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• Higgs boson cross sections and distributions 

• Jets in QCD 

• Use jet energy profile to discriminate Higgs 

boson production mechanisms  

• The Big Question (as requested by Nojiri)  



July 4, 2012

 Scientists at CERN say they've found a new 
particle consistent with the Standard Model 
Higgs boson with 5-sigma certainty — a 
false positive probability of about 1 in 9 
trillion.
 This is hardly the end of the road for Higgs 

study, though. It’s only the beginning.
 So a Higgs-like boson has been discovered. 

What’s next?



What do we know about this 
New Boson 

 Its mass is between 124 GeV and126 GeV
 Its production rates in various decay 

channels have been found to be in good 
agreement with the Standard Model (SM) 
predictions. 
 The Higgs boson couplings to any SM 

particles are found to generally agree with 
SM predictions within 20%.



A New Boson



ATLAS

Moriond EW 2013
ATLAS-CONF-2013-034,012,013



Moriond EW 2013
CMS-PAS-HIG-13-001,2
CMS-PAS-HIG-12-045

CMS



Data and Theory

The observed Higgs event number 
is proportional to  the product of  
Higgs Production cross section 
and 
Higgs decay branching ratio
into a specific decay channel (i.e. detection 
mode).

arXiv: 1101.0593 



SM Higgs @ 14 TeV LHC 



Higgs decay branching ratios 

For 125 GeV Higgs, 

Total decay width is  

4.03 MeV. 

 

𝐵𝑟 𝑏 𝑏 = 0.58 

𝐵𝑟 𝑊𝑊 = 0.22 

𝐵𝑟 𝑔𝑔 = 0.086 

𝐵𝑟 𝜏𝜏 = 0.06 

𝐵𝑟 𝑐𝑐 = 0.028 

𝐵𝑟 𝑍𝑍 = 0.027 

𝐵𝑟 𝛾𝛾 = 0.0023 

𝐵𝑟 𝑍𝛾 = 0.0016 

 

 



What’s this New Boson? 

Sekhar Chivukula, 2013 



Precision Tests are needed 

 New Physics effects (from heavy particles) 

could contribute in loops. 

 Hence, precision tests of Higgs production 

cross sections and decay branching ratios 

are needed. 



Parton Model and QCD 

• Naïve Parton Model 

• QCD Theory 

• QCD improved Parton Model 

• Factorization Theorem 
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CT10 PDF plots
Low Scale

High Scale



short

long
distance}

lepton-lepton

"factorization"

hadron-hadron

lepton-hadron

Q

Q

Q

l2

l1

Q
e+ e-

e, μ, ν

p, d, A

p, d, A

App ,,

PEP,
PETRA,
Cornell,
LEP,
SLD,
NLC

SLAC,
FNAL,
CERN,
HERA

FNAL,
CERN,
Tevatron,
RHIC,
LHC

The QCD-Parton Picture of High Energy
Interactions

At least one large momentum scale (Q)
short-distance interaction; asymptotic( )
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Hard part calculations 

• Precision measurements at hadron colliders 

• Precision Electroweak Physics at hadron 

colliders 

• Physics of Drell-Yan pairs, W and Z bosons, 

and Higgs boson 



W-boson production at hadron colliders

parton 
model

PDFs are known from 
deep inelastic scattering

partonic “Born”
cross section of 



W-boson production at hadron colliders

PDFs: probability of 
finding a “parton”
inside the hadron

fragment
ation

parton
distribu

tion

parton
distribu

tion

Jet

Hard scattering

IS
R

FS
R

W

underlying events
(from proton remnants)

LO

ISR and FSR:
(colored) initial and 

final states 
can radiate gluons
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( )2
Sα• Virtual Corrections

• Real emission contributions



Theory Calculations

Horace



But the fixed order calculations 

Cannot precisely determine          at hadron colliders without  knowing the transverse 
momentum of W-boson. Most events fall in the small qT region.

Cannot describe data with small qT of W-boson.

(at NLO)

Shortcoming of fixed order calculation



To describe data            Resummation is needed

Dashed: CSS (1,1,1)

Solid:    CSS (2,2,1)

Dotted:        Pert (       ) 

Dot-dashed: Pert (       )

Perturbative

Resummation

QCD Resummation is needed



Resummation calculations agree with data very well

@ Tevatron
Predicted by ResBos:

A program that 
includes the effect of  
multiple soft gluon emission 
on the production of  
W and Z bosons  
in hadron collisions.



In collaboration with 

Csaba Balazs, Alexander Belyaev, Ed Berger,  
Qing-Hong Cao, Chuan-Ren Chen, Zhao Li, 
Steve Mrenna, Pavel Nadolsky, Jian-Wei Qiu, 
Carl Schmidt 

ResBos

Initial state QCD soft gluon resummation
and

Final state QED corrections

(Resummation for Bosons)



• Transverse momentum of

Drell-Yan

V H                                                       

including QCD Resummations.

