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Introduction Impacts on EFT fits Discussion

TGC from e+e− → WW

e−

e+

Z/γ

W−

W+

e−

e+

ν

W−

W+

▶ We can measure the triple gauge couplings (TGC) from the diboson
process e+e− → WW .

▶ Focusing on the anomalous TGC parameters generated by CP-even D6
operators,

Ltgc = igsθW Aµ(W−νW+
µν − W+νW−

µν)

+ ig(1 + δgZ
1 )cθW Zµ(W−νW+

µν − W+νW−
µν)

+ ig
[
(1 + δκZ )cθW Zµν + (1 + δκγ)sθW Aµν

]
W−

µ W+
ν

+
ig

m2
W

(λZ cθW Zµν + λγsθW Aµν)W−ρ
v W+

ρµ , (1)
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TGC

▶ Imposing Gauge invariance one obtains δκZ = δg1,Z − t2
θW

δκγ and
λZ = λγ .

▶ 3 aTGCs parameters: δg1,Z , δκγ and λZ !

▶ They correspond to 3 linear combinations of Wilson coefficients in the
EFT not constrained by Z -pole measurements.

▶ Even if the Z -pole measurements are infinitely precise, the 3 aTGCs remain
unconstrained!

▶ In a convenient basis they correspond to OHW = ig(DµH)†σa(DνH)W a
µν ,

OHB = ig′(DµH)†(DνH)Bµν and O3W = 1
3!gϵabcW a ν

µ W b
νρW c ρµ.

See e.g. [arXiv:1411.0669] Falkowski & Riva for a general
parameterization.

▶ δg1,Z and δκγ are generated by operators that also contribute to Higgs
couplings.
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Impacts on EFT fits, LHC + LEP

▶ δg1,Z and δκγ are generated by
operators that also contribute to Higgs
couplings.

▶ Higgs better measured ⇒ Higgs helps TGC;

▶ TGC better measured ⇒ TGC helps Higgs.

2

We derive constraints on the aTGCs from the com-
bined LHC Higgs data and LEP-2 WW data sets. In
our analysis, all D=6 operators a↵ecting Higgs couplings
to matter and gauge boson self-couplings are allowed to
be simultaneously present with arbitrary coe�cients, as-
suming minimal flavor violation (MFV) [12]. In the Higgs
basis [13] these parameters are [14]:

�cz, czz, cz⇤, c�� , cz� , cgg, �yu, �yd, �ye, �z. (2)

Note that the dependence of the EFT cuto↵ ⇤ is in-
cluded in the operator coe�cients. The relation of these
parameters to the interaction terms in the e↵ective La-
grangian, as well as the relation to the aTGCs, can be
found in Ref. [13]. Furthermore, we only take into ac-
count linear corrections in the Wilson coe�cients, thus
working consistently at the O(⇤�2) in the EFT expan-
sion. Note that, since di↵erent bases of D = 6 operators
in the literature di↵er by O(⇤�4) terms corresponding
to D > 6 operators, only results obtained consistently at
O(⇤�2) are basis-independent [15]. For the WW data, we
use the measured total and di↵erential e+e� ! W+W�

cross sections di↵erent center-of-mass energies listed in
Ref. [5]. These cross sections depend on a number of
EFT parameters in addition to the aTGCs, in particular
on the ones inducing corrections to Z and W propagators
and couplings to electrons. However, given the model-
independent electroweak precision constraints [16], these
measurements can e↵ectively constrain 3 linear combina-
tions of Wilson coe�cients of D=6 operators that corre-
spond to the aTGCs [7]. We use this dependence to con-
struct the 3D likelihood function �2

WW (�g1,z, �� , �z).
For the LHC Higgs data, we use the signal strength ob-
servables, that is, the ratio between the measured Higgs
yield and its SM prediction µ ⌘ (� ⇥ BR)/(� ⇥ BR)SM,
listed in Table I, separated according to the final state
and the production mode. The e↵ect of D=6 opera-
tors on µ was calculated for each channel and produc-
tion mode in Ref. [14] and independently cross-checked
here. After imposing electroweak precision constraints,
9 linear combinations of D=6 operators can a↵ect µ in
an observable way [3, 17]. The crucial point is that 2 of
these combinations correspond to the aTGCs �g1,z, �� .
Therefore, the likelihood function constructed from LHC
Higgs data, �2

h(�g1,z, �� , . . . ), may lead to additional
constraints on aTGCs. Indeed, combining the likelihoods
�2
comb. = �2

h + �2
WW we obtain strong constraints on the

aTGCs at the level of O(0.1). Namely, we obtain the
likelihood for the three variables only: �g1,z, �� and �z,
after minimizing at each point the combined likelihood
with respect to the remaining seven Wilson coe�cients.
We find the following central values, 1 � errors, and the
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-1.5 -1.0 -0.5 0.0
-1.0

