional material 
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CDR	
  of	
  ERL	
  
demonstrator,	
  
and	
  test	
  facility	
  
with	
  physics	
  	
  
applica>ons	
  	
  
and	
  technology	
  
goals,	
  soon	
  out	
  
	
  	
  
Cf	
  also	
  	
  
ICFA	
  beam	
  	
  
NewsleFer	
  68/2016	
  

Physics	
  
ep	
  
R(p),	
  sin2θ	
  
Dark	
  photons	
  
γp	
  
1000*L(ELI)	
  
Eγ>30keV	
  
à Unique	
  
photo-­‐nuclear	
  
Physics	
  
	
  
Technology	
  
High	
  Ie	
  ~	
  10mA	
  
MulAturn	
  ERL	
  
SC	
  RF	
  
Cryomodules	
  
OperaAon	
  
	
  
Tes�acility	
  1st	
  
Userfacility	
  2nd	
  	
  
	
  



ERL	
  Tes�acility	
  

Parameter Value 

Dipoles per arc 
Dipole length 
Max B Field 

3/4   
50 cm 
1.1 T 

Quadrupoles per arc 
Quadrupoles in straight lines 

5 
4 

Dipoles in Spreader/Combiner 
Quads in Spreader/Combiner 

1-3 
3 

Dipoles for 
Injection-Extraction 

6 

DemonstraAon	
  of	
  high	
  current	
  
(10mA),	
  mulA(3)turn	
  ERL	
  
	
  
Test	
  and	
  development	
  of	
  802MHz	
  
SCRF	
  technology	
  
	
  
Ee	
  =	
  200	
  (400)	
  MeV	
  with	
  1(2)	
  module	
  
	
  	
  	
  which	
  houses	
  four	
  5-­‐cell	
  caviAes	
   Footprint:14x4m2	
  

“PERLE”	
  CDR	
  to	
  be	
  published,	
  ICFA	
  Beam	
  NewsleFer	
  68	
  (2016)	
  

BINP,	
  CERN,	
  Daresbury,	
  Jlab,	
  
Liverpool,	
  Orsay	
  (LAL/IPN),+	
  
	
  
Technical	
  Design	
  as	
  next	
  goal	
  
802	
  MHz	
  cavity	
  soon	
  produced	
  



802  MHz  Cavity  Parameters  
design  to  also  test  FCC-­‐ee


Parameter
 Unit
 Value
 Value
 Value
 Value
 Value


cavity  type

  
 LHeC  

prototype

(2016)


LHeC  
study

(2015)


LHeC  
study

(2015)


LHeC  Ver.  1
 LHeC  Ver.  2


frequency
 MHz
 801.58
 802
 802
 801.58
 801.58

number  of  cells
   
 5
 5
 5
 5
 5

Lac1ve
 mm
 917.91
 922.31
 922.14
 935
 935

R/Q  =  Veff

2/(ω*W)
 Ω
 523.7
 580.1
 583.4
 430
 393

R/Q/cell
 Ω
 104.7
 116.0
 116.7
 86.0
 78.6

G
 Ω
 274.6
 273.2
 273.2
 276
 283

R/Q·∙G/cell
   
 28765
 31702
 31877
 23736
 22244

Eq.  Diameter
 mm
 327.95
 323.12
 323.12
 350.2
 350.2

Iris  Diameter
 mm
 130
 115
 115
 150
 160

Tube  Diameter
 mm
 130
 140
 115
 150
 160

Eq./Iris  ra1o
   
 2.52
 2.81
 2.81
 2.19
 2.19

Wall  angle  (mid-­‐cell)
 deg
 0
 0
 0
 12.5
 12.5

Epeak/Eacc  (mid-­‐cell)
   
