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Both	  ATLAS	  and	  CMS	  have	  
close	  to	  10σ	  significance	  

We	  discovered	  a	  Higgs	  boson!	  
•  The	  Standard	  Model	  is	  very	  predicJve	  (testable!)	  
•  Only	  free	  parameter	  is	  MH	   CMS	  

3.4σ	
 3.6σ	


Probability	  of	  10	  σ	  event	  being	  
random	  is	  10-‐23	  S.	  Dawson,	  BNL	   2	  
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•  Only	  free	  parameter	  is	  MH	   CMS	  

It’s	  for	  real.	  	  But	  is	  it	  THE	  Higgs?	  	  
And	  is	  there	  more?	  What	  next?	  
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Data	  Consistent	  with	  SM	  Hypothesis	  

Couplings	  to	  both	  
fermions	  and	  gauge	  
bosons	  observed	  with	  
rates	  which	  are	  consistent	  
with	  predicJons	  

CMS	  :	  Data/theory	  =	  0.80±	  0.14	  
ATLAS	  :	  Data/theory	  =1.30±	  0.18	  

Lots	  of	  theory	  dependence	  in	  the	  denominator!	  

Corollary:	  	  New	  physics	  effects	  will	  be	  subtle	  
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Room	  for	  New	  Physics	  in	  Higgs	  Sector	  

*Assumes	  only	  SM	  contribuJons	  

DeviaJon	  of	  WWH	  and	  ZZH	  couplings	  from	  SM	  

DeviaJon	  of	  
fermion	  –Higgs	  
couplings	  from	  
SM	  

κv=1.15	  ±	  .08	  
κF=.99+.17	  -‐.15	  

13	  TeV	  run	  will	  clarify	  the	  situaJon!	  
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~20%	  deviaJons	  
allowed	  
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New	  Physics	  in	  Loops	  
•  Might	  expect	  to	  see	  deviaJons	  in	  loop	  processes	  first	  

–  New	  heavy	  parJcles	  could	  make	  significant	  contribuJons	  
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ATLAS	  @68%	  CL	  
kg	  =	  1.08±0.14	  	  
kγ	  =	  1.19±0.13	  	  

κγ	


κ g
	  

The	  hope	  that	  we	  can	  
discover	  new	  physics	  by	  
observing	  large	  deviaJons	  
in	  Higgs	  processes	  is	  
under	  tension	  

The	  LHC	  13	  TeV	  run	  should	  clarify	  this!	  



Why	  do	  we	  expect	  New	  Physics?	  

•  Generically,	  soluJons	  to	  naturalness	  involve	  new	  
parJcles	  

SM	  parJcles	  

�M2
H ⇠ �(125 GeV )2

✓
⇤

600 GeV

◆2

New	  stuff	  

�M2
H ⇠ +(125 GeV )2

✓
⇤

Mnew

◆2

For	  this	  cancella2on	  to	  work,	  new	  stuff	  
can’t	  be	  too	  much	  above	  TeV	  scale	  
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New	  Physics	  From	  Loops	  
•  New	  parJcles	  lead	  to	  deviaJons	  in	  Higgs	  couplings	  

New	  stuff	  

<H>	  

MSSM	  light	  stops	  generically	  
contribute	  (no	  mixing):	  

Target	  precision	  <	  3%	  
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As	  LHC	  limits	  on	  new	  par2cles	  increase,	  
target	  precision	  decreases	  

2
g =

�(gg ! H)

�(gg ! H) |SM
⇠ 1 +

✓
700 GeV

m̃t

◆2

3%



Naturalness	  

•  Higgs	  mass	  effects	  from	  high	  scale	  physics	  at	  Λ	  
canceled	  by	  parJcles	  with	  symmetry:	  
–  SUSY:	  
–  Liole	  Higgs:	  

•  No	  high	  scale	  physics….	  mt	  Is	  highest	  scale	  
–  No	  problem:	  
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�M2
H ⇠ m2

t

•  Where	  is	  the	  new	  physics?	  
•  New	  TeV	  scale	  parJcles	  give	  2-‐5%	  

deviaJons	  to	  Higgs	  couplings	  (extremely	  
model	  dependent)	  

