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Particle physics is not validation  anymore, rather it 
is exploration of unknown territories *

* Not necessarily a bad thing. Columbus left for his trip 
just because he had no idea of where he was going !!

HEP before the LHC HEP before the F.C.
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systematic, BSM-independent exploration strategy 

But drawing implications  requires BSM .

BSM must set a destination, not to go around in circles:!
BSM = draw maps  to guide us in F.C. ocean

Christophe Grojean CLIC - Big Picture CERN, July 17, 2017

He had a theoretical model
! the Earth is round, 
! Eratosthenes of Cyrene Þrst estimated its circumference to be 250Õ000 stadia
! other measurements later found smaller values  � ToscanelliÕs map
! lost in unit-conversion or misled by post-truth statements, Columbus thought it was 
only 70Õ000 stadia, so he believed he could reach India in 4 weeks

He had the right technology
! Caravels were the only ships at that time to sail against the wind, necessary tool to 
Þght the prevailing winds, aka AlizŽe. Actually, the Vikings had the right technology too 
but the knowledge was lost 
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Sailing to the East with the right tool...
Once upon a time...

Columbus had a great proposal: Òreaching India by sailing from the WestÓ

Columbus had ToscanelliÕs map.!

It was terribly wrong , but served  
the purpose
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The EFT Map

Dimension-6 operators classiÞed:
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Table 1: Universal CP-even Operators, " are Pauli matrices.

1 Universal

We adopt the SILH-like basis (dubbed BS) in Ref. [3], reported in Table 1.
We momentarily stick to CP-even operators.

2 Top

BSM e! ects induced by heavy new physics are universally described by
higher-dimensional E! ective Field Theory (EFT) operators that modify the
low-energy dynamics with respect to the SM predictions. Lower-dimensional
operators normally induce larger e! ects, and by assuming lepton (and baryon)
number conservation the first EFT operators are the ones of dimension d = 6.
We thus restrict to d = 6 operators and we employ the “Warsaw basis” no-
tation of Ref. [2] , where a complete non-redundant basis for these operators
was first presented.

Top quark physics at lepton colliders is sensitive to several d = 6 opera-
tors, which are conveniently classified as follows. We have operators, dubbed
“universal” [3], that emerge from the direct couplings of heavy new physics
with the SM Higgs and gauge fields and thus they involve, in the appropri-
ate field basis, SM bosonic fields only.1 Universal operators are unavoidably
present in any new physics scenario connected with EW symmetry break-
ing (EWSB), or more generally in any BSM theory that contains EW- or

1Universal new physics also induces non-bosonic operators through renormalisation
group evolution [4] at the radiative level. These e! ects are small and play no role in the
present discussion.

1

[Recent discussion in Wells, Zhang, 2015] 

Universal  
BSM only coupled to SM bosons, negligible direct coupling to fermions



The EFT Map

Universal  
BSM only coupled to SM bosons, negligible direct coupling to fermions

Top-philic  
direct BSM coupling to top. Motivated by Naturalness and ßavour.

Operator R L LR

Q! t =( !   i
!

D µ! )( t" µ t) 1 0 1

NtB =( t" µ t)(e" µe+ 1
2l" µ l) g! 0 g!

Qt! =( !   ! )(q t !! ) yt yt 1

QtB =( q#µ" t) !! Bµ" yt yt 1

Q(1)
! q =( !   i

!

D µ! )(q" µq) 0 1 1

Q(3)
! q =( !   i

!

D I
µ ! )(q$I " µq) 0 1 1

QtW =( q#µ" t)$I !! W I
µ" 0 yt 1

NqB =( q" µq)(e" µe+ 1
2l" µ l) 0 g! g!

NqW =( q$I " µq)( l$I " µ l) 0 g g

Table 2: The top-philic operators. Notations as in Ref. [2].

QCD-coupled new particles. They thus constitute the ÒminimalÓ set of SM
deformations we expect in basically any new physics model. However it is not
worth studying them in top physics, because their e! ects on top physics are
unavoidably accompanied by comparable e! ects on the other SM particles.
They are thus better probed in other Þnal states than in top processes.

The second class of operators can be called Òtop-philicÓ. These are opera-
tors induced by heavy new physics that couples directly (i.e., more strongly)
not only to the bosons, but also to the top Þeldst = tR and q = qL = ( tL , bL ).
The existence of top-philic new physics is a very well motivated hypothesis,
in light of the fact that the top quark couples quite strongly (with strength
yt ) to the bosonic sector in the SM. It is thus legitimate to expect that new
physics coupled to bosons will also couple to the top. From a more reÞned
BSM perspective, sizeable direct top couplings to new physics are expected
in new physics scenarios that address the Higgs Naturalness Problem because
the top loop provides the largest radiative correction to the Higgs mass term.

