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1 Standard Model Physics

1.1 Introduction

1.1.1 Physics motivations

The standard model describes our currently best knowledge about the subatomic world. It

has gone through extremely precision tests in the LEP era, the Tevatron era, and now the

LHC era. With the restart of the LHC in the next year, the standard model will be probed

at even higher energy scales. At future experimental facilities beyond the LHC, verifying

the standard model with higher precisions and at higher energies will continue to be an

important physics goal.

With the discovery of a light Higgs boson, the standard model is complete and could be

valid up to very high energies close to the Planck scale, where the quantum e↵ects of gravity

come into play. However, there are many implications that new particles and new forces

beyond the standard model could exist at energies much lower than the Planck scale, and

could be accessible at the LHC or new experimental facilities in the near future. In support

of the searches for these possible new physics at colliders, it is of paramount importance to

understand the standard model processes with high precision in all portions of the phase

space. In particular, it is necessary to understand corners of the phase space never probed
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Not too much

Many pieces missing! 
Some studies in progress… 

Man-power needed!



The Standard Model

• Our best theory about the subatomic world 

• Definitely should be examined with higher precision 
and at higher energy 

• Foundation to go “beyond the standard model”



Things to measure/test

• Fundamental parameters: 18(+1) 

• Properties of the Higgs boson 

• Properties of fermions 

• Properties of gauge bosons



Knowledges needed for 
going beyond

• Precision calculations for SM/BSM processes 

• Parton distribution functions 

• Understanding boosted objects



EFT framework

before, where large new physics e↵ects may appear. In addition, the new physics processes

are also sensitive to standard model parameters and derived quantities such as the strong

coupling constant and the parton distribution functions, therefore precise knowledge about

them are essential inputs for new physics searches.

All the above obviously require huge e↵orts from both the theoretical and experimen-

tal communities, including but not restricted to: i) measuring the 18 parameters of the

standard model with as small uncertainties as possible; ii) calculating and measuring dif-

ferential cross sections and decay rates for important processes with high precisions; iii)

improving our knowledge about essential non-perturbative quantities such as the parton

distribution functions and fragmentation functions; iv) designing new strategies to study

highly boosted objects.

In order to set up a scheme for testing the standard model, one needs to parametrize

possible deviations from the standard model which are not captured by the 18 parameters.

To this respect, it is often useful to regard the standard model as an e↵ective field theory

(EFT)

LEFT = LSM +
X

n,i

Cn,i

⇤4+n
On,i , (1.1)

where LSM is the Lagrangian density of the standard model collecting operators of dimen-

sion 4 or less, On,i are e↵ective operators of dimension 4 + n, and the Wilson coe�cients

Cn,i parameterize the e↵ects of new physics at the high energy scale ⇤. We should em-

phasize that there could exist new physics e↵ects, such as contributions from possible new

light degrees of freedom, which are not captured by the EFT framework. Nevertheless,

the EFT should be a very good approximation at future electron-positron colliders, whose

center-of-mass energies are typically a few hundreds GeV. For the LHC and future high

energy proton-proton colliders, the EFT should be used with care. Its validity should be

examined with supplemental information about possible new resonances.

We first list the 18 parameters of the standard model: 3 electroweak parameters ↵, mZ ,

mW ; 9 fermion masses me, mµ, m⌧ , mu, md, ms, mc, mb, mt; strong coupling constant

↵s; the Higgs boson mass mH ; and 4 parameters for the CKM matrix. At or above

the electroweak scale, we are mostly interested in the parameters mZ , mW , mt, mH , as

well as the CKM matrix elements associated with the top quark. In addition, the strong

coupling constant ↵s inevitably enters observables at proton-proton colliders, and also

enters many important observables at electron-positron colliders. In Table 1, we show the

current precisions of the above parameters as well as the expected precisions which can be

achieved at the LHC and a few proposed future colliders other than the CEPC+SPPC.

The numbers for the current precisions are taken from the Review of Particle Physics [1].

The expected precisions at the LHC and its possible high-luminosity upgrade HL-LHC are

taken from [where ???]. The expected precisions at the ILC are taken from its technical

design report (TDR) [2], while those at the TLEP are taken from [3]. Given the similar

design of the CEPC and the TLEP except the higher energy phase, we expect that the

achievable precisions for mZ , mW , mH and ↵s at the CEPC are similar to those in the last
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18(+1) parameters
Deviations from the SM

Good approximation @ CEPC 
!
Possibly (at least we hope) not valid @ SPPC



Parameters/observables

Current ILC TLEP

mZ 0.0023% 0.0018% 0.0001%

mW 0.02% 0.004% 0.0006%

mt 0.5% 0.02% 0.01%

↵s 0.5% 0.4% 0.08%

Table 1. Current precisions and expected precisions of a few standard model parameters at the
LHC and some future colliders.

column of Table 1. The expected precisions at the SPPC, on the other hand, should be

investigated by a more detailed design study.

