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Higgs discovery: success of
experiment, triumph of theory
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End of physics?

* With the discovery of
Higgs boson,
Standard Model Is
now complete

 Does it mean that
now we fully
understand the o e e e T,
structure of Nature? m,. N

* It seems very unlikely —|ree | oo o Roow o ) SESEEEE
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Still many puzzles remain

Masses of charged fermions

are GeVs, masses of neutrinos

are milli-eVs

Who would believe that this
happened randomly, just by
tossing a coin?
Electroweak scale is 107,
Plank scale is 101°

Clearly, the Nature is trying to

send us a message...

...but we still have to decode

this message!
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LHC: no hint of new physics so far

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

December 2017 Vs=7,8,13TeV
Model & nY Jets EP™ [ramm™) Mass limit V5=7,8Tev [YF=13TeV] Reference
~~)M [ 2-6jets  Yes 36.1 m(E})<200 GeV, m(1* gen. §)=m(2* gen. §) 1712.02332
- ~_,4;(f (comp,essed) mono-jet  1-3jets  Yes  36.1 m(g)-m(P)<5 GeV 1711.03301
o % [} 2-6jets  Yes 36.1 m{¥})<200 GeV 1712.02332
'g 0 2-6_ jets  Yes 361 m(#})<200 GeV, m(¥*)=0.5(m(¥})+m(z)) 171202332
o ee,ppt 2jets  Yes 147 m(¥})<300GeV, 1611.05791
@ 3ep 4jets - 361 m()=0GeV 1706.08731
% 2 oaqWZH) [ 741jets  Yes 361 mE?) <400 GeV 1708.02794
S GMSB(ZNLSP) 127+01¢ O2jets Yes 32 1607.05979
E GGM (bino NLSP) 2y 5 Yes  36.1 ct(NLSP)<0.1 mm ATLAS-CONF-2017-080
GGM (higgsino-bino NLSP) Y 2jets Yes 36.1 m(#})=1700 GeV, cr(NLSP)<0.1 mm, >0 ATLAS-CONF-2017-080
Gravitino LSP 0 mono-et  Yes 203 m(G)>1.8 x 107 eV, m(g)=m(g)=1.5TeV 1502.01518
§’ E 0 3b Yes  36.1 m(¥?)<600GeV 1711.01901
3 e O-lep 3b Yes  36.1 m(¥})<200 GeV 1711.01901
biby, by—bE) 0 26 Yes i [0 GeV] miE})<420 Gev 1708.09266
L2585 bk, bﬁw‘ 2e,u(SS)  1b Yes 361 |& . 275700 GeV m(¥)<200 GeV, m(Fi )= m(¥))+100 GeV 1706.03731
S § 7R, RiobET 0-2e,p 126 Yes 47133 |& 117-170 GeV [200-720 GV mET) = 2m(EY), m(E})=56 GeV 1200.2102, ATLAS-CONF-2016-077
Eg iFy, - WHE or () 02eu 0-2jets/1-2b Yes 20.3/36.1 | & 90-198 GeV I 09510 eV mE)=1 GeV. 1506.08616, 1709.04183, 1711.11520
€ S §f, k] 0 monojet  Yes  36.1  [NE90-430 GeV! m(f;)-m(E)=5GeV 1711.03301
5 g #fi(natural GMSB) 2e,u(2) 1b Yes 20.3 B 150-600 GeV m(E?)>150 GeV 1403.5222
BS hh.hoh+Z Ben(2) 1h Yes 361 & . 290-790 GeV miF)=0Gev 1706.03986
