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•  Detector	  benchmarking	  study	  @1	  TeV	  (ILD	  full	  sim)	  
1.  vvH	  σxBR	  @1	  TeV	  (Hàbb,	  cc,	  gg,	  WW,	  µµ)	  
2.  OH	  @1	  TeV	  
3.  W+W-‐	  @1	  TeV	  
4.  In	  addiSon:	  Higgs	  self	  coupling	  and	  O	  @500	  GeV	  	  

•  Physics	  chapter	  (Summarize	  all	  the	  results)	  
–  Compile	  all	  the	  update	  results	  (LOI	  and	  its	  post)	  
–  Summarize	  precision	  of	  the	  Higgs	  measurement	  in	  ILC	  
Ecm=250	  GeV,	  350	  GeV,	  500	  GeV	  and	  1	  TeV	  

Higgs	  related	  study	  for	  DBD	
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vvH	  @	  1	  TeV	  for	  DBD	
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DBD benchmark: σ*BR	  for	  vvH,	  Hàµµ,	  bb,	  cc,	  WW,	  gg	  	  with	  L=1	  ab-‐1	

HàWW*,	  WWàqqqq	  (4j)	  
(250	  GeV	  and	  500	  GeV	  (Tian))	  
Hàµµ: Muon	  ID	  

Main	  backgrounds	  (WW,ZZ,	  ZWW)	  

Hàbb,	  cc,	  gg	  (Hadronic	  decay)	  
àFlavor	  tagging	  on	  di-‐jet	  
(Same	  strategy	  as	  LOI	  250	  GeV)	  
Use	  flavour-‐template	  fieng	

e−

e+

H

W+

W−
ν

ν̄ WW, µµ	

bb, cc, gg 

ZH	

vvH produced through W-fusion 

W/Z fusion	

Whizard w/ beam pol.	

All ffH	



ZHàvvH	  at	  Ecm=250	  GeV	  (LOI	  and	  post)	
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Mh=120	  GeV	

ZHàvvH,	  HàWW*àqqqq	  
ΔσBR/σBR(HàWWàqqqq)~13%	  
vvH,	  HàWW	  @500	  GeV	  is	  also	  studied	  
by	  J.	  Tian	  (KILC12	  Physics	  session)	  

ZHàvvH (Hàbb, cc, gg, WWàqqqq) 
L=250 fb-1, MH=120 GeV	

P(e+, e-)=(-0.3,+0.8)	

Flavor likeness template fitting	

ννH	  channel	  only	  
ΔσBr/σBr(Hàbb)=1.6%	  
ΔσBr/σBr(Hàcc)=13%	  
ΔσBr/σBr(Hàgg)=14%	  



Ref.	  CLIC	  CDR	  results	  vvH	  @3	  TeV	  	
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Ecm=3	  TeV,	  	  Hàbb,	  cc,	  μμ,	  L=2	  ab-‐1	

CLIC CDR 	

1.2 HIGGS

the rare loop induced H ! Z0g decay can also be measured with a reasonable accuracy if a large
amount of luminosity is collected [20].

ii.) The H! bb branching ratio becomes very small for MH & 150 GeV, and at
p

s = 500 GeV it cannot
be determined to better than 10% for MH ⇠ 200 GeV. At

p
s = 3 TeV, the signal to background ratio

is very favourable already at MH = 120 GeV, allowing to measure the coupling to a precision of
0.22% (see the right plot in Figure 1.3 and detailed analysis in Chapter 12). The Hbb coupling is
very sensitive to new physics effects as discussed in [22].
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Fig. 1.3: Reconstructed sample for two Higgs channels with MH = 120 GeV at CLIC withp
s = 3 TeV with 2 ab�1 (top). The histograms are stacked distributions of signal and background

reconstructed using the CLIC_SiD detector (see Chapter 12). Reconstructed |cosq

⇤| distribution
for lHHH/l

SM
HHH = 1.25,1.0,0.75 and 0.5 from bottom to top, with the points with error bars show-

ing the expectation for 5 ab�1 of data [20] (bottom).
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Hàbb	 Hàcc	 Hàμμ	

Eff.	 54.6%	 15.2%	 25%	

Precision	  of	  σxBr	 0.22%	 3.24%	 23%	



σ×Br	  measurement	  accuracies	
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Ecm	
250	  GeV	  (LOI	  and	  post)	  

(L=250	  W-‐1)	
1	  TeV	  (DBD)	  
(L=1	  ab-‐1)	  

3	  TeV	  (CLIC)	  
(L=2	  ab-‐1)	

σ	  (n)	 354.1	  n	  (ZH)	 465.5	  n	  (W-‐fusion)	 (W-‐fusion)	

H	  decay	 BR	 σxBR	250	  n-‐1	 ΔBr/Br	  
(comb.)	

