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Higgs precision
Top quark physics
Higgs self coupling

new particle discovery



Higgs precision



*** Some of the slides are stolen from
Junping Tian, Christophe Grojean, Keisuke Fuii,
Michael Peskin, Shinya Kinemura, etc.

Precision Higgs Measurements @ (1)LC

Junping Tian (U’ of Tokyo)

7th Linear Collider School, May 6-13, 2018 @ Frauenchiemsee



(i) introduction

— build up the story

why we are interested in Higgs physics at LC?
what we actually want to determine at LC?

what are the experimental observables at LC?
how we can get the couplings from observables?




why Higgs physics
O to reveal the mysteries at electroweak scale
o Why is u2 < 0? what is the dynamics responsible for EWSB?
o How to explain the naturalness for the light scalar?

o Any connection to Dark Matter, BAU, inflation?

o H(125) = Hsw? any siblings?

Higgs is a window to new physics



why Higgs physics

O there do exist many theories which can answer those questions

O importantly those theories will have imprints in Higgs physics
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O Haber’s decoupling limit, deviation ~ mn2/M2.

typical
deviation

why precision higgs physics

—> Ag/g ~ O(1%) for M ~ 1 TeV

Mixing with singlet

vV _ _Ghff —cosf ~1— —

9hsmVV  Ghsmff

Composite Higgs

VY~ 1 3%(1 TeV/f)?
9hsmVV

Ihsmff
SUSY

ghbb _ 9hrr 21_|_]_7(%)(

arXiv:1306.6352 Ghanth  Ghenprr

gnir  _ J 1=3%(1 TeV/f)* (MCHM4)
= { 1 —9%(1 TeV/f)2 (MCHMS5)

1 TeV

challenging
at LHC



Higgs coupling deviation from SM

why precision higgs physics

o fingerprint BSM by patterns of deviations
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discovery opportunities: direct versus indirect
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Figure 8: Histograms of the ratio 7, = I['(h — bb)/T'(h — bb)sy within a scan of the
approximately 250,000 supersymmetry parameter sets after various stages of the LHC,
assuming the LHC does not find direct evidence for supersymmetry. The purple histogram
shows parameter points that would not be discovered at future upgrades of the LHC (14
TeV and 3ab~! integrated luminosity). From [38].



proposals of future lepton colliders

beam

. . Ldt for Higgs R&D phase
polarisation J o8 e
e 80% 2000 fb-! @ 250 GeV
ILC 0.1-1TeV oo 200 fb1 @350 GeV  TDR completed
e+: 30% 4000 fbo' @ 500 GeV
e-: (80%) 500 fb-! @ 380 GeV
CLIC 0.35 -3 TeV o 1500 fb' @ 1.4 TeV CDR completed
e+: 0% 2000 o' @ 3 TeV
- NO
CEPC 90 - 240 GeV ;'_ %0//‘; 5000 fb* @ 250 GeV  preCDR completed
e-: 0% 5000 fb-' @ 250 GeV
FCC-ee 90 - 350 GeV ot 0% 1500 fb-1 @ 350 GaV towards CDR

common: Higgs factory with O(108) Higgs events
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o(e*e’ — HX) [fb]

Higgs productions at e+e-

LR

L L1lll

| Illllll|

o
T T T
pa of
I ;
\I
()]
+
ml
N
I
Lol

- HHv v, -
107 ZHH E
10—2 | “, 1 1 ] | ] ] ] | | ] ] ] ] |

0 1000 2000 3000
(unpolarized case) s [GeV]

o two apparent important thresholds: Vs ~ 250 GeV for ZH,
~500 GeV for ZHH and ttH

o + another threshold for t t-bar, important for Higgs sector as well
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what are the fundamental quantities to determine

reconstruct the Higgs sector in a bottom-up and model independent way

Mass & JCP My, [y Jer new CP violating source?
Ly o L. o o orobe Higgs
122s  hhh : 6t \v = —31—= ot hhhh : 61\ = 32 v2 ootential, EWBG?
2 2 2 2
whe 9V, My W 9y =i w
LGauge WrWo b 5 = 2= g, WIW, hhs 055 gy = 20= 57 g SU(2) nature?
%+ g M2 2 | g2 M2 my from SSB?
ZMZI/h : Zg —I_QQ Ug = 21—= . g,ul/a Z,LLZth J 5 g Iuv QZU—QZg,LLu
I .
Fe. Y my mt from Yukawa coupling?
LLoop hy~y hgg hvyZ new particles in the loop?

+ possible exotic/anomalous interactions of Higgs, e.g. h—>dark matter
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The study of the deviations from these predictions is
guided by the idea that each Higgs coupling has its own
personality and is guided by different types of new
physics. This is something of a caricature, but, still, a

useful one. M. Peskin @ HPNP2015

fermion couplings - multiple Higgs doublets

gauge boson couplings - Higgs singlets, composite Higgs
vy, gg couplings - heavy vectorlike particles

tt coupling - top compositeness

hhh coupling (large deviations) - baryogenesis

14



what are the direct experimental observables

ozuxBr(H—>bb), oywwuxBr(H—>bb)

H@ —>cc)) ovwnuXBr(H—>cc)
ozuxBr(H—>gg), 0w Br(H—@
ozuxBr(H—>WW?®), ovwwuxBr(H——>WW?¥)

ozuxBr(H—>Z27%), ovwuxBr(H—>ZZ%)

ozuxBr(H—>1t), ovwuxBr(H—>1t1)

ozuxBr(H—>vyv), ovwaxBr(H—>vyvy)
ozuxBr(H—>uu), owwaxBr(H—>uu)

O ZH@—>IHVIS@
@) r (H—>bb
@ Br2( H—>bb),.Br2(I—I—>bb)

note the important complementarity with LHC

€ @ @ @8 &8 @ 8 &8 @ @8 @ @«
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what are the direct experimental observables

estimates at [LC by simulation

-80% e, +30% e polarization:

250 GeV 350 GeV 500 GeV

Zh vvh Zh vvh Zh vvh
o [50-53] 2.0 1.8 4.2
h — invis. [54,55] 0.86 1.4 3.4
h — bb [56-59] 1.3 8.1 1.5 1.8 2.5 0.93
h — ce [56,57] 8.3 11 19 18 8.8
h — gg [56,57] 7.0 8.4 7.7 15 5.8
h— WW [59-61] 4.6 56* 5.7 * 7.7 3.4
h — 771 [63] 3.2 4.0 * 16 * 6.1 9.8
h— Z7 [2] 18 25 * 20 * 35 * 12 *
h — 7 [64] 34 * 39 * 45 * 47 27
h — pp [65,66] 72 * 87* 160*  120* 100"
a [27] 7.6 2.7 * 4.0
b 2.7 0.69 * 0.70
p(a,b) -99.17 -95.6 * -84.8

(arXiv: 1708.08912; numbers are in %, for nominal [Ldt = 250 fb-1)

see chapter (ii) for detalls
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From observables to couplings — Global Fit

n E_Y;,
=) ()

1=1

Yi: measured values by experiments

Yi': predicted values by underlying theory
AYi: measurement uncertainty
n: number of independent observables

O kappa formalism

2 2
Y/ = F. . 9HA;A; " 9HB, B, (Az = Z,W, t)
i ( Iy (B; =b,c,7,1,9,7, 4, W : decay)

SM
JOXX — RX'Jgxx



From observables to couplings — kappa formalism

(examples)
9HZZ X \/ Y1
Y1 =0z X g%{ZZ
— 92 g2 Y1Y2

Yo =o0,0m - Br(H — bb) AV Ao JHWW X

Iy Y3
e »

Y3 = oz - Br(H — bb) HZFZ Hbb N Y1Y7
H JHbb A7
g4

Yy =o0upm - Br(H — WIW*) f; H N (o ¢

H H X Y32Y4

19



From observables to couplings — kappa formalism

2
Y1 =0zp duzz

N
Yo = 0,5 - Br(H — bb) oc ZHWIVIHOb

'y
- g%—IZZg?{bb
L Y; = . Br(H — bb
good approximation 3 = ozn - Br(H = bb) oc =5
. . 4
of uncertainties Yy = oypp - Br(H — WIW*) oc JHWW

'y

1 @ both ZH and vvH
Agazz ~ §AY1 productions matter

1

1 1 o every coupling is limited by Aoz
Agarww ~ §AY1 D §AY2 D §AY3

@ every coupling except gHzz IS

1 1 1
AYl @ AYQ @ §AY3 EB §AY4 limited by ACVVH

Aq N ==
Hbb 2
& total width uncertait Ity IS > x4

Al'g ~ 2AY; © 2AY> @ 2AY; & AY, worse than grzz or grww

20



10%
9%
8%
7%
6 %
5%
4%
3%
2%

1%
0%

Projected precision of Higgs coupling and width (model-independent fit)

end of chapter (i)

B . ILC ® HL-LHC 3000 fb™' combination

N . ILC 500 GeV, 500 fb'® 350 GeV, 200 fb"' ® 250 GeV, 500 fb

ILC 500 GeV, 4000 fb' ® 350 GeV, 200 fb' @ 250 GeV, 2000 fb' « ==

g(hWWW) _ g(hZZ)

\/§'m %‘ :

\/§ m ZZ

t u

"20%

pling to Higgs

Cou

—h
Q
w

102 10°
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my

M,

Yyt V2A(hhh)
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references when omitted
ILC TDR, 1306.6352

ILC Higgs White Paper, 1310.0763
ILC Operation Scenario, 1506.07830

ILC Physics Case, 1506.05992, 1710.07621
CLIC Higgs Physics, 1608.07538

disclaimer

apologies for personal bias that most of the example

measurements are taken from ILC studies

precision is offen il

ustrated in kappa formalism

see chapter (iii) EF

" for tull picture
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(ii) key measurements

| will explain some details in one/two analyses, talk very briefly in other ones;
mainly focus on physics issues instead of analysis techniques, which are
important as well though and can be learned from the references.

1) recoil mass analysis

2) Higgs self-coupling analysis
3) Higgs total width

4) top-Yukawa coupling

5) Higgs CP

6) H->bb/cc/gg

7)

23



(ii-1) inclusive ozu: the key of model independence

Events

- L
400 |- I
: (R

i
—
T simimim
300 |- '
- 11

e'+e - u'u + X @ 250 GeV

200 |

100 £

1

500

-

i TR

L B
Toy MC Data

Signal+Background __

Background _

—

0'..JJ14’...11.
110 120 130

140

150

Recoil Mass (GeV/c)
AmH — 14MeV 59HZZ ~ 038%

2
Y1 =0zp x duzz

M3 = (pom — (p+ +m—))2

O well defined initial states at e+e-
O recoil mass technique —>tag Z only
O Higgs is tagged without looking into H decay

O absolute cross section of ete- —> ZH

for Z->ll (leptonic recoil), Yan et al, arXiv:1604.07524;
for Z->qq (hadronic recoil), Thomson, arXiv:1509.02853



what does model independence mean?

O meas. of ozn doesn’t depend on how Higgs decays

O meas. of ozn doesn’t depend on underlying HZZ vertex

IS it really possible”

25



independent of H decay modes?

et +e” = ZH = 1Tl Jqg+ X

O this question is almost equivalent to whether we can
tag the Z decay products unambiguously

O might be easy in Z->ll, certainly not trivial in Z->qq

O even in Z->ll mode, we know there can be isolated
leptons from Higgs decay, e.g. H->WW*/1 1/ZZ,
which get mis-identified as leptons from Z decay

O keep in mind we are targeting 0.1-1% precision measurement

20



independent of HZZ vertex?