• Kinematics of Leptons from the decays
(Spin correlation included)

W ±

q

qq

q l+

ν

l+

l−
W ±

q

q

V

H

g g H→
t

t
t

H

, Zγ

What’s it for? An Example

V



W Charge Asymmetry: A Monitor of Parton Distribution Functions

Difference between u(x) and d(x) in proton cause             and                  
to be boosted in opposite directions



ResBos is also needed for 
Rapidity distributions

black curve is from 
ResBos calculation



What’s QCD Resummation?
• Perturbative expansion
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Resummed results:
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Determined by A(1) and B(1)

In the formalism by Collins-Soper-Sterman, in addition to 
these perturbative results, the effects from physics beyond 
the leading twist is also implemented as 

[non-perturbative functions].

Determined by 
A(2) and B(2)

Determined by 
A(3) and B(3)

QCD Resummation





To recover the “K-factor” in the NLO total rate
To include the C-Functions
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Include NNLO in high qT region

• To improve prediction in high  qT region
• To speed up the calculation, it is 

implemented through K-factor table which 
is a function of (Q, qT, y) of the boson, not 
just a constant value.

ResBos predicts both rate and shape
of distributions.



Where is it?

• ResBos:     http://hep.pa.msu.edu/resum/
• Plotter:  http://hep.pa.msu.edu/wwwlegacy

ResBos-A (including final state NLO QED corrections) 
http://hep.pa.msu.edu/resum/code/resbosa/
has not been updated. 
Why? Because it was not used for Tevatron experiments.

The plan is to include final state QED resummation inside ResBos. 



Physical processes included in ResBos

, Zγ
W ±

H
, ,ZZ WWγγ

New physics: W’, Z’, H+, A0, H0 …

including gauge invariant set amplitude 
for Drell-Yan pairs



Physics processes inside ResBos



PYTHIA predicts a different shape (and rate)



Limitations of ResBos
• Any perturbative calculation is performed with some 

approximation, hence, with limitation. 
• To make the best use of a theory calculation, we need to 

know what it is good for and what the limitations are.

It could be used to reweight the distributions 
generated by (PYTHIA) event generator,

by comparing the boson (and it decay products) 
distributions to ResBos predictions. 

This has been done for W-mass analysis by CDF and D0)

It does not give any information about the 
hadronic activities of the event. 



CTEQ-TEA  
Parton Distribution Function  

Global Analysis 

• CT10 NNLO PDFs 

• Some remarks about the precision of global 

analysis at LO, NLO and NNLO 

CTEQ-Tung et al (TEA)  Collaboration: 

 

 S. Dulat, J. Gao, M. Guzzi, T.J. Hou, J. Huston,  

H.-L. Lai, Z. Li, P. Nadolsky, J. Pumplin,  

C. Schmidt, D. Stump, C.-P. Yuan 



CT10NNLO and CT1X NNLO PDFs 

CT10 Website: 

http://hep.pa.msu.edu/cteq/public/ct10.html 

http://hep.pa.msu.edu/cteq/public/ct10.html
http://hep.pa.msu.edu/cteq/public/ct10.html
http://hep.pa.msu.edu/cteq/public/ct10.html
http://hep.pa.msu.edu/cteq/public/ct10.html


Interpretation of experimental data 
at LO, NLO and NNLO

 Factorization Theorem

 Higher order calculation (including both 
PDFs and Wilson coefficients) yields better 
description of experimental data. 

Data depends on 
PDFs and Wilson coefficients



Compare the quality of global fits  

at LO, NLO and NNLO 

• Chi-square per data point is  

    about 1.1 at NNLO and NLO,  and  

    about 1.5 at LO. 

• The overall data points included in the global 

analysis is at the order of 3000, including DIS, 

Drell-Yan (W/Z) and jet data.  

 (LHC data are not yet included in the released PDF sets.)  

 

 

 

 



ID Experimental data set Npt CT10 NNLO CT10 NLO CT10 LO

159 Combined HERA1 DIS [?] 579 1.07 1.05 1.54
101 BCDMS F p

2
[?] 339 1.16 1.13 1.24

102 BCDMS F d
2
[?] 251 1.16 1.04 1.13

103 NMC F p
2
[?] 201 1.66 1.71 2.19

104 NMC F d
2
/F p

2
[?] 123 1.23 1.01 0.95

108 CDHSW F p
2
[?] 85 0.83 0.73 0.94

109 CDHSW F p
3
[?] 96 0.81 0.70 0.87

110 CCFR F p
2
[?] 69 0.98 1.04 2.29

111 CCFR xF p
3
[?] 86 0.40 0.37 0.66

124 NuTeV ν di-µ SIDIS [?] 38 0.78 0.91 0.72
125 NuTeV ν di-µ SIDIS [?] 33 0.86 0.83 1.47
126 CCFR ν di-µ SIDIS [?] 40 1.20 1.27 0.73
127 CCFR overlineν di-µ SIDIS [?] 38 0.70 0.79 0.63
140 H1 F c

