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We would like a roadmap to further discoveries

How we look is informed by

• Computation of signal & background
• New Observables
• New Techniques
• New Tests
• ? (what am I missing)

Where to look is informed by

• Precision physics
• EWPD
• Flavor
• QED, ...
• ? (what am I missing?)

• Theoretical Prejudice
• EFT
• Models

• Anomaly driven
• Principled



How we look is informed by ... computation of signal and background

Beware of common hidden assumptions! They lead to wrong computations

Example: 

[Giampero Passarino]

This holds exactly in the narrow width approximation.  At best

Br(H ! f̄f f̄f) 6= Br(H ! V V )⇥ Br2(V ! f̄f)

correction ⇠ 2

�V

MV
⇡ 6% for V = Z,W

Much worse: “Dalitz Decay”

Understanding the problem

H! ffH! ffH! ff or H! ff +n gH! ff +n gH! ff +n g ?

Go to two-loop, the process is considerably more complex than,
say, H! ggH! ggH! gg (QED and QCD corrections). Think in terms of cuts

of the three-loop HHH self-energy *

Moral: Isolate photons

H! ffH! ffH! ff NNLO or H! ffgH! ffgH! ffg NLO
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recent progress: NLO revolution!
#jets

NLO W+jets

NLO multi-jet

NLO tt+jets

NLO H+jets

20001980

5

4

3

2

1

20101990

NNLO multi-jets

NNLO W+jets

NNLO tt+jets

NNLO H+jets

automated IR subtraction new amplitude methods

Frixione-Kunszt-Signer

Catani-Seymour

(generalized)unitarity 

integrand reductionNagy-Soper
[Britto et al. (2004)]

[Bern et al. (1994)]

[Ossola et al. (2005)]

[Simon Badger]

SHERPA

HERWIG++/MATCHBOX

MC

GENEVA

automated NLO

BLACKHAT

NJETGOSAM

OPENLOOPS

MADGRAPH5_aMC@NLO

HELAC-NLO
RECOLA (EW)

MADLOOP, MADFKS, ...

OLP
On-Shell Methods 

for High Multiplidity

Generic processes with 
Feynman Diagrams*

* efficient algorithms with off-shell recursion

Binoth Les Houches Accord (updated 2013)

Automated NLO:

•Generic: QCD corrections to 
2 → 4-anything

•On-Shell: Specific processes at
2 → 5/6 specific (eg,  W?Z+jets)

NLO “Revolution”

Tremendous progress



Peak under the hood: amplitude methods
This relation has been known for fifty years

efficient evaluation of the coefficients

that’s the name of the game

This relation has been known for fifty years

efficient evaluation of the coefficients

that’s the name of the game

non-analyticity is in integrals
known in analytic form

coefficients are to-be-determined 
rational functions

This relation has been known for fifty years

efficient evaluation of the coefficients

that’s the name of the game

Much progress in algorithmic computation of coefficients by:

[Giampero Passarino, Simon Badger]



But wait, there is more!

recent NNLO progress
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[Currie, Gehrmann de Ridder, Gehrmann, Glover, Pires (2013)]

[Czakon, Fiedler, Mitov (2013)]

[Boughezal, Caola, Melnikov, Petriello, Schulze (2013)]

[Cascioli, Gehrmann, Grazzini, Kallweit, von Manteuffel, 
Pozzorini, Rathlev, Tancredi, Weihs (2014)]

[Ferrera, Grazzini, Tramontano (2011)]

[Catani, Cieri, de Florian, Ferrera, Grazzini (2011)]

[Grazzini, Kallweit, Rathlev, Torre (2013)]

loop integrals only recently available: new approach to DE [Henn (2013)]
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[Ferrera, Grazzini, Tramontano (2014)]
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[Bruchseifer, Caola, Melnikov (2014)]
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[de Florian, Mazzitelli (2014)]

NNLO
recent
progress
(2 → 2)di-jets at NNLO

IR subtractions: antennas

two-loop amplitudes

gluons only, leading colour [Gehrmann de Ridder, Gehrmann, Glover, Pires arXiv:1301.7310]

gluons only, full colour [Currie, Gehrmann de Ridder, Glover, Pires arXiv:1310.3993]

[Anastasiou, Glover, Oleari, Tejeda-Yeomans (2000-2003)]2

liders to NNLO accuracy. The program consists of three
integration channels:

dσ̂gg,NNLO =

∫

dΦ4

[

dσ̂RR
gg,NNLO − dσ̂S

gg,NNLO

]

+

∫

dΦ3

[

dσ̂RV
gg,NNLO − dσ̂T

gg,NNLO

]

+

∫

dΦ2

[

dσ̂V V
gg,NNLO − dσ̂U

gg,NNLO

]

, (1)

where each of the square brackets is finite and well be-
haved in the infrared singular regions. For the all-gluons
channel, the construction of the three subtraction terms
dσ̂S,T,U

ij,NNLO was described in Refs. [39–41].
In the three-parton and four-parton channel, the phase

space has been decomposed into multiple wedges (6
three-parton wedges and 30 four-parton wedges), each
containing only a subset of possible infrared singular con-
tributions. Inside each wedge, the generation of multiple
phase space configurations related by angular rotation of
unresolved pairs of particles around their common mo-
mentum axis ensures a local convergence of the antenna
subtraction term to the relevant matrix element. Owing
to the symmetry properties of the all-gluon final state,
many wedges yield identical contributions, thereby al-
lowing a substantial speed-up of their evaluation.
Jets in hadronic collisions can be produced through

a variety of different partonic subprocesses, and the all-
gluon process is only one of them. Our results on this
process can therefore not be directly compared with ex-
perimental data. The all-gluon process does however al-
low to establish the calculational method, and to qualify
the potential impact of NNLO corrections on jet observ-
ables. It should be noted that the NLO corrections to
hadronic two- and three-jet production were also first
derived in the all-gluon channel [42–44], well before full
results could be completed [6, 7, 45]. In both cases, the
all-gluon results were extremely vital both for establish-
ing the methodology and for assessing the infrared sensi-
tivity of different jet algorithms [44].
Our numerical studies for proton-proton collisions at

centre-of-mass energy
√
s = 8 TeV concern the single

jet inclusive cross section (where every identified jet in
an event that passes the selection cuts contributes, such
that a single event potentially enters the distributions
multiple times) and the two-jet exclusive cross section
(where events with exactly two identified jets contribute).
Jets are identified using the anti-kT algorithm with res-

olution parameter R = 0.7. Jets are accepted at central
rapidity |y| < 4.4, and ordered in transverse momentum.
An event is retained if the leading jet has pT1 > 80 GeV.
For the dijet invariant mass distribution, a second jet
must be observed with pT2 > 60 GeV.
All calculations are carried out with the

MSTW08NNLO gluon distribution function [46],
including the evaluation of the LO and NLO contri-
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FIG. 1: Inclusive jet transverse energy distribution, dσ/dpT ,
for jets constructed with the anti-kT algorithm with R = 0.7
and with pT > 80 GeV, |y| < 4.4 and

√
s = 8 TeV at NNLO

(blue), NLO (red) and LO (dark-green). The lower panel
shows the ratios of NNLO, NLO and LO cross sections.

butions [47]. This choice of parameters allows us to
quantify the size of the genuine NNLO contributions
to the parton-level subprocess. Factorization and
renormalization scales (µF and µR) are chosen dynami-
cally on an event-by-event basis. As default value, we
set µF = µR ≡ µ and set µ equal to the transverse
momentum of the leading jet so that µ = pT1.
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FIG. 2: Scale dependence of the inclusive jet cross section for
pp collisions at

√
s = 8 TeV for the anti-kT algorithm with

R = 0.7 and with |y| < 4.4 and 80 GeV < pT < 97 GeV at
NNLO (blue), NLO (red) and LO (green).

In Fig. 1 we present the inclusive jet cross section for
the anti-kT algorithm with R = 0.7 and with pT >
80 GeV, |y| < 4.4 as a function of the jet pT at LO,
NLO and NNLO, for the central scale choice µ = pT1.
The NNLO/NLO k-factor shows the size of the higher
order NNLO effect to the cross section in each bin with

flat scale dependence
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to the parton-level subprocess. Factorization and
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FIG. 2: Scale dependence of the inclusive jet cross section for
pp collisions at

√
s = 8 TeV for the anti-kT algorithm with

R = 0.7 and with |y| < 4.4 and 80 GeV < pT < 97 GeV at
NNLO (blue), NLO (red) and LO (green).

In Fig. 1 we present the inclusive jet cross section for
the anti-kT algorithm with R = 0.7 and with pT >
80 GeV, |y| < 4.4 as a function of the jet pT at LO,
NLO and NNLO, for the central scale choice µ = pT1.
The NNLO/NLO k-factor shows the size of the higher
order NNLO effect to the cross section in each bin with

corrections over NLO up 
40% at high pT

quark channels on the way...Ex: dijets

NNLO 2 → 3 needs new tools

Future

beyond 2→2 at NNLO?
measurements from Run II likely to reach % level precision

particularly ratios e.g. 3j/2j for 

2→3 QCD  
needs new 
theoretical 
methods

unknown loop integrals

highly non-trivial kinematics

reduction algorithms

[Simon Badger]



Wait, even more!! Progress towards NNNLO [Claude Duhr]
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Reverse-unitarity @ N3LO
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10 diagrams 1 integral

381 diagrams 18 integrals

26565 diagrams ~500 integrals

!
!
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Reverse-unitarity @ N3LO

A daunting task!

!
!

!
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Higgs soft-virtual @ N3LO
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Equation (10) is the main result of this Letter. While the
terms proportional to plus-distributions were previously
known [4], we complete the computation of η̂(3)(z) by the
term proportional to δ(1−z), which includes in particular
all the three-loop virtual corrections.
Before discussing some of the numerical implications

of Eq. (10), we have to make a comment about the va-
lidity of the threshold approximation. As we will see
shortly, the plus-distribution terms show a complicated
pattern of strong cancelations at LHC energies; the for-
mally most singular terms cancel against sums of less sin-
gular ones. Therefore, exploiting the formal singularity
hierarchy of the terms in the partonic cross-section does
not guarantee to furnish a fast converging expansion for
the hadronic cross-section. Furthermore, the definition of
threshold corrections in the integral of Eq. (1) is also am-
biguous, because the limit of the partonic cross-section
at threshold is not affected if we multiply the integrand
by a function g such that limz→1 g(z) = 1, i.e., we are
formally allowed to modify the integrand of Eq. (1) by
multiplying the parton luminosity,

∫

dx1 dx2 [fi(x1) fj(x2)g(z)] σ̂ij(s, z)|threshold . (11)

It is obvious that eq. (11) has the same formal accuracy in
the threshold expansion, provided that limz→1 g(z) = 1.
As we will see in the following, this ambiguity has a sub-
stantial numerical implication, and thus presents an ob-
stacle for obtaining precise predictions. We note however

that by including in the future further corrections in the
threshold expansion, the ambiguity will be reduced.
Bearing this warning in mind, we present some of the

numerical implications of our result. For N = 3 and
NF = 5, the coefficients of the distributions in eq. (10)
take the numerical values

η̂(3)(z) ≃ δ(1− z) 1124.308887 . . . (→ 5.1%)

+

[

1

1− z

]

+

1466.478272 . . . (→ −5.85%)

−

[

log(1 − z)

1− z

]

+

6062.086738 . . . (→ −22.88%)

+
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log2(1− z)

1− z

]

+

7116.015302 . . . (→ −52.45%)

−

[

log3(1− z)

1− z

]

+

1824.362531 . . . (→ −39.90%)

−

[

log4(1− z)

1− z

]

+

230 (→ 20.01%)

+

[

log5(1− z)

1− z

]

+

216 . (→ 93.72%)

In parentheses we indicate the corrections that each term
induces to the hadronic cross-section normalized to the
leading order cross-section at a center of mass energy of
14 TeV. The ratio is evaluated with the same parton den-
sities [15] and αs at scales µR = µF = mH in the numer-
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Equation (10) is the main result of this Letter. While the
terms proportional to plus-distributions were previously
known [4], we complete the computation of η̂(3)(z) by the
term proportional to δ(1−z), which includes in particular
all the three-loop virtual corrections.
Before discussing some of the numerical implications of

Eq. (10), we have to make a comment about the validity
of the threshold approximation. As we will see shortly,
the plus-distribution terms show a complicated pattern
of strong cancelations at LHC energies; the formally most
singular terms cancel against sums of less singular ones.
Therefore, exploiting the formal singularity hierarchy of
the terms in the partonic cross-section does not guaran-
tee a fastly converging expansion for the hadronic cross-
section. Furthermore, the definition of threshold correc-
tions in the integral of Eq. (1) is also ambiguous, because
the limit of the partonic cross-section at threshold is not
affected if we multiply the integrand by a function g such
that limz→1 g(z) = 1, i.e., we are formally allowed to
modify the integrand of Eq. (1) by modifying the parton
luminosity,

∫

dx1 dx2 [fi(x1) fj(x2)zg(z)]

[

σ̂ij(s, z)

zg(z)

]

threshold

.

(11)
It is obvious that eq. (11) has the same formal accuracy in
the threshold expansion, provided that limz→1 g(z) = 1.
As we will see in the following, this ambiguity has a sub-
stantial numerical implication, and thus presents an ob-

stacle for obtaining precise predictions. We note however
that by including in the future further corrections in the
threshold expansion, this ambiguity will be reduced.
Bearing this warning in mind, we present some of the

numerical implications of our result. For N = 3 and
NF = 5, the coefficients of the distributions in eq. (10)
take the numerical values

η̂(3)(z) ≃ δ(1− z) 1124.308887 . . . (→ 5.1%)
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+
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In parentheses we indicate the corrections that each term
induces to the hadronic cross-section normalized to the
leading order cross-section at a center of mass energy of
14 TeV. The ratio is evaluated with the same parton den-

improvement via the calculation of sub-leading terms or even the full, unexpanded cross-section.
In this proceedings we study this uncertainty in the case of the gluon fusion Higgs production
cross-section at N3LO. We consider lower orders in perturbative QCD to study the convergence
behaviour of the expansion for the Higgs cross-section and inspect the impact of the ambigu-
ity due to the truncation of the threshold expansion. Furthermore, we demonstrate that the
ambiguity for the SV approximation at N3LO is large.

2 Threshold Expansion for the Higgs boson cross-section

The probability distribution of a gluon occurring in a proton is steeply falling with its energy
and suggests the possibility of performing a fast converging threshold expansion of the gluon
fusion Higgs cross-section. Already at NNLO a threshold expansion was performed7 and was
shown to be rapidly converging towards the full result6.

Here we study the strong coupling expansion of the heavy top effective theory. In this note
we are interested in the effect complementing existing lower order calculations with a threshold
expansion at NnLO. The threshold approximations and expansions which we will discuss will
always contain the full (non-expanded) dependence on terms which enter the result at lower
orders in the strong coupling expansion. We will also include the full NnLO dependence on
renormalisation and factorisation scales as well as the full dependence on those NnLO corrections
which are generated from higher order corrections to the Wilson coefficient.

Parametrising the expansion with the variable z =
m2

H

x1x2s
leads to a series of the partonic

cross-section in (1− z).