O different HZZ vertex might change angular
distributions of Z

O hence, this question is equivalent to whether
the selections cuts are democratic for all
production angles of Z

O open question, this is not sufficiently studied yet

31



Higgs self coupling in the SM
V(H) = —p*|H|* + N H|*

1?2 = \?  at the minimum of the potential

m; = 2\v*
\(@)SM _ m? R 1 d2V‘ - i
Al three eff 202 21 dp2 'Y 2
definitions /
give the \B)SM _ 1 dBV‘ 1
same T eff 3l dg3 P~V v
qguartic
coupling.

\@SM _ 1 d4V‘
off T 3l dgt 0T



Coleman-Weinberg Higgs

D Chway et al, PRL(2014)
V(p) =m?¢T ¢ + Ao ¢)?

m? = 0

(second derivative of V at the origin)

Spontaneous symmetry breaking can occur
by radiative corrections.



Starting from scale invariant potential

V(¢) = A(¢'9)’

RG improved effective potential is then

V(9) = AN¢)(¢'9)’

If the quartic changes

sign at low energy,
nontrivial minimum
is developed

b\
h) = Zh?
V(h) =7
d -
AGEEVET
dh %_

)

V(h)/(100 GeV)*

S
=

S
o

03—

2 3
h/100 GeV




Scalar QED and Standard Model in 1970s

2 2
m, 3 € _i 2 2/ 12
m%/_27r477_277a my = e*(¢)
m2 L 3 [2 2m2 _|_( 2_|_ /2)m2}

SM with W and Z (without top) : mh ~ 10 GeV

Radiatively generated Higgs mass is one loop
suppressed compared to the vector boson mass

Superconductor :
Coherence length is much longer than London penetration length



Top Yukawa prevents CW mechanism in the SM
5>\ X _y4 \

B x g*
B oc A7

low RGscale high

Radiative symmetry breaking is possible
with gauge or mixed quartic interactions.



New particles interacting with Higgs

e

V(h) o< h*log h




Coleman-Weinberg Higgs
D Chway et al, PRL(2014)

N\ 4
V(e) = =20
t = log ¢
d dt A
_V — 6)‘ ¢4 4+ 4¢3
do do 4 4 2B §)\(2)
eff 3 eff »
= (A 6/\)cb3\ =0 11
- p=v = @ @)
-75% (tree) + 175% (Ioop) - 3 et
AV ﬁ
2 _ PA Scale depend f
= gz le=r = (Bt N e o

neglected here.

1 m? 1 1
A2 — - -
S

(precisely = 0.129)



Suppression of Higgs couplings to the SM

Expected precision for hZZ

LHC : 2% to 5%
Higgs factory 1% to 0.4%

H H !

p* —mj, + 3(p?)
N Z

P w4 (ZT )G~ m}) + i,

/ - 2
H S H Cp2— ms + imp ZTy,
expansion at the resonance
Generate dimension 6 operator can not be valid for off-shell

C 1
,Ceff = Lagn + —Pé <—8M‘H’28“|H‘2> + ...
my, 2



importance of absolute coupling determination

O in some BSM, only normalization of Higgs field gets modified

O Higgs BR, and ratio of Higgs couplings could stay unchanged

1 9 N. Craig @ LCWS16
On = 5 (8,|H|?) arXiv: 1702.06079
Appears in CH and after H — 1 h
Lagrangian as L5 A2 On EWSB v V2

( C 1 2
H 2 2CH’U 1
F.§(8“|H|2) >( . ).§(a“h)2

LCorrection to Higgs wavefunction in broken phasy

~

Canonically normalizing A — (1 — chz/Az) h
shifts all Higgs couplings uniformly, e.g.

2

2
L2hz,2¢ — T2 (1 - cgv? /A2) hZ, Z"
U U

OgHzz ~ 0.38% —> A > 2.8 TeV

32



Coleman-Weinberg Higgs parameter space

’ // LHC14 ATLAS /.~ 5Z;, = 2.4%
- CMs; 500 (ILC 250)
f 100
i " ’ 50 |
. L/ - 7 CW points |
| y T No=l -
4 : /’G /// —"'/' ;
E r /// /// '_,:‘,
~ i / P et et I
~ 67 = 1%
2,4"/’/ //// _
-l o
I s
i /;'/ EWPO
1 S —— Present |
- GigaZ -
| : N T TeraZ
o D Chway et al, in preparation s
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'y =

X Iy =

(ii-3) WW-fusion channel & Higgs total width 'y

U'rzz

Br(H — ZZ*)

I'mww

Br(H — WW*)

2
977

~ Br(H — Z27%)

2
JHWW

* Br(H — WW¥)

—>Br(H->ZZ*) very small

—> better option!

2000

|_>
I
6)
o
o
—h
O

1500

Entries

1000

500

LIIIIIIIIIIIIIIIII

e'+e' —=vvH @ 500 GeV

P(e ,e*) = (-0.8,+0.3)

@500 GeV

m— yVh (WW fusion)
vvh (ZH)

— 4f sznu_sl

— 4f 77_s|
6f_yyvilv

-=+S+B

50

Duerig, et al., arXiv:1403.7734

C

+
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Entries / 1 GeV

very different at Ecmm=250 GeV

100 _ signal vvH (fusion +
F—— wH(ZH) +

80 |- 2f+4f Background.H:

60 E_ --=-- fit result %

- ]
40 60 80 100 120 140 160
Missing Mass [GeV]

0 = -34% correlation between
Y2=Ovv|—|XBR(|—|->bb) and Y3=OZHXBR(H—>bb)

39



(ii-4) determine Higgs CP (admixture)

ofind CP-violating source in Higgs sector —> EW baryongenesis

Oessential to understand structures of all Higgs couplings

through H—>T1+T-
(or ttH)

m _ . .
Lyss = _Tfo(COS dop + w5 sin ®op) f

A(I)Cp Y 4.30 Jeans et al, 1804.01241

through HZZ/HWW

~

1 b b )
Luvy =20y M (~ + %)HVMV“ + Cy T HVu V™ + Oy = HV, Vi

(CP-odd)