Besides the above parameters, there are many other precision standard model observ-

ables which are related to the fundamental parameters in intricate ways, including detailed

properties of various particles as well as various production and decay distributions. Mea-

suring these observables and comparing with their standard model predictions are essen-

tially the meaning of “testing the standard model”. These observables are often used in

the fashion of a global fit to decide whether the standard model or an alternative theory is

a better explanation of the experimental data. Historically, this kind of precision tests has

provided very useful information about unknown parameters in the standard model such

as mt and mH . Now that all the parameters of the standard model are known, we can in

turn utilize these precision tests to gain information about possible new physics beyond the

standard model, for example, the new physics scale ⇤ and the Wilson coe↵cients Cn,i. We

list a few such observables in Table 2, together with their current precisions and expected

precisions at future colliders. [TODO: more discussions]

Current ILC TLEP

�Z 0.09% 0.03% 0.004%

sin2 ✓le↵ 0.07% 0.004% 0.0004%

Rb 0.3% 0.06% 0.02%

N⌫ 0.27% 0.13% 0.03%

Table 2. Current precisions and expected precisions of a few standard model observables at the
LHC and some future colliders.

We now turn to higher dimension operators in Eq. (1.1). An interesting and important

set of higher dimensional operators contains those contributing to the triple and quartic

couplings among electroweak gauge bosons, which can be probed by gauge boson pair

production and triple gauge boson production processes at the CEPC+SPPC. Due to the

relations among di↵erent operators, the choice of the operator basis is not unique. We

follow the convention of [4], where the relevant part of the e↵ective Lagrangian up to

dimension-8 can be written as

LEFT �
X

i

ci
⇤2

Oi +
X

j=1,2

fS,j
⇤4

OS,j +
X

j=0,...,9

fT,j
⇤4

OT,j +
X

j=0,...,7

fM,j

⇤4
OM,j . (1.2)
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Examples:

Studies dedicated to CEPC required! 
(e.g.: work of Liantao Wang et al. presented yesterday)



Interesting examples of 
higher dimensional operators

dimension-8 can be written as

LEFT �
X

i

ci
⇤2

Oi +
X

j=1,2

fS,j
⇤4

OS,j +
X

j=0,...,9

fT,j
⇤4

OT,j +
X

j=0,...,7

fM,j

⇤4
OM,j . (1.2)

The CP-conserving dimension-6 operators in the above expression are given by

OWWW = Tr
⇥
Wµ⌫W

⌫⇢Wµ
⇢

⇤
,

OW = (Dµ�)
†Wµ⌫ (D⌫�) ,

OB = (Dµ�)
†Bµ⌫ (D⌫�) ,

O�d = @µ(�
†�) @µ(�†�) ,

O�W = (�†�) Tr [Wµ⌫Wµ⌫ ] ,

O�B = (�†�)Bµ⌫Bµ⌫ .

Here, � is the Higgs field, Wµ⌫ and Bµ⌫ are the SU(2)L and U(1)Y field strength tensors,

respectively. If CP-violating terms are allowed, several other dimension-6 operators should

be included. These dimension-6 operators give rise to triple gauge boson couplings (TGCs)

as well as associated quartic gauge boson couplings (QGCs). The genuine QGCs, on the

other hand, arise from dimension-8 operators in Eq. (1.2). These can be classified into 3

categories: i) operators containing only Dµ�, denoted by OS,j ; ii) operators containing

only field strength tensors, denoted by OT,j ; iii) operators containing both Dµ� and field

strength tensors, denoted by OM,j . We refer the readers to [4] for details about these

operators.

Another interesting sector in the higher dimensional operators concerns flavor-changing

neutral interactions of the top quark. Flavor-changing neutral interactions have been ob-

served for both the strange quark and the bottom quark, and are consistent with the

standard model description. On the other hand, the flavor-changing neutral interactions

of the top quark are very tiny in the standard model, and current experimental bounds

are orders-of-magnitude higher than the standard model expectations. This leaves much

space for possible new physics contributions. In the EFT framework, these flavor-changing

neutral interactions can be induced by the following dimension-6 operators in the e↵ective

Lagrangian [5–9]

LEFT � ↵ij
uG�

⇤2
q̄iL�

a�µ⌫ujR �̃Ga
µ⌫ +

↵ij
uB�

⇤2
q̄iL�

µ⌫ujR �̃Bµ⌫ +
↵ij
uW�

⇤2
q̄iL⌧I�

µ⌫ujR �̃W I
µ⌫

+
↵1,ij
�q

⇤2
i(�†Dµ�)(q̄

i
L�

µqjL) +
↵3,ij
�q

⇤2
i(�†⌧IDµ�)(q̄

i
L�

µ⌧Iq
j
L) (1.3)

+
↵ij
�u

⇤2
i(�†Dµ�)(ū

i
R�

µujR) +
↵ij
u�

⇤2
(�†�)(q̄iLu

j
R�̃) + L4f ,

where L4f includes 4-fermion operators. In the above, Ga
µ⌫ is the gluon field strength

tensor, qiL are left-handed quark doublets, uiR are right-handed quark singlets of up-type.
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Triple and quartic gauge boson couplings

Top quark flavor-changing neutral interactions



Challenges for theorists
• Complicated perturbative calculations, typically: 

• NNNLO QCD + NNLO EW @ CEPC 

• NNLO QCD + NLO EW @ SPPC 

• Resummation of various large logarithms 

• Improving our knowledges about PDFs and jets



SM @ CEPC



Weak gauge coupling of the 
bottom quark

Long-standing puzzle about the 
forward-backward asymmetry

10. Electroweak model and constraints on new physics 29

Table 10.5: Principal Z pole observables and their SM predictions (cf. Table 10.4).

