Imperial College
London

(Selected) Experimental Summary

PHYSICS AT

. ’_—‘_‘_'__,_,_..l‘l—v_ x 'y
| | | > -
W IS :

e S '
1 \g 2 o e TR -

August [0-17, 2014, Quy-Nhon,Vietnam

* Introduction and a look back
= Selected Highlights from LHC and the present
* Prospects at LHC and beyond
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Where
g \Where do we come from, What are we, Where are we going?

The blue idol represents Paul Gauguin
“The Beyond”

D'ou Venons Nous / Que Sommes Nous / Ou Allons Nous
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== 2014: A special 50" anniversary year

S. Glashow (2009): Highlights from 1964 - 50 years ago

= January: Gell-Mann suggested guarks as hadron constituents, but not specifying
whether they were mathematical fictions or real particles.

= February: Nick Samios discovered the Q particle, whose existence and
properties Murray had predicted.

= July: Fitch, Cronin et al. discovered CP violation in kaon decay, an effect that
was entirely unanticipated.

= August: James Bjorken and | proposed the existence of a fourth (charmed)
guark to establish lepton-quark symmetry.

= Qctober: Oskar Greenberg proposed the additional quark attribute that would
evolve to become quark color.

= And in August, October and November: Three seminal papers appeared in
Volume 13 of the Physical Review Letters. Taken together, they established what
IS now known as the Higgs mechanism.

BEH Talk at CERN Dec. 200!
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Harvest from the 1st few months of LHC Run 1
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50 years of Particle Physics
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B Peak performance through the years

_m

Bunch spacing

ns] 150

No. of bunches 368 1380 1380
beta* [m]

ATLAS and CMS 3.5 1.0 0.6
Max bunch

intensity 1.2x 101 1.45x10% | 1.7 x 104
[protons/bunch]

Normalized

emittance ~2.0 ~2.4 ~2.5
[mm.mrad]

Peak luminosity 32 33 33
e 2.1 x10 3.7x 10 7.7 x10
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Run | : Integrated Luminosity

2010-2012 (Run 1): LHC integrated luminosity

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC 3 Memorable Years
T T T 25

m— 2010, 7 TeV, 44.2 pb !
") | = 2011,7 TeV, 6.1 '
||| == 2012, 8 TeV, 23.3 %'

25
| 2010: 0.04 fb~'

{20 7 TeV CoM
Commissioning

l1s 2011: 6.1 fb-1
BEH boson L =0.77. 10% 7 TeV C{:_tM N
... exploring limits
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| 1*° 2012: 23.3 fb-
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5t {5 ... production

Total Integrated Luminosity (b ')

4 7 TeVand 8 TeVin 2012
Up to 1380 bunches

W 0 g o o

Date (UTC) with1.5 10" protons

LHC status & prospects

Frédérick Bordry
Large Hadron Collider Physics (LHCP) conference — New York - 2nd June 2014
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London The LHC Accelerator and Experiments

Have Performed Exceedingly Well
A "’“ Wiz /‘.’; ’
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Good Performance under Ferocious Conditions

CMS preliminary Run2012 Vs=8 TeV
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Good performance expected
even under more ferocious condltlons of Run 2

CMS Data, 2012, Vs=8 TeV, Preliminary
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Theoretical Inputs

Radja Boughezal

Why do we care about QCD

LHCP 2014
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i G. Salam Papers commonly cited by ATLAS and CMS
J - as of 2012-06-28, from 'papers’, excluding sef-citations |
Q@
A & of these 21 papers, 19 are QCD:
5 QCD the common denominator at LHC
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No real understanding of LHC physics is possible
without sophisticated QCD calculations!
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The Best iIs still to come!

Wide range of measurements have shown that SM predictions
for known physics have been essentially spot on.

This is a tribute to a large amount of work done by our theory
colleagues along with the results from the other collider
experiments at LEP, Tevatron, HERA, b-factories etc.

* Two caveats:
— despite the success of the LHC programme during run-1, we are still
learning how to do precision measurements in ATLAS and CMS
— this is why we have not digested fully yet to the best of our
understanding, neither our detector performance nor how well we
can constrain the theoretical uncertainties (eg PDFs) from our own
data.

Le meilleur est encore a venir! D. Froidevaux
M. Mulders
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Particle Spectroscopy !

*

A SCHEMATIC MODEL OF BARYONS AND MESONS

M. GELL-MANN Exotic State Z*(4430)

Califovnia Institute of Technology, Pasadena, California

Received 4 January 1964

- 1 _ +
anti-triplet as anti-quarks . Baryons can now be - Must contain c-c bar quarks (Z 9\V(ZS)

constructed from quarks by using the combinations:  7") but also u and d quarks (it is
(aqaq), (gaaad), etc., while mesons are made out Charged)_

of (q , etc. It is assuming that the lowest .
(ad),(laqaq)y ete. It is assuming th Is it a tetra-quark state ?

- 1 * 1 1
L ¥ ]
5 i LHCb -8-data 7
S 200(1.0<m?._ <18 GeV? — total fit
:;.3' i —2(4430) ]
] - .
=
3t ]
S 100 - 5
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mZ, - [GeV~)
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dtsv arXiv:1404.190 L
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CP Violation and Rare Decays

VoLuME 13, NUMBER 4 PHYSICAL REVIEW LETTERS 27 JuLy 1964

EVIDENCE FOR THE 27 DECAY OF THE K,°” MESON*

J. H. Christenson, J. W. l(':rlz:tnin,I V. L. Fitch,I and R. Turlay§
Princeton University, Princeton, New Jersey
(Received 10 July 1964)

é i e Tagged mixed
; . o Tagged unmixed
< 400 g Fit mixed
w2 — S5
f—é i N A, Fit unmixed
1=
g L
s 200
° i LHCb
- =0 o
I BY— B, oscillation frequency
0 oo oin40fs
0 1 2 3 4

Amg = 17.768=+0.023(stat) £0.006(syst) ps? decay time [pS][Nap 15 (2013) 05302
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== Direct CP Violation in By, — hh Decays

Study of charmless B decays (interesting as dominated by penguin diagrams)

Raw asymmetries

LHCb
(a)

4000

Acp(B?— KTar~) = —0.080 =+ 0.007 (stat) = 0.003 (syst), 200
Acp(B? — K~ 7r") = 0.27 = 0.04 (stat) = 0.01 (syst).

—
O
—

First 5c observation of direct CPV
In B, decays

s — e B i s

B, is the 4t particle known to
show direct CP violation after K°
[1964], B® [2000] and B* [2012]

Stringent test of SM A (Lipkin)

% 51 52 53 54 55 56 57 51 52 53 54 55 56 57 58
K7~ invariant mass [GeV/c?] K 7* invariant mass [GeV/c?]

Acp(B"— K 77) BB —K 7)1y,
Acp(B— K 7)) BB —K 7)1,

=

A = ——0.02 *+ 0.05 *+ 0.04 PRL 110 (2013) 22160
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Rare Decays: B — uu
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t,c,u |d v .
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Sensitive to New Physics, can be strongly enhanced in SUSY with scalar H exchange
Sensitive probe for MSSM with large tan3: B(Bg—p*u?) ~ tanf °/ M,*

-E E T | T I'I | T T T T T E
g 104 R —
o = A * v =
In Standard Model: 5 105L g _
© - b E
B(Bq— M M) =(0.10 = 0.01)x10- o o «* E
9 - 10 % [ ] 4 !3 %
o - A .
B(B,— p_p) (3.2 = 0.2)x10 . e — — e S Cegm, 3
[A.J.Buras: arXiv:1012.1447] © 108l * cLeo o DO e ?_:
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()] u CDF CMS R0 _ .- ol ]
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m 10 = L1 1 F
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Observation of Bg — pp
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10° x BR(Bg = puFp™)

0 RSc 10 20 30 40 50
10° x BR(B, — putp™)
Take account generally of these measurements in building “acceptable” SUSY models

18
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Rich Future: Flavour Physics

G. Hou PRL 109, 101802 (2012)
2
ATLAS/ICMS H+ N
+ T
Belle-I gt NI
Vr A
LHCb upgrade &

LHCb H~ Y o
| | | | | | | | | L _ N ° b

s

E
=

> )z preferred
2014 2018 2022 2026 2030 Year V ‘ . ! -
b 0 02 04 06 0.8 1.0
U. Eged% @ @ ; tanB / my [GeV-1c?]
Observing B - p*pr Determination of CP angle y

Following B°_— p*p- observation, challenge now is to

observe for BO - pup ‘;‘ : L E
In the SM suppressed by |V, ||V [*~25 <l
3w
New physics not following this pattern may manifest itself as £ 20 1@
a higher B? - pu- rate o
. T 16:— T y — T — ] 800 =
Lower rate and peaking ﬁ 1af e £ o : S
backgrounds now a o BDIS0.7 ool a— E
g r 3 tiy! _: L' __
real issue P o ] o . ] ;
CMS g z; E LT 400 a0 3400 m{sgé% v
BF <1.1107 7 ak Hi L ~I— 4 Need to understand relative signal yield in the different final
LHCD 2 TRl 3 states
BF <0.7 10° v S{I(K;IW - 55(M) . . l 1

m - MeV/ed] Statistical reach for Belle-Il is 2°, for LHCb upgrade 1°
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Physics Reach of Belle Il and L

HCb Upgraded

x10%°

et 3.

4

70

KEKB to A
SuperKEKB

\ 2.6

6oL

50F

40F

30%

20f

10F

N + D 0o
TTT[TT T TTT[TTIT T[T ]TT

2%12

2014

2016

i
2018

2020 2022

Observable Expected th. | Expected exp. Facility
ACCUTACY uncertainty

CKM matrix

u.,| [K — wiy] ek 0.1%, K factory

[Va| [B — Xobr *E 1% Belle 11
[Vis| [Bg — wiv ¥ 4% Z. lle IT
sin(2d, ) [cEKY s 8- 1072 , T1/LHCh
b 1.5° |a- le II
iy B 3° LHCh
CPv
S(B, = u9) = 0.01 LACH
S(B, — &) = 0.05 LI—IC'h
S(By — oK) e 0.05 : II,-‘[ HCh
S(Bs —+p'K) ke 0.02 lle 11
S(By — K*(— K22")9)) Bk 0.03 Z. lle IT

S(B, — &v)) w 0.05 LHCH
S[Bd—>pﬂ] 0.15 Belle 11
AL, a 0.001 LHCh
A%y B 0.001 LHCh
Aop(By — =7v) * 0005 Belle 1T
rare {1(!".!1_‘_\"5
BB > ) € —— i 3% Belle TI
B(B — Drv) € 3% e It
B(By — ) H 67 _I: lle 11
B(B, — pp) Bk 10%, LHCh
zero of App(B — K pp) *E 0.05 LHCh
B(B — K'"w) i 30% Jelle 11
B(B — s7v) 4% Belle I1
B(B, — ¥¥) 0.25.10~% | Belle IT (with 5 ab—!)
B(K — mwv) s 10% K -factory
B(K — emv)/B(K — pmv) o 0.1% K factory
charm and 7
Bt — pvy) R 3-1077 L= 11
la/pln Bk 0.03 Z. lle IT
arg{q/plp e 1.5° Belle 11

20
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Remarks: Heavy Flavours

If CKM unitarity is violated Belle 2, with 50 abt will reveal it

Look out for significant deviations from SM in loop processes

Pay attention to:
Measurement of angle y with and without penguin contributions

B—1v,uv

Top — “the new Flavour Frontier” [G. Hou] e.g. t — ¢ h®

B., By — up — precise measurements. Need help from Belle 2 — precise and absolute
measurements of some BR

PRL 109, 101802 (2012) 4,
Q 08

BaBar

preferred

02
0 02 04 06 08 1.0

tanB / my [GeV-'c?]