2
[?] 8 1.17 1.30 3.60

143 H1 σ̃cc̄ [?] 10 1.63 1.55 3.19

145 H1 σ̃bb̄ [?] 10 0.78
156 ZEUS F c

2
[?] 18 0.74 0.95 3.34

157 ZEUS F c
2
[?] 27 0.62 0.81 2.78

201 E605 DY process σ(pA) [?] 119 0.80 0.79 0.78
203 E866 DY process σ(pd)/(2σ(pp)) [?] 15 0.65 0.45 0.55
204 E866 DY process σ(pp) [?] 184 1.27 1.292 1.38
225 CDF Run-1 W charge asymmetry [?] 11 1.22 0.78 1.57
227 CDF Run-2 W charge asymmetry [?] 11 1.04 1.33 0.99
231 Run-2 W charge asymmetry [?] 12 2.17 1.91
234 Run-2 W charge asymmetry [?] 9 1.65 1.22
260 Run-2 Z rapidity dist. [?] 28 0.56 0.57 1.83
261 CDF Run-2 Z rapidity dist. [?] 29 1.60 1.76 4.47
504 CDF Run-2 inclusive jet [?] 72 1.42 1.56 1.85
514 Run-2 inclusive jet [?] 110 1.04 1.14 1.63
505 CDF Run-2 inclusive jet [?] 33 1.64
515 Run-2 inclusive jet [?] 90 0.76

Totals Npt: 2641 2753 2641
Totals χ2 : 3026 2954 3870

1



HERA: low and medium x

LHC: important constraints on g(x), 
flavour separation 

Fixed Target: high x, nuclear PDFs

HERA

TEVATRON

LHC

fixed 
target

Experimental access to the proton structure

2



CT10NNLO Hessian error PDFs 

Q=2 GeV Q=85 GeV 







Correlations of Higgs cross sections to PDFs 

VBF 

GF g g 

u 

s 

s 

GF strongly correlates to  

g(x) around x=0.01 

@ 125 GeV 



LHC collider energy dependence 

GF 

VBF 



PDF induced Correlations of 

𝑔𝑔 → 𝐻 and 𝑡 𝑡 cross sections 



Higgs Boson  

Cross Sections  

and  

Distributions 



NNLO cross section and PDF induced 
uncertainty for gg->H

(using ResBos2 program)

M=125 GeV

arXiv:1205.4311 [hep-ph]



PDF induced uncertainty at NNLO 

• Default 𝞪𝑠  values at MZ are different for  

    CT10:             0.118 

    MSTW08:      0.120 

    NNPDF2.3:    0.119 

• They predict different cross sections for GF 

and VBF processes (not even within each 

other’s error bars, e.g., CT10 vs. NNPDF).  

     
 



CT10 vs. NNPDF2.3 @NNLO 

GF 

VBF 

Scale is set at MH=125 GeV 

𝞪𝑠(MZ)=0.119 

Showing1-σ error 



Further Checks with LMM 

• Apply Lagrangian Multiplier Method 

(LMM) to study the Higgs boson cross 

section from gluon fusion processes.  

• In contrast to the  Hessian Method (HM), 

the LMM does not require quadratic 

approximation. 

• We find only small increase in the PDF and 

𝞪𝑠 induced uncertainties, as compared to the 

HM predictions.    



Uncertainties of cross sections for gg->H
(using ResBos2 program)

M=125 GeV

(at 90% CL, with the range of 0.116 to 0.120)
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FIG. 1: The different theoretical predictions on the transverse momentum distributions for the Higgs boson production at the
Tevatron (1.96 TeV) and the LHC (7 TeV, 8 TeV and 14 TeV). In the bottom of each plot, the ratios to ResBos2 predictions
are also shown.

of ResBos2. On the other hand, the HqT2 predictions at moderate QT region are closer to the ResBos predictions,
and can be about 20% higher than ResBos2 predictions for QT ∼ 60 GeV (80 GeV) at the Tevatron (LHC).
Figure 2 shows the resummation scale dependencies of the transverse momentum distributions of the Higgs boson

produced at the Tevatron and the LHC. To estimate the resummation scale dependencies, we vary the hard scale
coefficient C2 by a factor of two around the canonical choice, but hold the relations between Ci, i = 1, 2, 3, 4, as shown
in Eq. (19). With this choice, the Wilson coefficient functions Cgg and Cgq do not change when C2 varies. Therefore,
mainly the shapes of distributions are affected by varying the resummation scales. As shown in Fig.2, the shapes of
the transverse momentum distributions of Higgs boson are changed at both the Tevatron and the LHC. The peak
positions of the distributions are shifted by several GeV’s when varying the scales. Generally, the distributions in the
low and high QT regions are increased and suppressed, respectively, when C2 increases.
Figure 3 shows the ratios between the transverse momentum distributions with and without G-functions at the