 2.26
 2.07
 2.07
 2.26
 2.40

Bpeak/Eacc  (mid-­‐cell)
 mT/(MV/m)
 4.20
 4.00
 4.00
 4.77
 4.92

kcc
 %
 3.22
 2.14
 2.14
 4.47
 5.75

N2/kcc
   
 7.78
 11.71
 11.71
 5.59
 4.35

cutoff  TE11
 GHz
 1.35
 1.26
 1.53
 1.17
 1.10

cutoff  TM01
 GHz
 1.77
 1.64
 2.00
 1.53
 1.43

F.Marhauser,	
  B.Rimmer,	
  J.Henry	
  (Jlab)	
  +	
  R.Calaga,	
  E.Jensen,	
  K.	
  Schirm	
  et	
  al	
  (CERN)	
  [4.8.16]	
  

Detail	
  end	
  group	
  +	
  flange	
  locaAons	
  à	
  build	
  



Baseline LHeC Detector Design 
A. Polini and P. Kostka 

65 

p/A e∓ 

Beam pipe design for 3 beams 

Central Tracker Si-
Layers 

§  High	
  acceptance	
  Silicon	
  Tracking	
  System	
  	
  	
  ~1°	
  (high	
  tagging	
  
capabili>es	
  e.g.	
  for	
  b-­‐jets	
  up	
  to	
  η~3)	
  	
  	
  

§  Liquid	
  Argon	
  EM	
  Calorimeter	
  
§  Iron-­‐Scin>llator	
  Hadronic	
  Calorimeter	
  
§  Forward	
  Backward	
  Calorimeters:	
  Si/W	
  	
  Si/Cu	
  
§  Taggers	
  for	
  e	
  ,	
  γ,	
  p	
  and	
  n	
  

14m	
  x	
  9m	
  
	
  (CMS	
  21m	
  x	
  15m;	
  ATLAS	
  45m	
  x	
  25m)	
  	
  



backup Civil	
  Engineering	
  
Footprint	
  

7	
  years	
  for	
  9km	
  	
  
Civil	
  Engineering	
  

MK	
  6/14	
  

Max	
  Klein	
  ICFA	
  Beijing	
  10/2014	
  



Higgs acceptance vs Ee 

[Master	
  thesis	
  by	
  Sergio	
  Mandelli,	
  Liverpool	
  2013]	
  

è lowering	
  of	
  electron	
  beam	
  energy	
  
(more	
  cost	
  efficient)	
  will	
  challenge	
  
more	
  detector	
  design:	
  worse	
  
separaAon	
  between	
  higgs	
  and	
  forward	
  
jet	
  (Δη	
  shrinks	
  by	
  1	
  unit)	
  and	
  b-­‐quarks	
  
from	
  Higgs	
  decay	
  are	
  more	
  forward	
  

è s>ck	
  with	
  60	
  GeV	
  	
  Ee	
  :	
  decay	
  products	
  
of	
  Higgs	
  scaSered	
  at	
  	
  ~28°	
  (η~1.4)	
  

ηRMS=2.85 

2.23 

1.20 

Δη	
  

Δη 

Higgs	
  η	
   b-­‐quark	
  
	
  η	
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[ after Higgs discovery MH=125 GeV,  Ep=7 TeV]  



Top Quark & EW in ep  
…. a few examples only  
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precise measurement of couplings between SM bosons and fermions sensitive test of new physics (search 
for deviations) : top quark expected to be most sensitive to BSM physics, due to large mass

- Christian Schwanenberger -Top Quark Physics DIS 2015

Top Quark EWK Interactions 

1

• high precision measurement of Vtb and 
search for anomalous Wtb couplings

• measurement of top isospin and 
search for anomalous ttZ couplings 
(e.g. EDM, MDM)

• direct measurement of top quark 
charge and search for anomalous ttγ 
couplings (e.g EDM, MDM)

! important studies of top couplings with EWK gauge bosons 

• sensitive search for FCNC couplings will 
constrain BSM models that predict FCNC 
(e.g. SUSY, little Higgs, technicolor)

_

_

- Christian Schwanenberger -Top Quark Physics DIS 2015

Top Quark EWK Interactions 

1

• high precision measurement of Vtb and 
search for anomalous Wtb couplings

• measurement of top isospin and 
search for anomalous ttZ couplings 
(e.g. EDM, MDM)

