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• Scale	  dependencies	  of	  the	  LO	  calcula3ons	  
are	  in	  the	  range	  of	  5-‐10%.	  
• 	  NLO	  QCD	  correc3ons	  are	  small,	  but	  shape	  
distor3ons	  of	  kinema3c	  distribu3ons	  up	  to	  
20%.	  QED	  correc3ons	  up	  to	  -‐5%.	  
	  

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

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,	  direcWon	  of	  quark	  (FS)	  is	  well	  defined.	  
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c.m.s.	  energy	 	  1.3	  TeV	   3.5	  TeV	  

cross	  sec3on	  [K]	  
NC	  DIS	  
CC	  DIS	  	

	  
21	  
109	  

	  
127	  
560	

CC	  DIS	  polarised	  
cross	  sec3on	  [K]	  
P=-‐80%	

196	 1008	

σ	  (LO	  QCD	  CTEQ6L1	  MH=125	  GeV)	  



Analysis Framework   
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n  Calculate	  cross	  secWon	  with	  tree-‐level	  Feynman	  
diagrams	  (any	  UFO)	  using	  pT	  of	  scafered	  quark	  
as	  scale	  (CDR	  ŝ	  )	  for	  ep	  processes	  with	  
MadGraph5	  	  

n  Standard	  HERA	  tools	  can	  NOT	  to	  be	  used	  !	  
n  Higgs	  mass	  125	  GeV	  as	  default	  
n  FragmentaWon	  &	  hadronisaWon	  uses	  ep-‐
customised	  Pythia.	  	  

n  	  Delphes	  ‘detector’	  àdisplaced	  ver3ces	  and	  	  
signed	  impact	  parameter	  distribu3ons	  à	  
studied	  for	  LHeC,	  and	  used	  for	  FCC-‐eh	  SM	  
Higgs	  extrapola3ons	  

è  powerful	  method	  to	  opWmise	  detector	  tuning	  
and	  S/N	  for	  various	  Higgs,	  top	  and	  BSM	  	  decays	  

è  Ongoing	  :	  IntegraWon	  of	  FCCeh	  into	  FCC	  
simulaWon	  framework	  	  

Event	  genera3on	  

by	  MadGraph5/MadEvent	  

•  SM	  or	  BSM	  produc3on	  
•  CC	  &	  NC	  DIS	  background	

•  Fragmenta3on	  
•  Hadroniza3on	  

Fast	  detector	  simula3on	  
by	  Delphes	  	  
à	  test	  of	  FCCeh	  detector 

	  S/B	  analysis	  à	  cuts	  or	  BDT	  

by	  PYTHIA	  (modified	  for	  ep)	  

Uta	  Klein,	  Higgs@FCC-‐eh	  



Cut-based Results for Hbb @ LHeC 

Uta	  Klein,	  Higgs@FCC-‐eh	   4 

Masahiro	  Tanaka,	  Masahiro	  Kuze	  
	  

Various	  studies	  pursued	  since	  the	  LHeC	  CDR	  [	  before	  the	  Higgs	  discovery,	  see	  	  
hdp://cern.ch/lhec	  ]	  focusing	  on	  SM	  125	  GeV	  Higgs	  decay	  into	  b-‐quarks	  	  



                      HFL Tagging 

Uta	  Klein,	  Higgs@FCC-‐eh	   5 

Beauty	  

Charm	  

à RealisWc	  and	  conservaWve	  HFL	  
tagging	  within	  Delphes	  
realised,	  and	  dependence	  on	  
vertex	  resoluWon	  (nominal	  10	  
μm)	  	  and	  anW-‐kt	  jet	  radius	  
studied	  

à  Light	  jet	  rejecWon	  very	  
conservaWve,	  i.e.	  factor	  10	  
worse	  than	  ATLAS	  

à used	  in	  full	  LHeC	  analysis	  and	  
for	  FCC-‐eh	  extrapola3ons	  

Uta	  Klein	  &	  
Daniel	  Hampson	  

30 % 

60 % 



BDT Results for Higgs @ LHeC 
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Hbb	  :	  Using	  same	  
background	  assumpWons	  as	  
for	  cut-‐based	  analysis,	  we	  
get	  factor	  5	  more	  Hbb	  
candidates	  (~15000)	  and	  a	  
coupling	  error	  of	  0.6%.	  