L(fb) | No. of B | No. of BY | 6B/B(B — utu) | 6B/B(B® — utu) | B sign. aﬁ;f;;i'gl
20 16.5 2.0 35% ~100% 0.0-150 | >100%
100 144 18 15% 66% 05240 71%
300 433 54 12% 45% 1333 ¢ 47%

3000 2096 256 12% 18% 54760 21%
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Standard Model and Electroweak Physics

Standard Model Production Cross Section Measurements Status: March 2014

— 4 L _
-8_ 10 E njet = 0 3
s — , s ]
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R e ]
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a co—C— 95% CL 3
L s | 61 10 R ey 20370 Jopor it ]
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1 wen -T n 4?:‘ 20.3 b O'TEfb
. 46 B | . : ]
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- ot 3 e — :
o 1 i
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— 1 95% CL
1 L njet = 4 © 461! =EEECE- ! upper limit ]
E o Lo 46fo! ' - 3
X 4.6 fbo! i 4.7;1b71]
» 1 -
i |
= niegt = 5 1 -
. o 1 |
107! F 4.6 fb~! - i P
: T
B njet = 6 1 -
i oE LHCpp Vs=7TeV LHCpp ys=8TeV ; |
I
46fbt 1 1
1072 & njet> 7 B theory theory : o
B N
- 1 [
B 1 ] <
- 4.61b! - data - data : '
B : '
1 ]
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w Z tt tewws WW ¥Y Wt WZ ZZ tty Wy Zy Zjjewk toiwa ttZ
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Colour and QCD

October 1964: Oskar Greenberg proposed the additional quark attribute that
would evolve to become quark color.
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Quark and Gluon Interactions - Jets

S ATLAS

A EXPERIMENT

M, = 4.04 TeV
P;!= 1850 GeV, = 0.32
P.2=1840 GeV, n=-0.53
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LHC and Testing QCD

Routinely and successfully analyse physics at the high energy frontier in
terms of quarks and gluons!
Double Differential Di-jet cross section

The strong coupling constant

= 1010 — T T T T I T T | I T I I T 4
> — [ ] *« 0.5 ><'|00 — — [T T T T T T T T]
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— 0% ..._.__._ A 25<y*<3.0 (x10757 0.2F ¢ " CMS ff cross section —
N - o Ceoq = = v CMS 3-Jet mass 3
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o 10F '9'-9-00 “0. 7 u ]
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10°F A EEEE = u o DO angular correlation 7
u Systematic **-t- =] s 008 . 44 =
A ur{certainties A == = 0.06 - o ZRUS .
107 'F = 061 -PAS-SMP-12- -
— -=—F — | I I | | 1 1 1 | L1 1 1 | | 1 | | T . | | | 1
= NLOJET == S— — 2 3
10ME 10, uop. exp(03 1 - === — 10 a Gev)
1 | Non-pert. & EW corr. — >
- 7 | ] \ |
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3x10" 1 2 3 4567 Tevatronl LHC
Acompositeness > 7 TeV my, [TeV] ' WL g T
JHEP05(2014)059 | | EXcellent description by QCD Asymptotic freedom- ag runs




Imperial College
London

The most complex SM signal: the Top

= QUARK MASSES
O,
200
150
100 -
50 pr=61.7 GeV/c
) n=138
b Muon:
O = 64.4 GeV/c .
S§e8EE 8 pT=029 Jet:
o % T = n .
© £ 5 3 p,=135.9 GeV/c

n=0.79

| /‘/}« $ ATLAS

Missing E:

65 6 CaV 2L EXPERIMENT

P
Jet:
Jet: p;=51.5 GeV/c
pr=61.7 GeV/c n=-0.12
n=0.:81 — = o _}?_,;'
R e SO > ~ e

Run: 163480
Evenl: 81224410

muon+tjets event electron+muon event
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Inclusive tt cross section [pb]

Top Studies: e.g. cross sections

102
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1 | | 1 1 1 1 | 1 1 rTIIn? |1T|2|5 Gle\rl Fl,DII:@ImTS l-‘III'“:FI.tla”.'ll‘t'lels aichrdlln?tc?FIDFllLlHCI 1 1 9 E 1:—'—'—‘-:";_';_';4_': _____ Y_____:
2 3 4 5 6 7 8 g <o 55 =
BE e e e
{s [TeV] 0 100 200 300 400 500 600 700 80
! [GeV]
Transverse top momentum  Prl
’ . -
108’000 events in 19.5 fb-1
at 8 TeV selected
’
(2'500 at Tevatron)
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Mass of the Top Quark

R. Tenchini World Combinaﬁon Of mtop

Tevatron+LHC m,,, combination - March 2014, | =351"-87fb"

ATLAS + CDF + CMS3 + DO Preliminary
GOF Runll, kets

haw = = | 72,850+ 1,12 (052 0,49+ 0.86)

L, ,=HATI
LUl Hunll. dilepton - . = : . 170.28 + 3.69 (1.95 £3.13)
__‘-:\d'l.' 1
C .-i::r_-n all jets i il 17247+ 2.01(1 43+ 095 + 1.04)
CHF Bunll, F™sjets i

e : [ T ——— 17393+ 1850126+ 1.05+0.88)
e _-:LZ.}I Hpels Bt |74 94 + 1. 50083+ 047 £1.16)
D0 Rumll, di-lepton

I —— | 7400 + 2,79 (2,36 + 0,55+ 1.38)

.
AT T e — e — 172,31+ 1.55 023072+ 1.35)
e ot e 173.09+ 1.63 64 +150)
S s o —t 173.49 + 1.06 .27+ 0.33+0.97)
rm*:n:n dHephon ——— —— 172.50 4+ 1.52 .43 + 1.46)
MR L 173.49+ 1. 41068 2129
World comb. 2014 X "7 230 [m—— 173.34 £ 0.76 (027 £ 0.24 £ D.67)

%€ Tevaton March 2013 (Run 1) g 173.20 + 0.87 p51+036 +081)
£C LHG Seplember 2013 o g 173.29 1+ 0.95 023+ 026+088)
| | | totgl  (stat ES syst)

165 170 175 180 185

» An impressive 0.44% precision m,, [GeV]

* Some of the most precise measurements non included yet, e.g.
* DO full statistics, matrix element method, arXiv:1405.1756, m,=174.9810.76
* CMS l+jets at 8 TeV, L=19.6 fb-? CMS-TOP-2014-001, m,=172.04+0.77
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= Search for non-SM couplings of top In FCNC decays

A. lorio

Evants [ 2 GeV

- Several BSM theories can be parametrised through
similar dimension-6 operators.

- CMS and Atlas look for events with 3 leptons, 2 of which
generating a Z boson resonance.

L B
ATLAS

:[Ldt=2jfb1

C 3D

- FCNC can give t->u/c + g/z/y:Can be searched for in events wc wc
with 2 tops

o= s WBEG sigral |

BR(t—=Zq) < 0.73% (Atlas) /

< 0.05% (CMS )

Events / 20 (GeV)

—

m, (GeV)

Rencontres de Vietnam 2014 tsv

PLB 716(2012)142-159
PRL 112(2014)171802
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Top and Fate

400
- 106

o 300 -

my (

- 1010
200 =101°

L 101°

100 [~

Lindner 86

0 |
0 100

M. Holthausen

200

m¢ (GeV)

300

High precision top mass:

A fundamental input to the understanding

180

of the SM
(fateful cosmological implications ?)

[ Tog - 101
> [ Dstability —==" - Meta-stability
&) B ,: ——— —_ . P ; . -
E = L
= i W R e . 2 .
g | S P :
- S LTS :
g 170+ » - - .
2 - IEI].: ;__ e ,-F:--' ; -
E B = Stability .
= ]
165 L L L L L 1 L L 1 L 1 L L 1 L 1 L L L L
115 120 125 130 135
Higpes mass Mj, in GeV
Degrassi et al. ArXiv:1205.6497, arXiv:1307.3536
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- CMS Experiment at LHC, CERN
CMS ( Run 133877, Event 28405693 N\ Number: 152409, Event Number: 5966801
il Lumi section: 387 ==

& Date: 2010-04-05 06:54:50 CEST
Sat Apr 24 2010, 14:00:54 CEST / N

Electrons p;=34.0,31.9 GeV/c 4
Inv. mass =91.2 GeV/c2 ‘

Zee |\ ()
N

W-ev candidate in

7 TeV collisions
p,(e+) =34 GeV

n(e+)= -0.42

E,m = 26 GeV

M, =57 GeV

CMS Preliminary E N ®  CMS,19 pb™, 8 Tev w B -

b —_— -1 +
ol . g o —
& m — W 3 6 o00E ® data2011 fhs=7Tev) _J
o 10° —— data - % — O DORunl 5 = E W ev (Alpgen) E
j Zopp L ] = A UA2 ] ol 200 ;7 [ QCD (template) i
g o Wmew s o - v um - % 180F e E
2 1 2 s — z - 2 160 [ 1 1 + single top 3
w 1 5 . s E C3z-srr E
1t P 1B PP | o 140F [ Dicosans =
10 fff*”m t it f* H Lt = = 3 E
f f = = 1201 ATLAS Preliminary |
— = Y E
1 f — PP 7 100 E
— | 80 Statistical errors only -
60 = MC normalised to data 3
10'5 . ] 107 = = 40 i_ I Ldt=1.02fb" _i
[T F N ,"' ] n‘“ TN .".. [N — Theory: NNLO, FEWZ and MSTW08 PDFs = 20F =
L [ D " £} A | ] |
g . S S SO SR, . T L L . | . L =
50 80 100 120 05 1 2 5 7 1 O 20 %0 60 80 100 120 140
M w) [Gevic Collider Energy [TeV] mr [GeV]
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Standard Model: VBF production of Z bosons

Important reaction in order to establish whether the newly found
Higgs boson is fully responsible for unitarization of VV scattering
(background and techniques).

