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aims:

•provide summary of ‘recipe’ of the 
electroweak sector of the Standard Model. 

•provide overview of status of Higgs Boson 
self-coupling measurements.*

•consider the prospects for the future.  
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* concentrate on the SM: I will only briefly mention BSM.



electroweak cooking
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• ingredients:

SU(2)⇥ U(1) gauge symmetry

+ complex doublet scalar,    �

+ potential for    : � V(�†�)



electroweak cooking, steps
• choose a minimum in a particular direction, maintaining 

U(1) invariance       symmetry breaking. 
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,!

• consider fluctuations of the 
scalar field about the minimum:

• make a gauge transformation to 
absorb the Goldstone modes into 
the gauge bosons.

� / (0, v +H)

�min. / (0, v)

• Recipe makes massive W, Z, massless photons and Higgs 
boson (H). Topped with QCD and served with fermions 
to complete the SM.  



Higgs potential
• focus on the resulting potential for the scalar field H:
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•       , the Higgs mass, has been measured in July 2012 
~125 GeV. 

• two ‘unknowns’: �

�̃

, the triple self-coupling

, the quartic self-coupling

V =
1

2
M2

HH2 + �vH3 +
�̃

4
H4.

•    , the vacuum expectation value, from the 4-fermion 
interaction at low energies ~ 246 GeV. 
v

MH

not 
measured 
directly



why should we care?

• here: regard SM as an effective theory, with the self-
couplings as per se free parameters.

• direct confirmation of the standard model relation probes 
new physics effects, e.g.

• extended Higgs sectors.

• heavy particles running in loops.

• + other higher-dimensional operators.
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• standard model prediction:                                     .�̃ = � =
M2

H

2v2
' 0.13

• + probes the general consistency of the standard model.



probing Higgs boson self-interactions

• determination of    and    : through multi-Higgs boson production 
@ colliders:

• triple coupling,   ,        Higgs pair production.

• quartic coupling,   ,       Higgs triple production.
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quartic Higgs coupling (I)
• consider triple Higgs boson production at hadron colliders,

• contributing diagrams:
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[Plehn, Rauch, hep-ph/0507321]

http://arxiv.org/abs/hep-ph/0507321
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quartic Higgs coupling (II)
• total HHH production @ LHC:

• even for VnLHC:

• AND: must know the triple coupling and top Yukawa well.
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�HHH(LHC@14 TeV) ' 0.04 fb

) extremely difficult to measure this coupling @ LHC or even 
any future hadron collider. [Plehn, Rauch, hep-ph/0507321]

(compare to:                                                )  �gg!H(LHC@14 TeV) ' 50⇥ 103 fb

�HHH(VnLHC@200 TeV) ' 10 fb

http://arxiv.org/abs/hep-ph/0507321
http://arxiv.org/abs/hep-ph/0507321


focus on triple Higgs coupling
(through HH production)
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)



 triple coupl. @ lin. colliders (I)

• at a linear collider, a few studies exist,

• based on processes such as:
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 triple coupl. @ lin. colliders (II)

• e.g. ILC [1306.6352] or TESLA TDR [hep-ph/0106315]:
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e+e� ! ZHH

with:

�(
p
S = 500 GeV) ' 0.15 fb MH ' 125 GeVfor:

(and both              )    H ! bb̄

TESLA TDR (2001): cross section with ~20% error,

and    with accuracy ~20%: at                   .�

ILC TDR (2013): cross section with ~27% error,

and    with accuracy ~44%: at                   .� 2000 fb�1

1000 fb�1 ILC discrepancy: 
‘mis-clustering of 
color-singlet groups’)

‘A new jet clustering 
algorithm is now 
being developed.’

http://arxiv.org/abs/arXiv:1306.6352
http://arxiv.org/abs/arXiv:1306.6352


 what about HH @ LHC (14 TeV)?
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first: dissection of the 
production cross section.



(LO) HH production @ LHC 
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• focus on dominant initial state: gluon-gluon fusion.

• leading order, two diagrams:

Q2 & M2

top

t, b

t, b

• effective theory (infinite top mass) insufficient:                    .

• loop calculation necessary to reproduce kinematical properties.



(LO) HH production @ LHC 
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H

H

H

H

g

gg

g

box and triangle topologies, Lorentz structures corresponding 
to spin-0 and spin-2 gg configurations. 

