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Higgs	
  Boson	
  Observables	
  

Our	
  consideraGon	
  is	
  Higgs	
  boson	
  observables:	
  
	
  
σ(ppà	
  hX	
  à	
  AB+X)	
  subject	
  to	
  experimental	
  cuts,	
  which	
  are	
  
unfolded	
  to	
  yield	
  measurements.	
  
	
  
Precise	
  theory	
  predicGons	
  include	
  knowing	
  precisely	
  the	
  
theory	
  predicGons	
  for	
  
	
  
σ(pp	
  à	
  hX)	
  	
  	
  	
  	
  	
  	
  and	
  	
  	
  	
  	
  BR(hàAB)	
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Measurement	
  of	
  Higgs	
  Couplings	
  
The	
  proper	
  way	
  to	
  test	
  the	
  SM	
  is	
  to	
  compute	
  SM	
  observables	
  
and	
  compare	
  with	
  data	
  in	
  a	
  χ2	
  type	
  of	
  analysis.	
  
	
  
In	
  this	
  approach,	
  you	
  are	
  primarily	
  limited	
  to	
  lisGng	
  
experimental	
  measurements	
  and	
  their	
  errors,	
  and	
  compare	
  
with	
  SM	
  calculaGons	
  –	
  using	
  tables,	
  plots,	
  χ2	
  analysis,	
  etc.	
  	
  
	
  
For	
  example,	
  with	
  the	
  SM	
  you	
  cannot	
  talk	
  about	
  measuring	
  the	
  
Higgs	
  coupling	
  to	
  boZom	
  quarks.	
  All	
  you	
  can	
  talk	
  about	
  is	
  
extracGng	
  the	
  Yukawa	
  coupling	
  yb,	
  and	
  its	
  uncertainGes,	
  
through	
  observables	
  via	
  a	
  global	
  fit	
  of	
  observables.	
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"Measurement	
  of	
  hbb	
  coupling"	
  
You	
  can,	
  however,	
  "measure	
  hbb	
  coupling"	
  by	
  deleGng	
  mb	
  
observable	
  and	
  seeing	
  how	
  well	
  yb	
  can	
  be	
  extracted	
  by	
  hàbb	
  
plus	
  all	
  the	
  rest:	
  yb(higgs)	
  and	
  compare	
  that	
  to	
  yb	
  extracted	
  from	
  
mb	
  plus	
  all	
  the	
  rest.	
  
	
  
Global	
  fit	
  of	
  σ(hàbb)	
  	
  +	
  all	
  other	
  obs	
  but	
  without	
  mb	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  è	
  yb,higgs	
  extracted	
  
	
  
Global	
  fit	
  of	
  all	
  obs	
  including	
  mb	
  but	
  without	
  σ(hàbb)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  è	
  yb,mb	
  extracted	
  
	
  
Compare	
  by	
  renormalizing	
  to	
  common	
  scale,	
  say	
  mZ.	
  
	
  
This	
  raGo	
  	
  	
  yb,higgs(mZ)	
  /	
  yb,mb(mZ)	
  	
  	
  should	
  be	
  1.	
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New	
  Physics:	
  HκSM	
  
Harder	
  to	
  do	
  the	
  analogy	
  with	
  hVV	
  couplings	
  (V=γ,	
  g,	
  W,	
  Z).	
  
	
  
Instead	
  a	
  new	
  theory	
  of	
  physics	
  beyond	
  the	
  SM	
  is	
  considered:	
  
	
  
I	
  will	
  call	
  this	
  the	
  "Higgs	
  kappa	
  Standard	
  Model"	
  (HκSM).	
  
	
  
It	
  is	
  parametrized	
  by	
  κ's,	
  which	
  are	
  defined	
  by	
  replacing	
  	
  	
  
	
  
	
  g(hAA)SM	
  	
  	
  	
  	
  è	
  	
  	
  κA	
  g(hAA)SM	
  	
  	
  ;	
  other	
  interacGons	
  remain	
  SM.	
  
	
  
AZenGon	
  must	
  be	
  given	
  to	
  clear	
  definiGons	
  of	
  κγ and	
  κg.	
  
	
  
Best	
  way	
  is	
  through	
  effecGve	
  theory	
  gauge	
  invariant	
  higher	
  
dimensional	
  operators.	
  Theory	
  :	
  SM-­‐EFT.	
  (e.g.,	
  ConGno,	
  Ghezzi,	
  
Grojean,	
  Muhlleitner,	
  Spira,	
  ‘13,’14;	
  Pomarol,	
  ’14;	
  etc.)	
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Gadatsch,	
  HL-­‐LHC	
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Current	
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  HL-­‐LHC	
  typically	
  in	
  ~	
  5	
  -­‐	
  10%	
  range.	
  