The 9 top-philic operators relevant for our analysis are reported in Ta-
ble 2, where we also introduced one further distinction between ÒtR-philicÓ
(R) and ÒqL -philicÓ (L) operators. The former are the operators one obtains
from new physics directly coupled to thetR, the latter are those that emerge
from qL . The total set of top-philic operators (LR) are obtained when new
physics couples directly to both. This distinction is useful because there exist

2

Dimension-6 operators classiÞed:



The EFT Map

Universal  
BSM only coupled to SM bosons, negligible direct coupling to fermions

Top-philic  
direct BSM coupling to top. Motivated by Naturalness  and ßavour.

Flavour-breaking  
light fermion couplings in BSM, such that not excluded by ßavour physics.!
To be studied by examples, or on the basis of motivated ßavour models

Dimension-6 operators classiÞed:
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The Energy and Accuracy Frontier
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EFT Low-Energy: !
" require accuracy:  large lumi, low syst. and th. err

! O/ O ! m2
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! O/O ! E2/" 2High-Energy:!
"beneÞt from high energy  and high accuracy
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NOTICE THAT!
H-E probes are unique  of CLIC, but 
CLIC also e!ective on L-E ones

For instance: !
"Higgs couplings at few ä !
"Higgs 3-linear at 10%!
"Top mass at 0.5 ä !
"Top EW couplings < %!
"ÉÉ



High-Energy DrellÑYan

Simplest EW process: Drell-Yan (l+l- or qq)!

Simplest BSM e#ects: Oblique corrections (Universal d=6)

PN =

!

"
1
q2 ! t 2 W + Y

m 2
Z

t ((Y + öT )c2 + s2 W ! öS)
(c2 ! s2 )(q2 ! m 2
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       and    : only a#ect pole residues , no energy growth in this process.!
                    Best studied on Z-pole (LEP did ä)  
       and    : produce constant terms.!
                   Quadratically enhanced at high mass .
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       and    : only a#ect pole residues , no energy growth in this process.!
                    Best studied on Z-pole (LEP did ä)  
       and    : produce constant terms.!
                   Quadratically enhanced at high mass .

öS öT

W Y

HL-LHC reach:

!
Y ! 104 = ± 0.1
W ! 104 = ± 0.1

!
Y ! 104 = ± 1.2
W ! 104 = ± 0.45

CLIC reach:

Could probe ~20 TeV BSM scale
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We show that high energy measurements of Drell-Yan at the LHC can serve as electroweak
precision tests. Dimension-6 operators, from the Standard Model E! ective Field Theory, modify the
high energy behavior of electroweak gauge boson propagators. Existing measurements of the dilepton
invariant mass spectrum, from neutral current Drell-Yan at 8 TeV, have comparable sensitivity to
LEP. We propose measuring the transverse mass spectrum of charged current Drell-Yan, which can
surpass LEP already with 8 TeV data. The 13 TeV LHC will elevate electroweak tests to a new
precision frontier.

Introduction.Ñ Hadron colliders are often viewed as
Òdiscovery machines.Ó They have limited precision, due
to their messy QCD environments, but their high Cen-
ter of Mass (CoM) energies allow them to directly pro-
duce new, heavy, particles. Hadron colliders are of-
ten contrasted with less energetic lepton colliders, which
can reach high precision to indirectly probe new heavy
physics, as exempliÞed by LEP, which tested the elec-
troweak sector of the Standard Model (SM) with unprece-
dented per-mill accuracy [1].

The ßaws in this argument are well known to practi-
tioners of E! ective Field Theory (EFT). Probing heavy
new physics, described by a mass scaleM , at energies
E ! M , gives a correction to observables scaling as
(E/M )n , for some n " 0. For those observables with
n > 0, hadron colliders beneÞt from the high CoM en-
ergy [2Ð7]. Is the energy enhancement at hadron colliders
su" cient to beat the precision of lepton colliders?

We address this question within the SM EFT [8, 9].
We study the e! ect of ÒuniversalÓ new physics [10Ð12] on
neutral and charged Drell-Yan (DY) [13] processes:pp #
! + ! " and pp # !" . Universal theories include scenarios
with new heavy vectors that mix with SM ones [14Ð19],
new electroweak charged particles [20], and electroweak
gauge boson compositeness [21]. The e! ects of universal
new physics on the DY process can be parameterized
as modiÞcations of electroweak gauge boson propagators
and encapsulated in the Òoblique parametersÓ [22]. At
leading order in a derivative expansion they correspond
to öS, öT, W, and Y [ 10], which modify the #, Z , and W
propagators. The e! ects of öS and öT on DY processes do
not grow with energy, making it di " cult for the LHC to
surpass stringent constraints from LEP [1]. On the other

hand, W and Y, which are generated by the dimension-6
operators of table I, give rise to e! ects that grow with
energy.

