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Year Particle Lab

1974 ¢ quark BNL & SLAC

1975 T lepton SLAC Sau Lan Wa
1977 b quark FermiLab // -
1979 gluon DEsY ¥ |] &

1983 W,z CERN } 8

1994 t quark FermilLab / S

2012 Higgs CERN

#%The Standard Model is very successful BUT:
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FHAEHALF (The hunt for the Higgs)
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2 b jets ~1/2 M each

1 lepton ~ 50 GeV each

2 b jets ~ 1/2 M each O leptons Missing E- ~ 50 GeV
Missing E; ~ 100 GeV ISsing €+ e
ZH =I*l- bb 1 :
e b
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2 b jets ~1/2 My each 3

2 leptons ~ 50 GeV each 107 L
Z mass constraint




FIRERER TR B : LEP and Tevatron

HERRHI SR

O 20004E: JEBHERKITEE <114.3 GeV from LEPEP E210 1R

#]~115GeV

O 2009F4%: Tevatronft] 55 — N AEER TG E LEP
(at 95%CL): 160<my<170 GeV

Tevatron Run Il Preliminary, L=0.9-4.2 fb™

95% CL Limit/SM
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September 2008: LHC on hold

O  First protons around full ring on September 10, 2008

O  But on Sept 19, an electrical fault triggered a major setback

cause: faulty electrical
connection between two of
the accelerator’s magnets;
this resulted in mechanical
damage and release of tons of
liguid helium

e Actually: no beam for over a year; low energy beams circulated in Nov
2009 for the first time since the accident
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KA 5% %4 (Large Hadron Collider, &j#{LHC)
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QO # 100K B [H2A, H424.3 A H,
QPUASszEs . ATLAS, CMS, ALICE, LHCb
O FibfeE : 2012, 8 TeV; 2011,7 TeV
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LHC /5] % (short LHC history)

1983 LEP - S. Myers and W. Schnell propose
twin-ring pp collider in LEP tunnel with 9-T dipoles

1991 CERN Council: LHC approval in principle

1992 Eol, Lol of experiments
1993 SSC termination

1994 CERN Council: LHC approval

1995-98 cooperation w.Japan,India,Russia,Canada,&US
2000 LEP completion

2006 last s.c. dipole delivered

2008 first beam

2010 first collisions at 3.5 TeV beam energy

> /
2012 collision at 4 TeV, Higgs particle found!!!! 30 years

AR5 : now is the time to plan for ~ 2040



ATLAS and CMS | #&

A Toroidal LHC ApparatuS Compact Moun Soleniod

Muon Detectors

IEle(:romaqnebc Calorimeters I

Forward Calonmeters

Solenoid

Total Weight  : 14,500 t. o

Barrel Torcid Inner Detecio Shielding ?ﬁséﬁ“ %:E:GE
7 ) AN ) Total Weight : 14,500 t.
Qi 440K, Al F1212.5K, Overall diameter: 14.60 m
~7000 . Overall length : 21.60 m
(One Eiffel tower 71" ,~100 jet 747). Magnetic field : 4 Tesla

IR E — A IEAEDL, RRAVEIGB R FHII TR, Bl Gridf& 2t 57 %1,
P2 TARE A UBHTIRRE . ek RIEEER. 717119
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ATLAS Online Luminosity

2010 pp Vs =7 TeV
w2011 pp \s = 7 TeV
m— 2012 pp Vs = 8 TeV
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WA A R ELHE : AR T (Grid Computing)

The Worldwide LHC Computing Grid combines the computing resources of
more than 100,000 processors from over 170 computing centers in 36 countries,
producing a massive distributed computing infrastructure that provides

more than 8000

physicists around the

world with near 170 computing

real-time access Vos ool WA Centers
to LHC data, SR e S\ Y ~ 36 countries
and the power ‘v S P ) T e ) ~ 950K cores

to process it. .
b ~100 million

Needles in a haystack N R > N . " g/gabyt.es
In ATLAS, up to July 4, 2012: ST T f of disk

on g> o , o -. '\'."‘,, . p ’ 17
Eﬁir@@%ﬂu_‘[ IE 1 S (10 million DVDs)
240,000 Higgs particles produced - o R S : |