Hcc	  :	  High	  sensiWvity	  to	  
vertex	  resoluWon	  (nominal	  
10	  μm)	  and	  jet	  radius	  	  
à	  expect	  about	  400-‐600	  
Hcc	  candidates	  

L=1	  ab-‐1	  
Pe=-‐80%	  

Uta	  Klein	  &	  
Daniel	  Hampson	  



BDT Result for Hàcc 
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1000	  K-‐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	  K-‐1	  	  	  

Clear	  poten3al	  to	  access	  the	  Higgs	  to	  
charm	  decay	  channel	  in	  ep.	  

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

Uta	  Klein	  &	  
Daniel	  Hampson	  



charm!	  

Higgs Couplings at pp + ep 
running concurrently 
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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

forward jet

HWW
(HZZ)

(Z)	  

(Z)	  

(e)	  e	  

p	  

pp:	  PDF+αS	  	  errors	  	  
0.5%	  with	  	  

new	  ep	  input!	  

results	  in	  2038	  …	  
concurrent	  with	  HL-‐LHC	  end	  	  
	  

à use	  ep	  as	  the	  ‘near’	  
detector	  for	  pp	  to	  beat	  αs	  
and	  PDF	  uncertain3es	  to	  
<~0.5%,	  δmb	  to	  10	  MeV,	  
δmcharm	  to	  3	  MeV	  

Uta	  Klein,	  Higgs@FCC-‐eh	   8 



SM Higgs into HFL Summary 
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Exploring SM EFT & New Physics 

è 59	  operators	  or	  2499	  
parameters	  
experimentally	  to	  
constraint!	  

è 	  where	  nearly	  50%	  of	  the	  	  
parameters	  (1053)	  are	  
sensiWve	  to	  lepton-‐quark	  
interacWons	  –	  not	  just	  
about	  lepto-‐quarks	  

M.	  Trof	  @	  LHeC	  Workshop	  2014	  
hfp://lhec.web.cern.ch	  
	  

Uta	  Klein,	  Higgs@FCC-‐eh	   10 



Top Yukawa Coupling @ LHeC 

Uta	  Klein,	  Higgs@FCC-‐eh	  

B.Coleppa,	  M.Kumar,	  S.Kumar,	  B.Mellado,	  Phys.	  Lef.	  B770	  (2017)	  	  335	  	  

