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•  Since	
  the	
  discovery	
  of	
  the	
  Higgs	
  	
  par4cle	
  (H)	
  –	
  	
  a	
  great	
  success	
  of	
  the	
  
SM	
  –	
  ATLAS	
  and	
  CMS	
  data	
  are	
  so	
  far	
  consistent	
  with	
  fermionic	
  and	
  
bosonic	
  couplings	
  as	
  expected	
  from	
  a	
  SM	
  Higgs	
  par4cle.	
  	
  	
  With	
  	
  the	
  
present	
  experimental	
  resolu4ons,	
  	
  much	
  wider	
  of	
  the	
  expected	
  
intrinsic	
  Higgs	
  width	
  of	
  about	
  4	
  MeV,	
  we	
  can’t	
  conclude	
  we	
  have	
  
found	
  the	
  SM	
  Higgs	
  	
  and	
  not	
  one	
  of	
  the	
  many	
  scalars	
  postulated	
  
within	
  	
  possible	
  extensions	
  of	
  the	
  SM.	
  

•  Precision	
  measurements	
  of	
  Higgs	
  proper4es	
  are	
  	
  essen4al	
  for	
  any	
  
future	
  collider	
  project.	
  New-­‐physics	
  effects	
  will	
  manifest	
  in	
  the	
  Higgs	
  
couplings.	
  
	
  	
  

	
  	
  	
  	
  	
  Supersimmetry	
  	
  
	
  	
  



SUSY	
  Extensions	
  of	
  the	
  SM	
  
•  MSSM:	
  	
  	
  the	
  Higgs	
  sector	
  contains	
  at	
  least	
  two	
  Higgs	
  doublets	
  and	
  the	
  

resul4ng	
  spectrum	
  of	
  physical	
  Higgs	
  fields	
  includes	
  three	
  neutral	
  
Higgs	
  bosons,	
  the	
  CP-­‐even	
  h0	
  and	
  H0	
  and	
  the	
  CP-­‐odd	
  A0.	
  	
  

•  The	
  couplings	
  of	
  the	
  MSSM	
  Higgs	
  bosons	
  to	
  fermions	
  and	
  vector	
  
bosons	
  are	
  determined	
  by	
  tan	
  β	
  and	
  the	
  mixing	
  angle	
  α	
  between	
  the	
  
neutral	
  Higgs	
  states	
  h0	
  and	
  H0.	
  	
  

•  The	
  Higgs	
  boson	
  par4al	
  widths	
  are	
  	
  crucial	
  parameters.	
  	
  
•  Test	
  of	
  lepton	
  universality	
  of	
  Higgs	
  couplings.	
  
•  Non	
  minimal	
  extensions	
  of	
  MSSM	
  	
  !	
  	
  neutral	
  Higgs	
  bosons.	
  
•  Neutral	
  Higgs	
  bosons	
  could	
  be	
  very	
  close.	
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  B.	
  Au4n,	
  A.Blondel	
  and	
  J.	
  Ellis,	
  CERN	
  99-­‐02,	
  1999	
  	
  



•  Since	
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  of	
  Higgs	
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  any	
  future	
  
collider	
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  effects	
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  couplings.	
  
	
  	
  

	
  	
  	
  	
   	
  	
  Supersimmetry	
  	
  	
  
	
  
	
  	
  	
  	
  	
   	
  Axion-­‐like	
  par4cles	
  (ALP’s)	
  appear	
  in	
  many	
  BSM	
  scenarios.	
  	
  

	
  Higgs	
  decays	
  into	
  ALP’s	
  with	
  branching	
  ra4os	
  of	
  order	
  10%.	
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  will	
  manifest	
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  Supersimmetry	
  	
  	
  
	
  
	
  	
  	
  	
  	
   	
  Axion-­‐like	
  par4cles	
  (ALP’s)	
  appear	
  in	
  many	
  BSM	
  scenarios.	
  	
  

	
  Higgs	
  decays	
  into	
  ALP’s	
  with	
  branching	
  ra4os	
  of	
  order	
  10%.	
  
	
  

	
  Is	
  the	
  Higgs	
  elementary	
  or	
  composite?	
  
	
  

	
   	
  Higgs	
  couplings	
  measurements	
  are	
  mandatory!	
  
