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HEPKIT2015:

N e t discussion and interpretation of LHC results in
the SM and beyond, the presentation of new results and
challenges in theoretical particle physics and the
outlook on future research at upcoming colliders. 0

A What would a future e+e- collider add to the LHC results?

I So far: discovery of a SM-like Higgs boson coupled with the
absence of other phenomena

i Are these 6newd phenomena to be f ol
they escaped detection because of very small couplings?

A Precision, model-independence of analyses
A Discovery
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A Precision measurements with lepton beams require:
i High luminosity
I known centre-of-mass energy
I Polarized beam(s )

A Well defined initial state

A Physics program of future e+e- colliders:
i Higgs boson
I W, Z boson physics
I Top quark
i Beyond the Standard Model
I Physics at the Z pole

Details see also in:

ILC Technical Design Report, CLIC Conceptual Design Report, TESLA TDR, Snowmass study 2013,
Fuji et al., arXiv:1506.05992, Barklow et al., arXiv:1506.07830, and reference therein,

FCC-ee physics studies

Beam polarization at future lepton collidersneedse f f or t é
I Benefit with polarized beams
I Beam polarization
I Polarimetry

Summary
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Future lepton collider projects

Linear collider ( e+e-)
A ILC: CLIC

A ILC: technology at hand,
realization in Japan??

Ecm

A ILC: 250GeV i 1TeV, 91GeV
Length 31km

A 350GeV i 3TeV (CLIC)
Length up to 50km

L 4 10%cm2s! (few 100fbt/year)
A Rel. stat. uncertainty ~ 103¢ 1 &

Beam polarization
e- beam P =80-90%
e+ beam
ILC: P =30% baseline;
60% upgrade
cLIc: P O 60%

Circular collider

A FCC-ee

A CEPC

Projects are under study

A mCollider

E.n (FCC-ee)
91 GeV, 160GeV, 240GeV, 350GeV
~80km circumference

L a3ci®Bs?! (Zpole)
a7l 1034cm=2st (ttbar threshold)

Beam polarization
A Desired

upgr ade
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Lessons from LEP/SLD

Measurement of sin?q,,®" Phys Rep427(2006)257
[hep-ex/0509008
Ay ——] 0.23099 + 0.00053
LEP _ AP.) —— 0.23159 + 0.00041
A Unpolarized e+, e- beams,
A 17x108 Z events N
A relative precision on sin?gggenn Ao T 02921000029
a 1.8x1073 (A lept final states) Mo I 023220+ 0.00081
& 1.2x103 (A b-bbar final state) . 02324400012
Average - 0.23153 £ 0.00016
10 % x%d.0.f:11.8/5
SLD: <
A Polarized e- beam, unpol e+ beam 3
A 5x105 Z events .
A relatiove precision on Sin“Cegeny E 10 s 992759 - 00005
a 1.1x10-3 (A g measurement) v e
. _2.lept
SiN“0 ¢

Beam polarization increases precision substantially
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Polarized lepton beams

Goal

I Additional observables:
A Left-right asymmetry
A Forward-backward left-right asymmetr
For example, at the Z pole:

A%l = §A A _ 209y _ O + Oar
FB e 0 — A = 2 2 2 2
ALR - Ae Ovt T O Oir + Ors
P)=-A 3
t t Of —
" 3 Aures _ZAf M =1- 4o, [sin’q
AE%I'O - _ ZAe U f eff

I Modeli independent determination of left- and right-handed
coupling

I Higher sensitivity to physics beyond the SM

I Suppression of background

I enhancement of signals
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Beam polarization (P.g)

Consider s-channel processes (eeA ff) Contribution
e~ e’ due to polarization

1+P. 1+P,
ORR —_— ——— 5 5
‘JZ =0 1- P 1- P,

o = N P, =-1:
LL = 2 2 100%left-polarized e
P, =-1:
1+P.1- P, 100%right-polarized e+
ORL —_— —— > . > .
J, =1 AL
YA OLR —_—— ——— 5 5
If both beams are polarized
meas _ _P.-P,
S j =Sy (1 I:)e- I:)e+ )(1+ ALR I:)eff ) Fer = 1-P. P,

S, - unpolarized cross section

If only e- beam is polarized, e+ beam unpolarized A measure only s, and sg

S'meaS:So(l'l'ALRPe-) P

i -
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Beam polarization (P.g)