ILC	
  σ	
  x	
  BR	
  determinaGons	
  

ILC	
  TDR	
  2013	
  

Typically	
  in	
  the	
  neighborhood	
  of	
  a	
  few	
  percent.	
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TLEP	
  /	
  FCC-­‐ee	
  EsGmates	
  

10	
  ab-­‐1	
  
	
  

0.25	
  ab-­‐1	
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Precision at Higgs factory
HL-LHCwi/wo theo. uncertainty

CEPC 250 GeV at 5 ab-1 wi/wo HL-LHC (with HL-LHC theo. uncertainty)

�b �c �g �W �� �Z ��
10-3

10-2

0.1

1

R
el
at
iv
e
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ro
r

Precision of Higgs couplingmeasurement (Contrained Fit)

ILC 250+500 GeV at 250+500 fb-1 wi/wo HL-LHC

CEPC 250 GeV at 5 ab-1 wi/wo HL-LHC

�b �c �g �W �� �Z �� �� Br(inv) ��
10-3

10-2

0.1

1

R
el
at
iv
e
Er
ro
r

Precision of Higgs couplingmeasurement (Model-IndependentFit)

Highlights: 

HZ coupling to sub-percent level.
Many couplings to percent level.
Model independent measurement of total width.
Sensitive to triple Higgs coupling

X =
Measured Higgs-X coupling

Standard Model Higgs-X coupling

Thursday, April 23, 15

Wang,	
  MCTP	
  Higgs	
  Symposium,	
  `15	
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  Eva	
  Sicking,	
  ICHEP	
  2014	
  CLIC	
  



Theory	
  Issues	
  

We	
  shall	
  come	
  to	
  new	
  physics	
  soon.	
  
	
  
However,	
  SM	
  theory	
  errors	
  threaten	
  the	
  usefulness	
  of	
  percent-­‐level	
  
Higgs	
  measurements.	
  
	
  
For	
  example,	
  measurements	
  of	
  σ	
  x	
  Br(bb)	
  is	
  at	
  percent	
  level	
  or	
  
lower	
  at	
  ILC,	
  TLEP	
  and	
  CLIC.	
  	
  
	
  
Errors	
  at	
  few	
  percent	
  level,	
  relevant	
  to	
  LHC-­‐HL,	
  also	
  need	
  aZenGon.	
  
	
  
Tremendous	
  work	
  going	
  into	
  this.	
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Handbook	
  of	
  LHC	
  Higgs	
  Cross	
  SecGons.	
  3.	
  Higgs	
  ProperGes	
  (2013)	
  13	
  



CalculaGng	
  Higgs	
  boson	
  parGal	
  widths	
  and	
  branching	
  
fracGons	
  is	
  an	
  exercise	
  in	
  precision	
  SM	
  analysis.	
  
	
  
Specifying	
  the	
  input	
  observables	
  and	
  their	
  uncertainGes	
  
translates	
  into	
  central	
  values	
  and	
  errors	
  on	
  Higgs	
  parGal	
  
widths	
  and	
  BRs.	
  

Almeida,	
  Lee,	
  Pokorski,	
  JW	
  2013	
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Percent	
  relaGve	
  
uncertainty	
  on	
  the	
  
parGal	
  widths	
  from	
  
parametric	
  and	
  scale-­‐
dependence	
  
uncertainGes.	
  WW,	
  ZZ	
  
uncertainGes	
  mainly	
  
due	
  to	
  ΔmH.	
  

Almeida,	
  Lee,	
  Pokorski,	
  JW	
  2013	
  

15	
  



Compare	
  this	
  with	
  LHC	
  Cross	
  SecGons	
  Handbook,	
  which	
  upon	
  
first	
  look	
  appears	
  to	
  have	
  liZle	
  uncertainty	
  on	
  HàWW.	
  	
  
	
  

There	
  is	
  no	
  mistake	
  in	
  table.	
  Each	
  row	
  is	
  for	
  fixed	
  mH.	
  But	
  noGce	
  
how	
  strongly	
  the	
  BR	
  changes	
  from	
  122	
  to	
  126	
  to	
  130	
  GeV.	
  

BR	
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UncertainGes	
  on	
  the	
  branching	
  fracGons	
  due	
  to	
  uncertainGes	
  in	
  the	
  
input	
  observables.	
  
	
  
Note,	
  due	
  to	
  Γ(bb)	
  in	
  the	
  denominator	
  of	
  all	
  BRs,	
  the	
  uncertainGes	
  
due	
  to	
  mb	
  and	
  αs	
  propagate	
  to	
  all	
  others.	
  
	
  
In	
  Higgs	
  column,	
  uncertainty	
  is	
  due	
  to	
  ΔmH=400	
  MeV	
  (100	
  MeV)	
  

Almeida,	
  Lee,	
  Pokorski,	
  JW	
  2013	
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Reducing	
  UncertainGes	
  in	
  Γs	
  and	
  BRs	
  

Reducing	
  the	
  uncertainGes	
  in	
  extracted	
  mb	
  and	
  mc	
  MSbar	
  
masses	
  (or	
  the	
  equivalent)	
  are	
  needed	
  to	
  reduce	
  uncertainGes	
  in	
  
theory	
  calculaGons.	
  	
  
	
  
Likewise	
  for	
  αs	
  and	
  mH.	
  
	
  
The	
  precision	
  Higgs	
  program	
  is	
  just	
  as	
  well	
  stated	
  as	
  a	
  precision	
  
mb	
  ,	
  mc	
  ,	
  αs	
  and	
  mH	
  program.	
  