Ab ~ 0.016 (for A=1TeV) ogawa, 171200772

for BR(H—>T1+71-): Kawada, et. al, Eur.Phys.J. C75 (2015), 617

40




o*
A Tt
a—b ”
AP = ¢+ e

CP sensitive observable in H->T+T1-

Litss =

my

——LHf(cos®op + iy’ sin®gp) f

U

arbitrary normalisation

N
o

—
(&)

—
o

&)
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CP sensitive observable in HZZ coupling

In the Laboratory frame

~

1 a b b ~
Lhzz = MZ(= + K)hZMZ“ + —hZ,, 7" + —hZ, 2,

(%

2\ 2\
(CP-odd)

| T T T | |
'9?6 015 ® angle i-fA-fbar in Z* rest-frame —
g I -
I I i
> I i
2 I -
0.01- -
- Change only bt |
0.005 bt ]
_ bt = -1 J
_ —bt=0
I - == bt =+1 i

O | 1 1 L l l

0 2 4 °

Q /s = 250GeV
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Top quark physics



(ii-5) Top-Yukawa coupling

e largest Yukawa coupling; crucial role in
theory

2 non-relativistic tt-bar bound state
correction: enhancement by ~2 at 500 GeV

» Higgs CP measurement

-H H->bb

e
NG /geer 500 GeV | +1TeV
Snowmass 7.8% 2.0%
H20 6.3% 1.5%

1S Peak s =500 [GeV]

Polet =

0

m, = 173 [GeV]

Yonamine, et al., PRD84, 014033;
Price, et al., Eur. Phys. J. C75 (2015) 309 43



—l
()

Scaled to values at 500 GeV

Top-Yukawa coupling

1ab” @ 500 GeV, P(e,e")=(:0.8,0.3)
: =0.485 fb

On

e
<

500 550 600
\s/ GeV

Y. Sudo



Natural(motivated) BSM(Beyond the Standard Model)

\+ should be light

e m e el oo & modifies
Higgs couplings

relevant operator

m2HTH  Higsporal  STSHTH
difficult to measure
(hardly known)



Higgs quartic coupling A

0.10
! 182
B 30 bands in
0.08 180
- M; = 173.4 £ 0.7 GeV (gray)
[ as(Mz) = 0.1184 + 0.0007 (red)
178
0.06 |- My, = 125.7 + 0.3 GeV (blue)
S 176
B o
0.04 G 17
B @
002 g 172
I 170
o002k 166
I 164
| 120 129 124 126 128 130 132
004} |

My [GeV]

104 10* 10° 108 10'° 10'2 10'* 10'% 10'8 10%
RGE scale y in GeV .
Degrassi



vacuum stability

2 A runs < 07 top mass precision crucial

for vacuum stability

2 at e+e-: top-pair threshold scan, much

lower theory error

» Ami(MS-bar) ~ 50 MeV (Amny=14MeV)
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CMS top mass uncertainty projection
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Combinations of ATLAS & CMS Results

( )

ATLAS/CMS Miop
Combinations

\. J

)

ATLAS

EXPERIMENT

Link to ATLAS Top Quark Public Results

https://twiki.cern.ch/twiki/bin/
view/AtlasPublic/TopPublicResults

Link to CMS Top Quark Public Results

https://twiki.cern.ch/twiki/bin/view/
CMSPublic/PhysicsResultsTOP

CM

\
o W

p
LHC Combination (\s =7 TeV)

CM
i

LHC / Tevatron (World) Combination

@% CMS-PAS-TOP-13-014
ATL

MLAS  ATLAS-CONF-2014-008

@ CM CDF Note 11071

DO Note 6416

CMS-PAS-TOP-13-005
ATLAS-CONF-2013-102

\.

Updated since
Moriond 2015!
ATLAS+CMS Preliminary LHCIOpWG m,, summary,/s = 7-8 TeV Sep 2015
"""" World Comb. Mar 2014, [7]
stat I t—r—i /
total uncertainty total stat
Moy = 173.34 £0.76 (0.36 + 0.67) GeV e & fotal (statt syst 5 Ref
ATLAS, l+jets (*) I—I—-—I-—I 172.3141.55 (0.75+ 1.35) 7 TeV [1]
ATLAS, dilepton (*) I—I—l-—l—l 173.09+ 1.63 (0.64+ 1.50) 7TeV [2]
CMS, I+jets o= 173.49+ 1.06 (0.43+0.97) 7TeV [3]
CMS, dilepton i 172.50+ 1.52 (0.43+ 1.46) 7TeV [4]
CMS, all jets ——— 173.49+ 1.41 (0.69+ 1.23) 7TeV [5]
LHC comb. (Sep 2013) i 173.29+ 0.95 (0.35+ 0.88) 7 TeV [6]
World comb. (Mar 2014) -+ 173.34+ 0.76 (0.36+ 0.67) 1967 TeV [7]
ATLAS, l+jets ——a—t 172.33+1.27 (0.75+1.02) 7TeV [8]
ATLAS, dilepton —f-o—— 173.79+ 1.41 (0.54+1.30) 7TeV [8]
ATLAS, all jets F——=—— 175.1+1.8 (1.4£1.2) 7 TeV [9]
ATLAS, single top I —a— | 172.2+2.1 (0.71£2.0) 8 TeV [10]
ATLAS comb. (11 2902 - 172.99+ 0.91 (0.48+ 0.78) 7TeV [g]
CMS, I+jets e 172.35+£0.51 (0.16+0.48) 8 TeV [11]
CMS, dilepton —foti—] 172.82+1.23 (0.19+1.22) 8 TeV [11]
CMS, all jets HoH 172.32+ 0.64 (0.25+ 0.59) 8 TeV [11]
CMS comb. (Sep 2015) v y 172.44+0.48 (0.13£0.47) 7+8 TeV [11]
" - [:] ATLAS-CONF-2013-046 [7]1 arXiv:1403.4427
PreCiSion Of [2] ATLAS-CONF-2013-077 [8] Eur.Phys.J.C (2015) 75:330
) ~O 37 | [3] JHEP 12 (2012) 105 [9] Eur.Phys.J.C75 (2015) 158
(*) Superseded by results 2 /0: [4] Eur.Phys.J.C72 (2012) 2202 [10] ATLAS-CONF-2014-055
shown below the line ’ [5] Eur.Phys.J.C74 (2014) 2758 [11] CMS PAS TOP-14-022
| o | o g L 11 I 1 |

