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Outline

- Introduction: why a Higgs?

- Why measure Higgs couplings?

- Coupling extraction from LHC measurements∗

- What we learn: couplings in specific models

- Conclusions

∗I will not talk about measuring spin, CP, etc.
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The Standard Model is extremely successful so far.

Can’t we get by with just the degrees of freedom that we’ve

observed?

- 3 generations of quarks; CKM matrix for flavor physics

- 3 generations of charged leptons

- Neutrinos with mass (might need something new there)

- gluons from SU(3) strong interaction

- photon plus massive W± and Z from SU(2) × U(1)

(Electroweak symmetry is broken, but do we really have to worry about how?)

- (Dark matter?)

- (Quantum gravity?)

Heather Logan (Carleton U.) Characterizing the Higgs at the LHC Carleton May 2012
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The Standard Model is extremely successful so far.

Can’t we get by with just the degrees of freedom that we’ve

observed?

- 3 generations of quarks; CKM matrix for flavor physics

- 3 generations of charged leptons

- Neutrinos with mass (might need something new there)

- gluons from SU(3) strong interaction

- photon plus massive W± and Z from SU(2) × U(1)

(Electroweak symmetry is broken, but do we really have to worry about how?)

- (Dark matter?)

- (Quantum gravity?)

The answer is NO:

the SM without a Higgs is intrinsically incomplete.

Heather Logan (Carleton U.) Characterizing the Higgs at the LHC Carleton May 2012

4



Scattering of longitudinally-polarized W s exposes need for a Higgs∗

SU(2) x U(1) @ E
4

Sum                0                   

Graphics from R.S. Chivukula, LHC4ILC 2007 ∗or something to play its role
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Scattering of longitudinally-polarized W s exposes need for a Higgs∗Why a Higgs?

SU(2) x U(1) @ E
2

including (d+e)E <
√

8πv " 1.2 TeV

Graphics from R.S. Chivukula, LHC4ILC 2007 ∗or something to play its role
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Higgs couplings in the Standard Model

SM Higgs couplings to SM particles are fixed by the mass-generation

mechanism.

W and Z: gZ ≡
√
g2 + g′2, v = 246 GeV

L = |DµH|2 → (g2/4)(h+ v)2W+W−+ (g2
Z/8)(h+ v)2ZZ

M2
W = g2v2/4 hWW : i(g2v/2)gµν

M2
Z = g2

Zv
2/4 hZZ : i(g2

Zv/2)gµν

Fermions:

L = −yf f̄RH†QL + · · · → −(yf/
√

2)(h+ v)f̄RfL + h.c.

mf = yfv/
√

2 hf̄f : imf/v

Gluon pairs and photon pairs:

induced at 1-loop by fermions, W -boson.

Heather Logan (Carleton U.) Characterizing the Higgs at the LHC Carleton May 2012

7



Predict SM Higgs production cross sections
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Predict SM Higgs decay branching ratios
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A note on Higgs mass dependence

SM Higgs couplings to all SM particles are fixed by the mass-
generation mechanism → variation with Mh is due to kinematics.
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1 GeV uncertainty in Mh ⇒ 5% uncertainty in ḡb/ḡW .
100 MeV uncertainty in Mh ⇒ 0.5% uncertainty in ḡb/ḡW .
Mh could be included as a correlated fit parameter.
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SM Higgs exclusion from ATLAS and CMS:

- SM Higgs excluded for masses between about 130 and 600 GeV

- SM Higgs below 114 GeV excluded by LEP

- SM Higgs above 600 GeV strongly disfavoured by precision

electroweak measurements
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Small excess around 125 GeV consistent with SM Higgs

ATLAS: γγ and 4` (from ZZ∗) final states

CMS: γγ final state

About 2–3σ in each experiment
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Higgs couplings beyond the Standard Model

W and Z:

- EWSB can come from more than one Higgs doublet, which

then mix to give h mass eigenstate. v ≡
√
v2

1 + v2
2, φv = v1

v
h1 + v2

v
h2

L = |DµH1|2 + |DµH2|2
M2
W = g2v2/4 hWW : i〈h|φv〉(g2v/2)gµν ≡ iḡW (g2v/2)gµν

M2
Z = g2

Zv
2/4 hZZ : i〈h|φv〉(g2

Zv/2)gµν ≡ iḡZ(g2v/2)gµν

Note ḡW = ḡZ. Also, ḡW,Z = 1 when h = φv: “decoupling limit”.