ΔσBr/σBr	  
(vvH	  only)	σxBR	1	  ab-‐1	 ΔσBr/σBr	  (Scale)	

ΔσBr/σBr	  
(2	  ab-‐1)	

Hàbb	 64.1%	  227.1	  	   56777	  	   2.7%	 1.6%	298.6	  	  298552	  	   0.8%	   0.2%	  
Hàcc	 3.1%	   10.8	  	   2703	  	   8.1%	 12%	 14.2	  	   14211	  	   6%	 3.2%	

Hàgg	 7.0%	   24.9	  	   6225	  	   9.0%	 14%	 32.7	  	   32733	  	   7%	

HàWW	15.0%	   53.1	  	   13286	  	   8.4%	 13%	 69.9	  	   69860	  	   6%	

Hàμμ	 0.03%	   0.11	  	   28	  	   0.15	  	   149	  	   23%	

P(e+,	  e-‐)=(+0.3,	  -‐0.8),	  MH=120	  GeV	  with	  different	  luminosity	

Large statistical gain at 1 TeV compare to 250 GeV 
thanks to the larger cross-section and higher luminosity 

 (2.5% of σ uncertainty at 250 GeV, HàWW case, use opposite pol. at 250 GeV)	



•  Signal	  samples	  
–  vvh	  @1	  TeV:	  Produced	  at	  SLAC	  site	  
Correct	  technical	  issue,	  soon	  accessible	  on	  GRID	  

–  Now	  using	  test	  samples	  generated	  at	  KEK	  site	  
using	  1000-‐B1b_ws	  beam	  parameter	  set	  

• BG	  generator	  samples	  
–  2f,	  4f:	  	  GeneraSon	  complete	  at	  DESY	  site	  
ParSally	  copied	  and	  test	  with	  these	  samples	  

–  6f:	  Already	  produced	  at	  SLAC	  site	  
Soon	  accessible	  on	  GRID	  

–  As	  a	  test,	  small	  staSsScs	  samples	  are	  generated	  on	  KEK	  site	  
Mokka	  sim.	  is	  also	  tested	  with	  these	  samples	

Current	  status	  of	  vvH	  samples	
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2f,	  4f	  stdhep	  samples	  generated	  at	  DESY	

May	  23.	  2012	 ILD	  workshop	  2012	  @Kyushu	 8	

Decay	  σ(eLPL)	  σ(eLpR)	  σ(eRpL)	  σ(eRpR)	  M	  evt	  @1	  ab-‐1	  	  
Pol	  (+0.3,	  -‐0.8)	  

σ(vvH)	   0	   795.4	  	   5.5	  	   0	   0.47	  
singleW	   l	   533	  	   2990	  	   3	  	   532	  	   2.0	  M	  	  
singleW	   sl	   1580	  	   8963	  	   7	  	   1578	  	   5.8	  M	  	  
singleZee	   l	   8343	  	   8685	  	   8435	  	   8386	  	   8.6	  M	  	  
singleZee	   sl	   2339	  	   2577	  	   2265	  	   2334	  	   2.5	  M	  	  
singleZnunu	   l	   0	  	   472	  	   6	  	   0	  	   0.3	  M	  	  
singleZnunu	   sl	   0	  	   2290	  	   25	  	   0	  	   1.3	  M	  	  
singleZsingleWMix	  l	   304	  	   1521	  	   33	  	   304	  	   1.0	  M	  	  
WW	   h	   0	  	   3355	  	   9	  	   0	  	   2.0	  M	  	  
WW	   l	   0	  	   342	  	   1	  	   0	  	   0.2	  M	  	  
WW	   sl	   0	  	   4117	  	   14	  	   0	  	   2.4	  M	  	  
ZZ	   h	   0	  	   301	  	   115	  	   0	  	   0.2	  M	  	  
ZZ	   l	   0	  	   24	  	   14	  	   0	  	   0.0	  M	  	  
ZZ	   sl	   0	  	   255	  	   117	  	   0	  	   0.2	  M	  	  
ZZWWMix	   h	   0	  	   2795	  	   29	  	   0	  	   1.6	  M	  	  
ZZWWMix	   l	   0	  	   353	  	   7	  	   0	  	   0.2	  M	  	  
Z	   eeγ	
 1109	  	   1938	  	   1697	  	   1111	  	   1.6	  M	  	  
Z	   h	   0	  	   9375	  	   5203	  	   0	  	   5.7	  M	  	  
Z	   l	   0	  	   1627	  	   1326	  	   0	  	   1.0	  M	  	  