-0.5

0.0

0.5

1.0

δg1,z

δκγ

FIG. 1. Allowed 68% and 95% CL region in the �g1,z-��

plane after considering LEP-2 WW production data (TGC),
Higgs data, and the combination of both datasets.

correlation matrix for the aTGCs:
0

@
�g1,z
��

�z

1

A =

0

@
0.043± 0.031
0.142± 0.085
�0.162± 0.073

1

A ,

⇢ =

0

@
1 0.74 �0.85

0.74 1 �0.88
�0.85 �0.88 1

1

A .

(3)

These constraints hold in any new physics scenario pre-
dicting approximately flavor blind coe�cients of D=6
operators and in which D > 6 operators are sublead-
ing. Appendix A contains a technical description of our
fit and the constraints for all the 10 combinations of Wil-
son coe�cients entering the analysis. They are given in
di↵erent bases for reader’s convenience.
Let us discuss here qualitatively the most important

elements of our fit. Higgs data are sensitive to �g1,z and
�� primarily via their contribution to electroweak Higgs
production channels. However, only 1 combination of
these 2 aTGCs is strongly constrained, while the bound
on the direction �� ⇡ 3.8�g1,z is very weak. Analo-
gously, as already discussed, also LEP-2 bounds present
an approximate blind direction. This is illustrated in
Fig. 1, where the WW and Higgs constraints in the �g1,z–
�� plane are shown separately [18]. Since the flat direc-
tions are nearly orthogonal, combining LHC Higgs and
LEP-2 WW data leads to the non-trivial constraints on
aTGCs displayed in Eq. (3).

One could further strengthen the constraints on aT-
GCs by considering the process of single on-shell W bo-
son production in association with an electron and a neu-
trino (e+e� ! WW ⇤ ! We⌫) [5], as in Ref. [7]. That
process probes mostly �� but it also a↵ects limits on
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Figure 5.4: LEP combined d[σWW(BReν+BRµν)]/dcosθW− distributions for the four chosen en-
ergy intervals. The combined values (points) are superimposed on the four-fermion predictions
from KandY and RACOONWW.
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▶ Note: LEP bounds should have been
better!

▶ LEP did not perform global fits with all
3 aTGCs.

▶ The distributions of W decay angles
were not provided.
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[arXiv:1508.00581] Falkowski et al.

[arXiv:1302.3415] LEP WW paper
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FCC-ee

W-pairs	at	FCCee	:the	OkuW		

√s=240	:	L~0.7	1035	collect		5/ab		
80	106	WW	decays		

2nd	FCC	Phys	Workshop	:	CERN	15/1/18	 P.	Azzurri	--	Experimental	WW		mass,	width	&	couplings	 3	

√s=161	:	L~3	1035	collect	8/ab			
30	106	WW	decays		

√s=350	:	L~	1034	collect		1.5/ab		
15	106	WW	decays		
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∼ 106 H

∼ 2×105 H

√
s ≈ 91 GeV ∼ 1012 Z
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∼ 106 H

∼ 2×105 H

√
s ≈ 91 GeV ∼ 1012 Z

(systematics dominated)

# of WW ∼ 102× # of H
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EFT fits at future lepton colliders [arXiv:1704.02333] G. Durieux, C. Grojean, JG, K. Wang
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δcZ cZZ cZ□ cγγ cZγ cgg δyt δyc δyb δyτ δyμ λZ
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precision reach of the 12-parameter fit in Higgs basis
LHC 300/fb Higgs + LEP e+e-→WW
LHC 3000/fb Higgs + LEP e+e-→WW

CEPC 240GeV (5/ab) + 350GeV (200/fb)
FCC-ee 240GeV (10/ab) + 350GeV (2.6/ab)
ILC 250GeV (2/ab) + 350GeV (200/fb) + 500GeV (4/ab)
CLIC 350GeV (500/fb) + 1.4TeV (1.5/ab) + 3TeV (2/ab)

light shade: e+e- collider only
solid shade: combined with HL-LHC
blue line: individual constraints
red star: assuming zero aTGCs

