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ATLAS	
  and	
  CMS	
  
	
  	
  	
  	
  

§ 	
  The	
  new	
  par>cle	
  is	
  seen	
  in	
  mul>ple	
  produc>on	
  modes	
  and	
  	
  
	
  	
  	
  decay	
  channels,	
  including	
  those	
  with	
  vector	
  bosons	
  
	
  	
  	
  à	
  Very	
  likely	
  related	
  to	
  electroweak	
  symmetry	
  breaking	
  	
  
	
  
§ 	
  Its	
  couplings	
  are	
  consistent	
  
	
  	
  	
  with	
  a	
  SM	
  Higgs	
  boson	
  
	
  	
  	
  (within	
  current	
  uncertain>es)	
  
	
  
§ 	
  Impressive	
  progress	
  in	
  the	
  	
  
	
  	
  	
  last	
  year	
  to	
  determine	
  	
  
	
  	
  	
  proper>es	
  in	
  detail	
  

The	
  LHC	
  boson	
  looks	
  like	
  the	
  SM	
  Higgs	
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The	
  LHC	
  boson	
  looks	
  like	
  the	
  SM	
  Higgs	
  
§ 	
  The	
  measured	
  resonance	
  mass	
  is	
  about	
  125	
  GeV	
  	
  
	
  	
  	
  (not	
  predicted	
  in	
  SM,	
  but	
  in	
  agreement	
  with	
  EW	
  precision	
  tests)	
  
	
  
§ 	
  Spin/CP-­‐proper>es	
  consistent	
  with	
  CP-­‐even	
  scalar	
  
	
  	
  	
  (not	
  discussed	
  in	
  more	
  detail	
  here)	
  	
  
	
  
§ 	
  125	
  GeV	
  implies	
  that	
  the	
  EW	
  vacuum	
  can	
  be	
  stable	
  up	
  to	
  high	
  scale,	
  
	
  	
  	
  with	
  metastability	
  (long	
  life>me)	
  possible	
  up	
  to	
  1016	
  GeV	
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane. Right: Zoom in the region of the preferred experimental range of Mh and Mt (the
gray areas denote the allowed region at 1, 2, and 3�). The three boundaries lines correspond to
↵s(MZ) = 0.1184± 0.0007, and the grading of the colors indicates the size of the theoretical error.
The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

3.3 Phase diagram of the SM

The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations

(where the matching scale is fixed at µ = Mt) by about +0.5GeV, whose main contributions

can be decomposed as follows:

+ 0.6GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).

17

Degrassi,	
  Di	
  Vita,	
  Elias-­‐Miro,	
  Espinos,	
  Giudice,	
  Isidori,	
  Strumia,	
  [1205.6497]	
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But	
  BSM	
  arguments	
  have	
  not	
  changed	
  (much)	
  

§ 	
  Quadra>c	
  instability	
  of	
  scalar	
  mass	
  under	
  quantum	
  correc>ons	
  
	
  	
  	
  (hierarchy/naturalness/fine-­‐tuning	
  problem)	
  	
  
	
  
§ 	
  No	
  SM	
  candidate	
  for	
  dark	
  ma\er	
  of	
  the	
  universe	
  
	
  
§ 	
  Amount	
  of	
  CP-­‐viola>on	
  not	
  consistent	
  with	
  baryogenesis	
  
	
  
§ 	
  No	
  unifica>on	
  of	
  the	
  fundamental	
  forces	
  
	
  
§ 	
  No	
  way	
  to	
  incorporate	
  gravity	
  in	
  a	
  consistent	
  theory	
  
	
  
-­‐>	
  Several	
  of	
  these	
  points	
  can	
  be	
  addressed	
  by	
  introducing	
  new	
  	
  
	
  	
  	
  	
  	
  physics	
  at	
  the	
  TeV	
  scale,	
  and	
  o^en	
  involves	
  modifica>on	
  of	
  the	
  	
  
	
  	
  	
  	
  	
  SM	
  Higgs	
  sector	
  à	
  BSM	
  Higgs	
  scenarios.	
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At	
  the	
  LHC	
  we	
  have	
  not	
  seen	
  

§ 	
  Signs	
  of	
  this	
  new	
  physics,	
  as	
  predicted	
  by	
  BSM	
  theories:	
  
	
  
§ 	
  Jet	
  resonances	
  	
  (strongly	
  interac>ng	
  par>cles,	
  “black	
  holes”,	
  …)	
  
	
  
§ 	
  New	
  dilepton	
  resonances	
  (Z’,	
  W’)	
  
	
  
§ 	
  Supersymmetric	
  par>cles	
  /	
  dark	
  ma\er	
  candidates	
  
	
  
§ 	
  Evidence	
  for	
  BSM	
  physics	
  in	
  rare	
  flavour	
  (e.g.	
  Bs	
  -­‐>	
  µ+µ-­‐)	
  
	
  
	
  à	
  Constraints	
  on	
  BSM	
  Higgs	
  scenarios	
  
	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  NB:	
  LHC	
  non-­‐observa>ons	
  are	
  necessarily	
  not	
  incompa*ble	
  	
  
	
  	
  	
  	
  	
  with	
  a	
  SM-­‐like	
  Higgs	
  in	
  BSM	
  scenarios,	
  but	
  challenges	
  	
  
	
  	
  	
  	
  	
  naturalness	
  arguments	
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Direct	
  constraints	
  on	
  BSM	
  Higgs	
  scenarios	
  
§ 	
  The	
  Higgs	
  mass	
  constrains	
  only	
  theories	
  with	
  mass	
  predic>on	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  ATLAS:	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  CMS:	
  
	
  
§ 	
  Signal	
  strengths	
  constrains	
  all	
  BSM	
  Higgs	
  scenarios	
  

Mh = (125.5± 0.2± 0.6)GeV

Mh = (125.3± 0.4± 0.5)GeV
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Some	
  BSM	
  Higgs	
  scenarios	
  

1.  Higgsless	
  scenarios	
  	
  
à	
  Strong	
  WW	
  sca\ering,	
  …	
  
Disfavored	
  by	
  Higgs	
  discovery	
  
	
  	
  

2.  Weakly	
  interac>ng	
  scenarios	
  (fundamental	
  scalar)	
  
à	
  Minimial	
  supersymmetry	
  (MSSM)	
  
à	
  Non-­‐minimal	
  supersymmetry	
  
à	
  Simple	
  extensions	
  of	
  the	
  SM	
  Higgs	
  sector	
  (2HDM,	
  …)	
  
à	
  …	
  
	
  

3.  Scenarios	
  with	
  strong	
  interac>ons	
  
à	
  Technicolor	
  
à	
  Composite	
  Higgs	
  
à	
  ...	
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Some	
  BSM	
  Higgs	
  scenarios	
  

1.  Higgsless	
  scenarios	
  	
  
à	
  Strong	
  WW	
  sca\ering,	
  …	
  
Disfavored	
  by	
  Higgs	
  discovery	
  
	
  	
  

2.  Weakly	
  interac>ng	
  scenarios	
  (fundamental	
  scalar)	
  
à	
  Minimial	
  supersymmetry	
  (MSSM)	
  
à	
  Non-­‐minimal	
  supersymmetry	
  
à	
  Simple	
  extensions	
  of	
  the	
  SM	
  Higgs	
  sector	
  (2HDM,	
  …)	
  
à	
  …	
  
	
  

3.  Scenarios	
  with	
  strong	
  interac>ons	
  
à	
  Technicolor	
  
à	
  Composite	
  Higgs	
  
à	
  ...	
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Supersymmetry	
  

§ 	
  Unique	
  extension	
  of	
  space-­‐>me	
  symmetry	
  to	
  include	
  spin	
  
	
  
	
  
§ 	
  Doubling	
  the	
  par>cle	
  content	
  of	
  the	
  SM	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
§ 	
  Complete	
  framework	
  to	
  address	
  many	
  shortcomings	
  of	
  the	
  SM	
  

Q|Fermioni = |Bosoni Q|Bosoni = |Fermioni
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MSSM	
  Higgs	
  sector	
  

§ 	
  Minimal	
  Supersymmetric	
  Standard	
  Model	
  (MSSM)	
  
	
  	
  	
  Minimal	
  par>cle	
  content	
  (double	
  SM)	
  +	
  Minimal	
  interac>ons	
  
	
  
§ 	
  Two	
  complex	
  Higgs	
  Doublets:	
  
	
  	
  	
  	
  
	
  
	
  
	
  
§ 	
  SUSY:	
  Quar>c	
  couplings	
  in	
  poten>al	
  fixed	
  by	
  gauge	
  couplings	
  	
  
	
  
§ 	
  8	
  scalar	
  degrees	
  of	
  freedom,	
  5	
  physical	
  Higgs	
  bosons	
  (SM:	
  4,	
  1)	
  
	
  
	
  	
  With	
  CP	
  conserva>on:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (CP-­‐even),	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ,	
  mixing	
  α	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (CP-­‐odd),	
  and	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  charged	
  Higgs	
  

h,H
A

H±

mH > mh

Hu =

✓
H+

u

H0
u

◆
Hd =

✓
H0

d

H�
d

◆

V = (m2
Hu

+ |µ|2)|Hu|2 + (m2
Hd

+ |µ|2)|Hd|2 +Bµ(Hu ·Hd + h.c.)