BG 4f 
28.2 M	

BG 2f 
8.3 M	

àPre-selection 
should be considered 
 
àCheck with small  
sample and select 
samples 

CalculaSon	  from	  
σxL	  (L=1	  ab-‐1)	  
required	  this	  channel	



Pre-‐selecSons	  for	  BG	  suppression	
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Evis	 Missing mass	
MM>100 GeV	Evis < 900 GeV	

Pt > 1 GeV	

Pt	
Pre-selection on gen. sample 
 
Evis < 900 GeV 
MissingMass < 100 GeV 
Pt > 1 GeV	

|cosθ|<0.995 
will also considered for further reduction	



Pre-‐selecSon	  summary	
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Decay	   Gen	   Pre-‐sel	   Cut	  Eff.	  

σ(vvH)	   465446	   464447	   0.2%	  
singleW	   l	   1.95E+06	 1.82E+06	 6.9%	

singleW	   sl	   5.84E+06	 2.17E+06	 62.9%	

singleZee	   l	   8.56E+06	 354581	 95.9%	

singleZee	   sl	   2.47E+06	 30231.8	 98.8%	

singleZnunu	   l	   1.01E+06	 896862	 10.9%	

singleZnunu	   sl	   276078	 258490	 6.4%	

singleZsingleWMix	   l	   1.34E+06	 1.33E+06	 0.9%	

WW	   h	   1.96E+06	 41258.7	 97.9%	

WW	   l	   200062	 192705	 3.7%	

WW	   sl	   2.41E+06	 963838	 60.0%	

ZZ	   h	   180411	 13638.9	 92.4%	

ZZ	   l	   14313.3	 7929.83	 44.6%	

ZZ	   sl	   153270	 70756.1	 53.8%	

ZZWWMix	   h	   1.64E+06	 34570.8	 97.9%	

ZZWWMix	   l	   206732	 188103	 9.0%	

Z	   eeγ	
 1.61E+06	 0	100.0%	

Z	   h	   5.67E+06	 233020	 95.9%	

Z	   l	   998092	 290889	 70.9%	

BG 4f 
28.2 Mà8.4M	

BG 2f 
8.3 Mà0.5M	

Total BG: 8.9 M events	

Pre-selection on MC sample 
 
Evis < 900 GeV 
MissingMass < 100 GeV 
Pt > 1 GeV	

Investigate pre-selection 
for mass production 
6f will be shared with tth study  
WW can share with WW study	



MC	  vs	  Reconstructed	  Hits	
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•  vvh 
•  All BG	

Evis	 Pt	 Missing	  Mass	

MC	

R
ec

on
st

ru
ct

ed
	

Reconstruction with ilcsoft v01-13-05 
mokka-07-07-p07 with ILD_O1_v02 model only with 10k events 

These cuts will safe even for after pre-selections 
These stdhep samples are generated with whizard1.95 
using same beam parameter sets 1000-B1b_ws 



Higgs	  mass	  distribuSon	
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Invariant mass distribution after the pre-selection 
Evis<900 GeV, Pt>1.GeV, MissM>100 GeV	

MC	 Reconstructed	

Main BGs are vvqq and vlqq final states for Higgs reconstruction 
Use shared BG samples and select  
To be check the flavor-tagging performance as next	

BG prepared by myself	



•  Sig/BG	  Samples	  request	  
–  Hopefully	  2	  ab-‐1	  of	  vvH	  signal,	  	  2f	  and	  4f	  backgrounds	  	  
for	  template	  fieng	  procedure	  
àPre-‐selecSon	  (>60Mà18M	  (2x8.9M))	  to	  be	  reduced	  

–  2f,	  4f(WW)	  BG	  samples	  will	  share	  with	  WW	  study	  
without	  the	  pre-‐selecSon	  at	  fist	  

–  Check	  with	  small	  staSsScs	  of	  full	  simulaSon	  samples	  
Final	  selecSon	  and	  select	  mass	  producSon	  samples	  