�M2
H ⇠ GF⇤

2(m2
stop �m2

t )

�M2
H ⇠ GF⇤

2(m2
top partner �m2

t )



2	  Pathways	  Forward	  
•  More	  parJcles	  exist	  at	  ~	  TeV	  energies	  
– Find	  the	  new	  parJcles	  
– Measure	  any	  deviaJons	  from	  predicJons	  

•  There	  are	  no	  new	  parJcles	  observable	  at	  the	  LHC	  
– Measure	  any	  deviaJons	  from	  predicJons	  
– Explore	  new	  physics	  via	  effecJve	  Lagrangians	  
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New	  par2cle	  searches	  and	  Higgs	  coupling	  measurements	  linked	  



•  Dark	  maoer	  models	  oqen	  have	  Higgs	  singlet	  

•  CommunicaJon	  with	  SM	  parJcles	  through	  mixing	  
•  SM	  Higgs	  mixed	  with	  electroweak	  singlet,	  S	  

	  
•  Universal	  rescaling	  of	  Higgs	  couplings,	  κF=κV=cos	  θ	

	  

Example	  1:	  AddiJonal	  Higgs	  Singlet	  

h =cos ✓�0 + sin ✓S

H =� sin ✓�0 + cos ✓S
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t,	  b,	  W,	  Φ	
 Dark	  maoer	  S	  

V4 = �m | � |2 S2 +
�SM

2
| � |4 +

�S

2
S4



Higgs	  Singlet	  
•  Small	  mixing,	  
•  Current	  limit	  from	  ATLAS,	  
•  Mass	  eigenstates	  for	  small	  mixing:	  	  

✓ ⇠ .4

MH <
p
2
Mh

sin ✓

As	  coupling	  measurements	  at	  
HL-‐LHC	  achieve	  %	  level,	  limit	  
on	  MH	  is	  O(1-‐2)	  TeV	  

✓ ⇠ ��m

�S

✓
vSM

vS

◆

S.	  Dawson,	  BNL	   12	  

Complementarity	  between	  precision	  coupling	  
measurements	  and	  direct	  searches	  

M2
h =�SMv2SM �M2

H sin2 ✓

M2
H =�Sv

2
s +M2

H sin2 ✓

Couplings	  to	  heavier	  H	  
suppressed	  by	  sin	  θ	




Example	  2:	  Two	  Higgs	  Doublets	  
•  Many	  models	  have	  extended	  Higgs	  sectors	  

–  Two	  Higgs	  doublet	  models	  can	  be	  used	  as	  effecJve	  theories	  
for	  many	  of	  these	  models	  

–  5	  Higgs	  bosons:	  h,	  H,	  A,	  H±	  

–  4	  types	  of	  2HDM	  models	  which	  avoid	  tree	  level	  FCNCs	  
–  Classified	  in	  terms	  of	  tan	  β=v2/v1,	  α,	  mh	  

–  PredicJve	  models	  (MSSM	  is	  special	  case)	  

	  

S.	  Dawson,	  BNL	   13	  

sin 2↵ = � sin 2�

✓
M2

H +m2
h

M2
H �m2

h

◆

Rich	  Phenomenology	  



Higgs	  Couplings:	  2	  Parameters	  
•  2	  Higgs	  doublet	  models	  with	  no	  FCNC	  

–  Parameters	  are	  α (mixing	  in	  neutral	  h),	  tan	  β	

–   4 possibiliJes	  for	  Higgs	  coupling	  assignments	  
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Type	  II	  is	  MSSM	  
–	  like	  2	  Higgs	  
doublet	  model	  

L = �ghii
mi

v
f ifih� ghV V

2M2
V

v
VµV

µh
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Decoupling	  Limit	  
•  2HDMs	  approach	  SM	  when	  

cos(β-α)	  è0	  
•  Current	  limits	  allow	  non-‐SM	  like	  

couplings	  
•  tan	  β	  <	  .4	  excluded	  by	  ΔMBd	  for	  

MH+<	  2	  TeV	  
–  Higgs	  coupling	  measurements	  

sensiJve	  probes	  of	  theory	  even	  if	  
new	  Higgs	  parJcles	  too	  heavy	  to	  
be	  produced	  

