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Introduction Model Constraints Results Summary

Motivation

The Standard Model is complete.

LSM is working very well.

No conclusive signs for

New Physics at the EW scale.
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Figure 2. Left: Comparison of the indirect constraints on sin2 ✓lept
e↵ and MW with the direct

experimental measurements. Dark (light) regions correspond to 68% (95%) probability. Right:

The same for mt and MW .

Prediction ↵s �↵
(5)
had MZ mt

MW [GeV] 80.3618 ± 0.0080 ±0.0008 ±0.0060 ±0.0026 ±0.0046

�W [GeV] 2.08849 ± 0.00079 ±0.00048 ±0.00047 ±0.00021 ±0.00036

�Z [GeV] 2.49403 ± 0.00073 ±0.00059 ±0.00031 ±0.00021 ±0.00017

�0
h [nb] 41.4910 ± 0.0062 ±0.0059 ±0.0005 ±0.0020 ±0.0005

sin2 ✓lept
e↵ 0.23148 ± 0.00012 ±0.00000 ±0.00012 ±0.00002 ±0.00002

P pol
⌧ = A` 0.14731 ± 0.00093 ±0.00003 ±0.00091 ±0.00012 ±0.00019

Ac 0.66802 ± 0.00041 ±0.00001 ±0.00040 ±0.00005 ±0.00008

Ab 0.934643 ± 0.000076 ±0.000003 ±0.000075 ±0.000010 ±0.000005

A0,`
FB 0.01627 ± 0.00021 ±0.00001 ±0.00020 ±0.00003 ±0.00004

A0,c
FB 0.07381 ± 0.00052 ±0.00002 ±0.00050 ±0.00007 ±0.00010

A0,b
FB 0.10326 ± 0.00067 ±0.00002 ±0.00065 ±0.00008 ±0.00013

R0
` 20.7478 ± 0.0077 ±0.0074 ±0.0020 ±0.0003 ±0.0003

R0
c 0.172222 ± 0.000026 ±0.000023 ±0.000007 ±0.000001 ±0.000009

R0
b 0.215800 ± 0.000030 ±0.000013 ±0.000004 ±0.000000 ±0.000026

Table 2. SM predictions computed using the theoretical expressions for the EWPO without the

corresponding experimental constraints, and individual uncertainties associated with each input

parameter, except for mH (see text).

measurements and the result of the SM precision fit. Care must be taken when interpreting

this as a possible hint of NP, for deviations at this level (⇠ 2�) are likely to occur when

fitting this many observables. Having this in mind, this anomaly will be taken into account

in exploring possible parameterizations of NP e↵ects in section 4.

– 6 –

[de Blas et al. ’16]

⇒ Test quantum structure of SM

to find New Physics effects.
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Introduction Model Constraints Results Summary

EFT approaches to physics beyond the SM

Assuming a mass gap between the SM and New Physics:

SMEFT

• h in a doublet

• L = LSM +
∑
d>4

1
Λd−4

∑
i CiOi

• Expansion in dimensions

[JHEP 12 (2016) 135]

Electroweak chiral Lagrangian

• h and ϕa are independent

• L 6= LSM @ LO

• Expansion in chiral dimensions
and v2/f 2

[arXiv:1803.00939]
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Introduction Model Constraints Results Summary

HEPfit

Dedicated ICHEP talk: HEPfit: The Analysis Toolkit
→ Tomorrow @ 11:45
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Introduction Model Constraints Results Summary

SMEFT

Assuming that New Physics decouples
and the effective theory has a cut-off scale Λ:

LSMEFT = LSM (+
1
Λ
L5) +

1
Λ2

∑

i

CiO(6)
i + . . .

New Physics effects suppressed by v2

Λ2 or p2

Λ2 at leading order.

Truncation at D = 6 implies v , p � Λ.

59 different flavour conserving operators!
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Introduction Model Constraints Results Summary

SMEFT

LSMEFT = LSM (+L5) + 1
Λ2

∑
i CiQi + . . .