page 1/1

Diagrams made by MadGraph5_aMC@NLO

t~
4

b~

1

w+

e-

2

ve

3

w+ h

5

 diagram 1 

NP=0, QCD=0, QED=3

b~

1

h
5

b~

e-

2

ve

3

w+ t~

4

 diagram 2 

NP=0, QCD=0, QED=3

b~

1

h
5

b~

e-

2

ve

3

w+ t~

4

 diagram 3 

NP=1, QCD=0, QED=3

t~ 4

h

5

t~

e-
2

ve

3

w+

b~

1  diagram 4 

NP=0, QCD=0, QED=3

t~ 4

h

5

t~

e-
2

ve

3

w+

b~

1  diagram 5 

NP=1, QCD=0, QED=3

page 1/1

Diagrams made by MadGraph5_aMC@NLO

t~

4

b~

1

w+

e-
2 ve

3

w+

h 5

 diagram 1 NP=0, QCD=0, QED=3

b~

1
h

5

b~

e-
2 ve

3

w+

t~ 4

 diagram 2 NP=0, QCD=0, QED=3

b~

1
h

5

b~

e-
2 ve

3

w+

t~ 4

 diagram 3 NP=1, QCD=0, QED=3

t~

4

h

5

t~

e-
2

ve
3

w+

b~

1

 diagram 4 NP=0, QCD=0, QED=3

t~

4

h

5

t~

e-
2

ve
3

w+

b~

1

 diagram 5 NP=1, QCD=0, QED=3

b̄ t̄
W+

⌫e

h

W+

page 1/1

Diagrams m
ade by M

adGraph5_aMC@NLO

t~

4

b~

1

w+

e-

2

ve

3

w+
h

5

 diagram 1 

NP=0, Q
CD=0, Q

ED=3

b~

1

h

5

b~

e-

2

ve

3

w+
t~

4

 diagram 2 

NP=0, Q
CD=0, Q

ED=3

b~

1

h

5

b~

e-

2

ve

3

w+
t~

4

 diagram 3 

NP=1, Q
CD=0, Q

ED=3

t~ 4

h

5

t~

e-
2

ve

3

w+

b~

1
 diagram 4 

NP=0, Q
CD=0, Q

ED=3

t~ 4

h

5

t~

e-
2

ve

3

w+

b~

1
 diagram 5 

NP=1, Q
CD=0, Q

ED=3

b̄ t̄

⌫e

h

e

W

W

page 1/1

Diagrams made by MadGraph5_aMC@NLO

t~

4

b~

1

w+

e-
2 ve

3

w+

h 5

 diagram 1 NP=0, QCD=0, QED=3

b~

1
h

5

b~

e-
2 ve

3

w+

t~ 4

 diagram 2 NP=0, QCD=0, QED=3

b~

1
h

5

b~

e-
2 ve

3

w+

t~ 4

 diagram 3 NP=1, QCD=0, QED=3

t~

4

h

5

t~

e-
2

ve
3

w+

b~

1

 diagram 4 NP=0, QCD=0, QED=3

t~

4

h

5

t~

e-
2

ve
3

w+

b~

1

 diagram 5 NP=1, QCD=0, QED=3

e�

b̄

t̄

⌫e

h

W+

b̄

pa
ge

 1/
1

Diag
ram

s m
ad

e b
y M

ad
Grap

h5
_a

MC@NLO

t~

4

b~

1

w+

e-

2

ve

3

w+
h

5

 di
ag

ram
 1 

NP=0
, Q

CD=0
, Q

ED=3

b~

1

h

5

b~

e-

2

ve

3

w+
t~

4

 di
ag

ram
 2 

NP=0
, Q

CD=0
, Q

ED=3

b~

1

h

5

b~

e-

2

ve

3

w+
t~

4

 di
ag

ram
 3 

NP=1
, Q

CD=0
, Q

ED=3

t~
4

h

5

t~

e-

2

ve

3

w+

b~

1
 di

ag
ram

 4 

NP=0
, Q

CD=0
, Q

ED=3

t~
4

h

5

t~

e-

2

ve

3

w+

b~

1
 di

ag
ram

 5 

NP=1
, Q

CD=0
, Q

ED=3

b̄

t̄
b̄

e

W

⌫e

h

page 1/1

Diagrams made by MadGraph5_aMC@NLO

t~

4

b~

1

w+

e-
2 ve

3

w+

h 5

 diagram 1 NP=0, QCD=0, QED=3

b~

1
h

5

b~

e-
2 ve

3

w+

t~ 4

 diagram 2 NP=0, QCD=0, QED=3

b~

1
h

5

b~

e-
2 ve

3

w+

t~ 4

 diagram 3 NP=1, QCD=0, QED=3

t~

4

h

5

t~

e-
2

ve
3

w+

b~

1

 diagram 4 NP=0, QCD=0, QED=3

t~

4

h

5

t~

e-
2

ve
3

w+

b~

1

 diagram 5 NP=1, QCD=0, QED=3

e�

b̄
t̄

⌫e

h
W+

t̄

page 1/1

Diagrams made by MadGraph5_aMC@NLO

t~

4

b~

1

w+

e-
2

ve
3

w+

h 5

 diagram 1 NP=0, QCD=0, QED=3

b~

1
h

5

b~

e-
2

ve
3

w+

t~ 4

 diagram 2 NP=0, QCD=0, QED=3

b~

1
h

5

b~

e-
2

ve
3

w+

t~ 4

 diagram 3 NP=1, QCD=0, QED=3

t~

4

h

5

t~

e-

2

ve
3

w+

b~

1

 diagram 4 NP=0, QCD=0, QED=3

t~

4

h

5

t~

e-

2

ve
3

w+

b~

1

 diagram 5 NP=1, QCD=0, QED=3

b̄

W

e ⌫e

h

t̄

Introduce	  phase	  dependent	  top	  Yukawa	  coupling	  	  	  

Enhancement	  of	  the	  cross-‐secWon	  as	  
a	  funcWon	  of	  phase	  
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Observe/Exclude	  non-‐zero	  phase	  to	  befer	  than	  4σ	  è	  With	  Zeor	  Phase:	  Measure	  
coupling	  with	  17%	  accuracy	  è	  work	  ongoing	  on	  FCC-‐eh	  prospects	  
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“Probing	  anomalous	  couplings	  using	  di-‐Higgs	  produc3on	  in	  
electron-‐proton	  collisions”	  by	  Mukesh	  Kumar,	  Xifeng	  Ruan,	  Rashidul	  
Islam,	  Alan	  S.	  Cornell,	  Max	  Klein,	  Uta	  Klein,	  Bruce	  Mellado,	  	  
Physics	  Leders	  B	  764	  (2017)	  247-‐253	  [arXiv:1509.04016]	  