The first s2
ℓ (A

(0,q)
FB ) is the effective angle extracted from the hadronic charge

asymmetry, the second is the combined value from DØ [167] and CDF [168], and
the third is from CMS [171]. The three values of Ae are (i) from ALR for hadronic
final states [162]; (ii) from ALR for leptonic final states and from polarized Bhabba
scattering [164]; and (iii) from the angular distribution of the τ polarization at
LEP 1. The two Aτ values are from SLD and the total τ polarization, respectively.

Quantity Value Standard Model Pull Dev.

MZ [GeV] 91.1876 ± 0.0021 91.1874 ± 0.0021 0.1 0.0
ΓZ [GeV] 2.4952 ± 0.0023 2.4961 ± 0.0010 −0.4 −0.2
Γ(had) [GeV] 1.7444 ± 0.0020 1.7426 ± 0.0010 — —
Γ(inv) [MeV] 499.0 ± 1.5 501.69± 0.06 — —
Γ(ℓ+ℓ−) [MeV] 83.984 ± 0.086 84.005 ± 0.015 — —
σhad[nb] 41.541 ± 0.037 41.477 ± 0.009 1.7 1.7
Re 20.804 ± 0.050 20.744 ± 0.011 1.2 1.3
Rµ 20.785 ± 0.033 20.744 ± 0.011 1.2 1.3
Rτ 20.764 ± 0.045 20.789 ± 0.011 −0.6 −0.5
Rb 0.21629 ± 0.00066 0.21576 ± 0.00004 0.8 0.8
Rc 0.1721 ± 0.0030 0.17227 ± 0.00004 −0.1 −0.1

A
(0,e)
FB 0.0145 ± 0.0025 0.01633 ± 0.00021 −0.7 −0.7

A
(0,µ)
FB 0.0169 ± 0.0013 0.4 0.6

A
(0,τ)
FB 0.0188 ± 0.0017 1.5 1.6

A
(0,b)
FB 0.0992 ± 0.0016 0.1034 ± 0.0007 −2.6 −2.3

A
(0,c)
FB 0.0707 ± 0.0035 0.0739 ± 0.0005 −0.9 −0.8

A
(0,s)
FB 0.0976 ± 0.0114 0.1035 ± 0.0007 −0.5 −0.5

s̄2
ℓ (A

(0,q)
FB ) 0.2324 ± 0.0012 0.23146 ± 0.00012 0.8 0.7

0.23200 ± 0.00076 0.7 0.6
0.2287 ± 0.0032 −0.9 −0.9

Ae 0.15138 ± 0.00216 0.1475 ± 0.0010 1.8 2.1
0.1544 ± 0.0060 1.1 1.3
0.1498 ± 0.0049 0.5 0.6

Aµ 0.142 ± 0.015 −0.4 −0.3
Aτ 0.136 ± 0.015 −0.8 −0.7

0.1439 ± 0.0043 −0.8 −0.7
Ab 0.923 ± 0.020 0.9348 ± 0.0001 −0.6 −0.6
Ac 0.670 ± 0.027 0.6680 ± 0.0004 0.1 0.1
As 0.895 ± 0.091 0.9357 ± 0.0001 −0.4 − 0.4
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LEP1 Theory

Also a sign ambiguity for the 
right-handed Z-b-b coupling

where we indicate on the right the approximate values of the left- and right- handed
couplings necessary to fit the bottom-quark production data at the Z-peak1. Clearly, no
experiment performed at the Z-peak can reduce the degeneracy any further.
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Figure 1: The forward-backward asymmetry for the b-quark as a function of
√

s for the
four solutions of eq.(6). The signs in the parentheses refer to those for (ḡb

L, ḡb
R) in the

same order as in eq.(6) with (+, +) being SM-like. The experimental data correspond to
the measurements reported in Refs. [10–20].

Off the Z-peak though, the photon-mediated diagram becomes important thereby
affecting the forward-backward asymmetry of the bottom-quark. Such data, thus, could
discriminate amongst the four solutions described above. The asymmetry is easy to
calculate and in Fig. 1, we plot the same as a function of the center of mass energy of
the e+e− system for each of the solutions2 in eq.(6). It is quite apparent that the two
solutions with ḡb

L ≈ −gb
L(SM) can be summarily discarded. Interestingly enough, the

data does not readily discriminate between the two remaining solutions. This, though, is
not unexpected as |gb

R| ≪ |gb
L| within the SM. A similar analysis can be performed for Rb

as well, but the off-peak measurements of this variable are not accurate enough to permit
a similar level of discrimination.

1A similar analysis, although restricted to modifying the magnitude but not the sign of the couplings,
was performed in Ref. [9]

2Had we instead held the magnitudes of the couplings to their SM values, the resulting curves would
have been barely distinguishable from those in Fig. 1.
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Choudhury, Tait, Wagner: hep-ph/0109097

CEPC can help to 
resolve both issues

Systematic uncertainties?



