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A personal view

❖ You already have a pretty clear & comprehensive picture 
of what you’ll be doing 

❖ My views in this talk will necessarily be incomplete 

❖ At some level it’s a selection of what I find most 
interesting
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Higgs Physics 
A sector unlike any other of the standard model 

Elementary scalar,  
φ4 (one of theorists’ favourite toy models), 

 Yukawa couplings 

Of utmost importance to pin it down: 

Novelty of structure ⇒ potential for surprises 
Narrow width ⇒ privileged portal to new sectors
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Higgs Precision

❖ Roughly 10x more Higgs bosons produced in ggH than in 
run 1 
Precision on original discovery channels: O(15-20%) → 
O(5-7%) 

❖ Is being matched by theory improvements (cf. N3LO Higgs 
cross section, NNLO H+jet, etc., improved PDF consistency)
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There’s room for deviations to appear at several σ



“New” channels (prodn & decay)

❖ VBF, VH, ttH (×3.5) should also all go above 5σ/exp.  

❖ H → ττ, bb should go above 5σ/exp.
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All core Higgs elements will be  
in place by the end of Run 2

❖ H → µµ barely above 1σ (unless enhanced) 
(and keep an eye on µτ of course)
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The SM-like Higgs boson

A light SM-like Higgs is narrow:
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Material taken from talk by J. Shelton

Higgs: 
as BSM portal
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Exotic decays of the SM-like Higgs

Presence of new light degrees of freedom can distort 
Higgs Brs by O(1) even for small couplings
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Higgs portal window into dark  sectors 
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A dark U(1)

Higgs portal coupling is a powerful window into dark 
sectors 

10-3 10-2 0.1 1 10 102 103
10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

mZD [GeV]

�

LHC14, 300/fb, L < 1m

EWPT

CMS7, DY

CMS8, h�ZZD

LH
C8
, D
Y

Electron & Proton

Beam Dumps

Supernova

a�, 5�

a�,±2� favored

ae

Electron FT

Meson Decays

e+e- Colliders

-5
-4
-3
-2
-1

Countours of
Log10[Br(h�ZDZD)]

[Curtin, Essig, Gori, JS]

Curtin, Essig, Gori, Shelton 
1412.0018

A dark U(1) 
h → ZD ZD → 4l 
(possibly displaced)



What’s in the “top” loop?

8

Effect from finite top mass
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For small pcutT , the coe�cients �, ✏ are very small, modifying the cross section only by a few percent, which
is less than the uncertainty expected in the inclusive Higgs cross section measurements [116–118]. This is
what is expected due to the very good description of both the top and the new particle loop by the e↵ective
interaction. On the other hand, �, ✏ grow significantly as pcutT increases, and they become O(1) for pcutT > 300
GeV [45]. It means we can break the degeneracy by measuring the Higgs pT distribution while we cannot break
the degeneracy along ct + g = const. direction only by determining the inclusive cross-section.

III. EVENT GENERATION

A. Signal sample

In this paper we consider H+jet events with subsequent H decays to WW ⇤ ! `+`�⌫⌫̄ and ⌧+⌧� modes as a
signal. The signal events are generated with MadGraph5, version 1.5.15 [119] and showered with HERWIG++ [120–
122], where only WW ⇤ and ⌧+⌧� decays are specified.

We have used MadGraph5 to generate H+jet events using the ‘HEFT’ model with SM couplings which makes
use of the low energy theorem. The generated cross-section is proportional to |M(0, 1)|2 and does not take into
account finite top mass e↵ects which are crucial to our analysis. To obtain the correct weight of the events we
reweighted them by a weight factor

w(ct,g) =
|M(ct,g)|2
|M(0, 1)|2 (10)

making use of our own code, which is based on an implementation of the formulas for the matrix elements
given in [115] and also calculated in [123]. At present no finite top mass NLO computation of the SM Higgs pT
spectrum is available. An exact NLO prediction of SM Higgs pT spectrum would be very desirable and help to
exploit the full potential of this observable. Recent progress in the precision prediction of h+ jet can be found
in Refs. [124–126]. We will approximate the NNLO (+ NNLL) result of 49.85 pb [127–130] by multiplying the
exact LO result with a K factor of 1.71.

