Experimental Challenges
for Physics at the Terascale

Eduardo Cortina Gil
CIEMAT



Outline

1. Introduction: Standard Model

2. Standard Model shortcomings
Theoretical
Experimental

3. Physics at the Terascale

4. Accelerators for physics at the Terascale:
The Large Hadron Collider (LHC)
The International Linear Collider (ILC)

LHC and ILC interplay:
Search of Standard Model Higgs
Supersymmetry Search

5. Detectors for ILC
Detector Concepts
Tracking
Calorimetry

6. Conclusions



INTRODUCTION:
STANDARD MODEL



Standard Model: summary

» Unified framework to describe elementary particle interctions:
* Yang-Mills theory: based on Electroweak+Strong symmetry groups

. SU(2), x U(1), + SU(3).

» Gauge fields mediated by spin 1 bosons

 Electroweak: Isovector + Isoscalar

« Strong: 8 gluons

» Matter fields: 3 generations (spin %2)
. Left handed fermions are isodoublets in SU(2),

- Right handed fermions are isosinglets in SU(2),

- Quarks are triplets under SU(3)_

Y(R)=-2
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Standard Model: summary

L=L gauge + L leptons + L quarks
1 wv_ 1 uv L Zﬁiy“ 0 +ig—1A YR L =I_2(”)iy“ 0 +ig—1A Y |R"
Lgauge:_ZFva _Zf“"f leptons / u 2 u / quarks u u 2 U u
+Liy" 8u+i§—1AuY+i§—2-r-W I +RWiy* 8u—|—i§—1A”Y R
—(n) . & .8 (n)
+L,iy" 8u+12—AuY+12—T-W L,

e All fermion and bosons are massless

« Mass terms of type m¢* or M*W- violates local gauge invariance

» Despite Electroweak symmetry, phenomenology of electromagnetic and
weak interactions are quite different
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Standard Model: summary

matter constituents

FERMIONS spin = 172, 312, 512, ...
YE (e

force carriers

BOSONS spin =0, 1, 2, ...

Unified Electroweak spin = 1 Strong (color) spin =1

Ere Mass Electric BT A&Z’:SX' Electric N Mass Electric M Electri
5 ame ass ectric
GeVic charge GeV/c2 charge GeV/c2 charge NETITS charge

ligh —
W e (0-0.13)x10-2 0 W w 0.002 2/3 7 x g " ,
€ electron 0.000511 —1 @ down 0.005 -1/3 photon =
W) maciie o 1(0.009-0.13)x10-° 0 ©) charm 1.3 2/3 W> 80.39
M muon 0.106 1 &) strange 0.1 -1/3 wit 80.39
: W bosons
VY, Neaviest | 0.04-0.14)x10-2| 0 top 173 2/3
~H' neutrino ( ) @ 204 91.188
L’E tau 1.777 -1 @ bottom 4.2 _1/3J Bl

Properties of the Interactions

The strengths of the interactions (forces) are shown relative to the strength of the electromagnetic force for two u quarks separated by the specified distances.

Gravitational Weak Electromagnetic Strong
Property Interaction Interaction . . S ESEEEEE Interaction

Acts on: Mass — Energy Flavor Electric Charge Color Charge
Particles experiencing: All Quarks, Leptons Electrically Charged Quarks, Gluons

Particles mediating: Graviton wt w- Z0 Y Gluons

(not yet observed)

10~ m 10— 41 0.8 1 25
3x10~17 m 10— 41 10— 4 60

Strength at {
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Standard Model: summary

L=L gauge + L leptons + L quarks
1 wv_ 1 uv L Z]Tiy“ 0 +ig—1A Y |R L =I_2(”)iy“ 0 +ig—1A Y |R"
Lgauge:_ZFva _Zf“"f leptons / u 2 u / quarks u u 2 U u
+Liy" 8u+i§—1AuY+i§—zT-W I +RWiy* 8u—|—i§—1A”Y R

0, +iS A, v +iS2ew

- (n). (n)
+L, iy 7 7 L,

e All fermion and bosons are massless

« Mass terms of type m¢* or M*W- violates local gauge invariance

» Despite Electroweak symmetry, phenomenology of electromagnetic and
weak interactions are quite different

* To give masses to gauge bosons and fermions symmetry should be
hidden (broken)

SU(2),xU (1), = U(1),
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Higgs Mechanism

« Complex Scalar Field ¢=%(¢1+i¢2) Lz%aucba“qb—v(qb)
 Define a Potential 122,152 4 V(gp)=V (=)
Vigp) S H ¢ +4A ¢

¢>notincluded

e >0 —S=0m=p  (0[¢°]0)=0
2
* u’<0 —vev <0|</)2|0>=%=v2

* Expand about vacuum ¢ (X)=v+n(x)+i&(x)

 |dentify mass terms
m=0 m=p
S  EEmE Vid)
L = 2—(5u§)2 + 2—(5un)2+u2n2

A A A
+Av(n§2+n3)—2—n252—4—n4—4—§4+const

Goldstone Theorem:

For every spontaneously broken symmetry,
the theory contains massless scalar
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Higgs Mechanism in Standard Model

0,+10, 0

V+H (x)]

i0,(x)t(x)lv

=€

* ¢ — SU(2) isodoublet 2le)=

‘) ,

V2

V+H)—io,

L
7

« (Gauge bosons masses

Vo)=Lt 2o o+l A% (0 a) v L, * 3 boson§ apsorbed by W and Z bosons
z 4 w=5 V9 « Longitudinal polarization
0 1 > 2 « Acquire masses
_ _ M,==—v+gi+ ; :
(@)=(0[2|0)=| v_ 2= VYT 4 massive boson “free” Higgs boson
V2 M,=0 * Spin=0 m?=2iv?=-2/%
1
= _~246G
v (\/EGF)M el
e Fermion masses
L, = —ALde,—A,Qbd,—2,0du,+h.c. o=t AT Bl
1 \ _ (0 2 “ 2 ‘ 2
= —— \) ’e e +-.-.
\/i e(Ve L) V—I—H R
1

= 2 _A(V+H)E, e, +

V2
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Standard Model: Experimental tests

* Impressive experimental
confirmations (LEP/SLD/TeVatran)

e Tested at <1%

« Cosmological implications

... BUT ...

* Higgs boson still missing
e Only unknown parameter in EW sector

CIEMAT May 18"

LEP EWWG Dec 2006

Measurement Fit O™ _0"|/g™=

1 2 3
m, [GeV] 91.1875+0.0021 91.1874
T,[GeV]  2.4952+0.0023  2.4957
o) [nb]  41.540+0.037  41.477
R, 20.767 +0.025  20.744
Ay 0.01714 + 0.00095 0.01640
A(P) 0.1465 £ 0.0032  0.1479
R, 0.21629 + 0.00066 0.21585
R, 0.1721 £0.0030  0.1722
ARP 0.0992 +0.0016  0.1037
AT 0.0707 +0.0035  0.0741
A, 0.923 +0.020 0.935
A 0.670 +0.027 0.668
A(SLD) 0.1513+0.0021  0.1479
sin“85"(Q,) 0.2324+0.0012 0.2314
m, [GeV] 80.392+0.029  80.371
T, [GeV] 2.147 + 0.060 2.091
m, [GeV] 1L EDA 171.7

10




Standard Model Higgs?

* Higgs and top masses enters into radiative corrections

M, (GeV)=80.3694—0.0579In _ My —~0.008In’ _ My —~0.5098(A ) M—l
W 100GeV 100GeV 7290.02761
2
t s (M)
+0.525 (17ZGeV) 1|—0.085 0118 1)
Best Tevatron Run Il (*Preliminary)
July, 2006 New top mass by CDF and DO
DO DiIePton 178.1+ 6.7+ 4.8
Tev _ 2 (L=370pb”)
M,,=171.4x1.2(stat)+1.8(sys)GeV/c o
‘DO Lepton+Jets 170.3+ 2.5+ 3.8
March, 2007 | M{sy=170.9+1.1(stat)+1.5(sys)GeV/c’ (L= 370 pb™)
®
‘CDF Dilept 164.5+3.9+3.9
January, 2007 New W mass by CDF (mmpf:-f?p on
. -
MSP"=80413+34(stat)+34(sys)MeV /c? CDF Lepton+Jets ~ 170.9+ 1.6 +2.0
w (L=940pb ™)
©
M?’=80392+29MeV/c*~>M, =85"3.GeV/c? ‘CDF All hadronic ~ 174.0+2.2+ 4.8
(L=1020 pb™')
new __ 2 __on+36 2 —8—
M, "=80398+25MeV/c"—>M,=80";,GeV/c “Tevatron July'06 171.4+1.2+1.8
{CDFH'JD Run PerAveraglre) | (stat) + (syst)

165 160 165 170 175 180 185 190
CIEMAT May 18" Top Quark Mass (GeV/c?)



Standard Model Higgs?