Weak gauge coupling of the 
top quark

Energy not enough to produce 
a pair of on-shell top quarks 
!
One on-shell and one off-shell 
possible:

Batra, Tait: hep-ph/0606068
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Figure 2: Rates for e+ e− → W+bW−b̄ as a function of the center-of-mass energy for gWtb = gSM

(black solid), gWtb = 2gSM (blue dashed), and gWtb = gSM/2 (red dotted). Also shown for reference
is the SM single top rate, e+e− → tWb (violet dash-dot).

for the virtual top,
1

(q2
t∗ − m2

t )
2 + m2

t Γ
2
t

≃
π

mtΓt

δ
(

q2
t∗ − m2

)

, (6)

is zero, and one can no longer simply disentangle the cross section into production and decay rates.
This is illustrated in Figure 2, which plots the cross section as a function of energy for several

values of gWtb, assuming a 175 GeV top mass and a 115 GeV Higgs mass. All analysis was performed
using the MadEvent package [15] at tree level. The cross-sections asymptote to the same value at
both ends of the energy spectrum, as on-shell tt̄ production dominates close to threshold and
graphs not involving top dominate far below threshold. Both of these extremes are independent
of the W -t-b coupling, while energies in between these two extremes are suitable to measure gWtb.
The inflection points in the intermediate region are due to the turn on of single-top and associated
W production (through graphs that do not contain a virtual top) at their 255 GeV threshold, and
large tt⋆ contributions that dominate near ∼ 350 GeV.

For our analysis, we assume a relatively large luminosity 100 fb−1 of data collected at a single

4

Low cross section, but could be 
feasible with high luminosity

e+e� ! �/Z ! tt̄⇤ ! bb̄W+W�

Systematic uncertainties?



Triple and quartic gauge 
boson couplings

W+W�� & Z��

W+W� & single W WWA & WWZ couplings

WWAA, WWZA, ZZAA couplings

Unfortunately no 
WWZ production, 

hence no sensitivity 
to WWZZ coupling

TODOs:!
Assess improvements over LEP!
Electroweak corrections
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Figure 6.2: The 68% and 95% confidence level contours for the three two-parameter fits to the charged
TGCs gZ

1 -λγ , gZ
1 -κγ and λγ-κγ . The fitted coupling value is indicated with a cross; the Standard Model

value for each fit is in the centre of the grid. The contours include the contribution from systematic
uncertainties.
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Single Top @ CEPC
e+e� ! �/Z ! tc̄ Probes flavor-changing neutral 

interactions of the top quark

Han, Hewett: hep-ph/9811237 
Huang, Wu, Zhu: hep-ph/9901369 
Bar-Shalom, Wudka: hep-ph/9905407 
Aguila-Saavedra, Riemann: hep-ph/0102197 
Cao, Liu, Yang: hep-ph/0311166

Early theoretical studies:

In progress: new analysis @ CEPC 
with QCD effects (Gao and LLY)
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Figure 4: The light grey region shows the OPAL exclusion region at 95% CL in the κZ − κγ

plane for mt = 174GeV/c2. The exclusion curves for different values of top quark masses
are also shown. The hatched area shows the CDF exclusion region [9]. The OPAL limits
include QCD and ISR corrections to the Born-level cross-section defined in Equation 2.
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LEP studies: OPAL: hep-ex/0110009 
ALEPH: hep-ex/0206070



SM @ SPPC



Triple and quartic gauge 
boson couplings

The SPPC can explore all double and triple 
gauge boson production processes

Needs to understand boosted gauge bosons (see later)

Initial study on the WWW 
production and QGCs:

them are related to jets)(See table. 11). We only consider those jet in the tracker region,

namely, |η| ≤ 2.5. For this, we define N tight
jet as the number of jets which satisfy pT ≥ 30

GeV and |η| ≤ 2.5. The results are shown in Table. 12. It reaches 10 ∼ 16σ to observe the

SM W±W±W∓ production.

Pileup 50 140

Nlep = 2

Sign (+,+) or (−,−)
/ET ≥ 30GeV

N tight
jet ≥ 2,≤ 4 ≥ 2

|mjj −mW | ≤ 25GeV ≤ 40GeV

Table 11. l±νl±νjj Event selections at 100 TeV proton proton collider

Processes Cross section[fb]

Events

Pileup 50 Pileup 140

cut-based BDT cut-based BDT

WWW 26 6465 12156 7794 13485

tt̄W 7684 35961 65928 60396 100047

WWjj 535 30507 41124 71610 75708

WZjj 16250 209820 437775 429195 693225

Significance 12.3 16.4 10.4 14.4

Table 12. Event numbers and significances of WWW production in semileptonic decay channel
at future proton-proton collider with

√
s = 100 TeV and integrated luminosity of 3000 fb−1.

