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•  Measured	
  Higgs	
  couplings	
  with	
  combina5on	
  of	
  all	
  decay	
  channels	
  (γγ,	
  ZZ,	
  
WW,	
  ττ,	
  bb)	
  using	
  up	
  to	
  ~25	
  S-­‐1	
  of	
  data	
  at	
  sqrt(s)	
  =	
  7	
  and	
  8	
  TeV	
  

•  ATLAS	
  conference	
  notes	
  on	
  Higgs	
  coupling	
  measurements:	
  	
  
ATLAS-­‐CONF-­‐2013-­‐034,	
  ATLAS-­‐CONF-­‐2012-­‐127	
  

•  Couplings	
  consistent	
  with	
  SM-­‐like	
  Higgs	
  boson	
  within	
  large	
  uncertain5es	
  
•  Small	
  devia5ons	
  in	
  couplings	
  predicted	
  by	
  BSM	
  models	
  like	
  two-­‐

Higgs-­‐doublet	
  model	
  e.g.	
  MSSM,	
  an	
  addi5onal	
  EW	
  singlet,	
  and	
  dark	
  
maHer	
  

•  Snowmass	
  goals:	
  
•  Derive	
  expected	
  precision	
  on	
  Higgs	
  couplings	
  with	
  300	
  and	
  3000	
  S-­‐1	
  

at	
  14	
  TeV	
  
•  Translate	
  into	
  sensi5vity	
  to	
  various	
  BSM	
  scenarios	
  

•  New	
  ATLAS	
  results	
  in	
  final	
  stages	
  of	
  Collabora5on	
  approval	
  
•  Illustrate	
  here	
  with	
  exis5ng	
  public	
  ATLAS	
  results	
  and	
  schema5c	
  

examples	
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Introduc5on	
  



•  Define	
  signal	
  strength	
  μ	
  =	
  (σ*BR)/(σ*BR)SM	
  
•  Similarly	
  for	
  each	
  coupling	
  gi	
  ,	
  measure	
  strength	
  in	
  “units”	
  of	
  SM	
  value:	
  	
  κi	
  =	
  gi	
  /gi	
  ,	
  SM	
  

•  Scale	
  each	
  produc5on	
  or	
  decay	
  mode	
  i	
  by	
  κi2	
  =	
  gi2	
  /gi,	
  SM2	
  

•  Scale	
  total	
  width	
  by	
  κH2	
  

~	
  κg2	
  ~	
  ftκt2	
  +	
  fbκb2	
  +	
  ftbktkb	
  +	
  …	
  	
  	
  	
  	
  	
  	
  	
  (top	
  quark	
  dominates	
  loop	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  coupling	
  to	
  gluons)	
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~	
  κγ2	
  =	
  |1.28	
  κW	
  –	
  0.28	
  κt	
  +	
  …|2	
  
	
  	
  	
  	
  	
  
(W	
  and	
  top	
  interfere	
  in	
  
loop	
  coupling	
  to	
  photons)	
  

LHC	
  HXSWG	
  (arXiv:1209.0040)	
  

Framework	
  to	
  probe	
  couplings	
  



Vg

0.7 0.8 0.9 1 1.1 1.2 1.3

F
g

-1

0

1

2

3
SM
Best fit
68% CL
95% CL

-1Ldt = 13-20.7 fb0 = 8 TeV, s

-1Ldt = 4.6-4.8 fb0 = 7 TeV, s
ATLAS Preliminary

July	
  2,	
  2013	
   E.	
  Feng	
  -­‐	
  Higgs	
  Couplings	
  &	
  BSM	
  at	
  HL-­‐LHC	
  (Snowmass)	
   4	
  

WZh

0.4 0.6 0.8 1 1.2 1.4 1.6

)
W

Z
h(

R
-2

 ln
 

0
1
2
3
4
5
6
7
8
9

10
]ZZg,FZh,WZh[

Observed
SM expected-1Ldt = 13-20.7 fb0 = 8 TeV, s

-1Ldt = 4.6-4.8 fb0 = 7 TeV, s
ATLAS Preliminary

Higgs	
  couplings	
  with	
  current	
  data	
  

Fg

-1.5 -1 -0.5 0 0.5 1 1.5

) F
g(

R
-2

 ln
 

0
1
2
3
4
5
6
7
8
9

10
]Fg,Vg[

Observed
SM expected-1Ldt = 13-20.7 fb0 = 8 TeV, s

-1Ldt = 4.6-4.8 fb0 = 7 TeV, s
ATLAS Preliminary

Fg

-1.5 -1 -0.5 0 0.5 1 1.5

) F
g(

R
-2

 ln
 

0
1
2
3
4
5
6
7
8
9

10
]Fg,Vg[

Observed
SM expected-1Ldt = 13-20.7 fb0 = 8 TeV, s

-1Ldt = 4.6-4.8 fb0 = 7 TeV, s
ATLAS Preliminary

parameter value
-1 0 1 2

i,u1-B
ag
gg
ag
gg

ZZg
FZh

Zah
WZh
ZZg
FZh

WZh
VVg

Vah
FVh
VVg
FVh

Fg
Vg

ATLAS Preliminary -1Ldt = 4.6-4.8 fb0 = 7 TeV, s
-1Ldt = 13-20.7 fb0 = 8 TeV, s

 = 125.5 GeVHm

m 1± m 2±

parameter value
-1 0 1

i,u1-B

ag

gg

WZh

FVh

Fg

Vg

ATLAS Preliminary -1Ldt = 4.6-4.8 fb0 = 7 TeV, s
-1Ldt = 13-20.7 fb0 = 8 TeV, s

 = 125.5 GeVHm
m

od
el

: F
g, V

g
m

od
el

: VV
g, 

FVh
m

od
el

: ,
FZh, 

W
Z

h

ZZ
g

m
od

el
:

a
g, g

g
m

od
el

: i,u
, B a

g, g
g

m 1± m 2±

i,uB
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

)
i,u

(B
R

-2
 ln

 
0
1
2
3
4
5
6
7
8
9

10
]i,u,Bgg,ag[

Observed
SM expected-1Ldt = 13-20.7 fb0 = 8 TeV, s

-1Ldt = 4.6-4.8 fb0 = 7 TeV, s
ATLAS Preliminary

ag

0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8

g
g

0.6
0.8

1
1.2
1.4
1.6
1.8

2
2.2 SM

Best fit
68% CL
95% CL

-1Ldt = 13-20.7 fb0 = 8 TeV, s

-1Ldt = 4.6-4.8 fb0 = 7 TeV, s
ATLAS Preliminary



Vg

0.7 0.8 0.9 1 1.1 1.2 1.3

F
g

-1

0

1

2

3
SM
Best fit
68% CL
95% CL

-1Ldt = 13-20.7 fb0 = 8 TeV, s

-1Ldt = 4.6-4.8 fb0 = 7 TeV, s
ATLAS Preliminary

July	
  2,	
  2013	
   E.	
  Feng	
  -­‐	
  Higgs	
  Couplings	
  &	
  BSM	
  at	
  HL-­‐LHC	
  (Snowmass)	
   5	
  