- Part of EWSB from larger representation of SU(2). Q = T 3+Y/2

L ⊃ |DµΦ|2 → (g2/4)[2T (T + 1)− Y 2/2](φ+ v)2W+W−

+(g2
Z/8)Y 2(φ+ v)2ZZ

Can get ḡW 6= ḡZ and/or ḡW,Z > 1 after mixing to form h.

Tightly constrained by ρ parameter, ρ ≡M2
W/M

2
Z cos2 θW = 1 in SM.
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Higgs couplings beyond the Standard Model

Fermions:

Masses of different fermions can come from different Higgs dou-

blets, which then mix to give h mass eigenstate:

L = −yf f̄RΦ†fFL + (other fermions) + h.c.

mf = yfvf/
√

2 hf̄f : i〈h|φf〉(v/vf)mf/v ≡ iḡfmf/v

In general ḡt 6= ḡb 6= ḡτ ; e.g. MSSM with large tanβ (∆b).

Note 〈h|φf〉(v/vf) = 〈h|φf〉/〈φv|φf〉
⇒ ḡf = 1 when h = φv: “decoupling limit”.
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Higgs couplings beyond the Standard Model

Gluon pairs and photon pairs:

- ḡt and ḡW change the normalization of top quark and W loops.

- New coloured or charged particles give new loop contributions.

e.g. top squark, charginos, charged Higgs in MSSM

New particles in the loop can affect h↔ gg and h→ γγ even if h

is otherwise SM-like.

⇒ Treat ḡg and ḡγ as additional independent coupling parameters.

Loop-induced effective couplings: momentum-dependence issues at NLO!

(more on this later)
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LHC measurements to date

Overall signal strength µ ≡ σ/σSM

- Assume that all decays are in their SM proportions
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Coupling extraction strategy

Measure event rates at LHC: sensitive to production and decay

couplings. Narrow width approximation:

Rateij = σiBRj = σi
Γj

Γtot

Coupling dependence (at leading order):

σi = ḡ2
i × (SM coupling)2 × (kinematic factors)

Γj = ḡ2
j × (SM coupling)2 × (kinematic factors)

Γtot =
∑

Γk =
∑
SM

ḡ2
kΓSM

k

Each rate depends on multiple couplings. → correlations

Heather Logan (Carleton U.) Characterizing the Higgs at the LHC Carleton May 2012
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Coupling extraction strategy

Measure event rates at LHC: sensitive to production and decay

couplings. Narrow width approximation:

Rateij = σiBRj = σi
Γj

Γtot

Coupling dependence (at leading order):

σi = ḡ2
i × (SM coupling)2 × (kinematic factors)

Γj = ḡ2
j × (SM coupling)2 × (kinematic factors)

Γtot =
∑

Γk =
∑
SM

ḡ2
kΓSM

k +
∑
new

Γnew
k

Each rate depends on multiple couplings. → correlations

Non-SM decays could also be present:

- invisible final state (can look for this with dedicated searches)

- “unobserved” final state (e.g., h→ jets)

Heather Logan (Carleton U.) Characterizing the Higgs at the LHC Carleton May 2012
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Unobserved final states cause a “flat direction” in the fit.

Allow an unobserved decay mode while simultaneously increasing
all couplings to SM particles by a factor a:

Rateij = a2σSM
i

a2ΓSM
j

a2ΓSM
tot + Γnew

Ways to deal with this:
- assume no unobserved decays

(ok for checking consistency with SM, but highly model-dependent)

- assume hWW and hZZ couplings are no larger than in SM
(valid if only SU(2)-doublets/singlets are present)

- include direct measurement of Higgs width
(only works for heavier Higgs so that Γtot > expt. resolution;

ΓSM
tot ' 4 MeV for 125 GeV Higgs)

No known model-independent way around this at LHC.
[Can we measure h→ jets? Boosted object techniques?]

(ILC gets around this using decay-mode-independent measurement of e+e− →
Zh cross section from recoil-mass method.)

Heather Logan (Carleton U.) Characterizing the Higgs at the LHC Carleton May 2012
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How to think about the fit

First consider VBF → h→WW :

- Rate = σ(VBF→ h)×BR(h→WW ).

- use the fact that BR(h→WW ) ≤ 1.

(can include other measured decays in VBF channels to tighten this)

- VBF → h→WW rate then puts a lower bound on σ(VBF→ h).