We reweight the events for points along the line ct + g = 1 for g 2 [�0.5, 0.5] with steps of 0.1, as shown
in the left panel of Fig. 1. This is consistent with the SM inclusive Higgs production cross-section. The size
of ct alone is only weakly constrained by the current tt̄H measurement. Although we only consider the most
di�cult points satisfying ct+g = 1 (i.e. an exactly SM-like inclusive cross-section), an analysis along di↵erent
ct + g = const. lines would be straightforward as a di↵erent choice essentially just corresponds to an overall
rescaling of the signal.

‡‡
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FIG. 1. Left panel: model points generated for this analysis in (ct,g) plane. The shaded area shows parameter
space which gives the inclusive cross-section consistent to the SM prediction within 20%. Right panel: parton level pT,H
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Schlaffer et al., 1405.4295

Varying ct,κg with ct+κg=1
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First probes with 100 fb-1
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12

Fig. 5 shows the expected p-values as a function of the integrated luminosity L in the SM (left panel), the
model point of g = 0.5 (central panel) using the H ! ⌧⌧ analysis and g = 0.5 using the H ! W`W`

analysis (right panel). The analysis is based on the expected signal-plus-background against a background-only
hypothesis. In the analysis, three di↵erent systematic errors on the cross-section normalization of 0, 5, and
10% are assumed. While achieving theoretical uncertainties of less than 10 % is challenging, in the separation
of signal and background we rely predominantly on the lepton momenta which can be measured very precisely.
As one can see from the left panel in Fig. 5, with L = 20 ⇠ 60 fb�1, we are able to see the SM signal at 95%
confidence level depending on the assumed systematic uncertainty.

For g > 0, the signal is enhanced and the required integrated luminosity decreases: it would be L = 15 ⇠ 30
fb�1 for g = 0.5 to observe the signal at 95% CL, as shown in the central panel.

The right panel of Fig. 5 shows the p-values for g = 0.5 using the H ! W`W` mode. The sensitivity
compared to the ⌧⌧ mode is slightly reduced. However, it is still possible to exploit the W`W` final state to
observe a boosted Higgs boson.
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FIG. 5. CLs vs. the integrated luminosity for the model points g = 0 (SM, left) and g = 0.5 (central) against
a background-only hypothesis using the ⌧⌧ mode. Right panel: CLs plot for the model point of g = 0.5 against a
background-only hypothesis using the WW mode.

We also perform a binned likelihood analysis to estimate how well we can distinguish these model points from
the SM given the presence of backgrounds. The left panel of Fig. 6 shows the expected p-values to observe the
signal and background against the SM and background hypothesis as a function of the integrated luminosity
L for the model point of g = 0.5 using the H ! ⌧⌧ analysis. Again, systematic errors of 0, 5, and 10% are
assumed. We find that we are able to distinguish the model point g = 0.5 from the SM with L = 1000 fb�1

even assuming 10% systematic uncertainty.
It is more di�cult to prove a deviation from the SM for model points with g < 0, compared to g > 0 with

the same |g| value, since this gives a deficit rather than a surplus of signal events. The central panel of Fig. 6
shows the p-values for g = �0.5 using the H ! ⌧⌧ analysis. As expected we have less sensitivity, and even
smaller values of |g| require larger integrated luminosities.

The right panel of Fig. 6 shows the p-values as a function of g using the H ! ⌧⌧ for an integrated luminosity
of 3000 fb�1. If we assume 0% systematic uncertainty we can exclude g < �0.29 and g > 0.24 for L = 3000
fb�1 at 95% CL. For the same integrated luminosity, assuming 10% systematic uncertainty, we can still exclude
g < �0.4 and g > 0.3 at 95% CL.