b, hoh +h 1-2eu 4b Yes 361 |h . 320-880GeV m()=0GeV 1706.03986
Fiplig, B8] 2ep 0 Yes  36.1 miE)=0 ATLAS-CONF-2017-039
xix, )2,* v (Ey) 2ep 0 Yes 361 m(E)=0, m(Z, ATLAS-CONF-2017-039
)‘c,i. XS, X 1), By —T1(v) 27 . Yes  36.1 m()?,) 0 m( 4 TEyem(E) 1708.07875
>3 T TLVEL L), VL) 3eu 0 Yes 361 ATLAS-CONF-2017-039
TS x‘)tz—»wx?v(? 23epu  O02jets  Yes  36. ATLAS-CONF-2017-039
e x,l&ﬁwxlh)c,, h—bb/WW/tt/yy ey 025  Yes 203 |&EED 270 GeV m(r M) m(;/’) o #decoupled 1501.07110
8,535 ~Ert 4ep 0 Yes 203 |Ha 635 GeV. ) =m(@3), m(¥2)=0, m(Z, 7)=0.5(m(E3)+m(¥})) 1405.5086
GGM (wino NLSP) weak prod.,ﬂ—»y(: Tep+y = Yes 20.3 W 115-370 GeV cr<imm 1507.05493
GGM (bino NLSP) weak prod.,)??ﬁ'yé 2y - Yes  36.1 _ cr<tmm ATLAS-CONF-2017-080
Direct ¥1¥7 prod., long-lived £1 Disapp. trk  1jet  Yes  36.1 m(T)-m(F))~160 MeV, 171202118
Direct ¥1 %1 prod., long-lived %7 dE/dx trk - Yes 184 M )-m(¥)~160 MeV, (1)<15 ns 1506.05332
~§ o Stable, stopped g R-hadron 0 1-5jets  Yes 279 m(P})=100 GeV, 10 us<r(z)<1000 s 1310.6584
S O Stable g R-hadron trk = o 32 1606.05129
‘SE  Metastable g R-hadron dE/dx trk = g 3.2 m(E)=100 GeV, >10 ns 1604.04520
S 8 Metastable g R-hadron, g—qq¥} displ. vix - Yes 328 7(3)=0.17 ns, m(¥}) = 100 GeV 1710.04901
~ 7 GMSB, stable 7, ¥} —#(@ A)+r(e. ) 1-2p ) R X 537 GeV 10<tang<50 14116795
GMSB, %] -G, long-lived ¥} 2y - Yes 203 1<7(¥)<3 ns, SPS8 model 1409.5542
38, W) —eev/epv/uuy displ. ee/ep/pp - # 20.3 7 <ct(¥)< 740 mm, m(z)=1.3TeV 1504.05162
LFV pp—¥: + X, vr—eufet/ut et Ut = - 32 21,2011, Aizz1331233=0.07 1607.08079
Bilinear RPY CMSSM 2e,u(88) 03b Yes 203 m(g)=m(g), crzsp<1 mm 1404.2500
X‘)t| ,)(1 ﬁwx,,;(“ﬁm, ey, v 4eu - Yes 133 MEE)>400GeV, Aizi#0 (k = 1,2) ATLAS-CONF-2016-075
S XA —»wx,, V=TV, etve Bep+t = Yes 203 mEE)>0.2xm(F}), 410 1405.5086
& —ga03, XY — qqq 0 4-5large-Rjets - 36.1 m)=1075 GeV SUSY-2016-22
ﬁtD(?./\/f - qqq leu 810jets/0-4h - 36.1 MED)= 1 TeV, 41120 1704.08493
— 111, [ —bs 1e,p 8-10jets/0-4b - 36.1 m(fi)= 1 TeV, a0 1704.08493
0 2jets+2b - 36.7 14805610 GeV 171007171
iy, fi—>bt 2epu 2b - 361 |7 . 04145TeV BR(R —be/u)>20% 1710.05544
Other Scalar charm, z—ct} 0 2¢ Yes 203 |z 510 GeV. m()<200GeV 1501.01325
*Only a selection of the available mass limits on new states or =, " ; * * * —
phenomena is shown. Many of the limits are based on 10 Mass scale [TeV]

simplified models, c.f. refs. for the assumptions made.
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What after the LHC?