- This puts a lower bound on the hWW , hZZ couplings.

- Calculate lower bound on Γ(h→WW,ZZ) → get a lower bound

on Γtot. Γtot ≥ Γ(h→WW,ZZ)

Theory assumption that ḡW ≤ 1 and ḡZ ≤ 1: ⇐!

(i.e., assume hWW and hZZ couplings are no larger than in SM)

- Imposes a theoretical upper bound on σ(VBF→ h).

- VBF → h→WW rate puts a lower bound on BR(h→WW ).

- Calculate theoretical upper bound on Γ(h → WW ) → get an

upper bound on Γtot. Γtot = Γ(h→WW )/BR(h→WW )

Heather Logan (Carleton U.) Characterizing the Higgs at the LHC Carleton May 2012
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How to think about the fit

Now include the other measurements.

Rate(A→ X)

Rate(A→ Y )
=
σ(A→ h)Γ(h→ X)/Γtot

σ(A→ h)Γ(h→ Y )/Γtot
⇒ ḡ2

X

ḡ2
Y

Rate(A→ X)

Rate(B → X)
=
σ(A→ h)Γ(h→ X)/Γtot

σ(B → h)Γ(h→ X)/Γtot
⇒ ḡ2

A

ḡ2
B

Fitted couplings correlated with ḡW and with each other.

Feed back other fitted couplings into Γtot calculation; tighten up

ḡW constraint.

(In practice this would be done by an overall log-likelihood fit or similar, rather

than iteratively.)
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Past studies

Get ratios of Higgs couplings-squared from taking ratios of rates.

Full coupling extraction: assume no unexpected decay channels,

assume ḡb = ḡτ . Mh = 100–190 GeV

Zeppenfeld, Kinnunen, Nikitenko, Richter-Was, PRD62, 013009 (2000); Les Houches 1999

Add tt̄h, h→ ττ channel to improve tt̄h constraint.

Mh = 110–180 GeV Belyaev & Reina, JHEP0208, 041 (2002)

Fit assuming hWW , hZZ couplings are bounded from above by

SM value. Mh = 110–190 GeV

Dührssen, Heinemeyer, HEL, Rainwater, Weiglein, & Zeppenfeld, PRD70, 113009 (2004)

More careful analysis of probability density and correlations, using

updated expt studies. Assume no unexpected decay channels.

Mh = 120 GeV Lafaye, Plehn, Rauch, D. Zerwas, & Dührssen, JHEP0908, 009 (2009)
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Higgs channels used (2004 study, 120–130 GeV):

Dührssen, Heinemeyer, HEL, Rainwater, Weiglein, & Zeppenfeld, PRD70, 113009 (2004)

GF gg → H →WW

VBF qqH → qqWW

tt̄H, H →WW

GF gg → H → ZZ

VBF qqH → qqZZ

VBF qqH → qqττ

Inclusive H → γγ

VBF qqH → qqγγ

tt̄H, H → γγ (Mh ≤ 120 GeV)

WH, H → γγ (Mh ≤ 120 GeV)

ZH, H → γγ (Mh ≤ 120 GeV)

tt̄H, H → b̄b ⇐!!

All expt numbers from 14 TeV “first 30 fb−1” studies.

Heather Logan (Carleton U.) Characterizing the Higgs at the LHC Carleton May 2012
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Higgs channels used (2009 study, 120 GeV):

Lafaye, Plehn, Rauch, D. Zerwas, & Dührssen, JHEP 0908, 009 (2009)

GF gg → H →WW

VBF qqH → qqWW

tt̄H, H →WW

GF gg → H → ZZ

VBF qqH → qqZZ

VBF qqH → qqττ

Inclusive H → γγ

VBF qqH → qqγγ

tt̄H, H → γγ (Mh ≤ 120 GeV)

WH, H → γγ (Mh ≤ 120 GeV)

ZH, H → γγ (Mh ≤ 120 GeV)

tt̄H, H → b̄b ×50% vs. 2004 study

WH/ZH, H → b̄b a la Butterworth

All expt numbers from 14 TeV “first 30 fb−1” studies.
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Dührssen, Heinemeyer, HEL, Rainwater, Weiglein, & Zeppenfeld, PRD70, 113009 (2004)
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-1 L dt=2*300 fb∫
-1WBF: 2*100 fb

