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Work done with Rohini Godbole, Diego Guadagnoli and Kirtimaan Mohan

Preliminary results, Les Houches Proceedings, in arXiv: 1405.1617

some analysis in arXiv: 1312.5736 (J. Ellis, D.S. Hwang, K. Sakurai, M. Takeuchi)
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The Higgs and the Top
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Higgs-Kibble in the SM model
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in the SM, Higgs and Mass are "ONE"

I Goldstones ωi and H combine to form a linear representation of SU(2)× U(1)

I Ĥ = H + v = v(1 + H/v), coupling of H is to the mass. Factor the mass out, the

coupling is universal (tree-level). This must be verified precisely
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Mass and the Higgs, mass without a Higgs

Ĥ 6= H + v

I Dynamical mass from strong dynamics

I naive prototype: technicolour (3GB and no Higgs)

I Technicolour revamped, larger symmetries (modern parlance Composite Higgs)
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A Misconception: is Higgs Needed? Non-linear realization of symmetry breaking SO(4)→ SO(3)
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The "chirally coupled" Higgs, composite Higgs

Chivukula and Koulovassilopoulos (’93,94)

FB+Chopin, ’95

Grojean et al.
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The Chiral Higgs
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The Chiral Higgs
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Unnaturalness and fine-tuning
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The potential: Stability up to which scale
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Running of couplings in the SM
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Running of the quartic coupling (one-loop)
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Running of the quartic coupling (one-loop)
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Stability: The Miracle (Strumia et al.,), 2loop,..

some new physics contribution could easily move us to a stable region

mt essential (which mt?)
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Vanishing of λ and its β function?

Is there any meaning in this? Mh vs Planck Scale. Not to me. Let alone that λ and βλ

vanish over a wide range, starting from µ > 108GeV.
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Production at LHC
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Production at LHC

The largest cross section is the loop induced channel gg → h

This presumably goes through tops
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Signatures

Though very small, H → γγ is an essential signature

F. BOUDJEMA (LAPTh) Higgs: the view from the Top Lisbon, September 2014 21 / 52



Signatures

Though very small, H → γγ is an essential signature

Again h→ γγ is loop induced, the top plays a crucial role
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What do we know about the t t̄h vertex ?

t t̄H vertex and " parity"

Ltth = −gtth t̄ (at + ibt γ5) H t ,

where gtth = mt/v normalizes the coupling to the SM strength.

one can also check

LhVV =
g

2
κV mW h

(
WµWµ +

1

cos θ2
w

ZµZµ

)
.

Not multiHiggs exactly but certainly multi-couplings of the Higgs !

F. BOUDJEMA (LAPTh) Higgs: the view from the Top Lisbon, September 2014 22 / 52



What do we know about the t t̄h vertex ?

t t̄H vertex and " parity"

Ltth = −gtth t̄ (at + ibt γ5) H t ,

where gtth = mt/v normalizes the coupling to the SM strength.

one can also check

LhVV =
g

2
κV mW h

(
WµWµ +

1

cos θ2
w

ZµZµ

)
.

Not multiHiggs exactly but certainly multi-couplings of the Higgs !

F. BOUDJEMA (LAPTh) Higgs: the view from the Top Lisbon, September 2014 22 / 52



What do we know about the t t̄h vertex ?

t t̄H vertex and " parity"

Ltth = −gtth t̄ (at + ibt γ5) H t ,

where gtth = mt/v normalizes the coupling to the SM strength.

one can also check

LhVV =
g

2
κV mW h

(
WµWµ +

1

cos θ2
w

ZµZµ

)
.

Not multiHiggs exactly but certainly multi-couplings of the Higgs !

