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pp → t t̄H

Work done with Rohini Godbole, Diego Guadagnoli and Kirtimaan Mohan,

[arXiv:1501.03157]

Preliminary results, Les Houches Proceedings, in arXiv: 1405.1617

some work in arXiv: 1312.5736 (J. Ellis, D.S. Hwang, K. Sakurai, M. Takeuchi)
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The Higgs and the Top

The TOP

I has the largest coupling to the Higgs/ Largest Yukawa coupling: The Higgs likes the top

much more than anything else we know

I Affects the Higgs mass and therefore symmetry breaking/vacuum stability, naturalness,..

I Main production mechanism at LHC thanks to the top gg → H

Indirect Evidence

I Contributes to an important clean channel that helped an early discovery of the Higgs

H → γγ

Indirect Evidence
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Higgs 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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Coupling proportional to mass? LHC early evidence
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Mass and the Higgs, mass without a Higgs

Ĥ 6= H + v

I .

I Dynamical mass from strong dynamics

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

I Technicolour revamped, larger symmetries (modern parlance Composite Higgs)

I HSM most economical set-up to unitarise the WW , · · · , .. cross sections

F. BOUDJEMA (LAPTh) Higgs: the view from the Top Toyama, February 2015 10 / 64



Mass and the Higgs, mass without a Higgs

Ĥ 6= H + v

I .

I Dynamical mass from strong dynamics

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

I Technicolour revamped, larger symmetries (modern parlance Composite Higgs)

I HSM most economical set-up to unitarise the WW , · · · , .. cross sections

F. BOUDJEMA (LAPTh) Higgs: the view from the Top Toyama, February 2015 10 / 64



Mass and the Higgs, mass without a Higgs
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Mechanism...Spontaneous Symmetry Breaking
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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

Couplings to W , and more so perhaps to top need to be measured quite precisely

a→ W +W−H b → W +W−HH c → f f̄H; t t̄H
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The potential: Stability up to which scale?

yt =
√

2mt/v ' 1
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Running of couplings in the SM, remember running of gauge couplings?
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Running of couplings in the SM

Again importance of top, Higgs (self-coupling), gauge bosons
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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 and Perturbativity

J. Ellis, Espinosa, Giudice, Hoecker and Riotto ’09
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Stability: The Miracle (Degrassi et al ’12,)

Also Bezrukov, Shaposhnikov,..., Buttazzo,...

λ turns negative but "not too much" : it levels out ... βλ vanishes over a wide range, starting from
µ > 108GeV.

some new physics contribution could easily move us to a stable region and perhaps give gauge
coupling unification

Is there any meaning in this? Mh vs Planck Scale. Higgs as inflaton?
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Stability: The Miracle (Degrassi et al ’12)

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

mt essential (which mt?)
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Production at LHC, rôle of the top
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Production at LHC

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

This presumably goes through tops
gg → H alone can not probe the "inside" of the process. Kinematics.

Sensitive to scale inside? can hardly tell between mt = 170GeV and mt =∞

(one-) Loop function controlled by Aa
t (τ) = 4/3 (1 + τ/4 + · · · ) τ = m2

h/4m2
t ∼ 0.1� 1

σ(gg → H) ∝ Γ(H → gg)

σ(gg → H)mt =170GeV /σ(gg → H)mt =∞ = 1 + 5%
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Boosted Higgs, PT of the Higgs

mt = 160GeV (Ellis, Hinchliffe, Soldate, van der Bij [1987])

Tremendous drop in cross section
when PT large. This is the region
where distinction may be made
(pT > 500GeV)
AND
NLO corrections known only for
mt � mH ,Ph

T

σPT
/σ

SM
PT

= (kt + kg )2 + δ kt kg + ε k2
g

for pT = 100GeV, σ = 2pb, δ = 0.003; ε = 0.03

for pT = 500GeV, σ = 6fb; δ = 1.7; ε = 2.9

Christophe (Grojean) and others for probe of the top

origin of the process Almost 3 orders of

magnitude loss
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Signatures

Though very small, H → γγ is an essential signature
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Signatures

Though very small, H → γγ is an essential signature

Again h→ γγ is loop induced, the top plays a crucial role

Aside: amazing, number of channels accessed
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Need a more direct access to the t t̄H coupling
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What do we know about the t t̄h vertex ?