S. C. Hsu
T
W+ Zz ¥4

w- L > —e— ' ' arLas ]

e S o4 [Ldt=203f0" —

uCg - —e— \s=8TeV I

a” o g q _‘-Ew 103 ;_ —_— search region _;

EW~0.01nb QCD~Inb = . -

10° & - e =

= T e o &

— : ] - ) 10 —_ —

CMS - 7 TeV: Bkg. Hypothesis excluded at 2.6 & o b 2012 Bins #:#: :

L —_—r _]

CMS-PAS FSQ-12-019 1~ Dackaround ) 4=

= —— Background + EW Zjj —'— 3

g 1-5:‘7 ............... | .._._I N R S R SR ‘—7

ATLAS Observation YE N +_|_ JF+ N E

- - [ — p— -

of EW production of Z+jets at > 5¢ 21" o5 | | ERE

L T AR -

GEW(mjj>1TeV) . Ol o050 Constraimd—'—:i;—l— ______ e -

— 107i09(8ta'[) ilg(SySt) iOS(IumD fb Mo OE— ----- unconstrained — _'_-—l——l.— =
cf POWHEG: 9.5+0.4 fb 500 1000 1500 2000 2500 sgg?Geeﬁoo

]
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Di-boson Production

Diboson Cross Section Measurements Status: July 2014 [lrth; Reforence
Ty [ARyy > 0.4] |- St S 48 R on, s oty
oWy = &vy) =R ey [ . 46  PRDS&7,112003 (2013)
Lr—ElgtEUtﬂlq-pbl:dﬂI’i]
{Ttﬂtal{pp_}ww) u-=?l41:l 2+ 5. EEDTEI pb (data) _

ofd(WW - ee)
o (WW — ppr)
ofd(WW - eu)
o pp->WZ)
od(WZ - tvlr)

total{ pp— ZZ)

MCFM (theory)

o=564+68+10.0fb (Jdﬁtaj
MCFM (theory

o =T73.0+50+7.5 b (data)
MEFM (theory)

1:-_2'5231:1231:23 1 fb (data)

CFM (theory)
—100+14—13+10pb(da
v MCEM (o P (data)
o =203+ 0.8—07+ 14— 1.3 pb fdata)

F
3
MCFM (theory)
.3
=¥

— 3.0 4+ 6.0—6.2fb(data)
(theary)

o=67+0.74+0.5-04pb (data)
MCFM {theary)

oc=7T14+05-04+04pb (data)
MCFM (thanor

TOTeL = 4l =07 (i B ™ B st 203  ATLAS-CONF-2013.020
—o™(ZZ* > 4¢) R B aeE e 48  JHEP 03,128 (2013)
—oM(ZZ* = Fbvy) |77 77 miin d it Fosey) 48  JHEP 03,128 (2019)
| | L | | L | L |
0.2 0.4 0.6 0.8 1.0 1.2 1.4 16 18 2.0
4 data/theory

Rencontres de Vietnam 2014 tsv 33



Imperial College
London

AS oot SR

Completing the SM: A Higgs boson

August 1964

[1] E Englert and R. Brout, “Broken symmetry and the mass of gauge vector mesons”,
Phys. Rew. Lett. 13 (1964) 321, doi:10.1103/PhysRevlett.13.321.

[2] B W. Higgs, “Broken symmetries, massless particles and gauge fields”, Phys. Le#t. 12
(1964) 132, do1:10.1016/0031-9163 (64) 91136-9.

[3] P. W. Higgs, “Broken symmetries and the masses of gauge bosons”, Phys. Rev. Lett. 13
(1964) 508, do1:10.1103/PhysRevlett.13.508.

[4] G.5. Guralnik, C. K. Hagen, and T. W. B. Kibble, “Global conservation laws and massless
particles”, Phys. Rev. Lett. 13 (1964) 585, doi1:10.1103/PhysRevLiett.13.585.

IR%
0.

These papers on the spontaneous symmetry breaking mechanism attracted very
little attention at the time. The boson attracted even less interest (T. Kibble, 2011).
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Completing the particle content of SM
A Higgs boson is Born

Tis=8TeV:[Ldt=58fb"

% www._elsevier.comllocatelphysléib,

\
)

¢ Data

% [ T 7T T 7T I T LI | T | LI B | T [ T 7T T 7T I T T 7T T | T T T T i > - I | m
3 L ) ] () - CMS ¢ Data ]
Data S/B Weighted 16 —
100~ ATLAS t B g - \s=7TeV,L=511b" 5%"3‘22 1
C » ¥ .
2 T —— Sig+Bkg Fit (m =126.5 GeV) - ~ 14[- \s=8TeV,L=531b ) m,~125 GeV ]
g 80 1 € 12f -
2 TN, Bkg (4th order polynomial) - q>_-, - .
AN ) 101 -
60 1 "5 I :
i i 8k p .
40~ B 6 -
[ Vs=7 TeV, [Ldt=4.8ib" . aF I 3
— — i I 1
20r 15=8 TeV/ [Ldt=5.9fb" H—yy : o ﬂ || \ T
C ] a4l o
» T Ay T .
100 110 120 130 140 150 160 0 100 150 500 550
m,, [GeV] m,, (GeV)
% _I T | T T T T | T T T T | T T T T T T T T | T T B > C T D T T T T l T T T T | T T T T
| /] @ ¢ Daa ATLAS
('g L CMS H—)'Y'Y - g 25:— B Background 27" Hos 77l |
::-1 500 [ (s=7TeV,L=51f" % - Blackground Z+jets, tt ]
* is=8TeV,L=53f" | S0l [ Signal {m, =125 GeV) J
g ] T % Syst.Unc. ]
= T L _ . _ -1
w1000 _ 1518 = 7 TeV.ILdt =4.81fb

I\IIIIIII[I

S/(S+B) Weighted
3
o

—— S4B Fit
------ B Fit Component 5
[ J+#ie
N +26 :
0 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 0
110 120 130 140 150 100 150 200 250

m,, (GeV) ¥, [GeV]
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Final Legacy Results: H Decays to bosons

— | H— 2y Channel
3 oo Selezeddih RN H—>Z—>4I Channel
10} photon sample T
S:‘; aooo:— ) g@fgl?JL.tz&H‘Z_1ze.agev) —: E 35—ATLAS [rrreTT N |DI T RERRRE _f H—) 2’Y Channel
§ I S Bkg (411;’-7'::?’:&;::’”?”'::; 14 o HoZZ s I:lSwgnal(mﬂ:125.4GeVu:1.50) E
w N Hoyy i S._\.I‘ 30 s.7mev: JLdz=4,5fu" Bl ooz . .
wF > I T T L 1 | Sign/ExXp Exp Obs
C G=7Tev, JLdt 481" . § 251 D0 Sywmatc osrany E
2000:_\1” 8TeVJLdt 20.7 fb" E - 202 f ATLAS 4.1 c 7.1 c
2 wE E 15[ 1 | CMS 42 o 5.7c
e 300 = C ]
Q E = r ]
I L S } = 0] :
- .l
c -
% 100 110 150 130 140 150 160 0
80 90 100 110 120 130 140 150 160 170 H—Z—4l Channel
g_ m.. [(Ge\/]
e 'IS TTEV L 51fb \'S BTEV L 19?fh -
E 35 - T | o] Sign/Exp Exp Obs
™ B z+x
a 0 W2 ATLAS 4.4 o 6.6 ¢
2 zy',zz
]
S 25 _ G V
@ merzscevy | oMS 676 680
20

15

10

J_‘_l_l_.l||II|IfII|IIII|IIII[IIII|III|r._.'

80 100 120 140 160 180
m,, (GeV) 36
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Higgs boson Decays to Fermions

ATLAS: H— 1t Channel CMS: H— 11, bb Channels

> L L L L {s=7TeV,L=5f", {s=8TeV,L=19-20 b
©  70F ATLAS Preliminary —&— Data = é
— C — H(125)— 1T (U=1.4) T =
e H— 1t VBF+Boosted — E 4 mH =125 GeV
5 50" JLat=203" - Others - i — VH—->bb

—_— Fak =
LI:J: = E=8T9V e UiCi?t_ - _ H S 1T
= 40% = _
& 305 E — Combined
2 oot E CMS arXiv:1401.6527
=4 - -

: I_IHE12I5;N_)IT‘I:(;L:|1 -rq-}l T | T T T T T T T T T T T T :
10 mm H(110)— 7 (1=1.8) -
L eees H(150)— 1t (u=59) et 1

lllllllll

standard

w. Data-Bkg.

o

6080 100 120 140 160 180 200 -
mNC [GeV] &b
ATLAS CONF-2013-108 -

11 I-I--I"r--l--l---l.-l-l-l | 111 | 111

04 06 08 1 12 14 16 18

u
Significance Exp Obs Significance Exp Obs
ATLAS (t1) 320 410 CMS (t1) 340 320
Tevatron: eXp (210)’ ObS (300) Rencontres de Vietnam 2017 ISMS (bb) 21 ° 21 Go'
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Properties: Spin-Parity — 0* Favoured

CMS: H—»Z—4l Channel

ATLAS CMs (s=7TeV,L=5.11" (s=8TeV,L=19.7 it
= LI | I LI I | | LI | I LI B | I LI B I LI N | .I.
H— yy e Data - Bk .
Vs =8 TeV |Ldt=20.7 fb 0.1 _
. v CL, expected L _
Ir'l — ZZ* — 4] _ assumlng J P — 0+ - —CMS data -
\s=7TeV [Ldt=461b" B+io m - |
\s=8TeV [Ldt=207fb" - = 0.08 - ]
QO ", -
H — WW* — evuv/uvev Alternative g i i CMS data i
\s=8TeV [Ldt=20.7 b’ ® 0.06 - Ch _
—~ 1t : | hypo!:heses | % I .. _
oS | disfavoured i o i ’
10t - | at>97.8% CL } g 0.04 - == -
O T o —— ———|2% @ . " i
10-2 | | < B ::'. N
0.02 7
107 % I ]
0 i i T - 1
107 : -30 -20 -10 0 10 20 30
oo e e -2 x In(C /L )
105k 4 - - :
. All alternative spin-1 (spin-2)
10° :
JP=0 JP=1" JP=1 JP=2}

hypotheses tested are excluded at
99% (95) CL or higher

ATLAS PLB 726(2013)120
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Higgs boson: Couplings