–  1	  ab-‐1	  for	  6f	  (ZWW	  main)	  shared	  with	  Oh	  study	  
–  vvH	  signal,	  6f	  stdhep	  producSon	  was	  finished	  at	  SLAC	  
àWill	  ready	  soon	  on	  the	  Grid,	  share	  with	  Oh	  	  

–  Hàµµ	  and	  the	  other	  channels	  are	  generated	  separately	  

Requests	  of	  vvH	  signal	  and	  BG	  samples	
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DBD	  physics	  chapter	
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Higgs	  Br	  and	  σxBr	  in	  different	  Ecm	
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Measurement	  
accuracy	

250	  GeV	  
(250	  W-‐1)	

350	  GeV	  
(250	  W-‐1)	

500	  GeV	  
(500	  W-‐1)	

1	  TeV	  
(1	  ab-‐1)	

3	  TeV	  
(2	  ab-‐1)	

σxBr(Hàbb)	 1.0%	  (comb.)	 0.9%	  (comb.)	 DBD	 0.22%	

σxBr(Hàcc)	 7.7%	  (comb.)	 6.8%	  (comb.)	 DBD	 3.2%	

σxBr(Hàgg)	 8.9%	  (comb.)	 7.5%	  (comb.)	 DBD	

σxBr(HàWW)	 8%	  (prelim)	 3.0%	  (Tian)	 DBD	

σxBr(Hàμμ)	 DBD	 23.3%	

Br(Hàbb)	 2.7%	  (comb.)	 3.6%	  (comb.)	

Br(Hàcc)	 8.1%	  (comb.)	 7.7%	  (comb.)	

Br(Hàgg)	 9.0%	  (comb.)	 8.2%	  (comb.)	

Br(HàWW)	 8.4%	  (prelim)	 ~4%	  (Tian)	

Br(Hàμμ)	
Δσ/σ250=2.5% on √s=250 GeV (ZH recoil, L=250 fb-1) 
Δσ/σ350=3.5% on √s=350 GeV (Scaled from 250 GeV) 
σ measurement strategy in Higher √s case?  

Ref. CLIC CDR 
KILC physics session 
J. Tian (vvH @500 GeV)	
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Higgs	  physics	  status	
Analysis	 Observable 	 Physics	 Energy	 Status	 Results	 Assing and schedules	

Mh	 Mass	 Mass	 250 GeV　	 LOI, Z->ll recoil	 30 MeV	new beeam pram at 250 GeV	

Total width	 WWH, Br(WW*)	 Total width	 500  GeV	 vvH (fusion) WWH	 5%	 Tian	

spin	 angular distribution	Spin	 　	 not yet	

spin	
sigma__ZH(E),	
 all ZH, H->bb	 Spin	 210~250 (2 points)	need calculation	 RDR	 Scale from 250 GeV	

CP	 angular distribution	CP	 　	 RDR, not yet	 RDR	

CP	 sigma_tot	 CP	 250 GeV　	 need calculation	 RDR	 Ono	

Z->ll recoil	 Mh, sigma_ZH	 ZZH coupling, Mh	 250 GeV	 LOI	 2.5%	
Tian 
 Include ZH/eeH @500 GeV	

Z->qq recoil 	 Mh, sigma_ZH	 ZZH coupling, Mh	 250 GeV	 not yet	 　	

Br(bb)	 Branch	 Yukawa coupling ffH	 250,350,500,1TeV	prepare publish (250,350), DBD	2.7%, 3.6%	To be published	

Br(cc)	 Branch	 Yukawa coupling ffH	 250,350,500,1TeV	prepare publish (250,350), DBD	8.1%, 7.7%	To be published	

Br(gg)	 Branch	 Loop coupling, NP in loop	 250,350,500,1TeV	prepare publish (250,350), DBD	9.0%, 8.2%	To be published	

Br(ττ)	 Branch	 Yukawa coupling ffH	 250, 500, 1TeV	 RDR, not yet	 　	 To be assigned	

Br(µµ)	 Branch	 Yukawa coupling ffH	 250, 500, 1TeV	 not yet, DBD	 　	 Calancha	

Br(WW*)	 Branch	 WWH coupling, Spin	 250, 500, 1TeV	
qqqq (250) done, lvqq 	
(250) on going DBD	 8.4%	 Ono, ACFA 2012.04	