~350 diphoton Higgs events detected
~8 four-lepton Higgs events detected

Lessons learned in managing, securing and linking up on this global scale have

Els:n innovation in computing grids all over the world. Grids are being u.ec% i)n ’
. . : : = - 20103 OQ0QIC

the fight against disease, climate change, air pollution, etc. 3
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LHC CERN Council (Dec 2011) Higgs combined

ATLASH>y, tr, WW(ly, Ivaq), ZZ(41, Tivv, llqq, 1lbb)

rede 5b™ green: 1ib, black: 2 fi" CMS H vy, b, 76, WWIIh), ZZ(4), I, v lgg)
: l T 1T l T T | T T TT l T T 1T l T TT I L l T TT l L l L =T T 1 LI L L T TT T L=
E N " ATLAS Preliminary 2011 Data E f E
© 3 @© = -
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— 107 — 107k N/ =
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T R S - 30 = \)‘ E
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10 E Expected m E! 107 g—m e Interpretation requires look- =5
s e T 740 = elsewhere effect correction 3
107 - E - ‘ —— Asymptotic Obs. |
g _[ Ldt = 1.0-4.9 fo” ‘ - (oL CMS Preliminary, Vs = 7 Tev' . B obe |
10“*E s =7 TeV £ ; Combined, L, =847’ | L fomeoieB | d4,
""""""""""""""""""""""""""""""""""" I L Ll o e P
107 B b 110115 120 125 130 135 140 145 150 155 160
M, [GeV] Higgs boson mass (GeV/c?)
Largest local excess: 3.60 at 126 GeV Largest local excess:

2.606 at 120 GeV

“Tantalizing hints”

Guido Tonelli




The dlscovery on

CMS Preliminary ‘*%

10 — Combined obs.
10- =mm= Exp. for SM H _

1| — (5= 7 Tev Vs=7TeV.L=5.1fb"
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10°E ATLAS Preliminary 2011 + 2012 Data
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145 150
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A milestone discovery announced in

July, 2012.
— Both ATLAS and CMS observed a new
particle with ~ 50 evidence .
— Will the signal be confirmed in the
additional 2012 data? SM Higgs?

— Properties, future!



We found Higgs

Right after the seminar on July 4", Sau Lan Wu walked towards Peter Higgs and said :

[ You found me. I

[ We have worked for many years looking for you.]

717119



Is the New Boson the SM Higgs?

+* Signal strength
“* Higgs production (my = 125 GeV)

8 q H
88% 7% p
4.5%
t - ; |
t
8 F ( 1 q.q; ZW
99 ] VBE 7, M wh

Vector Boson Fusion
¢ Higgs decays

¢ Couplings @ : fermions gr (Yukawa coup'ling) = 25 ;nF/ v
@ : vector bosons 8V (Gauge coupling) = 2my*/v
2 . V is the vacuum expectation value
% Spin-Parity ( P )



Signal strength

fs=7TeV,L=51f" Vs=8TeV,L=1961"

Combined CMS Preliminary m,=125.7 GeV
k=08020,14 p5”=0.65

H - bb = -

u=1.15= 0.62
H Tt — -.—

n=110=+041
H-—>yy N

w=0.77+0.27
H-—= WW

u =0.68 = 0.20 &
H-—»2ZZ

w=092=+0.28 N R

A A A A . ' 3 e l A L A A l ' A ' n l ' A ' A
0 05 1 15 2 25
Best fit oloSM

u= 0.80+0.14

> Consistent with SM prediction within 2c.
> Systematic and theoretical uncertainties become more

and more important.



Coupling Measurements

Coupling strengths 1, & ratio: «p =gp/grsvy Kv =2v/vsvs M

i = K /K,

Model | Probed Parameters of Functional assumptions Example: gg —» H — yy
couplings 1nterest Ky | KE | Kg | Ky | Kg
: 2 ol 2
| QOUp'lmgs to Ky, KE vVIivIivIiVv]y Kz - K5 (KEs Ky) | K (KE Ky7)
2 fermions and bosons Ary, Kyy vVIivIiVvIiV] - Kpy * Apy K (AFv, AFy, AFy, 1)
3 . /l V7. /l . K - - K2 * /lz * K2 /l o /l o /l o /l ¥
Custodial symmetry vz, 7rz, T2z VIVIY Zz " Fz vy( recretre i
4 Awz, Agz. /l),z~ Kzz - \/ \/ - - K77 * ’lFZ . ’lyZ
5 Vertex loops =1|=1] -1 -1+