Uta	  Klein,	  Higgs@FCC-‐eh	   12 

Double Higgs Production at FCC-eh 

SM	  
à All	  other	  g	  
coefficients	  are	  
anomalous	  
couplings	  to	  the	  
hhh,	  hWW	  and	  
hhWW	  
anomalous	  
ver3ces	  
à	  those	  are	  0	  
in	  SM	  

FCC-‐eh	  
SM(P=-‐0.8)	  

σ(HH)=430	  ab	  
in	  VBF!	  



Effective Vertices 
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[arXiv:1509.04016]	  

Note the dependence on momenta in non-SM 
vertices. This induces significant impact on 
scattering kinematics. 	  

1,2,3=	  	  
h,h,h	  

1,2,3	  =	  	  
h,W-‐,W+	  

	  	  	  1,2,3,4	  =	  
	  	  h,h,W-‐,W+	  



Event Selection using hàbb 

Uta	  Klein,	  Higgs@FCC-‐eh	   14 

[1509.04016]	  

Pe=-‐0.8,	  AnW-‐kt	  jets	  R=0.4,	  Etmiss>40	  GeV,	  η(fwd	  jet)>5,	  
	  90<	  	  mbb(1)	  ,	  mbb(2)<125	  GeV,	  m(4b)>290	  GeV	  
b-‐tagging	  for	  |η|<5	  assumed	  to	  be	  70%	  with	  misidenWficaWons	  of	  10%	  for	  charm	  
and	  1%	  for	  light	  quarks	  /gluons	  	  

Delphes	  detector-‐level	  	  



Azimuthal Angle Distributions 

Uta	  Klein,	  Higgs@FCC-‐eh	   15 

between	  missing	  transverse	  energy	  and	  forward	  jet,	  	  at	  Delphes	  detector-‐level,	  
including	  background	  :	  bbbbj,	  bbjjj,	  Z(bb)h(bb)j,	  	  fj,	  h(bb)bbj	  
à	  For	  signal,	  we	  consider	  hhà	  bbbb	  decays	  moWvated	  by	  hàbb	  studies.	  

è normalised	  DIS	  cross	  secWons	  are	  sensiWve	  to	  non-‐BSM	  verWces	  
è iniWal	  study	  published	  for	  this	  novel	  variable	  
è potenWal	  for	  a	  deeper	  analysis	  and	  interpretaWon	  	  

[arXiv:1509.04016]	  
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95% C.L.Exclusion Limits from σfiducial 
[1509.04016]	  

Integrated	  luminosity	  
100	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  1000	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  10000	  3-‐1	  	  	  	  	  	  	  	  	  	  	  	  

Probing	  anomalous	  
couplings:	  limits	  are	  
obtained	  by	  scanning	  
one	  of	  the	  non-‐BSM	  

coupling	  while	  
keeping	  other	  

couplings	  to	  their	  SM	  
values.	  

	  
	  

	  	  	  

SM	  g1hhh=1	  

Uta	  Klein,	  Higgs@FCC-‐eh	   16 

5%	  systemtaWc	  uncertainty	  included	   1σ	  for	  SM	  hhh	  for	  Ee	  
60	  (120)GeV	  and	  10ab-‐1	  
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[1702.00185]	  

highly	  
suppressed	  

	  
	  
	  
	  
	  
	  
	  
	  
	   dominant	  graphs	  

§  VerWces	  for	  Neutral	  Current	  DIS	  (Z,	  γ)	  and	  PhotoproducWon	  (γ)	  studied	  in	  Higgs	  
EffecWve	  Langrangian	  Model	  :	  parametrise	  hhZZ	  and	  hhγγ	  in	  4-‐point	  interacWons	  in	  
terms	  of	  CP-‐even	  and	  CP-‐odd	  Wilson	  coefficients	  (and	  Higgs	  self	  coupling	  and	  Yukawa	  
coupling)	  