6.3 Anomalous quartic couplings

We also wish to explore the potential of probing aQGC at 100 TeV collider. The event

selections of aQGC is basically the same as in Sec. 5. We list the results of both pure

leptonic and semileptonic channel in Table. 13 and Table. 14

No form factor Λ = 1TeV, n=2 Λ = 0.5TeV, n=2

lower limit upper limit lower limit upper limit lower limit upper limit
fS0

Λ4 −2.93× 10−12 3.04 × 10−12 −1.65× 10−9 1.50× 10−9 −2.06 × 10−8 2.15 × 10−8

fS1

Λ4 −1.30× 10−12 1.16 × 10−12 −1.87× 10−9 2.37× 10−9 −2.75 × 10−8 2.84 × 10−8

fT0

Λ4 −3.69× 10−15 2.97 × 10−15 −9.18 × 10−12 6.76 × 10−12 −9.90× 10−11 7.30 × 10−11

Table 13. Constraints on anomalous quartic couplings parameters fS0/Λ4, fS1/Λ4 and fT0/Λ4

at 100 TeV future proton proton collider via WWW production pure leptonic decay channel with
integrated luminosity of 3000 fb−1. Units are in GeV−4.
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Wen, Qu, Yang, Yan, Li, Mao: 1407.4922

More studies needed!



Top quark properties
• Mass and width 

• Total and differential cross sections, asymmetries 

• Z-t-t and W-t-b gauge couplings 

• H-t-t Yukawa coupling 

• Anomalous productions and decays



Production and decay
• NNLO QCD for total cross section 

• NLO+NNLL QCD for various distributions 

• NLO EW; mixed EW-QCD 

• NNLO QCD for fully differential decay

Current status:

Desired: fully differential production+decay with 
NNLO QCD + NLO EW + resummation

Gao, Li, Zhu: 1210.2808

Czakon, Fiedler, Mitov:1303.6254

Many references! Sorry…

Issue: boosted top quarks (see later)



Charge asymmetry
Unresolved puzzle @ Tevatron

Several proposals to look @ LHC

Antunano, Kuhn, Rodrigo: 0709.1652 
Wang, Xiao, Zhu: 1011.1428 
Xiao, Wang, Zhou, Zhu: 1101.2507 
Kuhn, Rodrigo: 1109.6830

Can SPPC say something about it?



Top FCNC
Many studies on the productions and decays 

for the LHC incorporating QCD effects

Hosch, Whisnant, Young: hep-ph/9703450 
Han, Hosch, Whisnant, Young, Zhang: hep-ph/9806486 
Liu, Li, LLY, Jin: hep-ph/0508016 
Zhang, Li, Gao, Zhang, Li: 0810.3889 
Gao, Li, Zhang, Zhu: 0910.4349 
Zhang, Li, Gao, Zhu, Yuan: 1004.0898 
Zhang, Li, Li, Gao, Zhu: 1101.5346 
Li, Zhang, Li, Gao, Zhu: 1103.5122 
Gao, Li, LLY, Zhang: 1104.4945 

TODO: carry over analyses to the SPPC



PDFs
• Error from the PDFs has become one of the major 

sources to the systematic uncertainties of many 
measurements 

• Need to be improved for the SPPC, especially the 
gluon PDF and the small-x region 

• Recent proposals from Chinese Lattice  
QCD community may help 

• PDFs for top, W, Z; EW correction/evolution

Ji: 1305.1539 
Ma, Qiu: 1404.6860

See also talk by Jianhui Zhang



Gluon PDF
Can be constrained using Higgs production, top 
quark pair production and di-photon production
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Boosted objects @ SPPC

• Identification (jet substructures) 

• Theoretical calculation (large logarithms) 

• Mass logarithms 

• Electroweak Sudakov double logarithms



Jet substructures

• Hadronically decaying high-pT Higgs bosons, top 
quarks, W and Z bosons lead to “fat jets” 

• Could be distinguished from QCD jets by studying 
their internal structures 

• Many proposed methods for the LHC; should be 
revalidated for the SPPC



Two ways toward jet 
substructures

• Early investigations: purely numeric, based on 
Monte-Carlo event generators 

• Analytic approaches based on QCD calculations 

• Jet mass / jet energy profile 

• Jet mass 

• Mass-drop, trimming, pruning

Li, Li, Yuan: 1107.4535, 1206.1344

Kelly, Schwartz, Zhu: 1102.0561, 1112.3343

Dasgupta, Fregoso, Marzani, Salam: 1307.0007



Fat jets?
• The typical size of, e.g., the Higgs jet behaves like 

!

• People usually talk about Higgs jets with pT ~ 200 
GeV, which means R ~ 1.25 

• What about Higgs jets with pT ~ 1 TeV at the SPPC? 

• R ~ 0.25 similar to the typical size of QCD jets

R ⇠ 2mH

pT

Not fat anymore?



Mass logarithms
Example: top quarks produced with very high energies 

(not necessarily high pT)

ln(mt/E)

Resummation: parton distribution functions, fragmentation 
functions and jet functions for the top quark



High-pT boosted tops
Large logarithms resummed into top FFs/JFs

We are now ready to discuss the joint limit z → 1 and mt/M → 0, which is the main
theme of this paper. The key point is that these two limits are independent and commutative,
so that we can take them one-by-one in any order and obtain the same result. We choose
to start from the factorization formula (14) for the small-mass limit, and then study the
behavior of its component parts in the limit z → 1. We thus discuss the factorization of the
massless coefficient functions and the fragmentation function in the soft limit. The alternate
method of starting from the factorization formula (10) for the soft limit and then studying
the factorization of its component parts in the small-mass limit is discussed in Appendix A.