	
  

	
  	
  
	
  	
  



	
   	
   	
   	
   	
  Two	
  possible	
  future	
  lepton	
  alterna4ves:	
  
	
  	
  
	
  -­‐	
  	
  	
  Muon	
  collider	
  (MC),	
  at	
  L	
  >	
  1032	
  with	
  a	
  resonant	
  s-­‐channel	
  H	
  	
  
	
  	
  	
  	
  	
  	
  signal.	
  

	
  It	
  could	
  offer	
  a	
  unique	
  opportunity	
  of	
  a	
  precision	
  study	
  of	
  the	
  total	
  
and	
  par4al	
  widths	
  of	
   	
  H	
  in	
  various	
  decay	
  channels.	
  

	
  	
  
	
  -­‐	
  	
  	
  e+e-­‐	
  collider,	
  at	
  L	
  >	
  1034	
  	
  with	
  	
  a	
  (Z	
  H)	
  signal.	
  	
  FCCee/CEPC/ILC.	
  	
  	
  
	
  e+e-­‐	
  →	
  HZ	
  at	
  √s	
  =	
  240-­‐250	
  GeV	
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  Two	
  novel	
  approaches	
  	
  to	
  MC	
  aoer	
  MICE:	
  
	
  

	
  	
  	
  (i)	
  	
  “A	
  complete	
  demonstrator	
  of	
  a	
  muon	
  cooled	
  Higgs	
  factory.”	
  
(	
  Collider	
  radius	
  is	
  about	
  50	
  m.)	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  C.	
  Rubbia,	
  arXiv:	
  1308.6612	
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  (ii)	
  “Low	
  emisance	
  muon	
  beams	
  using	
  positron	
  beam	
  on	
  target.”	
  	
  
	
   	
   	
   	
  M.	
  Antonelli,	
  P.	
  Raimondi	
  et	
  al.	
  Nucl.Instr.Meth.	
  A807	
  (2016)	
  101	
  

	
  	
  (Process:	
  	
  e+	
  e-­‐	
  !	
  μ+	
  μ-­‐	
  	
  just	
  	
  above	
  threshold,	
  E	
  (e+)	
  =	
  45	
  GeV)	
  

	
   	
   	
   	
  	
  
	
  Measurements	
  of	
  m	
  and	
  Γ	
  require	
  excellent	
  energy	
  resolu4on	
  !!! 	
  
	
   	
   	
   	
   	
  	
  

•  Key	
  role	
  is	
  played	
  by	
  	
  the	
  beam	
  energy	
  spread.	
  
•  Great	
  importance	
  of	
  QED	
  radia4ve	
  effects	
  for	
  a	
  precision	
  study	
  of	
  the	
  

line-­‐shape	
  and	
  Sign/Backg	
  ra4o.	
  	
  Not	
  enough	
  emphasized	
  in	
  the	
  past.	
  

	
  
	
  

	
  
	
  
	
  
	
  
	
  



C	
  The Higgs width according to the Standard Model�

�� Like in the case of the Zo, 
the determination of the 
Ho width will be crucial in 
the determination of the 
nature of the particle and 
the underlying theory 

��  Cross section is shown 
here, convoluted with a 
Gaussian beam 
distribution.  

�� Signal is not affected only 
if the rms beam energy 
width is � a few MeV. 

Venice,March.2015� Slide# : 6�
4.5 MeV wdth:A very demanding resolution R � 0.003% is required 

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  C.	
  Rubbia	
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  No	
  radia4ve	
  correc4ons	
  are	
  included.	
  



I	
  S	
  R	
  	
  	
  effects	
  

•  In	
  the	
  case	
  of	
  a	
  Higgs	
  factory	
  through	
  a	
  muon	
  collider,	
  
sizeable	
  QED	
  radia4ve	
  effects	
  -­‐	
  of	
  order	
  of	
  50%	
  or	
  larger-­‐	
  
must	
  be	
  carefully	
  taken	
  into	
  account	
  for	
  a	
  precise	
  
measurement	
  of	
  the	
  par4al	
  and	
  total	
  widths	
  of	
  the	
  Higgs.	
  	
  

•  Those	
  large	
  effects	
  are	
  not	
  	
  present	
  in	
  the	
  case	
  of	
  Higgs	
  
produc4on	
  in	
  electron-­‐positron	
  colliders	
  (!	
  ZH,	
  see	
  later).	
  