–  Prefer	  small	  tan	  β	


Chen,	  Dawson,	  Sher,	  	  arXiv:1305.1624;	  
Chen,	  Dawson,	  arXiv:1301.0309	  

MSSM-‐like	  model	  

cos(β-‐α)	  

ta
n	  
β	


ta
n	  
β	


cos(β-‐α)	  

Lepton	  specific	  model	  
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Complementarity	  in	  2HDMs	  
•  Coupling	  fits	  vs	  direct	  search	  for	  H/A	  at	  LHC	  

•  Direct	  search	  at	  e+e-‐	  collider	  typically	  reaches	  M~ECM/2	  	  
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•  Plot	  assumes	  Hèhh	  	  has	  small	  rate	  

•  Small	  tan β direct	  
searches	  most	  sensiJve	  

•  Larger	  tan	  β	  coupling	  
measurements	  most	  
sensiJve	  



Understanding	  Fermion	  Masses	  
•  ggèh	  sensiJve	  to	  new	  colored	  fermions	  
–  Heavy	  quarks:	  F1/2	  →-‐4/3	  

	  

)
ˆ

1()(
1024

)()ˆ(ˆ
22

2/12

2

s
MF

v
s h

q
q

Rs
hgg −= ∑→ δτ

π
µα

σ

	  Chiral	  4th	  generaJon	  excluded	  

Is	  the	  Higgs	  parJcle	  the	  source	  of	  fermion	  masses?	  
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Example	  3:	  Vector	  Fermions	  	  
•  What	  are	  they?	  

–  Vector	  fermions,	  ψL	  and	  ψR,	  have	  idenJcal	  EW	  quantum	  
numbers	  

–  Can	  be	  either	  quarks	  or	  leptons	  
•  Why?	  

–  Allowed	  by	  LHC	  data	  
–  Can	  mix	  with	  SM	  fermions	  and	  modify	  couplings	  to	  Z,W,H	  
–  Easy	  to	  study	  in	  model	  independent	  fashion	  
– MoJvated	  by	  models	  where	  Higgs	  is	  a	  pseudo-‐Goldstone	  
Boson	  (Liole	  Higgs,	  Composite	  Higgs)	  

18	  

Smoking	  gun	  for	  new	  physics	  in	  the	  Higgs	  sector	  
S.	  Dawson,	  BNL	  



Top	  Partners	  
•  Many	  possibiliJes	  for	  vector	  fermion	  mulJplets	  
•  Simplest	  is	  top	  partner:	  	  
– Fermion	  with	  charge	  2/3,	  TL2,	  TR2	  

– TL2,	  TR2	  	  have	  idenJcal	  SU(2)L	  couplings	  
•  Mixes	  with	  SM	  fermions:	  ψL=(TL1,	  BL1),	  TR1,	  BR1	  
•  MoJvated	  by	  Liole	  Higgs	  and	  composite	  Higgs	  
models	  which	  have	  vector-‐like	  top	  partner	  
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Top	  Partners	  and	  Naturalness	  

•  In	  minimal	  Liole	  Higgs	  Model,	  	  
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•  CancellaJon	  of	  Λ2	  contribuJons	  

t,T	  

T	  

�M2
H ⇠ � 3

8⇡2

✓
mtMT

v

◆2

ln

✓
⇤2

M2
T

◆

H	  



Limits	  on	  Top	  Partner	  Models	  
	  

•  Stringent	  limits	  from	  oblique	  parameters	  and	  Rb	  

[Dawson,	  Furlan,	  arXiv.1205.4733,	  arXiv.1310.7593;	  Dawson,	  Furlan,	  Lewis,	  arXiv:1210.663]	  

600 800 1000 1200 1400 1600 1800 2000

M
T
 (GeV)

0.1

0.15

0.2

0.25

si
n
θ

L
 (

m
ax

)

Limits from STU with M
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Limits from R
b