Br(ZZ*)	 Branch	 ZZH coupling, spin	 250, 500, 1TeV	 stand by (250)	 　	 Ono	

Br(Zγ)	 Branch	 Loop coupling	 250, 500, 1TeV	 stand by (250)	 　	 Calancha	

Br(γγ)	 Branch	 Loop coupling	 250, 500, 1TeV	 on going (250)	 　	 Calrancha, ACFA 2012.04	

ZHH	 sigma_ZHH	 Self coupling	 500 GeV	 LOI, DBD, prepare publish	 57%	 Tian, Suehara	

ttH	 sigma_ttH	 Yukawa coupling ffH	 500, 1TeV	 LOI, published, DBD	 11%	 Yonamine, Tanabe, 	

vv/eeH (fusion)	sigma_vv/eeH	 WWH, ZZH coupling	 500 GeV	 on going	 　	 TIan	

tt	 sigma_tt	 Yukawa ttH (Higgs exchange)	 350 GeV	 not yet	 　	



•  vvH	  @	  1	  TeV	  benchmarking	  
–  EvaluaSng	  generator	  samples	  and	  pre-‐selecSons	  
–  Select	  major	  BG	  and	  generated	  samples	  
–  Check	  BG	  sample	  sharing	  with	  WW	  study	  
–  Start	  analyze	  with	  small	  staSsScal	  samples	  
(hard	  to	  gen.	  2ab-‐1	  with	  all	  channels)	  
àSelect	  mass	  producSon	  channel	  if	  need	  

•  DBD	  physics	  chapter	  (Best	  accuracies	  in	  ILC)	  
–  Need	  to	  cover	  all	  Higgs	  properSes	  and	  couplings	  
–  ffH	  coupling:	  BRs	  are	  covered,	  except	  Hàττ	  at	  now	  
–  Compile	  latest	  results	  into	  RDR	  results	  

Summary	
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Backup	
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Physics	  chapter	  in	  DBD	
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Update coupling precision	
Higgs	  coupling	  with	  each	  parScle	  
•  ffH	  (OH):	  Branching	  fracSon	  

	  
•  WWH,	  ZZH:	  Cross	  secSon	  
•  HHH:	  Self	  coupling	  
	  
Higgs	  properSes	  
•  Mass	  
•  Spin	  
•  CP	  
•  Natural	  width	  

…	  

Mass (GeV)	

Br(H→ f f)∝ gf fH( )2

e+

e− H
Z∗

Z

f

f̄

ZZH,	  ffH	  (eeàZH)	  

e+

e− f

f̄

νe/e−

ν̄e/e+

HW−/Z

W+/Z

WWH,	  ZZH	  (eeàvv/eeH)	

C
ou

pl
in

g 
w

ith
 H

ig
gs

	



Ecm=250	  GeV	  Br(Hàbb,	  cc,	  gg)	  analysis	
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Assuming L=250 fb-1,  P(e+, e-)=(+0.3, -0.8), MH=120 GeV 
Δσ/σ250=2.5%	

13

TABLE IV: Summary of template fitting results, rs, accuracies of (σ ·Br) and Br after correcting σ of 2.5%

accuracies at the
√
s = 250 GeV assuming L = 250 fb−1 and (e−, e+) = (−0.8,+0.3) beam polarization.

νν̄H qq̄H e+e−H µ+µ−H comb.

rbb̄ 1.000±0.0161 1.0001±0.0153 0.999 ± 0.0393 1.000 ± 0.334 1.000±0.0103

rcc̄ 0.998±0.120 1.002 ±0.121 0.98 ± 0.29 1.010 ± 0.237 0.999±0.077

rgg 0.993±0.139 1.002±0.121 0.991 ± 0.352 0.998 ± 0.207 0.995±0.086

∆(σ·Br)
σ·Br (H → bb̄) (%) 1.64 1.53 3.93 3.34 1.03

∆(σ·Br)
σ·Br (H → cc̄) (%) 12.00 12.07 29.24 23.47 7.71

∆(σ·Br)
σ·Br (H → gg) (%) 13.98 13.84 35.54 20.72 8.86

∆Br
Br (H → bb̄) (%) 2.99 2.93 4.66 4.17 2.70

∆Br
Br (H → cc̄) (%) 12.24 12.32 29.35 23.61 8.11

∆Br
Br (H → gg) (%) 14.20 14.06 35.62 20.87 8.97

TABLE V: Summary of template fitting results, rs, accuracies of (σ ·Br) and Br after correcting σ of 3.5%

accuracies at the
√
s = 350 GeV assuming the L = 250 fb−1 and (e−, e+) = (−0.8,+0.3) beam polarization.