	
  
αs	
  and	
  mH	
  seem	
  easier	
  to	
  improve	
  than	
  mb	
  and	
  mc.	
  However,	
  
Lepage	
  et	
  al	
  (2014)	
  have	
  pointed	
  out	
  that	
  latce	
  results	
  can	
  help.	
  
For	
  example:	
  esGmates	
  are	
  that	
  Δmb,	
  Δmc	
  and	
  Δαs	
  could	
  be	
  
reduced	
  by	
  more	
  than	
  a	
  factor	
  of	
  7,	
  3	
  and	
  6	
  respecGvely.	
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Motivation: theory uncertainties in �H!QQ̄

Will we be sensitive to percent-level new physics effects?

No, unless theory uncertainties can be reduced to below O (1%)!

��H!cc̄

�H!cc̄
' �mc(mc)

10 MeV
⇥ 2.1%,

��H!b¯b

�H!b¯b

' �mb(mb)

10 MeV
⇥ 0.56%.

[Denner et al, 1107.5909]
[Almeida, Lee, Pokorski, Wells, 1311.6721]

[Lepage, Mackenzie, Peskin, 1404.0319]

mQ(mQ) ⌘ mMS
Q (µ = mQ): inputs of the calculation.

From PDG particle listings:
mc(mc) = 1.275(25) GeV, mb(mb) = 4.18(3) GeV.

) A few % theory uncertainty in �H!cc̄, �H!b¯b – too large!

Goal: understand this uncertainty very well (to see how to improve).
Zhengkang (Kevin) Zhang (Michigan) Role of low-energy observables (1501.02803) Pheno 2015, Pittsburgh 3 / 10

Zhang,	
  Charm	
  2015	
  

Let’s	
  look	
  at	
  the	
  role	
  of	
  light	
  quark	
  mass	
  uncertainGes…	
  



Motivation: theory uncertainties in �H!QQ̄

Uncertainty from mQ? – Ultimately from low-energy observables
from which mQ are extracted!

Example: nth moment of RQ [Chetyrkin et al, 0907.2110]

MQ
n ⌘

Z
ds

sn+1

RQ(s), where RQ ⌘ �(e+e� ! QQ̄X)

�(e+e� ! µ+µ�)
.

We will recast �H!Q ¯Q in terms of Mc
1

,Mb
2

.
Zhengkang (Kevin) Zhang (Michigan) Role of low-energy observables (1501.02803) Pheno 2015, Pittsburgh 4 / 10

Zhang,	
  Charm	
  2015	
  



A first calculation: �H!cc̄, �H!bb̄ in terms of Mc
1, Mb

2

MQ
n =

�
QQ/(2/3)

�2
�
2mQ(µm)

�2n
X

i,a,b

C
(a,b)
n,i (nf )

✓
↵s(µ↵)

⇡

◆i

lna mQ(µm)2

µm
2

lnb mQ(µm)2

µ↵
2

+MQ,np
n .

)
(
mc(mc) = mc(mc)

⇥
↵s,Mc

1

, µc
m, µc

↵,Mc,np
1

⇤
,

mb(mb) = mb(mb)
⇥
↵s,Mb

2

, µb
m, µb

↵

⇤
.

[Kuhn, Steinhauser, hep-ph/0109084]

[Kuhn, Steinhauser, Sturm, hep-ph/0702103]

[Chetyrkin, Kuhn, Maier, Maierhofer, Marquard, Steinhauser, Sturm, 0907.2110]

Should keep µm 6= µ↵, otherwise perturbative uncertainty will be
underestimated (common in the literature).

[Dehnadi, Hoang, Mateu, Zebarjad, 1102.2264]

[Dehnadi, Hoang, Mateu, 1504.07638]

Zhengkang (Kevin) Zhang (U Michigan) Resolving mc and mb (1501.02803) CHARM 2015, WSU, Detroit 11 / 16

�H!QQ̄ in terms of low-energy observables MQ
n

By the method of “relativistic quarkonium sum rules”,

MQ
n =

�
QQ/(2/3)

�2
�
2mQ(µm)

�2n
X

i,a,b

C
(a,b)
n,i (nf )

✓
↵s(µ↵)

⇡

◆i

lna mQ(µm)2

µm
2

lnb mQ(µm)2

µ↵
2

+MQ,np
n .

C(a,b)
n,i : perturbatively calculable functions of nf , the number of active

quark flavors; known to i = 3 [Maier, Maierhoefer, Marquard, Smirnov, 0907.2117].

MQ,np
n : nonpurturbative contribution, kept only for charm; known up

to NLO [Broadhurst et al, hep-ph/9403274]

µm, µ↵: renormalization scales; need not be identical [Dehnadi, Hoang,
Mateu, Zebarjad, 1102.2264].

)
(
mc(mc) = mc(mc)

⇥
↵s,Mc

1

, µc
m, µc

↵,Mc,np
1

⇤
,

mb(mb) = mb(mb)
⇥
↵s,Mb

2

, µb
m, µb

↵

⇤
.