We first deal with the massless coefficient function Cab
ij . To factorize it in the soft limit,

we observe that nothing in the derivation of factorization for the massive coefficient function
(10) makes reference to the mass of the top-quark. Therefore, the form of factorization for
the massless coefficient function is exactly the same. The result is thus

Ctt̄
ij(z,M, t1, µf) = Tr

[
Hij(M, t1, µf)Sij(

√
ŝ(1− z), t1, µf)

]
+O(1− z) . (16)

We have used that only a = t contributes to (12) at leading power in (1 − z). The hard
function Hij is obtained from virtual corrections to two-to-two scattering with massless top
quarks, and the soft function Sij involves only light-like Wilson lines related to real emission
from massless partons. The top quark is treated as massless in both the external states and
in internal fermion loops, so both the hard and soft function are defined in a theory with six
active massless flavors.

The factorization of the fragmentation functions in the z → 1 limit was explained in [9–11],
and also within an effective field-theory framework in [12]. The main result of those works
is that after the matching onto the nl-flavor theory as in (12), the fragmentation function
factorizes into a product of two functions: one depending on the collinear scale mt, and the
other on the soft-collinear scale mt(1− z). We write this factorization as

D(nl)
t/t (z,mt, µf) = CD(mt, µf)SD(mt(1− z), µf ) +O(1− z) . (17)

The fragmentation of t̄ to t̄ follows the same factorization with the same coefficient functions.
The soft function SD is related to soft-collinear emission and is equivalent to the partonic
shape-function appearing in B-meson decays [11,12]. The matching coefficient CD is indepen-
dent of z and is a simple function related to virtual corrections.

Combining all of the information above, the factorization formula for the partonic cross
sections in the joint soft and small-mass limit is

Cij(z,M,mt, cos θ, µf) = C2
D(mt, µf) Tr

[
Hij(M, t1, µf)Sij(

√
ŝ(1− z), t1, µf)

]

⊗ C ij
ff(z,mt, µf)⊗ Ct/t(z,mt, µf)⊗ Ct/t(z,mt, µf)

⊗ SD(mt(1− z), µf )⊗ SD(mt(1− z), µf) +O(1− z) +O
(mt

M

)
. (18)

The factorization formula (18) is the central result of this section. In the limit in which it is
derived, any choice of µf generates large logarithms in the soft or small-mass limits. We deal

6

Resummation framework: 
Ferroglia, Pecjak, LLY: 1205.3662, 

1207.4798, 1306.1537; +Marzani: 1310.3836

In progress: numerical studies for the SPPC



Low-pT boosted tops
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Figure 2. The CTEQ PDF values including the top quark PDF.

example, the predictions of Higgs inclusive production cross sections still have sizable devi-

ation between di↵erent PDF sets, as shown in Fig.II.1 in Ref.[86]. The di↵erence between

theoretical predictions by using di↵erent PDF sets implies the room for improvement of

gluon PDF accuracy. The present accuracy of guon PDF cannot support percent level

analysis on Higgs physics.

At CEPC, the collision energy has become two order of magnitude higher than the

top quark mass, which can be e↵ectively viewed as massless parton. Therefore, the top

quark PDF will be non-negligible, especially the Higgs physics will be di↵erent from the

investigations those have been done previously for LHC. A preliminary investigation has

been done by CTEQ collaboration, and as shown in Fig.2 we can find that top quark PDF

is only about factor two less than the bottom quark PDF. Thus we can show [TODO] that

the percent level investigation on Higgs physics will be sensitive to top quark PDF. As the

SM predicted, the Yukawa coupling of top quark, which is close to unity, may provide the

hint to the new physics beyond the SM. Consequently, although the top quark PDF itself

arise from QCD physics, it holds the key to new physics.

1.3.4 Jet physics

At high energy colliders, the partons produced by hard scattering cannot be observed

directly, since they quickly transform into hadrons via strong interactions. Also the QCD

– 10 –

Large logarithms 
resummed into 

top PDFs

CTEQ Preliminary

See also talk by Joshua Sayre



Electroweak Sudakov
• At high energies, the W and Z bosons are 

effectively massless 

• Soft/collinear → Sudakov double logarithms 

• Resummation framework 

• A few studies for the LHC; effects should be more 
important for the SPPC

Investigations needed

Chiu, Golf, Kelley, Manohar: 
0709.2377, 0712.0396



SM processes @ 100 TeV
Wish-list from 1405.1067

Process State of the Art Desired
H d‡ @ NNLO QCD (expansion in 1/mt) d‡ @ NNNLO QCD (infinite-mt limit)

full mt/mb dependence @ NLO QCD full mt/mb dependence @ NNLO QCD
and @ NLO EW and @ NNLO QCD+EW
NNLO+PS, in the mt æ Œ limit NNLO+PS with finite top quark mass e�ects