We Þnd that neutral DY has comparable sensitivity
to W and Y as LEP, already at 8 TeV. This sensitiv-
ity follows from the growth in energy, as well as the
percent-level precision achieved by LHC experiments [23Ð
29], Parton Distribution Function (PDF) determination,
and NNLO calculations [30Ð36]. We propose that the
LHC can carry out similar measurements in charged DY
(using the transverse mass spectrum), which with cur-
rent data is sensitive to W far beyond LEP. We project
the sensitivity of the 13 TeV LHC, and future hadron
colliders, and Þnd spectacular reach to probe W and Y.

While we propose to use DY for electroweak preci-
sion tests, previous studies have shown DY can probe
4-fermion contact operators [37Ð44], the running of elec-
troweak gauge couplings [45, 46], and quantum e! ects
from superpartners [47, 48].

universal form factor ( L ) contact operator ( L ! )

W ! W
4m 2

W
(D ! W a

µ " )2 ! g2
2 W

2m 2
W

JL
a
µ JL

µ
a

Y ! Y
4m 2

W
(! ! Bµ " )2 ! g2

1 Y
2m 2

W
JY µ JY

µ

TABLE I. The parameters W and Y in their ÒuniversalÓ form
(left), and as products of currents related by the equation of
motion (right). We dropped corrections to trilinear gauge cou-
plings.

EWPT from DY.Ñ The 4 parametersöS, öT, W, and Y
modify the SM neutral (#, Z ) and charged (W ± ) vector
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Table 3: Operators relevant for the high-energy diboson productionqøq " WL VL , VL h in uni-
versal theories (in the SILH basis [6]).

These relations can also be written using a more familiar parametrization of Universal The-
ories, based on theöS, öT, W and Y parameters (we follow the notation of Ref. [7]) and triple
gauge couplings (TGC),#gZ

1 and #$" , as deÞned in Eq. (6). 4 We have

a(3)
q = !

g2! 2

4m2
W

#
c2

#W
#gZ

1 + W
$

, a(1)
q =

g2! 2

12m2
W

t2
#W

!
%S ! #$" + c2

#W
#gZ

1 ! Y
"

. (9)

These relations can be useful in order to compare bounds on HEP from LHC with those from
other experiments such as LEP.

2.1 Estimate of diboson channels sensitivity

In this section we estimate the sensitivity to ®e" ects, from diboson channelsWH , ZH , WW
and WZ. For technical reasons, our analysis is made in terms of the operatorOHW discussed
above; as shown in table?? this is equivalent to most of the ®parameters at high-energy, but
it might di " er at small energy. Since our study is dominated by the high-energy region we
believe the impact of this will be small.

(IÕd pharese everything in terms of the ®parameters now)
For this purpose a simple binned analysis in thepT of the bosons is used. We use four

bins, namely (in GeV)5

[200, 400], [400, 600], [600, 1000], [1000, 2000]. (10)

The signal and background cross sections are given in table4. For the WH analysis we
used the results of ref. [?], which performs a study by using jet substructure techniques to
reconstruct the Higgs boson decay products (H " bøb). In this paper estimates of the signal

4Notice that out of the 6 coe! cients of the operators of Table3, only 5 linear combinations can be tested in
non-Higgs physics, as the linear combinationOW ! OB ! OHW + OHB can be rewritten as|H |2(W 2

µ! ! B 2
µ ! )/ 4

that, on the Higgs VEV, only give an unphysical renormalization of the gauge couplings [8]. This direction is
in particular highly constrained by h " !! , ! Z .

5In the W H and ZH channels the number of events in the last bin is negligible, so we ignore this bin in
the analysis.
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Introduction.Ñ Hadron colliders are often viewed as
Òdiscovery machines.Ó They have limited precision, due
to their messy QCD environments, but their high Cen-
ter of Mass (CoM) energies allow them to directly pro-
duce new, heavy, particles. Hadron colliders are of-
ten contrasted with less energetic lepton colliders, which
can reach high precision to indirectly probe new heavy
physics, as exempliÞed by LEP, which tested the elec-
troweak sector of the Standard Model (SM) with unprece-
dented per-mill accuracy [1].

The ßaws in this argument are well known to practi-
tioners of E! ective Field Theory (EFT). Probing heavy
new physics, described by a mass scaleM , at energies
E ! M , gives a correction to observables scaling as
(E/M )n , for some n " 0. For those observables with
n > 0, hadron colliders beneÞt from the high CoM en-
ergy [2Ð7]. Is the energy enhancement at hadron colliders
su" cient to beat the precision of lepton colliders?