(couplings normalized to SM)

t, b
t, b

(sum over quarks q = t, b)

�LO
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(LO) HH production @ LHC 
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HH production @ LHC 

• NLO calculation is only available in the infinite top mass 
limit. [Dawson, Dittmaier, Spira, [hep-ph/9805244]]. 

• K-factor in this limit ~ 2.

• recently, corrections in inverse powers of the top quark 
mass have been computed, found to be significant. [Grigo, 
Hoff, Melnikov, Steinhauser, [1305.7340]]. 

• interesting fact:  gg box and triangle contributions exactly 
cancel at the partonic threshold at LO. This causes a large 
enhancement of the K-factor in the threshold region.  
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HH production @ LHC
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Florian Goertz, AP, Li Lin Yang, 
and José Zurita [1301.3492]• using HPAIR (M. Spira), fits:

�LO
HH [fb] = 5.22�2y2t � 25.1�y3t + 37.3y4t

�NLO
HH [fb] = 9.66�2y2t � 46.9�y3t + 70.1y4t

neglecting bottom quark contributions: 
O(1%) at total cross section

• negative interference term between triangle and box.

• [interesting: a symmetry point exists at λ ~ 2.5 yt (NLO)].

(couplings 
normalized to 

SM)



HH production @ LHC
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LO

NLO

120 122 124 126 128 130
10
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15

mh @GeVD

s
Hgg
Æ
hh
L@fb
D

s =14 TeV, mhhê2 < mF=mR < 2 mhh

(using HPAIR)

(NLO calculation exists only 
in the heavy top limit)

AP, Li Lin Yang, and José Zurita 
[arXiv:1209.1489]

�NLO
(MH=125 GeV) = 32.3+5.6

�4.7 fb



the decay channels
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)



branching ratios

20

2

=

single production pair production



branching ratios (MH = 125 GeV)
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pair production

BR[bb̄bb̄] = 33.3%

BR[bb̄WW ] = 24.8%

BR[bb̄⌧⌧ ] = 7.29%

BR[bb̄��] = 0.263%

BR[bb̄ZZ] = 0.305%

BR[WWWW ] = 4.62%

BR[bb̄µµ] = 0.025%

BR[bb̄Z�] = 0.178%

BR[⌧⌧⌧⌧ ] = 0.399%

note: each 1% corresponds 
to ~100 events per 300 

fb-1 of luminosity.

BR[WW ⌧⌧ ] = 2.71%



branching ratios (MH = 125 GeV)
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pair production

BR[bb̄bb̄] = 33.3%

BR[bb̄WW ] = 24.8%

BR[bb̄⌧⌧ ] = 7.29%

BR[bb̄��] = 0.263%

BR[bb̄ZZ] = 0.305%

BR[WWWW ] = 4.62%

BR[bb̄µµ] = 0.025%
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p

p

p

shown to be 
potentially viable 

(in the SM)

note: each 1% corresponds 
to ~100 events per 300 

fb-1 of luminosity.

BR[WW ⌧⌧ ] = 2.71%



establishment of HH 
process

• first step towards constraining the triple 
coupling: establishing (i.e. discovering) the HH 
process @ LHC.

• need large integrated luminosity: 600 fb-1 

(certain) and 3000 fb-1 (possible).

• first: look at the channels that are considered 
to be ‘viable’.

22



• BR = 7.29%, cross section ~ 2.4fb (~700 events @ 300 
fb-1).

• reconstruction of τ leptons experimentally delicate. 

• backgrounds relatively low: electroweak and top decays 
with taus in the final states.

• Higgses naturally boosted: use a fat jet: sub-structure of 
the two b-quark system: like in Higgs+vector boson. 
[Butterworth, Davison, Rubin, Salam, 0802.2470]

• results promising given a high τ-tagging efficiency (80%), 
b-tagging assumed 70%, low fake rates. 

• S ~ 50 versus B = 100 at 600 fb-1 (~5σ).
23

HH ! bb̄⌧⌧
Dolan, Englert, Spannowsky, [1206.5001], Baglio, Djouadi, Gröber, Mühlleitner, Quevillon, Spira 
[1212.5581].



• BR = 0.263%, cross section = 0.09 fb, (~27 events @ 
300 fb-1).

