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Lepton Colliders

+ ldeal machine for study of precision physics; well predicted and
controlled backgrounds; fixed initial state energy

» EW, Higgs physics
» Flavor, hadronic physics
» Top-quark physics

» Dark matter and new physics

» QCD and Jet physics

Electroweak
Processes

anatomy of hadronic events at
lepton colliders



QCD and Jets

+ Seminal contributions to the establishment of QCD from
experimental study at lepton colliders
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QCD and Jets

+ Seminal contributions to the establishment of QCD from

experimental study at lepton colliders
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QCD and Jets

+ Seminal contributions to the establishment of QCD from
experimental study at lepton colliders

first evidence of three-jets and
discovery of gluon jet
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The Era of LEP

+ LEP (highest ~209 GeV) studied multi-jet final states and jet
properties over a large range in energy; foundation of precision
QCD
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» measurement of as, asymptotic
freedom, non-Abelian gauge
structure of QCD

» difference of quark and gluon jet

» string effects, hadronization
models, power correction

» multi-jet production, hadronic
event shapes

» gluon splitting to heavy quarks,
running b quark mass

» two photon physics



The Era of LEP

+ LEP (highest ~209 GeV) studied multi-jet final states and jet
properties over a large range in energy; foundation of precision

QCD
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CEPC vs. LEP

+ CEPC with a much higher designed luminosity promises various
QCD study at the highest precision, especially for high energies

sample in OPAL hadronic analysis, 1101.1407

Year Range of /s Mean /s L Selected CEPC with a de81gned
(GeV] [GeV]  [pb7!]  events energy of 250 GeV and
1996, 2000 91.0-91.5 91.3 14.7 395695 full luminosity of 5000 fb1
1995, 1997 129.9—130.2 130.1 5.31 318
1995, 1997 136.0—136.3 136.1 5.95 312 . . . .
1996 1612 161.6 161.3 10.06 281 negligible statistical
1996 170.2—172.5 172.1 10.38 218 errors, reducing
1997 180.8—184.2 182.7 57.72 1077 .
1998 188.3—189.1 188.6 135.2 3086 systematics; smaller
1999 191.4-192.1 191.6 29.53 514 power/hadronization
1999 195.4—196.1 195.5 76.67 1137 . .
1999, 2000 199.1-2002 1995 | 7927 1090 corrections; allows
1999, 2000 201.3—202.1 201.6 37.75 519 preCISlon Study on hlgh ]et
2000 202.5—205.5 204.9 82.01 1130 . s 1
2000 205.5—208.9 206.6 138.8 1717 multhllCltleS
FJ in 7n 3.5%,1, @ 300y =~ 4.5% 1%, ® 2%,y = 2% (~2 yrs), <1% (FCC-ee)
(NLO only) (NNLO. More precise new F data)
¢*e~ vt shapes (1.5-4)%,,, ® 1%, =~ (1.5-4)% 1%, @ 1%,y ~ 1.5% (+B-factories), < 1% (FCC-ee)
(NNLO+N®LL, npQCD significant) (NNLO+N?LL. Improved npQCD via +/s-dep. New data)
. (2-5)%, ® 1% = (2-5)% 1%, ® 1%y, = 1.5% (few yrs), < 1% (FCC-ee)
Jets i ete (NNLO+NLL, npQCD moderate) (NNLO+NNLL. Improved npQCD. New high-y/s data)
W decays 0.7%,;, & 37%.y ~ 37% (0.7-0.1)%,, ®(10-0.1)%,., ~ (10-0.15)% (LHC,FCC-ee)
(N*LO, npQCD small. Low-stats data) (N*LO, ~10 yrs. High-stats/precise W data)
7 docays 0.7%,, & 2.4%,., ~ 2.5% 0.1%,, ® (0.5-0.1)%.., ~ (0.5-0.15)% (ILC,FCC-ec)
(N3LO, npQCD small) (N*LO, ~10 yrs. High-stats/precise Z data)

8 FCC-ee projection on as, 1512.05194



CEPC vs. LEP

+ CEPC has the speciality of Higgs boson production with hadronic
decays; producing the unique di-gluon final states and unbiased

gluon jet
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QCD and Higgs couplings

+ Measurement on light-quark (u/d/s) Yukawa couplings are
important but experimentally challenging

SM Higgs boson, y¢y»~0.1/5; F. Bishara et al., 1504.04022
u or d quarks negligible
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QCD and Higgs couplings

+ Rare decays of the Higgs boson (BR~10°) measured at the LHC
could be sensitive to the strange-quark Yukawa coupling

direct contribution indirect contribution
-—— - - - —— - - :
h h
h — ¢y
Y i

conventionally yq are shown in unit of SM yy

Vs[TeV]  [Ldt[fb~']  # of events (SM) Rs > (<) R > (<

)
14 3000 770 0.39(—0.97)  0.27(—0.81)
33 3000 1380 0.36(—0.94)  0.22(—0.75)
100 3000 5920 0.34(—0.90)  0.13(—0.63)

A. L. Kagan et al., 1406.1722

large theoretical systematics, e.g., from non-perturbative inputs; exp.
unc. and BKs are large, 1505.06689 gives a number of ~20 instead
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QCD and Higgs couplings

+ Kinematic distributions of the Higgs boson measured at the LHC
could be sensitive to the u/d quark Yukawa couplings