* Higgs and top masses enters into radiative corrections

July, 2006

top

January, 2007

_ _ (M)
M, (GeV)=80.3694—-0.0579In m) 0.008In? m) 0.5098 Aahad002761 1
2
t o (M)
New top mass by CDF and DO
M¢=171.4+1.2(stat)+1.8(sys)GeV/c’
CDF Run | e 504334 79
D@ Run | g
80483 + 84
New W mass by CDF DELPHI ¢ 80336 + 67
CDF > |2 80270 + 55
My~ =80413+34(stat)+34(sys)MeV/c® | ... . -
80416 + 53
M{ =80392+29MeV /c*—>M,=85"3,GeV /c’? ALEPH ~ .
new , 136 5 CDF Run Il (prel.) ——
M, =80398+25MeV/c"—>M_ =805.GeV/c 80413 + 48
World Average 2007 -0 80308 + 25
| | | | L
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SM Higgs searches

—— . .
| —LEP1 and SLD Data prefers a light Higgs
80.5 - -~ LEP2 and Tevatron (prel.)
68% CL LEP direct searches
% | New! m >114 GeV
© 80.4-
=
&
T
- h | experimental errors 68% CL: ]
80.3 Im g LEP2/Tevatron (today)
1 ———— 80.60
150 175 200 )
m; [GeV] ?D:' 80.50 |
= 2
=

Data prefers a non SM Higgs  «.

80.20
| Hailnemeyer, Hollik, lStockinger, Wabler, Weiglein ’06:
160 165 170 175 180 185
CIEMAT May 18" m, [GeV]



SM Higgs searches

—— . .
| Lept and sLD Data prefers a light Higgs
80.5 - -~ LEP2 and Tevatron (prel.)
68% CL LEP direct searches
S ew: m >114 GeV
© 80.4-
=
=
- TT ST 8 B 568 5T RS ST & B8
: | experimental errors: LEP2/Tevatron (today) o
80.3 7 - ! 68% CL
' 1 | ——— 95%CL
A 80.60[~ — g99.7% CL
150 175 200 :
m, [GeV] ?D; 80.50
=z
=

Data prefers a non SM Higgs s

SM
MSSM
both models

80.20

| Heinemeyer, Hollik, lStockingar, Web|er, Weiglein '06 7]
1 1 | | | | | | | | | | | | | | | | | |

160 165 170 175 180 185
CIEMAT May 18" m, [GeV]




STANDARD MODEL
SHORTCOMINGS



Theoretical shortcomings

¢ GraVIty remains OUtSIde SM U. Amaldi, W. De Boer, H. Furstenau
» Effective theory with 19 free parameters s Lell B2 Atrass 8T
e Why three families? 3
 Why EW symmetry should be broken? E
+ Why m ~10"m?

DELPHI 90

 Unification problem: evolution of gauge
couplings fails to meet at a common point
at GUT scale (10" GeV)

Ly

* Hierarchy problem:
e Un-natural fine-tuning constraint of

parameters
3 A’
2 02 2 2 2 2
Mo=(ML) +—=5 5 [ M+2 My +M%—4m?)
0. 10° 010 idt 10 1d° ad”
u [GeV]
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Experimental shortcomings: Neutrino masses

Phys.Rev.D74:032002,2006.

» Neutrino masses not accounted for N
. . . . B 5 :
» First direct signal of physics BSM m;f'*% R ——
2 100 - _1!4
P . 2 9 . 2 A m L 0 e ol
x— B —Sin o B SIn 4 E % [ Multi-G 1-R e-like 150 [ Multi-G 1-R ke
R R
5 | g Teg | P
E 50 gﬁé ﬁ%& 50 —w@
hep-ph/0405172 E | -
Parameter Best Fit 3 e R ——
A mgl [ 10_5 eVZ} 79 7 1 _89 . _ Multi-G Multi-R e-like - E_ Multi-R p-like
Ant [107 el 26 | 20-32 N :ﬁ?%:_ wh it
sin’6,, 03 | 0.24-0.40 RS ey p
sin2923 05 034_068 0-1I”-IIJI.ISI”I'.III”(I].IE;”I1 l0-1I”-IIIII.ISIHIII}I”IIII.I5””1
cost cosi
Sil’lzg13 0000 30040 a0 L " UP stopping 1
a Of T g3 =.=‘=';
s 5y Hag
Only WMAP | Xm <1.8elV ) S R ity .
E 200 [ OD through-going PC 400 ' UP through-going p@
Z 1s0f s b ' ,i_i%:
CMB+LSS+SN 2m <0.66elV %:;f* ﬁ? zfﬁ
2% 3

FFIPIPN PPN I P R P PP
-1 05 0 05 1 -1 -08-06-04-02 0

CIEMAT May 18" cost cosf



Experimental shortcomings: Dark Matter

 EXxistence of Dark Matter:
e |f all mass is visible

v ~1/r

e |f an halo exists w
p(r)~1/r?

—V_.const
M (r)~r

J

* No particle in SM can play the role
of dark matter

CIEMAT May 18"

—
—
|

Ve (km s

150
100 -,

50

Begeman et al,
Mon.Not.R.Astr.Soc 259 (1991)523

Radius (kpc)






Experimental shortcomings: Dark Energy

» Existence of Dark Energy: Riess et al,
. . Astron.d. 116:1009 (1998)
* (Re)discovered in 1998
\ \ Perimutter et al.
» Confirmed by CMB experiments Astrophys.J.517:565-586,1999.
« Inflation era g s 0 @0
G S et s o 200
EE: : J:
WMAP 2006 results o
astro-ph/0603449 £ 20,
% :
uﬁ 18:
o G
:L{ AJ. 1996) (a)
74% Dark Energy
= (Shy 82,) =
3 B ao
:;"- %ﬁw Hfﬁjc;.
E_ s e

standard deviation
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Experimental shortcomings: dark Ener'gy

» Existence of Dark Energy:
* (Re)discovered in 1998
* Confirmed by CMB experiments
* Inflation era

Angular Scale
90° 2° 0.5° 0.2°
L T I I I

Anisotropy Power (uK?)
&
8
I

| 1 I T I I | 1 1 1 | | 1 1 1 |
10 100 500 1000
Multipole moment (I)
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Experimental shortcomings: Dark Energy

» Existence of Dark Energy:
* (Re)discovered in 1998
* Confirmed by CMB experiments
* Inflation era

* ¢4 potential disfavoured by WMAP

L e g w0 e aly T T
- WMAP 1 I WMAP +SDSS ]
08 - N= 50 60 4 7 N= 50 60 —_
i Mt el@ i Mt eol@ i
o 06 m2$2 o]0 1 F m2h2 0|0 .
S I HZ = 1t HZ m ]
0.4 b~ _ _
0.2 - ]
0.0 L« D . . 1 L
L T I S S T L R T R L R 1 [Fater s ok e - g - ]
- WMAP + 2dF 1 | WMAP +CBI +VSA ]
08 [~ N= 50 60 3 F N= 50 60 =
i Mt el@ ) Mt eol@
§ 06 — m2¢2 0 O —_ m2q}2 0 0 =
K= i HZ | i HZ | i
0.4 . - . =)
0.2 [ i -
00 L« i, IR " i

0.80 0.95 1.00 1.05 0.90 0.95 1.00 1.05

CIEMAT May 18"



ExperimenTal shortcomings: Baryon asymmetry

« CP violation can explain but fails quantitatively

 \Weak experimental evidence

« No annihilation radiation <20Mpc 10 E B
* No cosmic diffuse y shoulder e Badhwar clals 1278
. . 10 = (d) Alcaraz etal. 1998
* No distorsion of CMB 3 E o — (@) Sasaki etal. 2001
Cohen, De Rujula,Glashow e 0L (b)
Astrophys.J. 495:539-549(1998) g (a |
:f-:; 10
: : x AMS-01
* New generation of satellites/balloons 2 - <
« PAMELA ; : (@
e AMS-II % 10'7:5 Pamela (2006-2009)
« BESS ;i* o Bess Polar (20 days)
< E_ AMS-02 3 Years
If antihelium found — primordial antimatter oL
If anti-nUCIGi Z>2 found — anti-stars EII 1 11 IIIIII 1 111 IIIII 1 11 IIIIII 1 1
1 10 10 10

Rigidity (GV)

CIEMAT May 18" 23



Beyond SM:
Supersymmetry



Supersymmetry (SUSY)

o Space-time symmetry relating fermions with bosons
* Every known particle is associated with a new
particle (sparticles) differing by 2 spin.
 Same masses and gauge structure if not broken
e R-parity (-1)*°*"

» R =+1 ordinary particles m(X})>~130GeV /¢* CDF
X{)>~122GeV |c* CDF

>~90GeV /c® LEP2

O|Fermion|=|Boson|
O | Boson )= | Fermion )

. RIo = -1 sparticles

=
—

~
=
~—

e« SUSY must be broken: m(g)>~195GeV |c*> CDF
: m(§)>~380GeV | CDF
spin 1/2 spin O
leptons quarks sleptons | squarks _
- — * Solve hierarchy problem
ve,u,'r L [u’c’t]L,R 4 UL T L [ c t}L,R