[σ̂ij(s, z)]threshold = σSV
ij + (1− z)0σ(0)

ij + (1− z)σ(1)
ij + . . . . (2)

If a series expansion is truncated at a given finite order an unavoidable ambiguity is introduced
due to missing higher order terms. To study the impact of truncating the threshold expansion
of the Higgs boson cross-section we spuriously insert a function g(z) satisfying lim

z→1
g(z) → 1 into

eq. 1 such that

σ =
∑

i,j

∫

dx1 dx2 [fi(x1) fj(x2)zg(z)]
[

σ̂ij(s, z)

zg(z)

]

threshold

. (3)

For all choices of g(z) the expansion truncated at O ((1− z)n) thus leads to formally equivalent
results up to O

(

(1− z)n+1
)

.
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Figure 1 – Threshold approximation for the Higgs boson cross-section at 13 TeV at the LHC
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Figure 3 – The gluon-fusion cross-section at 13 TeV at the LHC as a function of µ = µR = µF up to LO (black),
NLO (red), NNLO (green) and soft-virtual N3LO (blue). The N3LO SV approximation is modified with different
functions g(z).

to sub-leading terms at N3LO. Given the experience at lower orders we expect that only a few
sub-leading terms in the threshold expansion are required to obtain a significant improvement
to an approximation of the N3LO cross-section and consequently to the predictions for LHC
observables.

3 Conclusion

The rapidly increasing experimental precision of Higgs cross-section measurements raises an
urgent demand for the improvement of the theoretical prediction for the inclusive Higgs boson
cross-section at the LHC. With the recent publication of the first term in the threshold expansion
of the N3LO gluon-fusion QCD cross-section an important step in this direction was taken. In
this proceedings we have analysed the quality of the threshold expansion. We find that the
expansion is converging fast at lower orders in QCD perturbation theory and expect to find
similar behaviour at N3LO. We studied the uncertainty introduced due to the truncation of
the threshold expansion at NLO, NNLO and N3LO and conclude that at least several terms in
the expansion are necessary in order to infer reliable predictions for LHC measurements and
improve upon the current status. We conclude that the calculation of further terms in the
threshold expansion and even the full Higgs boson cross-section at N3LO is highly desirable.

4 Acknowledgements

BM would like to thank the organisers of the 49th rencontres de Moriond for the opportunity
to present this result. We would like to thank Babis Anastasiou for helpful comments. The
research was supported by the European Commission through the ERC grant “LHCTheory”
(291377) and ERC grant ”IterQCD” as well as the SNF contract 200021 143781.

References

1. C. Anastasiou, C. Duhr, F. Dulat, E. Furlan, T. Gehrmann, F. Herzog and B. Mistlberger,
arXiv:1403.4616 [hep-ph].

2. G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 716, 1 (2012); S. Chatrchyan et al.

[CMS Collaboration], Phys. Lett. B 716, 30 (2012).

But under way:
NNNLO Higgs soft-virtual Some new strategies needed, eg, 

“threshold expansion”

!
!

!
!

z =
m2

s
z ⇠ 1

The threshold expansion

�̂(z) = ��1 + �0 + (1� z)�1 +O(1� z)2

!
!

!
!

The gluon fusion cross section depends on one single parameter:

z =
m2

s
Close to threshold (          ), we can approximate the triple z ⇠ 1

The threshold expansion

�̂(z) = ��1 + �0 + (1� z)�1 +O(1� z)2

where

!
!

!
!

Higgs soft-virtual @ N3LO

•

3

+ CA CF

(

5

2
ζ5 + 3ζ3ζ2 +

11

72
ζ4 +

13

2
ζ3 −

71

36
ζ2 −

63991

5184

)

+ C2
F

(

−5ζ5 +
37

12
ζ3 +

19

18

)

]

+N2
F

[

CA

(

−
19

36
ζ4 +

43

108
ζ3 −

133

324
ζ2 +

2515

1728

)

+ CF

(

−
1

36
ζ4 −

7

6
ζ3 −

23

72
ζ2 +

4481

2592

)

]}

+

[

1

1− z

]

+

{

C3
A

(

186 ζ5 −
725

6
ζ3 ζ2 +

253

24
ζ4 +

8941

108
ζ3 +

8563

324
ζ2 −

297029

23328

)

+N2
F CA

(

5

27
ζ3 +

10

27
ζ2 −

58

729

)

+NF

[

C2
A

(

−
17

12
ζ4 −

475

36
ζ3 −

2173

324
ζ2 +

31313

11664

)

+ CA CF

(

−
1

2
ζ4 −

19

18
ζ3 −

1

2
ζ2 +

1711

864

)

]}

+

[

log(1− z)

1− z

]

+

{

C3
A

(

−77ζ4 −
352

3
ζ3 −

152

3
ζ2 +

30569

648

)

+N2
F CA

(

−
4

9
ζ2 +

25

81

)

+NF

[

C2
A

(

46

3
ζ3 +

94

9
ζ2 −

4211

324

)

+ CA CF

(

6 ζ3 −
63

8

)

]}

+

[

log2(1− z)

1− z

]

+

{

C3
A

(

181 ζ3 +
187

3
ζ2 −

1051

27

)

+NF

[

C2
A

(

−
34

3
ζ2 +

457

54

)

+
1

2
CA CF

]

−
10

27
N2

F CA

}

+

[

log3(1− z)

1− z

]

+

{

C3
A

(

−56 ζ2 +
925

27

)

−
164

27
NF C2

A +
4

27
N2

F CA

}

+

[

log4(1− z)

1− z

]

+

(

20

9
NF C2

A −
110

9
C3

A

)

+

[

log5(1− z)

1− z

]

+

8C3
A .

Equation (10) is the main result of this Letter. While the
terms proportional to plus-distributions were previously
known [4], we complete the computation of η̂(3)(z) by the
term proportional to δ(1−z), which includes in particular
all the three-loop virtual corrections.
Before discussing some of the numerical implications

of Eq. (10), we have to make a comment about the va-
lidity of the threshold approximation. As we will see
shortly, the plus-distribution terms show a complicated
pattern of strong cancelations at LHC energies; the for-
mally most singular terms cancel against sums of less sin-
gular ones. Therefore, exploiting the formal singularity
hierarchy of the terms in the partonic cross-section does
not guarantee to furnish a fast converging expansion for
the hadronic cross-section. Furthermore, the definition of
threshold corrections in the integral of Eq. (1) is also am-
biguous, because the limit of the partonic cross-section
at threshold is not affected if we multiply the integrand
by a function g such that limz→1 g(z) = 1, i.e., we are
formally allowed to modify the integrand of Eq. (1) by
multiplying the parton luminosity,

∫

dx1 dx2 [fi(x1) fj(x2)g(z)] σ̂ij(s, z)|threshold . (11)

It is obvious that eq. (11) has the same formal accuracy in
the threshold expansion, provided that limz→1 g(z) = 1.
As we will see in the following, this ambiguity has a sub-
stantial numerical implication, and thus presents an ob-
stacle for obtaining precise predictions. We note however

that by including in the future further corrections in the
threshold expansion, the ambiguity will be reduced.
Bearing this warning in mind, we present some of the

numerical implications of our result. For N = 3 and
NF = 5, the coefficients of the distributions in eq. (10)
take the numerical values
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In parentheses we indicate the corrections that each term
induces to the hadronic cross-section normalized to the
leading order cross-section at a center of mass energy of
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sities [15] and αs at scales µR = µF = mH in the numer-
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Equation (10) is the main result of this Letter. While the
terms proportional to plus-distributions were previously
known [4], we complete the computation of η̂(3)(z) by the
term proportional to δ(1−z), which includes in particular
all the three-loop virtual corrections.
Before discussing some of the numerical implications of

Eq. (10), we have to make a comment about the validity
of the threshold approximation. As we will see shortly,
the plus-distribution terms show a complicated pattern
of strong cancelations at LHC energies; the formally most
singular terms cancel against sums of less singular ones.
Therefore, exploiting the formal singularity hierarchy of
the terms in the partonic cross-section does not guaran-
tee a fastly converging expansion for the hadronic cross-
section. Furthermore, the definition of threshold correc-
tions in the integral of Eq. (1) is also ambiguous, because
the limit of the partonic cross-section at threshold is not
affected if we multiply the integrand by a function g such
that limz→1 g(z) = 1, i.e., we are formally allowed to
modify the integrand of Eq. (1) by modifying the parton
luminosity,

∫

dx1 dx2 [fi(x1) fj(x2)zg(z)]

[

σ̂ij(s, z)

zg(z)

]

threshold

.

(11)
It is obvious that eq. (11) has the same formal accuracy in
the threshold expansion, provided that limz→1 g(z) = 1.
As we will see in the following, this ambiguity has a sub-
stantial numerical implication, and thus presents an ob-

stacle for obtaining precise predictions. We note however
that by including in the future further corrections in the
threshold expansion, this ambiguity will be reduced.
Bearing this warning in mind, we present some of the

numerical implications of our result. For N = 3 and
NF = 5, the coefficients of the distributions in eq. (10)
take the numerical values

η̂(3)(z) ≃ δ(1− z) 1124.308887 . . . (→ 5.1%)

+

[

1
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]

+

1466.478272 . . . (→ −5.85%)

−
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−
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−
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+
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log5(1− z)
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+

216 . (→ 93.72%)

In parentheses we indicate the corrections that each term
induces to the hadronic cross-section normalized to the
leading order cross-section at a center of mass energy of
14 TeV. The ratio is evaluated with the same parton den-

improvement via the calculation of sub-leading terms or even the full, unexpanded cross-section.
In this proceedings we study this uncertainty in the case of the gluon fusion Higgs production
cross-section at N3LO. We consider lower orders in perturbative QCD to study the convergence
behaviour of the expansion for the Higgs cross-section and inspect the impact of the ambigu-
ity due to the truncation of the threshold expansion. Furthermore, we demonstrate that the
ambiguity for the SV approximation at N3LO is large.

2 Threshold Expansion for the Higgs boson cross-section

The probability distribution of a gluon occurring in a proton is steeply falling with its energy
and suggests the possibility of performing a fast converging threshold expansion of the gluon
fusion Higgs cross-section. Already at NNLO a threshold expansion was performed7 and was
shown to be rapidly converging towards the full result6.

Here we study the strong coupling expansion of the heavy top effective theory. In this note
we are interested in the effect complementing existing lower order calculations with a threshold
expansion at NnLO. The threshold approximations and expansions which we will discuss will
always contain the full (non-expanded) dependence on terms which enter the result at lower
orders in the strong coupling expansion. We will also include the full NnLO dependence on
renormalisation and factorisation scales as well as the full dependence on those NnLO corrections
which are generated from higher order corrections to the Wilson coefficient.

Parametrising the expansion with the variable z =
m2

H

x1x2s
leads to a series of the partonic

cross-section in (1− z).

[σ̂ij(s, z)]threshold = σSV
ij + (1− z)0σ(0)

ij + (1− z)σ(1)
ij + . . . . (2)

If a series expansion is truncated at a given finite order an unavoidable ambiguity is introduced
due to missing higher order terms. To study the impact of truncating the threshold expansion
of the Higgs boson cross-section we spuriously insert a function g(z) satisfying lim

z→1
g(z) → 1 into

eq. 1 such that

σ =
∑

i,j

∫

dx1 dx2 [fi(x1) fj(x2)zg(z)]
[

σ̂ij(s, z)

zg(z)

]

threshold

. (3)

For all choices of g(z) the expansion truncated at O ((1− z)n) thus leads to formally equivalent
results up to O

(

(1− z)n+1
)

.
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Figure 1 – Threshold approximation for the Higgs boson cross-section at 13 TeV at the LHC
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Figure 3 – The gluon-fusion cross-section at 13 TeV at the LHC as a function of µ = µR = µF up to LO (black),
NLO (red), NNLO (green) and soft-virtual N3LO (blue). The N3LO SV approximation is modified with different
functions g(z).

to sub-leading terms at N3LO. Given the experience at lower orders we expect that only a few
sub-leading terms in the threshold expansion are required to obtain a significant improvement
to an approximation of the N3LO cross-section and consequently to the predictions for LHC
observables.

3 Conclusion

The rapidly increasing experimental precision of Higgs cross-section measurements raises an
urgent demand for the improvement of the theoretical prediction for the inclusive Higgs boson
cross-section at the LHC. With the recent publication of the first term in the threshold expansion
of the N3LO gluon-fusion QCD cross-section an important step in this direction was taken. In
this proceedings we have analysed the quality of the threshold expansion. We find that the
expansion is converging fast at lower orders in QCD perturbation theory and expect to find
similar behaviour at N3LO. We studied the uncertainty introduced due to the truncation of
the threshold expansion at NLO, NNLO and N3LO and conclude that at least several terms in
the expansion are necessary in order to infer reliable predictions for LHC measurements and
improve upon the current status. We conclude that the calculation of further terms in the
threshold expansion and even the full Higgs boson cross-section at N3LO is highly desirable.
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Equation (10) is the main result of this Letter. While the
terms proportional to plus-distributions were previously
known [4], we complete the computation of η̂(3)(z) by the
term proportional to δ(1−z), which includes in particular
all the three-loop virtual corrections.
Before discussing some of the numerical implications

of Eq. (10), we have to make a comment about the va-
lidity of the threshold approximation. As we will see
shortly, the plus-distribution terms show a complicated
pattern of strong cancelations at LHC energies; the for-
mally most singular terms cancel against sums of less sin-
gular ones. Therefore, exploiting the formal singularity
hierarchy of the terms in the partonic cross-section does
not guarantee to furnish a fast converging expansion for
the hadronic cross-section. Furthermore, the definition of
threshold corrections in the integral of Eq. (1) is also am-
biguous, because the limit of the partonic cross-section
at threshold is not affected if we multiply the integrand
by a function g such that limz→1 g(z) = 1, i.e., we are
formally allowed to modify the integrand of Eq. (1) by
multiplying the parton luminosity,

∫

dx1 dx2 [fi(x1) fj(x2)g(z)] σ̂ij(s, z)|threshold . (11)

It is obvious that eq. (11) has the same formal accuracy in
the threshold expansion, provided that limz→1 g(z) = 1.
As we will see in the following, this ambiguity has a sub-
stantial numerical implication, and thus presents an ob-
stacle for obtaining precise predictions. We note however

that by including in the future further corrections in the
threshold expansion, the ambiguity will be reduced.
Bearing this warning in mind, we present some of the

numerical implications of our result. For N = 3 and
NF = 5, the coefficients of the distributions in eq. (10)
take the numerical values
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In parentheses we indicate the corrections that each term
induces to the hadronic cross-section normalized to the
leading order cross-section at a center of mass energy of
14 TeV. The ratio is evaluated with the same parton den-
sities [15] and αs at scales µR = µF = mH in the numer-
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Equation (10) is the main result of this Letter. While the
terms proportional to plus-distributions were previously
known [4], we complete the computation of η̂(3)(z) by the
term proportional to δ(1−z), which includes in particular
all the three-loop virtual corrections.
Before discussing some of the numerical implications of

Eq. (10), we have to make a comment about the validity
of the threshold approximation. As we will see shortly,
the plus-distribution terms show a complicated pattern
of strong cancelations at LHC energies; the formally most
singular terms cancel against sums of less singular ones.
Therefore, exploiting the formal singularity hierarchy of
the terms in the partonic cross-section does not guaran-
tee a fastly converging expansion for the hadronic cross-
section. Furthermore, the definition of threshold correc-
tions in the integral of Eq. (1) is also ambiguous, because
the limit of the partonic cross-section at threshold is not
affected if we multiply the integrand by a function g such
that limz→1 g(z) = 1, i.e., we are formally allowed to
modify the integrand of Eq. (1) by modifying the parton
luminosity,

∫

dx1 dx2 [fi(x1) fj(x2)zg(z)]

[

σ̂ij(s, z)

zg(z)

]

threshold

.