•  ISR	
  effects	
  similar	
  to	
  J/Psi,	
  Z,	
  …	
  produc4on	
  in	
  e+e-­‐	
  
annihila4on,	
  but	
  generally	
  not	
  accounted	
  for	
  in	
  previous	
  
studies.	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

•  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  M.	
  G.	
  	
  	
  	
  arXiv:1503.05046	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  S.	
  Jadach,	
  R.	
  Kycia	
  	
  	
  	
  arXiv:1509.02406	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  M.	
  G.,	
  T.	
  Han,	
  Z.	
  Liu	
  	
  	
  arXiv:1607.03210,	
  	
  Phys.Le(.	
  B763	
  (2016)	
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The	
  I	
  S	
  R	
  	
  effect	
  

	
  	
  -­‐	
  	
  	
  Correc4on	
  	
  factor	
  	
  
	
  	
  	
  	
  	
  	
  	
  modifies	
  the	
  Born	
  cross	
  sec4on	
  	
  for	
  	
  produc4on	
  of	
  a	
  	
  	
   	
  	
  	
  	
  	
  

	
  	
  narrow	
  resonance	
  by	
  o(50%).	
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known and has been discussed in very great detail in the case of collisions of electrons and
positrons with production of narrow resonances in the s channel like the J/Psi [8] and

the Z boson [9]. Namely a correction factor / (�/M)(4↵/⇡) log(2E/m) modifies the lowest
order cross section, where M and � are the mass and width of the s channel resonance,
W = 2E is the total initial energy and m is the initial lepton mass. Physically this is
understood by saying that the width provides a natural cut-o↵ in damping the energy
loss for radiation in the initial state. To be more specific, defining

�i =
4↵

⇡


log

W

mi
� 1

2

�
, (1)

where mi is the initial lepton mass,

y = W �M

tan �R(W ) =
1

2
�/(�y)

then the infrared factor Cres
infra due to the soft radiation emitted from the initial

charged leptons is given by [8]

Cres
infra =

✓
y2 + (�/2)2

(M/2)2

◆�i/2 
1 + �i

y

�/2
�R

�
, (2)

so that the observed resonant cross section can be written as

�c = Cres
infra�res(1 + Cres

F ) . (3)

In the above eq. �res is the Born resonant cross section (of Breit - Wigner form) and
Cres
F is a finite standard correction of order ↵ which we will neglect in the following.

In the case of Higgs production at a muon collider with W=2E = 125 GeV the factor
�i = 0.061 and at the resonance (y = 0) the factor Cres

infra = (�/M)�i = 0.53, assuming
the Higgs width � = 4 MeV, which gives a substantial reduction of the Born cross section
and therefore can mimic a smaller initial (and/or final) partial decay width of the Higgs.

As it is well known, since the produced resonance is quite narrow, one has to integrate
over the machine resolution, which is assumed to be

G(W 0 �W ) =
1p
2⇡�

e�(W 0�W )

2/(2�2
) (4)

where � is the machine dispersion, such that (�W )FWHM = 2.3548�. Then the experi-
mentally observed cross section into a final state |f > is given by

�̃(W ) =

Z
G(W 0 �W )dW 0�(W 0) , (5)

where

�(W 0) =
4⇡

W 02
�i�f

�2

sin2 �R(W
0)

⇢
�

W 0 sin �R(W 0)

��i

⇥ (1� �i�R cot �R) (1 + Cres
F ) . (6)

2

-­‐	
  	
  	
  By	
  defining:	
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βi =
4α

π

[

log
W

mi
−

1

2

]

, (1)

where mi is the initial lepton mass,

y = W −M

tan δR(W ) =
1

2
Γ/(−y)

then the infrared factor Cres
infra due to the soft radiation emitted from the initial

charged leptons is given by [8]

Cres
infra =

(

y2 + (Γ/2)2

(M/2)2

)βi/2 [

1 + βi
y

Γ/2
δR

]

, (2)

so that the observed resonant cross section can be written as

σc = Cres
infraσres(1 +Cres

F ) . (3)

In the above eq. σres is the Born resonant cross section (of Breit - Wigner form) and
Cres
F is a finite standard correction of order α which we will neglect in the following.

In the case of Higgs production at a muon collider with W=2E = 125 GeV the factor
βi = 0.061 and at the resonance (y = 0) the factor Cres

infra = (Γ/M)βi = 0.53, assuming
the Higgs width Γ = 4 MeV, which gives a substantial reduction of the Born cross section
and therefore can mimic a smaller initial (and/or final) partial decay width of the Higgs.