[e’u’T}L,R [d’S’b]L,R

* Provides a candidate for DM
* New particles contribute to unification

spin 1 spin 0 spin 1/2 of gauge coplings
t?:suognes br;isgc?r?s gauginos |higgsinos ° MGUT ~ 10" GeV
, 3 e Local SUSY leads to quantum gravity
W+ H* W™ H* X, i=12
Y. Z hH, A B’ HVH, | X),i=1.4

CIEMAT May 18"
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Supersymmetry (SUSY)

* Minimal Supersymmetric Standard Model (MSSM)
SM gauge group

Minimal particle content

R-parity conservation

Minimal set of soft SUSY-breaking terms
* Mass terms for gluinos,winos, binos and scalar fermions
* Mass and bilinear terms for Higgs bosons
 Trilinear couplings between sfermions and Higgs bosons

* Unconstrained MSSM — 105 new parameters
 Constrained MSSM — 22 new parameters
« SUSY breaking parameters real (no CP-violation)
» sfermion and coupling constants diagonal (No FCNC)
* First/Second mass parameters are equal

CIEMAT May 18" 26



Supersymmetry (SUSY): msucrA
SPS la
»  SUSY symmetry broken by gravity, ..,
 Interactions are “flavor-blind” 700 |
- Unification at high energy (~2 x 10 GgV) _
. . . B g -
- Unification of gauginos — m__ s0.dy :}
. Unification of scalars — m_ T by
« Universal trilinear couplings — A 00}, 40 — . o
0 %g X3 S
 Two more free parameters a0l
* Ratio beetwen neutral Higgs vaccum
expectation values 200 ¢ =" a__ %
I #
<H?>=% wol M X!
tanBz2
ol_ Va2 Vi 0
<Hz>—5
o I m0=250GeV
Sign (k) m,,=100GeV
2 M S Bomy cos' B M} A,=—100GeV’
cos2p 2 tan =10
sign(u)>0

CIEMAT May 18"
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SUSY Decays

SPS 1la
800
m [GeV]
700 L
600 L 5
gLB?;-H
i
500 L Ry QL
400 LFO A° HT 3y .
Xa X3
X3
300 L
200 L I T ) )
" X3 xE
l -
R0 R T )
100 L Xg
0

CIEN

Neutralinos  %9-r7x?

Charginos X -ff'X]

sleptons e g0
X"V,
squarks i, —dX,
—+uX(1)

Expected cascades with
* Multiple leptons

* Multiple jets

* Missing Energy
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Physics at the Terascale



Physics Landscape in 2007

* Impressive success of SM

e Clear hints that some extension is needed
 Neutrino masses
e Hierarchy problem
* Higgs not discovered

. direct search at LEP m >114 GeV/c?
« SM corrections m <160 GeV/c?

» Extensions of SM
* Up to know only exclusion limits.
* Huge number of theories possible

CIEMAT May 18"

LHC STARTS
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Physics in the TeV range

* Reveal Electroweak Symmetry Breaking (EWSB)
* Higgs Mechanism in SM and BSM
* Experimentally signaled by one or more scalars
e Discover new particles
» Check its nature: mass, couplings, spin, parity, etc ...
 If not found (no Higgs or Higgs too heavy)

e Detailed study of WW,ZZ production
* Four-gauge vertices highly suppressed in SM
» Possible existence of strong interactions in the EW sector

e Decode SUSY sector

* In case multiple particles found
» Check its nature: mass, couplings, spin, parity, etc
» Association with particles
» Search for Beyond SM signatures
» Study of Extra Dimensions
« Extended Gauge Structure
 Little Higgs models

CIEMAT May 18"
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Physics in the TeV range

» Detailed study of gauge bosons couplings
e Search for anomalous gauge couplings
» Study of quartic couplings

* Top quark physics

 Mass and Width
* Coupling with gauge bosons

What are the experimental conditions needed
to cover all these topics?

hadron collider: LHC
e+e- collider: ILC

CIEMAT May 18"
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LARGE HADRON COLLIDER
LHC




Large Hadron Collider

pp collider @ 14 TeV

4 Experiments

- CMS,ATLAS
 LHCD
- ALICE
Luminosity . o
2007 2008 2009-2010 | 2011-2015
Inst. (cm?s) | 3x102-2x10%" | 10%-2x10% | 2x10% 10%
Integral 10 pb <5 iy 10-30fb" | 100-300 fb"

Upgrade in luminosity in 2015?

(sLHC)

* Upgrade in Energy???

CIEMAT May 18"
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LHC: Beam structure

Crossing Peak
#ounches | At angle plbunch Luminosity
Pilot Run 43156 - Oprad | (1-5)x10™] 3x10%-2x10°*' | @900GeV

First Physics | 936—2808 | 75-25ns |0—250 prad| 5x10™ | 10%%-2x10%
Low luminosity | 2808 2518 285 prad | 5x10' 2x10%
High Luminosity | 2808 25 ns 285 prad | 1.15x10" 10%

« Background
» 20 interactions/BX (high lum)
» ~700 charged particles/BX
« 50 MHz/cm?* — 10kHz/pixel (R= 5cm)
* Integrated dose: vl v
« 840 kGy (R=5cm)
« 0.2-1000 kGy (HCAL)

CIEMAT May 18" 35



LHC: Trigger

e LHC total event rate ~ 10° Hz

Fermilab
CERN l LHC

inelastic pp scattering : 10° Hz T T T

single W — v :10° Hz
tt production : 10 Hz

Higgs(m =100 GeV/c?) : 0.1 Hz 1 - |
Higgs(m =600 GeV/c?) : 10 Hz I /%

» decision to be taken every 25 ns

|
|
* reduce rate 10° Hz —100 Hz R R gl
 trigger decision taken in several trigger ©1mw | A
. . . o.- UA1/2
levels of increasing refinement I .

10%* em? sec™

—
=
o
|

O (proton - proton)

Events / sec for £

|
|
* Level 1 (hardware) i e/ L
|
« Calorimeter trigger: y,e,t,jets,E_E_1e - '
* Muon Trigger e, P
e High Level Trigger (software) o .‘:' O BR : mHo180 Gev
° Regional event reconstruction 0001 001 01 10 10 100

y100cPauss

CIEMAT May 18" 36



INTERNATIONAL LINEAR
COLLIDER
ILC




International Linear Collider

* |nternational proposal to build an electron-positron linear collider

* |nternational: world-wide effort
- Linear: AE,__ o EYR

 Main characteristics
- E__ tunable

 Phase | : 200-500 GeV

 Phase |l: upgradable to 1 TeV
Luminosity

 Peak: 2 x 10%* cm? s

* in 4 years: ~500 fb
Energy stability <0.1%

Polarization

 electrons: >80%

 positrons: >60% (option)
option for e-e” and y—y collisions

CIEMAT May 18"

http://www.linearcollider.org

 Proposal level
e RDR issued Feb 2007
 No site chosen
 America: FNAL
e Asia: Japan
e Europe: CERN
e Economical case



ILC - Economic Case

http://www.economist.com/science/displaystory.cim?story id=8810981

NOT content with spending around $10 billion on a shiny new
collider at CERN, the European particle physics laboratory in
Geneva, physicists are now campaigning for its successor. The
International Linear Collider (ILC), as the machine is dubbed, would
cost a mere $8.2 billion, according to its backers. Ray Orbach, the
head of America's Office of Science, gave a warning last month
that, although he supports the project, it is too expensive to build
rapidly. The first data to come from such a collider would probably
not emerge until the mid- to late-2020s

(...)

For diplomatic reasons, three designs have been drafted. One is
tailored to geological conditions at Fermilab, near Chicago. The
second is suitable for construction at CERN. A third would be
appropriate for a mountainous area of granite in Japan. The winner
will probably be whoever has the biggest chequebook.

Appeared in The Economist (March 2007)
CIEMAT May 18" 39



ILC: Project overview

* 1 Interaction point

ILC cLiC
* collisions at 7 mrad Accdleatng Gradent | 315WVim | 50NV
o 2 experiments (push-pull) Accglerating RF 136z 3 Ghz
Length for 500 Gev 31 km 6.4 km

Lenght for 1 TeV 50 km 144km

Length for 3 TeV 37km

Electrons Detectors Electron source Positrons
Undulator % Y
S8, \\J
> > >

<

Beam delivery system

Main Linac Damping Rings

- ~11km > ~ ~45km ¥

Main Linac

~11km

~31km



TLC: schedule

* 1 Interaction point e Schedule (best case)
 collisions at 7 mrad e design ~2010
o 2 experiments (push-pull) e begin construction ~2012
« Form collaborations ~2010 * end construction ~2019
Electrons Detectors Electron source Positrons

Undulator

———

Beam delivery system

Main Linac Damping Rings Main Linac

- ~11km > < _45km = ~11km >

~31km



TLC: Beam structure + Trigger

"« 2820 (4500) bunches spaced by 337 (189) ns

199 ms between trains (5 Hz Bunch Trains)

950 s

%

199 ms

%

950 pus

e Background 2620 bunches

 Beamstrahlung

* 140.000 e+e- pairs/BX (mostly within beam pipe)
* 0.03(0.05) hits/mm?BX @ E=500(800) GeV, R=15mm, B=4T
* Bunch train = 85 hits/mm?#BT. 10% occupancy for 25 ym? pixel

* Two photon events: e'e— e'e+hadrons

« 0.