∆ḡ2
W,Z ∼ 35%→ 25% ∆ḡ2

t ∼ 60%→ 35% for 125 GeV Higgs

∆ḡ2
b ∼ 65%→ 45% ∆ḡ2

τ ∼ 40%→ 25% ḡW = ḡZ ≤ 1
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Dührssen, Heinemeyer, HEL, Rainwater, Weiglein, & Zeppenfeld, PRD70, 113009 (2004)
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Γg,new ∈ [−45%,+75%]→ [−35%,+40%] of Γg from t loop
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Lafaye, Plehn, Rauch, D. Zerwas, & Dührssen, JHEP 0908, 009 (2009)

- Much more sophisticated statistical analysis (SFitter)
- Assume no “unexpected” decays 120 GeV Higgs

gi = gSMi (1 + ∆i): alternate minima corresponding to sign flips.
(here: assume no BSM particles in hgg, hγγ loops)

JHEP08(2009)009
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Figure 1. Profile likelihoods (left) and Bayesian probabilities (right) for the WWH , ttH , and bbH

couplings. Not allowing for additional ggH or γγH couplings we show results for 30 fb−1 and for

300 fb−1 in the upper and lower rows. The Higgs mass is chosen as 120GeV. All experimental

and theory errors are included. Here and in all other figures we assume the WWH coupling to be

positive, i.e. ∆WWH > −1.

Markov chain and then slowly concentrate on one structure. This cooling significantly

improves the resolution of local structures around a peak and thereby yields a much better

resolution for profile likelihoods. More details of this approach we give in appendix B.

4.1 Parameters and correlations

Given the set of measurements described in section 2 it is obvious that most of the Standard

Model couplings should be accessible to a full analysis. Nevertheless, we start with a

minimal set of Higgs sector parameters in which we only allow for tree-level couplings to

all Standard Model particles. This implies that there are no new particles contributing to

the effective ggH and γγH couplings. Since we compute the Higgs width as the sum of all

visible partial widths, a measurement of the bottom Yukawa constitutes the main fraction

of the Higgs width.

Based on the studies of weak boson fusion we limit our study to low-luminosity running

and a conservative integrated luminosity of 30 fb−1. We can easily test how constraining

this assumption is for our analysis: without including any effective higher-dimensional

– 14 –

30 fb−1

300 fb−1
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Lafaye, Plehn, Rauch, D. Zerwas, & Dührssen, JHEP 0908, 009 (2009)

30 fb−1, extracted error: (caution: non-Gaussian)

∆W : ±24% ∆Z : ±31% compare 35-65% on ∆ḡ2

∆t : ±53% ∆b : ±44% ∆τ : ±31% (SM-decays-only constraint

∆g : ±61% ∆γ : ±31% less restrictive than ḡW,Z ≤ 1)

30 fb−1, extracted error on ratios:

∆Z/∆W : ±41%

∆t/∆W : ±51% ∆b/∆W : 31% ∆τ/∆W : 28%

∆g/∆W : ±61% ∆γ/∆W : 30%

Slight improvement due to correlations.

See also new analysis, Klute, Lafaye, Plehn, Rauch, & D. Zerwas, arXiv:1205.2699
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SFitter new results
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Figure 1: ∆t vs ∆b for the expected SM measurements (left) and the actual measurements (right), assuming mH = 125 GeV.
The diagonal line separates the SM and the large-coupling solutions. For the actual data both solutions overlap.

2011 fit to Standard Model — in a first attempt we use
2011 data to determine all couplings to heavy Standard
Model particles. The effective Higgs couplings to gluons
and photons are limited to SM loops.

To study general features of the Higgs parameter space
with the help of a global log-likelihood map we first as-
sume a set of measurements with the SM expectation
as central values, but with the uncertainties of the 2011
data set. For ATLAS and CMS our 2011 data set in-
cludes all γγ, ZZ, WW , ττ and bb̄ channels, separated
by the number of recoil jets, if available [2, 3]. In the
γγ channel of CMS we separate the 2-jet mode [24, 25].
As in the published results the remaining categories are
combined. A separation of the eight inclusive channels
into soft and hard pT,H might eventually be beneficial;
however, in 2011 weak boson fusion and V H associated
production only contributed 10% to 20% to the rate, not
giving measurable numbers of events [14].