+
g2 + g02

8
(|Hu|2 � |Hd|2) +

g2

2
|H†

dHu|2
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MSSM	
  Higgs	
  masses	
  

§ 	
  At	
  tree-­‐level,	
  the	
  MSSM	
  Higgs	
  sector	
  is	
  determined	
  by	
  	
  
	
  	
  	
  two	
  parameters:	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  

	
   	
   	
   	
   	
   	
  	
  or	
  	
  	
  
	
  
	
  
§ 	
  Other	
  Higgs	
  masses	
  are	
  predic*ons:	
  
	
  
	
  
	
  
	
  
	
  
	
  

MH± , tan�MA, tan�

M2
h,H =

1

2


M2

A +M2
Z ⌥

q
(M2

A +M2
Z)

2 � 4M2
AM

2
Z cos

2
2�

�

M2
H± = M2

A +M2
W

tan� =
vu
vd

M2
h,tree  M2

Z cos

2
2�  M2

Ztan 2↵ =
M2

A +M2
Z

M2
A �M2

Z

tan 2�

v2u + v2d = v2 ' (174GeV)2

Tree-­‐level	
  mass	
  of	
  Mh	
  too	
  low	
  
compared	
  to	
  experiment!	
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Higgs	
  masses	
  beyond	
  leading	
  order	
  
§ 	
  Radia>ve	
  correc>ons	
  to	
  MSSM	
  Higgs	
  masses	
  sizeable	
  
	
  
	
  
	
  
§ 	
  Beyond	
  leading	
  order,	
  the	
  full	
  SUSY	
  spectrum	
  enters	
  	
  
	
  	
  	
  determina>on	
  of	
  Higgs	
  masses.	
  	
  
	
  
§ 	
  So^	
  SUSY-­‐breaking	
  parameters	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Scalar	
  masses	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Gaugino	
  masses	
  	
  
	
  	
  	
  Trilinear	
  scalar	
  couplings	
  
	
  	
  	
  
§ 	
  To	
  make	
  predic>ons	
  for	
  Higgs	
  phenomenology,	
  we	
  need	
  either	
  	
  
	
  	
  	
  	
  i)	
  a	
  theory	
  which	
  predicts	
  these	
  parameters	
  at	
  the	
  weak	
  scale	
  	
  
	
  	
  	
  ii)	
  some	
  strategy	
  to	
  choose	
  them	
  directly	
  

M2
h = M2

h,tree(MA, tan�) +�M2
h (MSUSY, Ai,Mi, . . .)

Mi (i = 1 . . . 3)
MSUSY or MQ3 , ML3 , etc.

At, Ab, A⌧
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Fixing	
  the	
  soD-­‐breaking	
  parameters	
  
	
  	
  	
  Top-­‐down	
  
	
  	
  	
  GUT-­‐constrained	
  models	
  mo>vated	
  by	
  high-­‐scale	
  assump>ons	
  
	
  	
  	
  about	
  how	
  SUSY	
  breaking	
  is	
  mediated	
  	
  
	
  	
  	
  	
  
	
  	
  	
  Ex:	
  constrained	
  MSSM	
  (cMSSM,	
  mSUGRA),	
  GMSB,	
  AMSB	
  
	
  	
  	
  	
  
	
  	
  	
  Few	
  input	
  parameters,	
  evolved	
  from	
  high-­‐	
  to	
  low	
  scale	
  
	
  
	
  
	
  	
  	
  BoFom-­‐up	
  
	
  	
  	
  Low-­‐energy	
  benchmark	
  scenarios	
  to	
  study	
  phenomenologically	
  
	
  	
  	
  interes>ng	
  aspects	
  of	
  the	
  MSSM	
  Higgs	
  sector	
  without	
  reference	
  	
  
	
  	
  	
  to	
  ‘higher’	
  model,	
  	
  “Phenomenological	
  MSSM	
  (pMSSM)”.	
  

m0,m1/2, A0, tan�, sgnµ

Mq̃i ,M1,M2,M3, At, (Ab, A⌧ , . . .), µ,MA, tan�
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Higgs	
  mass	
  in	
  constrained	
  SUSY	
  models	
  

model AMSB GMSB mSUGRA no-scale cNMSSM VCMSSM NUHM

Mmax

h 121.0 121.5 128.0 123.0 123.5 124.5 128.5

Table 1: Maximal h0 boson mass (in GeV) in the various constrained MSSM scenarios when
scanning over all the input parameters in the ranges described in the text.

necessary to scan through the allowed range of values for all relevant SUSY parameters.

Following the analysis performed in Ref. [16], we adopt the ranges for the input parameters
of the considered mSUGRA, GMSB and AMSB scenarios:

mSUGRA: 50 GeV  m
0

 3 TeV, 50 GeV  m
1/2  3 TeV, |A

0

|  9 TeV;
GMSB: 10 TeV  ⇤  1000 TeV, 1  M

mess

/⇤  1011, N
mess

= 1;
AMSB: 1 TeV  m

3/2  100 TeV, 50 GeV  m
0

 3 TeV.

Moreover, in the three cases we allow for both signs of µ, require 1  tan �  60 and, to
avoid the need for excessive fine–tuning in the EWSB conditions, impose an additional bound
on the weak–scale parameters, i.e. MS = M

EWSB

=
p
m

˜t1m˜t2 < 3 TeV.

Using the programs Softsusy and Suspect, we have performed a full scan of the GMSB,
AMSB and mSUGRA scenarios, including the four options “no-scale”, “cNMSSM”, “VCMSSM”
and “NUHM” in the later case. Using the SM inputs of Eq. (3) and varying the basic SUSY
parameters of the various models in the ranges described above, we have determined the maxi-
mal Mh value in each scenario. The results for Mmax

h are shown in Fig. 2 as a function of tan �,
the input parameter that is common to all models. The highest Mh values, defined as that
which have 99% of the scan points below it, for any tan� value, are summarised in Table 1;
one needs to add ⇡ 1 GeV to take into account the uncertainties in the SM inputs Eq. (3).

βtan 
10 20 30 40 50

 (G
eV

)
m

ax
h

M

110

115

120

125

130

135

140
NUHM
mSUGRA
VCMSSM
NMSSM

no scale

GMSB

AMSB

Figure 2: The maximal value of the h mass defined as the value for which 99% of the scan points
have a mass smaller than it, shown as a function of tan� for the various constrained MSSM models.

In all cases, the maximal Mh value is obtained for tan � around 20. We observe that in
the adopted parameter space of the models and with the central values of the SM inputs, the

6

Arbey,	
  Ba\aglia,	
  Djouadi,	
  Mahmoudi,	
  Quevillon,	
  [1112.3028]	
  

§ 	
  Minimal	
  constrained	
  (top-­‐down)	
  scenarios	
  in	
  general	
  have	
  	
  
	
  	
  	
  difficulty	
  to	
  produce	
  the	
  required	
  large	
  Higgs	
  mass	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
§ 	
  Addi>onal	
  model-­‐building	
  possible	
  to	
  remedy	
  the	
  situa>on,	
  
	
  	
  	
  but	
  minimal	
  scenarios	
  for	
  GMSB	
  and	
  AMSB	
  challenged	
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Xt = At � µ cot�

§ 	
  Public	
  codes	
  with	
  known	
  two-­‐loop	
  correc>ons	
  implemented:	
  
	
  	
  	
  FeynHiggs,	
  So^Susy,	
  Suspect,	
  Spheno,	
  …	
  
	
  	
  	
  Typical	
  difference	
  in	
  calculated	
  Mh	
  (theory	
  unc.)	
  of	
  a	
  few	
  GeV	
  
	
  
§ 	
  Leading	
  correc>ons	
  depend	
  strongly	
  on	
  top/stop	
  sector:	
  
	
  
	
  
	
  
	
  
	
  
§ 	
  Basis	
  for	
  ‘no	
  mixing’	
  and	
  ‘Mh-­‐max’	
  benchmark	
  scenarios	
  	
  	
  	
  
	
  
	
  
	
  

Weak	
  scale	
  supersymmetry	
  predicted	
  a	
  light	
  Higgs	
  boson!	
  

