
Higgs Boson Total Width

Giampiero Passarino

Dipartimento di Fisica Teorica, Università di Torino, Italy
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ATLAS Higgs boson mass

Direct Higgs width measurement

• N.B.: see earlier talk in this session for indirect width measurement.

• Analytical m4l (non-relativistic Breit-Wigner) model convoluted with detector

resolution with width ΓH (mH and µ free parameters) (ΓH = 4 MeV at 125 GeV)

• Analysis assumes no interference with background processes

• H → ZZ∗

→ 4l:

– Event-by-event modelling of detector reso-

lution

– Per-lepton resolution functions use sums of

2(3) Gaussians for muons (electrons)

– Validated by fitting mass peak for Z → 4l

using convolution of detector response with

BW for Z mass

– 95% CL: ΓH < 2.6 GeV (exp. limit 3.5

GeV for µ = 1.7, 6.2 GeV for µ = 1)

• H → γγ:

– 95% CL: ΓH < 5.0 GeV (expected limit

6.2 GeV for µ = 1)
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The big picture @ 8TeV

Peak at Z mass due 
to singly resonant 
diagrams.

Interference is an 
important effect.

Destructive at large 
mass, as expected.

With the standard 

model width, $H , 
challenging to see 
enhancement/deficit 
due to Higgs 
channel.
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We de�ne an off-shell production cross-section (for all

channels) as follows:
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+ When the cross-section ij → Hij → Hij → H refers to an off-shell Higgs

boson the choice of the QCD scales should be made according

to the virtuality and not to a fixed value. Therefore, for the PDFs
and σij→H+Xσij→H+Xσij→H+X one should select µ
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Let us consider the case of a light Higgs boson; here, the common belief was
that

* the product of on-shell production cross-section (say in gluon-gluon fusion) and branching ratios
reproduces the correct result to great accuracy. The expectation is based on the well-known result
(ΓH ≪MHΓH ≪MHΓH ≪MH )

∆H =
1

(

s−M2
H

)2
+Γ2

H
M2

H

=
π

MH ΓH

δ
(

s−M
2
H

)

+PV







1
(

s−M2
H

)2







where PVPVPV denotes the principal value (understood as a distribution). Furthermore sss is the Higgs virtuality and MHMHMH

and ΓHΓHΓH should be understood as MH = µHMH = µHMH = µH and ΓH = γHΓH = γHΓH = γH and not as the corresponding on-shell values. In more
simple terms,

+ the first term puts you on-shell and the second one gives

you the off-shell tail

+ ∆H∆H∆H is the Higgs propagator, there is no space for anything

else in QFT (e.g. Breit-Wigner distributions).
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A short History of beyond ZWA (don’t try fixing something that is already broken in the first

place)

À There is an enhanced Higgs tail Kauer - Passarino (arXiv:1206.4803):

away from the narrow peak the propagator and the off-shell

H width behave like

∆H ≈

1
(

M2
VV
−µ2

H

)2
,

ΓH→VV

(

MVV

)

MVV

∼GF M
2
VV

Á Introduce the notion of ∞∞∞ -degenerate solutions for the

Higgs couplings to SM particles Dixon - Li (arXiv:1305.3854), Caola -

Melnikov(arXiv:1307.4935)

Â Observe that the enhanced tail is obviously γH -independent and that this could be exploited to constrain the

Higgs width model-independently

Ã Use a matrix element method (MEM) to construct a kinematic discriminant to sharpen the constraint

Campbell, Ellis and Williams (arXiv:1311.3589)

OFF −−− SHELL III



A short History of beyond ZWA (don’t try fixing something that is already broken in the first

place)

À There is an enhanced Higgs tail Kauer - Passarino (arXiv:1206.4803):

away from the narrow peak the propagator and the off-shell

H width behave like

∆H ≈

1
(

M2
VV
−µ2

H

)2
,

ΓH→VV

(

MVV

)

MVV

∼GF M
2
VV

Á Introduce the notion of ∞∞∞ -degenerate solutions for the

Higgs couplings to SM particles Dixon - Li (arXiv:1305.3854), Caola -

Melnikov(arXiv:1307.4935)

Â Observe that the enhanced tail is obviously γH -independent and that this could be exploited to constrain the

Higgs width model-independently

Ã Use a matrix element method (MEM) to construct a kinematic discriminant to sharpen the constraint