T.G.McCarthy - Top Quark Mass @ ATLAS & CMS

165 170 175

L
180

L1 1
185

mtOp [GEV]
Rencontres de Moriond QCD Session, March 20, 2016 20



ILC : top mass precision ~ 20 MeV

E‘ | | | | | | | | | | | | | | | | | ]

2 0.8 | ttthreshold - 1S mass 174.0 GeV —

S - — TOPPIK NNLO + ILC350 LS + ISR -

S [ simulated data: 10 fb™/point ]

% o6 - top mass + 200 MeV -

7 D S B

(7p

O _

| -

@) _
0.4 _
0.2 _

O ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ]
345 350 395
Talk by P. Gomis \'s [GeV]

ISR/FSR from the continuum can measure the top mass
with 100 MeV to 60 MeV precision



X750



Generic predictions of natural(motivated) models

S couples to top at tree level (order one coupling)
S couples to Higgs at tree level (order one coupling)

8 _
Br(S = vy) ~ (72)° ~107°

Note that I'(S — gg) < 1 GeV

Then the cross section to diphoton is too small
olpp — S — yy) <5 ab
o(pp = S)Br(S — 77)

All the examples in the natural(motivated) models have
a tuning to cancel order one coupling at tree level



W. D. Goldberger et al for dilaton (RS radion) 0708.1463

_ —9 - -
Lysy = (Q;C | 9;2> m%/W:W_M+%mQZZMZM
+ % me&b, (10)
(o
X 2 _ X 2
(7 +Ci%)mi%‘% (2f - d; W}f)m o

explicit breaking of
dilatation symmetry

Large correction of the order % Is expected for top, Higgs,

W and Z with arbitrary order one coefficients c t,d h, d w and d z.



X750(or S) from extended Higgs sector

S can mix with Higgs sin” 0,, < 0.12

ILC precision < 0.0

DM (300 GeV < M <450 GeV) not possible to discover at the LHC
but possible at the ILC

If two resonances are with a few tens of GeV, PLC would resolve precisely

S as a heavy Higgs in the NMSSM with S to (2 gamma)+(2 gamma) :



Pros and Cons :Is X750 a Signal of New Physics!?

Pro Con
: Diphoton channel is very clean : Excess is close to the event talil
: Repetition of Higgs discovery : Not in ttbar, jj, |l

: Both in ATLAS and CMS : So many 2 sigma bumps in CMS
- : Strong coupling is necessary

(cross section™Br is too big)

: No motivated BSM can explain it

A
Néw.particle Higgs
¥

vy

If real, X750 would be a tip of the iceberg

We have to wait till summer or the end of the year



Physics of ambulance chasing

HOSPITAL

IBULANCE

n AMBULANCE ‘MHsusl

One success in 2012 Dec.
: precursor of Higgs discovery

Many other failures
: Many B physics anomalies
Tevatron WHdijet,
dimuon charge asymmetry,
top A_FB,
DAMA/LIBRA,
CoGeNT,
PAMELA,
140 GeV Higgs (WW*)
BICEP2



| TeV ILC (optional)



S (X750) production at | TeV ILC

- -

- Talk by F. Richard

Associated production : ete- to Z*/gamma* to S Z/gamma ~100 ab
(monochromatic Z and/or gamma)

Vector boson fusion :ete-toeeSornunuS ~100 ab
(P_T~mW, forward e+,e-) (forward e : |0 ~ lab)

X750 to jj, tt, WWV, ZZ (iceberg)

X750 to hh (iceberg)
many new particles (iceberg)

10°

10

_g—H)xBR(H—hh) [pb]

L LN LA N LR BB LR BLELEL LR BLELELEL B =
ATLAS \s=8TeV, 20.3fb" ]
—— Observed e bbrtexp __

--------------- Expected cieemee WWyy eXp -
|+ .o expected — bbyy exp E

+ 20 expected — — bbbbexp |

_|I|I| T 1 r|||||| | r||r|||] | ||.|.|r| T TTTTI]

llIJ.l L '.llIlJLl L L LIl

IJJJJI.I.I.I.JIIII.I.I.
300 400 500

T ] i ;
600 70O 800 9S00 1000
m,, [GeV]



S production at | TeV ILC

500 500y
c@b) el ef — Xy o(ab)| epef — Xy Talk by F. Richard
100 = (0]
1 0.1 fb or less
S0 S0F
10 10k
S5k 5k
8(l)0
500 500+
a(ab) BZBR %XZ _______________ a(ab) eReL X Z
100 T ol
50 501 -3
- I e —
= | — byXomy b 1
10 10F — = aauas by récoul mass(LoI)E | .
sk sl >\</ 6 __—byrecoulmass(TDR) .......................... et eereeaeereneneaan |
E i :
U =
. . . . . . ~—~
200 1000 1200 1400 = - b 4 e teeneneraseraenenboanaroanensarasacnensearasdeneansearasaanennenresnannsdoeeanennsensnns
Ecar(GeV) S i '
_ red: rec0|l
2 R ...........................................
(X — ) : blue dlrect
Talk by |. Tian , i ' 3
Y] discover : 25 MeV 0, S
2 sigma : |0 MeV




S production at | TeV photon linear collider

gamma gammato S  Talk by F Richard

Compton backscattering of laser beams from the electron beams

" 5 (fb) WW sigma_eff (Sto gg) ~16 b

1.00 j=

0.50

0.10

Y

0.05F

R.: Az/AI

beam crossing angle (ILC TDR) : 4 mrad
25 mrad needed for Compton backscattering and beam dump
can be done during energy upgrade
or can start from 20 mrad from the beginning



Talk by F. Richard

qq+gg  bb tt Tt e+up vy Ly ZZ hh WW  Zh

o (fb) 9 0.3 100 34 6 05 5 12 1 700 003
BR50| 2%  03% 6% 3% 1%  04% 1% 2% 06% 15% 0.1%

Table 3: Standard Model background cross sections for the observation of ® decays at a
PLC. The second line gives the braching ratio, relative to BR(® — gg), for a 5 o observation
with a 3 ab™! data set.