X3 ϕ6 and ϕ4D2 ψ2ϕ3

QG fABCGAν
µ GBρ

ν GCµ
ρ Qϕ (ϕ†ϕ)3 Qeϕ (ϕ†ϕ)(l̄perϕ)

QG̃ fABCG̃Aν
µ GBρ

ν GCµ
ρ Qϕ� (ϕ†ϕ)�(ϕ†ϕ) Quϕ (ϕ†ϕ)(q̄purϕ̃)

QW εIJKW Iν
µ W Jρ

ν WKµ
ρ QϕD

(
ϕ†Dµϕ

)⋆ (
ϕ†Dµϕ

)
Qdϕ (ϕ†ϕ)(q̄pdrϕ)

QW̃ εIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

X2ϕ2 ψ2Xϕ ψ2ϕ2D

QϕG ϕ†ϕGA
µνG

Aµν QeW (l̄pσ
µνer)τ

IϕW I
µν Q

(1)
ϕl (ϕ†i

↔
Dµ ϕ)(l̄pγ

µlr)

QϕG̃ ϕ†ϕ G̃A
µνG

Aµν QeB (l̄pσ
µνer)ϕBµν Q

(3)
ϕl (ϕ†i

↔
D I
µ ϕ)(l̄pτ

Iγµlr)

QϕW ϕ†ϕW I
µνW

Iµν QuG (q̄pσ
µνTAur)ϕ̃G

A
µν Qϕe (ϕ†i

↔
Dµ ϕ)(ēpγ

µer)

QϕW̃ ϕ†ϕ W̃ I
µνW

Iµν QuW (q̄pσ
µνur)τ

I ϕ̃W I
µν Q

(1)
ϕq (ϕ†i

↔
Dµ ϕ)(q̄pγ

µqr)

QϕB ϕ†ϕBµνB
µν QuB (q̄pσ

µνur)ϕ̃ Bµν Q
(3)
ϕq (ϕ†i

↔
D I
µ ϕ)(q̄pτ

Iγµqr)

QϕB̃ ϕ†ϕ B̃µνB
µν QdG (q̄pσ

µνTAdr)ϕG
A
µν Qϕu (ϕ†i

↔
Dµ ϕ)(ūpγ

µur)

QϕWB ϕ†τ IϕW I
µνB

µν QdW (q̄pσ
µνdr)τ

IϕW I
µν Qϕd (ϕ†i

↔
Dµ ϕ)(d̄pγ

µdr)

QϕW̃B ϕ†τ Iϕ W̃ I
µνB

µν QdB (q̄pσ
µνdr)ϕBµν Qϕud i(ϕ̃†Dµϕ)(ūpγ

µdr)

Table 2: Dimension-six operators other than the four-fermion ones.

3 The complete set of dimension-five and -six operators
This Section is devoted to presenting our final results (derived in Secs. 5, 6 and 7) for the basis
of independent operators Q(5)

n and Q(6)
n . Their independence means that no linear combination

of them and their Hermitian conjugates is EOM-vanishing up to total derivatives.
Imposing the SM gauge symmetry constraints on Q(5)

n leaves out just a single operator [20],
up to Hermitian conjugation and flavour assignments. It reads

Qνν = εjkεmnϕ
jϕm(lkp)

TClnr ≡ (ϕ̃†lp)
TC(ϕ̃†lr), (3.1)

where C is the charge conjugation matrix.2 Qνν violates the lepton number L. After the
electroweak symmetry breaking, it generates neutrino masses and mixings. Neither L(4)

SM nor
the dimension-six terms can do the job. Thus, consistency of the SM (as defined by Eq. (1.1)
and Tab. 1) with observations crucially depends on this dimension-five term.

All the independent dimension-six operators that are allowed by the SM gauge symmetries
are listed in Tabs. 2 and 3. Their names in the left column of each block should be supplemented
with generation indices of the fermion fields whenever necessary, e.g., Q(1)

lq → Q
(1)prst
lq . Dirac

indices are always contracted within the brackets, and not displayed. The same is true for the
2 In the Dirac representation C = iγ2γ0, with Bjorken and Drell [21] phase conventions.

3

(L̄L)(L̄L) (R̄R)(R̄R) (L̄L)(R̄R)

Qll (l̄pγµlr)(l̄sγ
µlt) Qee (ēpγµer)(ēsγ

µet) Qle (l̄pγµlr)(ēsγ
µet)

Q
(1)
qq (q̄pγµqr)(q̄sγ

µqt) Quu (ūpγµur)(ūsγ
µut) Qlu (l̄pγµlr)(ūsγ

µut)

Q
(3)
qq (q̄pγµτ

Iqr)(q̄sγ
µτ Iqt) Qdd (d̄pγµdr)(d̄sγ

µdt) Qld (l̄pγµlr)(d̄sγ
µdt)

Q
(1)
lq (l̄pγµlr)(q̄sγ

µqt) Qeu (ēpγµer)(ūsγ
µut) Qqe (q̄pγµqr)(ēsγ

µet)

Q
(3)
lq (l̄pγµτ

I lr)(q̄sγ
µτ Iqt) Qed (ēpγµer)(d̄sγ

µdt) Q
(1)
qu (q̄pγµqr)(ūsγ

µut)

Q
(1)
ud (ūpγµur)(d̄sγ

µdt) Q
(8)
qu (q̄pγµT

Aqr)(ūsγ
µTAut)