0.000
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0.004
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0.008

GDP

▶ δg1,Z , δκγ → cZZ , cZ□ , cγγ , cZγ

▶ see also
▶ [arXiv:1510.04561, 1701.04804] Ellis et al.,
▶ [arXiv:1708.08912, 1708.09079] Peskin et al.
▶ [arXiv:1711.04046] Wang et al.
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Impact on EFT fits from TGC measurements

δg1,Z δκγ λZ
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precision reach of aTGCs at CEPC 240GeV (5/ab)
light shade: e+e-→WW measurements only
solid shade: combined with Higgs measurement

assuming the following systematics in each bin of the differetial distrubtions of e+e-→WW:
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CEPC 240GeV (5/ab), all measurements included,
assuming the following systematics in each bin of the differetial distrubtions of e+e-→WW:
0%
0.5%
1%
2%
Higgs measurements only

(0.056)

▶ δg1,Z , δκγ ↔
cZZ , cZ□ , cγγ , cZγ

▶ We try different assumptions
on the systematic uncertainties
(in each bin with the differential
distribution divided into 20
bins).

▶ Detailed study of e+e− → WW
required to estimate the
systematic uncertainties!
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Impact on the triple Higgs coupling
[arXiv:1711.03978] S. Di Vita, G. Durieux, C. Grojean, JG, Z. Liu, G. Panico, M. Riembau, T. Vantalon
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▶ Circular colliders can probe the
triple Higgs coupling via its
loop contributions.
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towards a real TGC analysis...

▶ We need a real TGC analysis for circular colliders (CEPC or FCC-ee)!
▶ One-sigma bounds & correlations from global fits!

▶ Rate measurements are not enough.
▶ At least 3 measurements are needed to independently constrain 3 aTGCs.

(OK for FCC-ee)
▶ The aTGCs are sensitive to the angular distributions. (e.g. The region with

small θW− is dominated by the t-channel diagram which does not contain
the TGC vertex.)

▶ What’s the best way to extract information from the differential (angular)
observables?

▶ Which channels to use?
▶ semi-leptonic (∼ 42% BR, good reconstruction)
▶ hadronic (hard to reconstruct, angles are folded)
▶ di-leptonic (can solve the neutrino momenta but with ambiguities)

Jiayin Gu DESY & IHEP
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How to extract information from the angles

▶ 5 angles (1 production, 2 decays for each W )

▶ 1D histogram(s)
▶ easy to do for θW−
▶ can also include decay angles, but the

correlations among angles are not taken
account of.

▶ 5D histogram (would need a very large
simulated sample)

▶ or 3D histogram focusing on the leptonic
decay angles (used in the ILC TGC analysis)

▶ fancier methods (see e.g. hep-ph/9601233)
▶ likelihood (unbinned)
▶ optimal observables

▶ ??

100 Chapter 5: Measurement of Triple Gauge Couplings and Polarization
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Figure 5.16: Definition of the angles in an e+e− → W+W− event.

electron beam and �W is the flight direction of the parent W -boson. The decay angles
can be classified corresponding to the decay type (hadronic or leptonic). The angles
describing the hadronic (leptonic) decay are called cos θ∗h (cos θ∗l ) and φ∗h (φ∗l ).

The hadronic decay angles suffer from a two-fold ambiguity, due to the unknown charge
of the quarks. The two quarks are back-to-back in the rest frame of the W -boson and
the resulting ambiguity is:

(cos θ∗h,φ
∗
h)↔ (− cos θ∗h,φ

∗
h + π), (5.16)

which is folded in the following way:

φ∗h > 0→ (cos θ∗h,φ
∗
h)

φ∗h < 0→ (− cos θ∗h,φ
∗
h + π). (5.17)

However, for the present study only the angles describing the leptonic decay are used.
Their distributions are shown in Fig. 5.17, with the respective resolutions. Fig. 5.18
compares the cos θW distribution with no anomalous TGCs with a scenario in which
an anomalous value was assigned to the gZ

1

coupling in order to exemplify the impact
of the TGCs on the angular observables.

