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What Experiment tells us: Best F it Values of µ = (σ × BR)/(σ × BR)SM
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Combination of various search channels grouped by decay mode

Slight excess in γγ but not WW, ZZ, bb, ττ
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Likelihood as Function of MH
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Likelihood as Function of MH
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What Experiment tells us: Best F it Values of µ = (σ × BR)/(σ × BR)SM
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Best fit values for signal strengths in various final states and for different mass values
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Best fit values for signal strengths in various final states and for different mass values
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What Experiment tells us: Best F it Values of µ = (σ × BR)/(σ × BR)SM
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But info in individual subchannels is missing
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Best fit values for signal strengths in various final states and for different mass values

But info in individual subchannels is missing
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Best fit values for signal strengths in various final states and for different mass values

But info in individual subchannels is missing
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What Have We Seen?

� The production of a new particle with mass near 126 GeV

� Is it the Standard Model Higgs boson? =⇒

Test of the Higgs mechanism

• Discovery – m

• Interaction with a scalar Higgs � gHXX ∼ mX

� �
m=0 m�=0

with v = 246 GeV �= 0

• Spin and parity quantum numbers – J
PC

• EWSB requires Higgs potential – λHHH , λHHHH

V (φ)

φ0

φ+

� Is it the Standard Model Higgs boson, a SUSY Higgs boson, a Composite Higgs boson, ...?
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What Have We Seen?

• Test if SM or BSM Higgs boson:

� measurement of the Higgs couplings

� perform fits to possible deviations from the SM

• Theory approach:

� Provide effective Lagrangian which

∗ is in accordance with experimental constraints (EWPD, no flavor changing neutral currents)

∗ describes new physics effects as model-independent as possible

� Perform fits to experimental data (i.e. signal strengths µXX):

∗ Test compatibility with the SM

∗ Test for deviations from the SM within effective theory approach

∗ Specific BSM extensions: match your model parameters to effective Lagrangian parameters

M.M. Mühlleitner, Jan 21, 2013, Likelihoods WS, CERN



What Have We Seen?

• Goal

� No competition with experimentalists in doing fits they anyway do

� Use experimental data to test possible deviations from the SM, test various BSM physics models

� To do a good job, we need as much information as possible

• What do we need?

→ Follows from the way we proceed in doing our fits: ... (see next slides)
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Is it the SM Higgs Boson? - Effective Lagrangian Approach

� Effective Lagrangian valid at E ∼ v

� Field content: SM with scalar field h Contino eal ’10,’12

L = Lh − (M2
W

W
+
µ

W
µ− +

1
2
M

2
Z
ZµZ

µ)[1 + 2a
h

v
+O(h2)]

−mψiψ̄iψi[1 + cψ

h

v
+O(h2)] + ...

� Remarks:

∗ Chiral Lagrangian with a cutoff at Λ >
∼

4πv

∗ SU(2)L × U(1)Y → U(1)em breaking implemented

∗ Custodial symmetry incorporated: (M 2
W

W
+
µ

W
µ− + 1

2M
2
Z
ZµZ

µ)[1 + 2a
h

v
+O(h2)]

∗ No tree-level FCNC due to h exchange: −mψiψ̄iψi[1 + cψ
h

v
+O(h2)]
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Is it the SM Higgs Boson? - Effective Lagrangian Approach

L = Lh − (M2
W

W
+
µ

W
µ− +

1
2
M

2
Z
ZµZ

µ)[1 + 2a
h

v
+O(h2)]

−mψiψ̄iψi[1 + cψ

h

v
+O(h2)] + ...

• Extension of the SM Lagrangian by the parameters a, cψ; SM: (a, cψ) = (1, 1)

a ghV V cψ ghff

• Further couplings relevant for Higgs searches: g
2

16π2 [cγAµνA
µν + cgG

A

µν
G

Aµν ]h

v

assumed to come from SM loops only

H → gg : ∼ cψ

p

(−)
p

g

g

Q

H
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Is it the SM Higgs Boson? - Effective Lagrangian Approach

L = Lh − (M2
W

W
+
µ

W
µ− +

1
2
M

2
Z
ZµZ

µ)[1 + 2a
h

v
+O(h2)]

−mψiψ̄iψi[1 + cψ

h

v
+O(h2)] + ...