G. Pettruciani

ATLAS Preliminary

Total uncertainty

19.71b7 (8 TeV) + 5.1 6" (7 TeV)

my, = 1255 GeV + 1 + 2.5 CMS ik 553% CL
e % Preliminary == 95% CL
A l=1.02" l-:,fE ..
[Pzl =0.80"01° o E— ‘ _ % lwz -
|:LL-.£|=G'3 | ‘ i }Lbz -*:'
ez =D'BD'2.T; I ‘ [ 1l ;ILTE
N | Aflipped def |
- I H *
I'?"‘!1?" D'?S-g:- J ; - Ir: pp 'lzg i :
R R s B T A (with ttH)
|?-,1q|=G.O'PP (nﬂ ttIH) i :
s M w] . A | . ] 1 I
: ng =
|Nq2=1'18-§::;||. ) ) : "] . .i.' |||||||||i||||||||||||||||||||||||
0 0.5 1 1.5 2 0 05 1 16 2 25 3 35

s =7 TaV [Lnt 4.6-4.8 fo
=& TeV [Ldt = 20.3 i’

Parameter value

parameter value

/ﬁCMS

=1.00 £ 0.09 (stat)+

Soo(theo) £ 0.07(syst)
M™% =1.30 + 0.12 (stat) = 0.10(theo) + 0.09(syst)
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Mass and Couplings

M) = 125,03 + 928 (stat) + %2 (syst) GeV
MUTAS) = 125 36 + 0.37 (stat) + 0.18 (syst) GeV

19.7fb ' (8 TeV) + 5.1 fb' (7 TeV)
T T T III| T T T T T TT

o " T < 24F aTLAS Prolminay | wem O
£ - CMS ] 2.2 (§=7TeV, [Ldt-46-4.81b" » Best fit 3
% 1 _Preﬁmr'nary i L:iéjmt,?nszJ_,m Zioir];: - el :
- f . 165 Sensitive to Loo s]
o - |==68% CL W (I ~ P E
< | |—95%CL 2N Q\ E

1= “‘hkhh . 3
107'E |---SM Higgs _ 0.8F [l =
n 0.6~ —
o.é"g'g"'3'"'1'.1"'i'.'g;jfé"i.'ai"i'.s'"ifé;y 1.8
e = & = | £
102 M.e)fit | - DN
=68% CL = 1 % = %
—95% CL — — =
| 1 | L1 11 || 1 | | L1 1 ||||||||||||||||||||||
1 2 345 10 20 100 200
Mass (GeV) Vietnam 2014 tsv 40
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Mass and Couplings

M) = 125,03 + 9% (stat) + 222 (syst) GeV

H
ATLAS) _
I\/I(H ) =125.36 + 0.37 (stat) + 0.18 (syst) GeV
. L 1eTmeTen s 5187 TeY) A qualitative sketch of
= | : possible deviations in k

cﬁ | EMS. SE) 1,8_—|—|—| g P L 1 1o |g| |I(|Y| P
relirminary - -
@ 1 t 16/ QED OSMH
’6 E - 58% CL W 14§ SqUE?irl(SkF‘: B
< [ |—95%cCL s of E
1L |---SM Higgs _ r ) ]
10 - ] 1.0 EWKimhrmﬁEWK—_
- W, sleptons
0.8} sleptons 0, P E
2 : | 0.6 VY E
10 (M. ) it - : squarks 1
—68% CL 0.4} v ' R
i —95% CL b e P v

| 1 | | | |||| 1 1 | L ||||||||||||||||||||||| ' 0.5 1'0 1‘5
1 2 345 10 20 100 200 — K,

mass (GeV) Vietnam 2014 tsv G. Petrucciani 41
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Exotic Decays of the Higgs boson: H—ut?

ARG peedirninoy 187 4" §m = A Tall TMES peebrminarg H7 %" {u= A Talf o CREG predirninarg 1H7 4" {u =0 Talf

Evants | 10 Gl

— L b e

bp

g7 - ol ¥ s ot
e o " . -+ 505 fe o 17 505 fe | | ¥
g BT g b T T B EprapetTon b stos oo 4 dlg 1B e 4
B * 1 ffeEt . o, BesE ] SES
ES T L= AT = T = TiE L] A 2] ] T L ]
collirmsar Ml:l.l'l.'#:l [Ge'] collirmsar Ml:p'r*:l [Geh] collirmear Ml:p'r*:l [Geh]
MRS el 107 %" §m= 0 Tay TIMRS pred ey 10 7 %" §u =0 Tal . IIMAS pred rranaey 107" §u=0 Tau
- — A S : - -
0 - - o - S = ..F - S
= D jmmn PP = gD 1 mog omciriasamy = . i P
- r T | E T - | E T el | E T
.é‘ L 1 I ierdersdera | .é‘ - oo .é‘ e I- 1 bl | -
= 2= e g 140 * T e ] B T
§ 40 N e o e F - ! E gE R Ra . F oM e E R
[T [ B [T ] " I e It [ S
I I 1z I
- ] (- L] (- ]
w0 : s P Hipgs (s [1}i] W gy el W gy el
g
ﬁ B —
.

2
.
g

g

&)
20
L
; . ELotb,
-WH‘*%‘LIJ‘*ﬂ E’é o MM'M*H‘HT
- 5 g -
&

N collinesr M-:p:ﬂ [GeV] T collinsar Ml:pth:?lalﬂe'l.l'l

-
=
=

M ad

Crw-Lloig 183
5T
-]
R

collinear M[ptmﬁﬂeﬂ
0 T lepton flavor violation not as well constrained as pe (MEG).

0 Based on SM H—TT analysis. Different kinematics allows good SM H rejection.
O BR(H—ur) < 1.57% at 95%CL (expected limit of 0.75%)
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Exotic Decays of the Higgs boson: H—puz?

Constraint on B(H — ur) interpreted in
M. Titov | terms of LFV Higgs Yukawa couplings

CMS preliminary 19.7 fb", Vs =8 TeV
ur ad, 0 Jets 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1

h;
2.35% (exp.) - ® Observed

2.94% (obs.)

| < Expected | CMS preliminary 19.7fb"', \s =8 TeV
Mt o 1 Jet *"“‘*u--_,‘l
2.10% (exp.) - - Expected + 10 _E‘
211% (obs) | [ expectedz20 | >
nr 2 Jets -

I
1.95% (exp.) -' 1 0"l

3.29% (obs.)

ut,, 0 Jets
1.32% (exp.)
2.04% (obs.)

ut, 1 Jet

1.66% (exp.) -

2.38% (obs.)

—-_— e e —  ——  m

ut , 2 Jets 3 |
. 10° e
3.84% (obs.)
h—ut :
0.75% (exp.) l [ ] . -
1.57% (obs.) AR TR SN NN N N NN Y Y T (NN TN TN TN [N T TN M NN SO N 1 O- 4 3 2 1
0 2 4 6 8 10 10 10 10 10 1

95% CL Limit on Br(h—ut), % o _ Y
Promising future in the LFV Yukawa sector
BR (H =2 tn) <1.57% @ 95 CL observed

* Previous best limit from t—y:

(expected B(H — pt1) < (0.75 £ 0.38)% ) Significant improvemen 0% 16

Best fit: B(H — pt) = (0.89+0.40)% (4.4x) wrt.  indirect * Observed limit:
measurements m‘: 0.0036

Mild excess in data at the level of 2.50 Best limits on T anomalous

—> still compatible with the SM rencontes de viemam 204w Y UK@AWA COUpPIlings to date .
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Vector Boson Scattering W, W, ->W, W,

Several models predict SM-like Wiy o Ty, el Gr

Higgs but different physics at high Si7 TS SErie e R
enersy exchange diagram
1= Direct access to EW theory in the un- W W .

T T W'l' W.
broken regime (/s > v = 246 GeV) is Z.y b
a crucial closure test of the SM
W W-

W W-

13 I @ SRR R EEEEEEREREREERERREE E
does H(125) regularize the theory e o R RS Py T
. . = C 1 R ]
'w or is there any new dynamics: anoma- & f 203fo1s=8TeV B a‘gﬂj;ﬂlgggﬁﬁim
. . u o= 500 GeV P ]
lous quatric couplings or resonances F S WAWj Strong
20 . B Prompt
C : Conversions ]
- : B Other non-prompt
15[ ‘ . :
S. Ganjour T
8 g
.qi i
Need |p| > 6 at 100 TeV * Ay,
10% precision on the SM VBS Evidence 3.6 ¢ for EW VBS having

cross-section (discovery if NP observed 2 same-sign leptons and 2 high mass
at 1 TeV) can be reached with HL-LHC forward jets
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When LHC started Operating .....

Prior to LHC startup there was
much “theoretical” anticipation of
new physics. No evidence has yet
been found.

e.g. No sight of SUSY has led to a
change of perspective

Beyond the MSSM
A motivated spectrum

(discussed in non-suspect times, i.e. before the LHC data)
Barbieri B, Bertuzzo, Farina, Lodone, Pappadopulo

Dine, Kagan, Samuel
Pomarol, Tommasini

B, Dvali, Hall
Cohen, Kaplan, Nelson
Dimopoulos, Giudice

/ B, Hall, Romanino

—— gt g, A

500 GeV

200 GeV _|

It is quite conceivable that SUSY will
make an appearance at 13-14 TeV?
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Phenomenology of SUSY

W

® R-parity conserved (RPC)

e SUSY particles created in pairs

e Stable lightest SUSY particle (LSP)

T
e Expect large MET from escaping LSPs WiZfh

® R-parity violated (RPV)

e RPC pair-production, but decaying LSP

e Loss of MET, but large object multiplicity and resonances

~ ® Long Lived (LL) particles (in both RPC and RPV) Uifetime] —
Langth
displaced =
® Meta-stable LSP due to small RPY coupling "“ff_é ~0.1-Imm

o

disappearing
e Compressed spectra .uy/ ~10cm

® Metastable / collider stable sparticles ll;;*'r;'az/' O(1-10m)

A. Canepa

- N .
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Seeking SUSY!