In the left panel of Fig. 1 we see that two scenarios
fit the expected Standard Model measurements: the SM-
like solution only allows for moderate values ∆b,t

<∼ 3.
An alternative large-coupling solution appears for a cor-
related increase of ∆t and ∆b towards large values, with
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Figure 2: Results with 2011 data, for the SM signal expecta-
tion and for the data (mH = 125 GeV). For the latter we also
show ∆W = ∆Z . The band indicates a ±20% variation.

a best fit in the ∆t,b = 4 − 5 range. It reflects a cancel-
lation between the effective ggH coupling (∆t) and the
total width. To reach this large-coupling regime from
the SM-like solution the H → γγ rate has to stay sta-
ble, which requires ∆W to increase with ∆t. However,
the H → WW measurements do not allow for such a
correlation. So when for increasing ∆b there is a point
where ∆W switches back to the SM regime, ∆t adjusts
the large effective γγH coupling, defining a secondary
starting point at ∆t ∼ 3 with a changed sign of gγ .

For the expected SM central values we can separate the
two solutions, as indicated in Fig. 1. In the absence of any
tt̄H rate measurement, i.e. for the 7 TeV and 8 TeV runs,
we limit our extraction to the SM regime. This restriction
is justified by theory because top Yukawa couplings of
5 × mt = 875 GeV require a UV completion already at
the scale of this Yukawa coupling. Nevertheless, we have
checked that enforcing the large-coupling regime instead
does not pose any technical problems.

In the right panel of Fig. 1 we see that for the actual
measurements the two solutions are not separable. This
is due to a best-fit value around gW ∼ 0, so the effective
γγH coupling is always dominated by the top loop.

In Fig. 2 we show the error bars on the best fit val-
ues from the 2011 run. Red dots correspond to the ex-
pected measurements, fixing ∆x = 0 but including the
correct uncertainties. Typical error bars for many cou-
plings range around ∆x = −0.5...1, corresponding to a
variation of gx by a factor two. Forming ratios slightly
improves the results. Blue diamonds show the 2011 mea-
surements. As mentioned before, the best fit resides
around ∆W = −1. Because we cannot ignore the large-
coupling solution, ∆b and ∆t now cover a significant cor-
related enhancement. The best fit at ∆τ ∼ −1 reflects
inconclusive results.

Independently varying ∆W and ∆Z will typically lead
to a conflict with electroweak precision data. Because the
measurements do not include searches for new particles
which might compensate for such an offset [15], we cannot
include these constraints in our fit. However, we can
constrain our fit to ∆W = ∆Z . In Fig. 2 we see that
this condition stabilizes the fit, and we get a wide log-
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Figure 3: Projections for an assumed SM signal at mH =
125 GeV. The band indicates a ±20% variation.

likelihood plateau at ∆W,Z = −1...0. However, the large-
coupling solution still overlaps with the SM regime.

After confirming that 2011 data has sensitivity to the
individual Higgs couplings we can simplify our hypothesis
to arrive at tighter constraints. The simplest hypothesis
is a universal shift of all Higgs couplings

∆x ≡ ∆H for all x . (3)

This form factor could reflect mixing in a Higgs portal
or the strongly interacting nature of a composite Higgs.
The first entry in Fig. 2 shows that the best fit of ∆H

to the 2011 data is at ∆H = 0.28 ± 0.14, consistent with
zero. Its expected and observed error bars agree. This
corresponds to the current local significance of the Higgs
hypothesis if we keep in mind that σ × BR scales like
(1+∆H)2. The slightly high value from data is an effect
of the overlapping large-coupling solution.

Standard Model projections — in 2012 we expect
Higgs analyses to make major progress. Including a sig-
nificant amount of 8 TeV data will increase the constrain-
ing power of WBF processes. Any (close to) 14 TeV run
should finally probe the top Yukawa directly, so we can
include ∆γ and ∆g as independent model parameters.

The 2011 fit shows that the expected and the observed
error bars on the Higgs couplings are similar, but that
the observed central values lead to problems with a non-
separable large-coupling solution. Because the 2011 data
will statistically not dominate the 2012 analysis, we use
expected measurements on the Standard Model values
for all projections.

For the 8 TeV results we use the same Higgs chan-
nels as have been reported for the 2011 run at 7 TeV,
with scaled-up rates and uncertainties. The analysis for
14 TeV collider energy follows Refs. [10, 11]. An addi-
tional observation of the tt̄H, H → bb̄ channel [26, 27]
could significantly bolster our results.