LHC / HL-LHC Plan @Lummy

LHC

e Possible extension to HE-LHC (33 TeV)
e Or build a brand new collider!
e Hadron or lepton collider?
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1982-83 SPS 1989-95 LEP

Discovery of W and Z Precision study of Z
(M) = 2 GeV (M) = 2 MeV
= T T T T T I'EI T T T T “1 ]
TWO ELECTROMAGNETIC CLUSTERS = - ’{.\U;
.k 92 Events ) E 40 - / \ g
() > DELPHI A
’f!ﬂED Background shape 30 - OPAL ._ff E

Events per & GeV./c
S

chk = [ Lo mensurements rtr;}rll:'lﬂrs,
10
20 L0 & Eg 'I[jij ' 120 P S R I VA S0 - [ T ' e ¢ (S o
mass (GeV/c) 86 88 90 92 94

1995: top quark discovered at a hadron collider E, [GeV]
2012: Higgs boson discovered at a hadron collider
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Choice of collider type

Q> <=Q ©C2%2><90

9 )

o e*e collisions e pp(bar) collisions
« Point-like particles  Composite particles
e Total annihilation: « Random energy of

Initial state known the hard interaction
 Decent background  High background
e Limited in energy,  Highest energy

put — precision! frontier — discovery!
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Choice of ete- collider scheme

e*e" circular colliders are limited in energy
by the synchrotron radiation due to the
beam curvature

Either you build a tunnel of enormous size...

Or you build a linear collider with enormous
acceleration gradient

Linear collider: advantage in energy
Circular collider: re-use for a next pp-collider

|.Boyko Physics at future colliders 9



Future collider candidates

P <@ ©C02-099

O Q@
ILC: 20 (30?) km, 250  HL LHC:
(5007?) GeV, Higgs 14 TeV, 3 ab
factory (Giga-Z possible) , HE.|LHC:
CLIC: 50 km, 3000 GeV, 33 TeV, 2 ab'l

Higgs, Top, discoveries

CEPC: 100 km, 250 Gev, ° SEPC-pp:

Higgs physics + Giga-Z 70 TeV, 10 ab*
FCC: 100 km, 350 GeV, * FCC-pp:

Higgs + Tera-Z 100 TeV, 5 ab?

|.Boyko Physics at future colliders
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ILC

A site chosen by the Japanese site-evaluation committee

- Japanese Mountainous Sites - 2013

site-A  KITAKAMI

~ SEFURI

TOHOKU district

KYUSHU district

Initial baseline: 500 GeV, possible
extension to 1000 GeV

After “cost optimization”: 250 GeV,
extension to 500 GeV unlikely

Cost down from $8G to $4G

|.Boyko Physics at future colliders



Cost reduction by technological innovation
”-’-G-CWC-MI

re .ll

Innovation of Nb (superconducting) material process: decrease in material cost

Innovative surface processing for high efficiency cavity by FNAL: decrease in number of cavities

ILC 500GeV

~31km

|.Boyko Physics at future colliders 12



540 klystrons
20 MW, 148 ps I

drive beam

=V, LAl

CLIC layout (3 TeV)
| Drive Beam ||  crcumferences [ 1 1 Zomwasses

CR1293m drive beam accelerator
CR2439m A GeV 1.0 GHz

BDS

275km 275 km

e* main linac %

i T A

CR combiner ring

TA turnaround

DR damping ring

PDR predamping ring

BC bunch compressor
BDS beam delivery system
IP  interaction point

B dump

50 km

1.5 TeV / beam

booster linac =
2.86t0 9 GeV Main Beam '

e-injector

e*injector
2.86 GeV

2.86 GeV
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CLIC running baseline

= B L L LA L R B B
e 1000 || Luminosity per year _
= " r|—  Total ] - =
E L | — 1% peak _ SIElgE' \.‘.'J? {r{]EV} -Lﬁi‘nt {ﬂ:‘ )
(1} Bﬂ[]_— -
> - 038 Tev 15TeV 3TeV | 380 300
a 600 p - 350 100
= 0 ]
8 ¢ : 2 1500 1500
£ 200k r| | — 3 3000 3000
=3 C .
- []_—':!:- I PR _I_ L1
0 5 10 15 20