M2
h ⇠ M2

Z +

3m4
t

2�2v2u


log

M2
S

m2
t

+

X2
t

M2
S

✓
1� X2

t

12M2
S

◆�

CorrecIons	
  to	
  the	
  lightest	
  Higgs	
  mass	
  

Mh . 135GeVXDR
t =

p
6MS

Xt = 0 Mh . 120GeV

MS =
p
mt̃1mt̃2

Maximal	
  value	
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Lower	
  limits	
  on	
  MSSM	
  parameters	
  from	
  Higgs	
  mass	
  
MSUSY = 1TeV

LEP	
  Excluded	
  
LHC	
  Excluded	
  

Mh	
  =	
  125.5+-­‐2(3)	
  GeV	
  

§ 	
  Maximizing	
  radia>ve	
  correc>ons	
  (for	
  fixed	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  )	
  we	
  
	
  	
  	
  can	
  determine	
  lower	
  limits	
  on	
  tree-­‐level	
  parameters	
  

MA & 200GeV

tan� & 4
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Global	
  analysis	
  of	
  low-­‐energy	
  MSSM	
  

§ 	
  Scan	
  over	
  pMSSM	
  parameters,	
  evaluate	
  χ2	
  including	
  direct	
  	
  	
  
	
  	
  	
  constraints,	
  measured	
  Higgs	
  mass	
  and	
  rates,	
  data	
  from	
  flavour	
  
	
  	
  	
  physics	
  and	
  precision	
  measurements	
  	
  

Parameter Minimum Maximum
MA [GeV] 90 1000

tan β 1 60
µ [GeV] 200 4000

MQ̃3
[GeV] 200 1500

MŨ3
[GeV] 200 1500

Ml̃3
[GeV] 200 1500

Af [GeV] -3MQ̃3
3MQ̃3

M2 [GeV] 200 500

Table 1: Ranges used for the free parameters in the pMSSM–7 scan.

The choice for the first and second generation squarks places their masses roughly at the level currently
probed at the LHC. Somewhat larger values would have a minor impact on our analysis. The values
for the first and second generation slepton mass parameters were chosen to provide rough agreement
with the anomalous magnetic moment of the muon (see below).

The trilinear Higgs coupling parameter for the first two generations we set to

Ac,s,u,c,µ,e = Af . (6)

The Higgs sector observables furthermore depend on the SU(2) gaugino mass parameter,

(vii) : M2,

which we take as the final free parameter in our analysis. The other electroweak gaugino mass
parameter, M1, is fixed via the GUT relation

M1 =
5

3

s2w
c2w

M2 ≈
1

2
M2 . (7)

The gluino mass parameter, which enters the Higgs mass predictions only from two-loop order on, is
fixed to a value close to the limits from recent searches at the LHC,

M3 = mg̃ = 1000 GeV. (8)

An adjustment of the gluino mass parameter to even higher values is expected to have a negligible
impact on our analysis.

3 Model predictions and constraints

3.1 Parameter space scanning

The pMSSM–7 parameter space is sampled by performing random scans (using uniform distributions)
over the seven input parameters in the ranges given in Tab. ??. The two cases, where either h or
H corresponds to the signal at M̂H ∼ 126 GeV, are treated in two separate scans, and the results
are discussed in parallel below. Each scan starts with O(107) randomly chosen points with a flat
distribution over the parameter ranges. In the next step, we identify regions with a low χ2 and
perform a dedicated, smaller, scan with O(106) points (again uniformly distributed, but in a more

5

Bechtle,	
  Heinemeyer,	
  Stal,	
  Stefaniak,	
  Weiglein,	
  Zeune,	
  [1211.1955];	
  
Arbey,	
  Ba\aglia,	
  Mahmoudi;	
  Cao,	
  Heng,	
  Yang,	
  Zhang,	
  Zhu;	
  and	
  many	
  others…	
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5.1 Performance studies of HiggsSignals HiggsSignals User Manual

Figure 2. Overview of the Higgs signal rate and mass measurements (status shortly after the Moriond

conference 2013 ) from ATLAS [25, 41, 43, 44], CMS [27, 45–49] and the Tevatron experiments CDF [50]
and DØ [51], as they are implemented in HiggsSignals-1.0.0 as peak observables. The left panel shows
the Higgs mass value for which the signal strength was measured. A value with error bars indicates that
the mass value is treated as a Higgs mass observable in the peak-centered χ2 method, whereas a gray
asterisk only serves as an indication of the Higgs mass value, which was assumed in the rate measurement.
This value does not enter directly the total χ2. For some LHC analyses, measurements for both the 7 TeV
and 8 TeV data exist, shown in blue and red, respectively. If the measurement is based on the combined
7/8 TeV dataset, we treat it as an 8 TeV measurement only. For the H → γγ analyses from ATLAS
and CMS, the special tagged categories were implemented as separate peak observables, including their
efficiencies, but collected together in assignment groups. In total there are 4 Higgs mass observables and
45 Higgs signal rate observables. This data is used for the performance scans in Fig. 3 and the example
applications in Section 5.3.

Group for the SM Higgs boson around mH " 125 GeV. We then evaluate the total peak-

centered χ2 for each Higgs boson mass mH ∈ [110, 140] GeV using the peak observables

presented in Fig. 2. In the SM the Higgs mass is treated as a free parameter, which

corresponds to setting the theory mass uncertainty to zero. In order to illustrate the
effects of a non-zero theory mass uncertainty, we also consider a model with SM-like

Higgs couplings, but which has a 2 GeV theory uncertainty on the predicted Higgs mass.

35

HiggsSignals,	
  [1305.1933]	
  

LHC/Tevatron	
  Higgs	
  measurements	
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Low-­‐Energy	
  Observables	
  

Combined LHCb, CMS result 

16"

•  The LHCb and CMS results have been combined 

 B (Bs
0→µ+µ-)  =  (2.9 ± 0.7)×10−9  (First observation) 

 B (B0→µ+µ-)  =  (3.6+1.6
-1.4)×10−10 

 

•  Good agreement with SM predictions 
 

[LHCb-CONF-2013-012]  
[CMS-PAS-BPH-13-007] 

Observable Experimental value SM value
BR(B → Xsγ) (3.43 ± 0.21 ± 0.07) × 10−4 (3.08 ± 0.22) × 10−4

BR(Bs → µ+µ−) (3.2+1.5
−1.2)× 10−9 (3.55 ± 0.38) × 10−9

BR(Bu → τντ ) (1.66 ± 0.33) × 10−4 (1.01 ± 0.29) × 10−4

δaµ (30.2 ± 9.0)× 10−10 –
MW (80.385 ± 0.015) GeV (80.363 ± 0.004) GeV

Table 3: The experimental values and (SM) theory predictions for low-energy observables (LEO) used
to constrain the MSSM parameter space.

FeynHiggs and found good agreement) including the dominant two-loop contributions [?], see [?] for
a review.

As a final observable we also include the MSSM prediction of the W boson mass into the fit. Here
the SM prediction shows a ∼ 1.5σ deviation from the latest experimental value, M exp

W = 80.385 ±
0.015 GeV [?]. Our MSSM evaluation of MW is done using FeynHiggs, where the full SM result [?]
is supplemented with the leading corrections from the t̃/b̃ sector [?,?]. A comparison with the best
available MSSM evaluation [?] shows that corrections larger than 10 MeV can be missed if some
uncoloured SUSY particles are light. Consequently, we assign a theory uncertainty of 15 MeV to our
MW evaluation and conservatively combine it with the experimental uncertainty linearly. Thus in
total we take an uncertainty of ±30 MeV into account.

10

§ 	
  This	
  summer:	
  
	
  	
  	
  New	
  combined	
  LHCb/CMS	
  value	
  

BR(Bs ! µ+µ�) = (2.9± 0.7)⇥ 10�9

§ 	
  Values	
  used	
  in	
  2012	
  fit	
  under	
  revision	
  for	
  update	
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Higgs	
  rates	
  from	
  Global	
  MSSM	
  analysis	
  

R

xx

=
� ⇥ BR(h ! xx)

(� ⇥ BR(h ! xx))SM
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Global	
  MSSM	
  analysis	
  

Excluded	
  by	
  direct	
  searches	
  
Allowed	
  by	
  direct	
  searches	
  
	
  
Black	
  star:	
  best	
  fit	
  point	
  
1	
  sigma	
  allowed	
  points	
  
2	
  sigma	
  allowed	
  region	
  

Preliminary	
  

§ 	
  Exclusion	
  by	
  direct	
  constraints	
  and	
  flavour	
  physics	
  probe	
  the	
  same	
  	
  
	
  	
  	
  parameter	
  region	
  at	
  low	
  MA,	
  high	
  tan	
  β.	
  