95% CL Upper Limits

Large	  mixing	  with	  SM	  par2cles	  not	  allowed	  

S.	  Dawson,	  BNL	   21	  

•  Top	  partners	  decouple	  as	  MTè∞	  for	  
perturbaJve	  Yukawas	  

•  General	  feature	  of	  vector-‐like	  parJcles	  	  	  



Top	  Partners	  and	  Gluon	  Fusion	  
	  
•  Top	  partner:	  

0 0.2 0.4 0.6 0.8 1

sin θ
L

0.9

0.95

1

σ
N

N
L

O
/σ

N
N

L
O

(S
M

)

Max sinθ
L
 allowed by STU 

M
T
 = 1 TeV

Singlet Fermion Model
√s=8 TeV, pp→H

M
H

 = 125 GeV Large	  effects	  not	  possible	  
due	  to	  precision	  EW	  

� ⇠ �SM

⇢
1� 7M2

H

60m2
t

s2L

✓
1� m2

t

M2
T

◆�

LH ⇠ mt

v
c2LttH +

MT

v
s2LTTH

Leading	  piece	  in	  MH
2/Mt

2	  expansion	  
independent	  of	  top	  partner	  mixing	  
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L ⇠ MQQ+MTTT +

✓
�1QLHTR + �2QRHTL + h.c.

◆

Simple	  Example	  

S.	  Dawson,	  BNL	   23	  

@ ln detMF

@v
⇠ � 2�1�2

MMT

•  Add	  vector-‐like	  quark	  doublet	  Q	  and	  top	  partner	  T	  

•  ggH	  coupling:	  

Decoupling	  for	  large	  top	  
partner	  masses	  

Model	  is	  too	  simple	  to	  deviate	  much	  from	  SM	  

L ⇠ ↵s

12⇡

H

v

@ log(DetMF )

@ log(v)
GA

µ⌫G
A,µ⌫



Gluon	  Fusion	  and	  Higgs	  Masses	  	  	  

  
–  Oqen	  has	  SM	  rate,	  despite	  new	  physics	  in	  loop	  
–  Vector	  like	  fermions	  allow	  Dirac	  masses:	  
–  In	  general,	  Higgs	  and	  fermions	  not	  simultaneously	  diagonalized.	  
–  Flavor	  violaJng	  Higgs	  couplings,	  eg	  tTH	  (affects	  HH,	  but	  not	  
single	  H	  producJon)	  
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L ⇠ Yijf ifjH +Mif ifi

top	  
	  top	  
partners	  

CancellaJon	  of	  new	  physics	  effects	  



Does	  the	  Higgs	  come	  from	  the	  SM	  PotenJal?	  

4
2

2
3

2
2

2

822
H

v
MH

v
MHMV HHH ++=

•  Need	  to	  measure	  HHH	  and	  HHHH	  couplings	  
•  HHH	  coupling	  can	  be	  measured	  with	  HH	  producJon	  

BSM	  models	  can	  change	  the	  HHH	  and	  HHHH	  couplings	  	  

We	  know	  the	  the	  Higgs	  self	  interacJons	  are	  weak:	   M2
H

2v2
⇠ .13

14 TeV : �(gg ! HH) ⇠ 34fb

�(gg ! HHH) ⇠ .04fb



Double	  Higgs	  ProducJon	  

•  Can	  we	  measure	  it?	  
– Small	  rate!	  

•  Can	  we	  construct	  models	  where	  it	  is	  enhanced?	  
– Non-‐SM	  couplings	  (λ3	  or	  oHH	  vertex,	  eg)	  
– New	  parJcles	  in	  loops	  
– Resonances:	  ggèXèHH	  (MSSM,	  eg)	  
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CreaJvity	  restricted	  by	  requiring	  single	  H	  
producJon	  to	  have	  experimentally	  measured	  
value	  and	  by	  precision	  EW	  measurements	  



Two	  Higgs	  ProducJon	  at	  LHC	  
•  Cross	  secJon	  has	  spin-‐0	  and	  spin-‐2	  contribuJons	  

•  Mt
2>>s,	  pT2	  (low	  energy	  theorem)	  

d�(gg ! HH)

dt
=

↵2
s

32768⇡3v4

✓
| F0 |2 + | F2 |2

◆

HHH	  coupling	  (1	  for	  SM)	  