• low rate but ‘clean’. backgrounds generally low and 
mostly coming from reducible backgrounds due to mis-
identification of b-jets or photons (jet-to-γ).

• S ~ 30 versus B ~ 60 at 3000 fb-1 (~4σ).

24

HH ! bb̄��
Baur, Plehn, Rainwater, [hep-ph/031005], Baglio, Djouadi, Gröber, Mühlleitner, Quevillon, Spira [1212.5581].



• BR = 24.8%, cross section = 8.0 fb, (~2400 events @ 
300 fb-1).

• high rate, can have leptons + missing energy in the final 
state. 

• but: huge backgrounds from top-anti-top production. 

• with one leptonic W and one hadronic W was shown to be 
viable using jet sub-structure techniques. [AP, Li Lin Yang, and 
José Zurita [arXiv:1209.1489]]

• S = 11 versus B = 7 at 600 fb-1 (~4σ). 
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HH ! bb̄WW
Dolan, Englert, Spannowsky, [1206.5001], Baglio, Djouadi, Gröber, Mühlleitner, Quevillon, Spira [1212.5581], 
AP, Li Lin Yang, and José Zurita [arXiv:1209.1489]



more HH channels?
•        : highest BR, but fully hadronic (triggering?) and 

huge QCD backgrounds (σ ~ 10.8 fb).
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bb̄bb̄

bb̄µµ̄•         : small initial cross section, essentially found to be 
impossible (σ ~ 0.008 fb). [Baur, Plehn, Rainwater [hep-ph/0304015]].

WWWW•                 : good for high-mass Higgs. for low mass seems 
to be hard due to BR of Ws (σ ~ 1.5 fb).
⌧⌧⌧⌧•          : low rate and τ-tagging (σ ~ 0.13 fb).

•             : τ-tagging, W BRs (σ ~ 0.86 fb)

bb̄Z� bb̄ZZ•          ,          : low rates and BR for Zs (σ < 0.1 fb).

WW ⌧⌧



other production modes?

• several associated production modes exist:
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qq ! qqHH

qq ! WHH

qq ! ZHH

cross section@14 TeV

~1.8 fb

~0.4 fb

~0.3 fb

• note that: behaviour w.r.t. λ is different for each channel.

• with                      , could be looked into with sub-structure 
techniques, but initial cross section low.

Baglio, Djouadi, Gröber, 
Mühlleitner, Quevillon, Spira 
[1212.5581]

HH ! bb̄bb̄
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summary of HH ‘searches’: 

- 3 channels shown to be 
potentially viable.

- these should be looked at by 
experimentalists.

- some others could be 
investigated again.

Now: what about measuring λ?



first: how well do we need to measure λ? 

• recent study estimates that λ will likely need to be 
measured to better than 20% to see a deviation from the 
SM expectation. [Gupta, Rzehak, Wells [1305.6397]]

• (considers new mixed-in singlets, MSSM Higgses and 
composite models.)

• other studies of HH in relation to BSM:

• in composite Higgs models, e.g. [Gillioz, Gröber, Grojean, Mühlleitner, 

Salvioni, 1206.7120],

• in warped extra-dimensional models, e.g. [Gouzevitch, Oliveira, 
Rojo, Rosenfeld, Salam, Sanz, 1303.6636],

• Higgs portal/MSSM/pseudo-Nambu-Goldstone boson, 
e.g. [Dolan, Englert, Spannowsky, 1210.8166],

• + many more...
29



• large theoretical uncertainties: scale, PDF, αs & effective 
theory (EFT) uncertainty: ~30-40%. [Baglio, Djouadi, Gröber, 
Mühlleitner, Quevillon, Spira [1212.5581]].

• note: cross section has been shown to be larger than NLO 
EFT: 

• including top mass corrections: ~10% increase. [Grigo, Hoff, 

Melnikov, Steinhauser, [1305.7340]].  Moreover, the scale dependence 
reduced (~5%).

• in the effective theory at NNLO: ~20% increase. [de 
Florian, Mazzitelli, [1305.5206]]

30

how well can we measure λ?



how well can we measure λ?

• older studies considered analysis of shapes of 
distributions. [e.g. Baur, Plehn, Rainwater [hep-ph/
0310056]].