Kg. Ky

pJ ] pl
Kg * Ky | Kzr(Kg, Ky)

ATLAS Preliminary

Total uncertainty

my, = 125.5 GeV + 1o + 20
Ky 1
Model: { | 1c
Ky, Kg
Ke
i | 1c
Model: Iy :
Ay Ky Fv :
1 | - 1c
Model: '
;\'WZ’ )\'YZ A'WZ
A'FZ' Ko~> i i 1¢
Kg
Model: L | 1c
Kg K,
y .
i l ! o 1o
= o 1

Vs=7TeV flLdt=4.6-4.8 fb™'

Vs =8 TeV flLdt=20.7 b~

Parameter value

Combined H — yvy, ZZ*, WW*

Agree with SM within 2c.

1Is=-7TeV.L<S1®"'ys-8TeV,L< 196
CMS Preliminary - 68% CL
: = 95% CL
oy -
K -
A -
Awz ——— p_,, = 0.41
‘. —’*—
Ao : P, = 0.39
Ma - p.,,= 049
l\‘l., e
N -
.. P, = 0.23
BR-—;‘B,Jr_ Peyy = 0.41
......... L . - - - - 4 4 A A 1 WS SN S——
0 0.5 1 1.5 2 2

parameter value




Summary results for Spin study

» O hypothesis excluded at 97.8% CL in
favor of 0" by H> ZZ*-> 4l analysis
» 1" and 1" excluded at 99.7% CL,

respectively by WW and ZZ analysis
» 2" excluded at 95.2% to 99.96% CL

ATLAS

H— vy ® Data

Vs =8 TeV [Ldt=20.7 b’

v CL, expected
assuming JP =0"
B +1c

H — ZZ* — 4l
Vs =7 TeV [Ldt=4.61b"
Vs =8 TeV [Ldt=20.7 fb’'

H — WW* — evuv/pvev
Vs =8 TeV [Ldt=20.7 fb’'

— 1 E —
a =B E
— O S A SR 1o
— 107'E E
— B E
O — e .. 2c
102;‘——-——- i
i ——— i
10 - r 1 1 3o
—_——
—— H
104E =
HUUIUUIUNIUIVUPINUUIN: IUUIBIUNIURIPRURI | R I I
10°5E E
10°
JP =0 JP=1*  JP =1 JP =2}

CMS preliminary {s=7TeV,L=511" {s=8TeV,L=106fp"
—_—

=y - -
E 01 Excluded at D; (o0) B
O m
2 - 99.4% C — CMS data
= 0.08}-
.8 R
L0
E -
o 0.06]
0.04}
0.02}

B 20 -10 0 10 20 30

— Spin 1 is strongly disfavored with the
observation of H>vyy.
— Data favor the SM Higgs 0*



Tevatron result

(i:; 25 Tevatron Run Il, L <10 fp! === "0k Opserved Tevatron Runll, L <10
> 10 E . N 1-CL,, Expected m, =12% GeV/c’
L F SMHiggs Combination = 1.CL me125 GeVic " 'C- I
g 10 ':-r [ ] Expected £1 s.d. onec ER LI
8 1 [ [ ] Expected £2 s.d. ~i- Single channel
o
’:‘%10" ............................ I H— vy > - e
m . - Aeeagtte s dam 20 .

102 Ho W'W [

10° 5 I

............................. Y- .- 4 VH-> Vbb [~ i
10° .. SR
140 160 180 200 0 fI 2 3 4 ‘i: '}' ; a4 9 110
my, (GeV/c?) Best Fit (o x Br)/SM
VH-Vbb

wn - _ I — N
E1600D@ Preliminary, 9.7 fb™ g: HE +10 .
Elao0L 1=1.00 _QLiR:2s | > Tevatron observes 3oHiggs as well.
852005 —Observed LLR| 3> The main contribution is from VH(bb).
<) - . . . .
000 2+ s excluded whith}99.95% CL | > Spin 2 Higgs is excluded with 99.95%
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H-> vy Moriond EW 2013 )

Events / GeV

Data - Fit

4500
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T T T T l T T T T I T T T T ] T T T T I T T T T l T T T T