WZh

0.4 0.6 0.8 1 1.2 1.4 1.6

)
W

Z
h(

R
-2

 ln
 

0
1
2
3
4
5
6
7
8
9

10
]ZZg,FZh,WZh[

Observed
SM expected-1Ldt = 13-20.7 fb0 = 8 TeV, s

-1Ldt = 4.6-4.8 fb0 = 7 TeV, s
ATLAS Preliminary

Higgs	
  couplings	
  with	
  current	
  data	
  

Fg

-1.5 -1 -0.5 0 0.5 1 1.5

) F
g(

R
-2

 ln
 

0
1
2
3
4
5
6
7
8
9

10
]Fg,Vg[

Observed
SM expected-1Ldt = 13-20.7 fb0 = 8 TeV, s

-1Ldt = 4.6-4.8 fb0 = 7 TeV, s
ATLAS Preliminary

Fg

-1.5 -1 -0.5 0 0.5 1 1.5

) F
g(

R
-2

 ln
 

0
1
2
3
4
5
6
7
8
9

10
]Fg,Vg[

Observed
SM expected-1Ldt = 13-20.7 fb0 = 8 TeV, s

-1Ldt = 4.6-4.8 fb0 = 7 TeV, s
ATLAS Preliminary

parameter value
-1 0 1 2

i,u1-B
ag
gg
ag
gg

ZZg
FZh

Zah
WZh
ZZg
FZh

WZh
VVg

Vah
FVh
VVg
FVh

Fg
Vg

ATLAS Preliminary -1Ldt = 4.6-4.8 fb0 = 7 TeV, s
-1Ldt = 13-20.7 fb0 = 8 TeV, s

 = 125.5 GeVHm

m 1± m 2±

parameter value
-1 0 1

i,u1-B

ag

gg

WZh

FVh

Fg

Vg

ATLAS Preliminary -1Ldt = 4.6-4.8 fb0 = 7 TeV, s
-1Ldt = 13-20.7 fb0 = 8 TeV, s

 = 125.5 GeVHm
m

od
el

: F
g, V

g
m

od
el

: VV
g, 

FVh
m

od
el

: ,
FZh, 

W
Z

h

ZZ
g

m
od

el
:

a
g, g

g
m

od
el

: i,u
, B a

g, g
g

m 1± m 2±

i,uB
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

)
i,u

(B
R

-2
 ln

 
0
1
2
3
4
5
6
7
8
9

10
]i,u,Bgg,ag[

Observed
SM expected-1Ldt = 13-20.7 fb0 = 8 TeV, s

-1Ldt = 4.6-4.8 fb0 = 7 TeV, s
ATLAS Preliminary

ag

0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8

g
g

0.6
0.8

1
1.2
1.4
1.6
1.8

2
2.2 SM

Best fit
68% CL
95% CL

-1Ldt = 13-20.7 fb0 = 8 TeV, s

-1Ldt = 4.6-4.8 fb0 = 7 TeV, s
ATLAS Preliminary

Presented	
  summaries	
  of	
  results	
  with	
  current	
  data	
  at	
  
Snowmass	
  HH	
  workshop	
  (May	
  3-­‐4):	
  
hHps://indico.cern.ch/conferenceTimeTable.py?
confId=240704#20130503.detailed	
  
and	
  Snowmass	
  Higgs	
  workshop	
  (Jan	
  14-­‐16):	
  
hHp://physics.princeton.edu/indico/
conferenceTimeTable.py?
confId=127&detailLevel=contribu5on	
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•  Expected	
  precision	
  with	
  300	
  &	
  3000	
  S-­‐1	
  
@	
  14	
  TeV	
  studied	
  by	
  Eur.	
  Strategy	
  group	
  
•  ATL-­‐PHYS-­‐PUB-­‐2012-­‐004	
  

•  Parametrized	
  detector	
  inefficiencies	
  and	
  
resolu5ons	
  to	
  model	
  object	
  performance	
  with	
  
higher	
  pileup	
  
•  Up	
  to	
  150	
  simultaneous	
  pp	
  interac5ons	
  

•  Further	
  improvements	
  in	
  H-­‐>γγ,	
  ZZ,	
  WW,	
  
and	
  ττ	
  final	
  states	
  
•  bb	
  not	
  included	
  due	
  to	
  heavy	
  dependence	
  

on	
  b-­‐tagging	
  performance	
  and	
  JER	
  
•  Expected	
  measurement	
  precision	
  with	
  

300	
  &	
  3000	
  S-­‐1	
  @	
  14	
  TeV	
  on	
  Higgs	
  
•  Signal	
  strengths,	
  μi,	
  and	
  par5al	
  widths,	
  Γi	
  

(propor5onal	
  to	
  squared	
  coupling	
  constants)	
  
•  Hashed	
  areas	
  indicate	
  theore5cal	
  uncertain5es	
  
•  No	
  assump5ons	
  on	
  Higgs	
  total	
  width	
  (BSM)	
  

Input	
  channels	
  for	
  HL-­‐LHC	
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•  Uncertain5es	
  on	
  ra5os	
  of	
  couplings	
  will	
  
decrease	
  to	
  as	
  low	
  as	
  ~5%	
  with	
  300	
  S-­‐1	
  at	
  
14	
  TeV,	
  and	
  as	
  low	
  as	
  couple	
  percent	
  with	
  
3000	
  S-­‐1	
  at	
  HL-­‐LHC	
  

•  Γγ	
  /	
  ΓZ	
  provides	
  constraint	
  on	
  new	
  physics	
  in	
  
H-­‐>γγ	
  loop	
  to	
  couple	
  level	
  at	
  3000	
  S-­‐1	
  

•  25%	
  precision	
  on	
  Γτ	
  /	
  Γµ	
  probes	
  couplings	
  
of	
  2nd	
  and	
  3rd	
  genera5on	
  fermions	
  

Coupling	
  prospects	
  at	
  HL-­‐LHC	
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•  Precision	
  on	
  ra5os	
  of	
  couplings	
  