(11)
It is obvious that eq. (11) has the same formal accuracy in
the threshold expansion, provided that limz→1 g(z) = 1.
As we will see in the following, this ambiguity has a sub-
stantial numerical implication, and thus presents an ob-

stacle for obtaining precise predictions. We note however
that by including in the future further corrections in the
threshold expansion, this ambiguity will be reduced.
Bearing this warning in mind, we present some of the

numerical implications of our result. For N = 3 and
NF = 5, the coefficients of the distributions in eq. (10)
take the numerical values

η̂(3)(z) ≃ δ(1− z) 1124.308887 . . . (→ 5.1%)
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In parentheses we indicate the corrections that each term
induces to the hadronic cross-section normalized to the
leading order cross-section at a center of mass energy of
14 TeV. The ratio is evaluated with the same parton den-

improvement via the calculation of sub-leading terms or even the full, unexpanded cross-section.
In this proceedings we study this uncertainty in the case of the gluon fusion Higgs production
cross-section at N3LO. We consider lower orders in perturbative QCD to study the convergence
behaviour of the expansion for the Higgs cross-section and inspect the impact of the ambigu-
ity due to the truncation of the threshold expansion. Furthermore, we demonstrate that the
ambiguity for the SV approximation at N3LO is large.

2 Threshold Expansion for the Higgs boson cross-section

The probability distribution of a gluon occurring in a proton is steeply falling with its energy
and suggests the possibility of performing a fast converging threshold expansion of the gluon
fusion Higgs cross-section. Already at NNLO a threshold expansion was performed7 and was
shown to be rapidly converging towards the full result6.

Here we study the strong coupling expansion of the heavy top effective theory. In this note
we are interested in the effect complementing existing lower order calculations with a threshold
expansion at NnLO. The threshold approximations and expansions which we will discuss will
always contain the full (non-expanded) dependence on terms which enter the result at lower
orders in the strong coupling expansion. We will also include the full NnLO dependence on
renormalisation and factorisation scales as well as the full dependence on those NnLO corrections
which are generated from higher order corrections to the Wilson coefficient.

Parametrising the expansion with the variable z =
m2

H

x1x2s
leads to a series of the partonic

cross-section in (1− z).

[σ̂ij(s, z)]threshold = σSV
ij + (1− z)0σ(0)

ij + (1− z)σ(1)
ij + . . . . (2)

If a series expansion is truncated at a given finite order an unavoidable ambiguity is introduced
due to missing higher order terms. To study the impact of truncating the threshold expansion
of the Higgs boson cross-section we spuriously insert a function g(z) satisfying lim

z→1
g(z) → 1 into

eq. 1 such that

σ =
∑

i,j

∫

dx1 dx2 [fi(x1) fj(x2)zg(z)]
[

σ̂ij(s, z)

zg(z)

]

threshold

. (3)

For all choices of g(z) the expansion truncated at O ((1− z)n) thus leads to formally equivalent
results up to O

(

(1− z)n+1
)
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(a) Full result up to NNLO and NNLO SV term
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Figure 1 – Threshold approximation for the Higgs boson cross-section at 13 TeV at the LHC
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Figure 3 – The gluon-fusion cross-section at 13 TeV at the LHC as a function of µ = µR = µF up to LO (black),
NLO (red), NNLO (green) and soft-virtual N3LO (blue). The N3LO SV approximation is modified with different
functions g(z).

to sub-leading terms at N3LO. Given the experience at lower orders we expect that only a few
sub-leading terms in the threshold expansion are required to obtain a significant improvement
to an approximation of the N3LO cross-section and consequently to the predictions for LHC
observables.

3 Conclusion

The rapidly increasing experimental precision of Higgs cross-section measurements raises an
urgent demand for the improvement of the theoretical prediction for the inclusive Higgs boson
cross-section at the LHC. With the recent publication of the first term in the threshold expansion
of the N3LO gluon-fusion QCD cross-section an important step in this direction was taken. In
this proceedings we have analysed the quality of the threshold expansion. We find that the
expansion is converging fast at lower orders in QCD perturbation theory and expect to find
similar behaviour at N3LO. We studied the uncertainty introduced due to the truncation of
the threshold expansion at NLO, NNLO and N3LO and conclude that at least several terms in
the expansion are necessary in order to infer reliable predictions for LHC measurements and
improve upon the current status. We conclude that the calculation of further terms in the
threshold expansion and even the full Higgs boson cross-section at N3LO is highly desirable.
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With NLO-cross sections corresponding need for new MC simulations [Simon Badger, Claude Duhr]
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In a previous study of single-photon production in association with jets, we observed that

the NLO cross section depended only weakly on the parameters used for the Frixione-cone

isolation of the photons. We have examined the dependence on one of these parameters, the

energy fraction ϵγ , in the present study. The results are shown in fig. 7. The LO result is

of course independent of the parameter, as there is no additional radiation that could enter

the photon cone; this result is shown for comparison in the figure. The NLO cross section

is only weakly dependent on this parameter in the range 0.03 < ϵγ < 0.5.

C. Cross Sections and Distributions

In Table I, we present the LO and NLO parton-level cross sections for inclusive diphoton

production accompanied by two jets. We consider the six different sets of cuts discussed

in section IID. We list separately the contributions from the gg → γγgg subprocess (this

contribution is also included in the NLO prediction).

The pure-gluon process starts only at one loop, and is therefore suppressed by two powers

of αs. As discussed earlier, we might expect it to be genuinely suppressed compared to the
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in section IID. We list separately the contributions from the gg → γγgg subprocess (this

contribution is also included in the NLO prediction).

The pure-gluon process starts only at one loop, and is therefore suppressed by two powers

of αs. As discussed earlier, we might expect it to be genuinely suppressed compared to the

17

mild dependence on smooth 
isolation cone parameters

arXiv:1402.4127

Cieri, de Florian  [Les Houches WG report 1405.1067]

experimental comparisons: “tight isolation accord” 



How we look is informed by ... New Observables

There are many examples. In QCD many types of transverse masses are now common.
Time allows for two:

Observables for BÆ K*0P�P� @LHC�

Observables for BÆ K*0P�P� @LHC�

[Sanjay Swain, George Hou]

CLEAN observable: zero

q20 such that AFB(q
2
0) = 0q20 such that AFB(q
2
0) = 0

G. Burdman, PRD 57, 4254 (1998).
non-resonance interference:
BG  & Pirjol, PRD 73, 094027 (2006)

New approach for the precision measurement of  the W and t-quark masses [Kiwoon Choi]

M2
T = 2P l

TP
⌫
T (1� cos(�l � �⌫

)

The time tried standard: Include info on longitudinal (along beam) momentum

Neutrino rapidity reconstructed by collective stochastic 
optimization process through a genetic algorithm 











How we look is informed by ... New Techniques

[Stoyan Stoynev]hcc̄ coupling measurement by interference

Various models exist where this coupling alone could be 
enhanced relative SM, eg, 2HDM and General Minimal 
Flavor Violation Scenario with one Higgs Doublet.

Hccbar coupling measurement by jet c-tagging?

5

ATLAS-CONF-2014-046

In this particular topology, 
it was found that:

Medium 
Working
Point

Flavor tagging in ATLAS exploits the impact parameter, secondary vertex and 
the topology of weak b- and c-hadron decays (jet fitter)
A neural network based algorithm is constructed assigning weight probability densities 
evaluated separately for b, c, and light-flavour jets

Recent analyses have used the c-tagging, for instance a SUSY search 
with pair of c-quarks in final state (arXiv:1407.0608 [hep-ex])

The SM Higgs branching fraction ratio Br(bb)/Br(cc) = 20. There needs to be a significant 
improvement in c-tagging for direct use for Higgs. Many people consider this hard to do.
Work is on-going in both ATLAS and CMS. 

c-tag b-rejection light- rejection -rejection

20% 8 200 10

95% 2.5 (~1) (~1)

“There needs to be a significant improvement in 
c-tagging for direct use for Higgs. Many people 
consider this hard to do. Work is on-going in 
both ATLAS and CMS.”

Hccbar coupling measurement by interference

6

Interference effects have increasing role in Higgs properties 
determination

A direct constraint on the Higgs width is limited by the detector 
resolution and a CMS constraint was put at 
3.4 GeV @ 95% CL (the SM Higgs width is 4.2 MeV)

This gets dramatically improved by off-shell measurements 
(based on good knowledge of interference with background 
states) with the limit now at 22 MeV (24 MeV by ATLAS)!

It was also shown that similar effects shift the observed 
(di-photon) invariant mass distribution of on-shell Higgs.

Direct production    : proceeds through the Hccbar coupling

Indirect production : proceeds through a virtual photon 
exchange with subsequent transition to a bound ccbar state (J/)


H

J/
c

cbar

*

H

J/
c

cbar



The charm of the rare decay H  J/+ 

Why do we care about the two? It turns out that according to the SM Br(direct) ~ 5 x 10-8 and 
Br(indirect) ~ 2.5 x 10-6. More importantly, the former has destructive interference with the latter
leading to 30% reduction (in SM) of the branching fraction.   

JHEP 1208 (2012) 116 

Phys.Rev. D88 (2013) 054024

Phys. Lett. B 736 (2014) 64

ATLAS-CONF-2014-042

Phys. Rev. D 86, 073016(2012)

Underlying theory* to H  J/ + 

7

* Results and most of the discussion are based on Phys.Rev. D88 (2013) 5, 053003 
  /Geoffrey T. Bodwin, Frank Petriello, Stoyan Stoynev, Mayda Velasco/
  Updated calculations are also taken from arXiv:1407.6695 [hep-ph]
  /Geoffrey T. Bodwin, Hee Sok Chung, June-Haak Ee, Jungil Lee, Frank Petriello/

The partial decay width is:

The direct amplitude is known for a long time (Phys. Rev. D 27, 2762 (1983)):

e – charges, m – masses; Q denotes the c-quark, V denotes the vector meson (J/), H is Higgs


0
 is the wave function of the 

quarkonium state at the origin and 
is known 
(it is real to a good approximation)  

k c=gHcc / gHcc
SM

is a factor allowing the c-quark Yukawa coupling to H to deviate from SM 

The indirect amplitude can be written in terms of the H amplitude: 

It can be shown that the V-to- coupling is

From it follows that the interference between the two terms is destructive.

which is also known 

Numerical results

10

According to the (SM) calculations:

Taking as input the full Higgs /H(125)/ width: 

If direct production only   ~5 x 10-8

Br deviation from SM as a function of 
the Yukawa coupling deviation from SM 

SM

The theoretical uncertainty is under very good control

Realistically, only lepton decays of J/ can be explored experimentally – 
this brings the visible cross-section (or Br) further down. 

We estimate the Br of the H continuum (Higgs Dalitz decays) in the 
region of the J/ peak defined approximately by the experimental resolution to be  

@

This is comparable in size to the visible Br in the muon channel from HJ/+ .
Thus the process should be visible over the background. 

Note that we are 
sensitive to the sign!

Theory well understood. Errors under good control:



Experimental sensitivity (H  J/ + )

12

We estimate that if both lepton and muon 

channels are reconstructed with 50% 

acceptance x efficiency we'll see ~50 signal 

events from combined ATLAS and CMS data

from 3000 fb
-1
 LHC. This is ~14% statistical 

error on the Br and ~40% on k
c
. 

Defining Sensitivity as S/sqrt(B+S) and using the 

k=B/S we can try to judge about the experimental 

perspectives. The observation in the H 

channel was announced at Sensitivity ~ 40%  

 The main uncertainty will be statistical (from background) 

 We can assume k<40 as a current working estimate  

 Categorization of events and kinematic handles against 

 background typically (in past) increase sensitivity by 10-20%

 On the other hand it may be more difficult to get high efficiency

 for the electron channel (both trigger and off-line)

We are at the limit to observe the (SM) decay with full LHC data.

In any case strong limits on the Hccbar Yukawa coupling can be set. 

It is an assumption that 

experiments will plan 

accordingly to record the

relevant data.



Need
•Avoid to use jet momenta to determine the well-defined 

top-quark mass.
•Good for cross check by various methods which have 

different systematic errors.

[Hiroshi Yokoya]

11

• Kinematical Endpoint (MT2)

• B-hadron lifetime (Lxy)

• J/ψ method 

• tt + 1-jet invariant-mass distribution

• Boost invariant energy peak

• Leptonic observable methods

CMS-PAS-TOP-12-030

Tevatron,
CMS, EPJC73,2494

Hill,Incandela,Lamb (05)

Kharchilava (00)

Alioli et. al (13), 

Agashe,Franceschini,Kim (13)

Kawabata,Shimizu,Sumino,HY (14);
Frixione,Mitov (14)

New Methods for the Top Mass Observation

• Avoid to use jet momenta to determine the well-defined top-quark mass.

• Good for cross check by various methods which has different syst. errors.

12
Leptonic Observable Methods

• Lepton momentum can be measured very accurately. 

• Lepton momentum is not affected by hadronization effects, 
and less affected by color reconnection etc.

• (Note:) Missing momentum is affected by hadronic activities
such as JES, pile up, etc. 

• J/ψ methods :

• Mellin moments of El, pTl ,,, :

• Weight function methods : 

Kharchilava (00)

Kawabata,Shimizu,Sumino,HY (14)

Frixione,Mitov (14), Biswas,Melnikov,Shulze (10),

, J/ψ frag fnc from b-quark
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Top Mass: New techniques

Good experimental determination 
however ... of something not
understood theoretically 
(ie, how to relate to MS, or any SD,  mass)

6
First Tevatron & LHC combination result

arXiv:1403.4427

• Very good accuracy based on

mainly Template method.

• However, the obtained mass 

is not well-defined theoretically.

• There must be a difference
btw the measured mass 

and the pole mass.

• The problem is how much the difference is.



[Hiroshi Yokoya]Weight Function Method

13
Weight Function Method

S.Kawabata, Y.Shimizu, Y.Sumino, H.Y. (11,13,14)

independently of velocity distribution 
of top-quark.

• Free from production mechanism (top has to be unpolarized)

• Free from the PDF uncertainty, initial-state radiation

• Free from hadronization modeling (because it uses only lepton)

D(El) : energy distribution of lepton.

We can construct a weight function W(E,m) 

which satisfy 
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Weight Function Method
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independently of velocity distribution 
of top-quark.

• Free from production mechanism (top has to be unpolarized)

• Free from the PDF uncertainty, initial-state radiation

• Free from hadronization modeling (because it uses only lepton)

D(El) : energy distribution of lepton.