F. BOUDJEMA (LAPTh) Higgs: the view from the Top Lisbon, September 2014 22 / 52



F. BOUDJEMA (LAPTh) Higgs: the view from the Top Lisbon, September 2014 23 / 52



Γ(h→ γγ)

Γ(h→ γγ)SM =
|κV Aa

W (τW ) + at
4
3 Aa

t (τt )|2 + |bt
4
3 Ab

t (τt )|2

|Aa
W (τW ) + 4

3 Aa
t (τt )|2

.

For τ = m2
h/4M2 � 1 (M = mt ,MW , ..)

Aa
t (τ) = 4/3 (1 + τ/4 + · · · )

Aa
W (τ) = −7 (1 + τ/5 + · · · )

Ab
t (τ) = 2 (1 + τ/3 + · · · )

Γ(h→ γγ)

Γ(h→ γγ)SM ∼ 1.6
(

(κW − at/5)2 + (bt/3)2
)

σ(gg → h)

σ(gg → h)SM =
Γ(h→ gg)

Γ(h→ gg)SM ∼ a2
t + b2

t
|Ab

t (τt )|2

|Aa
t (τt )|2

' a2
t + (3bt/2)2 .
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Fits from Higgs observables

ATLAS and CMS have preformed an analysis to measure at :

at ∈ [−1.2,−0.6] ∪ [0.6, 1.3] ATLAS

at ∈ [0.3, 1.0] CMS .
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Fits from Higgs observables

We extend the analysis to include bt , combine both ATLAS and CMS data, making sure

we recover (for bt = 0, both ATLAS and CMS data).
As customary, the signal strength measured in a particular channel i at the LHC

µ̂i =
ni

exp

(ni
S)SM

where ni
exp is the number of events observed in the channel i and (ni

S)SM is the expected number

of events as predicted in the SM.

For specific models, define

µi =
ni

S

(ni
S)SM

=
Σpσpεip

ΣpσSM
p εip

×
BRi

BRSM
i

.

The fit is performed by minimizing the χ2 function

χ2 =
∑

i

(
µi − µ̂i

σ
exp
i

)2

,

When correlations are given, we modify the χ2 function to take correlations into account.
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Fits from Higgs observables

The • indicates the best-fit value.
68% , 95%, 99.7% CL
? SM, (κV , af ) = (1, 1).
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Fits, κV ,af ,bf = 0: P Properties

If parity of Higgs measured as κCP = 1− κ2
V , then very little is left for a parity-odd

Higgs. ( Djouadi-Moreau 1303.6591)
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The • indicates the best-fit value (at , bt ) = (0.93, 1.17).
68% , 95%, 99.7% CL
? SM
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Indirect constraints, low energy CP violation
edm of the electron

Le
EDM = −de

i
2

e σµνγ5 e Fµν

de ∝ btaef1(m2
t /m

2
h) + beat f2(m2

t /m
2
h)

|de/e| < 8.7 · 10−29cm(90%CL) =⇒ bt < 0.01

Very model dependent, again an indirect loop induced argument: assumes we know
hee coupling very well and that hee has both a scalar and a pseudo-scalar component

F. BOUDJEMA (LAPTh) Higgs: the view from the Top Lisbon, September 2014 30 / 52



Indirect constraints, low energy CP violation
edm of the electron

Le
EDM = −de

i
2

e σµνγ5 e Fµν

de ∝ btaef1(m2
t /m

2
h) + beat f2(m2

t /m
2
h)

|de/e| < 8.7 · 10−29cm(90%CL) =⇒ bt < 0.01

Very model dependent, again an indirect loop induced argument: assumes we know
hee coupling very well and that hee has both a scalar and a pseudo-scalar component

F. BOUDJEMA (LAPTh) Higgs: the view from the Top Lisbon, September 2014 30 / 52



Direct Probe of the t t̄h coupling

pp → t t̄h
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Feynman diagrams
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t t̄H SM cross sections