H + j d‡ @ NNLO QCD (g only) d‡ @ NNLO QCD (infinite-mt limit)
and finite-quark-mass e�ects and finite-quark-mass e�ects
@ LO QCD and LO EW @ NLO QCD and NLO EW

H + 2j ‡tot(VBF) @ NNLO(DIS) QCD d‡(VBF) @ NNLO QCD + NLO EW
d‡(VBF) @ NLO EW
d‡(gg) @ NLO QCD (infinite-mt limit) d‡(gg) @ NNLO QCD (infinite-mt limit)
and finite-quark-mass e�ects @ LO QCD and finite-quark-mass e�ects

@ NLO QCD and NLO EW
H + V d‡ @ NNLO QCD with H æ bb̄ @ same accuracy

d‡ @ NLO EW d‡(gg) @ NLO QCD
‡tot(gg) @ NLO QCD (infinite-mt limit) with full mt/mb dependence

tH and d‡(stable top) @ LO QCD d‡(top decays)
t̄H @ NLO QCD and NLO EW
tt̄H d‡(stable tops) @ NLO QCD d‡(top decays)

@ NLO QCD and NLO EW
gg æ HH d‡ @ NLO QCD (leading mt dependence) d‡ @ NLO QCD

d‡ @ NNLO QCD (infinite-mt limit) with full mt/mb dependence

Table 1: Wishlist part 1 – Higgs (V = W, Z)

In the context of Higgs-boson observables, this issue is discussed in some detail in Refs. [39,
40] (see also references therein); general considerations about this issue can also be found in
Section 2.8.

1.1.1 Final states involving the Higgs Boson
Now that the Higgs boson has been discovered, the next key step is the detailed measurement of
its properties and couplings. Already much has been accomplished during the 2011–2012 running
at the LHC, but di�erential measurements, for example, are still in their infancy, due to the lack
of statistics. Given its importance, a great deal of theoretical attention has already been given to
calculations of the Higgs-boson production sub-processes for each of the production modes [38–
40] including a concise summary of the predictions available for each channel.2 Nevertheless, as
indicated in Table 1.1, more precise calculations are needed.

H: The current situation is well summarized in Refs. [38–40]: we know the production cross
section for the gg fusion subprocess to NNLO QCD in the infinite-mt limit and including
finite-quark-mass e�ects at NLO QCD and NLO EW. The current experimental uncer-
tainties associated with probing the gg æ H process cross section are of the order of
20–40%, depending on the amount of model-dependent assumptions. Theoretically, the
uncertainty is of the order of 15%, with the uncertainties due to PDF+–s and higher-order
corrections, as estimated through scale variations, both being on the order of 7–8%. The
accuracy of the experimental cross section is statistically limited, with the total error ex-
pected to decrease to the order of 10% with 300 fb≠1 in Run 2, running at an energy close

2For more references, see also Ref. [41].
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SM processes @ 100 TeV

Process State of the Art Desired
tt̄ ‡tot(stable tops) @ NNLO QCD d‡(top decays)

d‡(top decays) @ NLO QCD @ NNLO QCD + NLO EW
d‡(stable tops) @ NLO EW

tt̄ + j(j) d‡(NWA top decays) @ NLO QCD d‡(NWA top decays)
@ NNLO QCD + NLO EW

tt̄ + Z d‡(stable tops) @ NLO QCD d‡(top decays) @ NLO QCD
+ NLO EW

single-top d‡(NWA top decays) @ NLO QCD d‡(NWA top decays)
@ NNLO QCD + NLO EW

dijet d‡ @ NNLO QCD (g only) d‡ @ NNLO QCD + NLO EW
d‡ @ NLO EW (weak)

3j d‡ @ NLO QCD d‡ @ NNLO QCD + NLO EW
“ + j d‡ @ NLO QCD d‡ @ NNLO QCD + NLO EW

d‡ @ NLO EW

Table 2: Wishlist part 2 – Jets and Heavy Quarks

quarks. In all three cases, it is necessary to know the cross section (with top decays) at
NLO QCD, possibly including NLO EW e�ects.

HH: The self-coupling of the Higgs boson arises from the EW symmetry breaking of the Higgs
potential and measuring the triple-Higgs-boson coupling then directly probes the EW
potential. Double-Higgs production via gluon fusion, used to measure the triple-Higgs
coupling, is known at LO QCD with full top mass dependence, including the leading
finite-mass e�ects at NLO QCD [52,53] and at NNLO QCD in the infinite-mt limit [54]. It
may be necessary to compute the full top mass dependence at NLO QCD. The production
cross section for double-Higgs production is small, and the backgrounds non-negligible.
Nonetheless, it is hoped that a 50% precision on the self-coupling parameter may be
possible with 3000 fb≠1 at 14 TeV [42]. Other double-Higgs production processes, such as
via gluon fusion or associated production with W/Z bosons, are mostly known to NLO
QCD (excluding final states with top quarks) and were recently discussed in Refs. [55,56].
Owing to the strong suppression of their cross sections, their observability at the LHC is
extremely challenging.