We can construct a weight function W(E,m) 

which satisfy The point: one can construct weight function such that 

13
Weight Function Method

S.Kawabata, Y.Shimizu, Y.Sumino, H.Y. (11,13,14)

independently of velocity distribution 
of top-quark.

• Free from production mechanism (top has to be unpolarized)

• Free from the PDF uncertainty, initial-state radiation

• Free from hadronization modeling (because it uses only lepton)

D(El) : energy distribution of lepton.

We can construct a weight function W(E,m) 

which satisfy 

•Free from production mechanism (top has to be unpolarized)
•Free from the PDF uncertainty, initial-state radiation
•Free from hadronization modeling (because it uses only lepton)

16

(100 fb-1, e+µ)
• Stat. error ~ 0.4 GeV for 100fb-1

• Dominant syst. error comes from
compensating events [scale choice,,]

• Hadronic ambiguity remains small.
[JES, b-tag,,]

• Successful mass reconstruction 
within those errors.

• NLO analysis should reduce errors.

• NLO correction to the weight function 
gives direct measurement of pole mass
/MSbar mass at NLO. 

• Finite width effects can be incorporated 
as a correction to the NWA.     

Prospects:

Simulation analysis in LOSimulation analysis in LO
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• NLO analysis should reduce errors.

• NLO correction to the weight function 
gives direct measurement of pole mass
/MSbar mass at NLO. 

• Finite width effects can be incorporated 
as a correction to the NWA.     

Prospects:

Simulation analysis in LO



How we look is informed by ... New Tests

Perturbative Unitarity, a la Lee-Quigg-Thacker, but allowing for many “higgses”
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FIG. 3: W+W� scattering in the presence of a generic Higgs sector. Diagrams a-c refer

to the scattering in the Higgsless standard model, with W 3 collectively denoting the

exchange of the Z boson and the photon. The growth with the center of mass energy of

these contributions can be cancelled by neutral (d, e) or doubly charged (f) Higgses.

present. The correct version of the sum rule in Eq. (15) reads
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Following LQT we can also obtain an upper limit on a combination of the masses

M0

i and M++

r of the neutral and doubly charged Higgses. We quickly review the LQT

computation. They consider (in the SM) first the limit Mh � MW ⇠ MZ of the J = 0

partial wave scattering amplitude for W+

L W�

L ! W+

L W�

L , followed by the large CM energy

limit. They find the following expression for (the finite piece of) the s-wave scattering

amplitude

a
0

(W+

L W�

L ! W+

L W�

L ) �������!
s�M2

h�M2
W

�GFM2

h

4⇡
p

2
, (18)

from which the condition
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��  1 gives M2
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2/GF . LQT

derive a slightly better bound by performing a coupled channel analysis including also

ZZ, Zh and hh scattering.
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neutrals charge ++

A. Sum rule for W+

L W�

L ! W+

L W�

L

Applying the LQT argument to the multi-Higgs doublet extension of the SM gives

an alternate derivation of the sum rule (5). It is the statement that the couplings that

appear in the s- and t- channel neutral Higgs exchange must add up to those of the SM

contribution in order to cancel the linear growth with s of the J = 0, 1 partial wave

amplitudes.

This suggests a more general approach to the sum rule for any number of N neutral

resonances hi that couple to W+W� with strength ai, namely

NX

i=1

a2

i
?

= 1. (15)

The constraint (15) is stronger than the one in (8), which must hold in order to obtain the

correct W mass in a multi-Higgs model with at least one Higgs multiplet of isospin 1 or

higher. And it is incorrect. In general there are additional contributions to the W+W�

scattering amplitude from u-channel exchange of a doubly charged component of the

multiplet to which hi belongs.

To see that this is the case we compute the amplitude for longitudinal W+W� scatter-

ing including contributions from a neutral Higgs with arbitrary coupling gMWa to W+W�

and of a doubly charged complex scalar with arbitrary coupling gMW b to W+W+ (plus

hermitian conjugate). Only the J = 0 and 1 partial wave amplitudes exhibit linear

growth with s, and the coe�cient of the term exhibiting linear growth is common to both

amplitudes and proportional to


1

= 4 � 3(M
3

/MW )2 � a2 + 4b2. (16)

Here, the first two terms come from the pure gauge sector, Fig. 3a-c. The second term

arises when the exchanged neutral gauge boson is massive, Fig. 3b and 3c. The third

term is the contribution of the neutral Higgs exchange in both s- and t-channels, Fig. 3d

and 3e. The last term comes from the u-channel exchange of a doubly charged scalar,

Fig. 3f. In Eq. (16) the terms a2 and b2 should be replaced by a sum over squares of

couplings,
P

a2

i and
P

r b2r, when more than one neutral or doubly charged states are
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= igMW br

X

i

a2i � 4
X

r

b2r = 1gives test:

Precision test: If |a1| > 1 a doubly charged higgs must exist
if |a1| < 1 a second neutral higgs must exist

FIG. 8: Region in the ah0-c0t parameter space consistent with the unitarity constraint of

Eq. (39) assuming ah and ct are determined from the 126 GeV Higgs data. The orange

and brown regions are compatible with 126 GeV Higgs data at the 68% and 95% CL,

respectively. For reference, the figure has been superimposed on the fit in Fig. 1 to the

CMS data suggesting a Higgs resonance at 136 GeV.

Moreover, both of these resonances would have SM-like cross section for gg ! h ! WW ,

and one of them would have enhanced decay rate into �� (since the t-loop and the W -loop

contributions would interfere constructively).

Similar sum rules apply to the rest of quarks and all charged leptons. If the 126 GeV

Higgs is observed not to decay (or have suppressed decays) to any one quark or charged

lepton it follows immediately from the sum rule that there must be at least another

CP-even neutral Higgs.

V. MODEL INDEPENDENT ANALYSIS

A. Neutral Higgses

In general, the couplings of any extra neutral Higgs, h0, are related to the couplings of

the 126 GeV state h via unitarity constraints of Section IV. In the following, we assume

that there is only one additional neutral CP-even Higgs, and possibly some charged Higgs
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FIG. 7: W+W� ! tt̄ scattering in the presence of a generic Higgs sector. W 3 in

diagram b denotes the exchange of the Z boson and the photon. Similarly, the h in

diagram c stands for a generic neutral Higgs boson.

matrix, transforming weak eigenstates into the physical ones. The above equation has a

simple interpretation. The sum of the couplings of the various scalars to the top quark

has to be such that when the ith scalar is replaced by its expectation value, vi, it gives

the top quark mass term: mt =
P

�̃ivi/
p

2. One can see this by writing the above sum

rule in the weak eigenbasis,
gmtp
2MW

�
X

i

ãi�̃i = 0. (40)

Using vi = ãi(2MW/g), one can see that this exactly reproduces the expression for the

top quark mass. The sum rule is more conveniently written as per Eq. (2) in terms of the

deviation of each Yukawa coupling from the SM value, �i = (gmt/
p

2MW )cti, thus

X

i

aicti = 1. (41)

Again, only the neutral Higgs from an SU(2)-doublet may couple to t̄t. For example,

if only the first Higgs is from a doublet, then �i = (RT )i1�̃1

, and
P

�2

i = �̃2

1

, or
P

c2ti =

1/a2

1

� 1.

The sum rule (39) has immediate phenomenological implications. It is saturated by

any Higgs that has SM-like couplings to both W+W� and t̄t. It follows that either one

or the other of these couplings for additional Higgses must vanish or there must be at

least two additional Higgses with canceling contributions. That is, if a second Higgs-like

resonance is discovered with near SM-like couplings, then a third one must also exist.
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(a) (b)

FIG. 5: Conservative perturbative unitarity upper bounds on mh0 (5a, for M++ = 0)

and M++ (5b, for mh0 = 0) as a function of mixing angles in the doublet-septet model.

The bounds are periodic in ↵ and we have centered the figures around the value of ↵

where the bound is strongest.

In each case, one of the mixing angles ↵ and � is kept constant while the other is varied.

Again, for the case that the septet takes appreciable part in the electroweak symmetry

breaking (� is not close to ⇡/2), at least one of the charged Higgs bosons is bound to be

relatively light.

C. The sum rule for W+

L W�

L ! tt̄

A sum rule for W+

L W�

L ! tt̄ is useful in constraining the couplings of the neutral

scalars to the top-quark, which contribute to the amplitudes for production of these states

in gg-fusion and for the decay into �� and �Z. The Feynman diagrams contributing to

W+

L W�

L ! tt̄ are shown in Fig. 7. The growth with one power of s cancels among diagrams

7(a) and 7(b), resulting in a leading contribution that grows as
p

s.

We denote the coupling of the ith neutral, physical CP-even scalar to t̄t by �i/
p

2, so

that � = gmt/
p

2MW in the SM as usual. Insisting that the growth with
p

s is cancelled
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similarly gives

Suppose there are 
two neutral higgs:

FIG. 9: Projection of the viable parameter space assuming all the errors are reduced by

a factor of 2 (left plot) and 5 (right plot).

bosons. Here we focus on the sum rule involving the couplings to top quarks and vector-

bosons, Eq. (41), since it doesn’t include the charged Higgs couplings and is therefore the

most robust:

ah0c0t = 1 � ah ct. (42)

By fitting ah and ct to the existing 126 GeV Higgs data, we determine the allowed values

for the quantity ahct at 68% and 95% CL. Using the sum rule (42), the allowed region can

be mapped onto the ah0 – c0t plane. The result is shown in Fig. 8, where regions in the ah0

– c0t plane compatible with the 126 GeV Higgs data at the 68% and 95% CL are depicted

in orange and brown, respectively. This is superimposed on Fig. 1 of the parameter

estimation in light of the CMS 136 GeV higgs-like resonance data. One can see that only

a small portion of ah0 – c0t parameter space, allowed by current CMS measurements on the

136 GeV resonance is actually consistent with the 126 GeV Higgs data. It is important

to note that the bound from Eq. (42) is independent of the masses of the Higgs bosons.

Thus, even if the excess at 136 GeV is not confirmed, the orange and brown regions in

Fig. 8 will still be the favored regions for the couplings of a second Higgs boson in any

model with exactly two neutral Higgses.

It is interesting to see how an increase in precision of the Higgs measurements would

a↵ect the allowed ah0 – c0t parameter space. For this, we show in Fig. 9 projections assuming
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Figure 2: Exclusion limit on s ⇥ BR for another Higgs state with SM couplings taking the
observed state at 125 GeV as part of the background

 (GeV)Hm
110 115 120 125 130 135 140 145 150

 (p
b)

95
%

CL
)γ γ 

→
 B

R(
H

× 
σ

0

0.05

0.1

0.15
CMS Preliminary

-1=8TeV L=19.6 fbs
-1=7TeV L=5.1 fbs

Observed

σ 1±Expected 

σ 2±Expected 

 (GeV)Hm
110 115 120 125 130 135 140 145 150

 (p
b)

95
%

CL
)γ γ 

→
 B

R(
H

× 
σ

0

0.01

0.02

0.03
CMS Preliminary

-1=8TeV L=19.6 fbs
-1=7TeV L=5.1 fbs

Observed

σ 1±Expected 

σ 2±Expected 

Figure 3: Exclusion limits on s ⇥ BR for a second Higgs-like state produced with gluon-fusion
only (left) or vector-boson-fusion and vector-boson-associated production only (right) taking
the observed state at 125 GeV as part of the background.

only relevant production mechanism. We assume that the state near 125 GeV has SM cou-
plings, with floating mass and signal strength, and search for additional states with only gluon-
fusion production (Fig. 3a) and only vector-boson-fusion and vector-boson-associated produc-
tion (Fig. 3b). The local p-value at the most significant excess, which in both cases is where
mH=136.5 GeV, is found to be 2.73s for gluon-fusion production only and 2.15s for vector-
boson production only.

7.3 Search for two near mass-degenerate states

Because of the high resolution of the diphoton channel, there is some sensitivity to a pair of
nearby states. The analysis uses the one-Higgs search event selections but the signal model is
re-parameterized such that two mass variables, mH and mH2 = mH + Dm, refer to two similar
but independent signals. The relative strength of the two signals, parametrised by the variable
x, is allowed to float such that the two signals are modulated by rx and r(1 � x) respectively,

allowed

excluded



Measuring the scalar boson self coupling
1- Traditional method: fitting a distribution

2- Alternative: event count (more “shape-independent”)Figure 3. The visible invariant mass distribution, mvis, in pp → bb̄γγ, after all kinematic cuts
(Eqs. (3) and (4)), for the conservative (short dashed) and optimistic (long dashed) QCD back-

grounds and a SM signal of mH = 120 GeV (solid) at the LHC. The dotted and short dash-dotted
lines show the signal cross section for λHHH = λ/λSM = 0 and 2, respectively. To illustrate how

the reducible backgrounds dominate the analysis, we also show the irreducible QCD bb̄γγ back-
ground by itself (long dash-dotted). We include the NLO K-factor for the signal and a factor 1.3
for the QCD backgrounds.

normalization uncertainty of 10% for the SM signal plus background rate. We express limits
on the deviation of the Higgs self-coupling from the SM value in terms of ∆λHHH , where

∆λHHH = λHHH − 1 =
λ

λSM
− 1 . (7)

We summarize our results in Table IV. The bounds obtained using the conservative
background estimate (labeled “hi”) are 10 − 20% less stringent than those found using the
more optimistic scenario (labeled “lo”). At the SLHC, for mH = 120 GeV, a vanishing Higgs
self-coupling can be ruled out at the 90% CL. Limits for mH = 140 GeV are a factor 1.2 – 2
weaker than those for mH = 120 GeV.

It may be possible to subtract large parts of the reducible backgrounds which do not
involve charm quarks using the following technique. Due to the their large cross sections
(see Tables II and III), one can fairly accurately determine the mvis distributions of the
individual processes, Hjj, bb̄γj, bb̄jj, jjγγ, γjjj and jjjj production, imposing the same
cuts as in the HH → bb̄γγ analysis (Eqs. (3) and (4)). If the photon–jet and light jet–b
misidentification probabilities are independently measured in other processes such as prompt
photon [43] and W+ jets production, one can simply subtract these backgrounds. For the
background processes involving charm quarks, on the other hand, this procedure will be
more difficult to realize, since the smaller charm quark mass and the shorter charm lifetime
result in a charm quark tagging efficiency much lower than that for b-quarks. The columns
labeled “bgd. sub.” list the limits achievable if the non-charm reducible contributions to the

11

Baur, Plehn, Rainwater, Phys.Rev. D69 (2004) 053004

S = N �B, �S =
p
N +B

• We measure N events, and we expected B background events. 

• Assuming Gaussian distribution,                                      .

• We draw 1and 2   exclusion contours (68 % and 95 % C.L).�

• A few events in a few bins: poor statistics.

(see also Chen, Low, 1405.7040 )
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MH ⇡ 125 GeV• Single boson: Is it the SM Higgs? Need to measure its properties.

�HHH = 0.06(9.5) fb
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• HHH prod. very difficult @ HC 14 TeV LHC (200 TeV  VLHC) .

Linear Collider? TESLA TDR (hep-ph/0106315) ~ 1000 fb-1 for 20% accuracy.