Campbell, Ellis and Williams (arXiv:1311.3589)

We de�ne an off-shell production cross-section (for all

channels) as follows:

σ
prop
ij→all =

1

π
σij→H

s2

∣

∣

∣
s−sH

∣

∣

∣

2

Γ
tot
H
√

s

+ When the cross-section ij → Hij → Hij → H refers to an off-shell Higgs

boson the choice of the QCD scales should be made according

to the virtuality and not to a fixed value. Therefore, for the PDFs
and σij→H+Xσij→H+Xσij→H+X one should select µ

2
F

= µ
2
R

= z s/4µ
2
F

= µ
2
R

= z s/4µ
2
F

= µ
2
R

= z s/4 (z sz sz s being the

invariant mass of the detectable final state).

Let us consider the case of a light Higgs boson; here, the common belief was
that

* the product of on-shell production cross-section (say in gluon-gluon fusion) and branching ratios
reproduces the correct result to great accuracy. The expectation is based on the well-known result
(ΓH ≪MHΓH ≪MHΓH ≪MH )

∆H =
1

(

s−M2
H

)2
+Γ2

H
M2

H

=
π

MH ΓH

δ
(

s−M
2
H

)

+PV







1
(

s−M2
H

)2







where PVPVPV denotes the principal value (understood as a distribution). Furthermore sss is the Higgs virtuality and MHMHMH

and ΓHΓHΓH should be understood as MH = µHMH = µHMH = µH and ΓH = γHΓH = γHΓH = γH and not as the corresponding on-shell values. In more
simple terms,

+ the first term puts you on-shell and the second one gives

you the off-shell tail

+ ∆H∆H∆H is the Higgs propagator, there is no space for anything

else in QFT (e.g. Breit-Wigner distributions).



310

-610

-510

-410

-310

-210

-110 2Madgraph VBF |Signal|

2Phantom VBF |Bkg|

2Phantom VBF |Bkg + Sig|

909090 100100100 110110110 120120120 130130130 140140140 150150150 160160160 170170170 180180180 190190190

10−810−810−8

10−710−710−7

10−610−610−6

10−510−510−5

10−410−410−4

10−310−310−3

10−210−210−2

10−110−110−1

100100100

pp→ gg→ H→ e+e−γpp→ gg→ H→ e+e−γpp→ gg→ H→ e+e−γ

Me−γ > 0.1 M(e+e−γ)Me−γ > 0.1 M(e+e−γ)Me−γ > 0.1 M(e+e−γ)

Me+γ > 0.1 M(e+e−γ)Me+γ > 0.1 M(e+e−γ)Me+γ > 0.1 M(e+e−γ)

Me+e− > 0.1 M(e+e−γ)Me+e− > 0.1 M(e+e−γ)Me+e− > 0.1 M(e+e−γ)

Me+e−γ [ GeV]Me+e−γ [ GeV]Me+e−γ [ GeV]

σ
[
fb

]
σ

[
fb

]
σ

[
fb

]

OFF −−− SHELL IV
O�-shellness forever

arXiv:1308.0422



 (GeV)4lm
300 400 500 600 700 800

E
ve

nt
s/

bi
n

0

10

20

30

40

50

60
Data

 = 1)µ, 
SM

Γ× = 25Γ ZZ (→gg+VV 
 ZZ (SM)→gg+VV 

 ZZ→qq 
Z+X

CMS preliminary -1 = 8 TeV, L = 19.7 fbs                                        

We de�ne an off-shell production cross-section (for all

channels) as follows:

σ
prop
ij→all =

1

π
σij→H

s2

∣

∣

∣
s−sH

∣

∣

∣

2

Γ
tot
H
√

s

+ When the cross-section ij → Hij → Hij → H refers to an off-shell Higgs

boson the choice of the QCD scales should be made according

to the virtuality and not to a fixed value. Therefore, for the PDFs
and σij→H+Xσij→H+Xσij→H+X one should select µ

2
F

= µ
2
R

= z s/4µ
2
F

= µ
2
R

= z s/4µ
2
F

= µ
2
R

= z s/4 (z sz sz s being the

invariant mass of the detectable final state).