1.1.2 Final states involving Jets or Heavy Quarks
tt̄: Precision top physics is important for a number of reasons. It is by far the most massive

quark, and it is possible that new physics might have a strong coupling to top quarks;
hence the need for precision predictions. For example, a forward–backward asymmetry
has been observed at the Tevatron larger than predicted by NLO QCD+EW predictions.
The larger than expected asymmetry may be the result of new physics, due to missing
higher-order corrections, or caused by unknown problems in the experimental analysis.
At the LHC, the dominant production mechanism for top pair production is through gg
fusion, for basically all kinematic regions. Thus, a comparison of precise top-quark mea-
surements with similar predictions can greatly help the determination of the gluon PDF,
especially at high x where the current uncertainty is large. The present experimental
uncertainty on the total top-quark pair cross section is on the order of 5% for the dilep-
ton final state, and should improve for the lepton + jets final state to be of the same
order [57, 58]. Note that a sizeable portion of that uncertainty is due to the luminosity

6
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SM processes @ 100 TeV
Process State of the Art Desired
V d‡(lept. V decay) @ NNLO QCD d‡(lept. V decay) @ NNNLO QCD

d‡(lept. V decay) @ NLO EW and @ NNLO QCD+EW
NNLO+PS

V + j(j) d‡(lept. V decay) @ NLO QCD d‡(lept. V decay)
d‡(lept. V decay) @ NLO EW @ NNLO QCD + NLO EW

VVÕ d‡(V decays) @ NLO QCD d‡(decaying o�-shell V)
d‡(on-shell V decays) @ NLO EW @ NNLO QCD + NLO EW

gg æ VV d‡(V decays) @ LO QCD d‡(V decays) @ NLO QCD
V“ d‡(V decay) @ NLO QCD d‡(V decay)

d‡(PA, V decay) @ NLO EW @ NNLO QCD + NLO EW
Vbb̄ d‡(lept. V decay) @ NLO QCD d‡(lept. V decay) @ NNLO QCD

massive b + NLO EW, massless b
VVÕ“ d‡(V decays) @ NLO QCD d‡(V decays)

@ NLO QCD + NLO EW
VVÕVÕÕ d‡(V decays) @ NLO QCD d‡(V decays)

@ NLO QCD + NLO EW
VVÕ + j d‡(V decays) @ NLO QCD d‡(V decays)

@ NLO QCD + NLO EW
VVÕ + jj d‡(V decays) @ NLO QCD d‡(V decays)

@ NLO QCD + NLO EW
““ d‡ @ NNLO QCD + NLO EW qT resummation at NNLL matched to NNLO

Table 3: Wishlist part 3 – Electroweak Gauge Bosons (V = W, Z)

VVÕ: With precision measurements of double-vector-boson production (VVÕ), one has a han-
dle on the determination of triple gauge couplings, and a possible window onto new
physics. Currently, the cross sections are known to NLO QCD (with V decays) and
to NLO EW (with on-shell or at least resonant V’s). WZ cross sections currently have
a (non-luminosity) experimental uncertainty on the order of 10% or less, dominated by
the statistical error [103, 104]. The current theoretical uncertainty is on the order of 6%.
Both the experimental statistical and systematic errors will improve with more data, ne-
cessitating the need for a calculation of VVÕ to NNLO QCD + NLO EW (with V decays).
Recently the well-known NLO QCD corrections have been complemented by the NLO
EW corrections, first for stable W and Z bosons [105–107], and in the WW case also in-
cluding corrections to leptonic W-boson decays [108]. Moreover, the EW corrections to
on-shell VVÕ production have been implemented in the Herwig Monte Carlo generator in
an approximative way [109].
A thorough knowledge of the VV production cross section is needed, because of mea-
surements of triple gauge couplings and since that final state forms a background for
Higgs measurements in those channels. The non-luminosity errors for the VV final state
are of the order of 10% or less, with the theoretical uncertainties approximately half
that [103,104,110–113].

gg æ VV: An important piece of the VV cross section is that resulting from a gg initial state. For-
mally, the gg production sub-process is suppressed by a factor of –2

s with respect to the
dominant qq̄ sub-process, but still contributes 5–10% to the cross section for typical event-
selection cuts due to the large gluon flux at the LHC. As background to Higgs-boson stud-
ies, it can even be enhanced to the level of some 10% (see, e.g., discussions in Refs. [38–40]

9
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1 Standard Model Physics

1.1 Introduction

1.1.1 Physics motivations

The standard model describes our currently best knowledge about the subatomic world. It

has gone through extremely precision tests in the LEP era, the Tevatron era, and now the

LHC era. With the restart of the LHC in the next year, the standard model will be probed

at even higher energy scales. At future experimental facilities beyond the LHC, verifying

the standard model with higher precisions and at higher energies will continue to be an

important physics goal.

With the discovery of a light Higgs boson, the standard model is complete and could be

valid up to very high energies close to the Planck scale, where the quantum e↵ects of gravity

come into play. However, there are many implications that new particles and new forces

beyond the standard model could exist at energies much lower than the Planck scale, and

could be accessible at the LHC or new experimental facilities in the near future. In support

of the searches for these possible new physics at colliders, it is of paramount importance to

understand the standard model processes with high precision in all portions of the phase

space. In particular, it is necessary to understand corners of the phase space never probed

– 1 –



Thank you and 
contributions appreciated!