A. Canepa

o, [pb]: pp — SUSY

VS =8 TeV

1600
mnvemge [Ge"v']
N( Squarks-
EWK-inos Stop gluinu
expected expected sensitivity up
sensitivity up sensitivity up expected up
to 0.5TeV to 0.7 TeV
. to 1.2 TeV

I

Rrencontres de vietnam 2014 tsv
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Seeking SUSY

M _sp Direct Squark Overview search limits Gluino mediated
[GeV] » MSUSY =g Fall 2013 msusy = mg
% 1000 == § — X{CMS-PAS-SUS-12-028 G — qax°
g U7, — UYCMS-PAS-SUS-12-028 & ATLAS-CONF-2013-047
a - L . T
S b — bx! ATLAS-CONF-2013-053 3 G — bby}
c ~
g t — tx\ ATLAS-CONF-2013-037 & CMS-PAS-SUS-12-024
o} / i FyY
5 750 -+ Direct stop in “gap” K g = ttxi
g CX{ ATLAS-CONF-2013-068 ,
[«
© ; 71,0 CMS-PAS-SUS
S t = Wbx1 33011 ~
g Direct slepton msUSY
£ 500 4 &
3 I, — 1Y
2 - - - PP Direct X1 /X5 BR=100%
ATLAS-CONF- QL ALLLLT] % :1m N :2m 0 N °
2013-049 7 4Mingy ¢ xit T all limits are
lp — [i-)((:} ‘({:0}’ &Y . EXS(light 1) observed nominal
—— LY ’ LXz ] 95% CLs limits
250 ,6;‘?/’ : e X?Xg(heavy ) RP conserved
' : CMS-PAS-SUS-13-006
| r Msysy
) : [GeV]
0 t t —
750 1000 1250 1500 23
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“Stop”- Supposed Key to Naturalhess:
Exploring Corridors

® cross section is suppressed, 10pb to Ifb from 200 to 900 GeV stops

e sensitivity highly dependent on the decay mode, the mass hierarchy of “sparticles” participating
(and to some extent on the stop “handiness™)

Am = m(i,) - m(¥Y)

m(iy) 1Gev]
t\f«\ RN
- S A
- A
AN A ’
— A-'U -'% '\ ’\r_r"‘ HQ
m(fl) < m(Xy) LLN' S\ ’ 1"1-..,\ : N
S S RS
100 - o XT
A A Pa
e . .
k\j\, \J\' 'Jy\]\' .{&U\
0 ‘r' t)""l '- . . . N
0 m(W)+m(bl4gq M 200 300 m(i,) [Gev
A. Canepa

Rencontres de Vietnam 2(

LSP mass [GeV]

Tt production, t—t 52? /c 5‘(?

700 B | I I I | L I L I I | L | L I I_

600/ e — |

B \S = 8 TeV -~~~ Expected 7]

"ICHEP 2014 ]

500 - = SUS-13-011 1-lep (MVA) 19.5 fb" _

| == SUS-14-011 O-lep + 1-lep + 2-lep (Razor) 19.3 fo! ]

[ SUS-14-011 0-lep (Razor) + 1-lep (MVA) 19.3 fb™ ]

400 - = SUS-13-009 (monojet stop) 19.7 fb™ (T ¢ 3‘(:’) ]

| = SUS-13-015 (hadronic stop) 19.4 fb™ i

B & i

300 — &;/,' |

= Ay X -

¢ & o - :

200~ ' —

1001 .

0 Y/ 11 Y" T 1 1 I 111 | 1111 | 1 1 ¥ | "I | /. | | I_
100 200 300 400 500 600 700 800

stop mass [GeV]
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Beyond the Standard Model: SUSY

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

Status: ICHEP 2014 Vs=7,8TeV
Model e T,y Jets Efr"""s JLdqm Mass limit Reference
—T T T T T T T T T T — T T
MSUGRA/CMSSM 0 2-6jets  Yes 20.3 02 1.7TeV m(G=m(z) 1405.7875
MSUGRA/CMSSM lep 3-6jets  Yes 20.3 2 1.2 TeV any m(g) ATLAS-CONF-2013-062
@ MSUGRNCMSSM o] 7-10jets  Yes 20.3 4 1.1 TeV any m(g) 1308.1841
aq, ‘J""IXI 0 g'g jets Yes 20.3 q 850 GeV m(F:.])=O GeV, m(1* gen.g)=m(2™ gen. ) 1405.7875
&8, §—qat] 0 -6jets  Yes 20.3 z 1.33 TeV m(k})=0 GeV 1405.7875
;g; g: g—'ngh —qqW* X | 1242# 3-6jels  Yes 20.3 z 1.18 TeV mﬁkzoa GeV, m(¥*)=0.5(m()+m(z)) ATLAS-CONF-2013-062
—qa(lf vk, et 0-3 jets - 20.3 z 1.12 TeV m(E])=0GeV ATLAS-CONF-2013-089
g égMSSB??NLsp, 2e.p 2-4 jets Yes 4.7 tanf<15 1208.4688
G GMSB (7 NLSP) 1-27+01¢ 0-2jets  Yes 20.3 tang >20 1407.0603
S  GGM (bino NLSP) 2y - Yes  20.3 m(E))>50 GeV ATLAS-CONF-2014-001
£ GGM (wino NLSP) Tep+y - Yes 4.8 m(¥))>50 GeV ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) Y 1b Yes 4.8 m(¥))>220 GeV 1211.1167
GGM (higgsino NLSP) 2e.u(Z) 03jets  Yes 5.8 m(NLSP)>200 GeV ATLAS-CONF-2012-152
Gravitino LSP o] mono-jet  Yes 10.5 m(G)=10" eV ATLAS-CONF-2012-147
E -3 g—rbf:vl’; 0 3b Yes 20.1 -4 1.25 TeV m(F})<400 GeV 1407.0600
o £ ik 0 7-10jets  Yes 20.3 4 1.1 TeV m(t}) <350 GeV 1308.1841
T oy oML 0-1ep 3b Yes 20.1 z 1.34 TeV m(¥})<400 GeV 1407.0600
k@ 2—bik| 0-1ep 3b Yes 20.1 g 1.3 TeV m(F!)<300 GeV 1407.0600
biby, by _>5)(| 0 2b Yes 201 by 100-620 GeV m(¥))<90 GeV 1308.2631
b\by, by =1ty 2e.u(SS)  03b Yes 20.3 b 275-440 GeV m(¥i)=2 m(¥?) 1404.2500
-ﬂ a fif (light), 7y H[p?f 1-2ep 1-2b Yes 4.7 I 11 m(j‘,‘);ssegv 1208.4305, 1209.2102
g 771 (light), 7} > Wb | 2e.p 0-2jets  Yes 20.3 i 130-210 GeV mx) =m(7, )-m(W)-50 GeV, m(i, )<<m(t}) 1403.4853
E‘ 7171 (medium), .n—».',r] 2ep 2 jets Yes 20.3 7 215-530 GeV m(f})=1 GeV 1403,4853
& g f17) (medium), 7, —)b)(] 0 2b Yes 201 i 150-580 GeV m(¥])<200 GeV, m{¥})-m(¥])=5 GeV 1308.2631
g 7171 (heavy), - Tep 1b Yes 20 i 210-640 GeV m(E))=0 GeV 1407.0583
= g i (hea\l'y)i fj =¥ 0 2b Yes 20.1 7 260-640 GeV m(F})=0 GeV 1406.1122
o A0 o] mono-jet/c-tag Yes 20.3 i1 90-240 GeV m(f,)-m(¥})<85GeV 1407.0608
fif (natural GMSB) 2e,pu(2) 1b Yes 203 |7 150-580 GeV m(¥))>150 GeV 1403.5222
b, h—h +Z Se,pu(Z) 1b Yes 20.3 iz 290-600 GeV m(F])<200 GeV 1403.5222
fLrlL, R Fa 2ep 0 Yes 20.3 I3 90-325 GeV m(E])=0 GeV 1403.5294
,\‘fl)?} x. e TAN(4Y) 2e.p 0 Yes 20.3 ii 140-465 GeV m{F))=0 GeV, m(F, #)=0.5(m(¥T )+m"(\"?)) 1403.5294
= g ,\".X" KT —=#v(rv) 27T - Yes 20.3 | X, 100-350 GeV m(¥)=0 GeV, m(z, $)=0.5(m (¥} )+m(F})) 1407.0350
W= x.)( —)['LV[L{(VV) 58 L) 3ep 0 Yes 20.3 F 6l 700 GeV m(ET)=m(i2), m(¥})=0, m(Z, 7)=0.5(m(E} )+m(¥})) 1402.7029
© xl)( ﬂwx‘l'zx 2-3e.pu 0 Yes 20.3 ,\"L,ij 420 GeV mET )=m(¥2), m(¥ sleptons decoupled 1403.5294, 1402.7029
,\/‘l',r&—,w,\/l h 1epn 2b Yes 20.3 il, 5 285 GeV m{FT)=m(t), m(¥})=0, sleptons decoupled | ATLAS-CONF-2013-093
BT 04 —nfkf de.pu 0 Yes 20.3 )?ﬂ',,, 620 GeV m(2)=m(¥), m(¥})=0, m(Z, #)=0.5(m(E3)+m(E1)) 1405.5086
E Direct ¥7.X} prod., long-lived X7 Disapp. trk 1jet Yes 20.3 i 270 GeV m{E7)-m(¥))=160 MeV, r(¥7)=0.2 ns ATLAS-CONF-2013-069
= § Stable, stopped 2 H hadron 0 1-5 jets Yes 27.9 g 832 GeV m(F])=100 GeV, 10 ys<r(z)<1000 s 1310.6584
§ GMSB, stable 7, o, ,u]+'r(ﬂ w 1-2p - - 15.9 10<tanf<50 ATLAS-CONF-2013-058
§’ 8 GMSB, 96, long-lived 2y - Yes 4.7 0.4<r(¥)<2 ns 1304.6310
= 4ii, X1 —qqu (RPV) 1y, displ. vix - - 203 |& 1.0 Tev 1.5 <cr<156 mm, BR{(u)=1, m(V})=108 GeV | ATLAS-CONF-2013-092
LFV pp—¥ + X, P —e + 2e.p - - 4.6 0.10, 1,3:=0.05 1212.1272
LFV pp—¥. + X, ¥r—e(u) + 7 Teu+rr - - 4.6 10, 41(2)3:=0.05 12121272
= Bllmear RPV CMSSM 2e,u (SS) 0-3b Yes 20.3 m{g)=m(g), ctpsp<1 mm 1404.2500
= T X7 WE ) et euv de.p - Yes 203 MOE)>0.2%mEE ), A1 £0 1405.5086
,g,)(. KW K sy, eti Sep+rt - Yes 20.3 m(¥])>0.2xm(¥7 ), 4,33#0 1405.5086
&—qqq 0 6-7 jets - 20.3 BR(1)=BR(k)=BR(c)=0% ATLAS-CONF-2013-091
=it [ —bs 2e,u (SS) 0-3b Yes 20.3 1404.250
. Scalar gluon pair, sgluon—gqg 0 4 jets - 4.6 inel. limit from 1110.2693 1210.4826
2 Scalar gluon pair, sgluon—s:1’ 2 e, (SS) 2b Yes 14.3 ATLAS-CONF-2013-051
6 WIMP interaction (D5, Dirac y) 0 mono-jet  Yes 10.5 m(y)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147
L L L PR
Vs =8TeV
- - full data Mass scale [TeV]