• shapes may not be so well predicted at the moment: use 
rates instead. [Goertz, AP, Yang, Zurita [arXiv:
1301.3492]].
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how well can we measure λ?
• claim: single H and double H production possess similar 

topologies and hence QCD corrections could be also similar.

• can use ratios of cross section of HH to single H to cancel 
out part of the theoretical uncertainties. 

32Figure 3: The cross sections for single and double Higgs boson production at next-to-

leading order using the MSTW2008nlo68cl PDF set. In the lower plot, the fractional

uncertainty due to scale variation is shown in the blue band, as well as the PDF uncertainty

in the green band.

with respect to the NLO calculation.4 These findings support the idea of employing

the fully correlated scale variation described before as a realistic estimate for the

theoretical error.5

The PDF uncertainties for the cross sections themselves are not shown since they

are of the order of a few % and hence subdominant. The PDF uncertainty is also

sub-dominant in the case of the LO ratio, as shown in Fig. 2. In the case of the NLO

ratio, the PDF uncertainty becomes comparable to the scale uncertainty as can be

seen in Fig. 3. Combining the two errors in quadrature would induce an error of

±O(3%), still smaller than the ⇠ ±17% error on the NLO Higgs pair production

cross section. To remain conservative, we will assume that the theoretical errors on

CHH and �HH are ±5% and ±20%, respectively, in what follows.

4. Constraining the self-coupling

In the studies conducted in Refs. [32, 37], the Higgs self-coupling was constrained

using the final states bb̄��, bb̄µ+µ� and W+W�W+W� (in the high Higgs mass

region). The constraints were obtained by fitting the visible mass distributions in

each process for the signal and backgrounds.

Here we chose to follow a di↵erent strategy: taking into account the facts that

the di↵erent signal channels possess a relatively low number of events and that the
4An equivalent calculation at NNLO does not presently exist for Higgs pair production.
5Note that a detailed study of the scale and parton density function uncertainties in Higgs pair

production can be found in Ref. [35].

– 6 –

CHH=σΗΗ/σΗ

σΗΗx1000

σΗ

Goertz, AP, Yang, Zurita [arXiv:1301.3492]



how well can we measure λ?
• using the three channels shown to be potentially viable, at 

3000 fb-1, LHC@14 TeV:

33

HH ! bb̄⌧⌧

HH ! bb̄��

HH ! bb̄WW

)

)

)

� = 1.00+0.40
�0.31

� = 1.00+0.46
�0.35

� = 1.00+0.87
�0.52

times 
the SM 
value

• with this method, to get down to e.g. O(10%), we would 
need an extra 3-4 channels with an error of ~40%-50% each.

[Goertz, AP, Yang, Zurita [arXiv:1301.3492]]

• “naively” combining: ~+30%, ~-20% error.



outlook: theoretical improvements

• a better NLO calculation could be performed. hard: two 
loops with two mass scales (H and top mass).

• then this could be matched with the parton shower 
(MC@NLO/POWHEG) to provide better description of 
kinematical distributions.

• until then perhaps resummed calculations?

• or an improved Monte Carlo with the real emission matrix 
elements?

• with an improvement on the kinematical description, 
shape analyses could improve the limits from each 
channel.
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outlook: ‘other’ improvements

• use ‘improved’ boosted jet techniques to push the 
channels further: e.g. Shower deconstruction or Q-jets. 
[Soper, Spannowsky, [1102.3480, 1211.3140], Ellis, Hornig, Roy, Krohn, Schwartz 
[1201.1914]].

• other channels could be made viable.

• further ‘technological’ improvements in jet sub-structure 
techniques?

• long-term (& expensive!): an LHC energy upgrade will 
allow for more events to ‘play with’. e.g. σ(ΗΗ@33TeV) ~ 
210 fb.
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summary (I)

• with the discovery of the Higgs boson, an important next 
step is to determine the form of its potential.

• this can be done via measurement of the self-couplings.

• the triple Higgs coupling, λ, can be probed via Higgs pair 
production (HH).

• total cross section is low and the HH process is 
challenging.
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summary (II)

• several investigations performed so far,

• but more work needs to be done:

• theoretically: improving description of the kinematics and 
the total cross section,

• in phenomenology: re-examine channels, search new,

• experimentally: to assess the viability of the promising 
channels. 
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special thanks

•special thanks to my collaborators: 
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•...and thanks for your attention!



auxiliary slides
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how do we (actually) measure the 
triple coupling λ? 