•  No	
  interpreta5on:	
  	
  iden5cal	
  to	
  

official	
  ATLAS	
  numbers	
  
•  No	
  assump5on	
  on	
  Higgs	
  total	
  width,	
  

which	
  cancels	
  out	
  in	
  ra5os	
  of	
  
couplings	
  

•  Very	
  conserva5ve	
  results	
  as	
  experimental	
  
systema5c	
  uncertain5es	
  are	
  treated	
  as	
  
uncorrelated	
  between	
  different	
  channels	
  
•  Saturate	
  the	
  performance	
  at	
  high	
  

luminosity,	
  whereas	
  in	
  reality	
  will	
  
par5ally	
  cancel	
  and	
  result	
  in	
  
further	
  improvement	
  in	
  performance	
  

•  Correla5ons	
  in	
  theore5cal	
  uncertain5es	
  
between	
  channels	
  are	
  included	
  
•  Improvement	
  in	
  this	
  area	
  would	
  also	
  be	
  cri5cal	
  for	
  further	
  progress	
  

•  For	
  perspec5ve,	
  even	
  more	
  conserva5ve	
  than	
  CMS	
  Scenario	
  1	
  
•  Consistent	
  numbers	
  if	
  use	
  more	
  op5mis5c	
  (realis5c)	
  assump5ons	
  

Coupling	
  prospects	
  at	
  HL-­‐LHC	
  

Model	
   300	
  1-­‐1	
   3000	
  1-­‐1	
  

κw	
  /	
  κz	
   12%	
   11%	
  

κt	
  /	
  κg	
   26%	
   11%	
  

κb	
  /	
  κZ	
   N/A	
   N/A	
  

κτ / κZ	
   21%	
   10%	
  

κµ / κZ	
   22%	
   7%	
  

κg	
  /	
  κZ	
   26%	
   14%	
  

κγ / κZ	
   5%	
   1%	
  

κg	
  	
  κΖ / κH	
   8%	
   7%	
  
---	



κτ / κµ	

 33%	
   12%	
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•  Uncertain5es	
  on	
  couplings	
  determined	
  for	
  many	
  benchmark	
  models	
  
•  Some	
  have	
  simplifying	
  assump5ons,	
  e.g.	
  (kV,	
  kF)	
  
•  Others	
  are	
  fully	
  general	
  –	
  no	
  simplifica5ons:	
  

(κZ,	
  κW,	
  κt,	
  κb,	
  κτ,	
  κµ,	
  κg,	
  κγ)	
  
•  Results	
  in	
  final	
  stages	
  of	
  ATLAS	
  approval	
  process	
  

•  Expected	
  to	
  become	
  public	
  as	
  ATLAS	
  PUB	
  note	
  within	
  couple	
  weeks	
  
•  Will	
  also	
  be	
  included	
  in	
  ATLAS	
  white	
  paper	
  

Uncertain5es	
  on	
  couplings	
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Higgs	
  couplings	
  precision	
  at	
  14	
  TeV	
  

•  Parametriza5ons	
  studied	
  assuming	
  BRinv=0	
  
•  Ra5os	
  also	
  probed	
  without	
  assump5on	
  

•  First	
  with	
  photon	
  and	
  gluon	
  rates	
  expressed	
  as	
  
rescaled	
  loops	
  of	
  above	
  couplings	
  

•  Overall	
  coupling	
  strength	
  
•  Vector	
  bosons	
  vs.	
  fermions	
  to	
  probe	
  

quadra5c	
  vs.	
  linear	
  mass	
  dependence	
  
•  Gauge	
  sector	
  

•  W	
  vs.	
  Z	
  bosons	
  to	
  test	
  custodial	
  symmetry	
  
•  Yukawa	
  sector	
  

•  Up-­‐type	
  vs.	
  down-­‐type	
  fermions	
  to	
  test	
  
Type	
  II	
  2HDMs,	
  e.g.	
  MSSM	
  

•  Leptons	
  vs.	
  quarks	
  to	
  test	
  
Type	
  III	
  and	
  IV	
  2HDMs	
  

•  Muons	
  vs.	
  taus	
  to	
  test	
  2nd	
  vs.	
  3rd	
  
genera5on	
  fermions	
  

•  General	
  6-­‐dimensional	
  fit	
  to	
  all	
  couplings	
  to	
  
massive	
  par5cles	
  (κb	
  not	
  determined)	
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Higgs	
  couplings	
  precision	
  at	
  14	
  TeV	
  

•  Also	
  perform	
  fits	
  with	
  effec5ve	
  loop	
  
couplings	
  to	
  gluons	
  and	
  photons	
  
•  More	
  model-­‐independent	
  because	
  

absorb	
  arbitrary	
  contribu5ons	
  from	
  new	
  
diagrams	
  from	
  BSM	
  phenomena	
  

•  Simplified	
  probe	
  of	
  vector	
  vs.	
  fermion	
  
couplings,	
  but	
  with	
  effec5ve	
  loop	
  couplings	
  

•  General	
  8-­‐dimensional	
  fit	
  of	
  all	
  couplings	
  to	
  
massive	
  and	
  massless	
  par5cles	
  
•  κb	
  not	
  determined	
  

•  Since	
  ATLAS	
  update	
  not	
  available	
  yet,	
  provide	
  
in	
  following	
  slides	
  personal	
  (i.e.	
  my	
  own)	
  
interpreta5on	
  of	
  public	
  ATLAS	
  results	
  for	
  
illustra5ve	
  purposes	
  
•  Actual	
  ATLAS	
  results	
  not	
  determined	
  by	
  

such	
  simplified	
  reasoning,	
  but	
  rather	
  
using	
  full-­‐blown	
  fits	
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•  Disclaimer:	
  	
  Personal	
  interpreta;on	
  of	
  public	
  ATLAS	
  results	
  
•  W	
  and	
  Z	
  coupling	
  precisions	
  are	
  similar	
  at	
  300	
  S-­‐1	
  

•  Experimental	
  and	
  sta5s5cal	
  uncertain5es	
  uncorrelated	
  so	
  divide	
  by	
  sqrt(2)	
  
•  W	
  performance	
  saturates	
  at	
  3000	
  S-­‐1	
  (treated	
  very	
  conserva5vely),	
  while	
  Z	
  

coupling	
  precision	
  expected	
  to	
  further	
  improve	
  wrt	
  W	
  coupling	
  shown	
  