§  Study	  at	  Delphes-‐detector	  level	  (FCC-‐hh)	  azimuthal	  dependencies	  between	  scafered	  
lepton	  and	  forward	  jet	  	  	  

§  hh	  :	  4b	  final	  states	  invesWgated	  using	  a	  very	  first	  version	  of	  FCC-‐hh	  detector	  
§  Promising	  sensiWvity	  found	  while	  scanning	  parameter	  space	  for	  Wilson	  coefficients	  



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 poten3al	  much	  enhanced	  
for	  FCC-‐eh	  @	  3.5	  TeV	  and	  
HE-‐LHC-‐eh	  @	  1.8	  TeV	  

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

expected	  staWsWcal	  significance	  

κZ	  :	  	  BSM	  	  
w.r.t.	  	  
SM	  HZZ	  
coupling	  

Uta	  Klein,	  Higgs@FCC-‐eh	   18 



Invisible Higgs Decay in ep	

19	

CC	  producWon	  of	  an	  invisible	  Higgs	  	 NC	  producWon	  of	  an	  invisible	  Higgs	  	

Satoshi	  Kawaguchi,	  	  
Masahiro	  Kuze	  
Tokyo	  Tech	  

à We	  focus	  currently	  on	  NC	  DIS	  channel:	  employ	  that	  kinemaWc	  is	  over	  
constrained	  using	  jet	  and	  	  electron	  informaWon	  in	  the	  final	  state	  	  

à We	  use	  the	  idea	  	  from	  C.	  Zhang	  and	  Y.-‐L.	  Tang	  :	  We	  emulate	  Higgs	  to	  
invisible	  by	  assuming	  a	  branching	  of	  100%	  for	  Hà	  ZZ	  à	  4ν	  

à We	  started	  to	  study	  signals	  and	  backgrounds	  using	  CMS-‐style	  and	  FCC-‐
eh-‐style	  ‘Delphes’	  detectors,	  using	  same	  analysis	  strategies	  as	  developed	  
for	  LHeC	  (C.	  Zhang	  and	  BSc	  thesis	  S.	  Kawaguchi)	  

Uta	  Klein,	  Higgs@FCC-‐eh	  



Dominant Background  

Uta	  Klein,	  Higgs@FCC-‐eh	   20 

Satoshi	  Kawaguchi,	  	  
Masahiro	  Kuze	  
Tokyo	  Tech	  

one	  electron	

one	  jet	

one	  electron	

one	  jet	

𝑊𝑗ν	  background	   𝑍𝑗𝑒	  background	  

for	  faking	  our	  signal	  feature：	  
one	  electron,	  one	  jet,	  and	  missing	  transverse	  energy	  (ETmiss)	  
W+je-‐	  and	  W-‐je-‐	  	  backgrounds	  and	  	  

ETmiss	  

ETmiss	  



21	

BDT	  >	 Signal	 Z[%]	

0	 31961	 267904	 3.25	

0.05	 29932	 176439	 2.81	

0.1	 25686	 94138	 2.40	

0.15	 19898	 42439	 2.08	

0.2	 13020	 15562	 1.93	

0.25	 6998	 4969	 2.04	

0.3	 2320	 1003	 2.82	

Branching	  raWo	  calculated	  by	  𝑆∕√𝑆+𝐵  	  :	  
𝑍= 13020×Br(ℎ→Ɇ↓𝑇 )/√13020×Br(ℎ→Ɇ↓𝑇 )+15562  	 Br(ℎ→Ɇ↓𝑇 )∼1.93%	

In	  the	  case	  of	  2σ	  

	  MVA	  (BDT)	  using	  samples	  with	  1	  jet	  and	  1e-‐	  with	  high	  pT,	  and	  other	  variables	  as	  a	  BDT	  input.	

Results for FCC-eh – Using BDT 
Satoshi	  Kawaguchi,	  	  
Masahiro	  Kuze	  
Tokyo	  Tech	  

Uta	  Klein,	  Higgs@FCC-‐eh	  



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%	  

Uta	  Klein,	  Higgs@FCC-‐eh	   22 

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	  opWons	  we	  get	  similar	  results.	  