Vs =7 TeV f Ldt=0.02fb " Apr 18,2011

ATLAS Preliminary
H—vyy channel

4
5
job)

— Background-only

How to get there ?
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H-2>4 leptons (Moriond EW 2013 )

> 35 _I L I L | L | L I L I L | L l L LI ]—
q, - - p—
O - fs=7TeV | Ldt=005f" Apr24, 2011 - ATLAS
2 30 -
2] — —
= - 7
m - pu—
o 25 ATLAS Preliminary
- H—2Z2"" -4l channel =
2 I —
0 ~ [ ] Signal (mH=125 GeV) T
~ B Background zZ" i
15— B Background Z+jets, tt
— —4— Data :
10— —
- How to get there ? -
S ]
o "_!!!4.{!!!!!,!!!!,!!!!,!!!!,!!!!,!!!![!!!!,!!!1—
5 10+ —
o
(@]
S 0 -
(3]
m
g -10F -
a 50 100 150 200 250 300 350 400 450 _ 500

M, [GeV]




Breakthrough is awarded

BREAKTHROUGH &
e YEAR

| - -~  I: . ‘ .‘|._ \
ty _,.,.;5 4; The HIGGS :

| },{ \BOSON £

“AYAAAS

The Nobel prize in 2013: Frangois Englert and Peter Higgs




Y [fb/GeV]

T

dUM/dp

data / prediction

Topics after Higgs discovery (BSM di-Higgs search)

ATLAS =-ofsta)  Total uncertainty
my, = 125.5 GeV “(f::l) +foonp
N
!
L a bit excess OneHiggs ____ “Multi-Higgs”
Comb. H-»yy, ZZ*, Ww*=0.14 :
e P8 +

Ve=7TeV fLdt=4.6-4.8 0"
VE=8TeV fLdt=20.7 o Signal strength (u)

ATLAS-CONF-2016-067

A B B S B M I B
ATLAS Preliminar m,, = 125.09 GeV 2
somnm ouwe @powosexf ¢ The measurements of the signal strength
=YY, \s= ev, : 99—H — 1 . o . . . .
1 2015+2012 are consistent with SM prediction within

20.

e Some channels (e.g. Di-photon) still show
some deviation.

Lrrasnszes ——7—— * ltis possible that some Beyond Standard
2 { S Model (BSM) Higgs mixed inside?

0 20 40 60 80 100 120 140 160 180 200
py [GeV]



Combination of H->hh->yybb, yyWW,

tautaubb,4b

—I l |% 1 ;’(I\-O-é ‘; 1 I’)Y LI I 1 |_ |.I LI L I LI L E
-0l G g ey T 0o
C : .
_= T A e S J1c
— T.¢ GREREED
= 3 = 1/b A - = -
— g4 o) ? - h*
B B | R 126
— - g
. —e— combined obs ATLAS a
. -~ WWyyobs Iag
= --5- bbtt obs b
B --+- bbyy obs ]
L1 1 l L1 1 1 l L1 11 I 11 1 1 l 11 11 l L1 11 l L1 11 I L1 11 l 1

300 400 500 600 700 800 900 1000
my, [GeV]

Due to the downward fluctuation of tatutaubb, the overall
significance is 2.50.
No excess with Run2 data.
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H-> VY VBF candidate event g C ATLAS —4— Data 2012 (sidebands) ]

"y 9 0.251 \s=8TeV '[Ldt =20.7fb" Cdvy+visiv+ii .

A‘ o C [/77) VBF m,=125 GeV .

) = -

E s .

2 o1sF -

%) o 4

S . :

2 oip 7

L - .

E-(y,) = 80.1 GeV,m=1.01 )§\ ATLAS 0.05;_ =
Er(r) = 36.2 CeVin = 0.47 A EXPERIMENT -

S N Run Number: 204769, Event Number: 24947130 0
-1 -08 -06 -04 -02 0 02 04 06 08 1

Liet,) = 121.6 GeV, , =-2.90

L(et,) = 82.8 GeV, n= 2.72
m = 167 TeV BDT response

O VBF process has the event signature with 2 forward
jets and no much jet activity in the central region.

O MVA (BDT) can maximize the discriminating power of
the signal from the background.