Fig. 3 shows the measurements we can expect from the
near future. Comparing the 2012 expectations with the
2011 results shown in Fig. 2 we see that ∆W,Z [28] and
∆τ [29] benefit from enhanced WBF production chan-
nels. The couplings to heavy quarks can only really be
probed once we include the full set of 14 TeV channels
with tt̄H production and H → bb̄ decay channels [26, 27].
The direct measurement of all SM Higgs couplings then
allows us to not only probe the structure of the Higgs
sector but also search for new physics effects in the effec-
tive couplings gg and gγ . Error bars in the 20% range for
both of these higher-dimensional operators can strongly
constrain any new particles which either rely on the Higgs
mechanism for their mass generation or couple to scalars
like the Higgs boson.

Finally, in Fig. 4 we show the dependence of some
expected error bars on the Higgs mass. Again, we as-
sume Standard Model measurements, so we only quote
the error bar for the 2011 results and for a very rough
HL-LHC extrapolation. For the 2011 results we see that
mH = 125 GeV is indeed a particularly lucky spot. Taken
with the appropriate grain of salt the HL-LHC projec-
tions show a very significant improvement, but the naive
statistics-dominated scaling with luminosity does not ap-
ply any longer.

Exotic hypotheses — until now we have limited our fit
to the extraction of SM-like couplings. Given their good
agreement with 2011 data and the lack of hints for new
physics at the LHC, this hypothesis is well motivated.
Modest deviations from a Standard Model Higgs sector
include either supersymmetric or more general type-II
two-Higgs-doublet models, as well as form factors or mix-
ing angles affecting the Higgs couplings in a more or less
constrained manner.

More exotic Higgs hypotheses illustrate the statistical
limitations of the 2011 measurements. Ignoring obvious
problems with the UV completion of such models we in-
terpret the 2011 measurements in terms of a fermiophobic
and a gaugephobic Higgs model [30], i.e. we assume that
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Figure 4: Error bars for an assumed SM signal as a function
of the Higgs mass for 2011 data (top) and the HL-LHC with
14 TeV and 3000 fb−1 (bottom).

“Data” fit ranges much looser than SM expectation due to secondary large-

coupling solution which cannot be separated with current data.

Klute, Lafaye, Plehn, Rauch, & D. Zerwas, arXiv:1205.2699
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What do we really learn by measuring Higgs couplings?

- Is our Higgs fully responsible for generating the masses of W ,

Z, and fermions?

- Is our Higgs fully responsible for unitarizing longitudinal gauge

boson scattering?

- Is our Higgs the (only) excitation of the vacuum condensate?

In particular:

Is there other physics needed to complete any of these?

(and if so, what is its energy scale?)
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A more mathy way to understand this: the Chiral Lagrangian

Without a Higgs, the SM Lagrangian looks like this:

L = −1

4
BµνB

µν − 1

4
W a
µνW

aµν − 1

4
GaµνG

aµν + ψ̄iDµγµψi

- Describes gauge and fermion fields and their interactions.

- Everything must be massless!

In order to put in masses consistent with gauge invariance, fermions

and gauge bosons need to couple to a weak-charged vacuum

condensate:

〈Σ〉 =

(
0

v/
√

2

)
Here v ≡ 246 GeV is a constant (we know its value from the W

mass and coupling).

(v ≡ vacuum expectation value; the
√

2 is a conventional normalization)
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Let’s see what happens when we do gauge transformations:

Recall in electromagnetism: Aµ → Aµ − ∂µλ(x), ψ → e−iλ(x)ψ.(
0

v/
√

2

)
→ Σ ≡ e−iξa(x)σa/v

(
0

v/
√

2

)
=

 [
−ξ2(x)− iξ1(x)

]
/
√

2[
v + iξ3(x)

]
/
√

2

+ · · ·

σa are the three Pauli spin matrices.

Put in a gauge-kinetic term for Σ and interactions with fermions:

L = −1

4
BµνB

µν − 1

4
W a
µνW

aµν − 1

4
GaµνG

aµν + ψ̄iDµγµψi
+ (DµΣ)† (DµΣ)− yijψ̄iΣψj

- These generate the W , Z, and fermion masses ∝ v.

- The ξa degrees of freedom correspond to the third polarization

states of the massive W and Z.

- This “nonlinear sigma model” is nonrenormalizable and breaks

down at a scale around 4π〈Σ〉 ∼ 1.5 TeV.
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Σ is formally dimensionless (in terms of fields).