02/BX with visible tracks

« ~400 hits/BX in vertex detectors
« ~5 tracks/BX in central tracking

« ~20 readout cycles/BT (47.5 ps) to keep occupancy low
e 50 MHz (20 ns) readout @ detector level

« NO ELECTRONIC TRIGGER

« All physics on tape is unbiased

CIEMAT May 18"
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Event Rates @ 500 GeV

— e'e” (0>20mrad) 210 s™
—qq (g#t) 960 h
— W'W 560 h
— tt 42 h

— ZH (M =120GeV) 4 h



ILC: Operation Modes

 Maximum energy

* s =0.5/1TeV

 Machine in “discovery” mode
 Threshold scan

 To measure (selected) particles masses.
 Enhanced particle production

* Produce maximum of particles in a channel.
* GigaZ mode

e Vs =91 GeV — 10°Z decays in < 1 year

e ~4x10° Z/exp in LEPI

* (o to this point from time to time for calibration
 MegaW mode

. Vs =2M,_ GeV — 10° W decays in < 1 year

e ~10* W/exp in LEPII

CIEMAT May 18"
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LHC AND ILC
INTERPLAY




LHC vs ILC

PP/pp cross sections

é\l'ﬂ lsj T T T T1 |: T C - ; | : | j
w10t PP pPp :
13 U‘D‘ j
10 7= § :E} )
10 22 = _ -
10 kL E / o
1010L (J'bg/ _
10‘ 9_— / i
O F o Sty
107 3 Ow < :
10’ 6- jet UZ / 5
© Oy (B> 100GeV)
10°
o % //& ;
3f ]
10°F - / ‘
20 O, (B>l ! /
10 QUHiggs (M,;=150GeV) >< i
- Ofioge (M=500GeV)
10-1 Higgs " 1" .|?|| I |
3 4 "
i 10 Vs (GeV)

CIEMAT May 18"

10

+ - .
€ e Cross sections
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HZ

120 GeV

qq (q=t)

140 GeV

300 GeV

IlIIIlI 1 Jlllllll 1 IlIIIlII | llllllll L IIlIIIII L L L L)

1 IIIIlIII

L v vl

800 -, 1000
Vs (GeV)
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LHC vs ILC

LHC: pp @ 14 TeV

Discovery machine
i
P——

g
—4
» Parton scattering upto several e
TeV

* CM energy not defined o

 Energy conservation in
transverse plane

* Pile-up: 5-20/ bunch crossing y

« Strong interactions o
 Huge QCD backgrounds
e Underlying events

* |Interaction rate 10°

* Trigger: 1 eventin 107
CIEMAT May 18

ILC: ete- @ 0.5-1 TeV
Precision machine

Clean exp. Environment
* 4-momentum conservation

Well defined initial state
Tunable CM energy

Beam polarization possible
vy,ey,e e options
Untriggered

e Can find signal of unexpected
new physics

46



LHC and ILC interplay

e Different situations
 LHC (almost) ready
« |LC still in design phase

« LHC analysis could profit from results obtained at ILC and
vice-versa.

* Working group stablished in 2002

hep-ph/0410364
Phys. Rep. 426 (2006) 47

mSugra with tany = 30, A, = 0, u >0

1400

« Complementarity
 |LC will add precision, but ... N
 |LC can also make discoveries %

S::

e Synergy wn '

« Concurrency
* Not necessary but helps.... 0

0 1000 2000 3000 4000 5000 6000 7000 8000

CIEMAT May 18" m, (GeV)



ILC precision

CIEMAT May 18"

M,, [GeV]
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experimental errors 68% CL.:

— ILC/GigaZ

LEP2/Tevatron (today)
Tevatron/LHC

Heinemeyer, Hollik, Stockinger, Weber, Weiglein '06 7

T

both models i
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Synergy and Concurrency

 LHC/ILC interplay working group has provided various examples

hep-ph/0410364
Phys. Rep. 426 (2006) 47

e \arious scenarios
e LHC+LC — Nointeraction

s LHC®LC — Experiments will give inputs to each other
* LHC® LC — Combined analysis: need “standard” data format

* Here presented just two examples:
e Search of SM Higgs
* Search of Supersymmetry

CIEMAT May 18"
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S EARCH OF
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SM Higgs production at LHC

LU L L L L L L L LY LN L L LY LI L L L L L
i o(pp — H+X) 1407 .
: Vs =14 TeV Gluon fusion(gg)
10 m=175GeV  Jq8 _ 0 TETTTETTTON, ¢ b
: CTEQ4M ; P :
~ 1k 1105 - tb H°
fe) 'S
= F - rNc0 qq—Hgq e ] \ 990000000 QQ) t.b
o] 1L TSNS T e Ty 4 —
10 ~. i 10 2 ,
. e : @ substantial QCD bkg
102 _ 1108 § difficult signal - bkg separation
: i s s g o
1073 = M. Spiraetal. 09.0G—Hbb . T T=- \::":'#"-";";--_----..g 102
NLO QCD B T
10-4--...|....|....|....|....|....|....|...I“.Alfﬁ'j.-'-_-:n,..".: .
0 200 400 500 800 1000 Weak Boson Fusion(WBF)
My, (GeV) ) .
q w,Z
HD
w,Z
q ———
q
WZ ) .
q ' better signal / bkg ratio reached by
G ﬂ * double forward jet tagging
§ \ Ho * Central Jet Vetoing techniques

ttbar and bbbar fusion W/Z Higgs strahlung

CIEMAT May 18"
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SM Higgs production at ILC

100

..
e,

il?tf

HHZ

T ]
o(ete” - HX) [fb]
V5 =500 GeV 73

0.1
100 1

30 160

200 300 500

ﬂﬂ}{[(}EXJ]
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Ll

HHZ

(ete~ — HX) [fb] ;
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150 200
My
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Higgs-strahlung

2?*

Weak boson fussion (WW,Z27)




SMH ig_gs: Discovery and mass

LHC

ILC

Find a new particle

. Measure its mass

Measure coupling to gauge bosons

Measure coupling to fermions

Measure self-couplings

SERIEEIRE

. Measure spin

1 = 1T T 1 /""\L____I_— | | | [ =
- WW T~ e ——— —
: ------ ZZ '_'
107k g
L~ * it i
1077 E
10_3 ] F C .\I ] | | L1 1
50 100 200 500 100(
My [GeV]
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e LHC:

. H—>yy
. H— 22*

« H— WwWUY

Search for selected channels

m e [114,130]

m_ e [130,150]
m_ > 180

-1

—y
o

Luminosity for 5¢ discovery, fb

m_ e [150,180]

CMS

—e— Hoyy cuts

—=— H—ovyy opt
—— H>ZZ -4l
—=— HoWW-212y

lJ.IIl

I |

P il
200

|
300 400 500 65)0
M, .GeV/c



SMH ngS! Discovery and mass

LHC ILC e LHC:
 Search for selected channels

1. Find a new particle
2. Measure its mass

3. Measure coupling to gauge bosons e H— YY mH € [1 14,130]
4. Measure coupling to fermions *)

5. Measure self-couplings « H— 27 mH < [1 30’150]
6. Measure spin m|_| > 180

e H— WWY  m e[150,180]

a
" 14F gﬁ
=12 [lHiggs §
2 1 [t 20 5 1o
go.sg— Zbb g
z06F [Hzz 9
- >
0.45 g —e— H—oyy culs
0.2 - £ —=— H—yy opt
| |/ B — §1_~— —— HZZ -4l —
100 150 200 250 300 O f . Howwoaiyl
4 lepton invariant mass (GeV) P —
100 200 300 400 500 65)0

CIEMAT May 18" M,,.GeV/c



SMH ngS! Discovery and mass

LHC ILC ° LHC
1. Find a new particle
RV T r— Search for selected channels
3. Measure coupling to gauge bosons e H— YY mH S [1 14, 1 30]

4. Measure coupling to fermions *)
5. Measure self-couplings « H— 27 m, e [130,150]

6. Measure spin mH > 180
+ H— WW" m_ e [150,180]

I‘-'_9 1 ! : I I —
z 2AF = | CMS
8 22 (0]
£ 20Egm . 2 |
5 135- 995 &
> £ z7 Q1
(7] = © 10
§ 14§|:|ﬂ b -
@ 126 17bb T
> 10F =
8 F O
4 8 =
@ 6F =
c - 7)) 2 - H 1
& 45 o —7YY cuts
e 2F = —=— H—yy opt
[«] - P R T T N N B I E
|ci 00 50 100 150 200 2_5D _Bﬂﬂ 350 40C = 1 —— Ho>ZZ-4l —
= 4 lepton invariant mass (GeV) 7 - . HoWW_s212v .
T i i : i i I i i l ’?l 1
100 200 300 400 500 65)0