• Trilinear coupling (double scalar boson production):  this talk!
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Ramsey-Musolf, No [1310.6035]; Enkhbat [1311.4445]; Heng, Shang, Zhang, Zhu [312.4260], Hespel, Lopez-Val, Vryonidou 
[1407.0281], Bhattacherkee, Choudhury [1407.6866] + many others

• Throughout the talk:                           and                         .

We want to verify it!

� = �HHH/�SM
HHH yt = gHtt̄/g

SM
Htt̄
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2 topologies, each with 2 Lorentz structures (1 and 2):

Dissecting HH cross section

⌅LO = |�1C
(1)
tri + ⇥1C

(1)
box|

2 + ⇤2
1 |C

(2)
box|

2 SM:
�1 = yt⌅

⇥1 = ⇤1 = y2t

Our fit:

• Triangle diagram subdominant due to off-shell s-channel Higgs boson.

• Minimum for                 .

• Cross section is very sensitive to actual value of     .

• Bottom loop effects 0.2 % in the SM (up to 2% for currently allowed ranges).

(MSTW2008)

yt

Goertz, Papaefstathiou,Yang, JZ (arXiv: 1301.3492)

g H

f

H

H

g

g H

f

H
g

� ⇠ 2.4 yt

⇥NLO
HH [fb] = 9.66�2y2t � 46.9�y3t + 70.1y4t +O(�yby

2
t ) .
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Final states @ 14 TeV LHC

bb̄�+��, bb̄W+W� exploit jet substructure.

bb̄bb̄ based on shower deconstruction. 

Butterworth, Davison, Rubin, Salam, 
Phys.Rev.Lett. 100 (2008) 242001 

Soper, Spannowsky, 1102.3480. 

• Benefits from new techniques in jet physics:

Baglio, Djouadi, Gröber, Mühlleitner, Quevillon, Spira:1212.5581.
Papaefstathiou, L. L. Yang, JZ, 1209.1489.

Dolan, Englert, Spannowsky, 1206.5001 

Baur, Plehn, Rainwater, Phys.Rev. D69 (2004) 053004
Ferreira de Lima, Papaefstathiou, Spannowsky:1404.7139.

Process S (600 fb

�1
) B (600 fb)

�1 ⇥
b¯b⇤+⇤� 50 104 4.5

b¯bW+W�
12 8 4.1

b¯b�� 9 11 2.4

b¯b�� 6 12.5 1.5

b¯bb¯b 50 2500 1.0

• What if we combine channels?

Goertz, Papaefstathiou, Yang, JZ, in progress

Channel Evidence Discovery

b¯b�+�� 270 fb

�1
730 fb

�1

Combination 140 fb

�1
350 fb

�1

Comb.

bb⌅�⌅

bbl⇧jj
bb⇤⇤ ⇤Baglio et al⌅
bb⇤⇤ ⇤Baur et al⌅
bbbb

Evidence

Discovery

0 200 400 600 800 1000
0

2

4

6

8

Luminosity �fb⇥1⇥

Si
gn
ifi
ca
nc
e

pp ⌃ hh, ⇧ 14 TeV LHC
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⇠ �yt ⇠ y2t

Traditional method: 
fitting a distribution

A few events in a few bins: 
poor statistics

Exploiting the ratio

• Uncertainties assumed:
                after 300/fb at 14 TeV LHC.

• Assume no further improvement beyond 300/fb (conservative).

✓
�CHH

CHH

◆2

=

 
��bb̄xx

HH

�bb̄xx
HH

!2

+

✓
�BR(xx)

BR(xx)

◆2

+

 
��bb̄

H

�bb̄
H

!2

• Combine all errors in quadrature: 

yt ⇠ 20%

h ! (⇥+⇥�,W+W�, ��) = (12, 12, 16)%

CMS collaboration,
“CMS at the High Energy Frontier” 
(Contribution to the Update of the European Strategy 
for Particle Physics, Aug 2012)

+ (“theory” errors)2.

�bb̄xx
HH ⌘ �HH ⇥ 2⇥ BR(bb̄)⇥ BR(xx)

�bb̄
H ⌘ �H ⇥ BR(bb̄)

Cexp.
HH =

�b¯bxx
HH

�b¯b
H ⇥ 2⇥BR(xx)

�����
exp.

Measured 
quantities
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CHH =
�(gg ! HH)

�(gg ! H)
⌘ �HH

�H
Djouadi, arXiv 1208.3436

• The bulk of the QCD corrections for both processes comes from real radiation from initial state 
gluons, hence we expect the ratio to be more stable against higher order corrections.

Cross section ratio

• Moreover, common systematic uncertainties will cancel out (i.e luminosity).

F. Goertz, A. Papaefstathiou, L. L. Yang, JZ (arXiv: 1301.3492)

�H

�HH

CHH

20 % (scale)

25 % (scale)

9 % (scale) 2-3% (PDF)

16 % (scale)

17 % (scale)

1.5 % (scale) 2 % (PDF)

LO NLO
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NLO
theory

idea:
from 
sensitive
observables

CHH =
�(gg ! HH)

�(gg ! H)
⌘ �HH

�H
Djouadi, arXiv 1208.3436

• The bulk of the QCD corrections for both processes comes from real radiation from initial state 
gluons, hence we expect the ratio to be more stable against higher order corrections.

Cross section ratio

• Moreover, common systematic uncertainties will cancel out (i.e luminosity).
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F. Goertz, A. Papaefstathiou, L. L. Yang, JZ (arXiv: 1301.3492)

Constraining the self-coupling

1⇥ : � 2 (0.57� 1.64)

2⇥ : � 2 (0.22� 4.70)

1⇥ : � 2 (0.54� 1.78)

2⇥ : � 2 (0.17� 4.75)

• Given an assumption for the “true” 
value of the self-coupling (        ) 
what is the constraint we can impose
on    ?�

�true

Monday, August 11, 2014

Exclusion intervals

Baur, Plehn, Rainwater, 
Phys.Rev. D69 (2004) 053004LHC:  (0.26-1.94) 

• Compare to:

ILC: (0.76-1.24) 
T. Barklow, et al, “Physics at the International Linear Collider”, 
to be published in the ILC Detailed Baseline Design Report (2012).

Naive combination,                                , gives         .

p
s = 1 TeV, 1000 fb�1

p
s = 14 TeV, 600 fb�1

p
s = 14 TeV, 3000 fb�1

Process 600 fb

�1
(2⇤) 600 fb

�1
(1⇤) 3000 fb

�1
2⇤ 3000 fb

�1
1⇤

b¯b⌅+⌅� (0.22, 4.70) (0.57, 1.64) (0.42, 2.13) (0.69, 1.40)

b¯bW+W�
(0.04, 4.88) (0.46, 1.95) (0.36, 4.56) (0.65, 1.46)

b¯b�� (-0.56, 5.48) (0.09, 4.83) (0.08, 4.84) (0.48, 1.87)

Table 1: The expected limits at 1⇤ and 2⇤ confidence levels, provided that ⇥true

and yt,true have their SM values: ⇥true = 1, yt,true = 1. The results have been

derived using CHH and are shown for 600 fb

�1
and 3000 fb

�1
.

(1�)

(adding 4b channel, not shown here)

±20%
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This
method:

Exclusion intervals

Baur, Plehn, Rainwater, 
Phys.Rev. D69 (2004) 053004LHC:  (0.26-1.94) 

• Compare to:

ILC: (0.76-1.24) 
T. Barklow, et al, “Physics at the International Linear Collider”, 
to be published in the ILC Detailed Baseline Design Report (2012).

Naive combination,                                , gives         .

p
s = 1 TeV, 1000 fb�1

p
s = 14 TeV, 600 fb�1

p
s = 14 TeV, 3000 fb�1

Process 600 fb

�1
(2⇤) 600 fb

�1
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�1
2⇤ 3000 fb

�1
1⇤

b¯b⌅+⌅� (0.22, 4.70) (0.57, 1.64) (0.42, 2.13) (0.69, 1.40)

b¯bW+W�
(0.04, 4.88) (0.46, 1.95) (0.36, 4.56) (0.65, 1.46)

b¯b�� (-0.56, 5.48) (0.09, 4.83) (0.08, 4.84) (0.48, 1.87)

Table 1: The expected limits at 1⇤ and 2⇤ confidence levels, provided that ⇥true

and yt,true have their SM values: ⇥true = 1, yt,true = 1. The results have been

derived using CHH and are shown for 600 fb

�1
and 3000 fb

�1
.

(1�)

(adding 4b channel, not shown here)

±20%
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“Traditional”
method:



Measuring the scalar boson self coupling
1- Traditional method: fitting a distribution

2- Alternative: event count (more “shape-independent”)Figure 3. The visible invariant mass distribution, mvis, in pp → bb̄γγ, after all kinematic cuts
(Eqs. (3) and (4)), for the conservative (short dashed) and optimistic (long dashed) QCD back-

grounds and a SM signal of mH = 120 GeV (solid) at the LHC. The dotted and short dash-dotted
lines show the signal cross section for λHHH = λ/λSM = 0 and 2, respectively. To illustrate how

the reducible backgrounds dominate the analysis, we also show the irreducible QCD bb̄γγ back-
ground by itself (long dash-dotted). We include the NLO K-factor for the signal and a factor 1.3
for the QCD backgrounds.

normalization uncertainty of 10% for the SM signal plus background rate. We express limits
on the deviation of the Higgs self-coupling from the SM value in terms of ∆λHHH , where

∆λHHH = λHHH − 1 =
λ

λSM
− 1 . (7)

We summarize our results in Table IV. The bounds obtained using the conservative
background estimate (labeled “hi”) are 10 − 20% less stringent than those found using the
more optimistic scenario (labeled “lo”). At the SLHC, for mH = 120 GeV, a vanishing Higgs
self-coupling can be ruled out at the 90% CL. Limits for mH = 140 GeV are a factor 1.2 – 2
weaker than those for mH = 120 GeV.

It may be possible to subtract large parts of the reducible backgrounds which do not
involve charm quarks using the following technique. Due to the their large cross sections
(see Tables II and III), one can fairly accurately determine the mvis distributions of the
individual processes, Hjj, bb̄γj, bb̄jj, jjγγ, γjjj and jjjj production, imposing the same
cuts as in the HH → bb̄γγ analysis (Eqs. (3) and (4)). If the photon–jet and light jet–b
misidentification probabilities are independently measured in other processes such as prompt
photon [43] and W+ jets production, one can simply subtract these backgrounds. For the
background processes involving charm quarks, on the other hand, this procedure will be
more difficult to realize, since the smaller charm quark mass and the shorter charm lifetime
result in a charm quark tagging efficiency much lower than that for b-quarks. The columns
labeled “bgd. sub.” list the limits achievable if the non-charm reducible contributions to the

11

Baur, Plehn, Rainwater, Phys.Rev. D69 (2004) 053004

S = N �B, �S =
p
N +B

• We measure N events, and we expected B background events. 

• Assuming Gaussian distribution,                                      .

• We draw 1and 2   exclusion contours (68 % and 95 % C.L).�

• A few events in a few bins: poor statistics.

(see also Chen, Low, 1405.7040 )
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Digresion.
Fun remark:

(and an instance
of bad choice
of example
as illustration of 
a valuable new
idea:
BG&Trott 
PRD 76, 073002 (2007))

Tougher for larger coupling!

On the other hand
At large enough coupling
higgs mediated Yukawa potential
binds hh into “higgsinium”
(hissonium?)

This is little understood:
1. is binding time shorter than lifetime
2. search phenomenology

Future
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Where to look is informed by ... precision physics: EWPD [Max Baak]

The minimal (1HDM) Electroweak Standard Model 
is in FINE SHAPE!

Even at high precision, which requires theory to NNLO!!

Fit is overconstrained. With 125GeV resonance as Higgs, 
all parameters known precisely.

Max Baak (CERN) 

Electroweak Fit – Experimental inputs 

"  Latest experimental inputs: 
•  Z-pole observables: from LEP / SLC 

[ADLO+SLD, Phys. Rept. 427, 257 (2006)] 

•  MW and ΓW from LEP/Tevatron  
[arXiv:1204.0042, arXiv:1302.3415] 

•  mtop latest avg from Tevatron+LHC  
[arXiv:1403.4427] 

•  mc, mb world averages (PDG)  
[PDG, J. Phys. G33,1 (2006)] 

•  Δαhad
(5)(MZ

2) including αS dependency   
[Davier et al., EPJC 71, 1515 (2011)] 

•  MH from LHC  
[arXiv:1406.3827, CMS-PAS-HIG-14-009] 

"  7 (+10) free fit parameters: 
•  MH, MZ, αS(MZ

2), Δαhad
(5)(MZ

2),   
mt, mc, mb 

•  10 theory nuisance parameters 
-  e.g. δMW (4 MeV), δsin2θl

eff (4.7x10-5) 

9 

Tevatron 
 + LHC 

Tevatron 

LHC 

LEP 

SLC 

LEP 

SLC 

The electroweak fit at NNLO – Status and Prospects 

Fit Inputs

Max Baak (CERN) 

Electroweak Fit – Experimental inputs 

"  Latest experimental inputs: 
•  Z-pole observables: from LEP / SLC 

[ADLO+SLD, Phys. Rept. 427, 257 (2006)] 

•  MW and ΓW from LEP/Tevatron  
[arXiv:1204.0042, arXiv:1302.3415] 

•  mtop latest avg from Tevatron+LHC  
[arXiv:1403.4427] 

•  mc, mb world averages (PDG)  
[PDG, J. Phys. G33,1 (2006)] 

•  Δαhad
(5)(MZ

2) including αS dependency   
[Davier et al., EPJC 71, 1515 (2011)] 

•  MH from LHC  
[arXiv:1406.3827, CMS-PAS-HIG-14-009] 

"  7 (+10) free fit parameters: 
•  MH, MZ, αS(MZ

2), Δαhad
(5)(MZ

2),   
mt, mc, mb 

•  10 theory nuisance parameters 
-  e.g. δMW (4 MeV), δsin2θl

eff (4.7x10-5) 

9 

Tevatron 
 + LHC 

Tevatron 

LHC 

LEP 

SLC 

LEP 

SLC 

The electroweak fit at NNLO – Status and Prospects 



Max Baak (CERN) 

Electroweak Fit – SM Fit Results 

10 

"  Results drawn as pull values:  
→ deviations to the  
indirect determinations,  
divided by total error. 

"  Total error:  
error of direct measurement plus 
error from indirect determination.  

"  Black: direct measurement (data) 
"  Orange: full fit  
"  Light-blue: fit excluding  

input from the row 
 
"  The prediction (light blue) is often 

more precise than the 
measurement! 

The electroweak fit at NNLO – Status and Prospects 
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input from the row 
 
"  The prediction (light blue) is often 

more precise than the 
measurement! 

The electroweak fit at NNLO – Status and Prospects 

Max Baak (CERN) 

Electroweak Fit – SM Fit Results 
"  No individual value exceeds 3σ 

"  Largest deviations in b-sector: 
A0,b

FB with 2.5σ 
•  # largest contribution to χ2 

"  Small pulls for MH, MZ, Δαhad
(5)(MZ

2),  
mc, mb indicate that input accuracies  
exceed fit requirements 

"  Goodness of fit – p-value: 
•  χ2

min= 17.8 # Prob(χ2
min, 14) = 21% 

•  Pseudo experiments: 21 ± 2 (theo) % 

"  Only small changes from switching 
between 1 and 2-loop calc. for partial 
Z widths and small MW correction. 