Mass of S from recoil of gamma and Z
and also directly from gamma gamma and glue glue

Spin, CP of S from angular distribution of S production and decay
Total decay rate from S toVV and Br(S to VV)



Conclusion
Who ordered X750?

If it is real, huge structure related to EVW symmetry breaking will follow.

500 GeV ILC would be complementary to discriminate
various models explaining the structure discovered at the LHC.

Dark matter, vector-like fermions can be directly probed at the ILC.
Currently X750 does not play a role connected to EVVSB.
We expect new particles (top friends) at around 750 GeV.

Upgrade of the ILC(expandable) to | TeV would be an interesting opportunity.

If not, precision Higgs/top physics will guide us as usual.

The ILC will be complementary to the LHC.

Stay tuned.



Measuring the Higgs potential




Higgs self coupling



Coupling precision (%)

Higgs
cubicC
coupling

-80

irreducible background in hadron colliders

e 9 - -=<_
— h™ -
h

EGS [RESIIIRRR e &*¢” : |LC or TLEP-500, ILC-1TeV, CLIC-3TeV [~

= T ILC

—— Dp : HL-LHC, HE-LHC, VHE-LHC

500 GeV
| 7% I +20%

0.5 ab™

HHH coupling |57 design sfudy working group
1308.6176

ILC500, TLEP500, HL-LHC'  "ILCaTeV, HE-LHC' 'CLIC3TeV, VHE-LHC

3 ab 1 ab! 3 ab 2 ab! 3 ab



(ii-2) Higgs self-coupling

O direct probe of the Higgs potential
O large deviation (> 20%) motivated by

electroweak baryongenesis, could be ~100%

0 Vs>=500 GeV, e+e- —> ZHH

O Vs>=1 TeV, e+e- —> vvHH (WW-fusion)

AN/ Aara 500 GeV + 1 TeV
IL.C | Snowmass 46% 13%
H20 27% 10%
1.4 TeV +3 TeV
CLIC
24% 11%

Cross Section / fb

0.6 —

0.5F
0.4f
0.3 F
0.2F

0.1

e*+¢e — ZHH
— e* + e — vwHH (WW-fusion)
—— e*+ e — vwHH (Combined)

M(H) = 125 GeV  P(ee") = (-0.8,+0.3) "
~H o -

0 1 P B B B B
400 600 800 1000 1200 1400

Center of Mass Energy / GeV
33



physics issues: diagrams for double Higgs production

Signal diagram

Signal diagram

o=SN+I\+B

(signal diag{avm) (interf?erence) (bhground diagram)

o the sensitivity of A is determined not just by the apparent
total cross section, in fact is determined by S and I term;

o if B term dominates, measurement would be very difficult

34
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expected precision of A: impact of Ecm

‘vx&{}{....

[T e 102:'
e T é—*—+e7—>ZHH-E(100-°/o-Ef-f---E-no-Bk-g--) ----- AR —— R

[ ----------------------- e R EEEEEEEEEEE .... ---------- -
: e +e —ZHH: (fuII Slmulatlon) . . qunt” . :

"""""""" ; """"""""" """""""""""" """""""""""" s """""" § 10

A N T I I N EPEPEETE BT BN PR PP
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000

\'s [GeV \'s [GeV
o gap of these two expectations —> room of improvement

o for ZHH: 500 GeV is the optimal energy, OA/A ~ 6% : 30%, but rather mild
dependence between around 500-600 GeV, significantly worse if much lower or

higher than that

o for vvHH: significantly better going from 500 GeV to 1 TeV, dA/A~10%
achievable when ecm >= 1TeV; better precision at higher ecm, but not

drastically, from 1 TeV to 3 TeV, improved by 50%
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Higgs self-coupling: when AxHH # Asm?

O constructive interference in ZHH, while destructive in vvHH (& LHC) —>
complementarity between ILC & LHC, between Vs ~500 GeV and >1TeV

Oif Amnn/ Asm = 2, Higgs self-coupling can be measured to ~15% using
ZHH at 500 GeV e+e-

Duerig, Tian, et al, paper in preparation

— ZHH @ 500 GeV ° - T e
— SRS .................................. e‘ﬂ.eaZHH@SOQGeV.
— wWHH @ 1 TeV = | ?
SM 3
QO

1 : :
: : 10 o NS
i o i o I o _|| .................................... ' .................................. -
%0 05 1 15 2 25 3 0.5 1 1.5 Vi 2
N gy, SM
references for Grojean, et al., PRD71, 036001; Kanemura, et al., 1508.03245; Kaori,

large deviations .9 Senaha, PHLTA ,B747,152; Perelstein, et al., JHEP 1407, 108 36



cross section [fb]

breakdown of o to S, | and B terms

o=8)+I\+ B
_£HH vwHH

L BN R L L R AL R
— o, (e"+e"—ZHH) - - o,(e"+e’—VyVHH)

N M

O
w

O
N
&

O
N

M(H) = 125 GeV

0.15 """""""""""" """ """""""""""" éP(‘e"','e*‘)'"%"(';'0;'8;'#5);‘3)'—: 0 :—' """"""""" """""""""""" """""""""""" """""""""""" """"" —