Improvement is above 10-20% w.r.t cut based one.
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VBF Higgs

14

12
10

L e s B B B B B B
15} ¢ Data ATLAS Preliminary
o 80 | —Signal + background Vs =13 TeV, 79.8 fb™’ |
=3 T Y LINLINL L L R B L LR BB B R A LA | ™ ‘_' - - - Total background my= 125.09 GeV
n ATLAS Pre|iminary . ; - --- Continuum background In(1+S/B) weighted sum, S = VBF 1
- fs=7TeV [Ldt=46-481" . 5 60f B
- fs=8TeV [Ldt=20.71b" ] g
- B S 40
s iy =1ERE el 3.30evidence 1 £
8__ — 2 I
n ) ] 20
- — Combined H-»yy, ZZ°*, WW* -4 -
6 --- SM expected —_ I
N o 2 1 } % { i
AN e E @ qof ‘ :
: ] £ f ;
2 = 8 5F .
0:11111 1111[?‘1‘1;[4 ".‘- ] E 0 + 1 -
05 0 05 1 15 2 25 3 35 5 5 t 4ot 4 ]
™ | i T R B B B
P — 110 120 130 140 150 160

m,, [GeV]

First 30 VBF Higgs evidence has been seen with ATLAS
detector with RUN1 data.

The most important contribution to the 125.5 GeV VBF Higgs is
from H> vy

With the combination between ATLAS and CMS with RUN1 data,
one observed 5.4c.

With Run2 data, combining channels H — yy, WW, ZZ, tt with
ATLAS detector, we observed 6.5c5/5.3c(observed/expected)
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CMS: PRL 120 (2018) 231801

Observation of ttH Production

fHWW*)
fiH(ZZ")
ttH(yy)
ttH(t*1)
ftH(bb)
7+8 TeV
13 TeV

Combined

5.1fb" (7 TeV) + 19.7 b (8 TeV) + 35.9 fb" (13 TeV)

@® Observed
CMS = 110 (Stat ® syst)
- . mmm 10 (Syst)
i —— +20 (stat @ syst)
— -
>~
-;—*—
——*:——
——_———
———
_i*_
MR B Loeovwv b v b v b v b by
-1 1 2 3 4 5 6 7

Events/ 2.5 GeV

Data — Cont. Bkg.

CMS: 1 =1.26"3!

—-0.26

(8+13 TeV data)

5.20(4.20) observed (expected )

ATEAS: =130+

—0.26

(13 TeV data only)

5.80(4.90) observed (expected )

120
100
80
60
40
20

20

II|II|||II|I

——
¢ Data

Continuum Background
Total Background

——— Signal + Background

""""""""""
.........

m,, = 125.09 GeV

All categories

41c

IIIIIIII[I_I|I||I|||||

110 120 130

ATLAS: 1806.00425



H—->71t decay

Observation from both experiments:
ATLAS: 6.40(5.40) observed (expected)

Run 1 + Run 2
35.9fb (13 TeV)

1 07 % LI I LI LI I LI I LI I LI L ?
oF CMS {'6E —a— (Obs. - bkg.)/bkag. .
107 19 — (Hot0)/bkg. E
- 1 Bkg. unc./bkg. ]
10° E oo o 8:2 |
= 4 3
. O 5

) = s DS
10 -..‘jm log, (S/(S+B) 3
10° E —o— E|
: -h+* E
10°F .
E ¢ Observed % | E
10 E Mt . et, ‘-?-I E|
E eu — H-1t (1=1.09) l E
1 E
Bkg. unc. 3
-1 11 1 1 I 11 1 1 l L1 1 1 l 11 1 1 l 11 ]
0 325 2 5 1 05 0
Iog1O(S/(S+B))

5.9 observed

35.9 fb' (13 TeV)
—

ThTh

_ +0.40
u=1.36 4 35

.