CIEMAT May 18" M,,.GeV/c



SMH ig_gS . Discovery and mass

LHC ILC e |LC:
1. Find a new particle + - +]-
R . e ee >HZ - I'IX
. Measure its mass .\
3. Measure coupling to gauge bosons e e > HX H— dq
4. Measure coupling to fermions e Possible if good quark id.
5. Measure self-couplings -1 .
5. Moasurs spin * Few fb"' needed for a 5c signal
« Expected ~80000 H in 500 fb™
I 1 | |
o o(ete” — HX) [fb]
e e v V/5 = 500 GeV
' - ete — wu X
@ 400
2 ¢ \s=300GeV
& 350~ 500 fb'
- c B
o
& 300(—
5
o 250
Z =
~ 200|—
1= Hit = -
C ™. 150[—
HHZ e
; 50
0.1 L '
100 130 160 200 300 200 0

MH [GGV]

80 100 120 140 160 180 200
Missing mass(GeV)



SM HngSZ Couplings

1. Find a new particle

2. Measure its mass

3. Measure coupling to gauge bosons

4. Measure coupling to fermions

5. Measure self-couplings

6. Measure spin

My, < 150 GeV

EER AL AL “ H fj,,.rJJ
‘t‘ Q.ILL\ "’rg(r-ylr)
Y \ay
gg->H->ZZ->4lept My > 120 GeV
‘.t‘f'},ﬂ,,,,,,,, ~ Fg( le B )
gg—>H-;WW->2lept My > 120 GeV
o H r{JJ
LMo L Ty(Ty/T)
__j:trit_'s—r_x_u: L ‘W o
qq->qqH, H->yy My < 150 GeV
W? ------------ < ~Ty(L,/T)
qg->qqH, H->17 100 < My < 150 GeV
Ly g ~Tw(T,/T)
qg->qqH, H->WW- >2Iept My > 120 GeV

w,?‘;} H<x~ Tw(Tw/T)

CIEMAT May 18"

LHC ILC e LHC:
» Total Higgs width and partial
7 widths impossible without
7 theoretical assumptions.
Not all final states observable
« H—Dbb large exp uncertainities
o(gg—H)oc I'(H—gg) * H—ee,un non-obs. rate

Theory syst. ~10%

o(qq—qqH)ec I'(H-WV)
Theory syst. ~5-%

 H—qq,gg unidentifiable
Narrow width approx (v <200Gev)

SM I’ I’
U(H)XBR(H%x):U(IZAZ X L
Fp Ftot

(H>ff) ocg?(H,f)

(H->WV) o«cg*(H,V)

(H-99) «ger(H,f)ocg’(H,t)
(

Hoyy) gy (H,y)ocg*(H,t)

r
r
r
r

Determination using a global fit,
under some assumptions

r,<r” upper limit
I, <I'y,+I,+I',+I' +1I, lowerlimit
57



SM Hig_gs: Couplings

CIEMAT May 18"

LHC ILC e LHC:
1. Fi icl . . .
L L « Total Higgs width and partial
2. Measure its mass . . . .
3. Measure coupling to gauge bosons v widths !mpOSS|b|e WIthOUt
4. Measure coupling to fermions v theoretical assumptions.
2 Y CRTE Sl GonETigE Not all final states observable
6. M i .
b « H—bb large exp uncertainities
a;{ 'F m——Tp a; 'f —— * H—ee,un non-obs. rate
Hos) e Hes o  H—qq,gg unidentifiable
o] o Narrow width approx (v <200Gev)
07 - 07 —t HYM I T
: without Syst. uncertainty : without Syst. uncertainty g ( H ) X BR ( H N x): O-( SAZ >< p X
0'5: 2 Experiments 0'5: 2 Experiments F p F tot
osh N fraszsme o5 | L dt=2*300 fb F(Hoff) «g?(H,f)
% . WBF: 2*100 fb ’
0.4: 0.4: Ir'(H-wV) chz(HrV>
I'(H-99) =gi(H,fcg’(H,t)
i i T'(H-yy) «Ger(H,y)cg’(H, t)
0.2 0.2
o4} o} Determination using a global fit,
e T o e o o me O mo e e e e o UNDEr SOMeE assumptions
m,, [GeV] m,, [GeV]

r,<r”

g (H,V)<1.05g%,(H,V) -



SM Hig_gs: Couplings

LHC ILC L
1. Find a new particle
2. Measure its mass
3. Measure coupling to gauge bosons v
4. Measure coupling to fermions v
5. Measure self-couplings
6. Measure spin

ILC:

e Almost all couplings in a model
iIndependent way

e High accuracy
« BR< 5%
* Ag/g ~ 1-3%

L
52 bb
=1)]
£
=
[*]
=
[+
I~ -1
a 10 | P .
I R f
m | gg — —_— \
: | Ay
'*Hk‘_‘_‘l\_‘-‘-\r e~
107 wWw o
3 1Y
10 M P P ] ) L
100 110 120 130 140

CIEMAT May 18"

Coupling My = 120GeV | 140 GeV
gEWW + 0.012 + 0.020
gHzz + 0.012 + 0.013
e £ 0.030 + 0.061
b + 0.022 + 0.022
JHee + 0.037 + (0.102
Jiirr T 0.033 T 0.048
* g, and 9, bad measured at
Vs=500 GeV.

. Aglg ~ 5-10%



SM Hig_gs: Couplings. LHC/ILC Interplay

LHC ILC

1. Find a new particle

2. Measure its mass

3. Measure coupling to gauge bosons

4. Measure coupling to fermions

5. Measure self-couplings

6. Measure spin

CIEMAT May 18"

A g (H.X)
g (H,X)

LHC alone (model dep.)

0.5¢
o.4i
0.32
0.2;

0.1)

2 Experiments

L dt=2*300 fb '
WBF: 2*100 fb '

Flllll \Illll.lJiIllJlJ;IIlI;HIIII-HIIHJII 1

(=]

110 120 130 140 150 160 170 180 190

my [GeV]

 Give ILC inputs to LHC analysis

0.5

A g (H,X)
g (H.X)

e Harder constraints
 Possible to measure absolute

couplings

* Independent analysis
. Higher accuracy evenin g

0.4
0.3}~
0.2}

0.1}

Hitt
LHC ¢ ILC @ /s = 500 GeV
[ | e g*(H.2) 2 Experiments
[ | — gHW) L dt=2*300 fb"
5 (s G2(H:) WBF: 2100 fb™'
T
without Syst. uncertainty
: 11 -J-l-l -L[!-I 1 l] 'rlrlrl] l | =-l-] l-.J-J 1 I | I- -L-Jul].i-l- (i l| 111
110 120 130 140 150 160 170 180 190
m, [GeV] 60



SM Hig_gSi Self-couplings

LHC ILC e LHC:
« Extremely difficult

1. Find a new particle
2. Measure its mass

3. Measure coupling to gauge bosons v ¢ ”_C

4. Measure coupling to fermions v ° SmaII Cross-sections ""01 fb
5. Measure self-couplings v v e Large back d ted
6. Measure spin g grounds expecle

» Excellent flavor tagging needed
e Multijet+Multilepton events

1 S HMIHt' | '_: * Modest accuracies achieved
cO Py » Vs=500 GeV,L~1ab"', m <140
2 W-"7 « o(e'e—HHZ) ~ 20%

% * A;LHHH ~22%
g 01 ; * Increasing energy and using
= ] polarization
b 3 ¢ My~ 12%
% 0.01 ¢ c T —
3 o
T T T e T T oo

Mass (GeV) 61



SM HngS: Spin-Parity

LHC ILC

1. Find a new particle
2. Measure its mass
3. Measure coupling to gauge bosons v
4. Measure coupling to fermions v
5. Measure self-couplings v v
6. Measure spin v

|Polarisation of the Z Bosons from Higgs decay (100 fl:i1) I

RIE L

431 Plane angle i SM-Higgs

e L i

§ ost .