We address this question within the SM EFT [8, 9].
We study the e! ect of ÒuniversalÓ new physics [10Ð12] on
neutral and charged Drell-Yan (DY) [13] processes:pp #
! + ! " and pp # !" . Universal theories include scenarios
with new heavy vectors that mix with SM ones [14Ð19],
new electroweak charged particles [20], and electroweak
gauge boson compositeness [21]. The e! ects of universal
new physics on the DY process can be parameterized
as modiÞcations of electroweak gauge boson propagators
and encapsulated in the Òoblique parametersÓ [22]. At
leading order in a derivative expansion they correspond
to öS, öT, W, and Y [ 10], which modify the #, Z , and W
propagators. The e! ects of öS and öT on DY processes do
not grow with energy, making it di " cult for the LHC to
surpass stringent constraints from LEP [1]. On the other

hand, W and Y, which are generated by the dimension-6
operators of table I, give rise to e! ects that grow with
energy.

We Þnd that neutral DY has comparable sensitivity
to W and Y as LEP, already at 8 TeV. This sensitiv-
ity follows from the growth in energy, as well as the
percent-level precision achieved by LHC experiments [23Ð
29], Parton Distribution Function (PDF) determination,
and NNLO calculations [30Ð36]. We propose that the
LHC can carry out similar measurements in charged DY
(using the transverse mass spectrum), which with cur-
rent data is sensitive to W far beyond LEP. We project
the sensitivity of the 13 TeV LHC, and future hadron
colliders, and Þnd spectacular reach to probe W and Y.

While we propose to use DY for electroweak preci-
sion tests, previous studies have shown DY can probe
4-fermion contact operators [37Ð44], the running of elec-
troweak gauge couplings [45, 46], and quantum e! ects
from superpartners [47, 48].

universal form factor ( L ) contact operator ( L ! )

W ! W
4m 2
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(D ! W a

µ " )2 ! g2
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2m 2
W
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a
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µ
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Y ! Y
4m 2

W
(! ! Bµ " )2 ! g2

1 Y
2m 2

W
JY µ JY

µ

TABLE I. The parameters W and Y in their ÒuniversalÓ form
(left), and as products of currents related by the equation of
motion (right). We dropped corrections to trilinear gauge cou-
plings.

EWPT from DY.Ñ The 4 parametersöS, öT, W, and Y
modify the SM neutral (#, Z ) and charged (W ± ) vector

CERN-TH-2016-205

Energy helps accuracy: electroweak precision tests at hadron colliders

Marco Farina,1, ! Giuliano Panico,2,   Duccio Pappadopulo,3, à Joshua
T. Ruderman,3, ¤ Riccardo Torre,4, ¦ and Andrea Wulzer4, 5, 6, !!

1New High Energy Theory Center, Department of Physics, Rutgers University,
136 Frelinghuisen Road, Piscataway, NJ 08854, USA
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Table 1: Dimension-six operators in the Warsaw basis [3] relevant for the high-energy longi-
tudinal diboson productionqøq ! WL VL , VL h that interfere with the SM.

shortness. The dependence on# (and on $) is Þxed by angular momentum conservation, as
a simple application of the Jacob-Wick formula [12] to the caseJ = 1, %in, 1 " %in, 2 = ± 1 and
%fin, 1 " %fin, 2 = 0.

Eq. (3) shows that at the leading order in the SM EFT expansion each diboson process
is sensitive at high energy to a single constant new-physics parameterA!! !

q!
± q"

, which can be
taken real since its imaginary part does not interfere with the SM. The SM symmetry group,
which is restored in the high-energy limit, as previously explained, implies several relations
among these parameters, namely

AW + W #

u+ u#
= AZh

u+ u#
= au , AW + W #

d+ d#
= AZh

d+ d#
= ad ,

AW + W #

u# u+
= AZh

d# d+
= a(1)

q + a(3)
q , AW + W #

d# d+
= AZh

u# u+
= a(1)

q " a(3)
q

AhW +

u+ d#
= AZW +

u+ d#
= AhW #

d+ u#
= " AZW #

d+ u#
=

#
2a(3)

q (4)

where au, ad, a(1)
q and a(3)

q are the coe! cients of the decomposition of the amplitude in
GSM-invariant tensors, which we work out in AppendixA. In au, ad, a(1)

q the incoming (and
outgoing) states form an SU(2)L singlet, while in a(3)

q they form a triplet. The four quantities
au, ad, a(1)

q and a(3)
q deÞne our high-energy primaries (HEP). These parametrize all possible

BSM e" ects that can interfere with the SM atO(E 2/ # 2) in diboson production at high-energy.
Our above analysis show that there must be four dimension-six operators associated to our

four HEP. These are given in Table1 in the particular Warsaw basis [3]. They correspond to
contact interaction between quarks and scalars (Goldstones or Higgs). Other dimension-six
operators a" ecting the SM gauge propagators or triple gauge coupling (diagram Þg. XX) that
make theWL VL , VL h production grow at O(E 2/ # 2), as for example those in Table3, can be
eliminated using Þeld redeÞnitions, leaving only those of Table1. The relation between our
HEP and the Wilson coe! cients of the operators of Table1 is one to one. In particular we
have

au = cu
R , ad = cd

R , c(1)
L = a(1)

q , c(3)
L = a(3)

q . (5)

It can be more convenient, in order to compare with low-energy experiments, to relate the HEP
to deviations in SM couplings. These relations are possible when restricting to dimension-six
operators. Following the parametrization of Ref. [4], we Þnd that the relevant couplings for
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Some un-suppressed Universal operators:                (SILH-basis coe$cient)! 1/m 2
!