We have not combined the ⌧⌧ and W`W` analyses although it could improve our sensitivity by some amount.
Combining both channels is a complex task since the systematic uncertainties of both channels have to be
evaluated by the experimental collaborations. Furthermore, it is not easy to avoid double-counting of events
when combining both decay modes, as the final state reconstructions discussed in Sec. IV are not able to strictly
separate them (see Table III).

VI. CONCLUSIONS

The dominant production mode of the Higgs boson at the LHC – gluon fusion – is an important probe of
new physics. Even though the inclusive rate has been measured to be in agreement with the SM, the study
of a Higgs boosted by recoil against a hard jet constitutes an interesting, albeit challenging, measurement. It
is motivated in the context of supersymmetry and composite Higgs models, and indeed generically in natural

Sensitivity to H → ττ 
with point-like κg = 0.5

Schlaffer et al., 1405.4295

100 fb-1



Searches
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Early discovery? Lumi ratios
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Reach with 100fb-1@13TeV

12

With 100 fb-1, you 
gain slightly more 

than a factor of  

13/8 ≃ 1.6 

in reach relative to 
the 8 TeV run 

(For 53 fb-1 = 
20x(13/8)2, you get 
exactly that factor).

http://cern.ch/collider-reach
Run 1

Ru
n 

2

http://cern.ch/collider-reach


time-evolution of Z’ reach
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By the end of the 
year, most searches 
should beat 8 TeV 

results 

[Some, e.g. excited 
quarks, will surpass 8 
TeV with just 0.2 fb-1] 

Subsequent years 
bring steady 
improvement

Z’ exclusion reach v. lumi
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Boosted analyses  
(jet substructure) 

from niche to 
mainstream 
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But how do you do boosted physics on angular  
scales ~ 0.1 when calo granularity is ~ 0.1? 

- Katz, Son & Tweedie, http://arxiv.org/abs/1010.5253  
- Son, Spethmann, Tweedie, http://arxiv.org/abs/1204.0525  
- http://arxiv.org/abs/1307.6908 (Snowmass study) 
- Schaetzel & Spannowsky, http://arxiv.org/abs/1308.0540 
- An earlier talk of mine 
- Larkoski, Maltoni & Selvaggi, http://arxiv.org/abs/1503.03347 
- CMS particle flow studies 
- Bressler et al, http://arxiv.org/abs/arXiv:1506.02656 

http://arxiv.org/abs/1010.5253
http://arxiv.org/abs/arXiv:1204.0525
http://arxiv.org/abs/1307.6908
http://arxiv.org/abs/1308.0540
https://indico.cern.ch/event/288089/session/1/material/2/0.pdf
http://arxiv.org/abs/1503.03347
http://arxiv.org/abs/arXiv:1506.02656


Calo-granularity issue
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Two-prong mass formula 

pT = 2TeV → Δ∆R~0.1 

m ' p
pt1pt2�R12

�R12

pt1
pt2

Problems: 
❖ Hadronic calorimeter (0.1x0.1) starts to have insufficient 

angular resolution 
❖ Tracking much better, but it gives poor pt measurement 

(sees only 60% with large fluctuations)



Beating calo-granularity
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Rewrite mass two-prong 
mass formula as  

Use different detector 
subsystems to for different 

parts of formula: 
❖ Calo for pt,jet 
❖ Tracks (and/or EM) for Δ∆R12 
❖ Tracks (and/or EM) for z  

(fluctuations on z don’t matter so much) ��
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10% mass resolution

60% of decays
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p

z(1� z)pt,jet�R12
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subsystems to for different 

parts of formula: 
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60% of decays
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p
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pt,jet ⌘ pt1 + pt2

z ⌘ pt1
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p
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p
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p
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Practical approach: 

1) Take track constituents of jet 

2) Rescale them by factor               . 
pt,jet

pt,tracks
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Katz, Son & Tweedie, 1010.5253

pure HCAL

rescaled ECAL



If you find nothing? 

18Figure 9: Range of sparticle masses allowed by naturalness within NUHM2 model with �EW <
30. The black bars show upper bounds from the pMSSM model with 19 weak scale parameters.