Tevatron and the LHC. It can be seen that the effects of G-functions are very small. As shown in the figure, by
including G-functions, the shapes of transverse momentum distributions are slightly changed, by less than 1%. This
small effect is understood, for the contributions of G-functions to the transverse momentum distribution of the Higgs
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FIG. 1: The different theoretical predictions on the transverse momentum distributions for the Higgs boson production at the
Tevatron (1.96 TeV) and the LHC (7 TeV, 8 TeV and 14 TeV). In the bottom of each plot, the ratios to ResBos2 predictions
are also shown.

of ResBos2. On the other hand, the HqT2 predictions at moderate QT region are closer to the ResBos predictions,
and can be about 20% higher than ResBos2 predictions for QT ∼ 60 GeV (80 GeV) at the Tevatron (LHC).
Figure 2 shows the resummation scale dependencies of the transverse momentum distributions of the Higgs boson

produced at the Tevatron and the LHC. To estimate the resummation scale dependencies, we vary the hard scale
coefficient C2 by a factor of two around the canonical choice, but hold the relations between Ci, i = 1, 2, 3, 4, as shown
in Eq. (19). With this choice, the Wilson coefficient functions Cgg and Cgq do not change when C2 varies. Therefore,
mainly the shapes of distributions are affected by varying the resummation scales. As shown in Fig.2, the shapes of
the transverse momentum distributions of Higgs boson are changed at both the Tevatron and the LHC. The peak
positions of the distributions are shifted by several GeV’s when varying the scales. Generally, the distributions in the
low and high QT regions are increased and suppressed, respectively, when C2 increases.
Figure 3 shows the ratios between the transverse momentum distributions with and without G-functions at the

Tevatron and the LHC. It can be seen that the effects of G-functions are very small. As shown in the figure, by
including G-functions, the shapes of transverse momentum distributions are slightly changed, by less than 1%. This
small effect is understood, for the contributions of G-functions to the transverse momentum distribution of the Higgs

Transverse momentum distribution of
Higgs boson via gg->H
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mH (GeV) ResBos2 ResBos HNNLO (NNLO) HqT2 (NNLL+NLO)

Tevatron

115 0.98+9.2%
−6.1% 0.91+15.7%

−6.9% 0.96+13.6%
−13.7% 0.97+14.2%

−13.8%

120 0.87+9.2%
−6.9% 0.80+15.8%

−6.6% 0.84+13.4%
−13.7% 0.85+13.9%

−13.8%

125 0.77+9.1%
−6.5% 0.71+15.9%

−6.5% 0.75+13.5%
−14.2% 0.75+13.8%

−13.8%

130 0.68+10.3%
−5.9% 0.63+15.9%

−6.4% 0.66+14.5%
−13.1% 0.67+13.9%

−13.8%

LHC 7 TeV

115 15.11+7.8%
−5.8% 14.21+8.3%

−5.9% 15.16+9.0%
−10.7% 15.19+10.8%

−10.4%

120 13.89+7.8%
−5.7% 13.06+8.4%

−5.8% 13.80+10.6%
−10.5% 13.94+10.2%

−10.4%

125 12.80+7.7%
−5.5% 12.03+8.5%

−5.6% 12.72+10.2%
−10.6% 12.83+10.7%

−10.4%

130 11.83+7.7%
−5.4% 11.12+8.6%

−5.5% 11.75+10.8%
−10.7% 11.84+9.9%

−10.4%

LHC 8 TeV

115 19.15+7.5%
−6.5% 17.58+8.1%

−7.1% 19.05+9.9%
−9.2% 19.25+10.8%

−9.8%

120 17.65+7.5%
−6.5% 16.21+8.1%

−7.1% 17.59+9.7%
−9.9% 17.76+9.8%

−10.1%

125 16.31+7.5%
−6.4% 14.98+8.1%

−7.0% 16.26+10.2%
−10.4% 16.39+9.8%

−10.1%

130 15.11+7.5%
−6.4% 13.89+8.1%

−7.0% 15.07+10.9%
−10.6% 15.17+10.3%

−10.1%

LHC 14 TeV

115 48.84+7.6%
−5.7% 46.03+10.0%

−5.3% 49.24+9.4%
−9.8% 48.90+9.0%

−9.8%

120 45.45+7.5%
−5.5% 42.84+9.8%

−5.2% 45.57+10.4%
−9.5% 45.52+10.3%

−8.4%

125 42.39+7.4%
−5.4% 39.96+9.6%

−5.0% 42.61+9.6%
−9.7% 42.57+9.7%

−8.8%

130 39.65+7.3%
−5.2% 37.38+9.4%

−4.8% 39.93+11.1%
−9.8% 39.75+9.7%

−8.9%

TABLE I: The ResBos2, ResBos, HNNLO and HqT2 predictions on the total cross sections (in pb) for Higgs boson production
via g+g → H+X at the Tevatron (1.96 TeV) and LHC (7 TeV, 8 TeV and 14 TeV). The upper (lower) uncertainties, expressed
in the form of percentages, are obtained by dividing (multiplying) the canonical scale by a factor of two.