Year

|.Boyko Physics at future colliders



CEPC/SppC

e*e  Higgs (Z) factory
E_,*240GeV, luminosity ~2x103* cm?s7!, 2IP, 1M Hin 10 years
at the Z-pole 10'°Z bosons/yr
Precision measurement of the Higgs boson (and the Z boson)

Upgradable to pp collision with E_ = 50-100 TeV (with ep, HI options)

Higgs precision
1% or better

A discovery machine for BSM new physics

Booster

Positron Ring__-" | Electron Ring

e, > ZH
optimal energy
Higgs mass = 125 GeV

-

e*e Higgs (Z) factory
Ring length ~ 100km

_Linac

Cross-section (fb)
= ]
2 B

0 i e .

1200 250 300 350 E(GeV)
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CEPC site

wEMERONE | plad AT,
LAYy awsamE A X

T e R b

~ p - p C Tt ' s g -

T W ) ;

LA W
LU L R

1) QingHuangDao, Hebei (completed preCDR
2) Huangling, Shaanxi (2017.1 signed contract to expX

3) ShenShan, Guangdong, (completed in August, 2016)

|.Boyko Physics at future colliders
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CEPC schedule

CEPC
w o wn (=] uwn
= ™ o™ o oM
& l & & & ]
: R&D . :
Pre-stucies > : y Construction Data taking
Engineering Design
(201 3.241 5) el (2022-2030) (2030-2040)
designissues  design, funding seek approval, site decision
R&D items R&D program construction during 14th 5-
preCDR Intl. collabration year plan
site study commissioning

* CEPC data-taking starts before the LHC program ends
* Possibly con-current with the ILC program

|.Boyko Physics at future colliders 18



International FCC
collaboration (CERN as
host lab) to study:

*pp-collider (FCC-hh)
- main emphasis,

defining infrastructure
requirements

~16 T = 100 TeV pp in 100 km

*~100 km tunnel
infrastructure in Geneva
area, site specific

se*e” collider (FCC-ee),
as potential first step

*HE-LHC with FCC-hh
technology

Schematic of an
80 - 100 km
long tunnel

19




FCC tunnel
" os FCC-hh

3350

1110 870 2370
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$6.7G (380 GeV)
ILC (2030) $ 4-5G CLIC (2035) $13G (3000 GeV)

= 540 klystrons
20mw, 148 | | | Drive Beam circumferences | 1 | 20Mw1asps

5 delay loop 73 m .
drive beam accelerator CR1293m drive beam accelerator

CR2439m

25km 25km

delay loop | = < | delay loop
@ @ decelerator, 25 sectors of §78 m
AN i
\¥
yyvy | ._BDS BDS YEYN )
275 km| 275km
TA e-main linac, 12 GHz, 72/100 MV/m, 21 km e* main linac

N [
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BC t‘;uncn cgmgmsgor 2.86t0 9 GeV
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CEPC (2030) $5.5G FCC-ee (2039) $ 277

Layout of CEPC Fully Partial Double Ring IEHEA)

30 mrad
{Jan. 18,2017, SuFeng )
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Comparison of e*e- projects
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Energy landmarks of ee colliders

* 91 GeV: repeat LEP1 experiments

* 161 GeV: E=2xM,,, threshold scan
— repeat 1996 at LEP2, 1000x lumi

e 240-250 GeV: Higgs factory

» 350 GeV: E=2xM,, threshold scan

* 400 GeV: maximum top-palr cross-section
« 500-3000 GeV: discovery of new physics!

|.Boyko Physics at future colliders 23



Sources of precision

Statistical error
— Increase collider luminosity

Systematic error

— Novel detector technologies, improved analysis
methods

Theoretical error

— More precise calculations, higher perturbative order,
Include polarization

Parametric error
— Better measurement of external parameters

|.Boyko Physics at future colliders 24



Physics at 91 GeV

e 10'2 Z bosons per year means increase of LEP1
statistics by a factor of 100000, statistical error
reduced by factor 300

 |n principle, should improve all systematic and
theoretical errors by the same factor