We have also extracted mass bounds on sparticles by requiring �EW < 30 in a scan over the
19 dimensional weak scale parameter set of the pMSSM. These bounds are shown as black lines
in Fig. 9 or as arrows when no bound arises. The pMSSM bounds on scalar masses tend to be
comparable to those from the NUHM2 model. However, bounds on gaugino masses are severely
di↵erent. Of special importance is that, using the one-loop e↵ective scalar potential, no mass
bound on mg̃ arises. Also, the bounds on the bino mass M1

<⇠ 9 TeV and wino mass M2
<⇠ 6

TeV– which arise from neutralino and chargino loops– are much higher than the corresponding
upper bounds extracted from the NUHM2 model. A comparison of upper bounds extracted
from NUHM2 and pMSSM is listed in Table 2.

Our results have important implications for future particle physics facilities. Even the high
luminosity LHC can explore only about half of natural SUSY parameter space. However, if we
require a more stringent naturalness condition of �EW

<⇠ 10 then mg̃
<⇠ 2 TeV and the most

natural region of parameter space should be accessible to LHC13 (LHC13 has a projected reach
to mg̃ ⇠ 2 TeV for 300-1000 fb�1 of data[57]).

The key feature of naturalness– that quasi-degenerate higgsinos lie in the 100-350 GeV mass
range– highly motivates the construction of an e+e� collider which can operate with

p
s > 2µ.

Such a machine, constructed initially as a Higgs factory, would turn out to be also a higgsino
factory which would usher in the era of SUSY discovery while simultaneously elucidating the
nature of dark matter. In this case, we would expect it to consist of an admixture of higgsino-like
WIMPs and axions[52].
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SUSY Spectrum with allowable fine tuning

 “In any case, within two or three years, the LHC is going to 
prove or disprove the existence of supersymmetry. If no 

superpartners are discovered, we will have to find an 
alternative solution to the hierarchy problem.”

Arkani Hamed, in 
PH newsletter 

interview

 My view 

Hierarchy problem is a 
deep question for 

theorists, possibly with 
surprises still to come 

(cf. relaxion). But as 
experimenters you 
should not let it 
constrain you too 

much

“Even the high luminosity 
LHC can explore only about 

half of natural SUSY 
parameter space.” 



Still ~2 TeV to be gained beyond Run 2
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Run 2

H
L-

LH
C

Gain is most significant 
(logarithmically) at the 

lower end of the 
spectrum, i.e. for states 

with small cross sections 
(e.g. weakly coupled)



Standard Model
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G. Zanderighi - CERN & Oxford University / 44

N3LO Higgs production

...More accurate measurements awaited eagerly! 
42

G. Zanderighi - CERN & Oxford University / 44

NNLO + parton shower

35

NNLO+PS in it’s infancy, currently three methods/approaches:

nMiNLO upgrade NLO X+1jet calculations to be NLO accurate for 

X production (X=H,V), NNLO reweighing in the Born variables 


nUNNLOPS relies on NLO multi-jet merging, adds the precise 
difference between fixed-order real ME and PS approximation.  
Depends on merging scale. Virtual correction confined to lowest 
bin (not spread) 


nGeneva combines differential NNLO calculation for X with 0-
jettiness     (aka beam thrust) NNLL’ resummation. Perform first 
two shower emissions by hand, such that they don’t split the 
resummation

� �

� �

Hamilton, Nason, Re, GZ ’13 

Karlberg, Re, GZ ’14

Alioli, Bauer, Berggren, Tackmann, Walsh ’15

Hoeche, Li, Prestel ’14

G. Zanderighi - CERN & Oxford University / 44

NNLO revolution

22

NNLO is one of the most active areas in QCD now
After pioneering calculations for Higgs and Drell Yan more than 10 
years ago, only recently many 2 → 2 processes computed at NNLO

NNLO most important in three different situations

Very large NLO 
corrections (moderate 
precision needs NNLO)

Benchmark processes 
(measured with highest 
accuracy)

Input to PDFs fits + 
backgrounds to Higgs 
studies

- Z → l+l-

- W → l!