5.4.4 Simultaneous Fit

The distributions used in the combined fit are multi-dimensional distributions of the
angular observables. With all four decay angles, in addition to the cos θW observable,
one would need five-dimensional distributions. Filling a five-dimensional distribution
leads to poor statistics for the single bins and does not appear to be a convenient
choice. It was therefore decided to move to three-dimensional distributions, using only
the angles which describe the leptonic decay cos θ∗l and φ∗l , together with cos θW . This
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Figure 5.4: LEP combined d[σWW(BReν+BRµν)]/dcosθW− distributions for the four chosen en-
ergy intervals. The combined values (points) are superimposed on the four-fermion predictions
from KandY and RACOONWW.

99

Jiayin Gu DESY & IHEP

Triple Gauge Couplings (at FCC-ee)



Introduction Impacts on EFT fits Discussion

The TGC dominance assumption

e−

e+

Z/γ
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ν
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▶ Assumption: New physics contributes to e+e− → WW only through the
TGC vertex.

▶ Reality: In principle there can be many other contributions!

▶ Other contributions are constrained by Z -pole measurements.
▶ With the Z -pole run, the TGC dominance assumption should be valid at

FCC-ee.
▶ Ultimately, a full EFT analysis is desired... (Z -pole + WW + Higgs)
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Conclusion

▶ TGC measurements are important (e.g. for the EFT fit of Higgs
couplings)!

▶ We need to find a good way to extract the information from angular
distributions.

▶ The TGC dominance assumption is probably OK.

▶ A global fit to the e+e− → WW data with all 3 aTGCs parameters, δg1,Z ,
δκγ and λZ !

▶ One-sigma bounds & correlations!

Jiayin Gu DESY & IHEP
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backup slides
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The “12-parameter” framework in the Higgs basis

▶ The relevant terms in the EFT Lagrangian are

L ⊃ LhVV + Lhff + Ltgc , (2)

▶ the Higgs couplings with a pair of gauge bosons

LhVV =
h
v

[
(1 + δcW )

g2v2

2
W+

µ W−
µ + (1 + δcZ )

(g2 + g′2)v2

4
ZµZµ

+ cWW
g2

2
W+

µνW−
µν + cW□ g2(W−

µ ∂νW+
µν + h.c.)

+ cgg
g2

s

4
Ga

µνG2
µν + cγγ

e2

4
AµνAµν + cZγ

e
√

g2 + g′2

2
ZµνAµν

+ cZZ
g2 + g′2

4
ZµνZµν + cZ□ g2Zµ∂νZµν + cγ□ gg′Zµ∂νAµν

]
. (3)

Jiayin Gu DESY & IHEP
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The “12-parameter” framework in the Higgs basis

▶ Not all the couplings are independent, for instance one could write the
following couplings as

δcW = δcZ + 4δm ,

cWW = cZZ + 2s2
θW

cZγ + s4
θW

cγγ ,

cW□ =
1

g2 − g′2

[
g2cZ□ + g′2cZZ − e2s2

θW
cγγ − (g2 − g′2)s2

θW
cZγ

]
,

cγ□ =
1

g2 − g′2

[
2g2cZ□ + (g2 + g′2)cZZ − e2cγγ − (g2 − g′2)cZγ

]
, (4)

▶ we only consider the diagonal elements in the Yukawa matrices relevant
for the measurements considered,

Lhff = −h
v

∑
f=t,c,b,τ,µ

mf (1 + δyf )f̄R fL + h.c. . (5)

Jiayin Gu DESY & IHEP
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TGC

Ltgc = igsθW Aµ(W−νW+
µν − W+νW−

µν)

+ ig(1 + δgZ
1 )cθW Zµ(W−νW+

µν − W+νW−
µν)

+ ig
[
(1 + δκZ )cθW Zµν + (1 + δκγ)sθW Aµν

]
W−

µ W+
ν

+
ig

m2
W

(λZ cθW Zµν + λγsθW Aµν)W−ρ
v W+

ρµ , (6)

▶ Vµν ≡ ∂µVν − ∂νVµ for V = W±, Z , A,. Imposing Gauge invariance one
obtains δκZ = δg1,Z − t2

θW
δκγ and λZ = λγ .

▶ 3 aTGCs parameters δg1,Z , δκγ and λZ , 2 of them related to Higgs
observables by

δg1,Z =
1

2(g2 − g′2)

[
−g2(g2 + g′2)cZ□ − g′2(g2 + g′2)cZZ + e2g′2cγγ + g′2(g2 − g′2)cZγ

]
,

δκγ = −
g2

2

(
cγγ

e2

g2 + g′2 + cZγ
g2 − g′2

g2 + g′2 − cZZ

)
. (7)
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