W/Y limits easily evaded  (e.g., by strongly-coupled SILH):



High-Energy Dibosons

OW = ig
2

!
H   ! a

!
D µH

"
D ! W a

µ!

OB = ig !

2

!
H  

!
D µH

"
" ! Bµ!

OHW = ig(D µH )  ! a(D ! H )W a
µ!

OHB = ig"(D µH )  (D ! H )Bµ!

O2W = ! 1
2(D µW a

µ! )2

O2B = ! 1
2(" µBµ! )2

Table 3: Operators relevant for the high-energy diboson productionqøq " WL VL , VL h in uni-
versal theories (in the SILH basis [6]).

These relations can also be written using a more familiar parametrization of Universal The-
ories, based on theöS, öT, W and Y parameters (we follow the notation of Ref. [7]) and triple
gauge couplings (TGC),#gZ

1 and #$" , as deÞned in Eq. (6). 4 We have

a(3)
q = !

g2! 2

4m2
W

#
c2

#W
#gZ

1 + W
$

, a(1)
q =

g2! 2

12m2
W

t2
#W

!
%S ! #$" + c2

#W
#gZ

1 ! Y
"

. (9)

These relations can be useful in order to compare bounds on HEP from LHC with those from
other experiments such as LEP.

2.1 Estimate of diboson channels sensitivity

In this section we estimate the sensitivity to ®e" ects, from diboson channelsWH , ZH , WW
and WZ. For technical reasons, our analysis is made in terms of the operatorOHW discussed
above; as shown in table?? this is equivalent to most of the ®parameters at high-energy, but
it might di " er at small energy. Since our study is dominated by the high-energy region we
believe the impact of this will be small.

(IÕd pharese everything in terms of the ®parameters now)
For this purpose a simple binned analysis in thepT of the bosons is used. We use four

bins, namely (in GeV)5

[200, 400], [400, 600], [600, 1000], [1000, 2000]. (10)

The signal and background cross sections are given in table4. For the WH analysis we
used the results of ref. [?], which performs a study by using jet substructure techniques to
reconstruct the Higgs boson decay products (H " bøb). In this paper estimates of the signal

4Notice that out of the 6 coe! cients of the operators of Table3, only 5 linear combinations can be tested in
non-Higgs physics, as the linear combinationOW ! OB ! OHW + OHB can be rewritten as|H |2(W 2

µ! ! B 2
µ ! )/ 4

that, on the Higgs VEV, only give an unphysical renormalization of the gauge couplings [8]. This direction is
in particular highly constrained by h " !! , ! Z .

5In the W H and ZH channels the number of events in the last bin is negligible, so we ignore this bin in
the analysis.
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Introduction.Ñ Hadron colliders are often viewed as
Òdiscovery machines.Ó They have limited precision, due
to their messy QCD environments, but their high Cen-
ter of Mass (CoM) energies allow them to directly pro-
duce new, heavy, particles. Hadron colliders are of-
ten contrasted with less energetic lepton colliders, which
can reach high precision to indirectly probe new heavy
physics, as exempliÞed by LEP, which tested the elec-
troweak sector of the Standard Model (SM) with unprece-
dented per-mill accuracy [1].

The ßaws in this argument are well known to practi-
tioners of E! ective Field Theory (EFT). Probing heavy
new physics, described by a mass scaleM , at energies
E ! M , gives a correction to observables scaling as
(E/M )n , for some n " 0. For those observables with
n > 0, hadron colliders beneÞt from the high CoM en-
ergy [2Ð7]. Is the energy enhancement at hadron colliders
su" cient to beat the precision of lepton colliders?

We address this question within the SM EFT [8, 9].
We study the e! ect of ÒuniversalÓ new physics [10Ð12] on
neutral and charged Drell-Yan (DY) [13] processes:pp #
! + ! " and pp # !" . Universal theories include scenarios
with new heavy vectors that mix with SM ones [14Ð19],
new electroweak charged particles [20], and electroweak
gauge boson compositeness [21]. The e! ects of universal
new physics on the DY process can be parameterized
as modiÞcations of electroweak gauge boson propagators
and encapsulated in the Òoblique parametersÓ [22]. At
leading order in a derivative expansion they correspond
to öS, öT, W, and Y [ 10], which modify the #, Z , and W
propagators. The e! ects of öS and öT on DY processes do
not grow with energy, making it di " cult for the LHC to
surpass stringent constraints from LEP [1]. On the other

hand, W and Y, which are generated by the dimension-6
operators of table I, give rise to e! ects that grow with
energy.