*Only a selection of the available mass limits on new slates or phenomena is shown. AH nmns quoted are observed minus 1o theoretical signal cross section uncertainty.
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LQ1(e]) x2
LQ1(g))+LQ1{v))
LQ2(pj) x2
LQ2(pj)+LQ2({v))
LQ3(vb) x2
LQ3(th) x2
LQ3(tt) x2

RS1(yy), k=0.1
RS1(ee,uu), k=0.1
RS1(j), k=0.1
RS1(WW—+4j), k=0.1
RS1(ZZ~4j), k=0.1
bulk RS(ZZ—[jj), k=0.5

SSM Z'(tT)
SSM Z'(jj)

SSM Z'(bb)

SSM Z'(ee)+Z'(up)
SSM W'(j)

SSM W'(Iv)

SSM W'(WZ—Ivll)
SSM W'(WZ—4))

colaron(jj) x2
coloronid)) x2

gluino(3]) x2
gluino(jjb) x2

stopped gluino (cloud)
stopped stop (cloud)
HSCP gluino (cloud)
HSCP stop (cloud)
g=2/3e HSCP

g=3e HSCP
neutralino, ctau=25cm, ECAL time

Leptoquarks

J+MET, 51 DM=100 GeV, A
J+MET, SD DM=100 GeV, A
y+MET, 51 DM=100 GeV, A

y+MET, SD DM=100 GeV, A
+MET, £=+1, 51 DM=100 GeV, A
[+MET, £=+1, 3D DM=100 GeV, A\
[+MET, £=-1, S| DM=100 GeV, A
[+MET, £=-1, SD DM=100 Ge\, A\

dijets, A+ LL/RR
dijets, A\- LL/RR
dimuons, A+ LLIM
dimuons, A= LLIM

CMS Exotica Physics Group

single e, A HNCM
single p, A HNCM
inclusive jets, A+
inclusive jets, A-

Excited

ADD (yy), nED=4, M3
ADD (ee,up), nED=4, M3
ADD (+MET), nED=4, MD
ADD (y+MET), nED=4, MD

QBEH, nED=4, MD=4 TeV
NR BH. nED=4, MD=4 TeV
Jet Extinction Scale

String Scale (j)

Fermions

Multijet

=

Resonances

— March, 2014

Long-Lived
Particles

Compositeness

Large Extra
Dimensions

CMS Preliminary
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Prospects

+ “The Crystal Ball”

Rencontres de Vietnam 2014 tsv



Imperial College
London

Ty TR
g L1 1 o 2 o

Physics Outlook: Questions for the LHC

1. SM contains too many apparently arbitrary features - presumably these should
become clearer as we make progress towards a unified theory.

2. Clarify the e-w symmetry breaking sector
SM has an unproven element: the generation of mass
Higgs mechanism ->? or other physics ?

e.g. why M, =0
My, M, ~ 100,000 MeV!

Answer will be found at LHC energies Transparency from the
early 90’s

3. SM gives nonsense at LHC energies

Probability of some processes becomes greater than 1 !l Nature’s slap on the wrist!
Higgs mechanism provides a possible solution

4. Identify particles that make up Dark Matter

Even if the Higgs boson is found all is not completely well with SM alone:

next question is “Why is (Higgs) mass so low”?

If a new symmetry (Supersymmetry) is the answer, it must show up at O(1TeV)

5. Search for new physics at the TeV scale

SM is logically incomplete — does not incorporate gravity

Superstring theory =>dramatic concepts: supersymmetry , extra space-time
dimensions ? Rencontres de Vietnam 2014 tsv 53
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B Physics Outlook: Using P5 Science Drivers

1. SM contains too many apparently arbitrary features - presumably these should
become clearer as we make progress towards a unified theory.

2. Clarify the e-w symmetry breaking sector

» Use the Higgs boson as a new tool for discovery|

Answer will be found at LHC energies

3. SM gives nonsense at LHC energies
Probability of some processes becomes greater than 1 !l Nature’s slap on the wrist!
Higgs mechanism provides a possible solution

4. Identify particles that make up Dark Matter

L- Identify the new physics of dark matter |
Ifa new symmetry (Supersymmetry) Is the answer, It must sShow up at O(L1eV
5. Search for new physics at the TeV scale

 Explore the unknown: new particles, interactions,
and physical principles.
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Frontiers of Particle Physics (PP)

my ~ 125GeV, i~ 1 = 11 : :
. STToTen T Precision No evidence of NP in
:? E
3 o oue st i measurements and range 200-3000 GV
% I — 54 i fwelghied sum) 1 1 o - .
A E— reaching hlgh.er energy depending on its type
L o =F are the Frontiers of PP
_'%. 15F 14‘.‘-{‘*
O P e |B(B. - utp~) = (2.9+0.7) x 10°|
2 05E e 120705038 GeV
% 1 1 1 1 1 -
o L B somponant subtmcted é LHChH _E
EH- L R ITRITI R, 3 BDT=07
I I-TI.TI' 35 LA L AR = 3fh 3
-100 2 3
WoTHE @ i m e g5 s = i
m,, (GeV) L * E
Em iDm - ATLAS Preliminary E ; ‘Lll ‘L -f
o Background I .4 LN P ML ot
¥ o oo s 5000 5500 e
& [] Signal {m =125 GsV) W
SystUnc. fa= 7Ta\r:}|_m =48 ST, Messurements
{2=8TeV-]Ldt =20.7 i) B3 ~ 9°
———
Gy By Mad. 2017 b=
"11%5'“1 T2E (201 1] irverisd hisrarchy
Data strongly favor the e
scalar 0" hypothesis TR}

S. Ganjour Physics Motivations for Future Machines 2
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Should we really expect new physics ?

Ample observational evidence for physics Beyond the SM.

Neutrino masses (oscillations), dark matter, matter-antimatter asymmetry, (Low
Higgs boson mass?)

Previously theory “always” showed a nearby new physics scale

Next scale could be anywhere between 1 TeV and very high scale (1012-10%°
GeV)

The new physics scale can be much lower than the scale A that we measure
through precision physics

Flavour violation 1-10°>TeV

EDMs 1-100 TeV

Neutrino masses 1-10%2 TeV

Precision BEH boson physics is particularly interesting and promising:
This is a new world.
Excellent portal to new physics.

K. Choi

Rencontres de Vietnam 2014 tsv 56
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Neutrinos

* Propelled by surprising discoveries from a series of
pioneering experiments, neutrino physics has
orogressed dramatically over the past two decades.

« Many aspects of neutrino physics are puzzling:
— What are the origin of neutrino mass?
— What are the masses?
— How are the masses ordered (mass hierarchy)?
— Do neutrinos and antineutrinos oscillate differently? (CP)
— Are there additional neutrino types or interactions?
— Are neutrinos their own antiparticles?

Y.K. Kim ICHEP14 Rencontres de Vietnam 2014 tsv
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Can neutrinos bring more surprises?

Completeness of the SM?

Three Generations
of Matter (Fermions) spin ¥

| Il 1]
mAass = 1.4 My 127 Gev 1752 Gev
=Pru |*c |°t
name - up charm fop
- -i.aﬂ 104 ey 4.1 Gev
= |24 -3 S 24 b
=4 dissm ShEnge [boitoen
10 ke —aev —aev 51 136 Gev
quNluv Nzu‘vtN3 -:; :.
= 5 =
(=]
- 0.511 Hew 05,7 Mew 1777 Qe L spin 0
5 |4 1 1 5
e K T i )
-] wlacton muon LT =
Decay
zj 5,7,
v, ud,dd,

FIG. 2. Typical ducays of a neutral ]wavy le'ptun via (al
charged current and (b) neuiral current, Here the lepton [
denotes e, u, or .

TeV

GeV

MeV

keV

Decay length:

4

{ =

3 cm

rle= ' | A T |:.
{2 [_\.H.fl.,_m{_{rl’;;"\.-K"(_-.Z:' :' i

NB CC decay always leads to

= 2 charged tracks

A. Blondel

58

Large neutrino mass ~ M
In a large part of the
Interesting region expect
displaced vertices.
l+jets, 1"+l I+1

Search in ATLAS/CMS ?
3000fb1 -> 1011-5.101 (Z/W)
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LHC - 2015

 Target energy: 6.5 TeV
— to be confirmed at end of powering tests

* Bunch spacing: 25 ns
— strongly favored by experiments (pile-up limit around 50)

e Beta*: 80 to 40 cm

Energy 25 ns
* Lower quench margins * E-cloud, UFOs
* Lower tolerance to beam loss * More long range collisions
* Lower intensity set-up beams « Larger crossing angle, higher beta*
« Hardware closer to maximum (beam « Higher total beam current
dumps, power converters etc.) * Higher intensity per injection

M. Lamont Rencontres de Vietnam 2014 tsv 60
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LHC: 10 year plan

* Long years — 13 weeks Christmas stop
* Interspersed with long shutdown every 3 to 4 years
 lons very much part of the plan

Run 2: 13 to 14 TeV c.m. with Run 3: 14 TeV c.m. with
peak luminosity of ~1.7x1034 peak luminosity of ~2x1034
cm? st cm? st
A )
[ | [ |
2015 2016 2017 2018 2019 2020 2021 2022 2023

J|FIM[A[M[]]]|A[S|O|N|D]J|F|M|A[M|]]|]|A[S|O|N|D]J|F|M|A[M]|]|]|A[S|O|N|D]J[F|M|A[M[]]|]|A|S[O|N|D]][F|M|A[M[]]|]]|A[S|O|N|D] ] |FIMA[M[]|]]|A|S|O|N|D]J[F|M|AM[]|]]|A|S|O|N|D}]|F|M|AIM[]|]]|A|S|O|N|D]][F[M]AIM[]|]]|A|S|OIN

TS L L LS3 2.5 years
% | |§ to mid 2025

Shutdown/Technical stop
Protons physics
Commissioning

Ions

EYETS ~5 months LS2: 18 months LS3: 30 months
Extended year end Connection of LINAC4 High Luminosity
technical stop (CMS) LHC Injectors Upgrade LHC

i 61
M. Lamont Rencontres de Vietnam 2014 tsv
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HL-LHC

« 3000 fb! delivered in the order of 10 years
« High “virtual” luminosity with levelling anticipated
« Challenging demands on the injector complex

— major upgrades foreseen

L [10°* cm™s™]
20 4

15}

10}

\ no leveling w peak 2x10% cm™s!

leveling at 5x10°* cm™2s!