Consider s-channel processes (eeA ff) Contribution

e~ e’ due to polarization
1+P 1+P,
ORR ——— i
— 2 2
‘JZ - O 1-P 1-P
OLL —— —— e e P, =-1:
2 2 100%left-polarized e
P, =-1:
1+P.1- P, 100%right-polarized e+
ORL ——— 29 2"‘
J, =1 1P 1+P,
Z OLR —_—— ——— 5 5
If both beams are polarized
s™==g (1- PP, J1+A  P,) Py = e Fer
I LR " eff eff 1. PP,

S, - unpolarized cross section

Measurement with equal number of (+ -) and (- +) helicity pattern only
iIncreases effective luminosity

Loy = (1-PePe) A for (P.;P.)=( 80 %B0%): L is factor ~1.5 higher
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Left-Right asymmetry A

aNLR - NRL @) 1

A _S|r” SR .
a NLR+NRL Fil;fml-W'

A A i is sensitive to parity violation @

SLR +SRL

A At measurements with high statistics polarization uncertainty
could dominate DA A limited precision

A Error propagationé DP_; < DP.yA e+ polarization helps!!

DR, P.  errors completely independent

—

S

Py DP. oo | _
ol | SLD: (Phys.Rept27(2006)257)
0.6 | I DP/P"‘ 050%
0s | P.-=-70% | |LC (goal)List et al., JINSEP10015,2009
o S DP/P, =0.2%%
R DP./ Py =0.12%(P,=0.8,P..=0.3
0O 10 20 30 40 50 60 70 80 90 100

Pe+ [%]
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Polarized lepton beams

Goal
;

Additional observables:
A Left-right asymmetry
A Forward-backward left-right asymmetry
Modeli independent determination of left- and right-handed
coupling
Higher sensitivity to physics beyond the SM
Suppression of background
enhancement of signals

With polarized e+ and e- beam:

A Enhancement of luminosity € important for linear colliders

A Decrease of polarization uncertainty for LR asymmetry
measurements
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e+e- Colliders: Higgs factory

Higgs within achievable accuracy at LHC: SM-like
A Could be the only SM Higgs
A Could be a SUSY Higgs (one has to be close to a SM-like one)
A Could be a composite state
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e+e- Colliders: Higgs factory

Higgs within achievable accuracy at LHC: SM-like
A Could be the only SM Higgs
A Could be a SUSY Higgs (one has to be close to a SM-like one)
A Could be a composite state
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Goal with polarized beams

Linear collider with
polarized beams:

A Enhancement of
Higgs Strahlungs
process by factor
(1-P_P.,) if e+ and
e- are polarized

A Enhancement of
WW, ZZ Fusion

processes A selection

of Higgs reactions

arxXiv:1506.05992

P(e, e*)=(-0.8, 0.3), M =125 GeV

400 prrrrrrrrrrrrprrrrrrT T
[ — SM all ffh
— —2Zh _
2300F —WW fusion ]
(- ZZ fusion
O
B200
7]
7))
:g ______
=100
@)

g — N g :

0- il L = = = s e . PR —
200 250 300 350 400 450 500

\s (GeV)

10/6/2015

S. Riemann, HEPKIT2015, Karlsruhe

13



Higgsstrahlung: Coupling to the Z boson

arXiv:1506.0599:
_ JH e+e- A ZH

€
\ A e A Reconstruct Z in lepton and quark channels
A Higgs becomes visible in the mass spectrum
recoiyng against the Z ,
T Z M recoil — (pe+e- - pZ)

A Higgs mass and coupling:
(without reconstructing H)

% Zh—p'wX . . .
(5 250 Modol deperon anayie Peak position e H mass, Dm, < 30 MeV
S 200 e Do080s g Peak height e sy, ~ 09,/
2 150 w1 A Model-independent measurement
- l ======- Fitted Background ] -
G of HZZ coupling
L 100 -

Bl X R : DYyz/9hzz2 O . @GL&0500)

: a 0.3% (ILC500 high L)

“10 140 150 _Higher lumi improves precision
Iv'recoil (GeV)
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Top-quark Yukawa coupling at LC

A Strongest coupling to Higgs boson

A g, is sensitive to unexpected effects

A Should be measured model-independent
A E > 480GeV is required

+ { + t

e+e- A Hitt 2 e = i
HA bb DAANGEY2AA ¢

¢ t € t

- arxlv 1506.07830DuerigePS2015
3 DG,/ G ILC 500GeV,
S Lumiupgrade
[Te]
‘ﬁ 500GeV 18% 6.3%
s 1= 550GeV ~9% ~3%
o -
- | ncr ease & redsipn irhmPo¥es
S by factor 2 for same integrated luminosity