W	
  and	
  Z	
  couplings	
  

Model	
   300	
  1-­‐1	
   3000	
  1-­‐1	
  

κw	
  /	
  κz	
   12%	
   11%	
  

κt	
  /	
  κg	
   26%	
   11%	
  

κb	
  /	
  κZ	
   N/A	
   N/A	
  

κτ / κZ	
   21%	
   10%	
  

κµ / κZ	
   22%	
   7%	
  

κg	
  /	
  κZ	
   26%	
   14%	
  

κγ / κZ	
   5%	
   2%	
  

κg	
  κΖ / κΗ	

 8%	
   7%	
  

Model	
   300	
  1-­‐1	
   3000	
  1-­‐1	
  

κw	
   8.5%	
   8%	
  

κt	
  /	
  κg	
   26%	
   11%	
  

κb	
  /	
  κZ	
   N/A	
   N/A	
  

κτ / κZ	
   21%	
   10%	
  

κµ / κZ	
   22%	
   7%	
  

κg	
  /	
  κZ	
   26%	
   14%	
  

κγ / κZ	
   5%	
   2%	
  

κg	
  κΖ / κΗ	

 8%	
   7%	
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•  Disclaimer:	
  	
  Personal	
  interpreta;on	
  of	
  public	
  ATLAS	
  results	
  
•  Top	
  coupling	
  from	
  HH(γγ,	
  µµ)	
  is	
  sta5s5cally	
  limited	
  at	
  300	
  S-­‐1	
  

•  Systema5cs	
  become	
  relevant	
  at	
  3000	
  S-­‐1	
  

•  In	
  both	
  scenarios,	
  top-­‐quark	
  uncertainty	
  dominates	
  that	
  on	
  gluon	
  (ggF)	
  
•  Addi5onal	
  HH	
  with	
  decays	
  to	
  WW,	
  bb,	
  etc	
  under	
  study	
  but	
  not	
  included	
  here	
  

Top	
  quark	
  coupling	
  

Model	
   300	
  1-­‐1	
   3000	
  1-­‐1	
  

κw	
  /	
  κz	
   12%	
   11%	
  

κt	
  /	
  κg	
   26%	
   11%	
  

κb	
  /	
  κZ	
   N/A	
   N/A	
  

κτ / κZ	
   21%	
   10%	
  

κµ / κZ	
   22%	
   7%	
  

κg	
  /	
  κZ	
   26%	
   14%	
  

κγ / κZ	
   5%	
   2%	
  

κg	
  κΖ / κΗ	

 8%	
   7%	
  

Model	
   300	
  1-­‐1	
   3000	
  1-­‐1	
  

κw	
   8.5%	
   8%	
  

κt	
  	
   26%	
   11%	
  

κb	
  /	
  κZ	
   N/A	
   N/A	
  

κτ / κZ	
   21%	
   10%	
  

κµ / κZ	
   22%	
   7%	
  

κg	
  /	
  κZ	
   26%	
   14%	
  

κγ / κZ	
   5%	
   2%	
  

κg	
  κΖ / κΗ	

 8%	
   7%	
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•  Disclaimer:	
  	
  Personal	
  interpreta;on	
  of	
  public	
  ATLAS	
  results	
  
•  No	
  sensi5vity	
  projec5ons	
  given	
  for	
  H-­‐>bb	
  

•  Studies	
  of	
  b-­‐jet	
  performance	
  and	
  sensi5vity	
  in	
  boosted	
  regime	
  on-­‐going	
  
•  May	
  provide	
  an	
  update	
  by	
  ECFA	
  in	
  October,	
  but	
  unlikely	
  for	
  Snowmass	
  

•  BR(Γ-­‐>bb)	
  ~	
  57%	
  for	
  SM	
  Higgs	
  so	
  important	
  for	
  absolute	
  couplings	
  

b-­‐quark	
  coupling	
  

Model	
   300	
  1-­‐1	
   3000	
  1-­‐1	
  

κw	
  /	
  κz	
   12%	
   11%	
  

κt	
  /	
  κg	
   26%	
   11%	
  

κb	
  /	
  κZ	
   N/A	
   N/A	
  

κτ / κZ	
   21%	
   10%	
  

κµ / κZ	
   22%	
   7%	
  

κg	
  /	
  κZ	
   26%	
   14%	
  

κγ / κZ	
   5%	
   2%	
  

κg	
  κΖ / κΗ	

 8%	
   7%	
  

Model	
   300	
  1-­‐1	
   3000	
  1-­‐1	
  

κw	
   8.5%	
   8%	
  

κt	
  	
   26%	
   11%	
  

κb	
   N/A	
   N/A	
  

κτ / κZ	
   21%	
   10%	
  

κµ / κZ	
   22%	
   7%	
  

κg	
  /	
  κZ	
   26%	
   14%	
  

κγ / κZ	
   5%	
   2%	
  

κg	
  κΖ / κΗ	

 8%	
   7%	
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•  Disclaimer:	
  	
  Personal	
  interpreta;on	
  of	
  public	
  ATLAS	
  results	
  
•  Tau	
  precision	
  dominates	
  ra5o	
  of	
  tau	
  and	
  Z	
  couplings	
  

•  Precision	
  on	
  H-­‐>tautau	
  signal	
  strength	
  about	
  50%	
  beHer	
  than	
  H-­‐>ZZ,	
  not	
  
including	
  addi5onal	
  power	
  for	
  Z	
  coupling	
  from	
  VBF	
  and	
  ZH	
  

Tau	
  coupling	
  

Model	
   300	
  1-­‐1	
   3000	
  1-­‐1	
  

κw	
  /	
  κz	
   12%	
   11%	
  

κt	
  /	
  κg	
   26%	
   11%	
  

κb	
  /	
  κZ	
   N/A	
   N/A	
  

κτ / κZ	
   21%	
   10%	
  

κµ / κZ	
   22%	
   7%	
  

κg	
  /	
  κZ	
   26%	
   14%	
  

κγ / κZ	
   5%	
   2%	
  

κg	
  κΖ / κΗ	

 8%	
   7%	
  

Model	
   300	
  1-­‐1	
   3000	
  1-­‐1	
  

κw	
   8.5%	
   8%	
  

κt	
  	
   26%	
   11%	
  

κb	
   N/A	
   N/A	
  

κτ	
   21%	
   10%	
  

κµ / κZ	
   22%	
   7%	
  

κg	
  /	
  κZ	
   26%	
   14%	
  

κγ / κZ	
   5%	
   2%	
  

κg	
  κΖ / κΗ	

 8%	
   7%	
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•  Disclaimer:	
  	
  Personal	
  interpreta;on	
  of	
  public	
  ATLAS	
  results	
  
•  Muon	
  coupling	
  is	
  sta5s5cally	
  limited	
  and	
  trivially	
  dominates	
  Z	
  coupling	
  precision	
  

