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A Was asked to be provocative...




.the Higgs is out there
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* the Higgs is now standard textbook” physics

The Higgs boson

encrgy deposits in the electromagnetic calorimeter, are clearly identifiable as high-
encrgy clectroas.

1771 Results

The ATLAS and CMS experiments scarched for the Higgs boson in several final
nts, i

right-hand plot of Figure 17.19 shows the distribution of the invariant

the four charged leptons in the CMS H — ZZ° — 4 scarch. The peak at 91 GeV
is from Z-boson production. The peak at about 125 GeV can be attributed to the
Higgs boson. Whilst the numbers of events are relatively small, the expected back-
ground in this region is also small. The ATLAS experiment observed a comparable
excess of H — ZZ" — 4£ candidates at the same mass.
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*apologies for the

gratuitous plug

‘% The ILC is THE machine to study the Higgs |

* Itis not the only physics motivation for the ILC, but ...

* ... without the discovery of a low mass Higgs — | doubt we |

___wouldbeinthisroomtoday |
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5 — yydeaysin
the ATLAS experiment, adapted from Aad ef al. (201). Right: the distribution ofthe reconstructed invari-
ant masses of the four 2  adapted from

machine to study the Higgs
S e only physics motivation for the ILC, but ...
\X\QQ rithout the discovery of a low mass Higgs — | doubt we

_____________________________________________________________________
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In this talk — only focus on:
physics arguments/questions...

NOT: a review of ILC Higgs physics !

Mark Thomson Oshu City, September 2014 5



Higgs at Vs < 500 GeV - {lr

P(e”,e") = (-0.8,+0.3)
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* For M.l. measurements (inc. I')) need HZ and Hvv production
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The case for Vs = 250 GeV ,’,’,’;’

* The main argument for Vs = 250 GeV: Higgs recoil mass

1 zewwx ] ® Exploit Z — ntu” decays*
Model independent analysis

Ly = 250 fb™!, {s = 250 GeV 2 _ 2 2
P(e’, e") = (-0.8, +0.3) m = ( \/_ o EMM) o puu

. Signal+Background (MC)
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"0 130 140 150 .  other o x BR measurements
- at>5 % level :
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*Also have contributions from Z — ete”
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Heretical View il

HERESY: mHE OBSTINATE POST-BAPTISMAL DENIAL OF SOME
TRUTH WHICH MUST BE BELIEVED WITH DIVINE AND CATHOLIC
FAITH, OR IT IS LIKEWISE AN OBSTINATE DOUBT CONCERNING THE

SAME. A HISM _OF TH ATH HURCH, 2089)

* Should be willing to ask the
difficult questions, without
fear of eternal damnation...
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Heretical View il

HERESY: U HE OBSTINATE POST-BAPTISMAL DENIAL OF SOME
TRUTH WHICH MUST BE BELIEVED WITH DIVINE AND CATHOLIC
FAITH, OR IT IS LIKEWISE AN OBSTINATE DOUBT CONCERNING THE

SAME. ATECHISM OF TH ATHoLIc CHURCH, 2089)

* Should be willing to ask the
difficult questions, without
fear of eternal damnation...

* |Is the first stage of the ILC
at 250 GeV [alone] a truly
transformative physics
programme ?
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Why not start at 250 GeV? - {lf

LEP || ILC250 ILC500
2000 | ~2030 >2035?
P(e”,e") = (-0.8,+0.3)
© 400 e
~— — SM all ffh
S —7h
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m N
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o 200f
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Vs/GeV
* Only scratch the surface of ILC physics until (maybe) 2035...
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Case against 250 GeV - jif

* Higgs physics at 250 GeV
= Limited due to lack of WW-fusion

* Other physics at 250 GeV:

o s = Rather limited:

2 - - below top threshold

A5 - energy reach only 20 % > than LEP
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The Big Question? jlr

Do we need
250 GeV operation ?

Mark Thomson Oshu City, September 2014 12



* HZ is essential for unique Model
Independent Higgs programme

at

400

300

0
200 250 300 350 400 450 500

the ILC

200}

100}

— SM all fth
—Zh

— WW fusion .
— ZZ fusion

* No need to run at peak of
cross section
= Eventrate «x o X /L

Locye o Vs

Mark Thomson
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* HZ is essential for unique Model
Independent Higgs programme

at

400

300

0
200 250 300 350 400 450 500

the ILC

200}

100}

S
— SM all fth

—Zh
— WW fusion
— ZZ fusion

* No need to run at peak of
cross section
= Eventrate «x o X /L

Locye o Vs

* Can we make a M.I.
measurement of s(HZ) ?

at /s > 250 GeV -

Mark Thomson
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Leptonic Recoil Mass I

500 fb @ \/_ = 350 GeV 500 fb @ \/_ = 500 GeV
N30 o 120¢ 1 ¢
& oo c | (8) ZhowuX :
> I —Fitted signal > 100 |- E=500GeV, L =500", €(P=08) &P=403) —| 3
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* Not competitive — limited by momentum resolution
= a challenge to the tracker ?
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HZ Hadronic Recoil il

* Argument hinges on ability to exploit HZ production: Z — qq
= Much larger branching ratio:
= 60% Z— qq
= 3.5% Z— un

* But model independence is the issue...

z %é Muons “always” obvious
Z
7 Here jet finding blurs
- separation between H and Z
Different efficiencies
for different Higgs decays

Mark Thomson Oshu City, September 2014 16



HZ Hadronic Recoil il

* Argument hinges on ability to exploit HZ production: Z — qq
= Much larger branching ratio:
= 60% Z— qq
= 3.5% Z— un

* But model independence is the issue...