©
—h

. 5 | SITTP :éM(H)=1§25(3eV§ | | ]
3 4 PE.e)=(-08402) — o

A I B WL LT LT T ITTTTTTIT I B A B B PP PP B B
O0 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
\'s [GeV] \'s [GeV]

0.05

o B term (green)>> S term (red) —> more difficult than expected

o interference I term (blue) plays an crucial role in both cases; larger I
term for vvHH indicates potential better sensitivity in vwvHH than ZHH

o For ZHH: clearly ~500-600 GeV is preferred; peak positions of I or S
term are smaller than that of B term and the apparent total o (black)

o For vwHH: dependence on ecm, S term < apparent o < B term = I term
53
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sensitivity of A to the directly measured o

O\ 00
e nd
A o

o)

25X2 + I

sensitivity factor

e

» smaller F means better sensitivity; if only signal diagram, F=0.5
o Fin ZHH indeed much worse than F in vvHH

o in both cases F increases significantly when ecm increases

MRS

8 T

[ —e*+e—ZHH |

6 [ ..... —e++e'—>WHH ....................... ....................... ......... _

sensitivity factor
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indirect model dependent probe of Aunn: s ~ 250 GeV

/ McCullough, 1312.3322

6240 =100 (267 + 0.01481,) %

- ‘h “h
e
E : : : 100} 04350 e ' ' ' )
if only &n is deviated —> on ~ 28% B N T
If both &z and dn deviated —> dh ~ 90% 50| HL-LHC \ \
Oc could receive contributions from — — \ \\
many other sources < Il N\
\
can be considered as a useful ol \ \
_consistency test of SM \\
: —100¢}

~15 =10 -05 00 05 10 15
0z [%]




O'N LO [fb]

what’s the expectation if A # Asm? @ LHC

10*

HH production at pp colliders at NLO in QCD 5 - HH pr'oductionI at 14 Telv LHC éllt (N)LO Iin QCD !
e M,;=125 GeV, MSTW2008 NLO pdf (68%cl) ] :“-----_ \ . M,,;=125 GeV, MSTW2008 (N)LO pdf (68%cl) |
- 102 gy,
10%
10" k z 10
E : “-—j-gl
10° 1a° 13
12 10° {2
10™ 1 %] 3
12 15
103 | - | | | | 1% | | | | | | | 1%
8 1314 25 33 50 75 100 4 -3 -2 1 0 1 2 3 4
Vs[TeV] Migy
arX1v:1401.7304
o interference is destructive, o minimum at A ~ 2.5Asy; if A is enhanced, it’s
going to be very difficult (from snowmass study by 3000 fb-1 @ 14 TeV,
significance of double Higgs production is only ~ 20, if cross section
deceases by a fact of 2~3, very challenging to observe pp—>HH)
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(ii-6) Higgs direct couplings to bb, cc and gg

Oclean environment at e+e-; excellent b- and c-tagging performance

O bb/cc/gg modes can be separated simultaneously by template fitting

e+e- —> ZH —> ff(jj): b-likeness .vs. c-likeness

MC Data H— Others

SM BG

e T 50000 75 e, T

e R ey 40000 3TN e

I S I i W 300003 e
R 200003 :

/;@0.4

1
0.8
Sg 0.2 05 02 0.4 0€_\\keness

directly _ o
measured ozu - Br(H — bb) < 9% 5,0%/ T with T'x OgHLL=2.0%

———y 071 - Br(H — C) X g5 7700 /TH  —— OgHcc=2.5%

OZH - BI‘(H — gg) X g%{ZZg%{gg/FH 69H99=2'40/0

Ono, et. al, Euro. Phys. J. C73, 2343; F.Mueller, PhD thesis (DESY)
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expected precisions of Higgs couplings

10%
9%
8%
7%
6%
5%
4%
3%
2%
1%
0%

Projected Higgs coupling precision (7-parameter fit)

B HL-LHC 14 TeV, 3000 fb"' (CMS-1, Ref. arXiv:1307.7135) ~ '=====777==--

— I HL-LHC 14 TeV, 3000 fb' (CMS-2, Ref. arXiv:1307.7135)
_ I 1L.C 500 GeV, 500 fb'® 350 GeV, 200 fb' @ 250 GeV, 500" .....
i ILC 500 GeV, 4000 fb"' @ 350 GeV, 200 fb' @ 250 GeV, 2000 fb’

BN ILC ® HL-LHC 3000 fb™' combination
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New particle discovery



exotic decay: search of Higgs to invisible

e_l_ +e —/ZH — l+l_/qq+ Missing
OBR(H—>inv.) < 0.3% (CL95%)

O a sensitive test for Higgs portal
dark mater model —>
complementary for low mass

O right-handed beam polarisation:
much lower background

; 1600 L L L L LR (LR L I L L LI I L —
3 E] LD Simulation =zz E
o MOOBD  Eecey =t 3
- E pol(e .e") = (+0.8,-0.3) —— e ]
2 1200 250 fb” =i E
2 000k St
@ 1000 5 Z—>qq @ ILC -
800 A. Ishikawa E
600 E
400 :
200F E

PP PR B -
110 120 130 140 150 160
Recoil Mass [GeV]

o2
S

({l—l 10_35 T T l T T T T LI l
£ 10k ATLAS
Z‘ 1 0_37 90% CL exclusion: Higgs portal model
o) _38 —— CRESST-II ATLAS VBF H(inv.)
= 107 ~_ -\ . CDMSlite > scalar
(& 1 0—39 —— SuperCDMS = fermion
8 ] 0_40 .... === LUX it VECTOF
w IV B NN
8 1071
S 10 E
S 10
= 10
g 10—45 S S S s sty P g >~ NPT LL L
146
a 107 F
= 107
< 108 s=8TeV, 20.3 b
10749k BF (H — invisible) < 0.28 at 90% CL
10—50 ] ] R ] ] ] |||||]2
1 10 10
JHEP 1601 (2016) 172 WIMP mass [GeV]
= I v I v v v v -
25 n ignal uuH, H—=Inv. =
N ackground
20 | [ ] uH, Hosm J
o | Z—>ll@ILC
QL 15| —
€ - P(e-,e+)=(+0.8,-0.3)
W 10 B —
5 v

120 125 130 135 140
Recoil Mass / GeV
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WIMP Dark Matter Search @ ILC

Weakly Interacting Massive Particle 3£3%
Decay of a new particle to Dark Matter (DM)

DM has a charged partner in many new physics models.