• Extension of the SM Lagrangian by the parameters a, cψ; SM: (a, cψ) = (1, 1)

a ghV V cψ ghff

• Further couplings relevant for Higgs searches: g
2

16π2 [cγAµνA
µν + cgG

A

µν
G

Aµν ]h

v

assumed to come from SM loops only

H → γγ : ∼ cψ ∼ a ∼ a
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Signal Rates

� Coupling modifications affect Higgs signal but not background

signal rates changed, but kinematics unaffected ⇒ Rescale SM searches

� (N)NLO QCD corrections: not affected by modified Higgs couplings (not true for NLO EW)

� Rescaling - Production ( (N)NLO QCD )

g

g

t, b

H

q

q
W, Z H

q

q̄ W, Z

W, Z

H

t/b

t/b

H

g

q

q̄

σ(N)NLO

σSM

(N)NLO

c2
ψ a2 a2 c2

ψ

� Rescaling - Decay

Γ(H → ff̄)
Γ(H → ff̄)SM

=
Γ(H → gg)

Γ(H → gg)SM
= c

2
ψ

Γ(H → V V )
Γ(H → V V )SM

= a
2 Γ(H → γγ)

Γ(H → γγ)SM
=

(aJγ − cψIγ)2

(Jγ − Iγ)2
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Signal Rates

� Expected signal strength

µX =

�
σ

SM(a,cψ)
pp→h→X

σSM

pp→h→X

�
=

�
pi

�piσpi(a, cψ)×BR
SM(a,cψ)
h→X�

pi
�piσpi ×BRSM

h→X

Efficiencies �pi are the same as in the SM (if interferences w/ bkg are negligible)

� Fit ingredients

∗ Efficiencies �pi

∗ Measured µ̂’s separately at 7 and 8 TeV

∗ If only µ̂7+8 is available, then µ̂8 ± σ8 from µ̂7 ± σ7, µ̂7+8 ± σ7+8 with the Gaussian

combination formula

µ̂7+8

σ2
7+8

=
µ̂7

σ2
7

+
µ̂8

σ2
8

,
1

σ2
7+8

=
1
σ2

7

+
1
σ2

8

∗ Assumed Gaussian distributed µ̂’s; neglect correlations (not given by exp) in combinations of

different channels and/or experiments

M.M. Mühlleitner, Jan 21, 2013, Likelihoods WS, CERN



Comparison with CMS - Summer 2012

Had to impose prior cψ > 0 We are doing not so bad!

M.M. Mühlleitner, Jan 21, 2013, Likelihoods WS, CERN



F it to LHC Data within SM(a,c) - Summer 2012

χ
2 fit to µ̂i ± σi from 48 channels (ATLAS+CMS+Tevatron) Espinosa,Grojean,MMM,Trott ’12

(green/yellow/grey)

(65/90/99% CL)

SM within ∼ 2σ

from best fit point

Two minima:

approx. symmetry

a↔ −a c↔ −c

broken by Hγγ couplg

∼ |1.26a− 0.26c|2

Note: a fermiophobic

Higgs is disfavoured

by data
•SM

M.M. Mühlleitner, Jan 21, 2013, Likelihoods WS, CERN



F it to LHC Data within SM(a,c)

• Best fit points

� Solution for c < 0

Γ(H → γγ) =
(aJγ−cIγ)2

(Jγ − Iγ)2
ΓSM (H → γγ)

Constructive interference for c < 1.

• For further work, see:

D.Carmi, A.Falkowski, E.Kuflik, T.Volansky; D.Carmi, A.Falkowski, E.Kuflik, T.Volansky, J.Zupan;

A.Azatov, R.Contino, J.Galloway; P.Giardino, K.Kannike, M.Raidal, A.Strumia;

J.Ellis, T.You; M.Klute, R.Lafaye, T.Plehn, M.Rauch, D.Zerwas; M.Montull, F.Riva;

I.Low, J.Lykken, G.Shaugnessy; T.Corbett, O.Eboli, J.González-Fraile, M.C. González-Garcia;

S. Banerjee, S. Mukhopadhyay, B. Mukhopadhyaya; Cao eal; T.Plehn, M. Rauch;

Baglio, Djouadi, Godbole; Bélanger, Dumon, Ellwanger, Gunion, Kraml ...

M.M. Mühlleitner, Jan 21, 2013, Likelihoods WS, CERN



What We Need

• Fits to signal strengths µ:

� Various production cross sections and branching ratios rescale differently

� Production cross sections and branching ratios depend on c.m. energy and Higgs boson mass

⇒ What we need:

M.M. Mühlleitner, Jan 21, 2013, Likelihoods WS, CERN



Comparison with ATLAS F it from Oct 2012

• Possible explanations of discrepancy:

∗ Non-negligible correlations which we could not take into account (as not publically available)

∗ No breakdown of the WW channel into subcategories, as no public information on composition

of these subchannels (gg, VBF contribution)

M.M. Mühlleitner, Jan 21, 2013, Likelihoods WS, CERN



Comparison with Tevatron (HC2012)

⇒ What we need to do a good job:

M.M. Mühlleitner, Jan 21, 2013, Likelihoods WS, CERN



What We Need to do a Good J ob

• What we need: Information on

� Signal strengths separately for 7 and 8 TeV.

[For Nov12 data updates of 7 TeV analyses, but not publically available.]

� Separately for the individual subchannels.

� Separately for the various Higgs boson masses;

ideally in form of “blue band” signal strength plots as function of the mass.

� State clearly for each subchannel the composition of the production mechanisms, which has

been used by the experiments.