νν̄H qq̄H e+e−H µ+µ−H comb.

rbb̄ 1.000±0.0125 1.000±0.0151 0.0998 ± 0.056 0.0998 ± 0.0505 1.000±0.093

rcc̄ 0.999±0.098 0.994±0.108 1.023 ± 0.260 1.017 ± 0.321 0.999±0.068

rgg 0.996±0.096 0.999±0.134 0.968 ± 0.348 0.973 ± 0.352 0.994±0.074

∆(σ·Br)
σ·Br (H → bb̄) (%) 1.25 1.51 5.61 5.06 0.93

∆(σ·Br)
σ·Br (H → cc̄) (%) 9.78 10.91 25.47 31.57 6.84

∆(σ·Br)
σ·Br (H → gg) (%) 9.59 13.43 35.96 36.18 7.46

∆Br
Br (H → bb̄) (%) 3.14 3.25 6.31 5.65 3.62

∆Br
Br (H → cc̄) (%) 10.20 11.28 25.63 31.71 7.68

∆Br
Br (H → gg) (%) 10.02 13.74 36.08 36.30 8.24

the measurement accuracies of Higgs cross-section times branching ratios (∆(σ · Br)/σ · Br) to

H → bb̄, cc̄ and gg are 1.0%, 7.7% and 8.9% at the CM energy of 250 GeV and 0.9%, 6.8% and

7.5% at 350 GeV, respectively, assuming the same integrated luminosity of 250 fb−1. At ILC, the

total cross-section of Higgs (σ) is measured from the Z recoil mass process. Using ∆σ/σ = 2.5%

for 250 GeV and assuming 3.5% at 350 GeV, Higgs branching ratios (∆Br/Br) to bb̄, cc̄ and gg

are derived as 2.7%, 8.1% and 9.0% at the CM energy of 250 GeV and 3.0%, 7.4% and 8.0% at

350 GeV Therefore, we conclude that the Higgs BR times cross-section (Br× σ) can be measured

better at 350 GeV than 250 GeV, thanks to the better S/N at higher energy. However, when

√s=250 GeV	
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TABLE IV: Summary of template fitting results, rs, accuracies of (σ ·Br) and Br after correcting σ of 2.5%

accuracies at the
√
s = 250 GeV assuming L = 250 fb−1 and (e−, e+) = (−0.8,+0.3) beam polarization.

νν̄H qq̄H e+e−H µ+µ−H comb.

rbb̄ 1.000±0.0161 1.0001±0.0153 0.999 ± 0.0393 1.000 ± 0.334 1.000±0.0103

rcc̄ 0.998±0.120 1.002 ±0.121 0.98 ± 0.29 1.010 ± 0.237 0.999±0.077

rgg 0.993±0.139 1.002±0.121 0.991 ± 0.352 0.998 ± 0.207 0.995±0.086

∆(σ·Br)
σ·Br (H → bb̄) (%) 1.64 1.53 3.93 3.34 1.03

∆(σ·Br)
σ·Br (H → cc̄) (%) 12.00 12.07 29.24 23.47 7.71

∆(σ·Br)
σ·Br (H → gg) (%) 13.98 13.84 35.54 20.72 8.86

∆Br
Br (H → bb̄) (%) 2.99 2.93 4.66 4.17 2.70

∆Br
Br (H → cc̄) (%) 12.24 12.32 29.35 23.61 8.11

∆Br
Br (H → gg) (%) 14.20 14.06 35.62 20.87 8.97

TABLE V: Summary of template fitting results, rs, accuracies of (σ ·Br) and Br after correcting σ of 3.5%

accuracies at the
√
s = 350 GeV assuming the L = 250 fb−1 and (e−, e+) = (−0.8,+0.3) beam polarization.