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

•  employ	  synergies	  within	  FCC	  study	  group	  è	  detector	  and	  analysis	  
details	  (BDT	  opWmisaWon)	  has	  certainly	  an	  impact	  on	  results	  

Values	  given	  in	  case	  of	  2σ	  	  



Exotic Higgs Decays 

23 Uta	  Klein,	  Higgs@FCC-‐eh	  

C.	  Zhang@PoeWc	  2016	  

@LHeC:	  95%	  C.L.	  for	  	  mφ	  of	  20,	  40,	  60	  GeV	  is	  0.3%,	  	  	  0.2%	  and	  0.1%	  for	  C4b2	  	  



Exotic Higgs@FCC-eh 

Uta	  Klein,	  Higgs@FCC-‐eh	   24 

FCC-‐eh	  @	  3.5TeV	  

DLHeC	  @	  1.8	  TeV	  

LHeC	  @	  1.3	  TeV	  

	  	  

à  reflecWng	  coupling	  of	  new	  scalar	  to	  
	  	  	  	  	  	  125	  GeV	  higgs	  

Uta	  Klein	  
Michael	  o’Keefe	  
Liverpool	  

MG5	  UFO	  [arXiv:1608.08458]	  

Values	  for	  
Pe=0	  



Kinematics @ Quark-Level 

Uta	  Klein,	  Higgs@FCC-‐eh	   25 

Δφ between b quarks in 
the scalar (parton level) 

è	  use	  Δη<2	  for	  finding	  two	  scalars	  
with	  mass	  within	  2mb	  and	  mH/2	  
looping	  over	  N	  jets	  minimising	  	  Δm	  	  

Δη between b quarks in 
the scalar (parton level) 

Uta	  Klein	  
Michael	  o’Keefe	  
Liverpool	  



BDT Analysis @ BR=10% 

Uta	  Klein,	  Higgs@FCC-‐eh	   26 

Uta	  Klein	  
Michael	  o’Keefe	  
Liverpool	  

L=100	  K-‐1	  

Pe=-‐80%	  

mΦ	  =	  20	  GeV	  

Delphes-‐detctor	  level	  with	  b-‐tag	  |η|<2.5	  

mΦ	  =	  60	  GeV	  

BDT>0	  BDT>0	  



First Results @ FCC-eh 

Uta	  Klein,	  Higgs@FCC-‐eh	   27 

mΦ	  =	  20	  GeV	  
BR=10%	  

BDT>0	  

L=1	  ab-‐1	  
Pe=-‐80%	  

Very	  promising	  first	  results	  to	  
discover	  an	  exo3c	  Higgs	  decay	  
into	  two	  new	  light	  scalars	  at	  FCC-‐
eh	  down	  to	  a	  BR	  of	  1%	  for	  1	  ab-‐1.	  
A	  BR	  of	  10%	  could	  be	  discovered	  
within	  1	  year	  (100	  K-‐1).	  

Uta	  Klein	  
Michael	  o’Keefe	  
Liverpool	  

Values	  for	  BDT>0	  



More New Studies Ongoing   
…	  and	  publicaWons	  in	  preparaWon	  
	  
•  “Search	  for	  Anomalous	  HVV	  couplings	  at	  the	  LHeC	  and	  the	  FCC-‐

ep”	  by	  M.	  AlWnli	  et	  al.	  
•  “Probing	  FCNC	  couplings	  of	  Higgs-‐top	  at	  FCC-‐ep	  and	  LHeC”	  by	  

B.	  Hacisahinoglu	  et	  al.	  
•  “Searching	  for	  doubly-‐charged	  Higgs	  bosons	  in	  the	  Georgi-‐

Machacek	  model	  at	  ep	  colliders	  “	  by	  H.	  Sun	  et	  al.	  (see	  also	  
presentaWon	  at	  DIS2017)	  

	  

Uta	  Klein,	  Higgs@FCC-‐eh	   28 



Conclusions 
•  We	  just	  started	  to	  explore	  the	  	  poten3al	  	  of	  complementary	  

Sm	  and	  BSM	  Higgs	  searches	  using	  concurrent	  ep	  collisions	  at	  
FCC-‐pp	  in	  par3cular	  for	  HH	  and	  Hφ	  couplings	  	  	  

à	  many	  more	  studies	  ongoing	  (e.g.	  anomalous	  hd	  coupling)	  	  and	  
possible!	  You	  are	  welcome!	  
	  