 Seems impossible. Factor 50 as a VERY
optimistic estimate

e Only the measurements that were statistically
dominated at LEP1 can fully exploit the hyper-
high luminosity of Tera-Z

— Example: Az(ee—up)

|.Boyko Physics at future colliders 25



Example: Acgz(ee— )

a Forward-Backward asymmetry : 0.ggp(Mm5) Ex danotel
¢ ut il FFBJFLHJ} P s e -
E y E .
ME 7 3 RN R [ 0 e | TR AR R e
Y, Z 025 Y 1 e : ,'{ Feftuntertarty
R e e EEEr EE LY R BRI EEECE 3 =t
AN, VI With 3x40 b
» = a:E p P - 3 —1 —— G acouracy fiom A7, 81 FCCee
* " a': Ns(keV] 4 | | ] | Vs (GeN}
‘-%E‘*'a?““'ﬁ“‘a““ﬁ”“nd"!d”%zﬁﬁ“:‘m““ﬂ'n 0= e e e e R e

. ai. NE =Ni a0 o S o
From y-Z interference: |Ag =—————= f(sin” 9) @ g(sin~9y))
N +Nj 2s

+ Measure 0,p(M,) with A at /s = 87.9 and 94.3 GeV
e To match statistical error
= Predict AFB with a precision of ~105 at these energies
= Predict IF] effects (ISR+FSR interference) to ~ few 10
S. Jadach et al.
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Physics at 161 GeV

 LEP2 spent only few weeks at
161 GeV

g T LEP | ___l 7 — The dream was Higgs...
S TheWW threshold | | © Measurement of M,, at hadron
g | colliders AND at LEP mainly
- from reconstruction of W decay
1 products
10 Poeeoww — Systematics-dominated
Y A ——  Threshold scan at ee collider
| 4 ckiwemcet, 1 gives My, with completely
W A different (and small)
1o 200 systematics (E.y!!)
'=(GeV) o Weinberg angle: M,,/M,=sin8,,
|.Boyko Physics at future colliders 27



Physics at 250 GeV

o F ' ' ' E
g | Hveve i
P10 E E
o f ]
‘EJ/ | _
S0k E
E E ur:;;olarized beams :

I i 5250:.-.--.----..---:

1k — — r SM all fiH ]

: - 5200 ]

: ] g 1 z

L 1 w150 ]

107 = 7 ]

: . S100F :

R . 5 :_ 3

1 0—2 | l‘ 1 A N P4 g L . L S ]

0 1000 2000 3000 0 ) :

/s [GeV 20 300 400 500

Ll s [GeV]
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Model-independent Higgs

At 250 GeV we look for events e+

ee—HZ—Huu

Muon pair is used as a tag, and we
look at the mass recoiling against Z e

If recoll mass is 125 GeV, this Is
Higgs, for sure

We don’t need to reconstruct Higgs! e C e~
It may be even invisible decay W Z

Model independent measurement!

|.Boyko Physics at future colliders 29




Higgs mass measurement

Events

400
300 |-

200 |

100

" l Phys.Rev. D94 (2016) no.11, 113002 I

—e— Data

-~ Signal

------- Background

et+e - pu + X @ 250 GeV

Signal+Background ]

NP rp——

915

 We plan to apply a new method in CLIC environment

|.Boyko

120

130 140 150

Recoil Mass (GeV/c?)
o AtILC/FCC/CEPC Higgs mass can be measured with 15-20 MeV

precision as a mass recoiling against a dymuon in ee—HZ events
 The method relies on well defined kinematics of the initial ee system

e CLIC precision is only 110 MeV because of large beamspread and
long tail of beamstrahlung