Let us consider the case of a light Higgs boson; here, the common belief was
that

* the product of on-shell production cross-section (say in gluon-gluon fusion) and branching ratios
reproduces the correct result to great accuracy. The expectation is based on the well-known result
(ΓH ≪MHΓH ≪MHΓH ≪MH )

∆H =
1

(

s−M2
H

)2
+Γ2

H
M2

H

=
π

MH ΓH

δ
(

s−M
2
H

)

+PV







1
(

s−M2
H

)2







where PVPVPV denotes the principal value (understood as a distribution). Furthermore sss is the Higgs virtuality and MHMHMH

and ΓHΓHΓH should be understood as MH = µHMH = µHMH = µH and ΓH = γHΓH = γHΓH = γH and not as the corresponding on-shell values. In more
simple terms,

+ the first term puts you on-shell and the second one gives

you the off-shell tail

+ ∆H∆H∆H is the Higgs propagator, there is no space for anything

else in QFT (e.g. Breit-Wigner distributions).

A short History of beyond ZWA (don’t try fixing something that is already broken in the first

place)

À There is an enhanced Higgs tail Kauer - Passarino (arXiv:1206.4803):

away from the narrow peak the propagator and the off-shell

H width behave like

∆H ≈

1
(

M2
VV
−µ2

H

)2
,

ΓH→VV

(

MVV

)

MVV

∼GF M
2
VV

Á Introduce the notion of ∞∞∞ -degenerate solutions for the

Higgs couplings to SM particles Dixon - Li (arXiv:1305.3854), Caola -

Melnikov(arXiv:1307.4935)

Â Observe that the enhanced tail is obviously γH -independent and that this could be exploited to constrain the

Higgs width model-independently

Ã Use a matrix element method (MEM) to construct a kinematic discriminant to sharpen the constraint

Campbell, Ellis and Williams (arXiv:1311.3589)



MHOU(THU)



The higher-order correction in gluon-gluon fusion have shown a
huge KKK -factor K = σ NNLO
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Courtesy of M. Duehrssen
subleading systematics on I or B alone are

important as the leading systematics on I+B

could cancel to some degree. Because of the

negative I, 100%100%100% correlating is

actually not conservative as this allows

larger cancellations in S + I



Ê The zero-knowledge scenario
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The soft-knowledge scenario: in a nutshell, one can .

σ = σ
LO +σ

LO αs

2π
[universal + process dependent + reg]

; κ(MZZ)S+κgg(MZZ)
[√

λ I+λB
]

* where universal (the } +++ ~ distribution) gives the bulk of the
result

* while process dependent (the δδδ function) is known up to two
loops for SSS but not for BBB

* and reg is the regular part.

A possible strategy (arXiv:1304.3053) would be to use for BBB the same
process dependent coefficients and allow for their variation within
some ad hoc factor, e.g. λ ∈ [1/2 , 2]λ ∈ [1/2 , 2]λ ∈ [1/2 , 2].



WWWWWW? EXP: something like the pTpTpT distribution is not part of the
LO calculation at all.

TH: something is moving

jet veto on far off-shell XS: arXiv:1405.5534



Questions

dialogue concerning the two �ief world systems



Question about the deficit expected/observed (ATLAS + CMS):
should we start worrying about TH drivenness of the deficit?

* The ATLAS off-shell measurement its basically spot on
with the SM Compared to that CMS has a larger deficit in
the off-shell high mass region

* Then, when combining with the on-shell measurement,
ATLAS develops a deficit because on-shell µµµ for ZZZZZZ is
≈ 1.5≈ 1.5≈ 1.5. On the other hand, for CMS the on-shell is ≈ 0.9≈ 0.9≈ 0.9, so
it actually goes back in the other direction.

In the end this does not allow to draw any physics conclusion

Nevertheless what is observed (expected ) and what are the
assumptions?



De�nitions and assumptions

* the kosher experimental answer

3 EXPECTED 7→7→7→ generate Asimov dataset with
µVBF = µggH = 1µVBF = µggH = 1µVBF = µggH = 1, fit with floating µVBFµVBFµVBF and µggHµggHµggH

3 OBSERVED 7→7→7→ float µVBFµVBFµVBF and µggHµggHµggH

* the poor theoretical understanding

3 EXPECTED is what you get from a MC with µ = µhypµ = µhypµ = µhyp

3 OBSERVED is what you get by fitting the data



Although I understand questions and comments

3 What is wrong in plotting what you expect to the likelihood
to look like when everything else is as expected in the SM?