Zhengkang (Kevin) Zhang (Michigan) Role of low-energy observables (1501.02803) Pheno 2015, Pittsburgh 5 / 10

(if	
  forced	
  equal	
  uncertainty	
  is	
  underesGmated)	
  

Zhang,	
  Charm	
  ‘15	
  



Zhang,	
  Charm	
  ‘15	
  

Perturbative uncertainty from MQ
n calculation

Perturbative part of MQ
n is known only up to O �

↵3

s

�
.

Uncertainty due to missing higher-order corrections is usually
estimated from renormalization scale dependence.

0.124

0.126

0.128

0.128

0.13
�min
c �max

c

�H�c c_ /MeV

1 2 3 4 5
1

2

3

4

5

�m
c /GeV

� �c
/G
eV

2.35

2.355

2.355

2.36

2.36
2.365

2.365

2.37

�H�bb_ /MeV

�min
b �max

b

3 5 7 9 11 13 15 17
3

5

7

9

11

13

15

17

�m
b /GeV

� �b
/G
eV

Vary µm, µ↵ within [µ
min

, µ
max

] ) estimated perturbative uncertainty
is very sensitive to µ

min

.
Zhengkang (Kevin) Zhang (Michigan) Role of low-energy observables (1501.02803) Pheno 2015, Pittsburgh 7 / 10



Conclusions and outlook: a global analysis?

Low-energy observables play an important role in precision Higgs
analysis due to their connection with mc, mb.

By directly working with low-energy observables Mc
1

, Mb
2

, we get a
more detailed understanding of theory uncertainties in �H!cc̄, �H!b¯b.

What about other low-energy observables and Higgs observables?
8
>>>>><

>>>>>:

bOlow
1

(mc,mb,↵s, . . . )

bOlow
2

(mc,mb,↵s, . . . )

bOlow
3

(mc,mb,↵s, . . . )
...

9
>>>>>=

>>>>>;

(

8
>>>>><

>>>>>:

Inputs
mc

mb

↵s
...

9
>>>>>=

>>>>>;

)

8
>>>>><

>>>>>:

bOHiggs
1

(mc,mb,↵s, . . . )

bOHiggs
2

(mc,mb,↵s, . . . )

bOHiggs
3

(mc,mb,↵s, . . . )
...

9
>>>>>=

>>>>>;

A global fit ...
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Now	
  that	
  there	
  is	
  a	
  theory	
  setup	
  and	
  an	
  
experimental	
  program	
  to	
  contemplate,	
  
let’s	
  ask	
  an	
  important	
  quesGon:	
  
	
  
How	
  well	
  do	
  we	
  	
  need	
  to	
  measure	
  the	
  
couplings?	
  



Fine	
  to	
  ask	
  how	
  well	
  colliders	
  can	
  do,	
  but	
  important	
  to	
  ask:	
  	
  
	
  
How	
  well	
  do	
  we	
  need	
  to	
  measure	
  the	
  Higgs	
  boson	
  
coupling?	
  
	
  
Criterion:	
  What	
  are	
  the	
  largest	
  coupling	
  deviaGons	
  away	
  
from	
  the	
  SM	
  Higgs	
  couplings	
  that	
  are	
  possible	
  if	
  no	
  other	
  
state	
  directly	
  related	
  to	
  EWSB	
  (another	
  Higgs,	
  or	
  “rho	
  
meson”)	
  is	
  directly	
  accessible	
  at	
  the	
  LHC.	
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Two Higgs Doublets of Supersymmetry	



Supersymmetry requires two Higgs doublets. One to give 
mass to up-like quarks (Hu), and one to give mass to down 
quarks and leptons (Hd).	


	


8 degrees of freedom. 3 are eaten by longitudinal components 
of the W and Z bosons, leaving 5 physical degrees of 
freedom: H±, A, H, and h.	


	


As supersymmetry gets heavier (m3/2 >> MZ), a full doublet 
gets heavier together (H±,A,H) while a solitary Higgs boson 
(h) stays light, and behaves just as the SM Higgs boson.	



Recall	
  from	
  Lecture	
  2:	
  



CorrecGons	
  to	
  Higgs	
  Couplings	
  in	
  MSSM	
  

27	
  

Two	
  leading	
  correcGons	
  are	
  	
  
	
  
a)	
  mixing	
  of	
  would-­‐be	
  SM	
  Higgs	
  with	
  heavy	
  Higgs	
  

x	
  "HSM"	
   "Hheavy"	
  Not	
  mass	
  	
  
eigenstate	
  

mixing	
  angle	
  is	
  	
  ~	
  mZ
2	
  /	
  mA

2	
  

b)	
  Finite	
  b	
  quark	
  mass	
  correcGons,	
  disrupGng	
  Yukawa	
  –	
  Mass	
  relaGon	
  