§ 	
  The	
  low-­‐MA	
  region	
  is	
  also	
  disfavored	
  by	
  rates	
  for	
  lightest	
  Higgs	
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§ 	
  Best	
  MSSM	
  fit	
  to	
  the	
  combined	
  data	
  is	
  in	
  the	
  decoupling	
  limit	
  
	
  
	
  
	
  
	
  
	
  
	
  
§ 	
  Couplings	
  of	
  the	
  lightest	
  MSSM	
  Higgs	
  boson	
  approaches	
  SM	
  values	
  
	
  
§ 	
  “Typical”	
  MSSM	
  scenario	
  is	
  SM-­‐like,	
  but	
  a	
  good	
  fit	
  with	
  devia>ons	
  	
  
	
  	
  	
  of	
  O(20%-­‐30%)	
  on	
  individual	
  rates	
  for	
  the	
  light	
  Higgs	
  are	
  possible	
  	
  
	
  
§ 	
  Phenomenology	
  of	
  heavy	
  Higgs	
  bosons	
  (H/A/H+)	
  can	
  also	
  be	
  
	
  	
  	
  substan>ally	
  different	
  within	
  the	
  allowed	
  region	
  

Decoupling	
  limit	
  

MA � MZ tan� � 1

MH ⇠ MH± ⇠ MA � MZ

Mh ⇠ 125GeV
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Benchmark	
  scenarios	
  for	
  MSSM	
  Higgs	
  searches	
  

§ 	
  Benchmark	
  scenarios	
  for	
  MSSM	
  Higgs	
  searches	
  was	
  defined	
  and	
  
	
  	
  	
  used	
  extensively	
  at	
  LEP/Tevatron	
  
	
  
	
  
§ 	
  So^	
  parameters	
  given	
  at	
  the	
  low	
  scale,	
  fixes	
  radia>ve	
  correc>ons	
  	
  
	
  	
  	
  to	
  Higgs	
  masses	
  and	
  mixing	
  
	
  
§ 	
  Higher-­‐order	
  SQCD	
  correc>ons	
  to	
  produc>ons	
  cross	
  sec>ons	
  
	
  	
  	
  and	
  decay	
  rates	
  can	
  be	
  calculated	
  
	
  
§ 	
  Provides	
  full	
  SUSY	
  spectrum,	
  which	
  is	
  important	
  in	
  order	
  to	
  consider	
  
	
  	
  	
  non-­‐BSM	
  processes,	
  like	
  cascade	
  produc>on	
  and	
  SUSY	
  decays:	
  
	
  
	
  

Carena,	
  Heinemeyer,	
  Wagner,	
  Weiglein	
  [hep-­‐ph/991223],	
  [hep-­‐ph/0202167]	
  

H ! �̃i�̃j�̃i ! H�̃j H ! hh
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§ 	
  With	
  the	
  discovery	
  of	
  a	
  “heavy”	
  neutral	
  Higgs	
  boson,	
  many	
  of	
  
	
  	
  	
  these	
  original	
  scenarios	
  have	
  become	
  obsolete	
  
	
  
	
  	
  	
  -­‐>	
  Updated	
  benchmark	
  scenarios	
  for	
  MSSM	
  Higgs	
  searches	
  
	
  
	
  
§ 	
  Strategy:	
  
	
  	
  	
  -­‐	
  New	
  scenarios	
  should	
  be	
  compa>ble	
  with	
  Higgs	
  discovery	
  
	
  	
  	
  -­‐	
  SUSY	
  at	
  the	
  “TeV”-­‐scale,	
  while	
  respec>ng	
  current	
  experimental	
  
	
  	
  	
  	
  	
  bounds:	
  
	
  
	
  	
  	
  -­‐	
  Capture	
  different	
  phenomenological	
  aspects	
  
	
  	
  	
  -­‐	
  Possible	
  modifica>on	
  of	
  proper>es	
  of	
  “SM”	
  Higgs	
  
	
  	
  	
  -­‐	
  Include	
  opportunity	
  for	
  heavy	
  CP-­‐even	
  Higgs	
  as	
  LHC	
  signal	
  
	
  	
  	
  -­‐	
  Indirect	
  constraints	
  ignored	
  (benchmarks)	
  

Benchmark	
  scenarios	
  for	
  MSSM	
  Higgs	
  searches	
  

Carena,	
  Heinemeyer,	
  OS,	
  Wagner,	
  Weiglein	
  [1302.7033]	
  

mq̃1,2 = 1500GeV mg̃ = 1500GeV
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Overview	
  of	
  updated	
  benchmark	
  scenarios	
  

§ 	
  Mh-­‐max	
  –	
  Maximizes	
  lightest	
  Higgs	
  mass	
  for	
  given	
  tan	
  β	
  
	
  
§ 	
  Mh-­‐mod(+/-­‐)	
  –	
  Maximize	
  allowed	
  region	
  in	
  MA,	
  tan	
  β	
  
	
  
§ 	
  Light	
  stop	
  –	
  Minimze	
  stop	
  mass	
  (to	
  modify	
  light	
  h	
  cross	
  sec*on)	
  
	
  
§ 	
  Light	
  stau	
  –	
  Minimize	
  stau	
  mass	
  (to	
  enhance	
  h	
  -­‐>	
  γ γ)	
  
	
  
§ 	
  Tauphobic	
  Higgs	
  –	
  Suppress	
  light	
  Higgs	
  couplings	
  to	
  taus/bb	
  
	
  
§ 	
  Low-­‐MH	
  –	
  Interpret	
  LHC	
  signal	
  as	
  heavy	
  CP-­‐even	
  Higgs	
  H	
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Mh-­‐max	
  and	
  Mh-­‐mod	
  scenarios	
  

LEP	
  Excluded	
  
LHC	
  Excluded	
  

Mh	
  =	
  125.5+-­‐2(3)	
  GeV	
  

LEP	
  Excluded	
  
LHC	
  Excluded	
  
Mh	
  =	
  125.5+-­‐2(3)	
  GeV	
  

(updated)	
  Mh-­‐max	
   Mh-­‐mod	
  

§ 	
  In	
  the	
  Mh-­‐max	
  scenario,	
  only	
  a	
  narrow	
  strip	
  in	
  tan	
  β	
  is	
  	
  
	
  	
  	
  compa>ble	
  with	
  the	
  discovered	
  Higgs	
  mass	
  
	
  
§ 	
  In	
  the	
  Mh-­‐mod	
  scenario,	
  the	
  full	
  range	
  of	
  tan	
  β	
  is	
  available	
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Heavy	
  Higgs	
  Decays	
  to	
  SUSY	
  parIcles	
  

§ 	
  In	
  the	
  Mh-­‐mod	
  scenario,	
  the	
  gauginos	
  are	
  rather	
  light	
  –	
  O(200	
  GeV)	
  
	
  	
  
§ 	
  Heavy	
  Higgs	
  boson	
  decays	
  to	
  gaugino	
  pairs	
  can	
  be	
  dominant	
  

Figure 4: Upper row: The MA–tanβ plane in the mmod+
h (left) and the mmod−

h scenario
(right). The exclusion regions are shown as in Fig. 3, while the color coding in the allowed
region indicates the average total branching ratio of H and A into charginos and neutralinos.
In the lower row M2 = 2000 GeV is used, and the color coding for the branching ratios of H
and A into charginos and neutralinos is as in the upper row. The regions excluded by the
LHC searches are shown in light red in these plots. For comparison, the excluded regions
for the case M2 = 200 GeV (as given in the plots in the upper row) is overlaid (solid red).

As mentioned above, the exclusion limits obtained from the searches for heavy MSSM
Higgs bosons in the τ+τ− and bb̄ final states are significantly affected in parameter regions
where additional decay modes of the heavy MSSM Higgs bosons are open. In particular, the
branching ratios for the decay of H and A into charginos and neutralinos may become large
at small or moderate values of tan β, leading to a corresponding reduction of the branching
ratios into τ+τ− and bb̄. In Fig. 4 we show again the mmod+

h (left) and mmod−
h (right)

14

Figure 3: The MA–tanβ plane in the mmod+
h (left) and mmod−

h (right) scenarios. The colors
show exclusion regions from LEP (blue) and the LHC (red), and the favored region Mh =
125.5± 2 (3) GeV (green), see the text for details.

mt = 173.2 GeV,

MSUSY = 1000 GeV,

µ = 200 GeV,

M2 = 200 GeV,

XOS
t = −1.9MSUSY (FD calculation),

XMS
t = −2.2MSUSY (RG calculation),

Ab = Aτ = At,

mg̃ = 1500 GeV,

Ml̃3
= 1000 GeV . (22)

Figure 3 shows the bounds on the MA–tanβ parameter space in the mmod+
h (left) and

mmod−
h (right) scenarios, using the same choice of colors as in the mmax

h scenario presented
in the previous section, but from here on we show the full LHC exclusion region as solid
red only.4 As anticipated, there is a large region of parameter space at moderate and large
values of tan β where the mass of the light CP-even Higgs boson is in good agreement with
the mass value of the particle recently discovered at the LHC. Accordingly, the green area
indicating the favored region now extends over almost the whole allowed parameter space of
this scenario, with the exception of a small region at low values of tanβ. From Fig. 3 one
can see that once the magnitude of Xt has been changed in order to bring the mass of the
light CP-even Higgs boson into agreement with the observed mass of the signal, the change
of sign of this parameter has a minor impact on the excluded regions.