νν̄H qq̄H e+e−H µ+µ−H comb.

rbb̄ 1.000±0.0125 1.000±0.0151 0.0998 ± 0.056 0.0998 ± 0.0505 1.000±0.093

rcc̄ 0.999±0.098 0.994±0.108 1.023 ± 0.260 1.017 ± 0.321 0.999±0.068

rgg 0.996±0.096 0.999±0.134 0.968 ± 0.348 0.973 ± 0.352 0.994±0.074

∆(σ·Br)
σ·Br (H → bb̄) (%) 1.25 1.51 5.61 5.06 0.93

∆(σ·Br)
σ·Br (H → cc̄) (%) 9.78 10.91 25.47 31.57 6.84

∆(σ·Br)
σ·Br (H → gg) (%) 9.59 13.43 35.96 36.18 7.46

∆Br
Br (H → bb̄) (%) 3.14 3.25 6.31 5.65 3.62

∆Br
Br (H → cc̄) (%) 10.20 11.28 25.63 31.71 7.68

∆Br
Br (H → gg) (%) 10.02 13.74 36.08 36.30 8.24

the measurement accuracies of Higgs cross-section times branching ratios (∆(σ · Br)/σ · Br) to

H → bb̄, cc̄ and gg are 1.0%, 7.7% and 8.9% at the CM energy of 250 GeV and 0.9%, 6.8% and

7.5% at 350 GeV, respectively, assuming the same integrated luminosity of 250 fb−1. At ILC, the

total cross-section of Higgs (σ) is measured from the Z recoil mass process. Using ∆σ/σ = 2.5%

for 250 GeV and assuming 3.5% at 350 GeV, Higgs branching ratios (∆Br/Br) to bb̄, cc̄ and gg

are derived as 2.7%, 8.1% and 9.0% at the CM energy of 250 GeV and 3.0%, 7.4% and 8.0% at

350 GeV Therefore, we conclude that the Higgs BR times cross-section (Br× σ) can be measured

better at 350 GeV than 250 GeV, thanks to the better S/N at higher energy. However, when

√s=350 GeV	
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Invariant mass distribution of vvH test sample produced by Tim. 
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The Higgs boson in the Standard Model
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FIGURE 2.11. The e+e− → ZH cross section energy dependence near threshold for MH = 120 GeV for
spin 0+, 1− and 2+ bosons [86] (left); the determination of the CP mixture η with the bands showing the
1σ errors at

√
s = 350 GeV and 500 fb−1 [87] (right).

of the Higgs boson can be determined unambiguously in associated production with top quark
pairs either by looking at regions of phase space which single out the different mass effects
generated by scalar and pseudoscalar Higgs production or simply from the very different
threshold behavior of the cross section as well as the polarization of the final top quarks [89].

The Higgs couplings to gauge bosons

The fundamental prediction that the Higgs couplings to W/Z bosons are proportional to the
masses of these particles can be easily verified experimentally since these couplings can be
directly determined by measuring the production cross sections in the Higgs–strahlung and
fusion processes. σ(e+e− → HZ → H#+#−) can be measured by analyzing the recoil mass
against the Z boson and provides a determination of the couplings gHZZ independently of
the Higgs decay modes. Adding the two lepton channels, one obtains an accuracy of less than
3% at

√
s ∼ 350 GeV with L = 500 fb−1 [82]. The coupling gHWW for MH <∼2MW can be

determined, once the branching ratio of a visible channel is available, from the measurement
of σ(e+e− → Hνν̄) which, as mentioned previously, can be efficiently separated from the
e+e− → HZ → Hνν̄ channel and from the backgrounds; a precision of less than 3% can also
be achieved for MH = 120 GeV, but at a slightly higher energy

√
s ∼ 500 GeV, where the

production rate is larger [90]. The precision on the Higgs couplings is half of these errors,
since the cross sections scale as g2

HV V and, thus, a measurement of the HV V couplings can be
performed at the statistical level of 1 to 2% and would allow probing the quantum corrections.

The Higgs decay branching ratios

The measurement of the branching ratios of the Higgs boson [8, 91, 92, 93, 94, 95, 96] is of
utmost importance. For Higgs masses below MH <∼ 140 GeV, a large variety of branching
ratios can be measured at the ILC, since the bb̄, cc̄ and gg final states have significant rates
and can be very efficiently disentangled by means of micro–vertex detectors. The bb̄, cc̄ and
τ+τ− fractions allow to measure the relative couplings of the Higgs boson to these fermions
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FIGURE 2.12. The branching ratio for the SM Higgs boson with the expected sensitivity at ILC. A
luminosity of 500 fb−1 at a c.m. energy of 350 GeV are assumed; from Ref. [93].