SUSY	
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FIG. 3: �gV /gSM
V as a function of mA with �22, the radia-

tive correction to the M2
22 entry of the Higgs mass matrix,

chosen to obtain mh = 125GeV. Other values of �ij = 0.
For the solid line we have taken tan� = 30 and for the dashed
line tan� = 5.
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FIG. 4: We plot �gu/g
SM
u as a function of mA with �22,

the radiative correction to the M2
22 entry of the Higgs mass

matrix, chosen to obtain mh = 125GeV. Other values of
�ij = 0. For the solid line we have taken tan� = 30 and for
the dashed line tan� = 5.

matrix due to the large top Yukawa coupling and H0

u

coupling to the top quarks. Thus, to start with, the only
modification we make of the tree-level matrix is to add
a su�ciently large correction �

22

to the mass matrix to
obtain mh = 125GeV, while keeping the other �ij = 0.
From tan� and the mixing angle ↵ we can find the de-
viations in the couplings, �gi/g

SM
i . In Fig. 3, 4 and 5

we plot �gV /g
SM
V , �gu/g

SM
u and �gd/g

SM
d as a func-

tion of mA for two di↵erent values of tan�. We see that
the maximum deviations occur in the couplings with the
down-type quarks. The deviations of the Higgs boson
coupling to SM up-quarks and especially vector boson is
typically small, which is well known in the literature [27].
Therefore, the target values for up-quark (⇠ few%) and
vector boson (< 1%) couplings are much smaller than
those of down-type quarks.

For large tan� and also for non-typical hierarchies cho-
sen for supersymmetry partner masses, one can find sub-
stantive contributions to other �ij radiative correction
entries to the Higgs boson mass matrix in addition to just

Tan ⇥=30

Tan ⇥=5

200 300 400 500 600 700 800
0.0

0.2

0.4

0.6

0.8

mA �GeV⇥

�
g
d
⇤g dSM

FIG. 5: We plot �gd/g
SM
d as a function of mA with �22,

the radiative correction to the M2
22 entry of the Higgs mass

matrix, chosen to obtain mh = 125GeV. Other values of
�ij = 0. For the solid line we have taken tan� = 30 and for
the dashed line tan� = 5.

�
22

. Furthermore, one can also find almost any hierar-
chy among the �ij values, although having �

1j � �
22

for j = 1 or 2 is generally not expected. We therefore in-
vestigate the corrections to the Higgs boson couplings to
SM states under various choices of�ij subject to the con-
straint that one SM-like eigenvalue must be at 125GeV.
There is also the potential for sizable finite b-quark mass
corrections. However, those arise from lighter superpart-
ners that come in loops, and for now we neglect those
contributions with the assumption that they are decou-
pled e↵ects compared to the Higgs mass matrix terms.
Later, when we discuss a specific supersymmetry sce-
nario, and precise superpartner masses are computed, we
will include this e↵ect.
In the MSSM the leading contributions [28] to the ra-

diative corrections to the di↵erent matrix elements are

�
22

/ 24 y4t v
2 logMs/mt + y4t v

2xtat(12� xtat) + · · ·
�

11

/ �y4t v
2 µ̄2x2

t + · · ·
�

12

/ �y4t v
2 µ̄xt(6� atxt) + · · ·

where µ̄ = µ/Ms, at = At/Ms and xt = Xt/Ms = (At �
µ cot�)/Ms with Xt being the stop mixing parameter.
µ denotes the Higgs superfield mixing parameter, At the
trilinear coupling of the top sector and yt the top Yukawa
coupling. Ms is defined as the arithmetic average of the
stop masses, Ms = 1/2 (m

˜t1
+m

˜t2
). For no mixing, xt =

at�µ cot� = 0 which implies that �
11

⇡ 0 and �
12

⇡ 0.
For maximal mixing xt =

p
6. Also note that for large

tan�, xt ⇡ at so that 6 � xtat ⇡ 0 for maximal mixing,
which gives �

12

⇡ 0 even in this case for large tan�.
To see how non-zero values of �

11

and �
12

a↵ect our
results we first take �

11

= �
22

,�
12

= 0 and plot the
deviations in down-type quark couplings. This is shown
in Fig. 6 which shows a rapid convergence of the h cou-
pling to the SM value for large mA irrespective of the
value of tan�. Next we take �

11

= 0,�
12

= ⌘�
22

and

These	
  are	
  baseline	
  predicGon	
  that	
  do	
  not	
  doesn’t	
  even	
  include	
  	
  yet	
  
the	
  delta	
  mb	
  correcGons.	
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FIG. 9: �gb/g
SM
b as a function of tan�. The colour code

is the following: Red means several Higgs bosons can be dis-
covered at the LHC - all the other points correspond to a
single Higgs boson discovery at the LHC. Dark blue points
are excluded by the �(b ! s�) constraint. Light blue, yellow
and green correspond to at least one third generation squark
has a mass less than 1.0 TeV, all third generation squarks are
heavier than 1.0 TeV but at least one top squark is lighter
than 1.5 TeV and both top squarks heavier than 1.5 TeV,
respectively.