4The light red color in Fig. 4 has a different meaning.

13

BR(H/A ! �i�j)
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MSSM	
  Enhancement	
  of	
  h	
  -­‐>	
  γγ	
  

§ 	
  If	
  the	
  h	
  -­‐>	
  γγ	
  rate	
  is	
  enhanced,	
  this	
  can	
  be	
  accommodated	
  in	
  the	
  
	
  	
  	
  MSSM	
  in	
  two	
  ways:	
  
	
  	
  	
  -­‐	
  Suppression	
  of	
  main	
  decay	
  modes	
  to	
  	
  
	
  	
  	
  	
  	
  bb	
  and	
  ττ 
	
  	
  	
  -­‐	
  Addi>onal	
  contribu>ons	
  to	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  
	
  
	
  
§ 	
  Light	
  stau	
  scenario:	
  

�(h ! ��)

Figure 6: The MA–tanβ plane in the light stop scenario; left: with the same color coding
as in Fig. 3; right: the resulting suppression of the gluon fusion rate, as indicated by the
legend.

we define the quantity

rgg =
Γ(h → gg)MSSM

Γ(h → gg)SM
, (25)

which gives a rough approximation of the relative suppression of σ(gg → h)MSSM. The
bounds on the parameter space (as before obtained with HiggsBounds) are similar to the
ones obtained in the mmod

h scenarios. However, the gluon fusion rate is between 10% and
15% lower than in the SM, as expected from Eq. (23). This shift is similar in magnitude to
the current theoretical uncertainties on the gluon fusion cross section from e.g. the strong
coupling constant and parton distribution functions.

3.4 The light stau scenario

While light stops may lead to a large modification of the gluon fusion rate, with a relative
minor effect on the diphoton rate, it has been shown that light staus, in the presence of large
mixing, may lead to important modifications of the diphoton decay width of the lightest CP-
even Higgs boson, Γ(h → γγ) [11,72]. Large mixing in the stau sector may happen naturally
for large values of tan β, for which the mixing parameter Xτ = Aτ − µ tanβ becomes large.
Similarly to the modifications of the gluon fusion rate in the light stop scenario, one can
use the low energy Higgs theorems [68] to obtain the modifications of the decay rate of the
Higgs boson to photon pairs. The correction to the amplitude of Higgs decays to diphotons
is approximately given by [11, 69]

δAhγγ/ASM
hγγ # −

2 m2
τ

39 m2
τ̃1
m2

τ̃2

(

m2
τ̃1
+m2

τ̃2
−X2

τ

)

, (26)

where ASM
hγγ denotes the diphoton amplitude in the SM.
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X⌧ / µ tan� � m⌧̃
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Figure 4: Contour plots of the ratio of the �(gg ! h)⇥ BR(h ! ��) to its SM value, in the
me3–mL3 plane, for µ = 1030 GeV, as well as in the µ –mL3 plane, for me3 = mL3 ,
and tan� = 10 (above) and tan� = 60 (below). The red dashed lines are the contours
at equal lightest stau masses. The yellow shaded area is the area satisfying the LEP
bound on the lightest stau mass. Enhanced branching ratios are obtained for values of
µ for which the stau mixing becomes relevant and the lightest stau mass is close to its
experimental limit, of about 100 GeV.
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Enhancing	
  h	
  -­‐-­‐>	
  γγ	
  by	
  light	
  staus	
  

Carena,	
  Gori,	
  Shah,	
  Wagner,	
  [1112.3336]	
  

R�� =
�(gg ! h)⇥ BR(h ! ��)

(�(gg ! h)⇥ BR(h ! ��))SM

R�� . 1.5

m⌧̃1 ' 100GeV

§ 	
  Enhancement	
  of	
  

	
  	
  	
  possible	
  for	
  
	
  
	
  
	
  	
  	
  (close	
  to	
  current	
  limit)	
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Low-­‐MH	
  scenario	
  

§ 	
  Alterna>ve	
  scenario:	
  Heavy	
  CP-­‐even	
  Higgs	
  boson	
  H	
  around	
  125	
  GeV.	
  	
  
	
  	
  	
  Lightest	
  Higgs	
  below	
  LEP	
  limit	
  (reduced	
  couplings	
  to	
  vector	
  bosons)	
  

MA = 110 GeV
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Charged	
  Higgs	
  limits	
  challenge	
  Low-­‐MH	
  scenario	
  
§ 	
  In	
  the	
  low-­‐MH	
  scenario,	
  the	
  MSSM	
  is	
  far	
  from	
  the	
  decoupling	
  limit	
  

Mh < MH ⇠ MA ⇠ 125GeV M2
H± = M2

A +M2
W

ATLAS-­‐CONF-­‐2013-­‐90	
  

SUSY2013	
  (8	
  TeV,	
  19.5	
  y-­‐1)	
  

(7	
  TeV,	
  4.6	
  y-­‐1)	
  

BR(H+ ! ⌧+⌫⌧ ) ' 1MH± < mt t ! bH+
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Beyond	
  minimal	
  supersymmetry	
  

§ 	
  Beyond	
  minimal	
  SUSY,	
  there	
  are	
  other	
  scenarios	
  where	
  Mh	
  	
  
	
  	
  	
  can	
  be	
  increased	
  already	
  at	
  tree-­‐level.	
  	
  
	
  	
  	
  Less	
  need	
  for	
  large	
  radia>ve	
  correc>ons	
  à	
  improved	
  fine-­‐tuning.	
  
	
  
	
  	
  	
  Singlet	
  extension	
  (NMSSM):	
  
	
  
	
  
	
  
	
  
	
  
§ 	
  Seven	
  physical	
  Higgs	
  states	
  

M2
h1

 M2
Z cos2 2� + ⇥2v2 sin2 2� +�M2

h1

h1, h2, h3 a1, a2 h±

mass parameter. Obviously, the larger tanβ or MS is, the heavier h becomes, and for given

MS, mh reaches its maximum when Xt/MS =
√
6, which corresponds to the so-called mmax

h

scenario.

About Eq.(3), three points should be noted [18]. The first is this equation is only valid

for small splitting between mt̃1 and mt̃2 . In case of large splitting, generally Xt/MS >
√
6

is needed to maximize mh. The second is m2
h in Eq.(3) is symmetric with respect to the

sign of Xt. This behavior will be spoiled once higher order corrections are considered, and

usually a larger mh is achieved for positive AtM3 with M3 being gluino soft breaking mass.

And the last is in Eq.(3), we do not include the contributions from the sbottom and slepton

sectors. Such contributions are negative and become significant only for large tanβ.

Compared with the MSSM, the Higgs sector in the NMSSM is rather complex, which can

be seen from its superpotential and the corresponding soft-breaking terms given by [12]

WNMSSM = WF + λĤu · ĤdŜ +
1

3
κŜ3, (4)

V NMSSM
soft = m̃2

u|Hu|2 + m̃2
d|Hd|2 + m̃2

S |S|2 + (AλλSHu ·Hd +
Aκ

3
κS3 + h.c.). (5)

Here WF is the superpotential of the MSSM without the µ term, the dimensionless param-

eters λ and κ are the coefficients of the Higgs self couplings, and m̃u, m̃d, m̃S, Aλ and Aκ

are the soft-breaking parameters.