•  Precision	
  on	
  H-­‐>tautau	
  signal	
  strength	
  about	
  50%	
  beHer	
  than	
  H-­‐>ZZ,	
  not	
  
including	
  addi5onal	
  power	
  for	
  Z	
  coupling	
  from	
  VBF	
  and	
  ZH	
  

Muon	
  coupling	
  

Model	
   300	
  1-­‐1	
   3000	
  1-­‐1	
  

κw	
  /	
  κz	
   12%	
   11%	
  

κt	
  /	
  κg	
   26%	
   11%	
  

κb	
  /	
  κZ	
   N/A	
   N/A	
  

κτ / κZ	
   21%	
   10%	
  

κµ / κZ	
   22%	
   7%	
  

κg	
  /	
  κZ	
   26%	
   14%	
  

κγ / κZ	
   5%	
   2%	
  

κg	
  κΖ / κΗ	

 8%	
   7%	
  

Model	
   300	
  1-­‐1	
   3000	
  1-­‐1	
  

κw	
   8.5%	
   8%	
  

κt	
  	
   26%	
   11%	
  

κb	
   N/A	
   N/A	
  

κτ	
   21%	
   10%	
  

κµ	
   22%	
   7%	
  

κg	
  /	
  κZ	
   26%	
   14%	
  

κγ / κZ	
   5%	
   2%	
  

κg	
  κΖ / κΗ	

 8%	
   7%	
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•  Disclaimer:	
  	
  Personal	
  interpreta;on	
  of	
  public	
  ATLAS	
  results	
  
•  Precision	
  on	
  gluon	
  coupling	
  in	
  similar	
  ballpark	
  as	
  Z	
  coupling	
  

•  Gluon	
  coupling	
  from	
  gluon	
  fusion	
  –	
  high	
  rate	
  
•  Z	
  coupling	
  from	
  ZZ	
  fusion	
  and	
  ZH	
  produc5on	
  –	
  lower	
  rates	
  but	
  higher	
  S/B	
  

Gluon	
  coupling	
  

Model	
   300	
  1-­‐1	
   3000	
  1-­‐1	
  

κw	
  /	
  κz	
   12%	
   11%	
  

κt	
  /	
  κg	
   26%	
   11%	
  

κb	
  /	
  κZ	
   N/A	
   N/A	
  

κτ / κZ	
   21%	
   10%	
  

κµ / κZ	
   22%	
   7%	
  

κg	
  /	
  κZ	
   26%	
   14%	
  

κγ / κZ	
   5%	
   2%	
  

κg	
  κΖ / κΗ	

 8%	
   7%	
  

Model	
   300	
  1-­‐1	
   3000	
  1-­‐1	
  

κw	
   8.5%	
   8%	
  

κt	
  	
   26%	
   11%	
  

κb	
   N/A	
   N/A	
  

κτ	
   21%	
   10%	
  

κµ	
   22%	
   7%	
  

κg	
   18%	
   10%	
  

κγ / κZ	
   5%	
   2%	
  

κg	
  κΖ / κΗ	

 8%	
   7%	
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•  Disclaimer:	
  	
  Personal	
  interpreta;on	
  of	
  public	
  ATLAS	
  results	
  
•  Diphoton	
  channel	
  is	
  most	
  precise	
  (1-­‐jet	
  &	
  2-­‐jet)	
  measured	
  (even	
  beHer	
  than	
  ZZ)	
  

•  Fine	
  resolu5on	
  and	
  smoothly	
  falling	
  background	
  improves	
  with	
  luminosity	
  
•  For	
  both	
  γγ	
  and	
  ZZ,	
  theore5cal	
  uncertainty	
  is	
  about	
  50%	
  (75%)	
  of	
  total	
  

uncertainty	
  at	
  300	
  (3000)	
  S-­‐1	
  

•  Canceled	
  in	
  ra5o	
  of	
  couplings,	
  but	
  would	
  persist	
  in	
  absolute	
  couplings	
  

Photon	
  coupling	
  

Model	
   300	
  1-­‐1	
   3000	
  1-­‐1	
  

κw	
  /	
  κz	
   12%	
   11%	
  

κt	
  /	
  κg	
   26%	
   11%	
  

κb	
  /	
  κZ	
   N/A	
   N/A	
  

κτ / κZ	
   21%	
   10%	
  

κµ / κZ	
   22%	
   7%	
  

κg	
  /	
  κZ	
   26%	
   14%	
  

κγ / κZ	
   5%	
   1%	
  

κg	
  κΖ / κΗ	

 8%	
   7%	
  

Model	
   300	
  1-­‐1	
   3000	
  1-­‐1	
  

κw	
   8.5%	
   8%	
  

κt	
  	
   26%	
   11%	
  

κb	
   N/A	
   N/A	
  

κτ	
   21%	
   10%	
  

κµ	
   22%	
   7%	
  

κg	
   18%	
   10%	
  

κγ 	
   10%	
   4%	
  

κg	
  κΖ / κΗ	

 8%	
   7%	
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•  Disclaimer:	
  	
  Personal	
  interpreta;on	
  of	
  public	
  ATLAS	
  results	
  
•  Therefore	
  arrive	
  at	
  crude	
  table	
  approxima5ng	
  expected	
  ATLAS	
  precision	
  

•  Conserva5ve	
  but	
  agrees	
  with	
  actual	
  ATLAS	
  results	
  well	
  within	
  ~50%	
  
•  Precision	
  on	
  most	
  couplings	
  improves	
  by	
  around	
  a	
  factor	
  of	
  2	
  with	
  3000	
  S-­‐1	
  	
  

•  Z	
  coupling	
  not	
  shown	
  (extracted	
  as	
  ra5o	
  wrt	
  Z)	
  but	
  also	
  expected	
  to	
  improve	
  
•  Coupling	
  precisions	
  between	
  roughly	
  5-­‐10%	
  can	
  be	
  aHained	
  with	
  3000	
  S-­‐1	
  

Higgs	
  coupling	
  precision	
  at	
  HL-­‐LHC	
  

Model	
   300	
  1-­‐1	
   3000	
  1-­‐1	
  

κw	
   8.5%	
   8%	
  

κt	
  	
   26%	
   11%	
  

κb	
   N/A	
   N/A	
  

κτ	
   21%	
   10%	
  

κµ	
   22%	
   7%	
  

κg	
   18%	
   10%	
  

κγ 	
   10%	
   4%	
  

κg	
  κΖ / κΗ	

 8%	
   7%	
  



•  Joint	
  discussions	
  between	
  Higgs	
  and	
  New	
  Physics	
  working	
  groups	
  at	
  BNL	
  