FIG. 10: �g⌧/g
SM
⌧ as a function of tan�. The colour code

is the following: Red means several Higgs bosons can be dis-
covered at the LHC - all the other points correspond to a
single Higgs boson discovery at the LHC. Dark blue points
are excluded by the �(b ! s�) constraint. Light blue, yellow
and green correspond to at least one third generation squark
has a mass less than 1.0 TeV, all third generation squarks are
heavier than 1.0 TeV but at least one top squark is lighter
than 1.5 TeV and both top squarks heavier than 1.5 TeV,
respectively.

ble within the supersymmetric framework. The last row
in Table I reports anticipated 1� LHC sensitivities at
14TeV with 3 ab�1 of accumulated luminosity [5].
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TABLE I: Summary of the physics-based targets for Higgs
boson couplings to vector bosons, top quarks, and bottom
quarks. The target is based on scenarios where no other exotic
electroweak symmetry breaking state (e.g., new Higgs bosons
or ⇢ particle) is found at the LHC except one: the ⇠ 125GeV
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superscript a refers to the case of high tan� > 20 and no
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Composite	
  Higgs	
  Theory	
  
leading order, are given by

Lh = ξ

{
cH

2

(
1 +

h

v

)2

∂µh∂µh− c6
m2

H

2v2

(
vh3 +

3h4

2
+ . . .

)
+ cy

mf

v
f̄f

(
h +

3h2

2v
+ . . .

)

+

(
h

v
+

h2

2v2

) [
g2

2g2
ρ

(
ĉW W−

µ DµνW+
ν + h.c.

)
+

g2

2g2
ρ

ZµDµν

[
ĉZZν +

(
2ĉW

sin 2θW
−

ĉZ

tan θW

)
Aν

]

−
g2

(4π)2

(
cHW

2
W+µνW−

µν +
cHW + tan2 θW cHB

4
ZµνZµν − 2 sin2 θW cγZF µνZµν

)
+ . . .

+
αg2cγ

4πg2
ρ

F µνFµν +
αsy2

t cg

4πg2
ρ

GaµνGa
µν

]}
(71)

ĉW = cW +
( gρ

4π

)2

cHW (72)

ĉZ = ĉW + tan2 θW

[
cB +

( gρ

4π

)2

cHB

]
(73)

cγZ =
cHB − cHW

4 sin 2θW
(74)

LV = −
tan θW

2
Ŝ W (3)

µν Bµν − ig cos θW gZ
1 Zµ

(
W+νW−

µν −W−νW+
µν

)

−ig (cos θW κZZµν + sin θW κγA
µν)W+

µ W−
ν (75)

Ŝ =
m2

W

m2
ρ

(cW + cB) , gZ
1 =

m2
Z

m2
ρ

ĉW (76)

κγ =
m2

W

m2
ρ

( gρ

4π

)2

(cHW + cHB) , κZ = gZ
1 − tan2 θW κγ. (77)

In LV we have included only trilinear terms in gauge bosons and dropped the effects of O2W ,

O2B, O3W . In Lh we have kept only the first powers in the Higgs field h and the gauge fields.

We have defined W±
µν = ∂µW±

ν − ∂νW±
µ (and similarly for the Zµ and the photon Aµ) and

Dµν = ∂µ∂ν − !gµν . Notice that for on-shell gauge bosons DµνAµi = M2
i Ai

ν . Therefore ĉW

and ĉB generate a Higgs coupling to gauge bosons which is proportional to mass, as in the

SM, and do not generate any Higgs coupling to photons. Notice also that the corrections to

trilinear vector boson vertices satisfy the relation gZ
1 = kZ + tan2 θW kγ [23].

The new interactions in Lh, see eq. (71), modify the SM predictions for Higgs production

and decay. At quadratic order in h, the coefficient cH generates an extra contribution to

the Higgs kinetic term. This can be reabsorbed by redefining the Higgs field according to

h→ h/
√

1 + ξcH (see appendix B for an alternative redefinition of the Higgs that removes the

derivative terms of the Higgs – first term of eq. (71)). The effect of cH is then to renormalize

by a factor 1− ξcH/2, with respect to their SM value, the couplings of the canonical field h

25
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to all other fields. Notice that the Higgs field redefinition also shifts the value of mH (but

not of v or mf ).

We can express the modified Higgs couplings in terms of the decay widths in units of

the SM prediction, expressed in terms of physical pole masses (for a review of the Higgs

properties in the SM, see [22],

Γ
(
h→ f f̄

)
SILH

= Γ
(
h→ f f̄

)
SM

[1− ξ (2cy + cH)] (78)

Γ
(
h→W+W−

)
SILH

= Γ
(
h→ W+W (∗)−

)
SM

[
1− ξ

(
cH −

g2

g2
ρ

ĉW

)]
(79)

Γ (h→ ZZ)SILH = Γ
(
h→ ZZ(∗)

)
SM

[
1− ξ

(
cH −

g2

g2
ρ

ĉZ

)]
(80)

Γ (h→ gg)SILH = Γ (h→ gg)SM

[
1− ξ Re

(
2cy + cH +

4y2
t cg

g2
ρIg

)]
(81)

Γ (h→ γγ)SILH = Γ (h→ γγ)SM

⎡

⎣1− ξ Re

⎛

⎝ 2cy + cH

1 + Jγ/Iγ
+

cH − g2

g2
ρ
ĉW

1 + Iγ/Jγ
+

4g2

g2
ρ
cγ

Iγ + Jγ

⎞

⎠

⎤

⎦ (82)

Γ (h→ γZ)SILH = Γ (h→ γZ)SM

⎡

⎣1− ξ Re

⎛

⎝ 2cy + cH

1 + JZ/IZ
+

cH − g2

g2
ρ
ĉW

1 + IZ/JZ
+

4cγZ

IZ + JZ

⎞

⎠

⎤

⎦ .