- ... 

- Diboson 

- Boson + jet

- top-pairs

- ... 

- Higgs 

- Higgs + jet

- ... 

Still early days, but in the few cases examined (e.g. Higgs and Drell 
Yan, VV, V", top ...), better agreement with data at NNLO

Plus more reliable estimate of theory uncertainty

Precision 
revolution

Slides from Zanderighi @ LP15



Ultimate limitations on precision?
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Experimentally 

❖ If it’s got leptons, then you should be fine (e.g. 0.4% on dσz/
dpt normalised to σz; but not so great for ttbar?) 

❖ With jets, how good can you get (e.g. also if MCs get better)? 

Theoretically 

❖ How do we handle non-perturbative effects? 

❖ Do hadronic observables converge at NNLO? 

❖ PDFs, αs ?

Likely to become a key question in the coming years; matters for the HL-LHC Higgs programme
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FIG. 2: From left to right, di↵erential cross sections for the transverse momentum distributions for the two leading jets, pt,j1
and pt,j2 , for the Higgs boson, pt,H , and the distribution for the rapidity separation between the two leading jets, �yj1,j2 .

interpretation is that since NNLO e↵ects redistribute jets
from higher to lower pt’s (cf. the plots for pt,j1 and pt,j2),
they reduce the cross section for any observable defined
with VBF cuts. As pt,H grows larger, the forward jets
tend naturally to get harder and so automatically pass
the pt thresholds, reducing the impact of NNLO terms.

As observed above for the total cross section with VBF
cuts, the NNLO di↵erential corrections are sizeable and
often outside the uncertainty band suggested by NLO
scale variation. One reason for this might be that NLO
is the first order where the non-inclusiveness of the jet
definition matters, e.g. radiation outside the cone modi-
fies the cross section. Thus NLO is, in e↵ect, a leading-
order calculation for the exclusive corrections, with all
associated limitations.

To further understand the size of the NNLO correc-
tions, it is instructive to examine a NLO plus parton
shower (NLOPS) calculation, since the parton shower
will include some approximation of the NNLO correc-
tions. For this purpose we have used the POWHEG VBF
H+2-jet calculation [20], showered with PYTHIA version
6.428 with the Perugia 2012 tune [35]. The POWHEG part
of this NLOPS calculation uses the same PDF, scale
choices and electroweak parameters as our full NNLO
calculation. The NLOPS results are included in Fig. 2,
at parton level, with multi-parton interactions (MPI)
switched o↵. They di↵er from the NLO by an amount
that is of a similar order of magnitude to the NNLO
e↵ects. This lends support to our interpretation that fi-
nal (and initial)-state radiation from the hard partons
is responsible for a substantial part of the NNLO correc-
tions. However, while the NLOPS calculation reproduces
the shape of the NNLO corrections for some observables

(especially pt,H), there are others for which this is not
the case, the most striking being perhaps �yj1,j2 . Par-
ton shower e↵ects were also studied in Ref. [36], using
the MC@NLO approach [37]. Various parton showers
di↵ered there by up to about 10%.

In addition to the NNLO contributions, precise phe-
nomenological studies require the inclusion of EW con-
tributions and non-perturbative hadronisation and MPI
corrections. The former are of the same order of magni-
tude as our NNLO corrections [13]. Using Pythia 6.428
and Pythia 8.185 we find that hadronisation corrections
are between �2 and 0%, while MPI brings up to +5%
at low pt’s. The small hadronisation corrections appear
to be due to a partial cancellation between shifts in pt
and rapidity. We leave a combined study of all e↵ects
to future work. The code for our calculation will also be
made public.