SUSY: The Lightest SUSY Particle (LSP) = DM — lts partner decays to a DM.
* Events with missing Pt (example: light chargino: see the previous page)

Higgs Invisible Decay Mono-photon Search
= 1600 T T LR =
3 "]  ILD Simulation =4, ] Y
o~ 1400 \'s = 250 GeV — e —
Ny - pol(e’,e*) = (+0.8,-0.3) — SXH - e...
£ 1200 250 fb” & o ]
c - ] qqH,H—=4v a
2 000 1 H—invisible BF 10% 7
LL L _
8008 Mpm < Mr72
600F =
400F —
200F -
Po 770 120 130 140 150 160 e
BR(H-invis.) < 0.4%  fecolMass[Ge] — Mpm reach ~ Ecm/2
at 250 GeV, 1150 fb-1
Possible to access BRin to 0.4%! Possible to access DM to ~Ecm/2!

00—

S —

x|



ILC at 250 GeV



scenario:
example

Integrated Luminosities [fb]

4000

3000

2000

1000

0

TG, Scenario Hoo A pr P
| —— ECM =250 GeV i
'_ _____ — ECM=350Gev ¢+ / & _'
B — ECM =500 GeV :

| Luminosity Upgrade

Integrated Luminosities [fb]

4000

3000

2000

1000

1
hmnos

LI LISUURL U U UL L B LIS PR L. I| ......................... | ......................... | UL UL —
- ILC, Scenario H-20-staged
| —— ECM =250 GeV '

—— ECM = 350 GeV

— ECM =500 GeV

ity Upgrad

.................

nergy Upgrade

§|w
|

15

ILC500
H20

ILC250
H20 staged

top physics starts
after > 1oy
In total ~ 6y longer
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ILC250 as a Higgs factory



new particle discovery

direct search Imit

ILC250 = 0.5*ILC500



electron positron polarization physics

CepC cannot do polarization physics



ILC : precision measurement of tL and tR to Z

(BSM discrimination)

697 /91

Light top partners Alternative 2 [46]
o

20%-
IL.C Precision
10%+ _
RS With Z—Z7 MiXiIlg [41] SM Z Z
o S30% 0% 1 0% 20% 0g R/ IR

Light top partners )
Alfernative 1 [46e -10%¢ Light top partners [45]

¢ Little Higgs |21
07%¢ RS with light KK fermions [43]

5D Emergent [48%
o i




ILC is expandable



In 2030-2040, we can

FCC? ILC500 determine the target for the

?
100 TeV: CLIC?,

30TeV?

1TeV? next generation experiments

2017

DECIGO?

HL-LHC

Direct/
indirect

~

searches

SuperKEB

LHC

Run |I, [

Hyper-K?
ILC250 LISA
precision =DV
Golden Age 2030s WV /
DM
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Backup



one example for illustrating the physics effect

after EWSB:

CH ou(019)0, (01D)

(1) %Haﬂhauh

renormalize kinetic term

1
= A
of SM Higgs fielo y 0 hOuh

> (1-cn/2)h

shift all SM Higgs couplings by -ch/2

@) Ehorho,h

U

anomalous triple Higgs coupling

3) L hho"ho,h

202

> anomalous quartic Higgs coupling
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full formalism
23 parameters SM Effective Field Theory

AL = gn(d10)a,@'0) + L (ot Braye! B, o) - @l

2v2 2v V2

4
g oww dlowe, wem 99 cws DB, B
mW mW
IZC 36
:gmechchWBW | gmgweabCW;nybprCp“
%% %74
. .CHL CHL a a
i (@' D #®)(Ly,L) L (@'t D #®)(Ly,t°L)
CHE _
i (@1 D #e) (ey,e)

10 operators (h,W,Z,y): CH, CT, Cs, Cww, CwB, CBB, C3aw, CHL, C'HL, CHE
+ 4 SM parameters: g, g’, v, A

+ 5 operators moditying h couplingsto b, ¢, T, Y, O

+ 2 parameters for h->invisible and exotic

+ 2 for contact interaction with quarks

14



determine tensor structure of hVV couplings (full simulation)

~

1 a b b ~
Lhzz = Mz(= + —)hZ,Z" + —hZ,, 7" + —hZ,, 7
YA 1% 1% 1%
v ATTH 2A " 2N TR
A=1TeV
\s=250GeV and JLdt=250fb"! \Vs=500GeV and JLdt=5001b-!
| o e s e S e LA ..9"4'"""""""""""'
I e*e >ZH—>u*yw'H/e' e HiqqH(H—>bb) ] i e'e >ZH—u wH/e e H/qqHH—>bb) |
a ce—ZZe'eHH-bb) . ] ‘ ¢'e~ZZ—¢ e HH->bb)
05 N\ cwospros [Lawason™ — 0.2 ¢L0.8pR0.3 [Ldt=500fb" N
“N 0 __ _ CcN 0 | N
|+ SM ................... | + SM
—05F X FitMinimum N\ - —-0.2 - * FitMinimum —
- ES68%CLcont N | == 689% CL cont
[ =o9s%CLeont e - = 95% CL cont
P Y E N _04|||||
-04 -0.2 0 0.2 04 -0.1 -0.05 0 0.05 0.1
b, b,

for 2 ab-1 @ 250 GeV —> kz (a) ~ 3% >> 0.38%
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