� Correlations among the channels: in terms of a simple correlation matrix on the signal strengths.

Theory-Exp cross talk on basis of signal strengths with clear errors and correlations

(→ e.g. EWPD)

� Include theory errors in the correlations - would be good

M.M. Mühlleitner, Jan 21, 2013, Likelihoods WS, CERN



Further

More specific requests:

� WW subchannel compositions 0, 1, 2 jets (gg and VBF breakup) from ATLAS

� ATLAS γγ broken up in many pieces � correlations high priority

� CMS: ττ sub-channels as function of mass as blue band plots.

� Mutually exclusive signal strength classes for dijet tagged γγ events and for “everything else”

• What we do Not want:

� Complicated, hard to use multidimensional likelihood given in a complex form.

� Too exclusive subchannels.

� Multidimensional µ fits with only one best fit point in the 2-dimensional space.

• Helful for us:

� Boil down information into simple form with maximum transparency

� E.g. plot with µ as function of mass (not 2-dim contours of µ versus mass).

M.M. Mühlleitner, Jan 21, 2013, Likelihoods WS, CERN



Thank you for your attention!



Data Used in our F its (Summer 2012)

M.M. Mühlleitner, Jan 21, 2013, Likelihoods WS, CERN



Excluding further (a, c) Points and Checking for T ensions

Espinosa,Grojean,MMM,Trott ’12

too large signal

too few signal events −→

Violet: at least

one channel

is 2σ away

from combined

signal strength

M.M. Mühlleitner, Jan 21, 2013, Likelihoods WS, CERN



Upper and Lower Limits

• Global χ2 constructed: [covariance matrix taken diagonal, square of 1σ theory and exp errors

added in quadrature � σi, use ± symmetric 1σ errors for reported µ̂i]

χ
2(µi) =

Nch�

i=1

(µi − µ̂i)2

σ2
i

best fit region: χ
2 = χ

2
min

+ ∆χ
2

• Assume Gaussian distribution: → probability density function (pdf)

pdf
i
(µi, µ̂i, σi) ≈ e

−(µi−µ̂i)
2
/(2σ

2
i )

• Upper/Lower Limit µupL,dwL: For µdwL ≡ µ̂± δ95µ̂ > 0 condition to be fulfilled

�
µ̂

µdwL

PDF(µ)dµ =
erf

�
µ̂−µdwL√

2σ

�

1 + erf
�

µ̂√
2σ

� = 0.95/2

�
µupL

µ̂

PDF(µ)dµ =
erf

�
µupL−µ̂√

2σ

�

1 + erf
�

µ̂√
2σ

� = 0.95/2

For µ̂− δ95 < 0: shift 95% CL interval to (0, µupL), use upper limit definition

M.M. Mühlleitner, Jan 21, 2013, Likelihoods WS, CERN



Effective Lagrangian Approach with BSM Effects

Contino,Espinosa,Falkowski,Ghezzi,Grojean,MMM,Rattazzi,Sundrum,Trott,Vicini

L = L(a, cψ) + L
BSM + ...

L(a, cψ) = Lh − (M2
W

W
+
µ

W
µ− +

1
2
M

2
Z
ZµZ

µ)[1 + 2a
h

v
+O(h2)]

−mψiψ̄iψi[1 + cψ

h

v
+O(h2)] + ...

L
BSM = −

c̃γe
2

32π2Λ2
H

†
HFµνF

µν
−

c̃gg
2
s

32π2Λ2
G

a

µν
G

a µν

∗ LBSM can be generated by integrating out at the one-loop level the heavy states (e.g. squarks)

∗ L(a, cψ) implemented in HDECAY Djouadi,Kalinowski,MMM,Spira

∗ Implementation of L(a, cψ), LBSM in eHDECAY Contino,Ghezzi,Grojean,MMM,Spira

M.M. Mühlleitner, Jan 21, 2013, Likelihoods WS, CERN



BSM Effects in the Higgs couplings to photons and to gluons

• Effective couplings

added to SM Lagrangian (a = cψ = 1); e.g. from heavy charged particle loops � SM(c̃γ, c̃g)

Espinosa,Grojean,MMM,Trott ’12

Map particular models to plane

of this model-independent result

M.M. Mühlleitner, Jan 21, 2013, Likelihoods WS, CERN



T est Higgs Invisible W idth

• New Physics particles X SM singlets: h→ XX � universal reduction of SM branching ratios

BR(h→ f) =
Γ(h→ f)

ΓSM + Γinv

= (1−BRinv)BR(h→ f)SM

Espinosa,Grojean,MMM,Trott ’12

� χ
2 fit to combined µ̂c ± σc � BRinv ≈ (−0.1, 0.1) (95% C.L.)

� SM with BRinv = 0 ok � Still room for sizeable BRinv ( <
∼

0.2, 0.45 at 95%CL)

M.M. Mühlleitner, Jan 21, 2013, Likelihoods WS, CERN