3 The post-fit expectation is a very important concept

Making on-shell hypothesis (µOS = 1µOS = 1µOS = 1 or µOS = µobsµOS = µobsµOS = µobs) is a
consequence of assuming on-shell ∞∞∞ -degeneracy, which is not
realistic. Which BSM theory allows you to �x the on-shell and to

float the off-shell?

Logic takes care of itself; all we have to do is to look and see how it does it



K language



 (GeV)4lm
300 400 500 600 700 800

E
ve

nt
s/

bi
n

0

10

20

30

40

50

60
Data

 = 1)µ, 
SM

Γ× = 25Γ ZZ (→gg+VV 
 ZZ (SM)→gg+VV 

 ZZ→qq 
Z+X

CMS preliminary -1 = 8 TeV, L = 19.7 fbs                                        

σi→H→f = (σ ·BR) = σ
prod
i Γf

γH
σi→H→f ∝

g2
i g2

f
γH

gi ,f = ξ gSM
i ,f γH = ξ 4 γSM

Hσi→H→f = (σ ·BR) = σ
prod
i Γf

γH
σi→H→f ∝

g2
i g2

f
γH

gi ,f = ξ gSM
i ,f γH = ξ 4 γSM

Hσi→H→f = (σ ·BR) = σ
prod
i Γf

γH
σi→H→f ∝

g2
i g2

f
γH

gi ,f = ξ gSM
i ,f γH = ξ 4 γSM

H

Γgg

ΓSM
gg (µH) =

κ
2
t ·Γ

tt
gg(µH)+κ

2
b ·Γ

bb
gg(µH)+κtκb ·Γ

tb
gg(µH)

Γ
tt
gg(µH)+Γ

bb
gg(µH)+Γ

tb
gg(µH)

Γgg

ΓSM
gg (µH) =

κ
2
t ·Γ

tt
gg(µH)+κ

2
b ·Γ

bb
gg(µH)+κtκb ·Γ

tb
gg(µH)

Γ
tt
gg(µH)+Γ

bb
gg(µH)+Γ

tb
gg(µH)

Γgg

ΓSM
gg (µH) =

κ
2
t ·Γ

tt
gg(µH)+κ

2
b ·Γ

bb
gg(µH)+κtκb ·Γ

tb
gg(µH)

Γ
tt
gg(µH)+Γ

bb
gg(µH)+Γ

tb
gg(µH)

Simplified version

original κκκ -language arXiv:1209.0040

On-shell ∞∞∞ -degeneracy
arXiv:1305.3854, 1307.4935, 1311.3589

The generalization is an ∞2∞2
∞2 -degeneracy

g2
i g2

f = γHg2
i g2

f = γHg2
i g2

f = γH

a consistent BSM interpretation?

On the whole, we have a constraint in the
multidimensional κκκ -space

κ
2
g = κ

2
g (κt ,κb )κ

2
g = κ

2
g (κt ,κb )κ

2
g = κ

2
g (κt ,κb ) κ

2
H = κ

2
H (κj , ∀ j)κ

2
H = κ

2
H (κj , ∀ j)κ

2
H = κ

2
H (κj , ∀ j)

Only on the assumption of degeneracy one can
prove that off-shell effects measure γHγHγH

a combination of on-shell effects measuring
g2

i g2
f /γHg2

i g2
f /γHg2

i g2
f /γH

and off-shell effects measuring
g2

i g2
fg2

i g2
fg2

i g2
f

gives information on γHγHγH
without prejudices

g i
⇐⇒

κ j

g i
⇐⇒

κ j

g i
⇐⇒

κ j

g i(M
H)?g i(

√ s)

g i(M
H)?g i(

√ s)

g i(M
H)?g i(

√ s)



HEFT is needed

HEFT at the LHC

Collider 


simulation

coefficients

observables

Limit coefficients


= new physics

Leff =

∑

i

ci

m
2

W

Oi

Motivation

L
SM

≡ L
4 Many accidental Symmetries/Relations:

mW = mZ cos θW

ghf̄f = mf/v...

L
UV

YU , YD, YE

1)

2)

3)

L
6

L
8

Predictions?

E/Λ

H/fEx
pa

ns
io
n

light decoupling d.o.f. ;;; EFT not applicable

U http://arxiv.org/abs/1405.0285
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Renormalization
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b
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b
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FP-sector: handle with care

Schemes: remember βQEDβQEDβQED in large mememe -limit

3 Don’t forget background

3 Make finite all Green’s functions



Appendix C. Dimension-Six Basis Operators for the SM22.