40



using differential distributions

•(as seen in: Baur, Plehn, Rainwater [hep-ph/
0310056])

•perform the analysis, e.g. for          .

•construct a differential distribution for signal 
and background using Monte Carlo. 

•compare to Monte Carlo events to get 
expected bounds on the self-coupling. 

41

bb̄��



using differential distributions (an example 
from Baur, Plehn, Rainwater):

42

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



using rates (i.e. cross sections)
• differential distributions for both signal and background 

may not be very well modeled.

• we can use the total rate predictions for signal and 
background instead. 

• BUT: these can be dominated by large systematic 
uncertainties, originating either from:

• unknown higher-order corrections,

• parton density function uncertainties,

• experimental errors,

• + more.
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using ratios of cross sections 

• consider:                                            ,

44

CHH =
�(gg ! HH)

�(gg ! H)

• single Higgs production may possess similar higher-order 
QCD corrections to Higgs pair production. 

• these may cancel out in the ratio, leading to a more stable 
prediction.

• moreover, experimental systematic uncertainties may 
cancel out, e.g. the luminosity uncertainty.

• we can check the degree to which extent the scale and pdf 
uncertainties cancel out.



leading order

45

of variation of the scale. This is an approximation that is justified since the two

processes possess similar topologies, and is in fact one of the main insights in favour

of using CHH . We also show, in the ratio, the resulting PDF uncertainty, calculated

using the MSTW2008nlo68cl error sets according to the prescription found in [54].

Figure 2: The cross sections for single and double Higgs boson production at leading

order using the MSTW2008lo68cl PDF set. In the lower plot, the fractional uncertainty

due to scale variation is shown in the blue band, as well as the PDF uncertainty in the

green band.

Several observations on the behaviour of the CHH ratio can be made. First of

all, it is evident that the fractional uncertainty due to scale variation is reduced with

respect to the individual calculations in both leading and next-to-leading orders:

for the LO case, the individual cross sections have a ⇠ ±16% (single Higgs boson

production) and⇠ ±25% (double Higgs boson production) scale uncertainty, whereas

the ratio has a ⇠ ±9% scale uncertainty. For the NLO case, it is reduced from

⇠ ±17% (single and double Higgs boson production) to ⇠ ±1.5% for the ratio.3

Furthermore, we can explicitly see that the uncertainty due to the QCD correc-

tions partially cancels out: even though the individual K-factors in the cross sections

�H and �HH are large, they are also very similar, both being ⇠ 2. As a consequence,

the central value of the ratio only decreases by a small amount from ⇠1.25 to ⇠1.0.

This is an indication that higher order corrections are quite likely to change the ratio

by an even smaller fraction than the change from LO to NLO, when it is consid-

ered at NNLO, whereas the single cross section has a K-factor of about ⇠1.5 [59]

3Note that in Ref. [55], threshold resummation e↵ects in SM Higgs pair-production in soft-
collinear e↵ective theory were considered. The authors claim a reduction of the scale uncertainty
to 3%. For other resummation studies in single Higgs production see, for example [56–58].

– 5 –



next-to-leading order
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Figure 3: The cross sections for single and double Higgs boson production at next-to-

leading order using the MSTW2008nlo68cl PDF set. In the lower plot, the fractional

uncertainty due to scale variation is shown in the blue band, as well as the PDF uncertainty

in the green band.

with respect to the NLO calculation.4 These findings support the idea of employing

the fully correlated scale variation described before as a realistic estimate for the

theoretical error.5

The PDF uncertainties for the cross sections themselves are not shown since they

are of the order of a few % and hence subdominant. The PDF uncertainty is also

sub-dominant in the case of the LO ratio, as shown in Fig. 2. In the case of the NLO

ratio, the PDF uncertainty becomes comparable to the scale uncertainty as can be

seen in Fig. 3. Combining the two errors in quadrature would induce an error of

±O(3%), still smaller than the ⇠ ±17% error on the NLO Higgs pair production

cross section. To remain conservative, we will assume that the theoretical errors on

CHH and �HH are ±5% and ±20%, respectively, in what follows.