Snowmass	
  Energy	
  Fron5er	
  workshop	
  (April	
  3-­‐6)	
  

•  Plenary	
  summary	
  below	
  by	
  Snowmass	
  Higgs	
  WG	
  conveners	
  
•  Ac5on	
  item	
  applies	
  to	
  both	
  spin/CP	
  and	
  couplings	
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Mo5va5on	
  for	
  BSM	
  sensi5vity	
  



•  Consider	
  model	
  with	
  addi5onal	
  Higgs	
  doublet	
  
•  Four	
  types	
  (I,	
  II,	
  III,	
  IV)	
  of	
  two	
  Higgs-­‐doublet	
  models	
  sa5sfy	
  Glashow-­‐Weinberg	
  

condi5on	
  
•  No	
  tree-­‐level	
  flavor	
  changing	
  neutral	
  currents	
  

•  Light	
  Higgs	
  couplings	
  are	
  func5on	
  of	
  two	
  parameters:	
  
•  Mixing	
  angle	
  α	
  between	
  neutral	
  Higgses	
  (h,	
  H)	
  

Ra5o	
  of	
  vacuum	
  expecta5on	
  values:	
  	
  tan(β)=v2/v1	
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e.g.	
  N.	
  Craig	
  et	
  al.	
  	
  arXiv:1210.0559	
  

1)	
  	
  Two	
  Higgs	
  Doublet	
  Models	
  (2HDMs)	
  



•  Disclaimer:	
  	
  Schema;c	
  illustra;on	
  with	
  LHC-­‐style	
  detector	
  (not	
  ATLAS)	
  
•  Expected	
  limits	
  on	
  2HDM	
  Type	
  I	
  with	
  300	
  (le�)	
  and	
  3000	
  (right)	
  S-­‐1	
  at	
  14	
  TeV	
  
•  Type	
  I:	
  	
  “Fermiophobic”	
  i.e.	
  decreased	
  fermion	
  couplings	
  for	
  first	
  Higgs	
  doublet	
  

•  SM	
  decoupling	
  limit	
  at	
  cos(β-α)=0	
  
•  Regions	
  with	
  -­‐2	
  ln	
  Λ	
  >	
  6.0	
  excluded	
  at	
  95%	
  CL	
  

•  At	
  “low”	
  tan(β),	
  reach	
  in	
  cos(β-α)	
  improves	
  by	
  factor	
  ~2	
  with	
  3000	
  S-­‐1	
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Limits	
  on	
  2HDM	
  Type	
  I	
  

2HDM	
  Type	
  I	
  



•  Disclaimer:	
  	
  Schema;c	
  illustra;on	
  with	
  LHC-­‐style	
  detector	
  (not	
  ATLAS)	
  
•  Expected	
  limits	
  on	
  2HDM	
  Type	
  II	
  with	
  300	
  (le�)	
  and	
  3000	
  (right)	
  S-­‐1	
  at	
  14	
  TeV	
  
•  Type	
  II:	
  	
  “MSSM-­‐like”	
  i.e.	
  two	
  doublets	
  couple	
  separately	
  to	
  up	
  &	
  down-­‐type	
  

•  SM	
  decoupling	
  limit	
  at	
  cos(β-α)=0	
  
•  Regions	
  with	
  -­‐2	
  ln	
  Λ	
  >	
  6.0	
  excluded	
  at	
  95%	
  CL	
  

•  At	
  “low”	
  tan(β),	
  reach	
  in	
  cos(β-α)	
  improves	
  by	
  factor	
  ~2	
  with	
  3000	
  S-­‐1	
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Limits	
  on	
  2HDM	
  Type	
  II	
  

2HDM	
  Type	
  II	
   2HDM	
  Type	
  II	
  



•  Disclaimer:	
  	
  Schema;c	
  illustra;on	
  with	
  LHC-­‐style	
  detector	
  (not	
  ATLAS)	
  
•  Expected	
  limits	
  on	
  2HDM	
  Type	
  III	
  with	
  300	
  (le�)	
  and	
  3000	
  (right)	
  S-­‐1	
  at	
  14	
  TeV	
  
•  Type	
  III:	
  	
  “Lepton-­‐specific”	
  i.e.	
  lepton	
  couplings	
  inverted	
  wrt	
  Type	
  I	
  

•  SM	
  decoupling	
  limit	
  at	
  cos(β-α)=0	
  
•  Regions	
  with	
  -­‐2	
  ln	
  Λ	
  >	
  6.0	
  excluded	
  at	
  95%	
  CL	
  

•  At	
  “low”	
  tan(β),	
  reach	
  in	
  cos(β-α)	
  improves	
  by	
  factor	
  ~2	
  with	
  3000	
  S-­‐1	
  	
  

July	
  2,	
  2013	
   E.	
  Feng	
  -­‐	
  Higgs	
  Couplings	
  &	
  BSM	
  at	
  HL-­‐LHC	
  (Snowmass)	
   24	
  

Limits	
  on	
  2HDM	
  Type	
  III	
  

2HDM	
  Type	
  III	
   2HDM	
  Type	
  III	
  



•  Disclaimer:	
  	
  Schema;c	
  illustra;on	
  with	
  LHC-­‐style	
  detector	
  (not	
  ATLAS)	
  
•  Expected	
  limits	
  on	
  2HDM	
  Type	
  IV	
  with	
  300	
  (le�)	
  and	
  3000	
  (right)	
  S-­‐1	
  at	
  14	
  TeV	
  
•  Type	
  IV:	
  	
  “Flipped”	
  i.e.	
  lepton	
  couplings	
  flipped	
  wrt	
  Type	
  II	
  

•  SM	
  decoupling	
  limit	
  at	
  cos(β-α)=0	
  
•  Regions	
  with	
  -­‐2	
  ln	
  Λ	
  >	
  6.0	
  excluded	
  at	
  95%	
  CL	
  

•  At	
  “low”	
  tan(β),	
  reach	
  in	
  cos(β-α)	
  improves	
  by	
  factor	
  ~2	
  with	
  3000	
  S-­‐1	
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Limits	
  on	
  2HDM:	
  	
  Type	
  IV	
  

2HDM	
  Type	
  IV	
   2HDM	
  Type	
  IV	
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2)	
  	
  Addi5onal	
  electroweak	
  singlet	
  

•  BSM	
  models	
  could	
  also	
  include	
  addi5onal	
  EW	
  singlet:	
  
e.g.	
  G.	
  Pruna,	
  T.	
  Robens.	
  	