X3 (LG) ϕ6 and ϕ4D2 (PTG) ψ2ϕ3 (PTG)

QG fABCGAν
µ GBρ

ν GCµ
ρ Qϕ (ϕ†ϕ)3 Qeϕ (ϕ†ϕ)(l̄perϕ)

QG̃ fABCG̃Aν
µ GBρ

ν GCµ
ρ Qϕ2 (ϕ†ϕ)2(ϕ†ϕ) Quϕ (ϕ†ϕ)(q̄purϕ̃)

QW εIJKW Iν
µ W Jρ

ν WKµ
ρ QϕD

(
ϕ†Dµϕ

)⋆ (
ϕ†Dµϕ

)
Qdϕ (ϕ†ϕ)(q̄pdrϕ)

Q
W̃

εIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

X2ϕ2 (LG) ψ2Xϕ (LG) ψ2ϕ2D (PTG)

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)ϕ̃ G

A
µν Qϕe (ϕ†i

↔

Dµ ϕ)(ēpγ
µer)

Q
ϕW̃

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)

Q
ϕB̃

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)

Q
ϕW̃B

ϕ†τ Iϕ W̃ I
µνB

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

µdr)

Table C.1: Dimension-six operators other than the four-fermion ones.

22These tables are taken from [5], by permission of the authors.

20

- Effective Lagrangians cannot be blithely used without acknowledging implications of their choice
ex: non gauge-invariant, intended to be used in U-gauge
ex: H →WW∗H →WW∗H →WW∗ is virtual WWW + something else, depending on the operator basis
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HEFT extension of ggF requires:

arXiv:1405.1925

vH =vH =vH = Higgs virtuality

3 requires ZH, Zg, Zg , ZgSZH, Zg, Zg , ZgSZH, Zg, Zg , ZgS

3 It is O(4)O(4)O(4) -finite but not O(6)O(6)O(6) -finite
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3 Define gg→ Hgg→ Hgg→ H building blocks

8π2

i g2
S

MW

M2
q

ALO
q = 2−

(
4M2

q −vH

)
C0
(
−vH,0,0 ; Mq,Mq,Mq

)

32π2

i g2
S

M2
W

Mq
Anf

q = 8M4
q C0

(
−vH,0,0 ; Mq,Mq,Mq

)
+ vH

[
1−B0

(
−vH ; Mq,Mq

)]
−4M2

q



3 Define (process dependent) κκκ -factors

κb = 1+g6

[1
2

Mb

MW
W R

2 −
1√
2

W R
4

]
κt = 1+g6

[1
2

Mt

MW
W R

1 −
1√
2

W R
5

]

3 Obtain the 4+64+64+6 amplitude

A(4+6) = g ∑
q=b,t

κq ALO
q + i

g6 gS√
2

M2
H

MW
W R

3

+ g6 g
[
W R

1 Anf
t +W R

2 Anf
b

]
3 Derive true relation

A(4+6) (gg→ H) = gg
(
vH
)

A(4) (gg→ H)

3 Effective (running) scaling (gigigi ) is not a κκκ (constant)
parameter (unless O(6) = 0O(6) = 0O(6) = 0 and κb = κtκb = κtκb = κt)
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Figure 3: Example of one-loop SM diagrams with O-insertions, contributing to the amplitude for H→ γγ
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Figure 4: Example of one-loop O-diagrams, contributing to the amplitude for H→ γγ

* Non-factorizable not included



3 Background in HEFT? Consider uu→ ZZuu→ ZZuu→ ZZ

3 The following Wilson coefficients appear:

W1 = aγγ = sθ cθ aΦWB +c2
θ aφB +s2

θ aφW

W2 = aZZ =−sθ cθ aΦWB +s2
θ aφB +c2

θ aφW

W3 = aγZ = 2sθ cθ

(
aφW − aφB

)
+
(

c2
θ −s2

θ

)
aΦWB

W4 = aφD

W5 = a(3)
φq + a(1)

φq − aφu

W6 = a(3)
φq + a(1)

φq + aφu

3 Define

ALO =
M4

Z

t2 +
M4

Z

u2 −
t
u
− u

t
−4

M2
Zs

tu
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3 Obtain the result (uu→ ZZuu→ ZZuu→ ZZ)

∑
spin

∣∣∣A(4+6)
∣∣∣2 = g4 ALO

[
FLO (sθ )+

g6√
2

6

∑
i=1

Fi (sθ ) Wi

]

3 Background changes!

3 Note that

FLO ≈ −0.57 F1 ≈+2.18 F2 ≈−3.31
F3 ≈ +4.07 F4 ≈−2.46 F4 ≈−2.46 F6 ≈−5.81
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Another possible control mass 

Mass in �ϑ�ϑ����in vector-boson-fusion (VBF) enhanced 

sample. 