(83)

Here we have neglected in Γ(h → W+W−, ZZ)SILH the subleading effects from cHW and

cHB, which are parametrically smaller than a SM one-loop contribution. The loop functions

I and J are given in appendix C.

The leading effects on Higgs physics, relative to the SM, come from the three coefficients

cH , cy, cγZ , although cγZ has less phenomenological relevance since it affects only the decay

h → γZ. The rules of SILH select the operators proportional to cH and cy as the most

important ones for LHC studies, as opposed to totally model-independent operator analy-

ses [24–26] which often lead to the conclusion that the dominant effects should appear in the

vertices hγγ and hgg, since their SM contribution occurs only at loop level. Therefore, we

believe that an important experimental task to understand the nature of the Higgs boson

will be the extraction of cH and cy from precise measurements of the Higgs production rate

(σh) and branching ratios (BRh). The contribution from cH is universal for all Higgs cou-

plings and therefore it does not affect the Higgs branching ratios, but only the total decay

width and the production cross section. The measure of the Higgs decay width at the LHC

is very difficult and it can be reasonably done only for rather heavy Higgs bosons, well above

the two gauge boson threshold, while the spirit of our analysis is to consider the Higgs as
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Model	
  Dependencies	
  
Several	
  different	
  ways	
  composite	
  Higgs	
  can	
  show	
  up:	
  
	
  
1.  Precision	
  Electroweak	
  	
  
2.  Higgs	
  boson	
  decay	
  branching	
  fracGon	
  deviaGons	
  
3.  Higgs	
  boson	
  producGon	
  cross-­‐secGon	
  deviaGons	
  
4.  Double	
  Higgs	
  producGon	
  (key	
  new	
  enhanced	
  observable)	
  
5.  Rho-­‐meson	
  resonance	
  discovery	
  and	
  other	
  dynamics	
  

Different	
  models	
  have	
  different	
  prioriGes	
  among	
  these	
  
observables.	
  
	
  
Even	
  if	
  rho-­‐meson	
  is	
  found	
  quickly	
  at	
  LHC,	
  or	
  other	
  observable	
  
deviaGons	
  come	
  first,	
  the	
  precise	
  study	
  of	
  all	
  other	
  observables	
  is	
  
complementary	
  and	
  pins	
  down	
  the	
  theory.	
  
	
  

32	
  



8

FIG. 9: �gb/g
SM
b as a function of tan�. The colour code

is the following: Red means several Higgs bosons can be dis-
covered at the LHC - all the other points correspond to a
single Higgs boson discovery at the LHC. Dark blue points
are excluded by the �(b ! s�) constraint. Light blue, yellow
and green correspond to at least one third generation squark
has a mass less than 1.0 TeV, all third generation squarks are
heavier than 1.0 TeV but at least one top squark is lighter
than 1.5 TeV and both top squarks heavier than 1.5 TeV,
respectively.

FIG. 10: �g⌧/g
SM
⌧ as a function of tan�. The colour code

is the following: Red means several Higgs bosons can be dis-
covered at the LHC - all the other points correspond to a
single Higgs boson discovery at the LHC. Dark blue points
are excluded by the �(b ! s�) constraint. Light blue, yellow
and green correspond to at least one third generation squark
has a mass less than 1.0 TeV, all third generation squarks are
heavier than 1.0 TeV but at least one top squark is lighter
than 1.5 TeV and both top squarks heavier than 1.5 TeV,
respectively.

ble within the supersymmetric framework. The last row
in Table I reports anticipated 1� LHC sensitivities at
14TeV with 3 ab�1 of accumulated luminosity [5].
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�hV V �ht̄t �hb̄b
Mixed-in Singlet 6% 6% 6%
Composite Higgs 8% tens of % tens of %
Minimal Supersymmetry < 1% 3% 10%a, 100%b

LHC 14TeV, 3 ab�1 8% 10% 15%

TABLE I: Summary of the physics-based targets for Higgs
boson couplings to vector bosons, top quarks, and bottom
quarks. The target is based on scenarios where no other exotic
electroweak symmetry breaking state (e.g., new Higgs bosons
or ⇢ particle) is found at the LHC except one: the ⇠ 125GeV
SM-like Higgs boson. For the �hb̄b values of supersymmetry,
superscript a refers to the case of high tan� > 20 and no
superpartners are found at the LHC, and superscript b refers
to all other cases, with the maximum 100% value reached for
the special case of tan� ' 5. The last row reports anticipated
1� LHC sensitivities at 14TeV with 3 ab�1 of accumulated
luminosity [5].

cussions about FeynHiggs and A. Thamm for suggestions
on the section on composite Higgs models.
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SUMMARY	
  