We Þnd that neutral DY has comparable sensitivity
to W and Y as LEP, already at 8 TeV. This sensitiv-
ity follows from the growth in energy, as well as the
percent-level precision achieved by LHC experiments [23Ð
29], Parton Distribution Function (PDF) determination,
and NNLO calculations [30Ð36]. We propose that the
LHC can carry out similar measurements in charged DY
(using the transverse mass spectrum), which with cur-
rent data is sensitive to W far beyond LEP. We project
the sensitivity of the 13 TeV LHC, and future hadron
colliders, and Þnd spectacular reach to probe W and Y.

While we propose to use DY for electroweak preci-
sion tests, previous studies have shown DY can probe
4-fermion contact operators [37Ð44], the running of elec-
troweak gauge couplings [45, 46], and quantum e! ects
from superpartners [47, 48].

universal form factor ( L ) contact operator ( L ! )

W ! W
4m 2

W
(D ! W a

µ " )2 ! g2
2 W

2m 2
W
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µ JL

µ
a

Y ! Y
4m 2

W
(! ! Bµ " )2 ! g2

1 Y
2m 2

W
JY µ JY

µ

TABLE I. The parameters W and Y in their ÒuniversalÓ form
(left), and as products of currents related by the equation of
motion (right). We dropped corrections to trilinear gauge cou-
plings.

EWPT from DY.Ñ The 4 parametersöS, öT, W, and Y
modify the SM neutral (#, Z ) and charged (W ± ) vector
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Table 1: Dimension-six operators in the Warsaw basis [3] relevant for the high-energy longi-
tudinal diboson productionqøq ! WL VL , VL h that interfere with the SM.

shortness. The dependence on# (and on $) is Þxed by angular momentum conservation, as
a simple application of the Jacob-Wick formula [12] to the caseJ = 1, %in, 1 " %in, 2 = ± 1 and
%fin, 1 " %fin, 2 = 0.

Eq. (3) shows that at the leading order in the SM EFT expansion each diboson process
is sensitive at high energy to a single constant new-physics parameterA!! !
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± q"

, which can be
taken real since its imaginary part does not interfere with the SM. The SM symmetry group,
which is restored in the high-energy limit, as previously explained, implies several relations
among these parameters, namely
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q and a(3)

q are the coe! cients of the decomposition of the amplitude in
GSM-invariant tensors, which we work out in AppendixA. In au, ad, a(1)

q the incoming (and
outgoing) states form an SU(2)L singlet, while in a(3)

q they form a triplet. The four quantities
au, ad, a(1)

q and a(3)
q deÞne our high-energy primaries (HEP). These parametrize all possible

BSM e" ects that can interfere with the SM atO(E 2/ # 2) in diboson production at high-energy.
Our above analysis show that there must be four dimension-six operators associated to our

four HEP. These are given in Table1 in the particular Warsaw basis [3]. They correspond to
contact interaction between quarks and scalars (Goldstones or Higgs). Other dimension-six
operators a" ecting the SM gauge propagators or triple gauge coupling (diagram Þg. XX) that
make theWL VL , VL h production grow at O(E 2/ # 2), as for example those in Table3, can be
eliminated using Þeld redeÞnitions, leaving only those of Table1. The relation between our
HEP and the Wilson coe! cients of the operators of Table1 is one to one. In particular we
have
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R , c(1)
L = a(1)

q , c(3)
L = a(3)

q . (5)

It can be more convenient, in order to compare with low-energy experiments, to relate the HEP
to deviations in SM couplings. These relations are possible when restricting to dimension-six
operators. Following the parametrization of Ref. [4], we Þnd that the relevant couplings for
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Amplitude High-energy primaries Deviations from SM couplings
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Table 2: High-energy primaries and the corresponding deviations from SM couplings con-
tributing to the diboson amplitudes, whereTf

Z = Tf
3 # Qf s2

! W
and YL,f R is the hypercharge of

the left-handed and right-handed quark (e.g.,YL = 1/ 6).

our analysis are
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where the Þrst 3 lines parametrizes deviations from already existing SM couplings, while
the last line corresponds to a new SM interaction. Notice that modiÞcations of the left-
handed quark couplings to theW are related to modiÞcations to theZ couplings, due to
an accidental custodial symmetry present in the dimension-six operators [4]. In Table 2 we
present the relation of the parameters of Eq. (6) with the HEP. This allows to understand to
which deviations in SM couplings we are sensitivity to in the di" erent high-energy diboson
processes.

In a certain class of BSM scenarios, called ÓUniversalÓ, fermions do not couple to the new
dynamics and appear only forming SM SU(2)L $ U(1)Y currents J µ

Y and J a µ
L . In this type

of BSM the Þve operators in Table1 reduce to two, those arising fromJ µ
Y JY µ and J a µ

L J a
L µ .