HT
144 +0.44
n=1-14 5.2

et,

_n =g +0.60
u=0.58 ;5 58

e

e +0.69
u=0.68 ; 68

Combined

_ +0.27
n=1.09 .26

L
Best fit u = cs/csS

ATLAS: ATLAS-CONE-2018-021; CMS: PLB 779 (2018) 283
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VH Productlon with H->bb decay

Run 1 + Run 2
7/
, s
’ ATLAS: 5.40/5.56 (observed/expected)
n'J..\z/V\ﬁlL\ CMS: 5.66/5.56 (observed/expected)
% VZ/VH with Z/H —> bb
g W/Z
2w (3 Tey T T 'Jev,éty A
C -1 =1.
- CMS ¢ Data - 1= 13TeV, 79.81b . oon (u ) ]
L - VH.H—bb 16 0+1+2leptons <3 Uncertainty -
’ T 2+3jets, 2 b-tags ]
|—] VZ,Z-+bb 14 :_ Weighted by Higgs S/B Dijet mass analysis

| | 8+B uncertainty

S/(S+B) weighted entries
8
o
1

500 |-

—2:—| 1 ar o —:
40 60 80 100120 140160180200
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m(j) [GeV] My, [GEV]

ATLAS: ATLAS-2018-036 CMS: PLB 780 (2018) 501
CMS: PRL 121(2018) 211801

Events / 10 GeV (Weighted, backgr. sub.)




Forward looking



Forward looking of LHC

v gy

LHC
Run 1 Run 2 | | Run 3
LS1 EYETS 14 TeV 14 TeV
13-14 TOV energy
8 TeV y w‘ldlmm =TI coyolirsit HL-LHC installati
e butten collimators cryo Paint & M nstallation mmns
7 Tev R2E project cwn"gng P1-PS e e g Juminosity

damogo

experiment mariral Liminosty | experiment upgrade r—'" T experiment upgrade
rinal beam plipes e - phase 1 phase 2

150 fb™'

30 fb! (done)

v A lot of things can be done with Run2 considering the lum. will be
300 fb'laround 2023
v" More precise measurement of Higgs.
v' VBF Higgs, VH, ttH, BSM Higgs.
v Explore wide phase space in SUSY, Dark matter, exotic, CP violation etc..



Exciting Physics in the future

LHC :14 TeV; 400 fbl, 3000 fb'

Precision Higgs physics
Establish fermion decay signals
Precision coupling measurements

Observe rare decay modes, including Higgs self interactions

Study of vector boson scattering - key processes to

connect EWSB

Continue to search for BSM Higgs - if there are more
scalar particles?

Dark Matter signature ?

Suppersymmetry (still highly motivated)
Weakly produced new physics

Significantly increase chargino-neutralino mass sensitivity

from ~ 350 GeVto =~ 1TeV

Explore unknown at 14 TeV!

ATLAS Preliminary (Simulation)

(s = 14 TeV: [Ldt=300 fb" ; [Ldt=3000 f&

[Lat=300 o' extrapolated from 7+8 TeV
LI 1 U L ' LI ' 1

H—pp
ttH,H—-pup
VBFH-tt
Ho7Z @
VBF,H—> WW §
Ho WW |
VH,H-yy
ttH,H-yy
VBF,H-yy
Hoyy (+))
H—yy

0 02 04 06 08
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Higgs factories (F#&#1 1) )

O Precise measurement of the Higgs property,
coupling, etc.
For e+e- collider, background is cleaner.
Low theoretical uncertainties.

O Can be upgraded to new hadron collider.

New physics at TEV level.
O Susy, dark matter, etc.



Japan: International Linear Collider

e+e- Energy Frontier Accelerator Polarized electron source
with E.,,=500 GeV, upgradable to 1 TeV e
Damping Rings
e ™ -
Ring-to-Main-Linac (RTML) =

(incl. bunch compressors)

w-“‘"\w

-
e
-
-
-
-
-
' -
' s
-
-
-
-
-
-
-
-

Total site length (E;,,=500 GeV) | 30.5 km

# of DRFS Klystrons: 7280 SRF Main Linac 22.2 km
# of Cryomodules: 1680 RTML (bunch compressors) 2.8 km
# of SRF Cavities: 14560 Positron source 1.1 km

BDS /IR 4.5 km
‘Ww Damping Rings (circumference) 3.2 km



European Strategy

ooy ¥

Pre.-l-féds”ibility‘Studyfa’ir an 80-km tunnel at CERN - SR g

y : % ¢ Lake Geneva

- John Osborne and Caroline Waaijer : ‘ ;
¥ .' y d‘ “j' \;.:.