Q
(8)
ud (ūpγµT

Aur)(d̄sγ
µTAdt) Q

(1)
qd (q̄pγµqr)(d̄sγ

µdt)

Q
(8)
qd (q̄pγµT

Aqr)(d̄sγ
µTAdt)

(L̄R)(R̄L) and (L̄R)(L̄R) B-violating

Qledq (l̄jper)(d̄sq
j
t ) Qduq εαβγεjk

[
(dαp )

TCuβr
] [
(qγjs )TClkt

]

Q
(1)
quqd (q̄jpur)εjk(q̄

k
sdt) Qqqu εαβγεjk

[
(qαjp )TCqβkr

] [
(uγs )

TCet
]

Q
(8)
quqd (q̄jpT

Aur)εjk(q̄
k
sT

Adt) Qqqq εαβγεjnεkm
[
(qαjp )TCqβkr

] [
(qγms )TClnt

]

Q
(1)
lequ (l̄jper)εjk(q̄

k
sut) Qduu εαβγ

[
(dαp )

TCuβr
] [
(uγs )

TCet
]

Q
(3)
lequ (l̄jpσµνer)εjk(q̄

k
sσ

µνut)

Table 3: Four-fermion operators.

isospin and colour indices in the upper part of Tab. 3. In the lower-left block of that table,
colour indices are still contracted within the brackets, while the isospin ones are made explicit.
Colour indices are displayed only for operators that violate the baryon number B (lower-right
block of Tab. 3). All the other operators in Tabs. 2 and 3 conserve both B and L.

The bosonic operators (classes X3, X2ϕ2, ϕ6 and ϕ4D2) are all Hermitian. Those containing
X̃µν are CP-odd, while the remaining ones are CP-even. For the operators containing fermions,
Hermitian conjugation is equivalent to transposition of generation indices in each of the fermionic
currents in classes (L̄L)(L̄L), (R̄R)(R̄R), (L̄L)(R̄R), and ψ2ϕ2D2 (except for Qϕud). For the
remaining operators with fermions, Hermitian conjugates are not listed explicitly.

If CP is defined in the weak eigenstate basis then Q−
(+)
Q† are CP-odd (-even) for all the

fermionic operators. It follows that CP-violation by any of those operators requires a non-
vanishing imaginary part of the corresponding Wilson coefficient. However, one should remem-
ber that such a CP is not equivalent to the usual (“experimental”) one defined in the mass
eigenstate basis, just because the two bases are related by a complex unitary transformation.

Counting the entries in Tabs. 2 and 3, we find 15 bosonic operators, 19 single-fermionic-
current ones, and 25 B-conserving four-fermion ones. In total, there are 15+19+25=59 inde-
pendent dimension-six operators, so long as B-conservation is imposed.

4

. . .

[GIMR 1008.4884]

Only linear order, no running (Ci at ew scale)
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SMEFT
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µut) Qlu (l̄pγµlr)(ūsγ
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EWPO – effective interactions

δgu
L = −1

2

(
C

(1)
φq − C

(3)
φq

) v2

Λ2 , δgu
R = −1

2
Cφu

v2

Λ2 ,

δgd
L = −1

2

(
C

(1)
φq + C

(3)
φq

) v2

Λ2 , δgd
R = −1

2
Cφd

v2

Λ2 ,

δgνL = −1
2

(
C

(1)
φl − C

(3)
φl

) v2

Λ2 ,

δg e
L = −1

2

(
C

(1)
φl + C

(3)
φl

) v2

Λ2 , δg e
R = −1

2
Cφe

v2

Λ2 ,

δVud = C
(3)
φq

v2

Λ2 , δUeν =
(
C

(3)
φl

)† v2

Λ2 ,

∆S = 4sW cW
αem(MZ )CφWB

v2

Λ2 , ∆T = − 1
2αem(MZ )CφD

v2

Λ2
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Introduction Model Constraints Results Summary

EWPO – inputs

SM part at highest available precision + linear SMEFT corrections

EWPO inputs from
LEP 1 (

√
s ≈ MZ )

LEP 2 (160 GeV <
√
s < 210 GeV)

SLC
Tevatron
LHC
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Introduction Model Constraints Results Summary

Higgs signal strengths – effective interactions

The signal strengths are calculated with Madgraph and eHDecay.
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Introduction Model Constraints Results Summary