��Statistics are small, but background is lower, so 

mass determination may not be worse 

statistically than using high pT(Higgs) sample. 

��Photon pTs may be more similar to inclusive 

Higgs sample, possibly reducing photon energy 

scale systematics 

��Theoretical prediction of VBF mass shift will be 

more robust than that of high pT(Higgs) sample. 

 
LD, SH, YL    H->YY Interference & Width Feb. 27, 2014 8 

Mass shift in VBF (cont.) 

LD, SH, YL    H->YY Interference & Width Feb. 27, 2014 10 

Preliminary 

��About 1/3 of effect in gluon fusion, and same sign 
��Also declines as cut on minimum Higgs pT is raised 
��So you get about 2/3 of effect by using VBF as control. 

pT(�ϑ1,2)  >  20 GeV 
|�Κ(�ϑ1,2) |  <  2.5 
 
pT(j1,2)  > 20 GeV 
Mjj   >  800 GeV 
|�' �Κ(jj)|  >  4 

Finally γγγγγγ -interferometry



Effective New Physics scales (! *)  

[from arXiv:1403.7191] 

34 

CONCLUSIONS

FUTURE (Moriod EW 201420142014)

TH
is improving

with N
LO

κκκ -language

L = L
4 +

∑n>4 ∑ Nni=1 a n
i

Λn−4 O (d=n)i

L = L
4 +

∑n>4 ∑ Nni=1 a n
i

Λn−4 O (d=n)i

L = L
4 +

∑n>4 ∑ Nni=1 a n
i

Λn−4 O (d=n)i

NLO κκκ -language is NOT a simple scaling

Confusion is a word we have invented for an order whi� is not understood



Thank you for your attention



Backup Slides
Melius abundare quam de�cere



Large Scale
φj, χ

?

renormalization
groupLH(χ, φ) + L(φ)

µ = M
particle mass MATCHING

?

renormalization
groupL(φ) + δL(φ)

Low Energy
φj

Figure 4: The general form of a matching calculation.

terms.

In this region, the physics is described by a set fields, χ, describing the heaviest particles, of

mass M , and a set of light particle fields, φ, describing all the lighter particles. The Lagrangian has

the form

LH(χ, φ) + L(φ) , (3.15)

where L(φ) contains all the terms that depend only on the light fields, and LH(χ, φ) is everything

else. You then evolve the theory down to lower scales. As long as no particle masses are encountered,

this evolution is described by the renormalization group. However, when µ goes below the mass,

M , of the heavy particles, you should change the effective theory to a new theory without the

heavy particles. In the process, the parameters of the theory change, and new, nonrenormalizable

interactions may be introduced. Thus the Lagrangian of the effective theory below M has the form

L(φ) + δL(φ) , (3.16)

21



Increasing COMPLEXITY

3 H→ γγH→ γγH→ γγ

À 333 LO amplitudes ALO
t ,ALO

b ,ALO
WALO

t ,ALO
b ,ALO

WALO
t ,ALO

b ,ALO
W , 3κ3κ3κ -factors

Á 666 Wilson coefficients & non-factorizable amplitudes

3 H→ ZZH→ ZZH→ ZZ

À 111 LO amplitude

Á 666 NLO amplitudes, 6κ6κ6κ -factors

δ
µν

∑
i=t,b,B

ANLO
i ,D + pµ

2 pν

1 ∑
i=t,b,B

ANLO
i ,P

Á 161616 Wilson coefficients & non-factorizable amplitudes

3 etc.
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. ggg finite renormalization

g2
exp = G2

[
1+2

G2

16π2

(
dG(4) +g6 dG(6)

)]
G2 = 4

√
2GF M2

W

3 dG(4,6)dG(4,6)dG(4,6) from µµµ -decay

3 Involving ΣWW(0)ΣWW(0)ΣWW(0) (easy)

7 and vertices & boxes (not easy with O(6)O(6)O(6) -insertions)
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HHH wave function renormalization 1− 1
2

g2
exp

16π2 δZH1− 1
2

g2
exp

16π2 δZH1− 1
2

g2
exp

16π2 δZH

.