Eq. (19). They are reduced in ResBos2 to about 9% and 8% (7%, 8%) at the Tevatron and the 7 TeV (8 TeV, 14
TeV) LHC, respectively.
We can also see that ResBos2 predictions agree with the predictions from HNNLO and HqT2 programs within a

couple of percent. When the CM energy of the LHC is increased from 7 TeV to 8 TeV, the total cross sections for
the Higgs boson production are increased by about 27% for mH=125 GeV.

CTEQ6.6 CT10 NLO CT10W NLO CT10 NNLO MSTW2008NNLO NNPDF2.3NNLO

Tevatron 0.77± 6.9% 0.77± 6.9% 0.76± 7.0% 0.77± 6.9% 0.78± 6.4% 0.80± 4.6%

LHC 7 TeV 12.80± 6.1% 13.33± 6.1% 12.82± 5.1% 12.65± 5.8% 12.69± 4.5% 13.73± 3.0%

LHC 8 TeV 16.31± 5.5% 16.53± 5.5% 16.95± 4.8% 16.63± 5.6% 16.30± 4.5% 16.90± 5.5%

LHC 14 TeV 42.39± 8.5% 42.64± 8.5% 42.91± 7.1% 41.87± 7.7% 43.10± 6.4% 43.28± 5.9%

TABLE II: The total cross sections (in pb) for Higgs boson production via g + g → H + X at the Tevatron (1.96 TeV) and
LHC (7 TeV, 8 TeV and 14 TeV) by using different PDF sets in ResBos2. The PDF induced uncertainties are estimated at
90% confidence-level, and expressed in the form of percentages.

To study the dependence of ResBos2 predictions on the choice of PDF sets, we show in Table II the total cross
sections of producing a 125 GeV Higgs boson at the Tevatron and the LHC, and corresponding PDF uncertainties when
using the CTEQ6.6, CT10 NLO, CT10W NLO, CT10 NNLO [54, 55], MSTW2008NNLO [56] and NNPDF2.3NNLO
[57] PDF sets. We compare these widely used PDF sets as recommended by the PDF4LHC Working Group in Ref.
[58]. There is an about 8% difference between the NNPDF2.3NNLO and CT10 NNLO predictions at the 7 TeV LHC.
In general, the NNPDF sets predict larger cross sections than the other PDF sets. A similar conclusion was also found
in Ref. [59].
In Fig.1, we present ResBos2 predictions on the transverse momentum distributions of the Higgs boson, compared

with the predictions of ResBos and HqT2. The predictions of ResBos2 generally increase the overall size of the
distributions, compared to ResBos. Especially, the improvement in the small transverse momentum region can be as
large as 20% at both the Tevatron and the LHC. The peak positions are slightly shifted to small QT region. Meanwhile,
ResBos2 predictions are smaller than ResBos by about 20% for QT ∼ 60 GeV (80 GeV) at the Tevatron (LHC). This
behavior is due to the fact that the inclusion of NNLO Wilson coefficient functions modifies the resummed (W̃ )
contribution and hence the matching condition in the intermediate QT region. We note that the high QT predictions
remain to be the same. The HqT2 predictions at the LHC (7 TeV, 8 TeV and 14 TeV) in small QT region are
almost the same as ResBos2, but the peak height of the HqT2 prediction at the Tevatron is a little lower than that

Total NNLO cross section for gg->H
(comparing various codes)



Jets in QCD 



Two-jet Events:
Quark – anti-quark Pair Production

Typical e+ e− event with hadron final states:

Y

X
Z

   200 .  cm.   

 Cen t r e  o f  s c r een  i s  (    0 . 0000 ,    0 . 0000 ,    0 . 0000 )         

50  GeV2010 5

 Run : even t  4093 :   1000   Da t e  930527  T i me   20716                                  

 Ebeam 45 . 658  Ev i s   99 . 9  Em i s s   - 8 . 6  V t x  (   - 0 . 07 ,    0 . 06 ,   - 0 . 80 )               

 Bz=4 . 350   Th r us t =0 . 9873  Ap l an=0 . 0017  Ob l a t =0 . 0248  Sphe r =0 . 0073                  

C t r k ( N=  39  Sump=  73 . 3 )  Eca l ( N=  25  SumE=  32 . 6 )  Hca l ( N=22  SumE=  22 . 6 )  

Muon ( N=   0 )  Se c  V t x ( N=  3 )  Fde t ( N=  0  SumE=   0 . 0 )  

Parton process underlying 2-jet events

θ



3 Jet Events and the Gluon Parton

A typical 3-jet event (∼ 10% prob.):