This implies the following relation between HEP:

au = # 2ad = 4a(1)
q . (7)

When considering these Universal Theories, it can be more convenient to work with the SILH
basis [6], in which the dimension-six operators are written as a function only of SM bosons.
In this basis, the relevant operators for our analysis are given in Table3, and the particular
combinations of Wilson coe# cients contributing to the two independent HEP are given by

a(3)
q =

g2

4
(cW + cHW # c2W ) , a(1)

q =
g"2

12
(cB + cHB # c2B ) . (8)

7

Three  growing-with-energy e#ects (operators). [Franceschini, Panico, Pomarol, Riva, AW]

HL-LHC  has some sensitivity to one of them:

a(3)
q ! ± 5 " 10! 2TeV! 2

Two  of which independent (and same for q and l) for Universal theories
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CLIC with polarised beams sensitive to all of them: 
[from Ellis, Rolo#, Sanz, You, 2017]

a ! ± 3 " 10! 3TeV! 2

Three  growing-with-energy e#ects (operators). [Franceschini, Panico, Pomarol, Riva, AW]
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Two  of which independent (and same for q and l) for Universal theories



High-Energy Dibosons

OW = ig
2

!
H †! a

!
D µH

"
D ! W a

µ!
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H †

!
D µH
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" ! Bµ!

OHW = ig(D µH )†! a(D ! H )W a
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OHB = ig"(D µH )†(D ! H )Bµ!

O2W = ! 1
2(D µW a

µ! )2

O2B = ! 1
2(" µBµ! )2

Table 3: Operators relevant for the high-energy diboson productionqøq " WL VL , VL h in uni-
versal theories (in the SILH basis [6]).

This implies the following relation between HEP:

au = ! 2ad = 4a(1)
q . (8)

When considering these Universal Theories, it can be more convenient to work with the SILH
basis [6], in which the dimension-six operators are written as a function only of SM bosons.
In this basis, the relevant operators for our analysis are given in Table3, and the particular
combinations of Wilson coe! cients contributing to the two independent HEP are given by

a(3)
q =

g2

4
(cW + cHW ! c2W ) , a(1)

q =
g"2

12
(cB + cHB ! c2B ) . (9)

These relations can also be written using a more familiar parametrization of Universal The-
ories, based on theöS, öT, W and Y parameters (we follow the notation of Ref. [7]) and triple
gauge couplings (TGC),#gZ

1 and #$" , as deÞned in Eq. (7). 5 We have

a(3)
q = !

g2" 2

4m2
W

#
c2

#W
#gZ

1 + W
$

, a(1)
q =

g2" 2

12m2
W

t2
#W
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%S ! #$" + c2

#W
#gZ

1 ! Y
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. (10)

These relations can be useful in order to compare bounds on HEP from LHC with those from
other experiments such as LEP.

2.1 Estimate of diboson channels sensitivity

In this section we estimate the sensitivity to ®e#ects, from diboson channelsWH , ZH , WW
and WZ. For technical reasons, our analysis is made in terms of the operatorOHW discussed
above; as shown in table?? this is equivalent to most of the ®parameters at high-energy, but
it might di #er at small energy. Since our study is dominated by the high-energy region we
believe the impact of this will be small.

5Notice that out of the 6 coe! cients of the operators of Table3, only 5 linear combinations can be tested in
non-Higgs physics, as the linear combinationOW ! OB ! OHW + OHB can be rewritten as|H |2(W 2

µ! ! B 2
µ ! )/ 4

that, on the Higgs VEV, only give an unphysical renormalization of the gauge couplings [8]. This direction is
in particular highly constrained by h " !! , ! Z .
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High-Energy Tops

Growing-with-Energy in ee->tt :               [Durieux, Perell—, Vos, C.Zhang]

Operator R L LR

Q! t =( !   i
!

D µ! )( t" µ t) 1 0 1

NtB =( t" µ t)(e" µe+ 1
2l" µ l) g! 0 g!

Qt! =( !   ! )(q t !! ) yt yt 1

QtB =( q#µ" t) !! Bµ" yt yt 1

Q(1)
! q =( !   i

!

D µ! )(q" µq) 0 1 1

Q(3)
! q =( !   i

!

D I
µ ! )(q$I " µq) 0 1 1

QtW =( q#µ" t)$I !! W I
µ" 0 yt 1

NqB =( q" µq)(e" µe+ 1
2l" µ l) 0 g! g!

NqW =( q$I " µq)( l$I " µ l) 0 g g

Table 2: The top-philic operators. Notations as in Ref. [2].

QCD-coupled new particles. They thus constitute the ÒminimalÓ set of SM
deformations we expect in basically any new physics model. However it is not
worth studying them in top physics, because their e! ects on top physics are
unavoidably accompanied by comparable e! ects on the other SM particles.
They are thus better probed in other Þnal states than in top processes.