As it is well known, since the produced resonance is quite narrow, one has to integrate
over the machine resolution, which is assumed to be

G(W ′ −W ) =
1√
2πσ

e−(W ′
−W )2/(2σ2) (4)

where σ is the machine dispersion, such that (∆W )FWHM = 2.3548σ. Then the experi-
mentally observed cross section into a final state |f > is given by

σ̃(W ) =

∫

G(W ′ −W )dW ′σ(W ′) , (5)

where

σ(W ′) =
4π

W ′2

ΓiΓf

Γ2
sin2 δR(W

′)

{

Γ

W ′ sin δR(W ′)

}βi

× (1− βiδR cot δR) (1 + Cres
F ) . (6)

2
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In the above eq. σres is the Born resonant cross section (of Breit - Wigner form) and
Cres
F is a finite standard correction of order α which we will neglect in the following.

In the case of Higgs production at a muon collider with W=2E = 125 GeV the factor
βi = 0.061 and at the resonance (y = 0) the factor Cres

infra = (Γ/M)βi = 0.53, assuming
the Higgs width Γ = 4 MeV, which gives a substantial reduction of the Born cross section
and therefore can mimic a smaller initial (and/or final) partial decay width of the Higgs.

As it is well known, since the produced resonance is quite narrow, one has to integrate
over the machine resolution, which is assumed to be

G(W ′ −W ) =
1√
2πσ

e−(W ′
−W )2/(2σ2) (4)

where σ is the machine dispersion, such that (∆W )FWHM = 2.3548σ. Then the experi-
mentally observed cross section into a final state |f > is given by

σ̃(W ) =

∫

G(W ′ −W )dW ′σ(W ′) , (5)

where

σ(W ′) =
4π

W ′2
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2

Infrared	
  factor	
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in very great detail in the case of collisions of electrons and positrons with production
of narrow resonances in the s channel like the J/Psi [8] and the Z boson [9]. Namely a

correction factor ∝ (Γ/M)(4α/π) log(2E/M) modifies the lowest order cross section, where
M and Γ are the mass and width of the s channel resonance, W = 2E is the total initial
energy and m is the initial lepton mass. Physically this is understood by saying that the
width provides a natural cut-off in damping the energy loss for radiation in the initial
state. To be more specific, defining
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F is a finite standard correction of order α which we will neglect in the following.

In the case of Higgs production at a muon collider with W=2E = 125 GeV the factor
βi = 0.061 and at the resonance (y = 0) the factor Cres

infra = (Γ/M)βi = 0.53, assuming
the Higgs width Γ = 4 MeV, which gives a substantial reduction of the Born cross section
and therefore can mimic a smaller initial (and/or final) partial decay width of the Higgs.

As it is well known, since the produced resonance is quite narrow, one has to integrate
over the machine resolution, which is assumed to be
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By integrating last equation a useful formula for the observed cross section at the
peak is [8]

σ̃(M) =
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where the second term in the square bracket represents the contribution from the radia-
tive tail.

Numerically, and neglecting the contribution from Cres
F , the overall radiative cor-

rection factor C to the Born cross section at the peak is C = 0.47 , 0.37 , 0.30 , 0.25
for σ = 1 MeV, 2 MeV, 3 MeV, 4 MeV, respectively. This result shows once again the
importance of the radiative effects for a precision measurement of the Higgs couplings.

To conclude, we have shown that in the case of a Higgs factory through a muon
collider, sizeable radiative effects - of order of 50% - must be carefully taken into account
for a precise measurement of the leptonic and total widths of the Higgs particle. Similar
effects do not apply in the case of Higgs production in electron-positron colliders.
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provides further guidance for the target accelerator designs with respect to the

physical goals.45

The paper is organized as follows. In Sect. 2 we present the formulation

and parameterization of the ISR e↵ects in the general framework of the electron

structure functions. In Sect. 3 we quantify their e↵ects on the Higgs boson

signal and the SM backgrounds at various center-of-mass energies related to the

di↵erent projects of Higgs factories. We then conclude in Sect. 4.50

2. ISR e↵ects

We will estimate the e↵ects of ISR on Higgs boson associate production by

using the following master formula:

d�(s) =

Z
dx1dx2D(x1, s)D(x2, s)d�0(x1x2s)⇥(cuts). (1)

d�0 is any tree-level di↵erential distribution including the signal e+e� ! HZ !