H. X. Zhu et al., 1606.09621
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gluon luminosity is much higher than qqbar at the LHC, sensitivity
will be largely limited by, e.g., theoretical uncertainties in gluon fusion
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QCD and Higgs couplings

+ CEPC is designed to measure the Higgs boson couplings with
high precision which also applies to the light-quark Yukawa
couplings

heavy-flavor tagging eg = g = Z 2607
1€jet
0.8 ‘ ‘
IRC Safe Angularity (f=1)
Pythia 8: q ===-- g
o 0.6 Herwig++: q ====-- g
od €1 A
gluon/quark disc. :
02¢
using quark/gluon jet R
o 0.0 = ‘
discriminator based on 1073 102 0.1 1
substructures, e.g., el
generalized angularities, A. Larkoski et al., 1408.3122;
net energy profile Zhao Li et al., 1107.4535
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QCD and Higgs couplings
+ A better way from theoretical point of view, utilizing global
hadronic event shape observables, e.g., thrust distribution
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QCD and Higgs couplings

+ A better way from theoretical point of view, utilizing global
hadronic event shape observables, e.g., thrust distribution
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QCD and Higgs couplings

+ Events of Higgs boson hadronic decay can be selected based on
the recoil mass and be fully reconstructed

total event number assuming 250 GeV, 5 ab! and Z to electron and muon

ZATIT)H(X)| gg bb cc WW?*(4h) ZZ*(4h) qq
BR [%] 8.6 57.7 29 9.5 1.3  ~0.02
Nevent 6140 41170 2070 6780 930 14

m?ecoil =S — 2Eff\/§+m?ff

=
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Man-Qi Ruan et al., 1601.05302 Higgs boson rest frame
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Thrust distribution

+ Di-gluon and di-quark initiated distributions show approximately
a Casimir scaling on the peak position, Ca/Cr=9/4

normalized shapes of the thrust » N3LL +NNLO prediction
distribution from SHERPA available for SM Z->qq, T.
........................ Becher et al.; T. Gehrmann et
10 ¢ —— Hgg al
T
3 » N3LL+NNLO prediction in
% progress for H->gg, bb, qqg
: » effects of heavy-quark mass
i e+e—,250 GeVand 5ab~" ] are small
_ (U Thrust,
2 14 ~ ~= hadronization = =~ ren.scale . . o
Z === mat. scale _; » theoretical uncertainties
g Include variation on ren. and
< mat. scales, and on
hadronization effects

Jun Gao, 1608.01746
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Sensitivity on light-quark Yukawa

+ A projection on sensitivity on light-quark-Yukawa couplings is
obtained using pseudo-data

IN
10 ~—Ns(rfea(0) + (1 —7)f44(0)) Jun Gao, 1608.01746

+ Np1fy5(0) + Np o fww(O)

» 1, defined as BR(qq)/BR(jj), j=9,9
» Ng, total signal events of ZH(jj), assuming an efficiency of 50%

» Ng1, BKs from ZZ(qq) and ZH(bb,cc), ~30% of Ns(SM) using recoil mass
selection and heavy flavor tagging

» Np2, BKs from ZH(WW*,ZZ*), ~60% of Ns(SM), (effects are small since
far away from signal region)

» 1(9Q9),'(99),f(WW),f(gg), normalized shapes, can be obtained from
theoretical calculation(simulation) or via data in a controlled region
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Sensitivity on light-quark Yukawa

+ A projection on sensitivity on light-quark-Yukawa couplings is

obtained using pseudo-data

N =Ns(1f4q(0) + (1 = 7)f44(0))

dO
+ Np1fy5(0) + Np o fww(O)

» Ns can be measured independently
to ~3% via hadronic Z decays
(CEPC TDR)

» Systematics on Ng1,Np2 estimated to
be 4%

» Also including three systematics on
theoretical predictions of f(gQ)

» Expected exclusion limit on r are
obtainted via psedu-data and by
using profiled log-likelihood ratio

with the ClL.s method
19
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Sensitivity on light-quark Yukawa

+ A projection on sensitivity on light-quark-Yukawa couplings is
obtained using pseudo-data

expected exclusion limit an exclusion limit on r of 0.05,
corresponds to a decay BR(qq)
T 'EX;)ec'ted' T of 0.4% to any of u/d/s, a
Yukawa coupling of 8% of SM
yD R
23 _ B Expected +lo yb, Or 5 times of SM y;

Bw}t _ Expected £20
Expected (vv)
Br- [

ct P e+e-,250Gevandsab™ . o
SM case, without th. unc. best projected LHC limit from

comparison with LHC

My exotic decay on s quark is ~30%
(optimistic) of SM yyp, from
1-Tt kinematic distribution on u/d
is ~50%
000 005 010 0.5 020

95 % CLg limit on r = BR(qq) / BR(j))

Jun Gao, 1608.01746
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Summary
+ CEPC offers a great opportunity on precision study of QCD

+ The higher energy and luminosity allow further refined study on
QCD topics studied at LEP

+ The unique Higgs boson production allows detailed study on
QCD gluon jet, fragmentation and event shapes

+ On the other way around, QCD study can be important for
measurements on Higgs couplings, especially providing best
sensitivity on light-quark Yukawa couplings
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