 DELPHI Interactive Analysis
Run: 26154
Evt: 567

Beam: 45.6 GeV

Proc: 30-Sep-1991

DAS : 25-Aug-1991
21:30:55

Scan: 17-Feb-1992

 TD  TE  TS  TK  TV  ST  PA

Act

Deact

 25

(168)

  0

(  0)

 48

(248)

  7

( 24)

  0

(  0)

  0

(  0)

 37

( 51)

  0

( 48)

  0

( 38)

  0

( 24)

  0

(  0)

  0

(  0)

  0

(  0)

  0

(  0)

X

Y Z

Parton process underlying 3-jet events

x3

x2

x1

θ



Outlines
Motivation

Jet function  

Resummation

Jet energy profile

Jet mass distribution

Summary

arXiv: 1107.4535 [hep-ph]
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Other clustering algorithmThe kT family of jet algorithms 

!! p=1 

!! the regular kT jet algorithm 

!! p=0 

!! Cambridge-Aachen 
algorithm 

!! p=-1 

!! anti-kT jet algorithm 

!! Cacciari, Salam, Soyez ’08 

!! also P-A Delsart ’07 

!! soft particles will first 
cluster with hard particles 

before clustering among 

themselves 

!! no split/merge 

!! leads mostly to constant 

area hard jets 

!!#1 algorithm for 

ATLAS, CMS   

dij = min pT ,i
2p
, pT , j

2p( )
!Rij

2

D
2

dii = pT ,i
2p



arXiv: 0802.1189
Cacciari, Salam, Soyez

Figure 1: A sample parton-level event (generated with Herwig [8]), together with many random soft
“ghosts”, clustered with four different jets algorithms, illustrating the “active” catchment areas of
the resulting hard jets. For kt and Cam/Aachen the detailed shapes are in part determined by the
specific set of ghosts used, and change when the ghosts are modified.

the jets roughly midway between them. Anti-kt instead generates a circular hard jet, which clips a
lens-shaped region out of the soft one, leaving behind a crescent.

The above properties of the anti-kt algorithm translate into concrete results for various quanti-
tative properties of jets, as we outline below.

2.2 Area-related properties

The most concrete context in which to quantitatively discuss the properties of jet boundaries for
different algorithms is in the calculation of jet areas.

Two definitions were given for jet areas in [4]: the passive area (a) which measures a jet’s
susceptibility to point-like radiation, and the active area (A) which measures its susceptibility to
diffuse radiation. The simplest place to observe the impact of soft resilience is in the passive area for
a jet consisting of a hard particle p1 and a soft one p2, separated by a y − φ distance ∆12. In usual
IRC safe jet algorithms (JA), the passive area aJA,R(∆12) is πR2 when ∆12 = 0, but changes when
∆12 is increased. In contrast, since the boundaries of anti-kt jets are unaffected by soft radiation,

4

Anti-Kt jet clustering algorithm
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Calorimeter jet (cone)
jet is a collection of energy deposits with a 

given cone R:
cone direction maximizes the total ET of the jet

various clustering algorithms 

22!

Particle jet
a spread of particles running roughly in the 

same direction as the parton after hadronization

correct for finite energy resolution 
subtract underlying event 
add out of cone energy
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Various Theoretical 
Predictions



Event Generators: leading log radiations, 
hadronization, underlying events, etc.

Fixed order QCD calculation: finite number 
of  soft/collinear radiations

Resummation: all order soft/collinear 
radiations 

Various Theoretical Predictions

NLO



jet energy
profile
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Fig. 3. The measured jet shapes, with effects due to the calorimetric 
measurement removed, compared to NLO predictions with two 
renormalization scales for 2.5 5 101 2 3.0 for the jet ET range 
(a) 45-70 GeV and (b) 70- 105 GeV. 

tered into one jet, using the D0 definition of 7 and 
4, if they are within a distance of 1.0 of each other in 
v - 4 space. The energies of these jets are defined as 
the sum of the energies of the partons in the jets and 
the jet directions are the vector sums of the momenta 
of the partons. The jet shape predictions were calcu- 
lated in the same ET and r] ranges as the data, using 
the CTEQ2M [ 141 parton distribution function (pdf) 
and three values of the renormalization scale, ,X =ET, 
ET/~, and ET/~. They were also calculated using the 
MRSD-’ [ 151 pdf and were found to be insensitive 
to this change. At the lower two jet ET ranges, the 
theoretical predictions are narrower than the data for 
all values of ,u and are narrower for all values except 
,u = ET/~ for the higher two ET ranges. Both the data 
and the theoretical predictions narrow with increasing 
jet ET but the measured jets narrow more quickly than 
the predictions. 