4f and all the backgrounds as computed in [16], taken at the reduced c.m. en-55

ergy squared x1x2s. ⇥(cuts) represents kinematical cuts imposed. D(x, s) are

the collinear non-singlet structure functions modeling initial state photon ra-

diation. They were first introduced in ref. [17] and later improved for LEP

experiments in ref. [18] to include, besides all order resummation of leading

logarithmic contributions, up to second order finite terms. More recently, also60

third order finite terms have been computed analytically in refs. [19, 20, 21, 22]:

in particular in ref. [19] the explicit analytical expression of finite additive third

order terms has been given, together with an iterative formula for computing

higher and higher order contributions; in refs. [20, 21] the explicit analytical ex-

pression of finite factorized contributions can be found; in ref. [22] the analytical65

expression for the radiator function as convolution of two structure functions

is given up to third order by using the structure functions of [19]; in ref. [23]

finite forth and fifth order additive finite terms are also provided. A compre-

hensive description of the structure functions method can be found for instance

in ref. [24].70
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In the next Section a detailed comparison between the results obtained by using

the structure functions above will be discussed.

3. Numerical results80

Figure 1 shows the e↵ect of a kinematical cut on the bb̄ pair invariant mass

given by MH �3GeV � mbb̄  MH +3GeV. One can notice that in the absence

of cut the signal+background (S+B) distribution is about a factor of 5 larger

than the signal (S) alone, while a cut reduces the background to be of the order

of a factor of two with respect to the signal.
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Figure 1: The µ+µ� invariant mass distribution without (left panel) and with (right panel)

a cut on the invariant mass of the bb̄ system MH � 3GeV � mbb̄  MH + 3GeV

85

Figure 2 shows the line shape for the process e+e� ! µ+µ�bb̄ (no cuts)

at the lowest order approximation (BORN) as compared to the QED corrected

cross section according to eq. (1), by using the structure function of eq. (4)

including third order finite e↵ects (upper panel); the relative impact of ISR

QED corrections is given in the lower panel. One can notice that the overall90

e↵ect of ISR QED corrections is generally speaking strongly varying with
p
s

and quite large, about -35% in the threshold region.

Figure 3 shows the relative e↵ect of the di↵erent finite order approximation.

In particular, one can notice the following. The first order additive finite e↵ects

as compared to the soft photon approximation are of the order of some percent,95

increasing with the c.m. energy above threshold; this can be understood as,

well above threshold, hard photon e↵ects become more and more relevant (red

5
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  Conclusions	
  
•  Precision	
  studies	
  of	
  the	
  proper4es	
  of	
  the	
  Higgs	
  par4cle	
  are	
  mandatory.	
  

•  Various	
  proposals	
  of	
  electron	
  and	
  muon	
  colliders	
  have	
  been	
  suggested.	
  

•  Muon	
  Collider:	
  seems	
  more	
  appropriate	
  for	
  measuring	
  the	
  Higgs	
  width	
  
and	
  couplings,	
  checking	
  flavor	
  universality,	
  trying	
  discover	
  and	
  
inves4gate	
  the	
  scalar	
  sector	
  predicted	
  	
  in	
  various	
  extensions	
  of	
  the	
  SM.	
  
	
  Sizeable	
  ISR	
  effects	
  –	
  of	
  order	
  50%	
  or	
  larger	
  –	
  must	
  be	
  carefully	
  taken	
  	
  	
  	
  	
  	
  	
  
into	
  account	
  for	
  high	
  precision	
  measurements..	
  In	
  addi4on	
  the	
  energy	
  
spread	
  of	
  the	
  ini4al	
  beams	
  plays	
  an	
  essen4al	
  role.	
  	
  

•  FCC-­‐ee,	
  CEPC,	
  ILC:	
  ISR	
  effects	
  are	
  also	
  relevant	
  in	
  associated	
  HZ	
  
produc4on,	
  par4cularly	
  near	
  threshold.	
  Possible	
  effects	
  on	
  the	
  expected	
  
degree	
  of	
  accuracy	
  of	
  the	
  relevant	
  physical	
  quan44es,	
  if	
  not	
  taken	
  into	
  
account	
  with	
  high	
  precision.	
  Relevance	
  of	
  similar	
  effects	
  in	
  t-­‐tbar	
  
produc4on	
  near	
  threshold.	
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