For all fermions

Lhf f̄ = −
∑

f

mf

v
h f̄ (af + ibfγ5)f ,

t t̄H vertex and " parity"

Ltth = −mt

v
h t̄ (at + ibt γ5) t ,

one can also check

LhVV =
g

2
κV mW h

(
WµWµ +

1

cos θ2
w

ZµZµ

)
.
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Indirect constraints, low energy CP violation (Pre-LHC)

edm of the electron

Le
EDM = −de

i
2

e σµνγ5 e Fµν

de ∝ bt ae f1(m2
t /m

2
h) + at be f2(m2

t /m
2
h)

|de/e| < 8.7 · 10−29cm(90%CL) =⇒ bt < 0.01 ((ae, be) = (1, 0))

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 Toyama, February 2015 30 / 64



Indirect constraints, low energy CP violation (Pre-LHC)

edm of the electron

Le
EDM = −de

i
2

e σµνγ5 e Fµν

de ∝ bt ae f1(m2
t /m

2
h) + at be f2(m2

t /m
2
h)

|de/e| < 8.7 · 10−29cm(90%CL) =⇒ bt < 0.01 ((ae, be) = (1, 0))

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 Toyama, February 2015 30 / 64



Less Indirect limits; Higgs Production and Decays at LHC

The most direct one is by far the smallest!
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The data; constraining but !

µcombined = 1.00± 0.13
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ttH very loose
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Most constraining from present data σ(gg → h) and Γ(h→ γγ)

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 − 0.21 at )

2 + (0.34 bt )
2
)

σ(gg → h)

σ(gg → h)SM
∼ at

2 + 2.29bt
2 .

pp → t t̄h

σ8TeV/σ
SM
8 TeV ' a2

t + 0.31 b2
t .

Less stronger relative dependence of bt in direct production
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Fits from Higgs observables

ATLAS and CMS have performed an analysis to measure at :

at ∈ [−1.2,−0.6] ∪ [0.6, 1.3] ATLAS

at ∈ [0.6, 1.2] 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 (Validation of our calculations)

Here like ATLAS and CMS we fit af (all fermions) and hVV . bf = 0

The • indicates the best-fit value: (κV , af ) = (0.96, 1.06)
68% , 95%, 99.7% CL
? SM, (κV , af ) = (1, 1).
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Fits, Fits(κV ,af ),bf = 0: P Properties (Pseudoscalar content in hVV )

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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Fits to at ,bt from present data. All other couplings standard

The • indicates the best-fit value (at , bt ) = (0.67,+0.46) and (at , bt ) = (0.67,−0.46).
68% , 95%, 99.7% CL
? SM
Note the bt ↔ −bt degeneracy. as expected form total inclusive cross sections
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Loopholes in constraints from loop-induced

In general, BSM models allow for additional interactions not present in the SM to both the scalar
and pseudo-scalar components of the Higgs. Higher order operators (heavy states, ...) :

hGµνGµν → κgg

hGµνG̃µν → κ̃gg
hFµνFµν → κγγ
hFµν F̃µν → κ̃γγ

Γ(h→ γγ)

Γ(h→ γγ)SM
∼ 1.6

(
(κW − 0.21 (at + κγγ) )2 + (0.34 (bt + κ̃γγ) )2

)
σ(gg → h)

σ(gg → h)SM
' (at + κgg)2 + 2.29(bt + κ̃gg)2 .