E F W iy ¥ spin1,CP+1

S N

0
- G(0)=T*(1+cos*0)+L*sin*0
*C R=(L-T)/(L+T)
1 :_ }‘ %} WL Spin 0, CP -1
E L L | | ] | | |
200 250 300 m, [GeV]
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LHC:
e Spin 1 ruled out if

* Decays H — yy observed
* Production in gluon fusion

* WBF H— WW—slvlv

e Spin 0: Exploit collinear leptons
topology (spin correlations)

<= =
WO< ---------- O ---------- b—OW
| P SRS, >V -, » V
- - - =

« Angular correlations in gg H—
Z7—4|

e Measure J/°
« Some 10" fb' needed




SM HngS: Spin-Parity

LHC ILC e |LC:
;' E/:”d a new particle * Spin can be measured with e*e’
. Measure its mass .
—/H behaviour near threshold
e Needed ~20 fb™
e CP can be measured:
« Angular distribution of Z/H in

3. Measure coupling to gauge bosons
4. Measure coupling to fermions

5. Measure self-couplings

6. Measure spin

NSNS

Higgs-strahlung
| e Correlations in H—1tt
.  Angular correlations in gg H—
| Z7—4|
S
o
2 10
8 ]
g !
&) |
5 i
O P |' N L] !
210 220 230 240 250

Vs (GeV)
CIEMAT May 18" 63



SM HngS: Spin-Parity

LHC

ILC

1. Find a new particle

2. Measure its mass

3. Measure coupling to gauge bosons

4. Measure coupling to fermions

5. Measure self-couplings

6. Measure spin

NSNS

ILC:
* Spin can be measured with e'e’
—/ZH behaviour near threshold
» Needed ~20 fb™
 CP can be measured:
« Angular distribution of Z/H in

0.8

0.8

0.4

)
- ——

-t

Higgs-strahlung

e Correlations in H—1t

* Angular correlations in gg H—
274l

Ll

L 1 L L i L.l 1 1 I 1 1

0.2
- ', + -
[ V5 =500GeV - “~._,_ B SEh
L Mg = 120GeV
i | [ 1 1 I |
L [ [ ) []
09,3 —0.5 0.0
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SM HngS: Spin-Parity

LHC ILC e |LC:
* Spin can be measured with e'e’
—/ZH behaviour near threshold
» Needed ~20 fb™
e CP can be measured:
« Angular distribution of Z/H in

1. Find a new particle

2. Measure its mass

3. Measure coupling to gauge bosons
4. Measure coupling to fermions

5. Measure self-couplings

6. Measure spin

NSNS

3 .
10°- Higgs-strahlung
- HA-T7 > @v@v) * Correlations in H—1t
/T dI'/d cos * Angular correlations in H—
- Z7—4]
2|
07 m =60 o H‘A
+ -
m,, , = 150 T U
L scalar
T e pseudoscalar
10 | | | 3
0.96 0.97 0.98 0.99 1

o/m
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S EARCH OF
SUPERSYMMETRY




Discovering Supersymmetry

* Find (all) sparticles
 Masses
* Decay widths, BR, production cross sections
* Verify that all particles have a superpartner
e Spins differ in 1/2
* Gauge quantum numbers are the same
* Couplings are identical
« Mass relation holds
* Understand low-energy SUSY parameters

* Understand SUSY symmetry breaking mechanism (GUT)

* Here just discussed discovery and mass determination

CIEMAT May 18"
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SUSY: Discovery

° LHC e ILC
« Upto few TeV « Uptom <ns/2
e Gluino/squark  Lepton distributions in the
* ggfusion | continuum
* slepton/chargino/neutralino e e+e- pol. Reduces bkg.
e Drell-Yan SPS 1la
e Indirectly in Decays [800]
. . m |GeV
e |nclusive dlsc,:overy o0l
Me/f:Errm"'Zpr,i
. 105: 600 L g -
2 i 4 =",
o, 500 L b,
> 10F
)
3 400 LHC, A0 e HE 5 ¥k
g 103j -
g E 300 L
w
10°E 7 =
£ 200 L T — o
2 X1
ER 1-.1 :
10 . . . . 100 L h? %
0 500 1000 1500 2000 2500 1
Mesr (GeV)
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SUSY: Discovery

¢ LHC o |LC
 Up to few TeV e Uptom <~+s/2
* Gluino/squark » Lepton distributions in the
* gg fusion continuum
 slepton/chargino/neutralino « e+e- pol. Reduces bkg.
e Drell-Yan

 Indirectly in Decays
* |Inclusive discovery

Meﬁ:E’;is_{_Z pT,i

— 1053 600 T T T T T T
\ = e '7E_.
e i
= i
; 10° 400 — o,
Q
L&) C
- r
[Te} =
by 3
£ 10 200
c ]
>
L

10°E g Lal=s g

5 0 20 40 60 80 100
3—prong E;, [GeV]
1 | 1 I 1 I 1 | 1
10 0 500 1000 1500 2000 2500

Megr (GeV)
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SUSY: Massat LHC

* Challenging
* Long decay chains
* No kinematical constraints (boost)
 LSP: no mass rec evt-by-evt

 Mass based in kinematical endpoints

(m2, —m? )(m? — -:'n%(],)

~9gyedge X5 Ir lp
(mﬂ) — —
IR
s 2 e 2 )( 2 _ 2)
m= — - M—g — -
(_ 9 )cdgc B ( qL e W v
Moy — 5
0
a2 2 2
( 2)0(1gc B (mg, m){g) mio mm)
?nfff- min m2,

~gyedge qr X5 l X
(?n'ﬁﬂ-) max m
I
9 thres o 2 Ny 2 2 Ny 2 20
(?n.qﬂ) = [(mw + mggJ(mgS — mf_R)(mfR — mg.],)

—(mg, —-mfgj\/( 3 +m? )2(m2 +m?

I 1)
—Qm (mg{ - mz 3 )

)(m%o —m: .,)_ (4m m
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SUSY: Mass at ILC

1200
i * i B
ﬁ* i %*W’
9 e
* *Wﬂ =1
800 - i M .
400 -
O J——V%—h\

100

O
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40 80

lepton energy E,

120

[GeV]

T

ere SX X X, —> v, X qg'X] |

256 260 264
Ijj(‘l]’

268

- [GeV]

Continuum
 Measure kinematical endpoints

nif

mx?—

+ o+ 3+3-
e e —l; [,

5

E_+E,

\/1 E +E,
moal 1= BB
/ Vsl2

Threshold scan

« ~10 fb”

Precision on masses ~0.5-1%

per point
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SUSY': Mass - LHC/ILC

* Measure %° from ILC
« Use kinematical endpoints analysis

« LHC: 300 fb-1

* Precision in masses
* Precision in SUSY parameters

CIEMAT May 18"

LHC | LHC+ILC
Amg 48 0.19
Am; 48 0.34
Amg 47 0.24
Am;, 8.7 4.90
Am; 13.2 10.50
Am, 8.0 6.40
Am; 11.8 10.90
Am;, 79 6.30
Am; 5.0 1.60
Am, 5.1 2.25

72



DETECTORS FOR ILC



ILC events

 What kind of events do we expect?
e |LC can be seen as gauge boson factory
* Final states will have
 Multiple jets
* Multiple leptons
* Missing Energy
* Same final state can be interpreted in many different way

et

SM top production

E__— neutrinos Little Higgs with T-parity SUSY stop production

T-odd scalars production E__— neutrinos+neutralinos
E__— A, (y massive partner)

CIEMAT May 18" 74



ILC events

CIEMAT May 18"
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Detector Concepts

* 4 detector concepts proposed based on “conventional”
cylindrical geometries

> American proposal
> VTX: rmin=1.4 cm

2> Tracking: Silicon

> Small radius: 1.3 m
> High B field: 5T

> Si-W ECAL

> Steel/GAS HCAL

> European proposal
> VTX: rmin=1.5cm
PS5 TPC gaseous

> Med radius:1.6 m
5 Bfield: 4T

> Si-W ECAL

> Steel/Scint HCAL

GLD N 4™ Concept

> American proposal

> VTX: rmin=1.5 cm

> TPC gaseous

1 Radius:1.5m

@y Dual Sol.: 3.5T,-1.5T
/>Cristal ECAL

> Fiber HCAL (Trip RO

> Asian proposal
> VTX: rmin=2.0 cm
TPC gaseous
> Large radius: 2.0 m
> Low B field: 3T
= 2:5ci-W ECAL
—=9=Si-Pb HCAL L

N

CIEMAT May 18" 26



"My" typical detector

» |LC detectors will be “conventional”
« VTX
* Tracking device (TPC most likely)
e (Sampling) Calorimeters
« Magnet (3-5T)
 Muon system
* No big conceptual changes expected
* More granularity

» Use machine cycle for:
e Collision in 1ms/200ms: Duty cycle 0.5%
 Power saving
e Avoid cooling systems

 “New” analysis paradigm: Particle Flow

Could a LEP-like detector do the work?