After the electroweak symmetry breaking, the three soft breaking masses squared for

Hu, Hd and S can be expressed in terms of their VEVs (i.e. vu, vd and s) through the

minimization conditions of the scalar potential. So in contrast to the MSSM where there

are only two parameters in the Higgs sector, the Higgs sector of the NMSSM is described

by six parameters [12]:

λ, κ, M2
A =

2µ(Aλ + κs)

sin 2β
, Aκ, tanβ =

vu
vd

, µ = λs. (6)

The Higgs fields can be written in the following form:

H1 =





H+

S1+iP1√
2



 , H2 =





G+

v + S2+iG0
√
2



 , H3 = s+
1√
2
(S3 + iP2) , (7)

where H1 = cos βHu − ε sin βH∗
d , H2 = sin βHu + ε cosβH∗

d with ε12 = ε21 = −1 and

ε11 = ε22 = 0, G+ and G0 are Goldstone bosons and v =
√

v2u + v2d. In the CP-conserving

NMSSM, the fields S1, S2 and S3 mix to form three physical CP-even Higgs bosons, and P1

4
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mté = 1200, 500 GeV
Xt=0mh = 124-126 GeV

Figure 2: The Higgs mass in the NMSSM as a function of tan �. The solid lines show the tree-
level result of equation 2 while the shaded bands bounded by dashed lines result from adding the
�2v2 sin2 2� contribution of equation 2 to the two-loop Suspect/FeynHiggs MSSM result, with
degenerate stop soft masses and no stop mixing. The top contribution �t is su�cient to raise
the Higgs mass to 125 GeV for � = 0.7 for a top squark mass of 500 GeV; but as � is decreased
to 0.6 a larger value of the top squark mass is needed.

In the “�-SUSY” theory [15], � is increased so that the interaction becomes non-perturbative

below unified scales; but � should not exceed about 2, otherwise the non-perturbative physics

occurs below 10 TeV and is likely to destroy the successful understanding of precision electroweak

data in the perturbative theory. The non-perturbativity of � notwithstanding, gauge coupling

unification can be preserved in certain UV completions of �-SUSY, such as the Fat Higgs [16].

The �-SUSY theory is highly motivated by an improvement in fine-tuning over the MSSM by

roughly a factor of 2�2/g2 ⇠ 4�2, where g is the SU(2) gauge coupling. Equivalently, for the

MSSM and �-SUSY to have comparable levels of fine-tuning, the superpartner spectrum can be

heavier in �-SUSY by about a factor 2�. The origin of this improvement, a large value of � in

the potential, is correlated with the mass of the Higgs, which is naively raised from gv/
p
2 to

�v. However, this now appears to be excluded by current limits [17], with � > 1 giving a Higgs

boson much heavier than 125 GeV (for other theories that raise the Higgs mass above that of

the MSSM see [18, 19, 20]).

Most studies of �-SUSY [15, 21] have decoupled the CP even singlet scalar s by making its

soft mass parameter, m2

S, large. This was often done purely for simplicity to avoid the compli-

3

Right	
  Higgs	
  mass	
  without	
  stop	
  mixing	
  

Hall,	
  Pinner,	
  Ruderman,	
  [1112.2703]	
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Improved	
  NMSSM	
  naturalness	
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Figure 4: Contours of mh in the MSSM as a function of a common stop mass mQ3 = mu3 = m
˜t

and the stop mixing parameter Xt, for tan � = 20. The red/blue bands show the result from
Suspect/FeynHiggs for mh in the range 124–126 GeV. The left panel shows contours of the fine-
tuning of the Higgs mass, �mh

, and we see that �mh
> 75(100) in order to achieve a Higgs mass

of 124 (126) GeV. The right panel shows contours of the lightest stop mass, which is always
heavier than 300 (500) GeV when the Higgs mass is 124 (126) GeV.

We now consider the degree of fine-tuning [5, 6, 7, 8, 9] necessary in the MSSM to accommo-

date a Higgs of 125 GeV. We have just seen that rather heavy stops are necessary in order to

boost the Higgs to 125 GeV using the loop correction. The (well-known) problem is that heavy

stops lead to large contributions to the quadratic term of the Higgs potential, �m2

Hu
,

�m2

Hu
= �3y2t

8⇡2

�
m2

Q3
+m2

u3
+ |At|2

�
ln

✓
⇤

m
˜t

◆
, (5)

where ⇤ is the messenger scale for supersymmetry breaking. If �m2

Hu
becomes too large the

parameters of the theory must be tuned against each other to achieve the correct scale of elec-

troweak symmetry breaking. We see from equation 5 that large stop mixing also comes with a

cost because At induces fine-tuning. At large tan �, Xt ⇡ At, and maximal mixing (|At|2 = 6m2

˜t
)

introduces the same amount of fine-tuning as doubling both stop masses in the unmixed case.

In order to quantify the fine-tuning [8], it is helpful to consider a single Higgs field with a

potential

V = m2

H |h|2 +
�h

4
|h|4. (6)
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Figure 5: A blowup of the maximal mixing regime, Xt ⇠ 2m
˜t, in the MSSM, with tan � = 20

and mA = 1 TeV. The purple contours show R��, the ratio of �(gg ! h) ⇥ Br(h ! ��) in
the MSSM to the Standard Model, computed with FeynHiggs. The one-loop contribution from
stops depletes the rate to be ⇠ 80� 95% of the SM rate. Had we chosen non-degenerate squark
soft masses, this e↵ect could be larger, at the cost of increased fine-tuning. The other contours
are the same as the right side of Figure 4.

Extremizing the potential we see that the physical Higgs mass, mh, is related to the quadratic

term of the potential by m2

h = �hv
2 = �2m2

H . The amount of fine-tuning is determined by the

size of the Higgs mass relative to the size of corrections to the quadratic term of the potential. In

the MSSM at large tan �, the Higgs vev is in the Hu direction, mh corresponds to the Higgs mass,

mH corresponds to mHu , and �h is determined by the D-terms at tree-level and is logarithmically

sensitive to the stop mass at one-loop. We generalize to more than one Higgs field (2 in the

MSSM and 3 in the NMSSM) by considering the sensitivity of the Higgs mass eigenvalue to

variations of the fundamental parameters of the theory. This is closely related to variations of

the electroweak VEV, v2 = m2

h/�h, which is also often taken as a measure of fine-tuning.

The dashed purple lines on the left panel of Figure 4 show contours of the fine-tuning pa-

rameter, �mh
, which we define to be the maximum logarithmic derivative of the Higgs boson

mass with respect to the fundamental parameters, pi,

�mh
= max

i

����
@ lnm2

h

@ ln pi

���� , (7)

8

§ 	
  Quan>ta>ve	
  measure	
  of	
  (technical)	
  fine-­‐tuning	
  

Hall,	
  Pinner,	
  Ruderman,	
  [1112.2703]	
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Figure 7: Contours of Higgs mass fine-tuning, �mh
, in the NMSSM with the maximal value of

� = 0.7 for tan � = 2 and 5, moving from left to right, withmQ3 = mu3 = m
˜t andmA = 500 GeV.

Contours of mh = 124 and 126 GeV are overlaid, including loop corrections from Suspect and
FeynHiggs. When tan � = 2 the tuning can be low, �mh

. 15, while for tan � = 5 heavier stop
masses are required because the tree-level Higgs mass is lower.

can be realized with mS several hundreds of GeV. For large enough values of �, the second term

dominates the tree-level mass. The � term grows at small tan �, and this means that the largest

Higgs mass is achieved with low tan � and as large � as possible. Plugging in � = 0.7, we find

that (mh
2)

tree

is always smaller than 122 GeV.

Because the tree-level contribution is insu�cient to raise the Higgs mass to 125 GeV, we also

consider the loop corrections to the Higgs mass arising from stops. In Figure 6, we show contours

of mh = 125 GeV, in the stop mass/mixing plane, with tan � = 2, 5, 10 and varying � between

0 and 0.7. We take the tree-level mass to saturate the bound of equation 10 and we add to it

the one and two loop contribution from stops using Suspect, taking degenerate stop soft masses,

mQ3 = mu3 . Here, and for the rest of this section, we have set µ = 200 GeV and we fix Bµ

by taking the MSSM-like pseudoscalar mass to be 500 GeV, in the limit of no mixing with the

singlet-like pseudoscalar. Suspect includes only the MSSM contribution, and this means that we

are neglecting the one-loop contribution proportional to �2, which is a reasonable approximation

since � < yt. For low tan � and � close to 0.7, the lightest stop becomes tachyonic near maximal

mixing. Furthermore, for sub-maximal stop mixing, the stops are light enough to give O(1)

corrections to �(gg ! h); however, these corrections may take either sign, depending on the size

11

MSSM	
   NMSSM	
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NMSSM	
  modificaIons	
  to	
  Higgs	
  phenomenology	
  

§ 	
  Singlet-­‐doublet	
  mixing	
  can	
  modify	
  Higgs	
  rates	
  substan>ally	
  
	
  	
  	
  Predic*on	
  (before	
  LHC	
  discovery)	
  that	
  two-­‐photon	
  rate	
  
	
  	
  	
  could	
  be	
  substan*ally	
  higher	
  than	
  for	
  SM	
  	
  	
  