  arXiv:1303.1150	
  

•  Modifies	
  all	
  Higgs	
  couplings	
  by	
  factor	
  κ	
  
•  Uncertainty	
  on	
  κ	
  expected	
  to	
  decrease	
  significantly	
  from	
  300	
  to	
  3000	
  S-­‐1	
  

•  Expected	
  upper	
  limit	
  on	
  coupling	
  κ’	
  =	
  sqrt(1	
  –	
  κ2)	
  to	
  EW	
  singlet	
  improves	
  
propor5onally	
  to	
  that	
  on	
  κ	
  
•  Example	
  below:	
  	
  50%	
  improvement	
  on	
  precision	
  of	
  Higgs	
  κ	
  with	
  3000	
  S-­‐1	
  

would	
  bring	
  a	
  50%	
  improvement	
  on	
  the	
  upper	
  limit	
  on	
  EW	
  singlet	
  κ’	
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3)	
  	
  Higgs	
  portal	
  to	
  dark	
  maHer	
  /	
  hidden	
  sector	
  

•  “Higgs	
  portal”	
  model	
  extends	
  SM	
  to	
  include	
  dark	
  maHer	
  
WIMP,	
  with	
  coupling	
  to	
  Higgs	
  boson	
  as	
  addi5onal	
  DOF	
  
•  e.g.	
  Djouadi	
  et	
  al.	
  arXiv:1112.3299.	
  

•  Higgs	
  resonant	
  decays	
  to	
  dark	
  maHer	
  pairs	
  if	
  
mDM	
  <	
  2	
  mH	
  

•  Translate	
  upper	
  limit	
  on	
  invisible	
  par5al	
  width	
  into	
  upper	
  
limit	
  on	
  Higgs	
  coupling	
  to	
  WIMP	
  as	
  func5on	
  of	
  WIMP	
  
mass	
  given	
  either	
  scalar,	
  vector,	
  or	
  Majorana	
  fermion:	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  
	
  where:	
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Limit	
  on	
  WIMP-­‐Nucleon	
  cross-­‐sec5on	
  

•  Convert	
  to	
  upper	
  limit	
  on	
  WIMP-­‐nucleon	
  scaHering	
  
cross-­‐sec5on	
  (via	
  Higgs	
  exchange),	
  which	
  is	
  propor5onal	
  
to	
  invisible	
  branching	
  ra5o,	
  as	
  func5on	
  of	
  WIMP	
  mass	
  
•  Form	
  factor	
  for	
  Higgs	
  coupling	
  to	
  nucleons,	
  fN,	
  

computed	
  using	
  la�ce	
  QCD	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

•  Below	
  half	
  the	
  Higgs	
  mass,	
  indirect	
  limit	
  from	
  LHC	
  far	
  more	
  stringent	
  than	
  direct	
  searches	
  
in	
  astropar5cle	
  experiments	
  
•  HL-­‐LHC	
  would	
  further	
  extend	
  these	
  upper	
  limits	
  on	
  the	
  cross-­‐sec5on	
  
•  For	
  example,	
  improvement	
  of	
  50%	
  precision	
  of	
  upper	
  limit	
  on	
  invisible	
  decays	
  with	
  

3000	
  S-­‐1	
  would	
  improve	
  the	
  upper	
  limit	
  on	
  WIMP-­‐nucleon	
  cross-­‐sec5on	
  by	
  50%	
  



•  ATLAS	
  PUB	
  note	
  and	
  white	
  paper	
  on	
  expected	
  gain	
  at	
  HL-­‐LHC	
  for	
  Higgs	
  
coupling	
  precision	
  &	
  indirect	
  constraints	
  on	
  BSM	
  physics	
  will	
  be	
  public	
  soon	
  

•  Higgs	
  coupling	
  uncertain5es	
  will	
  (conserva5vely)	
  decrease	
  to	
  as	
  low	
  as	
  ~10%	
  
with	
  300	
  S-­‐1	
  at	
  14	
  TeV,	
  and	
  as	
  low	
  as	
  ~5%	
  with	
  3000	
  S-­‐1	
  at	
  HL-­‐LHC	
  
•  Private	
  interpreta.on	
  here	
  of	
  exis.ng	
  public	
  results	
  

•  Expected	
  limits	
  (and	
  discovery	
  reach)	
  for	
  various	
  new	
  phenomena	
  can	
  be	
  
significantly	
  enhanced	
  with	
  higher	
  luminosity:	
  
•  2HDM:	
  	
  Reach	
  in	
  cos(β-­‐α)	
  and	
  tan(β)	
  for	
  types	
  I-­‐IV,	
  including	
  MSSM-­‐like	
  
Type	
  II,	
  could	
  be	
  improved	
  by	
  roughly	
  factor	
  of	
  2	
  

•  EW	
  singlet:	
  	
  Upper	
  limit	
  on	
  coupling	
  κ’	
  propor5onal	
  to	
  coupling	
  precision	
  
•  Dark	
  maHer:	
  	
  WIMP-­‐nucleon	
  cross-­‐sec5on	
  upper	
  limit	
  beHer	
  than	
  limits	
  
from	
  direct	
  detec5on	
  and	
  improves	
  propor5onally	
  with	
  BRinv	
  

•  Very	
  conserva5ve	
  assump5ons	
  regarding	
  projected	
  detector	
  performance	
  
(e.g.	
  H-­‐>WW),	
  and	
  not	
  including	
  expected	
  reduc5ons	
  in	
  theory	
  uncertain5es	
  
•  Improvements	
  would	
  scale	
  expected	
  limits	
  correspondingly	
  

•  Higgs	
  coupling	
  precision	
  and	
  corresponding	
  reach	
  for	
  new	
  physics	
  at	
  HL-­‐LHC	
  
comparable	
  to	
  those	
  of	
  Stage	
  I	
  at	
  an	
  ILC	
  
•  HL-­‐LHC	
  is	
  complementary	
  and	
  worthwhile	
  investment	
  given	
  lower	
  cost	
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Conclusions	
  



Addi5onal	
  informa5on	
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•  New,	
  neutral	
  boson	
  appears	
  to	
  have	
  spin	
  0	
  and	
  even	
  CP	
  
•  2+	
  and	
  0-­‐	
  	
  hypotheses	
  excluded	
  at	
  >95%	
  CL,	
  ,	
  but	
  mixed	
  parity	
  not	
  ruled	
  out	
  
•  Does	
  not	
  appear	
  to	
  be	
  KK	
  graviton,	
  pure	
  CP-­‐odd	
  A,	
  etc.	
  