CIEMAT May 18"
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General Requirements

e |LC = precision measurements

e Reconstruction of all channels
* Hermeticity
« Expected channels with missing energy: neutrinos and neutralinos
 Good angular coverage — forward regions
 Particle/flavor identification — granularity
* High efficiency
* Well establish detection techniques
 Lowest possible systematics
 Stability with time
« Radiation hardness
e Minimum material
* |nsensitive to machine related backgrounds
e Fast electronics

CIEMAT May 18"
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Requirements from Physics: Tracking

e Measurement of recoil mass in

e'e >HZ—-u pu

X

» Kinematic endpoints in SUSY decays

» Upper limit depends strongly on
tracking resolution

&,(203GeV)—

E_~5GeV

E.~225GeV

Momentum resolution

Ap
—— = axp & b
p
AL a0 2
p p
5

X1(96GeV)e”

a = stochastic term
b = multiple scattering term
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180 j
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%]
=]
| A LARN RN AR B

a=2.0x10""
b=1.0x10"
AM, =103 MeV
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=
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1
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h=1.0x10"
AM, =85 MeV

a0 |
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100 120 1400 160
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200

w0 E a=8.0x10"
b=1.0x10"
AM, =273 MeV
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40 E
20 B

D o | | 1 1 I 1 1 1 1 1 1
100 120 140 160

Recoil Mass (GeV)

DELPHI | CMS ILC
a (Gevic)' | 0.6 x102[0.15x 103 5x 107
b i 0.005 | 0.001
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Central tracking

e Largest radius possible
* Absence of “pointing” cracks

« Extended tracking regions
* |cos 6] <0.98 |6]>11°
* |cos 6| < 0.87 |0|>29° in DELPHI

e Forward regions covered with silicon microstrips
wheels

ILC DELPHI
Momentum resolution 8(1/p) = 10* (GeVic) | 5(1/p) = 10" (GeVic)
Single point resolution (r-f) 100 um 250 um
Single point resolution (r-z) 0.5 mm 880 um
2 track resolution (r-f) <2 mm <1cm
2-track resolution (r-z) <5 mm <1cm
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Requirements from Physics: Flavor tagging

Recoil mass in

e'e >HZ—-qqgX

 Measure Higgs branching ratios
Z/W reconstruction

Full vertex reconstruction

Impact parameter

T Xys o o° DELPHI | CMS ILC
Uqu o . 3/2 Uqu
psin~" o ays (MM GeVic) 65 80 10
’ O, (M) 2 5
P _ Xys 0 = 0 J
O-z T in5/29 ©® O-z GMS(UmGeV/C) 71-151 200
e 0, (Mm) 39-96 10

ot o NXr



Requirements from Physics: Flavor tagging

Recoil mass in

e'e >HZ—-qggX

 Measure Higgs branching ratios

e Z/W reconstruction
 Full vertex reconstruction
Impact parameter
oP = Kys o o°
Rp . 3/2 R¢
psin™“o
a/
IP MS 0
o, = T ® o,
psin® <o

(TIP oC \/Yr

AT

purity

N
FIICIGIICA
1:— T .' T s a e A
0 9:— ° ® ® o s e, P b 3
E ¢ (b bkgr, E
0.8E- (b bkgr) E
0.7 c =
= % -
0.6 -
0.5 =
0.4F =
0.3 =
0.2~ P R IR | L —

0.2 04 0.6 0.8 1

efficiency
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Requirements from Physics: Flavor tagging

 Measure Higgs branching ratios
Z/W reconstruction

Recoil mass in

e'e >HZ—-qqgX

Full vertex reconstruction

Impact parameter

SP = KXys o o°
Rp . 3/2 R¢
psin™<o
(X/

IP MS 0
g, = =17 © o,
psin~ "o

ot o VXr

DELPHI[ CMS ILC

Layer1 | 63 mm | 44 mm | 15 mm

Layer2 | 90 mm | 73 mm | 22 mm

Layer 3 |109 mm|102 mm| 35 mm

Layer 4 48 mm

Layer 5 61 mm

DELPHI CMS ILC

ays (MM GeVic) 65 80 10
Ope (MM) 20 9 5
oys (MM GeVic) | 71-151 200
g, (um) 39-96 10
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Requirements from Physics:

Jet Energy resolution

Events at ILC will have several

bosons and fermions.

Distinction of WW from ZZ

AE)
- - 03

Study of e'e ->WW
Higgs BR to WW or ZZ

* Higgs self-coupling in HHZ events

€ Z*

Z to BR W to BR
(A 10 % v 32 %
Qq (jets) | 70 % qq' (jets) | 68 %

CIEMAT May 18"

H(120,SM) to BR
(A <15 %
qq(jets), WW,ZZ | >85 %
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How much should calorimeters improve?

ALEPH 0.59 0 0.6

O ATLAS 0.6 0.03 0
H1 0.5 035 O

— ILC 0.3 ; :

: 10 H1 .- A S

s // ?='-"-'-‘_’f:_".

5 |

- A PFLOW-ILC

0 {

E... (GeV)
CIEMAT May 18"
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0 25 S0 75 100 125 150 175 200 225 250
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__How? ... Particle Flow

» Particle Flow needs
1) Reconstruction of ALL final state particles

2) Find charged particles in the tracker syste
3) Find photons in the ECAL
)

4) Find neutral hadrons in ECAL and HCAL

e 3) and 4) are only possible if there is no
mixing between deposited energy from
different particles

 (Calorimeters should be then

» far away from IP - - - -
g = + + 0
» dense (small lateral spread of showers) e R
 high granularity Charged track(s) Aplp ~dqq
: 105
* D rr in 3D
eteCtO_ eaijUt 3 _ _ Photon(s) AEIE ~12%
« Small pixel size (< Moliere radius) Neutral hadrons AE/E ~ 45%

« ECAL and HCAL inside the call
Perfect Algorithm —| 6%et = 6%h + 6%, + o2 = (0.14)? E;..
Real Life: Efficiency

Confusion ~ —| 2= (0.30)2 Ejet + (0.50)>

Recons. Thres.
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Conclusions

* Present understanding points out to an SM revision
 Theoretical and experimental
* “Something” should happens below 1 TeV

 Two main tods needed to explore this region
o LHC: starts this year — main effort
» |LC: still to be approved/constructed
 Interplay needed to disentangle physics underneath

e Detector challenges: compulsory R+D now

“Delay always breeds danger and to protract a
great design is often to ruin it”

Barry Barish GDE/ILC Director
quoting Miguel de Cervantes in Don Quixote

CIEMAT May 18"
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ILC - Polarization

(I+P_)(1+P,) (1-P)(1-P,)
Op p = (O O, 1t Orr
- 4 4
JLL
(1+P,)(1-P,) (1-P_)(1+P,)
4 O-RL—l_ 4 O-LR ORL
OLR
€+
* Polarized beams can be used to
suppress some bkg
« SM couples with LR or RL
« BSM can also with LL and RR o
0pp = (14P, P, )ag[1= P Ayl
Opt0
0y= 4 — Unpolarized Cross section
- L = 1 1-P P )L
ALR:ULR+ RL_, Left-right assymmetry eﬁp_§< o e e+)
UP“‘ O ~147GeV e-
7= . —EP — Effective polarization s

helical undulator
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Collimator

(T polarization upgrade)

Matching

2 2
J.=0
- - 1-P_ 1-P..
2 2
- - 1+P,_ 1-P.4
2 2
J. =1

— only from RL, LR: v, Z

— only from LL, RR

Positron Pre-Accelerator

{normal conducting 125-400MeV) Pt Bosdar Livae

{super conducting 0.4 5GeV)

'k K-r dump

e-dump

Captdre RF
Optical {normal conducting 0-125MeV)

Damping ring



Accelerators Comparison

2
LN 4nb Ne f HD
TOo,0,
LEP LHC SLC ILC

Energy (GeV) 45-100 7000 45 200-500
Time between collisions (us) 22 0.025 8300 0.2-0.337
Beam dimensions X:200 um | X:16.7 uym X: 1.4 um X: 543 nm

Y:25um | Y:16.7um | Y:0.7 um Y: 5.7 nm

Z:1.0cm Z. 7.7cm Z: 300 um
Particles per bunch (x10°) 45 12 4 2
Bunches per ring 4 in trains <4 2808 2820-4000
Luminosity (10°° cm? s™) 24-100 10000 3 20000
Radiation - ~1 Grad/year - ~20 krad/year

CIEMAT May 18"
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pp(bar) cross section

lﬂg EI r1|| T T T T r||1'| T T T T IIII! T T T 1ng
8 - g
0 !_ Ot — 10
107 k 107
3 Tevatron LHC
10° ¢ 10°
: Tbbar
104 108
10° E 103
F jet
e 102 b 0By >Vs/20) 102
0 : E
= 1 [ o - 1
~ 10 3 W 1 10
o C Oz 3
10° : 10°
F 0 (E® > 100 GeV) E
10" 10"
102 | 102
A i 5
2 E‘ O ttbar 10
10 E 0y (Ef® > Vs/4) 104
1073 é_ Higas(My = 150 Ge\ 105
10° Fo (M, =500 Ge! 10
1[]? :|I.1|| i eoao gl 1UT
0.1
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ILC precision

]II'I[1Ill[llil[llflllllilflfll[

= =

L m, = 169.4 ... 186.6 GeV |
0.2325 — _ i

0.2320 —

eeﬁ

Sin

0.2315

0.2310 - experimental errors:

LEP2/SLD/Tevatron D

—

. — LHC/LC MSSM 1

0.2305 - — Gigaz —

- Heinemeyer, Weiglein '06 -
IIII|IIII|IIFI|IIII|IIIi|rIII|I
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SM Higgs Decays

A.Djouadi, J.Kalinowski, M.Spira
(incl. all NLO-QCD corrections)

1 1 )
- bb

107k <
T - cC
Pt — ~
% L~ gg J

1077 E

10_3 L1 2 F -\ | T R N R R I

50 100 200 500 1000

My [GeV]
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Higgs discovery at CDF?

et, ut channel

600—

50 . '
500+ “or i
0t
400+ 20l i
0
300+ . -
i} 50 100 10 200 250 300
200+ Myis (GeV) 1
CDF Run Il 1 fb-1
100} MSSM ¢—tt Search|
Preliminary

[ A—TtT :
100} W Zir—t |
B other EW, tt | |
I ; jet fake
105— «——— My = 160 GeV 3
1t
el
0 50 100 150 200 250 300

myjs (GeV)
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New W mass from CDF

CDF Il preliminary _[ L dt =~ 200 pb”

-

Qo
3 i
n L
(=]
E [

E [

& 1000—

500 [ M, = (80349 + 54__) MeV
xzfdof =59/48
% 70 80 100
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D
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0
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Q
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1000 _—
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Hadronic showers simulation

Prediction of the hadronic shower simulator _
I | | | |

= B FLUKKA
@ = - -
8 1ol H%%E’(wnh ECAL in front) CEANTS v rpe
g e " 2 GEANTA4
b =
E, 1.4} — vy
o
2 125
S v Vv L
@ 11—y Y v v vV Vv ¥
o \ 4
O.B_—
06 |—
i) | |
2 eny < .G“ \’\ 55 5? Gl o A ,,,G“ vi‘ pC 011 Go
i “"W; e W 106"“—6 A o8 S = Todel

G.Mavromanolakis (Cambridge Univ.)
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ILC Forward Region

CIEMAT May 18"

8920 mrad_______ 280
82.0 mrad 250

LumiCal
80

26.2 mrad
BeamCal
3.9 mrad

Pole Tip

12

.......