4. Constraining the self-coupling

In the studies conducted in Refs. [32, 37], the Higgs self-coupling was constrained

using the final states bb̄��, bb̄µ+µ� and W+W�W+W� (in the high Higgs mass

region). The constraints were obtained by fitting the visible mass distributions in

each process for the signal and backgrounds.

Here we chose to follow a di↵erent strategy: taking into account the facts that

the di↵erent signal channels possess a relatively low number of events and that the
4An equivalent calculation at NNLO does not presently exist for Higgs pair production.
5Note that a detailed study of the scale and parton density function uncertainties in Higgs pair

production can be found in Ref. [35].

– 6 –



comments on ratio

• assuming that the scale uncertainties are correlated is a 
reasonable assumption.

• ratio goes from ~1.25 to ~1.0 from LO to NLO even 
though the K-factor is ~2. 

• a total theoretical uncertainty of ~5% is not unreasonable 
for the ratio, as opposed to ~20% for the cross section 
itself. 

• we used the ratio, along with conservative expected 
experimental uncertainties to construct expected 
exclusion regions. 
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H+V, BDRS Analysis
• “BDRS” analysis:

• Higgs decays to two b-quarks.

• Cambridge/Aachen jet algorithm, R=1.2, get “fat jets”.

• apply a “mass-drop” condition on a hard jet: 

• picks up the decay of a massive particle, e.g. 

• “filter” the jet: re-apply the jet algorithm with a smaller R, on 
the “fat” jet constituents, take three hardest “sub-jets”.

• ask for the two hardest “sub-jets” to contain b-tags.

• “filtering” reduces the effective area of the “Higgs”-jet,

• hence reduces pollution from Underlying Event.

48

[Butterworth, Davison, Rubin, Salam, 0802.2470]

H ! bb̄



BDRS analysis on H+H
• the Higgs bosons in HH are naturally boosted:
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FIG. 2: Comparison of the (normalized) pT,h distributions in pp → hh+X at LO for different multiples of the trilinear Higgs
coupling λ (mt = 172.5 GeV and mb = 4.5 GeV using CTEQ6l1 parton densities).
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FIG. 3: Comparison of pp → hh + X at LO. We choose
mt = 175 GeV as in Ref. [15], from which we also obtain
the dashed blue reference line, and mb = 4.5 GeV and we use
the CTEQ6l1 parton distributions.

The resulting inclusive hadronic cross sections are plot-
ted in Fig. 3, where we also show results for non-SM tri-
linear couplings, varied around the SM value (see Eq. (1))

λSM =

√

η

2
mh . (4)

Note that choosing a value different from λSM does not
yield a meaningful potential in terms of Eq. (1), but al-
lows to constrain λ in hypothesis tests using, e.g., the
CLs method [24].
We also show the result of Ref. [15] for comparison

and find excellent agreement in total, keeping in mind
that the results of Ref. [15] were obtained using the GRV
parametrizations of parton luminosities [25], which are
different from the CTEQ6l1 [26] set that we employ for
the remainder of this paper§.

§Using the integration-mode of FormCalc/LoopTools with the

Interference between the different non-zero contribu-
tions depicted in Fig. 3 becomes obvious for the differ-
ently chosen Higgs self-couplings. We also learn from
Fig. 3 that the dihiggs cross section has a fairly large
dependence on the particular value of the trilinear cou-
pling for a mh = 125 GeV Higgs boson. The qualitative
Higgs mass dependence for different values of the trilinear
self-coupling in Fig. 3 is easy to understand: The Higgs
propagator in Fig. 1 (c) is always probed off-shell at fairly
large invariant masses; this renders the triangle contribu-
tions subdominant compared to the box contributions of
Fig. 1 (b). For Higgs masses close to the mass of the loop-
dominating top quark, we have s ! 4m2

t , which results
in resonant contributions of the three-point functions of
Fig. 1 (c), well-known from one-loop gg → h produc-
tion [27]. This ameliorates the s-channel suppression of
the trilinear coupling-sensitive triangle graphs and causes
the dependence of the cross section on the trilinear cou-
pling to become large at around mh

<∼ mt.
To gain sensitivity beyond total event counts, it is im-

portant to isolate the region of phase space which is most
sensitive to modifications of the trilinear coupling in or-
der to set up an analysis strategy which targets the tri-
linear self-coupling most effectively. At the parton level,
there is only a single phenomenologically relevant observ-
able to hh production, which can be chosen as the Higgs
transverse momentum pT,h. In Fig. 2 we show the dif-
ferential pT,h distribution for different values of λ and
mh = 125 GeV. The dip structure for λ > λSM results
again from phase space regions characterized by s ∼ 4m2

t ,
which are available if mh < mt, and the resulting maxi-
mally destructive interference with the box contributions.
The above points suffice to give a qualitative assess-

ment of the prospects of measurements of λ in the pp →
hh+X channel:

• the Higgs bosons from inclusive dihiggs productions

CTEQ6l1 set we obtain perfect agreement.