•  χ2
min(1-loop Z width) = 18.0 

•  χ2
min(no MW correction) = 17.4 

•  χ2
min(no extra theory errors) = 18.2 

12 The electroweak fit at NNLO – Status and Prospects 

[Max Baak]



LHC/Tevatron should test for asymmetry (charge/FB) in Z → bb
The Tevatron anomaly in AFB in Z → tt  is not completely resolved. 

4

Case SM GF Relevant Interaction Ref.

G0 (8, 1)0 (1,1,1) ga
�
ŪR /G0 UR + D̄R /G0 DR � Q̄L /G0 QL

�
[36, 37]

� (1, 2)1/2 (3, 1, 3̄) �
�
�0 t̄L Vtb uR + �� b̄L uR

�
+ h.c. [38]

V (1, 1)0 (1,1,8) ⌘ V a
µ

�
Q̄i

L �µ (T a)ji QLj

�
[39, 40]

TABLE II: The gauge and flavor representations for the models under consideration.
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MG'=200 GeV, ga=0.434
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FIG. 1: Predictions for the binned Att̄
FB and Abb̄

FB are shown in the left and right columns. The top,
middle, and bottom rows are the axigluon, weak scalar doublet, and flavor symmetric vector

respectively. Shown in orange are the SM predictions. Shown in black are CDF’s measurements
including error bars [3] and expected sensitivities [7] for Att̄

FB and Abb̄
FB respectively.
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flavor octet neutral vector

axigluon

Tevatron, binned (with cuts).
SM in orange. 
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DIGRESSION

Fate of the Universe

[Martin Holthausen]Vacuum Decay?

12
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Universe can decay through potential barrier! 
Quantum (not thermal) fluctuations! 

Lifetime of the universe should be larger than age of the universe!

State of the art 

18

120 122 124 126 128 130 132
168

170

172

174

176

178

180

MH HGeVL

M
tHGe

V
L

Figure 1: Standard Model electroweak vacuum stability phase diagram in Mt�MH plane. The
colouring shows regions of EW vacuum instability (red), metastability (yellow) and stability
(green). The ellipses are centred at the experimentally determined central values of Mt and MH

and show the 1, 2, 3 & 4-� error bands. The shaded regions between the dashed lines indicate
the 1-� bands in the determination of the maximum Mt allowed for metastability (upper set of
lines) and absolute stability (lower set of lines).

RGEs in this scheme. Following that we perform the extrapolation of � and related couplings

up to the Planck scale and derive bounds on the physical inputs based on the requirement of

absolute stability of the electroweak vacuum in section 4. Finally, in section 5 we will discuss

the physical implications of our findings, particularly those for inflationary cosmology and the

consequences for new physics.

2 Mass-dependent vs. mass-independent renormalisa-
tion schemes

Given an arbitrary field theory the first task at hand is to compute the Green’s functions. Going

beyond tree-level, one encounters divergent loop diagrams which are rendered finite through a

choice of subtraction scheme.

In the case of an unphysical renormalisation scheme, one is purely interested in finiteness of

the Greens functions, which is achieved by removing any divergent terms, and possibly some

renormalisation scale, µ, independent constants. Since the counterterms only contains poles

and constants, the resulting �-functions take a simple mass and µ independent form, as is the

case for the most commonly used mass-independent schemes, MS and DR. However, we now

find that massive particles do not decouple from the running of couplings. This is an artifact of

3

Spencer-Smith, 2014 
!

mass depend ren.  
!

SM is probably meta-stable 
!

claim 3.5 sigma 
!

optimistic theoretical errors 
!

• most important factor:  
determination of  

MS bar top Yukawa 

NNLO:
2-loop matching
3-loop running

Caveat:
top-mass
uncertainty

[Hiroshi Yokoya]
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Big assumption:
NO NEW PHYSICS

Vacuum Decay

15

• Situation analogous to 
superheated liquid 
!

• diff. decay rate 
 
 
!

• classical bounce action 
 
!

• scale R of bounce determined by 
maximal scale breaking effect 

• qm running of couplings 
• maximize 
!

• gravitational contributions 
irrelevant as long as 
[Isidori et al. 2008]  
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Figure 7: Left: The probability that electroweak vacuum decay happened in our past light-cone,
taking into account the expansion of the universe. Right: The life-time of the electroweak
vacuum, with two di↵erent assumptions for future cosmology: universes dominated by the cos-
mological constant (⇤CDM) or by dark matter (CDM).

Note that ��(⇤I) is negative in the SM.
Figure 6 shows the SM phase diagram in terms of the parameters �(MPl) and m(MPl). The

sign of each one of these parameters corresponds to di↵erent phases of the theory, such that
�(MPl) = m(MPl) = 0 is a tri-critical point.

The region denoted by ‘hhi ⇡ MPl’ corresponds to the case in which eq. (74) is not satisfied
and there is no SM-like vacuum, while the Higgs field slides to large values. In the region of
practical interest, the upper limit on m is rather far from its actual physical value m = Mh,
although it is much stronger than MPl, the ultimate ultraviolet cuto↵ of the SM. A much more
stringent bound on m can be derived from anthropic considerations [126] and the corresponding
band in parameter space is shown in fig. 6. We find it remarkable that the simple request of the
existence of a non-trivial Higgs vacuum, without any reference to naturalness considerations,
gives a bound on the Higgs bilinear parameter m. Unfortunately, for the physical value of �,
the actual numerical value of the upper bound is not of great practical importance.

6.3 Lifetime of the SM vacuum

The measured values of Mh and Mt indicate that the SM Higgs vacuum is not the true vacuum
of the theory and that our universe is potentially unstable. The rate of quantum tunnelling out
of the EW vacuum is given by the probability d}/dV dt of nucleating a bubble of true vacuum
within a space volume dV and time interval dt [127–129]

d} = dt dV ⇤4
B e�S(⇤B) . (75)

28

In eq. (75), S(⇤B) is the action of the bounce of size R = ⇤�1
B , given by

S(⇤B) =
8⇡2

3|�(⇤B)| . (76)

At the classical level, the Higgs theory with only quartic coupling is scale-invariant and the
size of the bounce ⇤�1

B is arbitrary. The RG flow breaks scale invariance and the tree level
action gets replaced by the one-loop action, as calculated in ref. [24]. Then, ⇤B is determined
as the scale at which ⇤4

Be
�S(⇤B) is maximised. In practice this roughly amounts to minimising

�(⇤B), which corresponds to the condition ��(⇤B) = 0. As long as ⇤B ⌧ MPl, gravitational
e↵ects are irrelevant, since corrections to the action in minimal Einstein gravity are given
by �SG = 256⇡3⇤2

B/45|�|M2
Pl [104]. The e↵ect of gravitational corrections is to slow down the

tunnelling rate [130]. Whenever ⇤B > MPl, one can only obtain a lower bound on the tunnelling
probability by setting �(⇤B) = �(MPl). For the physical values of Mh and Mt, our results are
fairly insensitive to Planckian dynamics.

The total probability } for vacuum decay to have occurred during the history of the universe
can be computed by integrating eq. (75) over the space-time volume of our past light-cone,

Z
dt dV =

Z t0

0

dt

Z

|x|<a(⌘0�⌘)

d3x =
4⇡

3

Z ⌘0

0

d⌘ a4(⌘0 � ⌘)3 ⇡ 0.15

H4
0

. (77)

Here a is the scale factor, ⌘ is conformal time (d⌘/dt = 1/a), ⌘0 ⇡ 3.4/H0 is the present
conformal time and H0 ⇡ 67.4 km/sec Mpc is the present Hubble rate. Equation (77) roughly
amounts to saying that the ‘radius’ of the universe is given by cTU , where TU ⇡ 0.96/H0 is the
present age. The present value of the vacuum-decay probability } is

}0 = 0.15
⇤4

B

H4
0

e�S(⇤B) , (78)

and is dominated by late times and this makes our result more robust, since it is independent of
the early cosmological history. In fig. 7a we plot, as a function of the top mass, the probability
}0 that the EW vacuum had decayed during the past history of the universe. We find that the
probability is spectacularly small, as a consequence of the proximity of the SM parameters to
the boundary with the region of absolute stability.

The lifetime of the present EW vacuum ⌧EW depends on the future cosmological history. If
dark energy shuts o↵ and the future universe is matter dominated, the space-time volume of
the past light-cone at time t0 is given by

Z
dt dV =

4⇡

3

Z ⌘0

0

d⌘ a4(⌘0 � ⌘)3 =
16 ⇡

1485H4
0

. (79)

Here H0 is the Hubble parameter at time t0, and we have performed the integral using the
relations a1/2 = H0⌘/2 = (3H0t/2)1/3 and t0 = 2/(3H0), valid in a matter-dominated flat
universe. The lifetime ⌧EW is given by the time at which } = 1:

⌧EW =

✓
55

3⇡

◆1/4
eS(⇤B)/4

⇤B

⇡ TU

}
1/4
0

(Matter Domination), (80)
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• to get decay rate, one has to 
integrate over history of the universe 

• integration over past dominated by 
recent past ->robust 

• integration over future depends on 
dark energy
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Figure 7: Left: The probability that electroweak vacuum decay happened in our past light-cone,
taking into account the expansion of the universe. Right: The life-time of the electroweak
vacuum, with two di↵erent assumptions for future cosmology: universes dominated by the cos-
mological constant (⇤CDM) or by dark matter (CDM).

Note that ��(⇤I) is negative in the SM.
Figure 6 shows the SM phase diagram in terms of the parameters �(MPl) and m(MPl). The

sign of each one of these parameters corresponds to di↵erent phases of the theory, such that
�(MPl) = m(MPl) = 0 is a tri-critical point.

The region denoted by ‘hhi ⇡ MPl’ corresponds to the case in which eq. (74) is not satisfied
and there is no SM-like vacuum, while the Higgs field slides to large values. In the region of
practical interest, the upper limit on m is rather far from its actual physical value m = Mh,
although it is much stronger than MPl, the ultimate ultraviolet cuto↵ of the SM. A much more
stringent bound on m can be derived from anthropic considerations [126] and the corresponding
band in parameter space is shown in fig. 6. We find it remarkable that the simple request of the
existence of a non-trivial Higgs vacuum, without any reference to naturalness considerations,
gives a bound on the Higgs bilinear parameter m. Unfortunately, for the physical value of �,
the actual numerical value of the upper bound is not of great practical importance.

6.3 Lifetime of the SM vacuum

The measured values of Mh and Mt indicate that the SM Higgs vacuum is not the true vacuum
of the theory and that our universe is potentially unstable. The rate of quantum tunnelling out
of the EW vacuum is given by the probability d}/dV dt of nucleating a bubble of true vacuum
within a space volume dV and time interval dt [127–129]

d} = dt dV ⇤4
B e�S(⇤B) . (75)
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• no reason to worry about vacuum decay 
from a practical point of view 

!
• interesting question: is the SM stable, meta-

stable or what?

[Buttazzo 
et al. 13]

metastable

stable

short-lived

Many have suggested 
classical scale invariance
at Planck Scale.



Where to look is informed by ... precision physics: Flavor



Where to look is informed by ... precision physics: Flavor

Agh!! A killer! 

Flavor suggests, GENERICALLY,
  no NP anywhere we are looking

nor anywhere we are likely to look
in the foreseeable future



Flavor Structure in the SM and Beyond

�
U

V
[T
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]

101
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Generic bounds without a flavor symmetry

G. D’Ambrosio et al. / Nuclear Physics B 645 (2002) 155–187 163

Table 1

Bounds on MFV operators. The SM is extended by adding minimally flavour-violating dimension-six operators

with coefficient ±1/Λ2 (+ or − denote their constructive or destructive interference with the SM amplitude).

Here we report the bounds at 99% CL on Λ, in TeV, for the single operator (in the most representative cases).

Fine-tuned scenarios with small Λ, such that new physics flips the sign of the SM amplitude are not reported (see

text). The ∗ signals the cases where a significant increase in sensitivity is expected in the near future
Minimally flavour-violating Main observables Λ [TeV]

dimension-six operator − +
O0 = 1

2

(#QLλFCγµQL
)2

ϵK , %mBd
6.4 5.0

OF1 = H †
(#DRλdλFCσµνQL

)
Fµν B → Xsγ 9.3 12.4

OG1 = H †
(#DRλdλFCσµνT

aQL
)
Ga

µν B → Xsγ 2.6 3.5

Oℓ1 = (#QLλFCγµQL
)(#LLγµLL

)
B → (X)ℓℓ̄, K → πνν̄, (π)ℓℓ̄ 3.1 2.7 ∗

Oℓ2 = (#QLλFCγµτ
aQL

)(#LLγµτ
aLL

)
B → (X)ℓℓ̄, K → πνν̄, (π)ℓℓ̄ 3.4 3.0 ∗

OH1 = (#QLλFCγµQL
)(

H †iDµH
)

B → (X)ℓℓ̄, K → πνν̄, (π)ℓℓ̄ 1.6 1.6 ∗
Oq5 =

(#QLλFCγµQL
)(#DRγµDR

)
B → Kπ , ϵ′/ϵ, . . . ∼ 1

elements of%S = 2 and%B = 2 operators are the main limiting factor.2 Even withO(1%)
experimental uncertainties on aCPΨK and %MBd /%MBs , the %F = 2 bounds on Λ will

remain below 10 TeV as long as the theoretical errors on the matrix elements will remain

above 10%. The constraint from |Vub/Vcb| (circle centered on the origin) around the best fit
regions is consistent and tangent to the constraint from aCPΨK (rays originating from ρ̄ = 1),

and therefore has little impact in the global fit.

4.2. B → Xsγ

The inclusive rare decay B → Xsγ provides, at present, the most stringent bound

on the effective scale of the new FCNC operators. Taking into account the new precise

measurements reported by CLEO [9], Belle [10], and Babar [11] the world average is

(27)B(B → Xsγ ) = (3.46± 0.34) × 10−4,

to be compared with the SM expectation [12]3

(28)B(B → Xsγ )SM = (3.73± 0.30) × 10−4.

As is well known, NLO QCD corrections play a rather important role in this process.

For this reason, we will assume that δC7γ ,8G, defined in Eq. (16), describe the deviations

of CNLO7γ ,8G(M2
W) from their SM values, although this is formally not correct since QCD

corrections to the new effective operators have not been included. The full NLO expression

2 In the global fit of Fig. 1 we use only the statistical error quoted in Ref. [5] for the hadronic parameters fB

and BB,K measured on the lattice (see Table 2). Doubling the errors, to take into account possible systematic

effects, would not qualitatively modify the fit and, in particular, would weaken the bounds on the scale Λ of O0
at most by 30%.
3 We adopt the theoretical error of Ref. [12], which we consider as a reasonable estimate. Doubling the

theoretical error would weaken the bounds on the scale Λ that suppresses the b → sγ operators by about 20%.