	
  
§ 	
  Two	
  light	
  Higgs	
  bosons	
  is	
  s>ll	
  a	
  viable	
  possibility	
  
	
  	
  	
  Lightest	
  Higgs	
  below	
  LEP	
  limit,	
  with	
  suppressed	
  couplings	
  
	
  	
  	
  to	
  vector	
  bosons,	
  second	
  lightest	
  Higgs@125	
  GeV	
  	
  
	
  	
  
	
  
§ 	
  Light	
  singlet	
  and	
  invisible	
  Higgs	
  decays	
  
	
  	
  	
  Current	
  limit	
  from	
  ATLAS/CMS	
  is	
  
	
  
§ 	
  Relaxed	
  bounds	
  on	
  heavy	
  Higgses	
  from	
  direct	
  searches	
  /	
  flavour	
  
	
  	
  	
  Heavy	
  Higgs	
  bosons	
  more	
  ‘decorrelated’	
  from	
  each	
  other	
  

Belanger,	
  Ellwanger,	
  Gunion,	
  Jiang,	
  Kraml,	
  Schwarz,	
  [1210.1976]	
  

Ellwanger,	
  [1012.1201]	
  	
  
Cao,	
  Heng,	
  Yang,	
  Zhu,	
  [1103.0631]	
  

	
  	
  

BR(h ! inv) . 60%
ATLAS-­‐CONF-­‐2013-­‐011,	
  CMS-­‐HIG-­‐13-­‐018	
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Model-­‐independent	
  coupling	
  fits	
  

§ 	
  Devia>ons	
  of	
  SM	
  couplings	
  fi\ed	
  in	
  different	
  parametriza>ons	
  
	
  	
  	
  proposed	
  by	
  LHCXSWG	
  à	
  Consistency	
  test	
  of	
  SM	
  
	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
§ 	
  If	
  a	
  significant	
  devia>on	
  is	
  established,	
  need	
  to	
  perform	
  new	
  model-­‐	
  
	
  	
  	
  dependent	
  analysis	
  for	
  correct	
  interpreta>on	
  	
  

ATLAS-­‐CONF-­‐2013-­‐034,	
  CMS-­‐HIG-­‐13-­‐005	
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Example:	
  Composite	
  Higgs	
  

§ 	
  An	
  alterna>ve	
  to	
  SUSY,	
  which	
  removes	
  the	
  SM	
  hierarchy	
  problem,	
  	
  
	
  	
  	
  is	
  if	
  there	
  is	
  no	
  fundamental	
  scalar	
  	
  
	
  
§ 	
  A	
  composite	
  Higgs	
  could	
  result	
  as	
  a	
  pseudo-­‐Goldstone	
  Boson	
  	
  
	
  	
  	
  from	
  a	
  global	
  symmetry	
  in	
  a	
  strong	
  sector,	
  broken	
  at	
  a	
  scale	
  fH	
  >	
  v	
  
	
  	
  	
  Higgs	
  mass	
  generated	
  at	
  1-­‐loop	
  à	
  Low	
  mass	
  Higgs	
  natural	
  
	
  
	
  	
  ex)	
  	
  SO(5)	
  -­‐>	
  SO(4) 	
   	
   	
   	
   	
   	
  1	
  Higgs	
  doublet	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  Minimal	
  Composite	
  Higgs	
  Model	
  (MCHM)	
  
	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  SO(6)	
  -­‐>	
  SO(5) 	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1	
  Higgs	
  doublet	
  +	
  1	
  singlet	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  SO(6)	
  -­‐>	
  SO(4)	
  x	
  SO(2)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  2	
  Higgs	
  doublets	
  
	
  

Agashe,	
  Con>no,	
  Pomarol,	
  [hep-­‐ph/0412089]	
  

Georgi,	
  Kaplan	
  
Giudice,	
  Grojean,	
  Pomarol,	
  Ra\azzi	
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Signatures	
  of	
  Higgs	
  compositeness	
  

§ 	
  The	
  composite	
  Higgs	
  is	
  treated	
  in	
  an	
  effec>ve	
  theory	
  below	
  the	
  	
  
	
  	
  	
  compositeness	
  scale.	
  Role	
  of	
  fH	
  similar	
  to	
  pion	
  decay	
  constant	
  
	
  
§ 	
  Modifica>on	
  of	
  tree-­‐level	
  couplings	
  in	
  MCHM	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
§ 	
  Loop-­‐induced	
  couplings	
  to	
  gluons	
  and	
  photons	
  indirectly	
  affected	
  	
  
	
  	
  	
  by	
  modifica>ons	
  to	
  top	
  and	
  W	
  couplings	
  

⇠ =
v2

f2
H

ghff
gSMhff

=
1� (1 + n)⇠p

1� ⇠
ghWW

gSMhWW

=
p
1� ⇠

n = 0, 1, 2, . . .
Depending	
  on	
  
realiza>on	
  



2013-­‐09-­‐05	
   Physics	
  in	
  Collision	
   39	
  

Model-­‐independent	
  coupling	
  measurements	
  

 Too premature to see deviations
for v/f~1/2!

from, e.g., Montull,Riva 
arXiv:1207.1716
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Figure 2: Predictions of a generic MCHM in the (ghff/g
SM
hff , ghWW /gSMhWW )-plane. The di↵erent curves corresponds

to di↵erent values of n, going downwards from n=0 to n = 5. The red part of the curves is for 0 < ⇠ < 0.25 and the
blue one for 0.25 < ⇠ < 1. The contours are the 68%, 95% and 99% CL for a 125 GeV Higgs as obtained in Ref. [15]
from the CMS data.

For m
Q4 ' 3 TeV, the Higgs mass Eq. (43) can be as small as 40 GeV. Larger values of m

h

imply

larger values of FL

Q1
, meaning thatm

h

⇠125 GeV can be obtained without light fermionic resonances

as we show in Figure 1. In this case, however, it is important to notice that extra contributions are

needed to reduce ↵ in order to have hs
h

i ⌧ 1.

3 Higgs couplings to SM fermions

In composite Higgs models the Higgs couplings to fermions generically deviate from their SM values

[12]. For the SO(5)/SO(4) model, the Higgs couplings to the SM fermions can be parametrized by

Eq. (27). At low-energies p ⌧ m
Qi and in the limit ✏ ⌧ 1, the Higgs couplings reduce, for the case

of a generic SM fermion f
L,R

, to

Le↵ ' f̄
L

M f

1 (0)fRs
1+2m
h

cn
h

+ h.c. ⌘ f̄
L

f
R

m
f

(h) + h.c . (44)

From this we can obtain the hff coupling [12]:

g
hff

gSM
hff

=
2m

W

(h)

gm
f

(h)

@m
f

(h)

@h
=

1 + 2m� (1 + 2m+ n)⇠p
1� ⇠

, (45)

where we have used that m
W

(h) = gs
h

/2 [5] and written the SM hff coupling as a function of the

physical W and fermion mass, gSM
hff

= gm
f

/(2m
W

). For m 6= 0, Eq. (45) gives deviations of order

one from the SM expectations, even in the limit ⇠ ! 1. For this reason, we will concentrate on the

m = 0 case. In Figure 2 we show, for m
h

' 125 GeV and assuming that all fermions couple in the

12

n=0
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Figure 2: Predictions of a generic MCHM in the (ghff/g
SM
hff , ghWW /gSMhWW )-plane. The di↵erent curves corresponds

to di↵erent values of n, going downwards from n=0 to n = 5. The red part of the curves is for 0 < ⇠ < 0.25 and the
blue one for 0.25 < ⇠ < 1. The contours are the 68%, 95% and 99% CL for a 125 GeV Higgs as obtained in Ref. [15]
from the CMS data.

For m
Q4 ' 3 TeV, the Higgs mass Eq. (43) can be as small as 40 GeV. Larger values of m

h

imply

larger values of FL

Q1
, meaning thatm

h

⇠125 GeV can be obtained without light fermionic resonances

as we show in Figure 1. In this case, however, it is important to notice that extra contributions are

needed to reduce ↵ in order to have hs
h

i ⌧ 1.