Vs (GeV) 2
| Luminosity (ab Y -
"5(eBR)/oBR (%) | _
' H —» any | Vi
H - bb 3 }
H - cc i
H ’

H
H
H = ==
H = vy
Houpup

H — invisible

. : 100 km?
S Y RL.
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Chinese Strategy: Circular Electron-Position
Collider) + Super pp Collider

White paper & CDR are ready

e e Higgs Factory

pp collider

400

L
-
S

Estimated Precision

Propert; CEPC-v1 CEPC-v4
my 5.9 MeV 5.9 MeV

Ty 2.7% 2.8%
o(ZH) 0.5% 0.5%
o(vwH) 3.0% 3.2%
Decay mode o xBR BR o xBR BR
H —bb 0.26%  0.56% 0.27%  0.56%
H—c 3.1% 3.1% 3.3% 3.3%
H —gqg 1.2% 1.3% 1.3% 1.4%
H—-WWw-+ 0.9% 1.1% 1.0% 1.1%
H—ZZ* 4.9% 5.0% 5.1% 5.1%
H— vy 6.2% 6.2% 6.8% 6.9%
H—Z~ 13% 13% 16% 16%
H—7 0.8% 0.9% 0.8% 1.0%
H—ptp 16% 16% 17% 17%
BREM - <0.28% — <0.30%

-

o

20000 Higgs/year =2 100 fb!/year

optimal energy
Higgs mass = 125 GeV

A Higgs factory +
A machine of discovery

o
<
=
=
Z 200
Q
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o
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WH & B [A] 2

o NLE8EE —IRALFE1981F 12 7

e 19827%E+—H, UALE3Z |

S he VX VAV ]

Simon van der Meer

<1El 5 i 5 fill 2 1 5T AN — 250D carlo Rilbbi
e NLERIZATHI9824E12HTH, EHL [ 4

e 983 F1HNRHME S —A4

%

reid b

 Carlo Rubbia (UA1% 5 A) report 39 events with

6 events :
* No jets

* Missing E| = electron Er.

e UA2 report 4 W-like events (GBS AR A H E)

e 19834E1H20H, RubbiafECERNM ERE T

KL, UA2FESE R T 2B
« UAZI L EAUAL—NAZEA KT,

HHRTW



ZH IR ] 3%

e 19824E8H, UA2E R T H—1HMIZEH] (92 GeV)
, {HUA2[F|SHE48 K55
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ARIBPEEAT T K

. 5H27H, Rubbialf XEM KN T ZH T
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Carlo Rubbia ‘ Simon van der Meer

"for their decisive contributions to the large project, which led to the
discovery of the field particles W and Z, communicators of weak interaction”

S. van der Meer

One of the achievements to allow high-intensity p p collisions, is
stochastic cooling of the p beams before inserting them into SPS.




Conclusion

The Higgs particle around 125 GeV was announced in 2012 at LHC
experiments.

The additional 2012 data confirm the discovery.

The newcrar"ricle is consistent with the expectations from the
Standard Model Higgs boson within current uncertainty.

Coupling strengths, production rates...

First observation of the VBF Higgs production has been seen with ATLAS
detector.

Favor spin-0 particle.

LHC has a successful run in Runl (2011-2012) (with a lot experience).
Run 2 aims at 6.5/7 TeV /25 with a few hunderd fb-! data.
HL-LHC will achieve ~3000 fb-! data

There will be exciting time to study the Higgs boson with high precision
and new physics at LHC experiments.

Beyond LHC, Higgs factory is widely discussed:
ILC, TLEP, CEPC ..

What can we learn from the discovery of W and Z?
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Collisions at LHC

Proton-Proton 2835 bunch/beam

Protons/bunch 10"
Beam energy 7 TeV (7x10'2 eV)

Luminosity 10** cm? s
Bunch | Crossing rate 40 MHz |
Proton Collisions = 107 - 10°Hz
Parton

(quark, gluon)

Selection of 1 in
10,000,000,000,000

Particle




availability

* “There are a lot of things that can go wrong - it’s always a battle”
* Pretty good availability considering the complexity and principles of operation

2012 Proton Run Efficiency

27.6%

B Access I Ramp
£ SetUp [ Squeeze
B Injection @ Physics

13.8%

15.0%

2.1%

5.0%

36.5%

SB Time: 73.2 days Total Time: 200.5 days

B?:? e . All E-logbook Faults......... ... .. %

CMS oo [ - Faults with- Parent Ti-Major Event |4

BPM 10
EN-Services : . : : : 3
ATLAS Bl b Total Fault Duration = 26.63 % {11

?l\ll.lg\s """" [ Total Fault Duration = 66.9 days ';5
Controls - Fault from Tl Major Events= 8.2 days. |5,
Access 123