• direct measurement of top quark 
charge and search for anomalous ttγ 
couplings (e.g EDM, MDM)

! important studies of top couplings with EWK gauge bosons 

• sensitive search for FCNC couplings will 
constrain BSM models that predict FCNC 
(e.g. SUSY, little Higgs, technicolor)

_

_

- Christian Schwanenberger -Top Quark Physics DIS 2015

Top Quark EWK Interactions 

1

• high precision measurement of Vtb and 
search for anomalous Wtb couplings

• measurement of top isospin and 
search for anomalous ttZ couplings 
(e.g. EDM, MDM)

• direct measurement of top quark 
charge and search for anomalous ttγ 
couplings (e.g EDM, MDM)

! important studies of top couplings with EWK gauge bosons 

• sensitive search for FCNC couplings will 
constrain BSM models that predict FCNC 
(e.g. SUSY, little Higgs, technicolor)

_

_

- Christian Schwanenberger -Top Quark Physics DIS 2015

Top Quark EWK Interactions 

1

• high precision measurement of Vtb and 
search for anomalous Wtb couplings

• measurement of top isospin and 
search for anomalous ttZ couplings 
(e.g. EDM, MDM)

• direct measurement of top quark 
charge and search for anomalous ttγ 
couplings (e.g EDM, MDM)

! important studies of top couplings with EWK gauge bosons 

• sensitive search for FCNC couplings will 
constrain BSM models that predict FCNC 
(e.g. SUSY, little Higgs, technicolor)

_

_

•  high precision measurements of Vtb and 
search for anomalous Wtb couplings

•  direct measurement of top quark charge and 
search for anomalous ttbarγ couplings (eg. 
EDM, MDM)

•  measurement of top isospin and search for 
anomalous ttbarZ couplings (eg. EDM, 
MDM)

•  sensitive search for FCNC couplings will 
constrain BSM models that predict FCNC 
(eg. SUSY, little Higgs, technicolour)

C.	
  Schwanenberger,	
  
@DIS2015	
  	
  



Pile-up estimate for LHeC 
•  high	
  luminosity	
  opAon	
  using	
  L=1034	
  cm-­‐2s-­‐1	
  	
  (LHeC)	
  and	
  	
  	
  

L=5x1034	
  cm-­‐2s-­‐1	
  	
  (HL-­‐LHC)	
  with	
  150	
  pile-­‐up	
  events	
  (25	
  ns)	
  
[calculaAons	
  by	
  M.	
  Klein]	
  

è	
  Pile-­‐up	
  events	
  expected	
  for	
  LHeC	
  <~0.1	
  

69 

N(ep)=N(pp)	
  x	
  s(yp)/s(pp)	
  x	
  L(ep)/L(pp)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  =	
  150	
  *	
  0.003	
  *	
  0.2	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  =	
  0.1	
  

Using	
  pp	
  LHC	
  pile-­‐up	
  esAmates	
  

Direct	
  calculaAon	
  using	
  total	
  gamma-­‐proton	
  cross	
  secAon	
  of	
  300	
  μb	
  

N(ep)	
  =	
  300	
  10-­‐6	
  10-­‐24	
  cm2	
  x	
  1034	
  cm-­‐2s-­‐1	
  x	
  25	
  10-­‐9s	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  =	
  0.075	
  



 The ep Landscape : Luminosity vs √s 
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China 
CEIC1 = Chinese version 
    of Electron-Ion Collider 
      (“A dilution-free mini-COMPASS”) 

 
U.S. 
MEIC1 = EIC@Jlab 
 
eRHIC = EIC@BNL 
 
Europe 
LHeC = ep/eA collider  

        @ CERN 
 
CEIC2 
MEIC2 
HL-eRHIC 
FCC-he 

} future 
extensions 

hSp://cerncourier.com/cws/arAcle/cern/57304	
  
	
  