-
o
LY

480500 520 540 560 580 600 , N -
| N Energy (GeV) Higher lumi improves precision
S and relative precision of top Yukawa coupling
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Trilinear Higgs coupling at LC

arXiv:1506.05992

03— L L

e*+e —= ZHH e.|. ;
0.25 e*+ e —=+wHH (WW fusion)|

e*+e - HH (Combined) ~H
0o M(H) = 120 GeV H

H

0.15

Cross Section / fb

01
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Lo
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0 iJ lussequnt® il M T I

Center of Mass Energy / GeV

A Also at LC very challenging due to small rates ~0.2fb and huge
background

A Full ILC data set (500GeV) A precision of 27% can be achieved

I This would already be more than 3s evidence for the existence of the Higgs
self-coupling at the Standard Model value

A Upgrade to 1TeV: ~16% for 2000fb1 and 10% for 5000fb-1

Polarized e+ and e - beams improve selection of processes
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Electromagn. and weak top quark coupling

+

e t
A Polarized beam, measure forward-backward
asymmetry for two beam polarizations Ziy
A measurement of left- and right-handed top coupling
togand Z . t

Top coupling Is sensitive to new physics:
Comparison of g,,gr (SM) with several composite Higgs models

Ag /g, o
- +20%
LHC Precision
® i, e +10%
ILC Precision | ",
i'un’l'o,‘ ::::. H""""fm,, A gR / gR
i l Ly, ] l
| T 1 . 1 '“""5:.4’% |
-20%  -10% SM +10%  +20%"w,, +30%
® 0%
® -20%

arXiv:1506.05992
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Physics beyond the SM at LC

A Precision measurements allow indirect search for new phenomena,

even beyond the LHC reach
A Deviations from SM prediction € new physics models

A Polarized beams é resolve ambiguities, improved distinction
between models

Model-i ndependent determination of Z0 ou
0.6 0_
-0.2:
0.4 ]
04
o <o
-0.6
0.2 ]
m.,. = 3TeV
1-- -Z\fs=u,5Tev. L=0.5ab", P = 80/0% | My = 3TeV
| — Vs =0.5TeV, L=0.5ab", P = B0/60% 0.8 | — vs=05Tev, L-05ab", P = BOiGO%
- --Vs=05TeV, L=1.0ab”, P = 80/60% | ---Vs=05TeV,L=1.0ab", P = BO/EO%
1 — Vs = 1.0TeV, L=1.0ab T. P = 80/60% —— s = 1.0TeV, L=1.0ab’, P = B0/60%
0 ] T T -1 T T T T
0 0.1 0.2 0.3 0.4 -0.4 -0.2 0 0.2 0.4 0.€
8 3,
ZCQyector and axial vector couplings to leptons and b quarks from fermion-pair
production (¢ model reproduced in a model-independent fit)
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Physics at the Z Pole

A Ultra-precision electroweak measurements

A Planned Luminosity
i GigaZ (ILC): 10° Z bosons
i FCC-ee: up to 10*2 Z bosons

A Beam polarization important for
I A g measurement

10/6/2015 S. Riemann, HEPKIT2015, Karlsruhe

19



A r measurement at the Z pole
BlondelSchemeo with po-larize

A Most sensitive to weak mixing angle: A 5

Ameas 2V \Y
Agr=—-=A=— eae2 (independentof the finalstate) | —= =1- 2sin’ qgf"
P Vo +ag A

polarization error DP could dominate DA g
A Perform 4 independent measurements with different helicity

combinations o|.1+P P +ALR( PP, )J
Se = [1 PR "'ALR(@P ’ Pe)]
A determination of P, and P, and A , simultaneously

g°

=1
4
1
4

é(s+++s -S, -S_. )C% S, +S_,-S,, *ts_.

A= )2
RS, +s +s,.+s ) (s, +s,+s, -5 )"
)o”

P e(S +S - @ s++ +S.
e° S +

&s, +5.,+5,, +5__ &3

A A can be measured mdependently from polarimeters

A Loss in precision is small if only 10% of luminosity is used for s,, and
S_.
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Key physics explorations at high-energy e+e- colliders

LeftRight asymmetry

Enhancement ofumi

LeftRight asymmetry

Enhancement ofumi
Enh of process

LeftRight asymmetryjlrumi

Enhancement olfumi

Suppr of SM process

Enhancement of
process

Suppr of SM process
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