200

100

T T T T T T T
CLICdp Vs = 350 GeV
ZH; Z— pic

+ simulated data
— fitted total
— fitted signal
- - fitted background

-

Physics at future colliders

200

m,.. [GeV]
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New method for M,

e Measured muon tracks p1
define Z kinematics V) py = P sin(dy — 9
 Forthe b-jets from H—bb  _ " _ el
only directions (but not / P2~ Sindy sin(d; — do)
pz

energies) are measured
e Zero p; of the initial state

is assumed (reasonable!)  soof " Recoil Mase -

. - —— Direct M(JJ) ]

« No assumption on p, of © oo F ]
. . . = - | e*+e —uuH, H—bb @ 500 GeV A
initial system is nedeed! 3 :
51000 ILB -

« Especially good for the

CLIC environment! e —— -
Higgs Mass [GeV]

o
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Top quark physics

—
()
||I'I'| T 1111

Cross-section [fb]
E;I\Zi
/7{

1E
107 F
10-2 Ly by 1 N L1
0 1000 2000 B 300C
I's [GeV]
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M.: threshold scan at 350 GeV

— 0.7 May
_Q P [ | T T T T | | T
o [ tt threshold - NNNLO Beneke et al.
c 06 [ ISR + ILC Luminosity Spectrum _
9 - —default- m;° 171.5 GeV, T, 1.37 GeV
8 E m, variations = 0.2 GeV
» 05 I, variations = 0.15 GeV
% -
o 0.4 —
o
0.3 I simulated data points ~ —

©
\e]
0 I B I B

preliminary

=
—

10 o'/ point

based on CLICALC Top Study -
EPJ C73, 2530 (2013)

340 345

|.Boyko

| 350 |
/s [GeV]

10 points, 10fb! each
(1 year running at 350 GeV)

Cross-section curve directly
sensitive to the top mass,
width, Yukawa coupling,
strong coupling constant

o(m,)=+20MeV/((stat)
+40MeV(syst) 40 MeV(scale)
o(l')=+45MeV(stat)
+60MeV/(scale)
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Top at 380 GeV: rare decays

q q’ .
« The FCNC decays
t—cy/cZ/cg/cH have negligible V/Z
branchings in the Standard
Model (10-12-10-14)

e Currently 2 channels are
under study: t—cy and t—cH

e Signal: for ee—tt one top
decays anomalously, another
decay is standard, t—Wb

e CLIC sensitivity: Br<1-104
(Expected HL-LHC: 2-104)
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Top polarization at E2380 GeV

 Fermion pair production = AR _
described by 3 Z': e TR e Sengrator - Whizard £Z]
observables: cross- . o ]
section ¢, asymmetry Agg, __Eo TS
polarization P ) 11

* P=(Ng-ND/(Ng+N,) | " cos(6,,)

« Only accessible via £ -
distribution of decay

products g
* Only available fortrandt -
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Top electroweak couplings

[ (k%,q,q) = ic {’m (FFY (k) + 3 FEa (k) — 52 (q + @) (iF35 (k) + v F3a (k%)) }
vector axial : tensor CPV
* Observables to distinguish
Z and y couplings:
— Energy dependence of the
cross-section

— Forward-backward charge
asymmetry

— Beam polarization
asymmetry (P,- = +80%)

i\ 1 : m? 1 m?
. . ‘1Zv _ (IZ,;SJU’ - —(c® _ C(,l) — @ M _ -z v,, _my
— Top quark polarization =S :]z( @9~ “eq )A 22 Wy
— Spin correlation Fia—Fid™ = 5(-CR2+C8~Cn) a0 o = ~3CiRngan
— g 3 oy 4m? 4m?
e Deviations from SM can fv = (RelCwloy - RelCinlew) 1a,,, o, = RelCust
be parameterized in terms Fy = (Re{Ca) +Re{Cis}) 1o = Re{Cur) ot

of New Physics, e.g. Inthe  Fami] « mm{Cul.n(C)
EFT language

|.Boyko Physics at future colliders 36



o(e'e’ — HX) [fb]
=)

—_
o

107"

1072

Higgs physics at 3000 GeV

About 1M Higgses will be
reconstructed at CLIC

|.Boyko

3000

Vs [GeV]

Self-coupling HHH ~20%!