δZ
(4)

H =
3
2

M2
t

M2
W

Bf
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3
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H ; Mb ,Mb
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H −4M2
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Fine points on PTG versus LG O(6)O(6)O(6) operators

3 Proposition: if we assume that the high-energy theory is

À weakly-coupled and

Á renormalizable

3 it follows that the PTG/LG classification of arXiv:1307.0478
(used here) is correct.

3 If we do not assume the above but work always in some
EFT context (i.e.. also the next high-energy theory is EFT,
possibly involving some strongly interacting theory) then
classification changes, see Eqs. (A1-A2) of
arXiv:1305.0017v2
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STU: (combination of) Wilson coefficients

W1 = aγγ = sθ cθ aΦWB +c2
θ aφB +s2

θ aφW

W2 = aZZ =−sθ cθ aΦWB +s2
θ aφB +c2

θ aφW

W3 = aγZ = 2sθ cθ

(
aφW − aφB

)
+
(

c2
θ −s2

θ

)
aΦWB

W4 = aφD W5 = aφ2

W6 = abWB W7 = abBW

W8 = atWB W9 = atBW

W10 = abφ W11 = atφ

aqW = sθ aqWB +cθ aqBW aqB = sθ aqBW−cθ aqWB



W12 = aφbA W13 = aφbV

W14 = aφtA W15 = aφtV

aφbV = a(3)
φq − aφb − a(1)

φq aφbA = a(3)
φq + aφb − a(1)

φq

aφtV = a(3)
φq − aφt − a(1)

φq aφtA = a(3)
φq + aφt − a(1)

φq



STU: building blocks γ−γγ−γγ−γ

Σγγ(s) = Πγγ(s)s
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STU: building blocks Z−γZ−γZ−γ

ΣZγ(s) = ΠZγ(s)s
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STU: building blocks Z−ZZ−ZZ−Z
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The life and death of µRµRµR

3 γγγ bare propagator

∆
−1
γ

= −s− g2

16π2 Σγγ(s)
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D(4) +g6 D(6)
) 1

ε
+ ∑

x ∈X
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i +g6 L(6)
i

)
ln

x
µ2

R
+Σ

rest
γγ

{X } = {s , m2 , m2
0 , m2

H , m2
t , m2

b}

3 γγγ renormalized propagator

∆
−1
γ

∣∣∣
ren

= −Zγ s− g2

16π2 Σγγ(s)

= −s− g2

16π2 Σ
ren
γγ

(s)
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The life and death of µRµRµR

Σ
ren
γγ

(s) = ∑
x ∈X

(
L(4)

i +g6 L(6)
i

)
ln

x
µ2

R
+Σ

rest
γγ

3 finite renormalization

Σ
ren
γγ

(s) = Π
ren
γγ

(s)s

∂

∂ µR

[
Π

ren
γγ

(s)−Π
ren
γγ

(0)
]

= 0

3 including O(6)O(6)O(6) contribution. There is no µRµRµR problem when a
subtraction point is available.
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O(6) → O(4) →O(6) → O(4) →O(6) → O(4) → field(parameter) redefinition

L = −∂µ K†
∂

µ K−µ
2 K† K

− 1
2

λ
(
K† K

)2− 1
2

M2
0 φ

2
0−M2

φ
+

φ
−+g2 aφ

Λ2

(
K† K

)3

− g
aφ2

Λ2 K† K2K† K−g
aφD

Λ2

∣∣∣K†
∂

µ K
∣∣∣2

√
2K1 = H +2

M
g

+ i φ0 K2 = i φ
−



Requires

µ
2 = βH−2

λ

g2 M2
λ =

1
4

g2 M2
H

M2

H →
[
1− (aφD−4aφ2)

M2
H

g2Λ2

]
H

MH →
[
1+(aφD−4aφ2 +24aφ)

M2
H

g2Λ2

]
MH

etc. with non-trivial effects on the SSS -matrix
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Figure 3: Example of one-loop SM diagrams with O-insertions, contributing to the amplitude for H→ γγ
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Figure 4: Example of one-loop O-diagrams, contributing to the amplitude for H→ γγ
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PTG - operators versus
LG - operators, cf. Einhorn, Wudka, . . .