Fig. 3 shows the measured jet shapes in the forward 
region for two jet ET ranges and the values of p( r) are 
listed in Table 2. The measured jets are observed to 
narrow with increasing jet ET. Comparing Figs. 2 and 
3, it is observed that jets of the same ET are narrower 
in the forward region than in the central region. Com- 
parisons to the JETRAD predictions in the forward 
region are shown using two values of the renormaliza- 
tion scale. The theoretically predicted jet shapes are 
narrower than the data in both ET ranges and do not 
narrow with increasing jet ET. As observed in the data, 
the theoretically predicted jet shapes are narrower in 
the forward region than in the central for jets of the 
same ET, but they do not narrow as much as the data. 

Comparison of HERWIG simulations of jet shapes 

Table 2 
The measured jet shapes at the particle level for jets located at 2.5 
< 171 < 3.0. Listed in the table is the value of p as a function 
of the radial distance from the jet axis r for the two forward ET 
regions. 

Subcone 
radius 

0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1 .o 

p(r) 

45-70 GeV 
(ET) = 52 GeV 

.49f .028 

.67f ,026 

.76f ,018 

.82f ,014 

.86f ,012 

.9Ok ,010 

.93& .007 

.96k .005 

.98f .003 
1.0 60.0 

70-105 GeV 
(ET) = 77 GeV 

.59f ,039 

.75f ,035 

.82f ,031 

.86f ,030 
,885 .025 
.91 i .022 
.94~k ,018 
.96i ,008 
.98f ,006 
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Fig. 4. The measured jet shapes at the particle level for jets with 
45 < ET < 70 compared to NLO predictions for different parton 
clustering algorithms for (a) 171 5 0.2 and (b) 2.5 < 171 5 3.0. 

before fragmentation (parton level) and after (parti- 
cle level) shows that the effects of fragmentation pro- 
cesses are important and tend to broaden the jets in 
both the central and forward regions. 

Although the experimental cone algorithm is well 
defined, it cannot be simulated exactly in the theo- 
retical parton level prediction. We have investigated 
the effect on the jet shape when using different par- 
ton clustering algorithms in the predictions as shown 
in Fig. 4. 

The JBTRAD clustering algorithm was described 
previously. The JETRAD-2 algorithm clusters two 
partons into a single jet if they are each within a 
distance of 1.0 of their vector sum, creating jets with 
the same radius as in the experimental measurement. 

Thaler & Wang,  arxiv:0806.0023
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Our resummation results

 At the first time that pQCD resummation 
approach is established to investigate jets.

 Improve predictions on Jet energy 
profile and jet mass distribution to 
describe CDF and CMS data. 
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Jet energy profile @ CDF

Gluon jet dominates in low pT region.

128GeV < P jet
T < 148GeV

340GeV < P jet
T < 380GeV

37GeV < P jet
T < 45GeV

NLO

Resummed





Jet energy profile @ CMS

Predicted by perturbative resummation 
calculation, and non-perturbative physics 

input is not needed.
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Use Jet Energy Profile to  

distinguish Higgs Boson 

Production Mechanisms 

 

(Separating weak boson fusion  

from gluon fusion processes) 

 



Discriminate Higgs Production Mechanisms  

Using Jet Energy Profiles 

 Important to measure the couplings of Higgs 

boson to other SM particles.  

 Need to separate vector boson fusion (VBF) from 

gluon fusion (GF) production mechanisms for the 

Higgs boson. 

  Various kinematical distributions look alike after 

imposing relevant kinematic cuts.  

 Propose to study the final state jet energy profiles 

to discriminate VBF from GF processes. 

                   Hep-ph/1306.0899 

V. Rentala, N. Vignaroli, H.-N. Li, Z. Li, CPY 



Higgs production mechanisms 



SM Higgs @ 14 TeV LHC 



Higgs decay branching ratios 

For 125 GeV Higgs, 

Total decay width is  

4.03 MeV. 

 

𝐵𝑟 𝑏 𝑏 = 0.58 

𝐵𝑟 𝑊𝑊 = 0.22 

𝐵𝑟 𝑔𝑔 = 0.086 

𝐵𝑟 𝜏𝜏 = 0.06 

𝐵𝑟 𝑐𝑐 = 0.028 

𝐵𝑟 𝑍𝑍 = 0.027 

𝐵𝑟 𝛾𝛾 = 0.0023 

𝐵𝑟 𝑍𝛾 = 0.0016 

 

 



Higgs + 2 jets, in di-photon channel 

 Following CMS analysis: 

Longer tail in GF, due to 

large 𝑀𝑗𝑗 cut.  

𝑃𝑇 Peaks around 
𝑀𝑊

2
 In VBF,  

due to weak boson propagators. 



Jet Energy Profiles 



pQCD Resummation calculations 

 The perturbative QCD resummation 

technique is applied to improve prediction  

on jet energy profile to describe CDF and 

CMS data.  

 Final state quark jets can be statistically 

separated from gluon jets by studying their 

corresponding jet energy profiles.   