• + other arguments of BDRS technique apply.

[ Dolan, Englert, 
Spannowsky, 1206.5001]



H+V
• “BDRS” analysis, pictorially:

50
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Rbbg
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FIG. 1: The three stages of our jet analysis: starting from a hard massive jet on angular scale R, one identifies the Higgs
neighbourhood within it by undoing the clustering (effectively shrinking the jet radius) until the jet splits into two subjets
each with a significantly lower mass; within this region one then further reduces the radius to Rfilt and takes the three hardest
subjets, so as to filter away UE contamination while retaining hard perturbative radiation from the Higgs decay products.

objects (particles) i and j, recombines the closest pair,
updates the set of distances and repeats the procedure
until all objects are separated by a ∆Rij > R, where R
is a parameter of the algorithm. It provides a hierarchical
structure for the clustering, like the K⊥algorithm [9, 10],
but in angles rather than in relative transverse momenta
(both are implemented in FastJet 2.3[11]).

Given a hard jet j, obtained with some radius R, we
then use the following new iterative decomposition proce-
dure to search for a generic boosted heavy-particle decay.
It involves two dimensionless parameters, µ and ycut:

1. Break the jet j into two subjets by undoing its last
stage of clustering. Label the two subjets j1, j2 such
that mj1 > mj2 .

2. If there was a significant mass drop (MD), mj1 <
µmj, and the splitting is not too asymmetric, y =
min(p2

tj1
,p2

tj2
)

m2

j

∆R2
j1,j2

> ycut, then deem j to be the

heavy-particle neighbourhood and exit the loop.
Note that y ! min(ptj1 , ptj2)/ max(ptj1 , ptj2).

1

3. Otherwise redefine j to be equal to j1 and go back
to step 1.

The final jet j is to be considered as the candidate Higgs
boson if both j1 and j2 have b tags. One can then identify
Rbb̄ with ∆Rj1j2 . The effective size of jet j will thus be
just sufficient to contain the QCD radiation from the
Higgs decay, which, because of angular ordering [12, 13,
14], will almost entirely be emitted in the two angular
cones of size Rbb̄ around the b quarks.

The two parameters µ and ycut may be chosen inde-
pendently of the Higgs mass and pT . Taking µ ! 1/

√
3

ensures that if, in its rest frame, the Higgs decays to a
Mercedes bb̄g configuration, then it will still trigger the
mass drop condition (we actually take µ = 0.67). The cut
on y ! min(zj1 , zj2)/ max(zj1 , zj2) eliminates the asym-
metric configurations that most commonly generate sig-
nificant jet masses in non-b or single-b jets, due to the

1 Note also that this ycut is related to, but not the same as, that
used to calculate the splitting scale in [5, 6], which takes the jet
pT as the reference scale rather than the jet mass.

Jet definition σS/fb σB/fb S/
√

B · fb

C/A, R = 1.2, MD-F 0.57 0.51 0.80

K⊥, R = 1.0, ycut 0.19 0.74 0.22

SISCone, R = 0.8 0.49 1.33 0.42

TABLE I: Cross section for signal and the Z+jets background
in the leptonic Z channel for 200 < pTZ/GeV < 600 and
110 < mJ/GeV < 125, with perfect b-tagging; shown for
our jet definition, and other standard ones at near optimal R
values.

soft gluon divergence. It can be shown that the maxi-
mum S/

√
B for a Higgs boson compared to mistagged

light jets is to be obtained with ycut ! 0.15. Since we
have mixed tagged and mistagged backgrounds, we use a
slightly smaller value, ycut = 0.09.