- nominal

5 x 1034 cm~2s1 levelled
luminosity

Pile-up ~140

3 fb! per day

~250 fb-1 /year

2 4

6

8 10

12 14 ¢ [h’

M. Lamont and O. Bruning

Rencontres de Vietnam 2014 tsv
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LHC roadmap to achieve full potential

Last@ipdate@@ecember2013

2009 LHC startup, Vs 900 GeV
2010
2011 \Vs=7+8 TeV, L~6x10%cm?s*, bunch spacing 50ns Run 1
2012 ~25 fb*
2013 . . . .
ro1a LS1 Go to design energy, nominal luminosity - Phase 0
2015
2016 Vs=13~14 TeV, L~1x10*cm?s?, bunch spacing 25ns Run 2
2017

~75-100 fb*

2018

2019 Injector + LHC Phase | upgrade to ultimate design luminosity

2020

2021 Vs=14 TeV, L~2x10*cm?s?*, bunch spacing 25ns Run 3
2022 ~350 fb*
2023

o024 LS3 HL-LHC Phase Il upgrade: Interaction Region, crab cavities?

2025
\Js=14 TeV, L~5x10*cm2s?, luminosity levellin
20357 . ’ ’ y 9 ~3000 fb*

Rencontres de Vietham 2014 tsv 63




14 TeV vs 8 TeV — Galn Factors

Use parton luminosities to illustrate the gain of 14 vs 8 TeV

Higgs:
pp 2 H, H>WW, ZZ and yy
mainly gg: Factor ~2

SUSY — 311 Generation:
Mass scale ~ 500 GeV
qq and gg: Factor ~ 8

SUSY - Squarks/Gluino:
Mass scale ~ 2.0 TeV
dq,99,qg: Factor ~300

y Al
Mass scale ~ 5 TeV
qq: Factor ~1000

O. Buchmuller

J. Stirling

SUSY
squarks/Gluino
~2.0TeV

SUSY
3rd Gen
~500 GeV

1000 ¢ —
F ratios of LHC parton luminosities:
- 14 TeV /8 TeVand 33 TeV /8 TeV
o 100p gg—
© aq
=
o
=
E 10l -
= Higgs -7
125GeV "~
1 dfn-.rJ.s:-_:En::'z ______ : 1

For the searches increase in energy will help a lot!
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Looking Ahead to Phase 1

Runs Il and Il
« Conduct detailed studies of the properties of the found Higgs
boson. Run Il will produce > 5M Higgs bosons

« Search for exotic decays of Higgs boson? 300 fb?
2o Exp. Ky KW Kz Kg Kp Kt KT
ATLAS [8,13] [6, 8] [7, 8] [8, 11] N/a [20, 22] [13, 18]
CMS [5, 7] [4, 6] [4, 6] [6, 8] [10, 13] [14, 15] [6, 8]

- Couplings Precision ~ 5-15%  Effect of New Physics on couplings:

1 TeVy2
)

Agpxx/gaxx < 5% X (

« Search for new physics: resonances, supersymmetry, exotica,
yet unknown.
It is conceivable that we find new heavy particle(s) in Phase 1.

 Look for deviations from the standard model — precision SM
measurements

Rencontres de Vietnam 2014 tsv 65
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HL-LHC aka SLHC

EP-TH Faculty Meeting

Challenges for pp GPDs

* LHC design luminosity,
* L~ 10* cm?s?,
* Higher c.o.m energy

Implications for Detector R&D

* LHC design energy and luminosity - Upgrades (~ 2009)
* L~ 10" cm™?s' Major Upgrades (~ 2012)
* Higher energy - next generation of detectors (207?)

Conclusions

EP-TH Faculty 17 Jan 01 T. 5. Virdee
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Looking Further Ahead to Phase 2 (HL-LHC)

Topmost Priority — exploitation of the full potential of the LHC
High luminosity upgrade of the machine and detectors with a view to collecting
ten times more data than in the initial design

Conduct detailed studies of the properties of the found Higgs boson.
How much does it contribute to restoring unitarity in VBF, rare decays
(e.g. H—up), and treat the Higgs boson as today we treat the b-quark
LHC — HL-LHC (HL-LHC will be a Higgs factory! 100M produced 3ab)

Run 1
~25 fo!

Phase 0 L(fo—1) Exp. Ky Kw Kz Kg Kp K¢t KT KZy Kuu
300 ATLAS [8,13] [6, 8] [7, 8] [8, 11] N/a [20, 22] [13, 18] [78, 79] [21, 23]
Run2 CMS [5, 7] [4, 6] [4, 6] [6, 8] [10, 13] [14, 15] [6, 8] [41, 41] [23, 23]
~75-100 b 3000 ATLAS [5, 9] [4, 6] [4, 6] [5, 7] N/a [8, 10] [10, 15] [29, 30] [8, 11]
rresed CMS [2,5] | [2,5] | [2,4] | I3,5] [4, 7] [7, 10] [2, 5] [10, 12] [8, 8]

Run 3

68

Couplings Precision ~ 2-10%, H self coupling ~30% (further study)

Continue searching for new physics. If new physics has been found by
the end of Phase 1, associated particle(s) will be heavy. Then conduct
detailed studies in Phase 3 (HL-LHC).

Rencontres de Vietnam 2014 tsv




M sp

—— LHC: 8 TeV 20 fb1

[GeV] a
1000 + Direct squark
msusy — Mg
t — tx} ATLAS-CONF-2013-037
Direct slepton Example of “difficult” SUSY channels!
~ 4 0' cct sleplo Assume ATLAS and CMS detector
lr — (7 x| ATLAS-CONF-2013-049 : ins th
+ 0 performance remains the same
Direct X1 /X2
— X3 (heavy 1)
CMS-PAS-SUS-13-006
500 1 msusy = mxli — mxg
BR=100%
all limits are
observed nominal
95% CLs limits
250 - RP conserved
Msysy
1 1 | |[C;e\/:I
0 0 i i | —
1250 1500

1000
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[GeV] 4 —— LHC: 8 TeV 20 fb!
1000 + Direct squark . 1
MSUeY = g LHC: 14 TeV 300 fb
t — x| ATLAS-CONF-2013-037
) Direct slepton
I — 17\ ATLAS-CONF-2013-049
+ 0
Direct X1 /X2
— X1 X3(heavy 1)
CMS-PAS-SUS-13-006 Y e,
500 o CUTY T T ’
. " BR=100%
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. observed nominal
. 95% CLs limits
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[GeV] 4 | —— LHC:8TeV 20 fb!
1000 - Directsquark ... LHC: 14 TeV 300 fb?
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Future Accelerators

Possible High Energy Frontier Machines

1= Next generation linear collider in Japan

i International Linear Collider-1LC:
eTe™ collisions up to 1 TeV

1= Post-LHC accelerator projects at CERN

mw Future Circular Collider-FCC:
FCC-hh (100 TeV), FCC-ete™ (350 GeV), possibly ep

m Compact LInear Collider-CLIC:
ete~ collisions up to 3 TeV

1= Circular Collider project in China

- Circular Electron Positron Collider-CEPC:
CEPC ete™ (250 GeV), SppC pp collider (70-90 TeV)

v [Muon collider <5 TeV, US (Neutrino Factory first step)|

S . G anj our Rencontres de Vietham 2014 tsv
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Electron-Positron Colliders

—
& 102 M. Klute
5
g5:_3 FCC-ee v. high
> 10 statistics e.g.
S expected statistical
I= uncertainty
3 Mtop = 10 MeV
1 rtop =11 MeV
)\top =13%
F. Gianotti
LHCP14
Size s RF L per IP, Bunch/train Oy, Oy, Lumiwithin Polarisation
km | GeV| MV/m | 1034 |x-ingrate(Hz) pm| nm| 1% of Vs elet
CEPC | 54 | 240 | 20 1.8 4x10° 74 1160 | >99% considered
FCC-ee 100 240 | 20 6 2x107 22 |45 | >99% considered
ILC 31 | 250 [14.7 | 0.75 5 0.7 (7.7 | 87% 80%/30%
ILC 500 | 315 | 1.8 5 05| 59 58% 80%/30%
CLIC 48 3000 100 6 50 004 | 1 33% 80%/considered
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Hadron Colliders

F. Gianotti
LHCP14

Ring (km) | Magnets (T)| Vs (TeV)| L (1034

LHC 27 8.3 14 up to 5
HE-LHC 27 16-20 26-33 5
SppC-1 50 12 50 2
SppC-2 70 19 90 2.8
FCC-hh 100 16 100 >5

More parameters of 100 TeV FCC-hh

HL-LHC FCC-hh — —
. ns alSo considere

Bunch spacing 25 25 «——| e e
N. of bunches 2808 10600
Pile-up 140 170
E,,</turn 7 keV 5 MeV
SR power/ring 3.6 kW 2.5 MW
Interaction Points 4 4
Stored beam energy 390 MJ 8.4 GJ

[as



:Inpgrial College
s HOW precisely do we need to know the Higgs

boson couplings?

F. Gianotti Scenarii with no new particles observable at LHC
LHCP14 - . e
= 0.1-1% precision needed for discovery Singlet Mixing ~ 6% ~ 6% ~ 6%

2HDM ~ 1% ~ 10% ~ 1%
Decoupling MSSM | ~ —0.0013% ~ 1.6% < 1.5%
Composite ~ —3% ~—B8-9% | ~—-9%
Top Partner ~ —2% ~ —2% ~ —3%
E Integrated luminosities correspond to 3-5 years of running
< at each s for e*e-and 5 years with 2 experiments for pp
L
ol Vs (TeV) |L (abl)| Ny (108) Ny N
o FCC-ee¥ 0.24+0.35] 10 | 2 - -
5 1r | ILC 0.25+0.5| 0.75 | 0.2 |1000 | 100
| T ILC,r,, 0.25+0.5+1| 1.75 | 0.5 | 3000 | 400
107 | ' CLIC [0.35+1.4+3 35 | 1.5 | 3000 | 3000
-2 -I {7 Y ST T N T R A T N S T T T |
10 (7 1000 /2000 3000 S tteo) ttal] >
N S S R e
TN T T HL-LHC | 14 3 | 180 [3600tce| 250
NG " FLe-hh 100 3} SN0 12000741 20000

R I, <10% of events usable
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Precision of the Higgs couplings

Facility LHC HL-LHC ILC500  ILC500-up ILC1000 ILC1000-up CLIC TLEP (4 IPs)
Vs (GeV) 14,000 14,000 250/500  250/500  250/500/1000 250/500/1000 35071400/ 3000 240/350
[Ldt (fb~')  300/expt 3000/expt 2504500 115041600 250450041000 11504+16004-2500 5004150042000  10,00042600
Foy 5— 7% 2 — 5% 8.3% 4.4% 3.8% 2.3% — /5.5/<5.5% 1.45%
Ky 6— 8% 3-5% 2.0% 1.1% 1.1% 0.67% 3.6/0.79/0.56% 0.79%
KW 4— 6% 2 —5% 0.39% 0.21% 0.21% 0.2% 1.5/0.15/0.11% 0.10%
Kz 4— 6% 2 — 4% 0.49% 0.24% 0.50% 0.3% 0.49/0.33/0.24% 0.05%
ki 6 — 8% 2 - 5% 1.9% 0.98% 1.3% 0.72% 3.5/1.4/<1.3% 0.51%
Kg = Ky 10-13% 4-7% 0.93% 0.60% 0.51% 0.4% 1.7/0.32/0.19% 0.39%
Ky = Ky 14 —15% 7-10% 2.5% 1.3% 1.3% 0.9% 3.1/1.0/0.7% 0.69%