Let’s add powers of an extra scalar field h up to dimension 4:

L = −1

4
BµνB

µν − 1

4
W a
µνW

aµν − 1

4
GaµνG

aµν + ψ̄iDµγµψi

+ (DµΣ)† (DµΣ)

(
1 + a

2h

v
+ b

h2

v2

)
− yijψ̄iΣψj

(
1 + c

h

v

)

Tree-level unitarity:

VLVL → VLVL is unitarized by h if a = 1

VLVL → ff̄ is unitarized by h if c = 1

VLVL → hh is also unitary if b = a2

With a = b = c = 1, can absorb h into the Σ field to make a

“linear sigma model”, i.e., the Standard Model Higgs field:

Σ = e−iξ
a(x)σa/v

(
0

(v + h)/
√

2

)
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Σ is formally dimensionless (in terms of fields).

Let’s add powers of an extra scalar field h up to dimension 4:

L = −1

4
BµνB

µν − 1

4
W a
µνW

aµν − 1

4
GaµνG

aµν + ψ̄iDµγµψi

+ (DµΣ)† (DµΣ)

(
1 + a

2h

v
+ b

h2

v2

)
− yijψ̄iΣψj

(
1 + c

h

v

)

Composite Higgs:

- Deviations in couplings a, b, c 6= 1 ultimately come from higher-

dimensional operators: ∼ 1 +O(v2/f2)

f = scale of strong interactions; typically f � v.

Note the “decoupling limit”: h→ SM-like

Examples:

- Little Higgs models

- 5-dim Composite Higgs models

- Extended Higgs sectors (after integrating out extra states)
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LHC measurements to date (2011 data)

Overall signal strength µ ≡ σ/σSM
- Assume that all decays are in their SM proportions

1-parameter “measurement”
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This can be interpreted in concrete non-SM Higgs models

SM Higgs mixed with a gauge-singlet scalar:

- Overall 1-parameter scaling of all couplings by 0 ≤ cos θ ≤ 1.

- BRs stay unchanged; rates scaled by cos2 θ ≡ µ = σ/σSM

→ Expect to find the orthogonal state somewhere!

SM Higgs with unobserved/invisible decays (e.g. to dark matter):

- Production rates unchanged

- BRs scaled by ΓSM/(ΓSM + Γnew) ≡ µ = σ/σSM

unless new decay mode is picked up by SM signal/background selections and

modifies kinematic shapes.

→ Expect to observe invisible decay channel in a missing-energy search!
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Going beyond one parameter: L ⊃ v2

4 g
2VµV µ

(
a2h
v

)
−miψ̄iψi

(
chv

)
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This can be interpreted in concrete non-SM Higgs models

Composite Higgs models:
MCHM4: a =

√
1− ξ, c = (1− 2ξ)/

√
1− ξ

MCHM5: a =
√

1− ξ, c =
√

1− ξ 9

0.0 0.5 1.0 1.5 2.0
�3

�2

�1
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1
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3
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c

Fit to LHC Higgs like data, inclusive

FIG. 2: Global fit results in the (a, c) plane for all best fit σ/σSM values given by ATLAS and CMS, taking into

account all production channels. Also shown are the exclusion contours in the (a, c) plane determined by mapping

the SM exclusion into an effective exclusion of (σ/σSM )[a, c] < 1. Again the 65, 90, 99% CL regions correspond to

the green, yellow and gray regions in the plots. The exclusion curve derived from ATLAS data is given by the red

(dashed) line (with the region to the right of the line excluded), the CMS exclusion curve is the solid blue line.

(ii) γγ production via gluon fusion, vector boson fusion (VBF), tt̄h production, and associated produc-

tion with W± and Z. (Note that the γγ events that have associated jets, interpreted to come from

VFB, are treated exclusively.)

(iii) bb̄ production is summed over associated h W± and h Z production,

(iv) τ+ τ− production is summed over gluon fusion, vector boson fusion, tt̄h production, and associated

production with W± and Z. Previous analyses at CMS are reported to only include the VBF initial

state as the tagging jets are used to eliminate Drell–Yan Z → τ+ τ− events. The updated results use

a modelling of the Drell–Yan spectrum based on measurements of Drell–Yan produced Z → µ+ µ−

events, so that the updated analysis is more inclusive.