3 Higgs couplings to SM fermions

In composite Higgs models the Higgs couplings to fermions generically deviate from their SM values

[12]. For the SO(5)/SO(4) model, the Higgs couplings to the SM fermions can be parametrized by

Eq. (27). At low-energies p ⌧ m
Qi and in the limit ✏ ⌧ 1, the Higgs couplings reduce, for the case

of a generic SM fermion f
L,R

, to

Le↵ ' f̄
L

M f

1 (0)fRs
1+2m
h

cn
h

+ h.c. ⌘ f̄
L

f
R

m
f

(h) + h.c . (44)

From this we can obtain the hff coupling [12]:

g
hff

gSM
hff

=
2m

W

(h)

gm
f

(h)

@m
f

(h)

@h
=

1 + 2m� (1 + 2m+ n)⇠p
1� ⇠

, (45)

where we have used that m
W

(h) = gs
h

/2 [5] and written the SM hff coupling as a function of the

physical W and fermion mass, gSM
hff

= gm
f

/(2m
W

). For m 6= 0, Eq. (45) gives deviations of order

one from the SM expectations, even in the limit ⇠ ! 1. For this reason, we will concentrate on the

m = 0 case. In Figure 2 we show, for m
h

' 125 GeV and assuming that all fermions couple in the

12

Falkowski,Riva,Urbano 13

! fH & 700GeV

Falkowski,	
  Riva,	
  Urbano,	
  [1303.1812]	
  	
  

§ 	
  Other	
  models	
  that	
  can	
  be	
  tested	
  in	
  this	
  framework:	
  
	
  	
  	
  General	
  two-­‐Higgs-­‐Doublet	
  models	
  (in	
  decoupling	
  limit),	
  	
  
	
  	
  	
  EW	
  singlets,	
  portal	
  dark	
  ma\er,	
  Higgs-­‐radion	
  mixing…	
  
	
  

§ 	
  MCHM	
  limit	
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Prospects	
  without	
  new	
  physics	
  

§ 	
  5-­‐10%	
  precision	
  on	
  Higgs	
  couplings	
  at	
  high-­‐lumi	
  LHC	
  (3000	
  y-­‐1),	
  	
  
	
  	
  	
  but	
  worse	
  for	
  important	
  top	
  and	
  bo\om	
  couplings	
  
	
  
§ 	
  Combining	
  with	
  500	
  GeV	
  LC	
  (500	
  y-­‐1),	
  precision	
  is	
  O(1%)	
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Conclusions	
  

§ 	
  The	
  new	
  par>cle	
  discovered	
  by	
  ATLAS/CMS	
  is	
  similar	
  to	
  a	
  SM	
  	
  
	
  	
  	
  Higgs	
  boson	
  (within	
  uncertain>es)	
  
	
  
§ 	
  Scenarios	
  beyond	
  the	
  SM	
  are	
  constrained	
  both	
  by	
  direct	
  Higgs	
  
	
  	
  	
  measurements,	
  and	
  from	
  the	
  non-­‐observa>on	
  of	
  new	
  physics	
  
	
  
§ 	
  Constrained	
  (minimal)	
  SUSY	
  under	
  pressure,	
  more	
  
	
  	
  	
  general	
  MSSM	
  analyses	
  show	
  best	
  fit	
  in	
  the	
  decoupling	
  region	
  
	
  	
  	
  -­‐>	
  Challenge	
  for	
  direct	
  Higgs	
  searches	
  …	
  
	
  	
  	
  …	
  	
  but	
  large	
  experimental	
  effects	
  and	
  new	
  phenomena	
  
	
  	
  	
  	
  	
  	
  	
  	
  are	
  not	
  excluded:	
  γγ	
  modifica>on,	
  SUSY	
  decays,	
  H	
  à	
  hh,	
  …	
  
	
  
§ 	
  Benchmark	
  scenarios	
  for	
  MSSM	
  Higgs	
  searches	
  have	
  been	
  
	
  	
  	
  updated	
  a^er	
  discovery	
  to	
  cover	
  features	
  of	
  viable	
  Higgs	
  sector	
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Conclusions	
  

§ 	
  Non-­‐minimal	
  SUSY	
  can	
  increase	
  the	
  tree-­‐level	
  Higgs	
  mass,	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  which	
  improves	
  naturalness.	
  	
  
	
  	
  	
  à	
  Higgs	
  phenomenology	
  can	
  differ	
  substan>ally	
  from	
  MSSM.	
  
	
  
§ 	
  More	
  precise	
  measurements	
  of	
  the	
  Higgs	
  couplings,	
  perhaps	
  	
  
	
  	
  	
  also	
  at	
  a	
  linear	
  collider,	
  provide	
  a	
  generic,	
  indirect,	
  probe	
  of	
  
	
  	
  	
  BSM	
  Higgs	
  scenarios	
  (can	
  be	
  used	
  to	
  reject	
  the	
  SM)	
  
	
  	
  
§ 	
  The	
  best	
  way	
  to	
  to	
  prove	
  that	
  the	
  Higgs	
  sector	
  is	
  non-­‐minimal	
  
	
  	
  	
  is	
  always	
  to	
  find	
  addi>onal	
  Higgs	
  states	
  J	
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Conclusions	
  

§ 	
  Non-­‐minimal	
  SUSY	
  can	
  increase	
  the	
  tree-­‐level	
  Higgs	
  mass,	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  which	
  improves	
  naturalness.	
  	
  
	
  	
  	
  à	
  Higgs	
  phenomenology	
  can	
  differ	
  substan>ally	
  from	
  MSSM.	
  
	
  
§ 	
  More	
  precise	
  measurements	
  of	
  the	
  Higgs	
  couplings,	
  perhaps	
  	
  
	
  	
  	
  also	
  at	
  a	
  linear	
  collider,	
  provide	
  a	
  generic,	
  indirect,	
  probe	
  of	
  
	
  	
  	
  BSM	
  Higgs	
  scenarios	
  (can	
  be	
  used	
  to	
  reject	
  the	
  SM)	
  
	
  	
  
§ 	
  The	
  best	
  way	
  to	
  to	
  prove	
  that	
  the	
  Higgs	
  sector	
  is	
  non-­‐minimal	
  
	
  	
  	
  is	
  always	
  to	
  find	
  addi>onal	
  Higgs	
  states	
  J	
  

	
  We	
  know	
  that	
  the	
  SM	
  cannot	
  be	
  complete	
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Backup	
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Higgs	
  mass	
  dependence	
  on	
  At	
  
§ 	
  Mh	
  is	
  increasing	
  func>on	
  of	
  tree-­‐level	
  parameters	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
§ 	
  For	
  a	
  given	
  SUSY	
  mass	
  scale	
  MSUSY,	
  maximize	
  the	
  contribu>ons	
  	
  
	
  	
  	
  to	
  Mh	
  from	
  radia>ve	
  correc>ons	
  -­‐>	
  Mh-­‐max	
  scenario	
  
	
  
	
  
§ 	
  Conserva>ve	
  (scenario-­‐independent)	
  lower	
  bounds	
  on	
  MA,	
  tan	
  β	
  	
  
	
  

MA, tan�

XOS
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Lightest	
  Higgs	
  mass	
  

M2
h = M2

h,tree(MA, tan�) +�M2
h (MSUSY, Ai,Mi, . . .)

§ 	
  Higher-­‐order	
  correc>ons	
  are	
  par>cularly	
  important	
  for	
  Mh	
  
	
  
	
  
	
  
§ 	
  Long	
  development	
  to	
  know	
  these	
  correc>ons	
  very	
  precisely	
  
	
  	
  	
  	
  	
  
	
  	
  	
  Dominant	
  1-­‐loop	
  correc>ons	
   	
   	
   	
   	
  1991	
  
	
  	
  
	
  	
  	
  
	
  	
  	
  Complete	
  1-­‐loop 	
   	
   	
   	
   	
   	
   	
  1992-­‐96	
  	
  
	
  	
  
	
  	
  	
  
	
  	
  	
  RGE-­‐improved	
  1-­‐loop 	
   	
   	
   	
   	
   	
  1995-­‐96	
  
	
  
	
  	
  	
  Dominant	
  2-­‐loop	
   	
   	
   	
   	
   	
   	
   	
  1998-­‐2002	
  
	
  
	
  	
  	
  Leading	
  3-­‐loop 	
   	
   	
   	
   	
   	
   	
   	
  2010	
  O(y2t�

2
s)
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MSSM	
  Higgs	
  couplings	
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Parameter	
  values	
  of	
  updated	
  MSSM	
  scenarios	
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Results of the fit

● Minimal     result:

● Higgs signal strength and Higgs mass:

● including LEO:

● SM and MSSM interpretations similar

● Including LEO, SM gets slightly worse

●                differs by more than 3 σ

● Overall good MSSM fit

Naive calculation of degrees 
of freedom:

Only 
HiggsSignals

HiggsBounds* allowed
121 < Mh < 129 GeV

* HiggsBounds 4.0.0.

Bechtle, Heinemeyer, Stål, Stefaniak, Weiglein
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Mass scales [GeV]
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV
SUSY 2013

 = 7 TeVs

 = 8 TeVs

lspm⋅-(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit


