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LHC Exploration

Search for new resonances → High energy

Precision tests of SM → High luminosity
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EFT

EFT: Parametrization at E < Λ of NP with M ≥ Λ
(E ∼ EW scale, Λ ∼ BSM scale)

Integration out of heavy fields (Assuming lepton number conservation):

LBSM → LSM
EFT = LSM +

∞∑
n=6

∑
i

cni
Λn−4

On
i

Observables:

σEFT = σSM +
∑
i

(ciσ
6xSM
i + h.c.)

Λ2
+
∑
i,j

cic
∗
j

Λ4
σ6x6
ij +

+
∑
i

(ciσ
8xSM
i + h.c.)

Λ4
+O

(
1

Λ4

)

Naively
σ6xSM
i

Λ2σSM
∼ E 2

Λ2

σ6x6
ij

Λ4σSM
∼ E 4

Λ4
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Focus: D=6-SM interference

Energy region with EFT validity and BSM sensitivity

E2

Λ2
� 0 ∧ E2

Λ2
� E4

Λ4

Focus : D=6 - SM interference

Naively LARGER for ENERGIES E � Λ (EFT validity)

Possible enlargement of the E-region with D=6 TRUNCATION validity

Information about the SIGN of the Wilson coefficients
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aTGC

NP Sensitivity of Diboson (VV) production → Focus on a(nomalous)TGCs

LSM
TGC = ig

[(
W+,µνW−µ + W−,µνW+

µ

)
W 3
ν + W 3,µνW+

µ W−ν

]
, W 3

µ = cθZµ+sθAµ

∆LTGC (CP-even):

1 ig(W+,µνW−µ + W−,µνW+
µ )(δg1,zcθZν + δg1,γsθAν)+

+ig(δκzcθZ
µν + δκγsθA

µν)W+
µ W−ν +

2 +λzcθ
ig

m2
W

W+,µνW−νρZ
ρ
µ + λγsθ

ig

m2
W

W+,µνW−νρA
ρ
µ

U(1)γ invariance ⇒ δg1,γ = 0

LEP-II BOUNDS
λz ∈ [−0.059; 0.017] δg1,z ∈ [−0.054; 0.021] δκz ∈ [−0.074; 0.051]
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aTGC

NP Sensitivity of Diboson (VV) production → Focus on a(nomalous)TGCs

LSM
TGC = ig

[(
W+,µνW−µ + W−,µνW+

µ

)
W 3
ν + W 3,µνW+

µ W−ν

]
, W 3

µ = cθZµ+sθAµ

∆LTGC |D=6 (CP-even) [For example SILH basis]:

1 ig(DµH)†ŴµνDνH = OHW ig′(DµH)†BµνDνH = OHB →EW-SSB

→ ig(W+,µνW−µ + W−,µνW+
µ )(δg1,zcθZν + δg1,γsθAν)+

+ig(δκzcθZ
µν + δκγsθA

µν)W+
µ W−ν

U(1)γ invariance ⇒ δg1,γ = 0, D=6 EFT: δκz = δg1,z − s2
θ

c2
θ

δκγ

δg1,z =
m2

Z

Λ2
cHW , δκZ =

m2
W

Λ2

(
cHW − tan2 θcHB

)
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aTGC

NP Sensitivity of Diboson (VV) production → Focus on a(nomalous)TGC

LSM
TGC = ig

[(
W+,µνW−µ + W−,µνW+

µ

)
W 3
ν + W 3,µνW+

µ W−ν

]
, W 3

µ = cθZµ+sθAµ

∆LTGC |D=6 (CP-even) [For example SILH basis]:

2 g
3!
εabcWa,µνWb

νρWc,ρ
µ = O3W → New TGC: λz

ig

m2
W

W+,µνW−νρW
3,ρ
µ

D=6 EFT : λz = λγ λZ =
m2

W

Λ2
c3W

3 aTGC: δg1,z , δκγ , λz

LEP-I bounds ⇒ 3 independent parameters in VV production: 3 aTGCs

Elena Venturini Novel measurements of anomalous triple gauge couplings for the LHC



Energy behavior of helicity amplitudes

Using Goldstone Equivalence formalism H ⊃ VL (V = W ,Z)

SM : trWµνW
µν ⊃ ∂VTVTVT , (DµH)†DµH ⊃ ∂VLVTVL + vVTVTVL

Leading energy scaling of SM helicity amplitudes

M
(
qq̄ → VTW

+
T ,VLW

+
L

)
∼ E 0, M

(
qq̄ → VTW

+
L /VLW

+
T

)
∼ v

E

D=6 EFT

OHB = ig ′(DµH)†BµνDνH ⊃ ∂WL∂ZT∂WL+vWT∂ZT∂WL+v 2WT∂ZTWT+. . .

OHW = ig(DµH)†Ŵ µνDνH ⊃ ∂VL∂VT∂VL+vVT∂VT∂VL+v 2VT∂VTVT+. . .

O3W =
g

3!
εabcW a,µνW b

νρW
c,ρ
µ ⊃ ∂VT∂VT∂VT + . . .

Leading energy scaling of helicity amplitudes with D=6 operators:

M
(
qq̄ →W−L W+

L

)
∼ E 2/Λ2 cHB+E 2/Λ2 cHW ∼ E 2/m2

W δg1,Z+E 2/m2
W δκZ

M
(
qq̄ → ZLW

+
L

)
∼ E 2/Λ2 cHW = E 2/m2

Z δg1,Z

M
(
qq̄ → VTW

+
T

)
∼ E 2/Λ2 c3W = E 2/m2

W λZ

Naively expected E 2 enhancement with respect to SM
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Interference and interference suppression

λZ from WW

δg1,Z from WW

δg1,Z from WZ

δκZ from WW, x(-5)

δκZ from WZ

600 800 1000 1200

0

2 ·10-6

4 ·10-6

6 ·10-6

mVV [GeV]

σ
in
t/
σ
S
M

δg1,z : SM×OHW ∼ E 2 in qq̄ → VLVL

δκz : SM×OHB ∼ E 2 in qq̄ →WLWL

∼ E 0 in qq̄ →WL,TZT (Interference suppression)

λZ : SM×O3W: more information needed
SM: qq̄ → VT±VT∓
(Helicity selection rule; Azatov, Contino, Machado, Riva [arXiv:1607.05236])

O3W: qq̄ → VT±VT± (O3W ∝ w β
α w γ

β w α
γ + w̄ β̇

α̇ w̄ γ̇

β̇
w̄ α̇
γ̇ ) ⇒

⇒ SM ×O3W ∼ E0 ∼ m2
V → Interference suppression
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Goal

Goal:

Overcome suppression of SM ×O3W interference

σ(qq̄ → VTVT ) ∼ g 4
SM

E 2

[
1 + c3W

m2
V

Λ2
+ c2

3W
E 4

Λ4

]

Relaxation of the condition for dimension 6 truncation validity

max

(
c3W

m2
V

Λ2
, c2

3W
E 4

Λ4

)
> max

(
c8
E 4

Λ4
, c2

8
E 8

Λ8

)
→

→ max

(
c3W

E 2

Λ2
, c2

3W
E 4

Λ4

)
> max

(
c8
E 4

Λ4
, c2

8
E 8

Λ8

)

Sensitivity to the sign of c3W
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Interference resurrection: 1st method

Not 2 → 2 BUT 2 → 2 → 4

Not helicity selection rule BUT NOT INTERFERENCE:

non trivial distribution in the azimuthal angles of final fermions

Duncan,Kane,Repko 85

θ
φZ

φW

ν

p

p

W Z
l l+

l-
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Interference resurrection: 1st method

BSMTT × SMTT interference

2→ 3 : qq̄ →WT+Zi and Z → l+l−, i = ± (Neglecting VTVL ∼ v
E

in SM)

⊃ π

2s

δ(s −m2
Z )

ΓZmZ
MSM

qq̄→WT+
ZT−

(
MBSM

qq̄→WT+
ZT+

)∗
MZT−→l− l̄+

M∗ZT+
→l− l̄+

→ dσint(qq̄ →W+l− l̄+)

dφZ
∝ E 2

Λ2
cos(2φZ ) Naively expected energy growth

φZ : Azimuthal angle of LH (or RH) lepton from Z w.r.t. ~pz

Modulated and non zero interference; zero after integration (2→ 2)

BUT

In Z → l+l− the helicity of l− (or l+) is not fixed and observed

Observable: φcZ for l− (or l+) with fixed charge → φcZ = φZ ∨ φcZ = φZ + π

Ambiguity, BUT cos(2φZ ) modulation is not affected
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Interference resurrection: 1st method

BSMTT × SMTT interference

qq̄ →WiZj and W → νl Z → l+l−, i , j = ±

dσint(qq̄ →WZ → 4ψ)

dφZ dφW
∝ E 2

Λ2
(cos(2φZ ) + cos(2φW ))

Modulated non zero ∼ E2 interference even integrating over φZ or φW

BUT Ambiguity also on φW

In W → νl ~pν is not observed

~pν and φW reconstruction → φrecW = φW ∨ φrecW = π − φW 1

Ambiguity, BUT cos(2φW ) modulation is not affected

BSMTT × SMLL interference

dσint(qq̄ →WZ → 4ψ)

dφZ dφW
∝ E 2

Λ2
cos(φZ + φW )

Hard to be observed due to φZ helicity-charge (or φW ) ambiguity

cos(φZ + φW ) ∼ g 2
L cos(φc

Z + φW ) + g 2
R cos(φc

Z + π + φW ) =

= (g 2
L − g 2

R) cos(φc
Z + φW ) ∼ 0 [gL ∼ −0.28, gR ∼ −0.22]

1Panico, Riva, Wulzer [arXiv: 1708.07823]
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Interference resurrection: 1st method
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Left: Differential interference cross section over SM one as a function the
azimuthal angles φW and φZ (In [0, π]) for the events with W − Z invariant
mass mWZ ∈ [700, 800]GeV .
Right: same quantity as a function of the mWZ binned in 2 bins of φZ and 2
bins of φW (cos(2φ) ≥ 0, < 0).
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Interference resurrection: : 2nd method

Not 2 → 2 LO BUT NLO

Virtual gluon exchange effects with αS
4π

suppression:

Focus on 2→ 3 with real gluon emission

Dixon, Shadmi 94

g±,∓

VT±

VT±

VT±

VT±

g∓
BSM

g±,∓

VT±

VT±

VT±

VT±

g∓
BSM

SM: qq̄ → V±V∓ =⇒ qq̄ → V±V±g∓: qualitative change

Total helicity ±1 allowed both in SM and in O3W amplitudes

Interference in qq̄→ VVj is not forbidden by helicity selection rules
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Interference resurrection: : 2nd method

qq̄→ VV + j

σint

σSM
∼ E 2

Λ2
In presence of HARD JET

No Jet

Jet with pjT>100GeV

Jet with pjT>mwz/10

Jet with pjT>mwz/5
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Setting consistent bounds

Differential distributions ⇒

Qualitative change in interference cross section: σint/σSM ∼ E 2/Λ2

⇒ Improvement of validity of EFT approach with D=6 truncation

⇒ BOUNDS on the WC c3W with possible sensitivity to the SIGN
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Results @ 14TeV LHC

λZ ∈ [−0.0014, 0.0016] ([−0.0029, 0.0034])

Large improvement in the sensitivity to interference term (linear in
c3W /Λ2) adding φZ and pT

j differential distributions (D=6 EFT validity)
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Results @ 14TeV LHC

-0.4 -0.2 0.0 0.2 0.4 0.6

0

1

2

3

4

C3W /Λ2 [TeV-2]

P

Posterior probability for the inclusive (red) and exclusive (black) analysis after
3 ab−1 at LHC, with insertion of a signal with c3W /Λ2 = 0.3TeV−2.

Qualitative difference in the Wilson coefficient probability density:

access to the sign of c3W
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CP - odd

CP - odd D = 6 operator: Õ3W
g
3!
εabcW̃a,µνWb

νρWc,ρ
µ

Interference resurrection through azimuthal differential distribution

dσint(qq̄ →WZ → 4ψ)

dφZ dφW
∝ E 2

Λ2
(sin(2φZ ) + sin(2φW ))

Different from CP - even case ⇒ Discrimination of the 2 operators

2 4 6 8

2

4

6

8

ϕW/(2π /9)

ϕ
Z
/(
2π

/9
)

a1/a0
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)

a1/a0
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-0.02

0

0.02

0.04

0.06

0.08

Left: σint/σSM(φW , φZ ) Right: σint/σSM(φrec
W , φZ )

In progress with Azatov,Barducci,Panico,Riva,Wulzer

Elena Venturini Novel measurements of anomalous triple gauge couplings for the LHC



CP - even and CP - odd combined bounds

O3W and Õ3W @ 14TeV LHC after 3ab−1

95% confidence regions after 3 ab−1 at LHC, without BSM signal (left) and with
insertion of a signal with c3W /Λ2 = 0.3TeV−2 and c̃3W /Λ2 = 0.2TeV−2 (right)

In progress with Azatov,Barducci,Panico,Riva,Wulzer
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Summary and Outlook

Differential distributions improve the sensitivity to BSM effects
and the EFT safety

For O3W they qualitatively change the interference term and restore
the naively expected energy growth:

1 Validity of EFT D = 6 truncation

2 Sensitivity to the sign of the Wilson coefficient

It would be interesting to analyze further these effects

1 For other TGC operators

2 At HE-LHC or in future colliders

3 In Wγ production
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Thanks
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φW Reconstruction

In the boosted regime for W

Ambiguity: φW ↔ π − φW

Panico, Riva, Wulzer [arXiv: 1708.07823]
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Azimuthal dependence of interference

SM interference with CP - even operators

SM interference with CP - odd operators

Panico, Riva, Wulzer [arXiv: 1708.07823]
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Non interference between A4
SM and A4

O3W
in the massless limit

Helicity of 4-point amplitudes in massless limit (mW � E) [Only TTT in O3W ]

h(A4
SM) = 0 [Tree-level, with all outgoing momenta]

From helicity of contact 3-point diagrams |h(A3
SM)| = 1, if factorization is

allowed (always the case in SM):

h(A4
SM) = h(A3

qqV−SM) + h(A3
VVV−SM) = ±2, 0

Helicity selection rule in massless gauge theory:

A(V+V+ψ+ψ−) = A(V−V−ψ+ψ−) = 0 (± : h = ±1)
[Also A(V+V+V+V−) = A(V−V−φφ) = A(V+ψ+ψ+φ) = 0]

s-channel of ASM(qq̄ → VV )

q̄+

q− V+

V−

V+ V−
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Non interference between A4
SM and A4

O3W
in the massless limit

Helicity of 4-point amplitudes in massless limit (mW � E)

h(A4
O3W

) = ±2 [Tree-level, with all outgoing momenta]

From helicity of contact 3-point diagrams |h(A3
O3W

)| = 3 (Cheung-Shen

prescription) and |h(A3
SM)| = 1, if factorization is allowed:

h(A4
SM) = h(A3

qqV−SM) + h(A3
O3W

) = ±2(±4)

ABSM(qq̄ → VV )

q̄+

q−

O3W

V+

V+

V+ V−
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Non interference between A4
SM and A4

O3W
in the massless limit

Helicity of 4-point amplitudes in massless limit (mW � E)

h(A4
O3W

) = ±2 [Tree-level, with all outgoing momenta]

Factorization is not allowed: O3W vertex cancels propagator pole

But same results with analytical computation:

1 ABSM(qq̄ → V+V−) = 0

2 ABSM(qq̄ → V a
+V b

+) = i
gc3W

2Λ2
εabcT c [pq̄pV a ][pq̄pV b ][pV apV b ]