We do not find dramatic differences in the fits using the two different procedures, and thus are lead to

consider our approximations used in performing the rescalings to be satisfactory. See Appendix A for a

detailed discussion.

As can be inferred from Fig. 1 and Fig. 2, the direct fit to the data and the exclusion curves are selecting

the same region of parameter space. We also performed exclusive fits to the following subsets of data. We

combined the b b̄ and τ+τ− data for a test of the fermion couplings and combined the W+ W−, ZZ data

Type-I 2HDM:

a = sin(β − α)

c = cosα/ sinβ

Small difference:

H+ gives small additional con-

tribution to h→ γγ loop

“Fermiophobic” is c = 0, a = 1

(not a realistic model)

“Gaugephobic” is c = 1, a = 0

Espinosa, Grojean, Mühlleitner & Trott, 1202.3697 [hep-ph]
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Beware theorists bearing VBF fits!

A two-parameter proposal for presenting signal rates:
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Going beyond two parameters: the full fit

!"#$%&'()*+,&*-'(#.#
!"/#!#/#!$/#! /#!%&

0#
1#

#

*#
2#

3#

&#

#

4#

56789:1/#:0/#;<=#

>%%$%$#?#

",)*#3%#@-(A%$#
*'#$#'+#%B#
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Going beyond two parameters: the full fit
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This can be interpreted in concrete non-SM Higgs models

Type-II, lepton-specific, “flipped” 2HDMs:

Only 2 underlying free parameters (mixing angles α and β),

plus small contribution of H+ to h→ γγ loop

hWW , hZZ ∝ a = sin(β − α)

Type-II: ht̄t ∝ c1 = cosα/ sinβ; hb̄b, hττ ∝ c2 = − sinα/ cosβ

has a top-phobic limit

Leptonic: ht̄t, hb̄b ∝ c1; hττ ∝ c2 has a tau-phobic limit

Flipped: ht̄t, hττ ∝ c1; hb̄b ∝ c2 has a bottom-phobic limit

Can do 2-parameter fits within the model

(or 3-parameter, including new loop contribution to hγγ);

test relative consistency of different model coupling patterns.
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Why fit to specific models?

Specific models correspond to a lower-dimensional “slice” through

the most general (e.g., 5+2 dimensional) Higgs coupling param-

eter space.

- Test overall (in-)consistency with a model’s coupling pattern

- Get much tighter constraints on a few model parameters than

on many independent Higgs couplings

Ideal world: do general fit plus all of the above!

Ultimate test of LHC Higgs coupling sensitivity is the “decoupling

limit” of small deviations from SM couplings.
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Conclusions

LHC data from 2011 has made theorists very excited.

2012 data will tell us whether a Higgs is really there or not.

If the Higgs is there, LHC data will eventually let us measure

Higgs couplings to WW , ZZ, tt̄, b̄b, ττ , gg, γγ.

Semi-model-independent fit is very valuable, but fits in few-

parameter extended-Higgs models will also be useful.

Close interaction between theorists and experimentalists is al-

ways a good thing.

- Light Mass Higgs subgroup of LHC Higgs Cross Section Work-

ing Group (see the CERN twiki)
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BACKUP SLIDES
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Future strategies 1: experimental questions

How well can we extrapolate measurements to high luminosity?

- Many channels are statistically limited at 30 fb−1:

Pileup is already higher than old “first 30 fb−1” studies.

- What happens to VBF channels? minijet veto?

- What happens to γγ channels? primary vertex identification?

h→ b̄b channel(s) are critical.

- Largest Higgs BR at ∼ 125 GeV: crucial for constraining Γtot.

- Boosted-object Wh/Zh, h → b̄b [Butterworth et al] is very impor-

tant in Lafaye et al (2009) fit.
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Future strategies 3: coupling dependence at NLO

Coupling dependence of production and decay is not “pure”,

even at the theory level.

- Interference between 4f final states from WW and ZZ decays

non-negligible below WW threshold.

- EW RCs to h→WW introduce dependence on yt.

- Nonstandard production modes like b̄b→ h.

- σ(A→ h)∗BR(H → X) ∝ ΓAΓX/Γtot is not strictly true at NLO:

different kinematics in production and decay can shift relative

contributions of underlying couplings.
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To test SM Higgs mechanism, need to measure Higgs couplings.

SM: coupling of Higgs to each

SM particle already fixed by

known particle masses.

BSM: pattern of deviations from

SM expectations characterizes

BSM model.

ACFA report
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