- It can be argued that (at LO) the basis operator

should be chosen from among the PTG operators

- take O
(6)
LGO
(6)
LGO
(6)
LG , contract two lines, is ren of some O(4)O(4)O(4)

a SM vertex with O
(6)
PTGO
(6)
PTGO
(6)
PTG required . . . same order

1/Λ1/Λ1/Λ expansion→→→ power-counting 3

LG→→→ low-energy analytic structure 7

MHOU PO EFT

Caveat

Note
that for

Λ≈ 5 TeVΛ≈ 5 TeVΛ≈ 5 TeV

we have

1/(
√

2GFΛ
2)≈ g2/(4π)1/(

√
2GFΛ

2)≈ g2/(4π)1/(
√

2GFΛ
2)≈ g2/(4π)

,

i.e. ó the contributions of d = 6d = 6d = 6 operators are ≅≅≅ loop effects.

ó ó For higher scales, loop contributions tend to be more

important (<<<)

H
S

PTG

# N# N# N defines LO

-PTG: T - generated in at least one extension of SM



PROPOSITION: There are two ways of formulating HEFT

a) mass-dependent scheme(s) or Wilsonian HEFT

b) mass-independent scheme(s) or Continuum HEFT (CHEFT)

only a) is conceptually consistent with the image of an EFT as a low-energy approximation to a

high-energy theory

however, inclusion of NLO corrections is only meaningful in b) since we cannot regularize with a

cutoff and NLO requires regularization

There is an additional problem, CHEFT requires evolving our theory to lower scales until we

get below the “heavy-mass” scale where we use L = LSM +dLL = LSM +dLL = LSM +dL , dLdLdL encoding matching

corrections at the boundary. Therefore, CHEFT does not integrate out heavy degrees of

freedom but removes them compensating for by an appropriate matching calculation

+ Not quite the same as it is usually discussed (no theory approa�ing the
boundary from above . . .. . .. . .) cf. low-energy SM, weak effects on g−2g−2g−2 etc.



Footnotes
Annotations

- dimφ = d/2−1dimφ = d/2−1dimφ = d/2−1
dimOd = Nφ dimφ+NderdimOd = Nφ dimφ+NderdimOd = Nφ dimφ+Nder
For d≥ 3d≥ 3d≥ 3 there is a finite number of relevant + marginal operators
For d≥ 1d≥ 1d≥ 1 there is a finite number of irrelevant operators
Sounds good for finite dependence on high-energy theory

- This assumes that high-energy theory is weakly coupled

- Dimensional arguments work for LO HEFT

- In NLO HEFT scaling may break down, implying
appeal to a particular renormalization scheme

Ren. group should only be applied to EFTs that are nearly massless

Decoupling theorem fails for CHEFT, but, arguably this does not prevent them from
supporting a well de�ned s�eme, but decoupling must be inserted in the form of
mat�ing calculations (whi� we don't have . . . )

- Match Feynman diagrams ∈∈∈ HEFT with corresponding 111(light)PIPIPI diagrams ∈∈∈ high-energy theory
(and discover that Taylor-expanding is not always a good idea)



EXAMPLE UV

HHH -propagator
∆
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H
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EXAMPLE finite ren.
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3 SCALE dependence (no subtraction point)

3 Consider H→ γγH→ γγH→ γγ

Z mix
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]
3 etc
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H
S

← p2

← p1

Symphony No. 8 in B minor

What do we lose without matching?

toy model: SSS dark Higgs field

L = LSM− 1
2 ∂µS ∂µS− 1

2 M2
S S2 + µS Φ

†
ΦS

IDR
eff = 3

4 g
M2

H

MWΛ2

[(
1
2 s−3M2

H

) (
1
ε
− ln −s−i 0

µ2
R

)
+ finite part

]

Ifull =− 3
2 g

M2
H µ2

S

MWM2
S
[1− 1

4
s

M2
S
−
(

1− 1
2

s
M2

S

)
ln −s−i 0

M2
S

+O

(
s2

M4
S

)]
full starts at O(µ2

S /M2
S )

eff starts at O(s/Λ2)
large mass expansion of full follows from Mellin-Barnes expansion and not from Taylor expansion