[pq̄pq ]
6= 0
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Non interference between A4
SM and A4

O3W
in the massless limit

Non interference of SM 4-point amplitudes and BSM 4-point amplitudes
with D=6 operators, in massless limit (mW � E)
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Interference between A5
SM and A5

O3W
in the massless limit

Extra hard QCD jet
[Shadmi Dixon 9312363, pioneering analysis within QCD]

h(A5
SM) = ±1 [Tree-level, with all outgoing momenta]

From helicity of subdiagrams |h(A4
qq̄Vg−SM)| = 0 and |h(A3

VVV−SM)| = 1, if
factorization is allowed (always the case in SM):

h(A5
SM) = h(A4

qq̄Vg−SM) + h(A3
VVV−SM) = ±1

s-channel of ASM(qq̄ → gVV )

q̄+

q− V+

V+

g−

V+ V−
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Interference between A5
SM and A5

O3W
in the massless limit

Extra hard QCD jet

h(A5
O3W

) = ±1,±3 [Tree-level, with all outgoing momenta]

From helicity of subdiagrams |h(A4
qq̄VV−O3W

)| = 0 and |h(A3
qqg−SM)| = 1, if

factorization is allowed (always the case in SM):

h(A5
SM) = h(A4

qq̄VV−O3W
) + h(A3

qqg−SM) = ±1,±3

AO3W (qq̄ → gVV ): Allowed Factorization

q̄+

q−

O3W

V+

V+

q− q̄+

g−
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Setting consistent bounds

Differential distributions ⇒
Qualitative change in interference cross section: σint/σSM ∼ E 2/Λ2

⇒ Improvement of validity of EFT approach with D=6 truncation

BUT

For CONSISTENT EFT analysis INVARIANT MASS (mVV ) CUT is necessary

PROBLEMS:

mWZ and mWW are not observable at LHC

mT
WV is not in one to one correspondence with mWV : mT

WV < mWV
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Setting consistent bounds

In the i th bin (of mT
WV and other observables)

Leakagei =
Ni (mVW > Q)

Ni
× 100

Estimates of Leakage using O3W -EFT with very large c3W →
Conservative unless there are very narrow Bright-Wigner resonances

5%

10%

20%

50%

500 1000 1500 2000 2500 3000
0

1000

2000

3000

4000

mWZ
T [GeV]

Q
[G
eV

]

CONSISTENT BOUNDS WITHIN PRECISION P% (5%)

Analysis with all bins having Leakagei < P%(5%), once fixed Q = Λ:

mT
WV < m̃T

WV (Λ,P%)

Likelihood for i th bin:

p(Nthi |nobs i ) ∝ Nth
nobs i
i e−Nth i , with Nthi in O3W -EFT nobs i ∼ nSM i
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Reproducing LHC analysis

VV production at ATLAS [1603.02151]
Reproduced with MadGraph simulation at 14TeV

1 Leptonic Decay: electronic and muonic channels

2 W±Z ⇒ Only one neutrino (Emiss
T )

In particular: W±Z → e±νeµ
+µ−

Binnig in:

mT
WZ =

√(√
m2

W + (pTW )2 +
√

m2
Z + (pTZ )2

)2

− ((pW + pZ )T )2

mT
WZ : [200; 300; 400; 600; 600; 700; 800; 900; 1000; 1200; 1500; 2000]GeV

pTj of additional final jet in ppWZj

pTj : [0, 100]GeV ; [100, 300]GeV ; [300, 500]GeV ;> 500GeV

φZ : [π/4, 3π/4] ∪ [5π/4, 7π/4]; [0, π/4] ∪ [3π/4, 5π/4] ∪ [7π/4, 2π]

3 ATLAS kinematical cuts

Consistency for

AWZ =
σ(pp →WZ) |selected phase space

σ(pp →WZ) |full phase space
(∼ 39% at 8TeV)

Consistency for bounds on c3W from pp →W±Z (No Jet)
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