The Higgs total decay width

The total decay width of the Higgs boson is large enough, for MH >∼ 2MW GeV, to be
accessible directly from the reconstruction of the Higgs boson lineshape. For this purpose, it
is better to run the ILC at relatively low energies. It has been shown in Ref. [80] that, for
MH = 175 GeV, a measurement of the width ΓH ∼ 0.5 GeV to a precision of 10% requires
100 fb−1 data at

√
s = 290 GeV, while at

√
s = 500 GeV, one needs 5 times more luminosity.

For smaller Higgs masses, ΓH can be determined indirectly by exploiting the relation
between the total and partial decay widths for some given final states. For instance, in the
decay H → WW ∗, the width is given by ΓH = Γ(H → WW ∗)/BR(H → WW ∗) and one can
combine the direct measurement of BR(H → WW ∗) and use the information on the HWW
coupling from σ(e+e− → Hνν) to determine the partial width Γ(H → WW ∗). Alternatively,
on can exploit the measurement of the HZZ coupling from σ(e+e− → HZ) for which the
mass reach is higher than in WW fusion, and assume SU(2) invariance to relate the two
couplings, gHWW /gHZZ = 1/ cos θW . The accuracy on the total decay width measurement
follows then from that of BR(H → WW (∗)) and gHWW . In the range 120 GeV <∼ MH <∼ 160
GeV, an accuracy ranging from 4% to 13% can be achieved on ΓH if gHWW is measured in the
fusion process; Tab. 2.2. This accuracy greatly improves for higher MH values by assuming
SU(2) universality and if in addition one measures BR(H → WW ) at higher energies.

TABLE 2.2
Relative precision in the determination of the SM Higgs decay width with

∫
L = 500 fb−1 at

√
s = 350

GeV [7]; the last line shows the improvement which can be obtained when using in addition measurements
at

√
s ∼ 1 TeV with

∫
L = 1 ab−1 [99].

Channel MH = 120 GeV MH = 140 GeV MH = 160 GeV
gHWW from σ(e+e− → Hνν) 6.1% 4.5% 13.4 %
gHWW from σ(e+e− → HZ) 5.6% 3.7% 3.6 %

BR(WW ) at
√

s = 1 TeV 3.4% 3.6% 2.0 %

Note that the same technique would allow extraction of the total Higgs decay width using
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The Higgs bosons in SUSY theories

that they are indeed proportional to the particle masses. Relations between various Higgs
couplings and particle masses are shown in Fig. 2.16 for the case of a 120 GeV SM Higgs
boson with accuracies corresponding to L = 500 fb−1 at

√
s=300 GeV for the c, τ, b,W and Z

couplings,
√

s = 500 GeV for the λHHH self–coupling and
√

s = 700 GeV for the tt̄H Yukawa
coupling. A summary of the various precision measurements at ILC is given in Table 2.3

An important feature of ILC experiments is that absolute values of these coupling con-
stants can be determined in a model–independent way. This is crucial in establishing the
mass generation mechanism for elementary particles and very useful to explore physics be-
yond the SM. For instance, radion-Higgs mixing in warped extra dimensional models could
reduce the magnitude of the Higgs couplings to fermions and gauge bosons in a universal way
[56, 57] and such effects can be probed only if absolute coupling measurements are possible.
Another example is related to the electroweak baryogenesis scenario to explain the baryon
number of the universe: to be successful, the SM Higgs sector has to be extended to realize
a strong first-order phase transition and the change of the Higgs potential can lead to ob-
servable effects in the triple Higgs coupling [111, 112]. Finally, the loop induced gluonic and
photonic decay channels are sensitive to scales far beyond the Higgs mass and can probe new
particles that are too heavy to be produced directly [113].
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FIGURE 2.16. The relation between the Higgs couplings and the particle masses as determined from the
high–precision ILC measurements [4]; on the y axis, the coupling κi of the particle i with mass mi is
defined in a such a way that the relation mi = vκi with v " 246 GeV holds in the SM.

2.3 THE HIGGS BOSONS IN SUSY THEORIES

2.3.1 Decays and production of the MSSM Higgs bosons

The decay pattern of the Higgs bosons of the MSSM [40] is more complicated than in the
SM and depends strongly on the value of tan β and the Higgs masses; see Fig. 2.17 where
the branching ratios are shown for tan β = 3 and 30. The lightest h boson will decay mainly
into fermion pairs since its mass is smaller than ∼ 140 GeV, except in the decoupling limit
in which it decays like the SM–Higgs boson and thus the WW decays can be dominant.
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