Let’s	
  now	
  discuss	
  the	
  “mixed	
  in	
  singlet	
  
case”	
  
	
  
Overall	
  6%	
  deviaGons	
  on	
  Higgs	
  couplings	
  
could	
  be	
  universally	
  present.	
  But	
  also	
  
careful	
  high	
  luminosity	
  studies	
  of	
  vector	
  
boson	
  producGon	
  in	
  order.	
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Higgs	
  Masses	
  and	
  Mixings	
  

Extra	
  condensing	
  Higgs	
  boson	
  –	
  singlet	
  under	
  SM	
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Two	
  Paths	
  to	
  LHC	
  Discovery	
  

Within	
  this	
  framework,	
  we	
  studied	
  two	
  ways	
  to	
  find	
  	
  
Higgs	
  boson	
  at	
  the	
  LHC:	
  
	
  
1)  Narrow	
  Trans-­‐TeV	
  Higgs	
  boson	
  signal	
  

2)  Heavy	
  Higgs	
  to	
  light	
  Higgs	
  decays	
  

36	
  

Bowen,	
  Cui,	
  JW	
  



Narrow	
  Trans-­‐TeV	
  Higgs	
  Boson	
  

When	
  the	
  mixing	
  is	
  small,	
  the	
  heavy	
  Higgs	
  has	
  smaller	
  cross-­‐secGon	
  (bad),	
  but	
  
more	
  narrow	
  (good).	
  	
  

InvesGgate	
  Point	
  C	
  example	
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Two	
  Signals	
  

1)	
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H-­‐>WW-­‐>jjlν	



H-­‐>WW	
  
(solid)	
  
	
  
WWjj	
  
(dashed)	
  
	
  
Zjj	
  	
  
(doZed)	
  

Between	
  1.0	
  &	
  1.3	
  
TeV	
  13	
  signal	
  
events	
  in	
  
100	
  |-­‐1	
  vs.	
  7.7	
  
bkgd	
  

Techniques:	
  Atlas	
  &	
  CMS	
  TDRs	
  
and	
  Iordanidis,	
  Zeppenfeld,	
  ‘97	
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Difference	
  from	
  SUSY	
  heavy	
  Higgs	
  boson	
  

SUSY	
  heavy	
  Higgs	
  has	
  qualitaGvely	
  different	
  behavior:	
  

Haber	
  et	
  al.	
  ‘01	
  

Heavy	
  Higgs	
  decays	
  
mostly	
  into	
  tops	
  or	
  
boZoms	
  (or	
  susy	
  
partners)	
  depending	
  
on	
  tanβ.	
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H	
  decays	
  to	
  lighter	
  Higgses	
  

We	
  can	
  also	
  have	
  a	
  heavier	
  Higgs	
  boson	
  decaying	
  into	
  two	
  lighter	
  ones	
  
in	
  this	
  scenario.	
  

Both	
  Higgses	
  suppressed	
  with	
  respect	
  to	
  SM	
  Higgs.	
  
	
  
Standard	
  Higgs	
  search	
  channels	
  are	
  reduced	
  by	
  50%	
  -­‐-­‐	
  takes	
  even	
  longer	
  to	
  find….	
  
	
  
Search	
  through	
  H-­‐>hh	
  decays.	
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Heavy	
  to	
  Light	
  Higgs	
  rate	
  

30	
  |-­‐1	
  bkgd	
  esGmates	
  

Bowen,	
  Cui,	
  JW	
  

Considered	
  discovery	
  mode	
  (Richter-­‐Was	
  et	
  al.):	
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(H !) hh ! γγbb 

!   σ x BR (pp ! H ! hh) between 0.7-3.5pb as a 
function of mX 

!   Local excess of 3σ around mX = 300 GeV 
!   After LEE, global significance of 2.1σ# Assamagan,	
  MCTP	
  Higgs,	
  `15	
  

Theory	
  much	
  below:	
  	
  
For	
  mH	
  =	
  300	
  (500)	
  GeV,	
  
expect	
  ~1.3	
  (0.5)	
  |	
  



Assamagan,	
  MCTP	
  Higgs,	
  `15	
  

CMS (H !) hh !bbbb 

! rer 

CMS (H !) hh !bbbb 

! rer 

Theory	
  :	
  
For	
  mH	
  =	
  300	
  (500)	
  GeV	
  
expect	
  <	
  130	
  (50)	
  |,	
  
assuming	
  sin2θ	
  <	
  0.1	
  

*	
  

*	
  



Conclusions	
  

Higgs	
  couplings	
  measurements	
  must	
  be	
  done	
  in	
  
global	
  fit	
  to	
  the	
  data.	
  
	
  
LHC	
  will	
  make	
  helpful	
  improvements.	
  
	
  
Percent-­‐level	
  targets	
  needed	
  may	
  require	
  future	
  
faciliGes.	
  
	
  
Extra	
  connected	
  Higgses	
  and	
  their	
  associated	
  
observables	
  can	
  be	
  challenging	
  and	
  require	
  high	
  
luminosity	
  to	
  see.	
  