Generic  EFT bounds

 EFT bounds with flavor alignment (Minimal Flavor Violation)

From G. D’Ambrosio et al. NPB 645 (2002) 155–187, outdated (sorry no time to find update)



There is hope: with MFV and weak coupling, and assuming NP only through loops
1

⇤2
UV

⇠ g2

16⇡2M2
NP

MNP ⇠ g⇤UV

4⇡
=

⇣ g

0.3

⌘✓
⇤UV

10 TeV

◆
= 240 GeV

This is much like in any SUSY-model with flavor-blind SUSY breaking (eg, gauge mediation).
(This is why flavor-blind SUSY breaking is a must).
And even then:

 Flavour Probes                                        George W.S. Hou (NTU)                LHC & beyon @ Quy  Nhơn, 8/2014    6  

 Evolution of the B0 →  μ+μ− “Straub plot” 

(series of Moriond talks) 

Disappointment: No New Physics 

Another Nail in 
the … for MSSM 

[George Hou]Note: if Bd → µµ is high, SM4 and MSSM-LL favored
(MSSM-LL is Hall and Murayama’s all left handed currents in Phys. Rev. Lett. 75 (1995) 3985)



This suggests (at least SM4) to test Unitarity Triangle more precisely.

Already impressive:

Ulrik Egede13 Aug  2014 9/27

http://ckmfitter.in2p3.fr/

Unitarity of CKM matrix

The SM requires that many different fits to the unitary 

triangle all result in the same apex

● If not, there are additional amplitudes coming from NP

● Largest uncertainties are coming from left side (|V
ub

|/|V
cb

|) 

and the angle γ

Unitarity



How to improve?

Ulrik Egede13 Aug  2014 10/27

Unitarity of CKM matrix

The SM requires that many different fits to the unitary 

triangle all result in the same apex

● If not, there are additional amplitudes coming from NP

● Largest uncertainties are coming from left side (|V
ub

|/|V
cb

|) 

and the angle γ

Unitarity

[Ulrik Egede]

• Angle γ : Best in
Statistical reach for Belle-II is 2 degrees, for LHCb 1degree.

• Vub is theory limited, at the moment 

B� ! D0(D̄0)K� followed by D0(D̄0) ! K+⇡�,K+⇡�⇡0, . . .

Ulrik Egede13 Aug  2014 15/27

The need to resolve the problem with |V
ub

|

The measurement of |V
ub

| hides and internal 

inconsistency between

● Exclusive measurement: B0→π- μ+ υ

● Inclusive measurement  : B0/B+→X
u
 μ+ υ

Inclusive

Exclusive

Unitarity
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Ulrik Egede13 Aug  2014 17/27

Unitarity of CKM matrix

Left side (|V
ub

|/|V
cb

|) and the angle γ will be precision 

measurements in the future

γ

|V
ub

|

Unitarity

If a 1% determination in both is reached:

Need alternate methods for Vub: 

Ulrik Egede13 Aug  2014 16/27

The need to resolve the problem with |V
ub

|

● Is internal inconsistency a sign of NP ...

● or just indicating that we do not fully understand QCD?

● More independent measurements required

● Λ
b
 → p µ- ν

● In progress with LHCb – rely on new Λ
b
 → p form factors from 

lattice

● B+ → τ+ ν

● At the moment statistics limited, Belle-II will much improve

● Inclusive measurement

● Large gain in hadron tagged sample with Belle-II

● B
c
+ → D0 µ+ ν

● Possible at LHCb or LHCb upgrade. Interesting?

● |V
ub

| at a few percent level will be possible

Unitarity

[Ulrik Egede]

Several other are discussed (including double ratios)



Where to look is informed by ... QED, ...

No talks here. But should not forget, for example,  g-2

aµ ⇠
⇣mµ

⇤

⌘2
) ⇤ ⇠ 10 TeV just as in Flavor Physics!

So we already know, for weakly coupled, radiative (loop) process MNP & 250 GeV



Heidelberg 
University!

Photons coming through the wall! 

•  It could be Axion(-like particle)s! 

•  Coupling to two photons: 

a a 

Speaking of QED, can you shine light through a wall? [J. Jaeckel]

Heidelberg 
University!

Photons coming through the wall! 

•  It could be Axion(-like particle)s! 

•  Coupling to two photons: 

a a 

ANS: Yes! Caveat: you have to have 
a coupling to axions.

Heidelberg 
University!

Small coupling, small mass 

Axion band 

¼0 

mass/energy 

W
ea

ke
r 

in
te

ra
ct

io
n 

ALPS II 

And what if axions are the DM? Heidelberg 
University!

Use a plentiful source of axions 
•  Photon Regeneration 

axion 
(dark matter) 

Photon  
(amplified in resonator) 

Heidelberg 
University!

An extremely sensitive probe!!! 



Of course, LHC experiments also place bounds on DM pair production

Limits on Dark Matter 

26 March 2014 Moriond QCD 13 

Note that ATLAS is D9 while CMS is D8.  ATLAS D8 
limits are weaker than D9.  For monojet, at 7 TeV, D9 is 
8E-42, D8 is 1E-40 for 10 GeV wimp. 
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Note that ATLAS is D9 while CMS is D8.  ATLAS D8 
limits are weaker than D9.  For monojet, at 7 TeV, D9 is 
8E-42, D8 is 1E-40 for 10 GeV wimp. 

(taken from Sarah Eno, Moriond 2014)



We would like a roadmap to further discoveries

How we look is informed by

• Computation of signal & background
• New Observables
• New Techniques
• New Tests
• ? (what am I missing)

Where to look is informed by

• Precision physics
• EWPD
• Flavor
• QED, ...
• ? (what am I missing?)

• Theoretical Prejudice
• EFT
• Models

• Anomaly driven
• Principled



Theoretical Prejudice? • Theoretical Prejudice
• EFT
• Models

• Anomaly driven
• Principled

EFT: 
• How can this be wrong?
• It can’t be wrong if it contains all particles m < Λ
• It can place very strong bounds on  C/Λ, with C = dimensionless coefficient
• BUT, We can keep Λ TeVish by making C small, if necessary
• We can then find “principled reasons” for the smallness of C

• Example: Minimal Flavor Violation, brings Λ down from 10,000 TeV to 10 TeV

• How can this be useful?
• Suggests NP has to satisfy the “principled reasons” that keep C small

• BUT, only “suggests.” 
• Examples exist of non-MFV TeVish physics that is not inconsistent with Flavor

• Gives correlated deviations from SM
• Many processes from same small set of operators (and their coefficients)
• Violations to these determine scale of NP (requires establishing deviation!), as in

A =
1

⇤
X +

1

⇤2
Y

B =
1

⇤
X +

1

⇤2
Z

correlationobservables correlation
 breakdown

Caveats:
• Scale of NP must be not too large, not too 

small (like Goldie Locks’s soup, just right)
• Coefficients of X, Y/Z may be anomalously

small/large



Digression

Many times in this conference: what precision?

Often answered 1% is 𝛬NP ∼ 1 TeV (will call 𝛬NP just 𝛬 below)

This is back-of-the-envelope EFT.

And wrong!

To SM operator with coupling g add operator with additional H2/𝛬2 and coefficient C:

�g ⇠ C
v2

⇤2
) ⇤ ⇠

s
C

�g
v =

s
C

g

vp
�g/g

So for 1% errors

⇤ ⇠ 2.5 TeV

s
C

g
SAME DAMNED BOUND AS FROM
aligned-FLAVOR AND QED!!!!

But what if  g is small, as in hbb coupling? ⇤hµµ ⇠ 250 TeV
p

Chµµ⇤hbb ⇠ 25 TeV
p

Chbb

(Similar to flavor)



Theoretical Prejudice? • Theoretical Prejudice
• EFT
• Models

• Anomaly driven
• Principled

Anomaly Driven Models: 
• How can this be wrong?

• Anomaly disappears
• High-Y
• ζ(8.3)
• mid-80s monojets
• Simpson’s 17 keV neutrino
• ...

• How can this be useful?
• Gives idea of plausibility
• Challenges theorists to break with orthodoxy
• Pushes principled models into unchartered regions of parameter space

[Andrey Tayduganov]

Motivation

The BABAR results [arXiv:1205.5442],

R(D)exp =0.440 ± 0.058 ± 0.042 , R(D)SM = 0.297 ± 0.017 ,

R(D⇤)exp =0.332 ± 0.024 ± 0.018 , R(D⇤)SM = 0.252 ± 0.003 ,

disagree with the SM at the 3.4 � level (combining with Belle result, we obtain 3.5 �).
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Figure 1: Values of R(D(�)) and its total uncertainties.

Table 1: Previous measurements of B ! D(�)⌧�⌫⌧ . � is the total significance of the signal yield. Belle 2007 and
2010 measured B(B ! D(�)⌧�⌫⌧ ) instead of R(D(�)), so B(B ! D(�)��⌫⌧ ) values found in ? were used to calculate
R(D(�)).

Belle, 2007 BABAR, 2008 Belle, 2010

535M BB pairs 232M BB pairs 657M BB pairs

Mode Events �(�) Events �(�) Events �(�)

B ! D⌧�⌫⌧ — — 67 ± 19 3.6 146 ± 42 3.5

B ! D�⌧�⌫⌧ 60 ± 12 5.2 101 ± 19 6.2 446 ± 57 8.1

R(D) =

�
0.440 ± 0.072 BABAR

0.297 ± 0.017 SM
(1)

R(D�) =

�
0.332 ± 0.030 BABAR

0.252 ± 0.003 SM
(2)

R(D)0.2 0.4 0.6

R
(D

*)

0.3

0.4

SM

m 1
m 2
m 3
m 4
m 5 R(D) and R(D*) 

not independent

-27% correlation

[BABAR(’13), arXiv:1303.0571]
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Introduction

SM

bL cL

q

B D(⇤)

W

`L

⌫L

+

NP

bR(L)

cL(R)

q

B D(⇤)

H�

`R

⌫L

Tree-level (TL) process. Large B(SM) ⇠ (1 � 2)%.
TL processes can be sensitive to NP as well as FCNCs.

e.g. sensitive to the charged Higgs (2HDM).

B-decays with ⌧ in the final state offer possibilities to study NP effects not
present in processes with light leptons.
Hadronic uncertainties better controlled (or can be!).
Popular NP test via

R(D) =
B(B ! D⌧⌫⌧ )
B(B ! D`⌫`)

, R(D⇤) =
B(B ! D⇤⌧⌫⌧ )
B(B ! D⇤`⌫`)

(` = e, µ)

in order to cancel/reduce theoretical uncertainties in Vcb/FFs.
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B ! D⌧�⌫⌧ — — 67 ± 19 3.6 146 ± 42 3.5
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R(D) =

�
0.440 ± 0.072 BABAR

0.297 ± 0.017 SM
(1)

R(D�) =

�
0.332 ± 0.030 BABAR

0.252 ± 0.003 SM
(2)

R(D)0.2 0.4 0.6

R(
D

*)

0.3

0.4

SM

m 1
m 2
m 3
m 4
m 5 R(D) and R(D*) 

not independent

-27% correlation

[BABAR(’13), arXiv:1303.0571]

2HDM-II

EXCLU
DED

at
99

.8%
C.L.

c�BAB
AR

2HDM-III ?

Leptoquarks ?

/R MSSM ?

smth else ?

A. Tayduganov @Rencontres du Vietnam 2014 B ! D(⇤)⌧⌫ in various NP models 4 / 14

✔ ︎

✔ ︎
✗  B → Xνν



Theoretical Prejudice? • Theoretical Prejudice
• EFT
• Models

• Anomaly driven
• Principled

Principled Models: 
• How can this be wrong?
• At most one is correct!

(I resist temptation to show much overused compilations of bounds on models ATLAS/CMS)

• How can this be useful?

• Keeps us entertained
• Keeps us busy
• Keeps us employed
• ...

• New particles: Suggest signatures
(many HEX talks this conference)

• Low energies: Suggest further correlations
• Suggest observables (eg, black hole searches)



Theoretical Prejudice?

Principles

Big Questions



The two faces of Principles

Principles are cherished fundamental statements
about reality

...

but only inasmuch as they are correct in describing reality!

P and then PC symmetries were principles that are no more

Experiment constantly puts us at risk of loosing principles.

Are we comfortable giving up...

Locality
Causality
Principle of Relativity
Principle of Equivalence
...

and retain them only as emerging principles at “long” distances?

The answer is YES, but only if nature twists our arm.

(there are serious examples
of these)



Are we ready to introduce new principles?

Naturalness
Typicality 
Anthropic (mandatory?)
Complementarity
Doubly special relativity
...

[Yasunori Nomura]

Again, YES, but only if nature twists our arm. 

Theory also suggests
• String landscape

Compact (six) dimensions
ĺ huge number of vacua

• Eternal inflation
Inflation is (generically) future eternal

… Anthropic considerations mandatory (not an option)

Eternally inflating multiverse

us

ex. O(100) fields with O(10) minima each
ĺ O(10100) vacua

ĺ populate all the vacua



But in a somewhat bizarre turn of events, 
we have invented some principles (e.g., naturalness)
to guide us in theory/experiment

.... before we have any evidence to support them!

Should we be surprised if, in the end, the higgs mass seems fine tuned to high accuracy?



The aloofness of Big Questions

Only sure bet there is New Physics
(by definition!!)

Dark Matter
Accelerated Expansion of the Universe
Matter-Antimatter asymmetry in Universe
...

Big questions don’t seem to care 
at what energy we build our accelerators.

Need to look everywhere

This is not easy



Baryon asymmetry
BBN / Planck determination of η10

Planck

Incorporating ωb from
arXiv:1303.5076
(Planck 2013
Cosmological
Parameters)

J.Cline, McGill U. – p. 4

P.Ade et al, ArXiv:1303.5076 	
(Planck 2013 Cosmological Parameters)

Because of Inflation,

this cannot be initial condition.

TBAU < 1.7⇥ 1016
⇣ r

0.2

⌘1/4
GeV

BICEP2:

Fair amount of room to play.

EWBG == BG at EWPT, 

at T ≈ 100 GeV, is the 

lowest energy scale model

Astronomy & Astrophysics manuscript no. draft˙p1011 c⇧ ESO 2013

March 21, 2013

Planck 2013 results. XVI. Cosmological parameters
Planck Collaboration: P. A. R. Ade
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79

, B. Ma⇤ei
73

, D. Maino
37,53

, N. Mandolesi
52,5,35

, M. Maris
51

, D. J. Marshall
77

, P. G. Martin
9

, E. Martı́nez-González
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ABSTRACT

Abstract: This paper presents the first cosmological results based on Planck measurements of the cosmic microwave background (CMB) temper-

ature and lensing-potential power spectra. We find that the Planck spectra at high multipoles (⌃ >⌃ 40) are extremely well described by the standard

spatially-flat six-parameter �CDM cosmology with a power-law spectrum of adiabatic scalar perturbations. Within the context of this cosmology,

the Planck data determine the cosmological parameters to high precision: the angular size of the sound horizon at recombination, the physical den-

sities of baryons and cold dark matter, and the scalar spectral index are estimated to be �⇤ = (1.04147±0.00062)⇥10
�2

,⇥
b
h2 = 0.02205±0.00028,

⇥
c
h2 = 0.1199 ± 0.0027, and n

s
= 0.9603 ± 0.0073, respectively (68% errors). For this cosmology, we find a low value of the Hubble constant,

H
0
= 67.3±1.2 km s

�1

Mpc
�1

, and a high value of the matter density parameter, ⇥
m
= 0.315±0.017. These values are in tension with recent direct

measurements of H
0

and the magnitude-redshift relation for Type Ia supernovae, but are in excellent agreement with geometrical constraints from

baryon acoustic oscillation (BAO) surveys. Including curvature, we find that the Universe is consistent with spatial flatness to percent level preci-

sion using Planck CMB data alone. We use high-resolution CMB data together with Planck to provide greater control on extragalactic foreground

components in an investigation of extensions to the six-parameter �CDM model. We present selected results from a large grid of cosmological

models, using a range of additional astrophysical data sets in addition to Planck and high-resolution CMB data. None of these models are favoured

over the standard six-parameter �CDM cosmology. The deviation of the scalar spectral index from unity is insensitive to the addition of tensor

modes and to changes in the matter content of the Universe. We find a 95% upper limit of r
0.002
< 0.11 on the tensor-to-scalar ratio. There is no

evidence for additional neutrino-like relativistic particles beyond the three families of neutrinos in the standard model. Using BAO and CMB data,

we find N
e⇤ = 3.30±0.27 for the e⇤ective number of relativistic degrees of freedom, and an upper limit of 0.23 eV for the sum of neutrino masses.