With the calculation presented in this letter, di↵er-
ential VBF Higgs production has been brought to the
same NNLO level of accuracy that has been available for
some time now for the ggH [38, 39] and VH [40] pro-
duction channels. This constitutes the first fully di↵er-
ential NNLO 2 ! 3 hadron-collider calculation, an ad-
vance made possible thanks to the factorisable nature of
the process. The NNLO corrections are non-negligible,
5–10%, i.e. an order of magnitude larger than the cor-
rections to the inclusive cross section. Their size might
even motivate a calculation one order higher, to N3LO,
to match the precision achieved recently for the ggH to-
tal cross section [41]. With the new “projection-to-Born”
approach introduced here, we believe that this is within
reach. It would also be of interest to obtain NNLO plus
parton shower predictions, again matching the accuracy

ra
tio

 to
 N

LO

Cacciari, Dreyer, Karlberg, 
GPS & Zanderighi ‘05

NNLO effects are up to 10% 
What happens at N3LO? 

Hadronisation strangely small 
in MCs, ~1%. Is this right? 

MPI/UE can be 5%. How well 
do we understand this?

VBF Higgs

We may get differential N3LO 
in next couple of years. 

Experimental comparisons of 
leptonic & hadronic sides of  
Z+jet could bring insight too



Conclusions

❖ For searches, progress will be faster in the coming two 
years than for a long time to come (but there’s still a lot to 
gain in ultimate reach after Run 2). 

❖ Boosted techniques likely to play a major role: may need 
to be taken beyond today’s standards 

❖ For Higgs, we (you) will have a pretty solid picture by the 
end of Run 2. There’s room for surprises. 

❖ We may be at a turning point for precision QCD: starting 
to probe the ultimate limits of what we can do?

24



Backup slides
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200 pb-1 @ 13 TeV
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Range of techniques studied by ATLAS & CMS
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W/Z taggers (and correlations between them)



Comments from Boost 2014

28

Emily Thompson

Bottom line 
We have many good tools 

Balance between simplicity and performance still to be found?



Principles in use today
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1
/σ

 d
σ

/d
m

 [
G

e
V

-1
]

mjet [GeV]

jet mass distribution from W bosons

pp 14 TeV, pt,gen > 3 TeV, C/A R=1

Pythia 6, DW tune

 0

 0.05

 0.1

 0.15

60 80 100 120 140 160

partons

hadrons w.
UE

#1: the jet mass is a 
fragile observable.



Principles in use today
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#1: the jet mass is a 
fragile observable. 

So people usually use a 
groomed mass: 

filtering/trimming/
pruning 

(or you can go to smaller 
R ~ few x M/pt)

+ up to 
200 PU



Principles in use today
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#2: QCD gluon emission is 
soft; V/H→qq is not 

Identify two-prong 
structure and cut on 

“z” (momentum fraction 
between prongs) 

[done by mass-drop 
taggers/pruning/

trimming/]

��

��

��

�� ���� ���� ���� ���� ����
�

z distribution

QCD emission

decay 
(unpolarized)



Principles in use today
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#3: Radiation patterns 
differ in V/H/top v. QCD 

Cut on variables sensitive 
to deviation from exact  
n-prong structure, e.g.  

N-subjettiness

⌧n
⌧n�1

; ⌧n = min
n axes

X

i

pti min(�Ri,axis-1, . . . ,�Ri,axis-n)

Thaler & 
 van Tilburg



Top quarks v. Top jets 
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tag on-shell top 
quark decay

Q
C

D
 ra

di
at

io
n

Z’ → off-shell 
top quark 

Z’

Top taggers often tag the top quark 
at the moment of decay 

But many boosted top studies are 
resonance searches and resonance 

reconstruction needs 
top at the moment of production 



Top quarks v. Top jets 
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Top quarks v. Top jets  
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top jet

cf work in progress Kasieczka et al



colour-neutral objects
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cf. FCC talks by Maurizio Pierini

Colour neutral objects don’t radiate outside cone defined by 
their opening angle. 

QCD jets radiate at all angles. 

That leaves a radiation gap of size 

 
Like a rapidity gap in VBF, but much less affected by pileup, 
multiple interactions, etc. 

Also like isolation cone around tau-leptons

⇠ ln
pt
4m