10% th. uncertainty on σt t̄H
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σt t̄H (@7TeV)=137fb



t t̄H SM cross sections

10% th. uncertainty on σt t̄H
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σt t̄H (@14TeV)=630fb



t t̄H SM cross sections: difficult

I H → bb̄ (t → Wb) −→ WWbbb̄b̄

I huge background from t t̄ jj (95% of all bckgrd), t t̄bb̄
I require very good b-tagging
I suffers from combinatorics
I h→ WW , ττ, γγ have also been studied
I techniques of boosted Higgs,

Artoisenet et al., arXiv: 1304.6414

• Difficult, but the 3 body final state with each state decaying offers a large number of
observables to study
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t t̄H SM cross sections: difficult but a lot of progress

ATLAS and CMS have performed searches in this channel even in the rarest channel
H → γγ with present data, this help set a limit (with ∼ 25fb−1) σobs.

tth < 5σSM
tth (assuming

SM branching ratios!),

CMS has even newer results combining H → bb̄, ττ, γγ σtth/σ
SM
tth = 2.5+1.1

−1.0

F. BOUDJEMA (LAPTh) Higgs: the view from the Top Lisbon, September 2014 36 / 52



Total cross sections

σt t̄H

σSM
t t̄H

∼ a2
t + 0.47b2

t
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Total cross sections, direct constraint

If σtth/σ
SM
tth = 1± 0.2
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ŝ distributions or Mt t̄h

This is
the key observation that was made in e+e−. More rapid increase with energy ( ŝ ) in

the case of the scalar
One must reconstruct Mt t̄h meaning t , t̄ and h momenta. May prove to be difficult.
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ph
t distributions

ph
T is a good discriminating variable. Easier to measure, requires to determine ph

T ,
(h→ bb̄, beware of combinatorics though (4b)).
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Azimuthal angle between the 2 tops

cos(∆φ(t t̄)) =
(ẑ × ~p t̄ ) · (ẑ × ~p t )

|~p t̄ | |~p t |
Does not require charge identification but still we need reconstruct both the top and
anti-top direction. May not be easy.
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t t̄h vs t t̄ at LHC, SM

from arXiv: 1403.1790 (S. Biswas, R. Frederix, E. Gabrielli and B. Mele)

F. BOUDJEMA (LAPTh) Higgs: the view from the Top Lisbon, September 2014 42 / 52



Polarised tops

A measure of the spin correlations can be defined through the following
spin-correlation asymmetry in the lab frame

ζlab =
σ(pp → tL t̄Lh) + σ(pp → tR t̄Rh)− σ(pp → tL t̄Rh)− σ(pp → tR t̄Lh)

σ(pp → tL t̄Lh) + σ(pp → tR t̄Rh) + σ(pp → tL t̄Rh) + σ(pp → tR t̄Lh)

=
0.21 (1 + 1.03 b2

t /a
2
t )

1 + 0.47 b2
t /a

2
t
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Spin correlations, density matrix

Using correlations with the final decay products
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distributions for ∆φt t̄ (`+, `−), t , t̄ rest frames
I Dileptonic decay of the top. Beware cross section small...
I But it is also known that the lepton angular distribution in the decay of the top is not affected but non SM effect in the decay vertex. Hence all

happens at production.
I Try to reconstruct observables as if we were in t t̄production: observables in rest frame of the tops for example. This requires reconstruction of the

top momenta, difficult with the missing enegy/pT from the 2 neutrinos.

cos(∆φt t̄ (`+
, `
−)) =

(ẑ ×~p t̄
`−

) · (ẑ ×~p t
`+ )

|~p t̄
`−
||~p t
`+ |

,
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∆θ`h(`−, `+), substitute in lab. frame

cos(∆θ`h(`−, `+)) =
(~ph × ~p`−) · (~ph × ~p`+ )

|~ph × ~p`− | |~ph × ~p`+ |
.

Now all momenta in lab. frame. (could have used pW instead of pl and use the full
hadronic samples).
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CP-violating observables, 1-t t̄ rest frame (Ellis et al.;)

α ≡ sgn
(
~p t t̄

t · (~p t t̄
`− × ~p

t t̄
`+ )

)
.