= c

% 3

10 M
E ! W E Komy
§ §E
_! L
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¥
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Theory uncertainties need to be improved to match expected good experimental
precision and sensitivity to new physics

>
=
%
2
=

M. Klute
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New Physics e.g. Z’: Mass Reach

ATLAS projections

M,. (TeV)
) 10 10! !
mode] 300fb="  1000fb~"  3000fb~" Z LR I
E6 ¥ |
LHC 8 TeV (5/ib —
t e 65 7.2 7.8 om - B
! 6.4 71 7.6 Lo
— Up ). : 6 =-
SSM LHC 8 TeV (15/fb) % oo —
TC2 I
LHM —
LHC 14 TeV (100/fb) g SLHM
CMS Simulation 2013, Vs=14TeV, L = 3000fb = =
o ETC :
i 95% CL Exclusion LHC 14 TeV (300/fb) f—
30 rea:;h % Sneutrine I
- B reach

—— Theory HL-LHC 14 TeV (3000/fb) %

HE-LHC 30 TeV (3000/b) %‘

VHE-LHC 100 TeV (1000/fb) E‘

PP ) T P R R R vmcmomwaoommE
1000 1200 1400 1600 1800 2000

m, [GeV] Lol L

T 1626036
Snowmass report:
arXiv:1309.1688
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The Detector Challenge: Phase Il

Detector Challenge: Maintain/improve on detector performance achieved in
Phase I, under more hostile conditions.

Apply lessons from the past — finish a directed programme of R&D and prototyping
before starting construction.

HL-LHC: High-level Summary
Inner Trackers Replacement
Endcap/Forward Calorimeters Replacement

Level-1 Trigger: using a “good” set is of utmost importance
Keep thresholds Low, Increase Accept Rate, Bring in tracking info

Changes to Front-end Electronics to allow high L1 accept rate.

Rencontres de Vietnam 2014 tsv 80



Imperial College
London

CMS Phase 2 Upgrades

New Tracker Muons

Radiation tolerant - high granularity - less material *Replace DT FE electronics
*Tracks in hardware triggendesd==" *Complete RPC coverage in forward
Coverage upton ~4 Z region (new GEM/RPC technology)

B Investigate Muon-tagging up o n ~ 4
2

Barrel ECAL )
* Replace FE electrc

Trigger/DAQ .

L1 (hardware) with tracks afgags®
rate up ~ 500 kHz to 1 MHz

sLatency =2 10 ys

*HLT output up to 10 kHz

D. Abbaneo
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ATLAS: Phase 2 Upgrades

— Muon spectrometer Calorimeter system
e New Small Wheel e New L1 trigger (Super Cells)
e Additionnal BMG chambers sectors 12&14 e LAr and Tile electronics replacement
e BIS 7-8 RPCs in transition region e Replacement of HEC cold electronics, FCAL?
e Replacement of read-out electronics
e MDT-based trigger Muon detectors  Tile Calor\imeter Liquid Argon Calorimeter
M. Hagel

| "’v | ". N\ .

[ | \ \ ~
Toroid Magnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

Inner Detector (ID) Two Level Trigger system
e Fast Tracker for L2 trigger ° LO:IMHZ 6/10pslatency
e New All-Silicon Inner Tracker . L1: 3m-400kHz.30/60pslatency

Martin Nagel (MPP Munich) ATLAS Upgrades LHC and beyond, Quy-Nhon 2014 23 /34

™ 74
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_HCb: Upgrades

RICH detectors Muon system
VErtex LOcator new photon detectors (SiPM) new off-detecor
new (silicon pixels) improve RICH1 optics electronics

interaction

point

1 T

Tracking system
new (silicon strips, scintillating fibres)

Calorimeters
new readout electronics

O. Steinkamp

[ readout full detector at 40
fu

MHz
Il software trigger with 20 kHz output rate] 63
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“Reconstructing the Universe”

Session and Discussions on Future Accelerators

L :0 » ‘ ‘ \\
‘ Y h O \\‘ \\\ : .':.

Y N\
L\
L\

ey .
1” Py )
2 54

/ 4

A

WL\

at Guggenheim, New York
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E="Remarks from Discussions on Future Accelerators 1

* Where does our Science stand today?

» \We have made a major discovery - a Higgs boson — a particle like no other. And we
have no evidence for BSM physics at the LHC.

*The only established new physics beyond the SM has been seen arguably in the
neutrino sector, BAU, in the form of dark matter and dark energy... BUT what scale(s)?

*|F new physics (or strong indications) is discovered at the LHC14 — then it is likely to be
the lowest of coloured states or the lowest of a series of resonant states — and will be quite
heavy. This implies the full spectrum will have even heavier particles and the only sure way
to explore that spectrum will to go to a high energy hadron collider (e.g. 100 TeV pp collider —
(R.Aleksan- LHC magnets in a 100 km tunnel already gives ~ 55 TeV).

*"|F NO new physics (beyond the Higgs boson) is found (e.g. in Run 2) then we must
continue searching and looking for cracks in the SM in all areas (HL-LHC, neutrinos, EDM,
dark matter,...). The found Higgs boson and the associated field are new to fundamental
physics. It behoves us to study it in depth and its implications (some of which may go beyond
particle physics).

» Where does it point us? What tools/experiments do we have today: HL-LHC, neutrino
experiments, rare processes experiments, dark matter searches, etc.
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== Remarks from Discussions on Future Accelerators
- 2

» HL-LHC - full exploitation of the potential of LHC

(Note: the GPD Upgrades funding is not secured yet — and we must make the upgrades a
success)

» The LHC provides a broad platform for performing Higgs (studies) and other precision
measurements. It is a b-quark, W/Z, top-quark, Higgs factory — the only one we have for the
foreseeable future (+ Belle2). Should aim to keep the doubling time short: below ~ one
(longish) LHC run. So at some suitable integrated luminosity perhaps push the LHC
accelerator and the experiments to the limit =» design upgrades beyond 3ab! (say 5 ab?1)?

=Crucial to have a wide range of (unprejudiced) experimental programme (Y. Nomura)

*Neutrinos

*Through experiments probing their nature, the origin of their masses and hierarchy,
leptonic CP violation, the unitarity of the PMNS matrix and whether there are additional
species.

The US-P5 report provides an opportunity to shape a global neutrino programme with
possibly complementary long-baseline experiments. Can the world afford two such
experiments (e.g. in US and Japan)? The potential physics payoff seems to point that way.

= Other complementary experiments (astroparticle, neutrinoless p-decay, EDM, dark
matter, etc)



Imperial College
London
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New Accelerators

Any new (high energy) accelerator will require substantial resources (human
and financial).

Need

1) Scientifically persuasive (better still - compelling) case — compare with
what is projected to be known in ~ 2030 from the upgraded HL-LHC and
elsewhere. And secure consensus/buy-in by most of our community (as was
the case for the LHC)

2) Support/understanding from other scientific disciplines

3) Probably international sharing of cost

4) Public support
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== Recmarks from Discussions on Future Accelerators

Sl b

»Electron-positron colliders

The LHC results already limit the sub-TeV colliders mostly to a justification based on precision
studies of the Z, W, Higgs boson and ttH.

(TeV or multi-TeV accelerators?)

=|LC in Japan: Vs=0.5 TeV: Await decision in Japan. The report of the Japanese Science
Council (K. Yokoya) requested a 2-3 year study to provide:

- Clearer and more persuasive arguments — including the relation with the (upgraded) LHC
- A “budget” framework that does not ..... stagnate... progress in other academic fields

- International cost sharing

- Public support

» CepC: Recent article in Nature (S. Chattopaday) — China is a candidate to build 250 GeV
electron—positron collider. Yifang Wang — “You can't just talk about a project which is 20 years
from now”. Proposing to use international participation to increase radius/energy (ee/pp).

= Can one of these accelerators be built without support from all regions? Does this imply
substantial supplementary funding beyond existing resources?
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== Remarks from Discussions on Future Accelerators
e ]

»Hadron colliders
Today these seem to be the only reasonable way to probe energy scales some 5-10 times
higher than the LHC.

»There is ne a need to proceed vigorously with R&D on affordable high field SC dipole
magnets.

*The development of 16-20T magnets in the next decade opens up options.
The possibility of going for HE-LHC

or a truly global collider (e.g. pp-FCC).

(As already noted current LHC magnets in an FCC already gives 55 TeV).
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== Remarks from Discussions on Future Accelerators
e ]

The next large accelerator?

= A case can be made for an e*e- accelerator on the basis of precision measurements
(searching for deviations and/or checking the self-consistency of SM) but appears to require a
high luminosity and broad energy reach - from Z mass upwards.

=A discovery at LHC/HL-LHC would make a compelling for a high energy hadron collider (with
~\s ,cX5-10) . However, a case can always be made on the basis of unknowns/searches at
the next frontier for an energy frontier accelerator.

=The path to follow will depend on the strength of the scientific case, that takes account of
results from LHC14, including HL-LHC, and other experiments seeking cracks in the SM, the
accelerator’s technical, cost and schedule, the regional and global context/involvement, and
the longevity of scientific exploitation.

»Great care, patience, thought and wisdom will be needed to reach a correct and
consensual decision within our community, that can be well explained further afield.
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=" Summary: Physics at the LHC and Beyond

= At the LHC, after twenty years of design and construction we are firmly in
the 2nd half of the journey — the extraction of the science.

= A “massive” discovery has been made — a Higgs boson.
The boson appears just to be the one predicted by the SM.

* No evidence found yet of physics BSM. The Standard Model with a single
“elementary” scalar doublet seems to work well (too well)

» The start of Run 2 will be just as exciting as the original startup. We must be
well prepared.

= \We must fully exploit the potential of the HL-LHC and so must make a
success of the HL-LHC - our future may well depend on this.
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=== Summary. Physics at the LHC and Beyond

*The “novelty” and the “lightness” of this Higgs boson calls for its in-depth
studies, and beyond, at
the HL-LHC and

the circular and linear e*e- colliders (with differing pros and cons).

» Must take a holistic view of particle physics — whether we find BSM
physics at the LHC or not — and select the path to follow in a prudent
manner.

» Precision measurements (not only of the new boson, and not only at the
LHC)
» Searches for new particles and phenomena, and their in-depth study if found

= Above all we hope that new physics appears in Run Il at 13-14 TeV.
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