Here jet finding blurs
separation between H and Z

Different efficiencies
for different Higgs decays
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e.g. CLIC @ 350 GeV I

* Base selection on variables from observed Z—qq

70GeV < mgg < 110GeV .
H?
80 GeV < Myeecoil < 200 GeV
|cos b7] < 0.9 (vis.)
|cos 07| < 0.7 (invis.)

l

l
:> . = Visible hypothesis (> 2 jets) i
| = Invisible hypothesis ( 2 jets) !

Mark Thomson Oshu City, September 2014 18
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SIGNAL

SM Back.

Visible Higgs Decays Invisible Higgs Decays
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Model Independent? ,",',‘:

* Combining visible + invisible analysis: wanted M.I.
= |.e. efficiency independent of Higgs decay mode

Decay mode €% 065 EL060 E°HEMS
H —s invis. <01%  22.0% 22.0%
H — qq/ege 22%  <0.1% 22.2 %
H— WW* 21.6%  0.1% 21.7 % .
H-s 77 202%  1.0% 2129% [ | Very similar
H-— 1t 24.7 % 0.3 % 24.9 % efficiencies
H — vy 258%  <0.1% 25.8%
H — Zy 185%  03% 188%  _

Mark Thomson CERN, June 2014 20



Model Independent?
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* Combining visible + invisible analysis: wanted M.I.

i.e. efficiency independent of Higgs decay mode

Decay mode €065 Efs060 € +EM
H — invis. <0.1 % 22.0 % 22.0 %
H — qq/gg 22%  <0.1% 22.2%
H— WW* 21.6 % 0.1% 21.7 %
H—Z7* 20.2 % 1.0 % 21.2 %
H— 1ttt 24.7 % 0.3% 24.9 %
H — vy 258%  <0.1% 25.8 %
H— Zy 18.5 % 0.3% 18.8 %
H—WW* - qqqq  213% <0.1% 21.3%
Ho WW* —qqlv 21.9%  <0.1% 21.9 %
H— WW* — qqrv 221%  <0.1% 22.1 %
H— WW* — Ivlv 24.8 % 0.1% 25.0 %
H— WW* — lvtv 20.5 % 0.8 % 22.1 %
H—WW* stviv  164%  25%  (18.9%)

\/

\

J

Very similar
efficiencies

Look at wide
range of WW

topologies

Mark Thomson

Oshu City, September 2014
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Combined Sensitivity - ilf
* Average fit results

V1S

~— = 1.000 £ 0.017 | | “< = 0.000 + 0.006
g g
HZ HZ

vis | invis CLIC: 500 fb-"
— > | T =1.000+0018

Sy at 350 GeV
Uhz no polar.
* Repeated for ILC 350 GeV samples
vis 4 grinvis ILC: 350 fb"’
—> —— = 1.000 + 0.017 at 350 GeV
Uhz

-80%, + 30%

Mark Thomson

CERN, June 2014 22
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* Leptonic recoil at 250 GeV:

AT, eq ILC: 250 fb!
g
* Hadronic recoil at 350 GeV:
A
?O- = 1.7 % ILC: 350 fb-"

Mark Thomson Oshu City, September 2014 23
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* Leptonic recoil at 250 GeV.:

A
29 _26%

o

* Hadronic recoil at 350 GeV:-:

Mark Thomson Oshu City, September 2014 24



or is this sufficiently MI? i

e == == e mm Em Em Em Em Em Em o Em Em Em Em Em Em Em Em Em o o Em Em Em Em Em Em Em Em Em o Em Em Em Em Em Em Em Em Em 1

I

i = investigated by reweighting HZ MC events to different
! Higgs Brs, e.g. + 5 % absolute

. = e.g. BR(H—bb)= 64.5% — 69.5%

' = Fituses likelihood distributions based on SM BRs
= Determine average bias in fitted total HZ cross section

Decay mode ABR) oYs 4+ 0V Bias
H — invis. +5 % -0.02 % 0 -
H - qq 5o 10.03 % c.f. 1.7 % statistical error
H—- WW* +5 % -0.19%
H s 777 L5 0.33 % * For extreme changes
H— 1ttt +5 % +0.64 % . 1
H — vy +5% +0.89 % bias < > stat. error
H—Zy +5 % -0.57 %
H—- WW* — tvty +5 % -0.96 %

Mark Thomson CERN, June 2014 25
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Other arguments: BRs - j/f

o X BR HZ HZ + WW HZ + WW
250 @ 250 GeV 350 @ 350 GeV 500 @ 500 GeV

ZH Z->1I 2.6 % 3.8 % ??? 4.6% ?
bb 1.2 % 0.9 % 0.6 %
cc 8.3 % 7.9 % 5.6 %
gg 7.0% 5.6 % 3.8 %
WWwW* 6.4 % 4.0 % 2.3 %
T 4.2 % 4.5 % 4.6 %
2Z* 19.0% 13.4 % 7.8 %