Total degeneracy. But
pp → t t̄h

σ8TeV/σ
SM
8 TeV ' a2

t + 0.31 b2
t .

unfortunately weight of pp → t t̄h is very small, still
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Lifting the degeneracy: κ̃gg = κ̃γγ = −1
SM excluded but ...
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The Future (Pre-Linear Collider)

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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t t̄H SM cross sections

10% th. uncertainty on σt t̄H
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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 = 2.8+1.0

−0.9
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From experimental side, big effort

F. BOUDJEMA (LAPTh) Higgs: the view from the Top Toyama, February 2015 48 / 64



Equaly large effort from THEORY: Get the Standard Model t t̄H under
control
Difficult process, but a lot of progress; NLO t t̄H cross section

2001: (QCD) NLO corrections (O(α3
s )) to t t̄H; (analytical) Beenakker et al., Reina and Dawson
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These have recently been (re)confirmed by using automated 1-loop codes aMCNLO and PowHel

New: EWRC, (O(α2
sα)), Y. Zhang et al., 1407.1110 and S. Frixione et al, 1407.0823.

Message: relatively small uncertainty (smaller than 10% from both scale and PDF)
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Implementation in NLO+PS tools

MadGraph5_aMC@NLO
Powhel samples (2011)
Powheg Box (Jaeger et al., 1501.04498)
Interface Sherpa+OpenLoops or GoSam
10% uncertainty from inclusive observables (more if sensitive to jet radiation)
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What I will show on how to exploit pp → tth...
May look (too) optimistic, however with the progress achieved there is hope AND

when this paper appeared there were about a dozen papers discussing the phenomenology of the Higgs
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pp → tH + t̄H: Another probe, I will not discuss

(Wb→ th)

σth ∼ 100fb @14TeV LHC

I Maltoni; Paul; Stelzer ; Willenbrock [arXiv:hep-ph/0106293] (LO, sig+bkg)

I Biswas; Gabrielli ; Mele [arXiv:1211.0499] (LO, H → γγ sig+bkg)

I Farina; Grojean; Maltoni; Salvioni; Thamm [arXiv:1211.3736]
(NLO xsect 5F, LO distr, H → bb̄ sig+bkg )

I Ellis;Hwang; Sakurai;Takeuchi [arXiv:1312.5736]
J. Yue, [arXiv:1410.2701]

I Chang; Cheung; Lee; Lu [arXiv:1403.2053]
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t t̄H: Total cross sections / All inclusive 1.

σt t̄H

σSM
t t̄H

∼ a2
t + 0.42 b2

t σ(ph
T > 100GeV )/σSM(ph

T > 100GeV ) = a2
t + 0.60 b2

t

σ8TeV/σ
SM
8 TeV ' a2

t + 0.31 b2
t .

More rapid increase with energy ( ŝ ) in the case of the scalar
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t t̄H: Total cross sections / All inclusive 2.

σt t̄H

σSM
t t̄H

∼ a2
t + 0.42 b2

t σ(ph
T > 100GeV )/σSM(ph

T > 100GeV ) = a2
t + 0.60 b2

t

σ8TeV/σ
SM
8 TeV ' a2

t + 0.31 b2
t .

One single measurement can not make a difference between at and bt .
Combine measurements at 2 energies or with 2 cuts, indirect probe of CP.
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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 |

Distributions understood from Ph
T distributions. At threshold where PT small, t t̄ back to

back. More pronounced for scalar. Only needs reconstruction of both the direction of
the top and anti-top.
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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)
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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)

= 0.22
1 + 0.86 b2

t /a
2
t

1 + 0.42 b2
t /a

2
t

(LHC 14TeV)

= 0.22(bt = 1), 0.46 max. value(at = 0), 0.29(at = bt )

SM has the smallest value for ζlab

The CP violating case at = bt has a slightly larger value scalar cross section is larger than the pseudo-scalar

A pure pseudo-scalar has the largest ζlab, ∼ 0.5
Theoretically a value which deviates from 0.22 or 0.46 corresponds to both at and bt

non zero and hence to a source of CP.
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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 by 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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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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distributions for
β ×∆θ`h(`−, `+)



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, even smaller if one wants to access spin
correlation observables

I drawback: Large background
I More realistic studies are being done or are under way
I pp → t/t̄h may be another handle, but cross sections even tinier
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