Higgs signal strengths – inputs

bb̄ WW ττ ZZ γγ Zγ µµ

SM Br 57.5% 21.6% 6.3% 2.7% 2.3%� 1.6%� 0.2%�
ggF8 87.2% – AC AC AC AC AC AC
ggF13 87.1% – AC C AC AC AC AC
VBF8 7.2% – AC AC AC AC AC AC
VBF13 7.4% C AC C AC AC AC AC
Vh8 5.1% AC AC AC AC AC AC AC
Vh13 4.4% AC AC C AC AC AC AC
tth8 0.6% AC – – AC AC AC AC
tth13 1.0% AC AC AC AC AC AC AC
Vh2 Tev
tth2 Tev

Uncertainty of the signal strengths µ± σ:
0 < σ < 0.5 0.5 ≤ σ < 1.0 σ > 1.0

Otto Eberhardt Constraints on the SMEFT 9 / 19



Introduction Model Constraints Results Summary

EWPO only

Luca Silvestrini 11

 

LHCP Bologna, 5/6/2018

Bounds from EWPO

PRELIMINARY[preliminary]
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Introduction Model Constraints Results Summary

EWPO only – one operator at a time
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EWPO only – individual vs. global fit
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Introduction Model Constraints Results Summary

Higgs signal strengths only

Luca Silvestrini 14

 

LHCP Bologna, 5/6/2018

BOUNDS FROM HIGGS

PRELIMINARY[preliminary]
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Introduction Model Constraints Results Summary

Higgs signal strengths only
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Introduction Model Constraints Results Summary

EWPO and Higgs signal strengths

Luca Silvestrini 16

 

LHCP Bologna, 5/6/2018

BOUNDS FROM EWPO + HIGGS

PRELIMINARY
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Introduction Model Constraints Results Summary

EWPO and Higgs signal strengths

Luca Silvestrini 17

 

LHCP Bologna, 5/6/2018

Bounds from EWPO + Higgs
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Introduction Model Constraints Results Summary

EWPO and Higgs only – individual vs. global fit

 

 
Gφ

O  
Wφ

O  
Bφ

O  
BφD

O  
WφD

O  
φ

O  (1)
lφ

O  (3)
lφ

O  
eφ

O  (1)
qφ

O  (3)
qφ

O  
uφ

O 
dφ

O  
φµ

O  
φτ

O  
φt

O  
φb

O 
ll

O
W

O

]  
   

   
   

   
-2

  [
T

eV
68

%
,9

5%


2
Λ/ ic

1−

0.5−

0

0.5

1

1−

0.5−

0

0.5

1
 

-2
 0

.0
06

 T
eV

±
-0

.0
05

 

-2
 0

.2
5 

T
eV

±
0.

39
 

-2
 0

.0
8 

T
eV

±
-0

.1
2 

-2
 1

.5
 T

eV
±

-3
.3

 

[x10]

-2
 1

.2
 T

eV
±

1.
1 

[x10]

-2
 1

.6
 T

eV
±

-1
.7

 

[x10]

-2
 0

.0
12

 T
eV

±
0.

01
3 

-2
 0

.0
17

 T
eV

±
-0

.0
28

 

-2
 0

.0
09

 T
eV

±
-0

.0
07

 

-2
 0

.0
43

 T
eV

±
-0

.0
22

 

-2
 0

.0
40

 T
eV

±
-0

.0
67

 

-2
 0

.1
5 

T
eV

±
0.

04
 

-2
 0

.2
4 

T
eV

±
-0

.5
6 

-2
 0

.0
03

 T
eV

±
0.

00
2 

-2
 0

.0
17

 T
eV

±
-0

.0
03

 

-2
 1

.9
 T

eV
±

-1
.6

 

[x10]

-2
 0

.0
55

 T
eV

±
0.

09
7 

-2
 0

.0
28

 T
eV

±
-0

.0
33

 

-2
 0

.5
8 

T
eV

±
0.

81
 

[x10]

Global fit (EW+Higgs+aTGC)

1 Op. at a time (EW+Higgs+aTGC)

 

 

HEP fit

 

[preliminary]

Otto Eberhardt Constraints on the SMEFT 17 / 19



Introduction Model Constraints Results Summary

EWPO and Higgs signal strengths – future
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LHCP Bologna, 5/6/2018

Future Prospects: Λ from EWPO, μ
i

[preliminary]
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Introduction Model Constraints Results Summary

Summary

Remarkable experimental progress on EWSB with mH and µi
measurements.

Currently Higgs and EWPO test NP scale up to 14 TeV.

Much room for improvements at LHC and future facilities.
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Back-up
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Comparison between HEPfit and Ellis/Murphy/Sanz/You

JHEP 12 (2016) 135 and updates

19 operators

Loop effects in ggF and h→ γγ

Future projections

arXiv:1803.03252

20 operators

Only tree-level couplings to h

Translation to SILH
and concrete models
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Naive comparison between HEPfit and EMSY
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