Our results are in excellent agreement with big bang nucleosynthesis and the standard value of N
e⇤ = 3.046. We find no evidence for dynamical

dark energy; using BAO and CMB data, the dark energy equation of state parameter is constrained to be w = �1.13
+0.13

�0.10

. We also use the Planck
data to set limits on a possible variation of the fine-structure constant, dark matter annihilation and primordial magnetic fields. Despite the success

of the six-parameter �CDM model in describing the Planck data at high multipoles, we note that this cosmology does not provide a good fit to the

temperature power spectrum at low multipoles. The unusual shape of the spectrum in the multipole range 20
<⌃ ⌃ <⌃ 40 was seen previously in the

WMAP data and is a real feature of the primordial CMB anisotropies. The poor fit to the spectrum at low multipoles is not of decisive significance,

but is an “anomaly” in an otherwise self-consistent analysis of the Planck temperature data.
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Baryon asymmetry
BBN / Planck determination of η10

Planck
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arXiv:1303.5076
(Planck 2013
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Parameters)

J.Cline, McGill U. – p. 4

P.Ade et al, ArXiv:1303.5076 	
(Planck 2013 Cosmological Parameters)

Because of Inflation,

this cannot be initial condition.

TBAU < 1.7⇥ 1016
⇣ r

0.2

⌘1/4
GeV

BICEP2:

Fair amount of room to play.

EWBG == BG at EWPT, 

at T ≈ 100 GeV, is the 

lowest energy scale model
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ABSTRACT

Abstract: This paper presents the first cosmological results based on Planck measurements of the cosmic microwave background (CMB) temper-

ature and lensing-potential power spectra. We find that the Planck spectra at high multipoles (⌃ >⌃ 40) are extremely well described by the standard

spatially-flat six-parameter �CDM cosmology with a power-law spectrum of adiabatic scalar perturbations. Within the context of this cosmology,

the Planck data determine the cosmological parameters to high precision: the angular size of the sound horizon at recombination, the physical den-

sities of baryons and cold dark matter, and the scalar spectral index are estimated to be �⇤ = (1.04147±0.00062)⇥10
�2

,⇥
b
h2 = 0.02205±0.00028,

⇥
c
h2 = 0.1199 ± 0.0027, and n

s
= 0.9603 ± 0.0073, respectively (68% errors). For this cosmology, we find a low value of the Hubble constant,

H
0
= 67.3±1.2 km s

�1

Mpc
�1

, and a high value of the matter density parameter, ⇥
m
= 0.315±0.017. These values are in tension with recent direct

measurements of H
0

and the magnitude-redshift relation for Type Ia supernovae, but are in excellent agreement with geometrical constraints from

baryon acoustic oscillation (BAO) surveys. Including curvature, we find that the Universe is consistent with spatial flatness to percent level preci-

sion using Planck CMB data alone. We use high-resolution CMB data together with Planck to provide greater control on extragalactic foreground

components in an investigation of extensions to the six-parameter �CDM model. We present selected results from a large grid of cosmological

models, using a range of additional astrophysical data sets in addition to Planck and high-resolution CMB data. None of these models are favoured

over the standard six-parameter �CDM cosmology. The deviation of the scalar spectral index from unity is insensitive to the addition of tensor

modes and to changes in the matter content of the Universe. We find a 95% upper limit of r
0.002
< 0.11 on the tensor-to-scalar ratio. There is no

evidence for additional neutrino-like relativistic particles beyond the three families of neutrinos in the standard model. Using BAO and CMB data,

we find N
e⇤ = 3.30±0.27 for the e⇤ective number of relativistic degrees of freedom, and an upper limit of 0.23 eV for the sum of neutrino masses.

Our results are in excellent agreement with big bang nucleosynthesis and the standard value of N
e⇤ = 3.046. We find no evidence for dynamical

dark energy; using BAO and CMB data, the dark energy equation of state parameter is constrained to be w = �1.13
+0.13

�0.10

. We also use the Planck
data to set limits on a possible variation of the fine-structure constant, dark matter annihilation and primordial magnetic fields. Despite the success

of the six-parameter �CDM model in describing the Planck data at high multipoles, we note that this cosmology does not provide a good fit to the

temperature power spectrum at low multipoles. The unusual shape of the spectrum in the multipole range 20
<⌃ ⌃ <⌃ 40 was seen previously in the

WMAP data and is a real feature of the primordial CMB anisotropies. The poor fit to the spectrum at low multipoles is not of decisive significance,

but is an “anomaly” in an otherwise self-consistent analysis of the Planck temperature data.

Key words. Cosmology: observations – Cosmology: theory – cosmic microwave background – cosmological parameters

1

[Kimmo Kainulainen]So, for example...  what is the scale of baryogenesis? MSSM, latest results on PT strength

M.Carena, G.ardini, M.Quiros & C.Wagner, NPB812 (2009) 243
(Re)opening a BAU window in MSSM

RGE-improved potential: models 

metastable against color breaking

M.Carena, G.Nardini, M.Quiros & C.Wagner, NPB812 (2013) 243

Tension with light stop-enhanced gg-fusion Higgs 
production ...  needs to be  balanced by an invisible 
DW to light neutralinos (<60GeV) …

LHC:

mh  127 GeV, mt̃R  120 GeV

Still, looks awkward at best.  
Probably, or not working. 

Rummukainen Nardini and Laine ...
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2-loop

lattice

Figure 8: Comparison of perturbative and lattice results for the properties of the phase transition

(here v(T ∗) refers, strictly speaking, to different quantities on the two sides; cf. sec. 4.2).

volume we cite a conservative but unprecise estimate of the error:

σ

(T ∗
c )

3
= 0.035 ± 0.005 . (3.9)

4. Comparison with perturbation theory

With a view of learning about generic features of the dynamics of the theory, probably appli-

cable also to other parameter values than the very ones considered here but nevertheless close

to mh ≃ 126 GeV, we proceed to comparing the lattice results with those of 2-loop pertur-

bation theory within the 3d theory. We stress that since both results are based on the same

3d theory, the comparison is not jeopardized by perturbative uncertainties in dimensional

reduction and vacuum renormalization as discussed in sec. 2.1. Indeed, these ultraviolet fea-

tures play a role only in the relation of the approximate parameters (T ∗,m∗
h,m

∗
t̃R
, etc) to the

physical ones (T,mh,mt̃R
, etc). For conceptual clarity, we furthermore split the comparison

into two parts, given that some of the perturbative numbers cited are specific to Landau

gauge, in accordance with established (although not necessary) conventions of the field.

4.1. Identical observables

Two of the observables, namely the critical temperature and latent heat, have definitions

[see eq. (3.6) for the latter] that can be operatively applied both to lattice and perturbative

14

However, there is a recent lattice study:
⇣ v

Tc

⌘

latt
= 1.117(5)

⇣ v

Tc

⌘

Landau
= 0.9

mt̃R ⇡ 155 GeV

technical framework for the treatment of the light stop scenario, in the presence of a very
heavy stop, was defined by using an effective theory approach and it was subsequently

applied to the EWBG scenario in Ref. [23]. For completeness, and in order to define a
few representative updated points, we present the results of such an analysis here.

In order to properly analyze the issue of EWBG we have complemented the zero tem-

perature results with the two-loop finite temperature effective potential [12]. Light stops
may be associated with the presence of additional minima in the stop–Higgs V (t̃, h) po-

tential, and therefore the question of vacuum stability is relevant and should be considered
by a simultaneous analysis of the stop and Higgs scalar potentials. All points shown in

Fig. 1 fulfill the vacuum stability requirement 1.
For values of the heavy stop mass mQ below a few tens of TeV, the maximal Higgs

mass that can be achieved consistent with a strong first order phase transition is about

122 GeV. The main reason is that larger values of the Higgs boson mass would demand
large values of the mixing parameter Xt, for which the effective coupling ghht̃t̃ of the

lightest stop to the Higgs is suppressed, turning the electroweak phase transition too
weak. In the effective theory the coupling ghht̃t̃ is given by
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Figure 1: The window with ⟨φ(Tn)⟩/Tn ! 1 for a gluino mass M3 = 700 GeV, mQ ≤ 50TeV

(left panel) and mQ ≤ 106 TeV (right panel).

1There is an apparent loss of perturbativity in the thermal corrections to the t̃ potential associated
with the longitudinal modes of the gluon. In our work we considered that, due to their large tempera-
ture dependent masses, the terms proportional to the third power of their thermal masses in the high
temperature expansion are efficiently screened and do not lead to any relevant contribution to the t̃
potential.

4

�c

Tc
> 1

In MSSM, 
“looks awkward at best.
Probably not working.”

(RGE-improved potential metastable 
against color breaking; from LHC, 
tension with light stop-enhanced gg-
fusion Higgs production; phase transition 
may not be 1st order, or too weak; CPV 
insufficient form EDM constraints)

Y. Li et al. / Physics Letters B 673 (2009) 95–100 99

Fig. 3. The green band shows the region, in the (M1, sin φ1) plane compatible with electroweak baryogenesis. We assume that sin φ2 = 0. On the same plane, we indicate
iso-level curves at constant values for the electron (left) and for the neutron (right) EDMs. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this Letter.)

Fig. 4. The green band shows the region, in the (M2, sin φ2) plane compatible with electroweak baryogenesis. We assume that sin φ1 = 0. On the same plane, we indicate
iso-level curves at constant values for the electron (left) and for the neutron (right) EDMs. Parameter space points above the red lines are excluded by current experimental
constraints on electron and neutron EDMs. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this Letter.)

We note that the BAU-allowed bands have been obtained from
the work of Ref. [7], which included the effects of both resonantly-
enhanced chiral relaxation and CP-violating sources in the bino-
driven and wino-driven regimes for a simple, step-function wall
profile. Had we employed a more realistic profile, leading to a
somewhat smaller BAU (see, e.g., Ref. [37]), the BAU-compatible
regions in Figs. 3 and 4 would have moved to even larger values
of the CP-violating phases corresponding to larger predicted mag-
nitudes for the EDMs. In this respect, Figs. 3 and 4 give the most
optimistic expectations for the wino-driven scenario, whose viabil-
ity is clearly marginal. In contrast, the bino-driven scenario would
be still be easily compatible with the observed BAU and present
EDM limits when a more realistic profile is employed and the full
set of transport equations are solved numerically, as in Ref. [37].

Consequently, we rely here on the simpler, schematic solution as it
adequately addresses our primary point.

3. Summary and conclusions

We have presented a novel possibility for reconciling present
and prospective experimental limits on the EDMs of elementary
particles with successful EWB in the MSSM. We pointed out that
the most relevant CP violating phases for EWB are the bino phase
φ1 and the wino phase φ2. We showed that, with its impact on
EDMs suppressed by about two orders of magnitude compared to
that of the wino phase φ2, the bino phase φ1 is only weakly con-
strained by the EDM bounds, and can be of order one. Since the
bino phase by itself can generate the observed BAU in the bino-

MSSM, EDM constraints, charginos

In any case, chargino transport mechanism is clearly excluded by the 
electron EDM bound (2-loop EDMs):

  


Y.Li, S.Profumo, and M.Ramsey-Musolf,  PLB673 (2009) 95–100,

Electron EDM Neutron EDM

2013 ACME-bound:  de < 8.9 x 10-29   => �M2 < 10�3

ACME collaboration, Science 343 (2014) 6168, 269-272 
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Comparing bino- and wino-driven EWB

• Electron EDM:

Ref. point: GeV300 10, tan200GeV,|| GeV,190 GeV,95 021      AmMM EP

YL, S. Profumo, M. Ramsey-Musolf, arXiv:0811.1987
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Comparing bino- and wino-driven EWB

• Electron EDM:

Ref. point: GeV300 10, tan200GeV,|| GeV,190 GeV,95 021      AmMM EP

YL, S. Profumo, M. Ramsey-Musolf, arXiv:0811.1987

But EW baryogenesis
does not have to be
the explanation for baryogenesis.

Some other process 
(leptogenesis?)
at some other unknown scale
could be at work.
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MonoW, Z (W,Z decays hadronically)
PhysRevLett.112.041802

‣!MET > 150 GeV 

‣ At least, a CA1.2 jet with PT > 
250 GeV, |h| < 2.5, 50 < mjet < 120

‣ Reject if there are more than one 
AK0.4 jet with PT > 40 GeV, |h| < 
4.5 which is not completely 
overlapping with CA1.2
‣ Reject if events contain electron, 
photon, or muon candidates

Norraphat SRIMANOBHAS  |  Physics at LHC and beyond, Quy-Nhon 2014

mjet'in'the'control'region

Event selection

Spin0dependentSpin0independent'

[Norraphat Srimanobhas]
Likewise with DM.

WIMP “Miracle” 
      may very well be just numerology

[J. Jaeckel,Yasunori Nomura]
Axion (DM) with Planck/GUT scale fa

… attractive possibility suggested by string theory

• Solid state magnetometry

Axion DM

ĺ  time-dependent EDMs

• Cosmic (black hole) detector

Super-radiance (black hole-axion “bound state”)

e.g. Svrþek, Witten, hep-th/0605206

Budker, Graham, Ledbetter, Rajendran, Sushkov (’13)

(outside the standard “axion window”)

talk by Rajendran (’13)

Jmax/M2

M/Msolar

Gravitational wave

Arvanitaki, Dimopoulos, Dubovsky, Kaloper, March-Russell (’09)

Very Light or Heavy DM is a possibility.
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The Unknown

As we know,
There are known knowns.
There are things we know we know.
We also know
There are known unknowns.
That is to say
We know there are some things
We do not know.
But there are also unknown unknowns,
The ones we don't know
We don't know.

Donald Rumsfeld
—Feb. 12, 2002, Department of Defense news briefing



A Confession

Once in a while,
I'm standing here, doing something.
And I think,
"What in the world am I doing here?"
It's a big surprise.

Donald Rumsfeld
—May 16, 2001, interview with the New York Times
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So:

See you soon in Quy Nhon.

Thank you Organizers. 
Thank you Lydia and Amie.

And thank you Prof. and Mrs. Jean Tran Thanh Van

tạm biệt