Parameter Relative precision
350GeV. +14TeV  +3TeV
500 +1.5ab7"  +2ab7!
Kigzz 0.6 % 0.4 % 03%
Kigww 1.1% 0.2% 0.1%
Kibb 1.8 % 0.4 % 0.2 %
Kifee 5.8% 21% 1.7 %
Kigee 3.9% 1.5% 1.1%
Kitup - 14.1 % 7.8 %
Kigi — 4.1% 4.1 %
Kiggp 3.0% 1.5% 1.1%
Kigyy - 5.6% 31 %
Tyesin, e 1.4 % 0.4 % 03%
w HH‘ T T \\HI\‘ T T I\\HI‘ T T T TTTIT T T T
[*)]
D 1 CLICdp -
T | (5=350GeV+14TeV+3TeV 5 ./
= |  model independent H
= w
S0l
3100 E
[&]
b
1072 | T =
3 5 E
10°F E
7\\\‘ L Il \\HI\‘ Il L I\\HI‘ 1 L \\\IHl Il L \:
107 1 10 107
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New physics at 3000 GeV
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Electron radius from ee—yy

¢ . \/\/\/\/\X/ “‘
INNANNANN
T -
e i ]
LEP limit CLIC expectation
Ay (QED cut-off) 364 GeV 6-6.5 TeV
Electron radius 4.6 % 10~ e | (B—8.5) x 10° em
A" (contact interactions) 831 GeV 18-20 TeV
M, (extra dimensions) 933 GeV 15-17 TeV
M« (excited electron) 248 GeV 4.5-5.0 TeV
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vy — WW at 3000 GeV

e At CLIC energies, L0
most WW pairs are ~ §% ‘
produced in collisions £ “
of yy rather than ete- = [T——eeom
e Our generator-level T T
study show that even | o[
with simplest ep final £ ..
state ~104 events can  : .
be selected with 10% = ¥ i
background level ComE e
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Quartic WWryy coupling

S.1 o™ (7 Tew) « 19.7 fb" (8 TeV)
- -

e SM includes quartic P
couplings WWWW,
WWwWzz, WWyy and
WWZy couplings

3N’ (GeV

- Standard model

Acuron = S00 GeWw |

« Anomalous WWyy was ="
searched at LEP (new D .
physics excluded up to —— )
few GeV) and at LHC M 1o s ae (L35) ]
(100-200 GeV) 1E 3 :
« Our generator-level study oF x :
shows that CLIC can L E
improve LHC limit by an B S 20/ A”
order of magnitude = 0 T
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Precision means discovery!

Electroweak observables are sensitive to heavy particles in “loops”

¢+ Forexample, in the standard model I'(Z—p*un™) or my,

L

H

-

f

LS

I
W
G, n 1 gl m’ = Qw("” ) el
tu= ﬁzm[“[fsm o | ]X(HAP) V2G,sin’ 6% " 1-Ar
A am « m2 i o cos” 9, all 1 sin? i, ]Logmi"+ ii%
= --=]1% =— ; = +---=1%
i rm, 4rx mé sin® 9, %:rl” 31-tan’ 9, J m,

¢ With precise measurements of the Z mass, Z width, and Weinberg angle [+ o4¢,(m;)]
e LEP was able to predict m

¢ With the discovery of the top (Tevatron) at the right mass
e LEP was able to predict m,,

|.Boyko
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top @aNd My, (with uncertainty for unknown my))
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Precision of theory

At the next-generation ee colliders the experimental
precision will be improved by 1-2 orders of magnitude

* The measurements must be confronted to theoretical
calculations

« Corresponding improvement of calculations is an
absolute necessity

¢ After LEP

My = 80.3593 H0.0056,,, )3 0.0026,7, + 0.0018x,,

+ 0.0017, 4 & 0.000237,, +0.0040;p0q

sin?0’e = 0.231496 + 0.000030,,,, & 0.000015,;, +@000035x,,.,
+ 0.000010, 4 = 0.00000227,, +0.00004 71neo

|.Boyko Physics at future colliders 43



Precision of theory

At the next-generation ee colliders the experimental
precision will be improved by 1-2 orders of magnitude