•  Consistent	
  with	
  a	
  Higgs	
  boson,	
  but	
  is	
  it	
  the	
  SM	
  Higgs?	
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ATLAS-­‐CONF-­‐2013-­‐013	
  
ATLAS-­‐CONF-­‐2013-­‐040	
  

Spin	
  and	
  charge-­‐parity	
  



July	
  2,	
  2013	
   E.	
  Feng	
  -­‐	
  Higgs	
  Couplings	
  &	
  BSM	
  at	
  HL-­‐LHC	
  (Snowmass)	
   34	
  

Input	
  data	
  for	
  ATLAS	
  measurements	
  



•  Coupling	
  strengths	
  for	
  produc5on	
  modes	
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Produc5on	
  modes	
  



•  Coupling	
  strengths	
  for	
  decay	
  modes	
  and	
  	
  total	
  width	
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Decay	
  modes	
  



•  Probed	
  7	
  symmetries,	
  each	
  with	
  and	
  without	
  Higgs	
  
total	
  width	
  fixed	
  =	
  14	
  models:	
  
•  Fewer	
  DOF's	
  gives	
  greater	
  sta5s5cal	
  

precision	
  in	
  combined	
  fit	
  
•  Primary	
  goal	
  is	
  to	
  test	
  SM	
  (null	
  hypothesis)	
  

•  Possible	
  bias	
  from	
  model	
  assump5ons	
  
not	
  important	
  

•  Benchmark	
  models	
  defined	
  by	
  LHC	
  Higgs	
  XS	
  WG:	
  
arXiv:1209.0040	
  
•  κ	
  =	
  sqrt(μ):	
  	
  Universal	
  scaling	
  of	
  couplings	
  to	
  all	
  par5cles	
  
•  κV	
  vs.	
  κF:	
  	
  Spin,	
  vector	
  bosons	
  vs.	
  fermions	
  
•  κW	
  vs.	
  κZ:	
  	
  Custodial	
  symmetry,	
  W	
  vs.	
  Z	
  boson	
  
•  κq	
  vs.	
  κl:	
  	
  Fermion	
  flavor,	
  quarks	
  vs.	
  leptons	
  
•  κu	
  vs.	
  κd:	
  	
  Fermion	
  type,	
  up	
  vs.	
  down	
  
•  κg	
  vs.	
  κγ:	
  	
  Effec5ve	
  loop	
  couplings	
  for	
  effects	
  of	
  heavy	
  BSM	
  par5cles	
  
•  κH	
  &	
  BRinv:	
  	
  Allow	
  decays	
  to	
  light	
  invisible	
  BSM	
  par5cles	
  

•  More	
  complex	
  models,	
  including	
  some	
  targe5ng	
  top	
  coupling,	
  will	
  be	
  accessible	
  
at	
  300	
  and	
  3000	
  S-­‐1	
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Simplified	
  benchmark	
  models	
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•  Simplified	
  model	
  where	
  couplings	
  to	
  weak	
  
vector	
  bosons	
  scaled	
  by	
  same	
  strength:	
  
κV	
  =	
  κW	
  =	
  gW	
  /	
  gW,SM	
  
	
  	
  	
  	
  	
  	
  =	
  κZ	
  =	
  gZ	
  /	
  gZ,SM	
  
and	
  separate	
  strength	
  for	
  fermions:	
  
κf	
  =	
  κt	
  =	
  κb	
  =	
  κτ	
  =	
  …	
  
•  Assume	
  no	
  invisible	
  decays	
  
•  Recast	
  gluon	
  &	
  photon	
  couplings	
  with	
  loops	
  

of	
  scaled	
  tree-­‐level	
  couplings	
  (W,	
  t,	
  etc)	
  
•  Couplings	
  compa;ble	
  with	
  SM	
  Higgs	
  

within	
  2σ	
  -­‐-­‐	
  not	
  radion,	
  dilaton,	
  etc	
  
•  Now	
  repeat	
  but	
  giving	
  W	
  and	
  Z	
  boson	
  

couplings	
  separate	
  strengths	
  
•  Independent	
  of	
  Higgs	
  width	
  
•  λWZ	
  =	
  κW	
  /	
  κZ	
  =	
  0.75	
  +/-­‐	
  0.12	
  

consistent	
  with	
  SM	
  within	
  ~1.5σ	
  
•  No	
  significant	
  viola5on	
  of	
  

custodial	
  symmetry	
  observed	
  
•  Indirect	
  indica;on	
  “Higgs-­‐like”	
  boson	
  

is	
  EW	
  doublet	
  since	
  λWZ=0.5	
  for	
  triplet	
  

Higgs	
  couplings	
  with	
  current	
  data	
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•  Good	
  agreement	
  in	
  most	
  models	
  
•  Note	
  models	
  are	
  strongly	
  correlated	
  

Summary	
  of	
  ATLAS	
  fit	
  results	
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•  LHC	
  schedule	
  from	
  Chamonix	
  2012	
  
•  A�er	
  LS3:	
  	
  ∼140	
  collisions/bunch-­‐crossing	
  with	
  luminosity-­‐leveling	
  

•  Milestones:	
  
•  2022:	
  	
  300	
  S-­‐1	
  

•  2030:	
  	
  3000	
  S-­‐1	
  

LHC	
  /	
  High-­‐lumi	
  LHC	
  schedule	
  



July	
  2,	
  2013	
   E.	
  Feng	
  -­‐	
  Higgs	
  Couplings	
  &	
  BSM	
  at	
  HL-­‐LHC	
  (Snowmass)	
   41	
  

•  Precisions	
  at	
  high	
  lumi	
  with	
  and	
  without	
  theore5cal	
  uncertain5es	
  

Theore5cal	
  uncertain5es	
  

Model	
   300	
  1-­‐1	
   3000	
  1-­‐1	
  

λZg	
   26	
  (24)%	
   14	
  (11)%	
  

-­‐-­‐-­‐	
  

λtg	
   26	
  (24)%	
   11	
  (7)%	
  

λτµ	

 33	
  (33)%	
   12	
  (11)%	
  

-­‐-­‐-­‐	
  

λµZ	
   22	
  (22)%	
   7	
  (7)%	
  

λτZ	
   21	
  (20)%	
   10	
  (9)%	
  

λwz	
   12	
  (12)%	
   11	
  (11)%	
  

-­‐-­‐-­‐	
  

λγZ	
   5	
  (5)%	
   1.5	
  (1.5)%	
  

κgΖ	
   8	
  (5)%	
   7	
  (2.5)%	
  


