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Motivation

• Precision physics @ hadron colliders: difficult
• exceptions: e.g. Drell-Yan, diboson production channels
• heavy new physics tends to grow with energy
• cleanliness of leptonic decay channels of the V -bosons
• here: pp → Vh; tree level SM diagram:
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Motivation

• high energy tail of the Higgs decay channels at different
colliders for Wh (similar orders of magnitude for Zh):

• b̄b: many events but difficult → work in progress
• γγ: easy reconstruction, low backgrounds, not enough events at

HL/HE-LHC . . . but: FCC-hh!
(e.g. 700 events for Wh → NP at 5-10% level)
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Theory

The framework

• SMEFT: parametrize heavy new physics in terms of effective
operators

L = LSM +
∑
d>4

L(d) with L(d) ≡
∑

i

c(d)i
Λd−4

O(d)
i

• leading contributions (dim 6) to energy growth in Wh, with the
constraint of MFV in the Warsaw basis (see e.g. [1712.01310]):

O(3)
ϕq =

(
Q̄Lσ

aγµQL
) (

iH†σa ↔
Dµ H

)
OϕW = H†HW a,µνW a

µν

O
ϕW̃ = H†HW a,µνW̃ a

µν
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Theory

The framework
• SMEFT: parametrize heavy new physics in terms of effective

operators

L = LSM +
∑
d>4

L(d) with L(d) ≡
∑

i

c(d)i
Λd−4

O(d)
i

• leading contributions (dim 6) to energy growth in Zh, with the
constraint of MFV in the Warsaw basis (see e.g. [1712.01310]):

O(1)
ϕq =

(
QLγ

µQL
)(

iH†↔DµH
)
, Oϕu =(uRγ

µuR)

(
iH†↔DµH

)
O(3)

ϕq =
(
QLσ

aγµQL
)(

iH†σa↔Dµ

)
, Oϕd =

(
dRγ

µdR
)(

iH†↔DµH
)
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Theory

How to best exploit the energy growth of heavy NP effects?

• squared matrix element:

M2 = |MSM|2 + 2ReMSMM∗
BSM︸ ︷︷ ︸

∝ c
Λ2

+ |MBSM|2︸ ︷︷ ︸
∝ c2

Λ4

• optimize sensitivity to interference terms because:
lower power of 1/Λ → Wilson-coefficient/energy does not need to
be so large
if |MBSM|2 contribute sizeably: dim-8 operators could be of
relevance → more model dependent results if neglected
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Theory - Wh

The story of Wh
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Theory - Wh

How does the energy growth look like?

• helicity of the V boson plays a big role in the HE behaviour of
the amplitudes

• HE-behaviour of the helicity amplitudes of the different
contributions to pp → Wh:
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Theory - Wh

Let’s analyze the HE-behaviour in the interference terms!

• Naive expectation: Bin in
√

ŝ, observe the energy growth and
enjoy life

• Reality:

|MSM|2 ∼ sin2 θ ReMSMM∗
ϕw ∼

M2
W

Λ2

ReMSM M(3) ∗
ϕq ∼ ŝ

Λ2
sin2 θ ReMSM M∗

ϕw̃ = 0

→ analysis differential in
√

ŝ could provide good sensitivity to
O(3)

ϕq but not to the other two operators
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Theory - Wh

Why?

If we integrate over the W decay angles ...
• ReMSM M∗

ϕw̃ = 0 because O
ϕW̃ is CP-odd

• ReMSM M∗
ϕw: only amplitudes with the same W -polarization

interfere in the HE region → leading term = const
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Theory - Wh

Let’s not integrate over the W -decay angles then!

• explicit calculation without integration → interference between
different helicity channels and different CP-parities restored
[1708.07823]

• What are the angles?
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Theory - Wh

• leading terms in MW /
√

ŝ expansion:

• integration over θW does not destroy the interference → double
differential analysis in ph

T and φW = the way to go
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Theory - Wh

Energy growth completely restored? Sadly not.

• /ET & p`
reco−→ pν only up to φW ↔ π − φW

⇒ terms ∝ cosφW vanish
• energy growth of ReMSM M∗

ϕw effectively vanishes
⇒ leading term is constant w.r.t. ŝ

• the leading terms of |MSM |2, ReMSM M(3) ∗
ϕq and

ReMSM M∗
ϕw̃ are unaffected

• additional side effect of ambiguity: cannot reconstruct
√

ŝ
→ need to bin in correlated ph

T
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Theory - Zh

The story of Zh
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Theory - Zh

The interference terms in the Zh-channel

|MSM|2 ∼ sin2 θ ReMSM M∗
BSM ∼ ŝ

Λ2
sin2 θ

→ employ analysis differential in
√

ŝ

But:
• interference terms of Oϕu ,Oϕd ∝ coupling of Z to RH quarks
→ suppressed → quadratic BSM effects relevant

• interference term of O(1)
ϕq ∝ SM coupling of Z to quarks

→ opposite sign for up- and down-type quarks
→ suppression of the interference term
→ sensitivity to O(1)

ϕq is degraded and dominated by
terms quadratic in the WC’s
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Theory - Zh

The solution (in principle)

• there are differences in the rapidity distributions of u- and
d-type initiated processes due to the pdf’s

→ alleviate cancellation by a
second binning in the Zh-
rapidity:

• limited statistics in each bin renders the gain small, but:
potentially useful for Z(h → bb)
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Event Generation and Analysis

The gory details
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Event Generation and Analysis
Wh signal vs. backgrounds after the cuts:

→ the Wjj background is negligible
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Event Generation and Analysis

Z(→ νν)h signal vs. backgrounds after the cuts:
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Event Generation and Analysis

Z(→ `+`−)h signal vs. backgrounds after the cuts:
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Results

Single operator analysis of O(3)
ϕq

95% C.L. bounds depending on EFT cut-off

t tt tt tt tt t tt tt tt tt t

weak:
c(3)
ϕq = g2

4M2

strong:
c(3)
ϕq = (4π)2

4M2
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Results

Comparison to other bounds
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Future directions

What’s left to do?

• W (→ `ν)h(→ b̄b) (larger cross-section but larger backgrounds)
• W (→ jj)h(→ b̄b) (same problems but potentially more

sensitive to cϕw)
• Z(→ νν/``)h(→ b̄b)
• …
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Thank you!

Thank you for your attention!
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