The second class of operators can be called Òtop-philicÓ. These are opera-
tors induced by heavy new physics that couples directly (i.e., more strongly)
not only to the bosons, but also to the top Þeldst = tR and q = qL = ( tL , bL ).
The existence of top-philic new physics is a very well motivated hypothesis,
in light of the fact that the top quark couples quite strongly (with strength
yt ) to the bosonic sector in the SM. It is thus legitimate to expect that new
physics coupled to bosons will also couple to the top. From a more reÞned
BSM perspective, sizeable direct top couplings to new physics are expected
in new physics scenarios that address the Higgs Naturalness Problem because
the top loop provides the largest radiative correction to the Higgs mass term.

The 9 top-philic operators relevant for our analysis are reported in Ta-
ble 2, where we also introduced one further distinction between ÒtR-philicÓ
(R) and ÒqL -philicÓ (L) operators. The former are the operators one obtains
from new physics directly coupled to thetR, the latter are those that emerge
from qL . The total set of top-philic operators (LR) are obtained when new
physics couples directly to both. This distinction is useful because there exist

2
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Figure 2: Seven dimensional projection.
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Figure 3: Two-dimensional parameter projection.

up to higher e! ective-Þeld-theory contributions:

(D! G! µ)A = gs

!
øq! µTA q + øu! µTA u + ød! µTA d

"
,

(D! W ! µ)I =
g
2

#
" ! i ##D µI " + øq! µ$I q + øl! µ$I l

$
,

D! B ! µ = g"
#

1
2

" ! i ##D µ" +
1
6

øq! µq +
2
3

øu! µu !
1
3

ød! µd !
1
2

øl! µ l ! øe! µe
$

,

with ##D µ " #D µ ! #D
µ

and ##D µI " $I #D µ ! #D
µ
$I .

(copy-paste from [? ]:) We rely on the so-called Warsaw basis of standard-model dimension-
six operators [? ] and focus on the operators which interfere with standard-modele+ e# #
bW+ øbW# amplitudes, at leading-order and in the massless-b limit. Altogether, one then
counts ten real degrees of freedom among which two violate CP. From the relevant two-quark
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High-Energy Tops

Growing-with-Energy in WW->tt :               [Grojean, You, AW, Z.Zhang]

Operator R L LR
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Table 2: The top-philic operators. Notations as in Ref. [2].

QCD-coupled new particles. They thus constitute the ÒminimalÓ set of SM
deformations we expect in basically any new physics model. However it is not
worth studying them in top physics, because their e! ects on top physics are
unavoidably accompanied by comparable e! ects on the other SM particles.
They are thus better probed in other Þnal states than in top processes.

The second class of operators can be called Òtop-philicÓ. These are opera-
tors induced by heavy new physics that couples directly (i.e., more strongly)
not only to the bosons, but also to the top Þeldst = tR and q = qL = ( tL , bL ).
The existence of top-philic new physics is a very well motivated hypothesis,
in light of the fact that the top quark couples quite strongly (with strength
yt ) to the bosonic sector in the SM. It is thus legitimate to expect that new
physics coupled to bosons will also couple to the top. From a more reÞned
BSM perspective, sizeable direct top couplings to new physics are expected
in new physics scenarios that address the Higgs Naturalness Problem because
the top loop provides the largest radiative correction to the Higgs mass term.

The 9 top-philic operators relevant for our analysis are reported in Ta-
ble 2, where we also introduced one further distinction between ÒtR-philicÓ
(R) and ÒqL -philicÓ (L) operators. The former are the operators one obtains
from new physics directly coupled to thetR, the latter are those that emerge
from qL . The total set of top-philic operators (LR) are obtained when new
physics couples directly to both. This distinction is useful because there exist
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Top-philic EFT

Assuming composite tR and H, elementary tL and gauge

L d=6
BSM =

1
m2

!
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!L [g! tR , yt qL , g! H, gw Vµ , ! µ ]
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More Maps

High Energy FCNC: [ee > % &, ee > t q, É]!
  can compete with ßavour phys. and/or exotic top dec?!

Light quark Yukawa determination: !
  assessing BSM impact!

EW-Charged Particles:  [Higgsino/EW-ikno, Minimal DM]                                              !
  Opportunity: Millicharged Minimal DM at 1.5 TeV 

Exploring Holes in SUSY parameter space. !

Extra Singlets Production:  [for EWBG? related to H3?]!

É



Summary

" Indirect BSM probes of heavy new physics through 
growing-with-energy e#ects, exploring the Energy  and 
Accuracy  Frontier , are very e#ective at CLIC. 

" Several groups are further exploring CLIC potential in this 
direction, and assessing BSM implications of the program.!

" This adds to, and complements , well-studied L-E probes!

" Direct search program also to be updated with new ideas, 
in reaction to LHC non-discovery.!

" Discussing Yellow Report report summary by this year.