* Almost always better at higher centre-of-mass energies

Mark Thomson Oshu City, September 2014 27



Other arguments: BRs - jIf

o X BR HZ HZ + WW HZ + WW
250 @ 250 GeV 350 @ 350 GeV 500 @ 500 GeV
ZH Z->lI 2.6 % 3.8 % ??? 4.6% ?
ZH Z->qq ?2?? 1.7 % ?
bb 1.2 % 0.9 % 0.6 %
cc 8.3 % 7.9 % 5.6 %
gg 7.0 % 5.6 % 3.8 %
WWw* 6.4 % 4.0 % 2.3 %
T 4.2 % 4.5 % 4.6 %
2Z* 19.0% 13.4 % 7.8 %

* Almost always better at higher centre-of-mass energies
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Other arguments: BRs ,",’E

o x BR HZ HZ + WW o™ \C
250 @ 250 GeV 350 @ 350 GeV “\\\3
ZH Z->II 2.6 % 38 %2> g £(©
ZH Z->qq ?22? o\ 9\0
bb 1.2 % of¢” gof" 56 %
. LA ,
Pty g
gg \ ' 8 %
o@%‘\o a‘\a\qil 1 4.0 % 2.3 %
\G 0- “\a‘é‘f’ 6“0 G 4.5% 4.6 %
6 0\\ '3,6“‘ 0% 13.4 % 7.8 %
16°

ost always better at higher centre-of-mass energies
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Other arguments: mass It

* Higgs boson mass uncertainty is an important parametric
uncertainty in SM Higgs BRs
[see Jenny’s talk yesterday and Tsumura-san’s talk]
= ultimately require

AmH < 50MeV

* Leptonic recoil at 250 GeV (250 fb-') gives:
AmH ~ 30 MeV

Mark Thomson Oshu City, September 2014 30



Other arguments: mass It

* Higgs boson mass uncertainty is an important parametric
uncertainty in SM Higgs BRs
[see Jenny’s talk yesterday and Tsumura-san’s talk]
= ultimately require

AmH < 50MeV

* Leptonic recoil at 250 GeV (250 fb-') gives:
AmH ~ 30 MeV

* Leptonic recoil at 350 GeV (350 fb-1) gives (estimated):
AmH ~ 110 MeV

Not good enough...

Mark Thomson Oshu City, September 2014 31



Other arguments: mass It

= ultimately require

AmH < 50MeV
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Probably not... ilr

£ 50001
g C
2 4000
3000

2000

1000

00 20 40 60 80 100 120 140 160 180 200
Mvi

s (GeVic2)

* What precision can be achieved?
= Event-by-event mass resolution ~7 GeV
= with ~100000 events, suggests Amy < 50MeV is achievable
but no (?) recent ILD studies

Probably good enough...

Mark Thomson Oshu City, September 2014 33
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my (current) bias I

* H Physics case can be summarised as:

Mark Thomson Oshu City, September 2014 35
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250 GeV circular collider:
= Very limited physics
- no WW fusion

Mark Thomson Oshu City, September 2014 36



my (current) bias I

* H Physics case can be summarised as:

. N - A.\. A
v “ { \ . P » il $ =
- I o e
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| W NS W
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'& \ Y N I
o

TLEP:
= solid physics
= but...

Mark Thomson Oshu City, September 2014 37
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ILC 250:
= solid physics = good physics
= but... = not transform-

ative from day 1

Mark Thomson Oshu City, September 2014 38



TLEP: ILC 250: ILC 350/500:
= solid physics = good physics = strong Higgs
= but... = not transform-
= strong top

ative from day 1
= BSM reach
= from DAY 1

*x BUT, need to understand whether there is a real
scientific case for 250 GeV operation...

Mark Thomson Oshu City, September 2014 39



Other nggs Toplcs ,",'5

= Update to recent ILD model
= Compare 250, 350, 500 GeV

= Compare HZ to Hvv

* Higgs self-coupllng
* Measurements at < 30 % precision may not be interesting
= Need 30 % for ~3c signature for 1 = ()
= Almost certainly not achievable /s = 500 GeV
* This is part of the physics for ILC 1 TeV...

*x ttH

= 500 vs 550 GeV — what is the gain in precision
= How does this compare to 3 ab-' HL-LHC?

Mark Thomson Oshu City, September 2014 40



Conclusions
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* If we can convince ourselves of:

= Direct reconstruction of m
May be a strong scientific argument for
= starting the ILC at > 250 GeV

= Model independence of hadronic recoil mass

* An ILC with
= HZ, Hvv and top-pair production from day 1
is an compelling and attractive
* A much simpler and clearer scientific case

Mark Thomson Oshu City, September 2014
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Direct reconstruction of m
May be a strong scientific ar

Mark Thomson

Oshu City, September 2014
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Thank you

Mark Thomson

Oshu City, September 2014
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