∆θt t̄ (`+, `−) is the angle between the two lepton momenta projected onto the plane
perpendicular to the t direction in the center-of-mass frame of the t t̄ system.
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α×∆θt t̄ (`+, `−)



CP-violating observables, 2- lab. frame

take the b’s from the quark decays. One of these must be tagged (reconstruct either t
or t̄)

β ≡ sgn
(
(~pb − ~pb̄) · (~p`− × ~p`+ )

)
.
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Asymmetries
α×∆θt t̄ (`+, `−) and β ×∆θ`h(`−, `+) it is useful to define CP asymmetries as follows:

At t̄ =
σ(α×∆θt t̄ (`+, `−) > 0)− σ(α×∆θt t̄ (`+, `−) < 0)

σ(α×∆θt t̄ (`+, `−) > 0) + σ(α×∆θt t̄ (`+, `−) < 0)

and

Alab =
σ(β ×∆θ`h(`−, `+) > 0)− σ(β ×∆θ`h(`−, `+) < 0)

σ(β ×∆θ`h(`−, `+) > 0) + σ(β ×∆θ`h(`−, `+) < 0)
.
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Conclusions

I Checking t t̄H extermely important

I pp → t t̄H offers a very good handle, lots of observable, possibility to probe CP
violation directly

I drawback: cross section small, tiny even if one wants to access spin correlation
observables

I drawback: Huge background
I useful studies are already being used
I pp → t/t̄h may be another handle, but cross sections even smaller

F. BOUDJEMA (LAPTh) Higgs: the view from the Top Lisbon, September 2014 51 / 52



Conclusions

I Checking t t̄H extermely important
I pp → t t̄H offers a very good handle, lots of observable, possibility to probe CP

violation directly

I drawback: cross section small, tiny even if one wants to access spin correlation
observables

I drawback: Huge background
I useful studies are already being used
I pp → t/t̄h may be another handle, but cross sections even smaller

F. BOUDJEMA (LAPTh) Higgs: the view from the Top Lisbon, September 2014 51 / 52



Conclusions

I Checking t t̄H extermely important
I pp → t t̄H offers a very good handle, lots of observable, possibility to probe CP

violation directly
I drawback: cross section small, tiny even if one wants to access spin correlation

observables

I drawback: Huge background
I useful studies are already being used
I pp → t/t̄h may be another handle, but cross sections even smaller

F. BOUDJEMA (LAPTh) Higgs: the view from the Top Lisbon, September 2014 51 / 52



Conclusions

I Checking t t̄H extermely important
I pp → t t̄H offers a very good handle, lots of observable, possibility to probe CP

violation directly
I drawback: cross section small, tiny even if one wants to access spin correlation

observables
I drawback: Huge background

I useful studies are already being used
I pp → t/t̄h may be another handle, but cross sections even smaller

F. BOUDJEMA (LAPTh) Higgs: the view from the Top Lisbon, September 2014 51 / 52



Conclusions

I Checking t t̄H extermely important
I pp → t t̄H offers a very good handle, lots of observable, possibility to probe CP

violation directly
I drawback: cross section small, tiny even if one wants to access spin correlation

observables
I drawback: Huge background
I useful studies are already being used

I pp → t/t̄h may be another handle, but cross sections even smaller

F. BOUDJEMA (LAPTh) Higgs: the view from the Top Lisbon, September 2014 51 / 52



Conclusions

I Checking t t̄H extermely important
I pp → t t̄H offers a very good handle, lots of observable, possibility to probe CP

violation directly
I drawback: cross section small, tiny even if one wants to access spin correlation

observables
I drawback: Huge background
I useful studies are already being used
I pp → t/t̄h may be another handle, but cross sections even smaller

F. BOUDJEMA (LAPTh) Higgs: the view from the Top Lisbon, September 2014 51 / 52