......

long. distances
LumiCal 3050...3260

Pump 3350..3500
BeamCal 3650...3850
L* 4050
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Vertex Detectors

» Based on pixel detectors (~15-25 ym)
 DEPFET (Depleted Field Effect
Transistor)
« Combined function of sensor and
amplifier
 Low noise
 Internal storage until reset
 Readout at 50 MHz

15V Possible ILC
" ov e implementation

ov

source! top gate  drain potential via axis
_______ top-gate /rear contact gate DEPFET- matrix reset
—e__|off| T g g T | off
__________________________ — 4 il il A
———————————————————————— e on ,—-T_ .—-T_ j 'T-T- T
f % = e il e
.;_,' ——C\ off j j— j— 'I_'T' off ||
- = SFT e R o] o i
potential minimum
_ for electrons o
+ totally depleted A o1 1 pixe A o
= — off O -
weubstrate | N By E—E—E] iy (:
_________________________ A\ 4 A 4 Y Y
: -.‘ ° VT, on lora °
symmetry axis rear contact V VLTE'OFF . Votons, ok
’ v v v draln v VCLEAR-CimroI '
‘ 0 suppression ‘

wor — HHH— B
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Vertex Detectors

» Based on pixel detectors (~15-25 ym) |
« CPCCP (Column Parallel CCD) ClassicCOD CPCCD

* Need to read @ 50 MHz

« ~20 mm depletion layer
« ~1000 e

RD OD
RG =
Signal charge storage L
(n channel) |~

0G
[ | HH =« ISIS (In Situ Internal Storage)

« Charge collected under a photogate

« Charge transferred to 20 pixel in situ
during bunches
 Time tag
e Conversion during beam quiet period
* 1 Mhz readout enough

|:r+ substrate

f Depletion
Particle regions

trajectory 99



*Field Cage- homogeneous E field
*Mechanical Frame (< 3% X,)

Novel Gas Amplification System
» Gas Mixture

ePerformance at High B —Field
(100um (R¢) Resolution)

e Track reconstruction efficiency
eLong Silicon Strip sensors (Barrel)

*Mechanical Support:<1% X,/layer

* FE Electronics (low noise, digi)



A L « 200 physicist/engineers

Calorimeter for IL « 38 institutes
http://polywww.in2p3.fr/flc/calice.html « 12 countries

A high granularity calorimeter optimised for the Particle Flow measurement
of multi-jets final state at the International Linear Collider running at
a center-of-mass between 90 GeV and 1 TeV

Material Pixel Size RO layers Readout
ECAL W+Si 1X1 cm? 20-30 Si Pad
ECAL W+Scin 3x3 cm’ 20-30 Si Pms
AHCAL Steel+Scin 4x4 cm? ~50 Si Pms
DHCAL Steel+Gas 1X1 cm? ~50 RPC/GEM/uMega

15-250 Millions channels for ECAL
~50 Millions channels for HCAL
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CALICE collaboration

e Share major efforts

* Front-End Chips (xxROC)

« Common DAQ

« Common Framework Analysis (Grid,Data Format)

* Coordinate Test Beams
 MC Validation

 Now data and MC compatible at 20%
* No “loosers” politics

e Goal is to build the best calorimeter
 R&D motivated by physics analysis

« Working groups in each channel
 Easy to join

 Still lot of work needed to be done
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Front-End electronics

Ch. de la Taille (LAL)

Ch63:
ANALOG PART
/ Cho: y Hold Read  Wiuifipiex
ANALOG PART SLOW Charge outpu
Chﬂ_ Variable | | Bipolar FAST = . Chl]_trigol
Gain PA Shaper veno |20 RS
SCTL
S . Cho_trigl
. . o D1 Latch
RS
Control signals & power supplies =
DIGITAL PART N R
: Common to the 64 channels Digital Memory i
b o foie- = Cho_trig0 Chotele’
. DAC1 |Vthi Chi_trigl _
10 bits B
: R
) DACO | Vtho e
45 10bits | M ™
o Cho3_trigh | 128 1 SERIAL OUTPUT
c Ch63_trigl x transfered to DAQ
= 24 Bit counter BCID - durit
(®)) 1 PR TOuEr BN = = Inter Bunch
O /
©
2
<
(o)

Digital
Memory

DAC Discriminators
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CALICE - ECAL

e Silicon Pads

* 1x1 cm2 (~Moliere Radius)

* Analog Readout — 16 bits
« Large Dynamic Range

* Prototype used at test beams
e 30x30 cm?’ planes
* 14 layers
 Distinction of 2 close electrons (~3cm)

CIEMAT May 18" 104



CALICE - ECAL

e Silicon Pads

« 1x1 cm® (~Moliére Radius)

* Analog Readout — 16 bits
e Large Dynamic Range

* Prototype used at test beams
« 30x30 cm? planes
* 14 layers
 Distinction of 2 close electrons (~3cn)

CAl.l@
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CALICE - AHCAL

o Scintillator tiles
¢ 3x3cm? — 12x12 cm?
» Wavelength shifter coupled to a SiPM

* 1 m° prototype (4.5.)
« 38 layers
e ~8000 channels

* Tail Catcher of 10A

HCAL alone HCAL & TCMT
[ HcalivaEnerg | | hCombinedEneray | hCombinedEnr
200 IEI'ITatarII'::’s ’ 20 F E‘r;tar;es @ 6
530 i‘ ;:i e (5(’ C\ 500 i— ] ﬂsoo {{b
Beo[ A o .\(\fb Qoo Qv".(&\\
S0l Ko 60~ O
40 N E N
JoofF @ Si40 - Q
£ ®»_C
100 & ] 120
80 s0F
60 - 6oF
= i af
E . A =
3 ?“" I“/// =l 205_ ! P o A,
%""200 400 600 800 1000 1200 1400 Oy~ 200 400 600 _800_ 1000 1200 1400
HCal Energy (mips) HCal+TCMT Energy (a.u.)
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2006 Test Beams

CIEMAT May 18"

Tail Catcher

HCAL

L

ECAL
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Digital Calorimetry

» Feasibility study started on digital hadronic calorimetry
* Use number of hits insted of deposited energy
» Electronics simple per channel (just a comparator)

* Price to pay: higher granularity
e 1x1 cm?
e 40-50 sample planes

e |t works on simulation

 Needed to be proved exp.
 Construction of 1m° prototype
 Test beams

 Two active groups in CALICE

Mylar sheet

1

1.2mm gas gap

(On-board amplifiers) RPC

Pad array

Resistive paint

Mylar sheet

Aluminum foil

e American: 30x30x30 cm’ prototype.

 based on RPCs.

« European: 1m® prototype to be build for 2009

e based on gRPCs (baseline)

* Micromegas readout also investigated

CIEMAT May 18"

111




Edep

15007
) 1400T -
1,300T .
1,200T
(7, 1100T
d 10007
o —
£ ¥
801
Z 700T
s001
5001
a0t
3007
00T
1007
f 0
80 0
E pion (GeV) E pion (GeV)
Digital
Analog IgIT
o o
o G/mean ~227 ot CAL ESum, Hhreshoid oy G/mean ~19% atal CAL M hreshold
enlries : 20000 0t enlries : 20000
min: 1.5673 ol min: 20000
max: 12.363 max: 189.00
mean: 4.9688 . mean: 109.87
me: 12978 GGUSSIGH me: 2743
(Gaussian I (Gaussian
amplitde . 153871444 amplitude : 154.3244.30
mean:  48560:0.0247 mean:  108.8740.464
signa:  1.0632:0.0190 signa:  20.51940.343
s 2160 s 042734

Landau Tails
+ path length

§§§
iiilf'lll}-illd‘.l.-r-
8 0 0o 2

00 % 40 5 6 M s 80 100 10 120 130t 18 %0 0 180 1%

E (GeV) Number of Hits