Hep-ph/1107.4535; 1206.1344 

H.-N. Li, Z. Li, CPY 



Separating Quark from Gluon Jets 



For 125 GeV SM Higgs Boson 

Simulate H+1,2,3 jets events 

 with MadGraph v5 

Pass them to Pythia v6.4 for 

showering and hadronization,  

and use MLM prescription for 

matching. 

Jets are reconstructed using  

SpartyJet, a wrapper for  

FastJet, using the anti-𝑘𝑡 jet  

algorithm with 𝑅 = 0.7 



Compare Jet Energy Profiles from  

Pythia and pQCD 

The central jet is chosen,  

for its jet energy profile (JEP) 

could  be better measured  

than a forward jet.   



Our Analyses 

 Pythia predictions depend on the specific tune 

considered (Pythia tune-A).  

 pQCD resummation predictions, without 

including power suppressed contribution,  do 

not depend on any non-perturbative physics. 

 Hence, we use pQCD prediction to determine 

the central value of the JEP, and use Pythia 

results to estimate the error on the JEP. 



Compare various model 

predictions in JEP 

@14TeV LHC 

Compare SM prediction  

with two hypothetical cases  

of a Higgs produced via  

pure VBF or GF. 

The statistical errors  

are derived from  

Madgraph+Pythia  

simulation.  



Event rates and 𝑓𝑉 at 14 TeV LHC 

(with 100 1/fb) 



Background contamination 

 Assume the (𝛾𝛾𝑗𝑗) background JEP, 𝜓𝐵 𝑟 ,  

can be measured from (side-band) data, so 

that the signal JEP, 𝜓𝑠 𝑟 , can be obtained 

from the observed JEP, 𝜓𝑜𝑏𝑠 𝑟 . 

 

 

The errors scale by the factor  



Background cross sections 



Summary on JEP 

 We use (quark vs. gluon) Jet Energy Profile 

to discriminate the production mechanism of 

Higgs boson, VBF vs. GF. 

 Similar techniques can be applied to probe 

New Physics.  



The Big Question 

• As requested by Prof. Mihoko Nojiri 

• After separating weak boson fusion process 

from gluon fusion process, we need to study 

the scatterings of weak bosons in the TeV 

region, for the final state of weak bosons or 

top quark pairs.  

 

To probe electroweak symmetry breaking mechanism 

by studying Unitarity property of scattering amplitudes  



References

Problems with the Higgs Model
•  No (other?) fundamental scalars observed in nature

•  Hierarchy or Naturalness Problem

•  No explanation of dynamics responsible for 
Electroweak Symmetry Breaking

•  Triviality and Vacuum Stability Problems...

Problems with the Higgs Model

m2(�)

�(�)

�(�)



Triviality and Vacuum Stability 

Triviality 

Vacuum Stability  

For 125 GeV Higgs, 

Λ ∼ 1011𝐺𝑒𝑉 

with 𝑚𝑡 = 173 𝐺𝑒𝑉  



Elias-Miro, et. al., arXiv:1112.3022

Updated

Or: other particles (e.g. superpartners) 
could stablize the potential...



Further tests in the TeV region 
are absolutely needed

 Must study the longitudinally polarized  
vector boson scatterings in the TeV region 
to check the unitarity property. 
 If the scattering amplitudes are shown to be 

unitary, then the discovered Higgs boson is 
responsible for the electroweak symmetry 
breaking. Otherwise, New Physics must 
exist to unitarize the longitudinal vector 
boson scatterings in the TeV region. 



Loss of Unitarity in

Electroweak Symmetry Breaking



Sum                0                   

SU(2) x U(1) @ E4



including (d+e)

SU(2) x U(1) @ E2 & The Higgs

Lee, Quigg, Thacker 

gHWW



Weak Boson Scatterings in the 

TeV region 

 Consider an Effective Chiral Lagrangian, 

with custodial symmetry (as g’ → 0): 

 

 

Hep-ph/0211229 



Dimension-6 Operators 

                hep-ph/0303048 

B Zhang, Y.-P. Kuang, H.-J. He, CPY 



SU(2) x U(1) @ E & The Higgs

Chanowitz, Furman, Hinchliffe

Bad high-energy
behavior cancelled

by: 

t+
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Line



Thanks for your attention! 

It is a very long lecture. 



Backup Slides 



What accounts for 
Vector Boson Mass Generation?

Higgs Mechanism 
Electroweak Symmetry Breaking  (EWSB)

 The Standard Model Higgs Boson
 Make the Higgs Composite: Little Higgs 
 Make the (Multiple) Higgs Natural: 

Supersymmetry



The Higgs Mechanism (EWSB) 

𝑊+ 𝑊− 



Trial answer: the SM with a Higgs 



Matrix Notation



Non-linear Representation 



Custodial Symmetry: SU(2)V



Violations of Custodial Symmetry

(i.e. mass differences)



Custodial Symmetry
is an important part

of any theory of EWSB!

SU(2)V