•  Enhance	  ep	  poten3al	  further	  by	  strengthen	  analysis	  

techniques	  and	  detector	  developments	  	  between	  p,	  ep	  and	  
ee	  :	  extended	  beauty	  and	  charm	  tagging	  using	  BDT,	  jet-‐
substructure,	  boosted	  pairs	  …	  

	  
•  For	  the	  FCC	  CDR	  :	  Quan3fy	  the	  joint	  poten3al	  è	  combined	  	  

analysis	  of	  pp,	  ep	  and	  ee	  cross	  sec3ons	  to	  constrain	  SM/BSM	  
physics	  scenario’s	  and	  to	  design	  the	  most	  powerful	  and	  
sustainable	  search	  complex	  at	  the	  energy	  fron3er.	  

Uta	  Klein,	  Higgs@FCC-‐eh	   29 



Additional Sources & Thanks to 

The	  LHeC/FCC-‐eh	  study	  group,	  hdp://cern.ch/lhec.	  
“On	  the	  RelaWon	  of	  the	  LHeC	  and	  the	  LHC”	  	  [arXiv:1211.5102]	  	  
PoeWc	  2016	  Workshop,	  14.-‐18.11.2016,	  Temple	  University	  (USA)	  
hdps://phys.cst.temple.edu/poe3c-‐cteq-‐2016/
scien3fic_program.html	  
1st	  FCC	  Physics	  Workshop,	  16.1.-‐20.1.2017,	  CERN	  
hfps://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,	  our	  detector	  expert	  Peter	  Kostka,	  and	  
our	  bi-‐weekly	  Higgs-‐top	  working	  group	  discussions.	  

Uta	  Klein,	  Higgs@FCC-‐eh	   30 



Additional material 

Uta	  Klein,	  Higgs@FCC-‐eh	   31 



SM Higgs Decay into b-quarks 

•  Typical	  background	  processes	  	  and	  assumpWons	  about	  b-‐tagging	  for	  cut-‐based	  study	  
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Higgs w/o HFL tagging 

Uta	  Klein,	  Higgs@FCC-‐eh	   33 

Top	  



Asymmetries 

Uta	  Klein,	  Higgs@FCC-‐eh	   34 

[1509.04016]	  



Wilson Coefficients in NC DIS 
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Selection Requirements 
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Basic	  cuts	  (Cut	  0)	
Ø  N(jets)	  for	  the	  jet	  and	  the	  electron	  

Ø  pT	  	  for	  the	  leading	  jet	  and	  the	  leading	  electron	  

Ø  	  for	  the	  leading	  jet	  and	  the	  leading	  electron	  

Ø  	  for	  the	  leading	  jet	  and	  the	  leading	  electron	  

Cut	  1	  :	  |Δφjet,Etmiss|	  >	  1	  rad	  
Cut	  2	  :	  	  Etmiss	  >	  50	  GeV	  
Cut	  3	  :	  ηjet-‐ηe>	  3	  
Cut	  4	  :	  φjet	  –	  φe	  <	  2.4	  
Cut	  5	  :	  -‐1.3	  <	  ηe<	  1.1	  
Cut	  6	  :	  0.08	  <	  ye	  <	  0.55	  
Cut	  7	  :	  require	  1	  electron,	  1	  jet,	  
	  	  	  	  	  	  	  	  	  	  	  	  and	  veto	  tau’s	  and	  muons	  

	  	  	  	  	  	  	  	  	  
	  
	  

Ev
en

ts
/1
ab

-‐1
	

ηjet-‐ηe	  

Satoshi	  Kawaguchi,	  	  
Masahiro	  Kuze	  
Tokyo	  Tech	  

e	   e	  

p	   jet	  



Exotic Higgs at LHeC@1ab-1 
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[arXiv:1608.08458]	  

95%	  C.L.	  for	  	  mφ	  of	  20,	  40,	  60	  GeV	  for	  
	  
is	  0.3%,	  	  	  0.2%	  and	  0.1%	  	  

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

b-‐tag	  
scenarios	  
|η|<5	  

Sensi3vity	  comparison	  in	  	  
Higgs	  Singlet	  Model	  

95%CL	  
excluded	  
by	  LEP	  



Samples  
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Uta	  Klein	  
Michael	  o’Keefe	  
Liverpool	  

è	  low	  pT	  and	  low	  dijet	  mass	  generaWon	  to	  retain	  sensiWvity	  for	  20	  GeV	  scalar	  

Focusing	  on	  dominant	  backgrounds	  