•  For	  large	  s,	  dependence	  on	  λ3	  suppressed	  
•  More	  sensiJvity	  to	  negaJve  λ3	  
•  Exact	  cancellaJon	  at	  threshold	  
	   27	  

F0 ! �4

3
+

4M2
H

s�M2
H

(�3)

F2 ! 0
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Small	  Rates	  

20000 40000 60000 80000 1e+05

3s (GeV)
0

500

1000

1500

2000

2500

3000

m
(p

b)

h3 = 1
h3 =-2
h3 = 2

pp A HH

SensiJvity	  to	  HHH	  coupling;	  also	  to	  sign(λ3)	  

For	  √	  S=14	  TeV,	  	  	  
K	  ~	  2	  in	  mt	  è∞limit	  
(not	  in	  plot)	  

28	  
*	  Exact	  calculaJon,	  not	  low	  energy	  theorem	  
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λ3	  comes	  from	  PotenJal	  
•  Assume	  no	  new	  parJcle	  seen	  
•  EffecJve	  Lagrangian	  parameterizes	  high	  scale	  
Higgs	  physics	  

•  Only	  1	  new	  parameter,	  take	  it	  to	  be	  

•  Coupling	  deviaJons	  predicted	  in	  terms	  of	  δκW	  

•  λ3	  NOT	  free	  	  
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Double	  Higgs	  and	  the	  Source	  of	  Mass	  
•  If	  fermion	  masses	  arise	  from	  electroweak	  symmetry	  

breaking,	  they	  have	  the	  form	  

•  A	  general	  expansion	  could	  generate	  

•  Measuring	  single	  and	  double	  Higgs	  producJon	  is	  window	  into	  
source	  of	  EWSB	  
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SM:	  C1=0,	  C2=1	  

CH	  	  =	  C1+C2	  	

CHH=	  C1-‐C2	  	  
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•  Aqer	  cuts:	  

	  

	  
•  StaJsJcal	  accuracy	  on	  λ3:	  	  
–  50%	  (8%)	  at	  14	  (100)	  TeV	  with	  3000	  }-‐1	  at	  one	  experiment	  

Snowmass	  SimulaJon:	  	  HHè	  bbγγ	  

31	  

d(�/�SM )

d(�3/�3,SM )
⇠ �.8

Need	  to	  improve	  this!	  



If	  no	  new	  parJcles	  at	  LHC……	  
•  EffecJve	  Lagrangians	  used	  to	  describe	  physics	  
•  InteracJons	  which	  respect	  SU(2)	  x	  U(1)	  symmetry	  
•  Expand	  in	  powers	  of	  1/Λ2:	  	  
•  LSM+Σ fi	  Oi/Λ2+	  …	  
• ContribuJons	  to	  oblique	  parameters	  at	  tree	  level:	  
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Where	  is	  the	  New	  Physics?	  
•  Limits	  highly	  correlated:	  Need	  global	  fits	  
•  In	  any	  parJcular	  model,	  relaJonships	  between	  fi	  
•  If	  fi	  ~	  1	  then	  Λ >	  2	  TeV	  
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[Chen,	  Dawson,	  Zhang,	  arXiv:1311.3107	  ]	  
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Where	  is	  new	  physics?	  



One	  InteresJng	  Case	  
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Higgs	  data	  

Oblique	  parameters	  

�(H ! W+W�)

�(H ! W+W�)SM
⇠ 1 +


.0086fWW (mZ) + .017fW (mZ)

�✓
1 TeV

⇤

◆2

In	  principle,	  complementary	  data	  from	  oblique	  
parameters	  and	  Higgs	  data	  



Conclusion	  

•  If	  we	  don’t	  find	  new	  parJcles…..	  
– Higgs	  searches	  and	  coupling	  measurements	  are	  
complementary	  

– Effects	  on	  Higgs	  physics	  from	  high	  scales	  expected	  
to	  be	  small	  

– We	  are	  just	  starJng	  to	  probe	  the	  interesJng	  
region	  

•  It’s	  all	  about	  decoupling	  and	  effec2ve	  theories	  
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