In practice the above procedure is not yet optimal
for LHC at the transverse momenta of interest, pT ∼
200 − 300 GeV because, from eq. (1), Rbb̄ ! 2mh/pT is
still quite large and the resulting Higgs mass peak is sub-
ject to significant degradation from the underlying event
(UE), which scales as R4

bb̄
[15]. A second novel element

of our analysis is to filter the Higgs neighbourhood. This
involves resolving it on a finer angular scale, Rfilt < Rbb̄,
and taking the three hardest objects (subjets) that ap-
pear — thus one captures the dominant O (αs) radiation
from the Higgs decay, while eliminating much of the UE
contamination. We find Rfilt = min(0.3, Rbb̄/2) to be
rather effective. We also require the two hardest of the
subjets to have the b tags.

The overall procedure is sketched in Fig. 1. We il-
lustrate its effectiveness by showing in table I (a) the
cross section for identified Higgs decays in HZ produc-
tion, with mh = 115 GeV and a reconstructed mass re-
quired to be in an moderately narrow (but experimen-
tally realistic) mass window, and (b) the cross section
for background Zbb̄ events in the same mass window.
Our results (C/A MD-F) are compared to those for the
K⊥algorithm with the same ycut and the SISCone [16]
algorithm based just on the jet mass. The K⊥algorithm
does well on background rejection, but suffers in mass
resolution, leading to a low signal; SISCone takes in less
UE so gives good resolution on the signal, however, be-
cause it ignores the underlying substructure, fares poorly
on background rejection. C/A MD-F performs well both

[Butterworth, Davison, Rubin, Salam, 0802.2470]

• HV: yields good sensitivity (4.5σ) @ 14 TeV @ 30 fb-1.

• perhaps an improvement of previous HH results can be also 
achieved! 

“fat jet”



electroweak Lagrangian (I)
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SU(2)⇥ U(1) gauge symmetry

+ a complex doublet scalar,   .�

• ingredients of the ‘recipe’:

(    ) 

(         ) 
+ 

• start by writing (i.e. Higgs boson Lagrangian):

L = (Dµ�)(Dµ�)� V(�†�)

the covariant derivative:

SU(2) gens.SU(2) coupl. U(1) coupl.

Dµ = @µ + ig2(T ·Wµ) + iY g1B
µ

an



electroweak Lagrangian (II)
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electroweak Lagrangian (II)
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• with potential:

(    ) 

(         ) 
+ 

+ 
(...)

V(�†�) = �(�†�)2 + µ2�†�,

(         ) 

=

vacuum expectation value (vev) at: 

implies symmetry breaking

)

,!

(infinite number of degenerate minima)

|�|2 = �µ2/(2�) ⌘ v2/2.

(� > 0, µ2 < 0)



electroweak Lagrangian (III)

• further steps:

• choose minimum in particular direction:

54

• consider fluctuations of scalar field about that minimum,

• and make a gauge transformation to absorb the Goldstone 
modes into the gauge bosons.

(implies: residual U(1) invariance)h�i = 1p
2

✓
0
v

◆
,



electroweak Lagrangian (IV)
• hence, after symmetry breaking, the Higgs + SU(2)xU(1) 

Lagrangian becomes:  

55

‘Free’ parameters:,!

(recall: μ, λ and υ are 
related and hence 
only 2/3 are 
independent.)

fluct. about min.
� / (0, v +H)

L =
1

2
@µH@µH � V(H;�, v)

+
(v +H)2

8

�
0 1

�
(2g2T ·Wµ + g1Bµ)

⇥ (2g2T ·Wµ + g1B
µ)

✓
0
1

◆

v, g1, g2,�



‘fixing’ free params. (I)
• diagonalize the quadratic terms in vector boson fields,

• and deduce the masses of Z and W bosons:

56

Measured!

• 4-fermion interaction at low energies can fix the Fermi 
constant:

GFp
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‘fixing’ free params. (I)
• diagonalize the quadratic terms in vector boson fields,

• and deduce the masses of Z and W bosons:
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Measured!

• 4-fermion interaction at low energies can fix the Fermi 
constant:

GFp
2
=

1

2v2)

WARNING: Leading 
Order!
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‘fixing’ free params. (II)

• until very recently, only had 3 out of 4 constraining 
equations...

• ...in July 2012, we obtained the fourth:

57

MH =
p
2�v

Measured!

,! ⇠ 125 GeV