PSB No Beam 28
Beam Dump 135
Collimation 35
EN-EL 129
Vacuum 131
PS No Beam 48
Injection 147
Power Converters 72
QPs 168

RF 75
Miscellaneous 156
SPS No Beam 94
Cryo 46

0 50 100 150 200 250 300 350 400

Fault Down Time (hrs)

Fault Occurrence

Cryogenics availability in 2012: 93.7%




some issues in 2011-12 operation

Radiation to electronics
* concerted program of
mitigation measures
(shielding, relocation...)
e premature dump rate
down from
12/fb! in 2011
to 3/fb! in 2012

UFOs
* 20 dumps in 2012
time scale 50-200 ps

Beam induced heating
* Local non-conformities
(design, installation)

* injection
protection devices
* sync. Light
mirrors

* worry about 6.5 TeV
and 25 ns spacing

¢ vacuum

) QN O O -
assemblies

Number of arc UFOs/hour during stable beams

~400 hours

. ===Run 2011
Downtime

===Run 2012

===After LS1
(Target)

T. Baer

+— Expected Number of Dumps by Arc UFOs
Expected Number of Dumps by MKI UFOs
~ - ~Signal/Threshold factor

arc UFOs at 7 TeV:

4x peak energy deposition
5x less quench margin

— 20x signal/threshold

> 100 beam dumps?

w
S

SEE Induced LHC Dumps

=
S

. = Annual Cummulated Luminosity
1000 2000 3000 4000
Flat top energy [GeV]



another issue in 2011-12 operation

Electron cloud

* beam induced multipactoring process, depending on secondary emission yield
* LHC strategy based on surface conditioning (scrubbing runs)

* worry about 25 ns (more conditioning needed) and 6.5 TeV (photoelectrons)

25-ns scrubbing in 2011 - decrease of SEY

24-25/10

6max,init

FILECTRON YIELD

)

max,final

SECONDARY

ENERGY(eV) -
Figure 12: Variation of the S.E.Y. of copper g G. Iadarola, G. Rumolo
with the incident electron dose

40 60
Time [h]




Bunch spacing

[1
L 50 ns Kf()f X \"l —
— Proven (injector) performance - Th

— Less long range encounters, can squeeze further

— Some limited room for increasing bunch intensity (and perhaps
reducing emittance blow-up)

— Pile-up
e 25ns

— Lower bunch current/higher emittances from injectors

* Considerably more total current for same performance

* UFOs, SEEs, RF, vacuum
— ~twice number of long range encounters

* Can't squeeze as far (LRBB/bigger emittances/increased crossing angle)
— Extended scrubbing reauired

— Much lower pile-up < Npitewp >=

Cinel L Th

X — , X
(I1b) (10% cm~2%s~!) (1 ns)




ooFusion and VBF

ATLAS +6§S‘a‘)> Total uncertainty
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LS1 Consolidations

Bl The main 2013-14 LHC consolidations




Pile up in proposed colliders

Facility Vs [TeV] | 050 [mb] | L[10* em™2%s~! ] | 7 [ns] | < N, > | <N, > 420
LHC (2012) 8 71.5 75 50 27 38
LHC (nominal) 14 76 1 25 19 28
LHC (50 ns) 14 76 1 50 38 50
HL-LHC 14 76 ) 25 95 114
HE-LHC 30 90 ) 50 225 255
VHE-LHC 100 105 5 50 263 295
VLHC 100 105 2 19 40 53




Main beam parameters for 50km CEPC

Energy
Number of IP
N_/bunch
Beam current
Partition Je
Dipole field
Dipole length
Emittance (x/y)

Trans. size (x/y)

€., /1P

1E11

Tesla

nm

pm

1

3.52

16.9

2

0.065
9.978
6.69/0.033
36.6/0.18
0.1/0.1

Circumference

SR loss

N,/beam

SR power/beam
Long. damp. time
Bending radius
Bending angle

Bp x/y)

Mom. compaction

Bunch length

(GeV/turn)

ISHP

2.96
50

50
6.7
6.2
1.609
200/1
0.4

2013-08-16