* The measurements must be confronted to theoretical
calculations

« Corresponding improvement of calculations is an
absolute necessity

¢ After FCC-ee

J[H’ = 80.3593 + 3'0002 Q:t 0.0001 1z - 9.0004 Aarhad

0.0005 T 0.0001 ;5 = 0.0000 \[y

sin2fly = 0.231496 + o.0000015 ,,, + 0.000001 17, *{ 0.000006 Ao,
).00004 7¢heo

0.000006 + 0.0000014 g + 0.000000 Mg
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Beam polarization

Consider s-channel processes (ee—>ff) Contibution
B et due to polarization
1+ Pe_ 1+ PE+
TRR —— S— 5 3
J,=0 > 1P 1-B, .
LL 2 2 100% left-polarized e-
e b
1+P_1-P, 100% right-polarized e+
ORL ———— | pi— = = TE
o | 1-P_1+P,
Z OLR —_—  —— 5 5
o™ =g,(1-P_P, J1+AP;) I
1 0 e—" e+ IR ~elf BT g PP,
Gy - unpolarized cross section
Most sensitive to weak mixing angle: A
‘-Aﬂ]f.‘-a-‘:' 2 T =
‘ALR —_ LR _ Ae = % (independent of the final state) Ye _ 1-4 sin? Gieﬁop:
V. +a; a,
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Importance of polarization

e Luminosity of SLC was 1/50 of LEP1. Still,
SLC measured some EW observables
(A, Sin?) with precision similar to LEP,
thanks to polarized beams

 CLIC and ILC are designed with 80%
beam polarization. Much more difficult at
circular machines

e Theoretical calculations must take Iinto
account beam polarization
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Full threatment of polarization

IM|* —ﬁ{(l = PP LI 4 [0 PLY =

+(1 =P )a-POH-—P+ a+ Py - PL)H P

— 2P Pl [cos(6- — 64) Re(Hy4 H'_) + cos(— + 64 — 26) Re(H-1 H} )
+sin(g- + b4 — 20) Im(H_y H3) +sin(6- — ¢4) Im(Hy s HE) |

+opT [cos(f;;_ _ ((1 —PL)Re(Hy_H )+ 1+ PL) Re(?{++?{i+))
+sin(6- — ¢) (1= PI) In(Hy— M=) + (14 PLL) Im(H 4 1 1)) |

—2pT [cos(¢+ —6)((1 = PL)Re(H—+H )+ (1+PlL) Re(?—i++?{i_))

—sin(¢+ — ¢)((1 = PIL) Im(H-y H2 ) + (1 + PIL) Im(Mas 1)) | }

where H4+, H—— Hy+— ,H—+ — helicity amplitudes.
G. Moortgat-Pick et al. Phys. Rept. 460 (2008) 131-243

|.Boyko
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MC generator with polarization

e Currently there is no MC generator with
polarization at complete 1-loop level

« Our group plans to create a generator with
polarization for the most important e*e-
processes at complete 1-loop EW level, with
eading EW contributions up to 3 loops and
eading QCD contributions up to 4 loops

 For Bhabha this work is already at a rather
advanced stage

rj_l—lu:u:}pr - m_l'im'u & G_Til‘!'(-r\) 4 {Tmﬂ' (;\,L:..?) 4 ghanf(w)
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Summary

It is widely believed that the next big machine
will be an e*e- collider

[t will deliver a wonderful physics and improve
the LHC precision by 1-2 orders of magnitude

 There are 4 mature collider project: CEPC, FCC,
ILC, CLIC.

* JINR experimentalists are participating in CLIC

« JINR theoreticians are developing tools that will
be necessary for any of those projects

|.Boyko Physics at future colliders 49



