LHC: Overview and Outlook

LHC Status
Results on QCD at the LHC
HL LHC, Partons, Precision
Future Higgs
LHeC Development
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Max Klein, University of Liverpool

Introduction of/to QCD@LHC, DESY, 2.9.2013
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1720 Power converters

: 150 tonnes Helium, ~go tonnes at 1.9 K
> 9000 magnetic elements

140 M] stored beam energy in 2012

7568 Quench detection systems 450 MJ magnetic energy per sector at 4 TeV

1088 Beam position monitors
~4000 Beam loss monitors

M.Lamont, EPS13



Development of LHC 2010-2012

Nominal
Bunch spacing 3
[ns] 150 50 5

No. of bunches 368 1380 2808

beta* [m] 6
ATLAS and CMS 3-5 : ok 0-55

Max bunch

intensity 1.2 X 10" 1.45 X 10" 1.7 X 10" 1.15 X 10"
[protons/bunch]

Normalized
emittance . : ~2.5
[mm.mrad]

Peak luminosity

. 32 . 33 1.0 X 1034
[cm-2s] 2.1X10 7.7 X 10

O.Bruening at ATLAS US 7/13

Major success of CERN and the basis for the existence of modern particle physics




Accumulation of Luminosity

CMS Integrated Luminosity, pp
ATLAS Online Luminosity -
- LHC Delivered

[ ] ATLAS Recorded

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC

— 2010, 7 TeV, 44.2 pb '
e 2011, 7 TeV, 6.1 b !

— 2012, 8 TeV, 23.3 b '
Total Delivered: 23.3 fb
Total Recorded: 21.7 fb”
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Outstanding efficiency for luminosity recording by the experiments.
Measured with beam scans and forward detectors to 2-4% precision!

4 TeV beam energy: 3988 +-5 +- 26 GeV > J.Wenninger CERN-ATS-2013-040



Smooth appearance of LHC ...
UFOs

20 dumps in 2012
Timescale 50-200 ps

Beam induced heating

Vacuum,

RE Conditioning observed
Worry about 6.5 TeV

fingers
7R7,
August
2012.

not Au
coated..

1162034

Blow up of emittance in LHC wrt injectors,
Impedance and beam Stablhty Spark discharges at injection kicker and arcs
UFOs Increase with E and reduced bunch spacing
Time for SCI‘UbbiIlg _e cloud - ZSHS? New calibration of beam loss signals..

Electronics away from radiation.. ....owing to superb accelerator team




The main 2013-14 LHC consolidations

>nings and Complete reconstruc- Consolidation of the Installation of 5000 300 000 electrical 10170 orbital welding
sures of tion of 1500 of these 10170 13KkA splices, consolidated electrical resistance measure- of stainless steel lines
splices installing 27 000 shunts insulation systems ments

18 000 electrical Qual- 10170 leak tightness tests 4 quadrupole magnets 15 dipole magnets to be Installation of 612 pres- Consolidation of the
ity Assurance tests to be replaced replaced sure relief devices to 13 kA circuits in the 16
bring the total to 1344 main electrical feed-
boxes




. HC Shutdown L.S1

2013 | 2014 | 2015

Flmlalmls [ fa]s] ol n[ofs[F[malm]s[als]ofn]ofs]r]ma
]

SPS

PS Booster
0 beam to beam j
available for works .
—!!!!!!!!!!!!!!!!!!Q

& Physics B Shutdown
Beam commissioning B Powering tests

K.Foraz, LHCC June 2014
LHC back for physics in April 2015 with most

probably 13 TeV, i.e. 1.6 times enlarged energy



Conditions for Restart in 2015

25 NS : 55/43/189  3.75 0.93 x 1034

25 NS
low emit

45/43/149 1.9  17Xx10%

1.6 X 1034

42/43/136 : level to
0.8 x 1034

2.3 X 1034

38/43/115 : level to
0.8 X 1034

50 NS
low emit

O.Briining at ATLAS US 7/13 ;
= Increase in L., by 2-3 and energy by 1.6




[.uminosity Expectation until early Twenties™

® pPeak luminosity ==Integrated luminosity

2.5E+434 - Fo-mme- 1=
2.0E+34

1.5E+34

Luminosity [cm2s]
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Year ending

*) This fall machine workshop to discuss near and further schedule and plans




Huge success of the HEP Community

4.7.2012 greeting Melbourne from CERN

“The Higgs: So simple and yet so unnatural” G.Altarelli,arXiv:1308.0545



Searches for New Physics BSM

ATLAS Preliminary
[Ldt=(46-229)fbr +5=7,8TeV
Reference

ATLAS SUSY Searches™* - 95% CL Lower Limits

Status: SUSY 2013
Model

MSUGRA/CMSSM
MSUGRA/CMSSM
MSUGRA/CMSSM

e i, T,y Jets EN™® [rat(b]

2-6 jets
3-6 jets
7-10 jets
2-6 jets
2-6 jets
3-6 jets
0-3 jets

Mass limit
1.7TeV  m(§)=m(&)
1.2 TeV any m(g)
1.1 TeVv any m(g)
740 GeV m(¥1)=0 GeV
1.3 TeV m(})=0 GeV
1.18 TeV m(¥3)<200 GeV, m(F*)=0.5(m(¥9)+m(z))
1.12 TeV m(¥1)=0GeV

ATLAS-CONF-2013-047
ATLAS-CONF-2013-062
1308.1841
ATLAS-CONF-2013-047
ATLAS-CONF-2013-047
ATLAS-CONF-2013-062
ATLAS-CONF-2013-089

o

28, E-qqt1 —qqW* )(1

02 0% 09 Ot 0 0 D

22, g—qq(ct/tv/ )ty
GMSB (7 NLSP)

GMSB (7 NLSP)

GGM (bino NLSP)

GGM (wino NLSP)

GGM (higgsino-bino NLSP)
GGM (higgsino NLSP)
Gravitino LSP

Inclusive Searches

2-4 jets
0-2 jets

1b
0-3 jets
mono-jet

tanp<15

tans >18
3)>50 GeV
17)>50 GeV
)>220 GeV
)>200 GeV

1208.4688
ATLAS-CONF-2013-026
1209.0753
ATLAS-CONF-2012-144
1211.1167
ATLAS-CONF-2012-152
ATLAS-CONF-2012-147

d.

&—bbt

g ttXEl
g—tthy
g bty

3 gen.
& mei

0 3b

0 7-10 jets
0-1e,u 3b
0-1en 3b

09 09 09 0@

1.2 TeV
1.1TeV
1.34 TeV
1.3 TeV

ATLAS-CONF-2013-061
1308.1841
ATLAS-CONF-2013-061
ATLAS-CONF-2013-061

byby, By—sbTy

byby, by—t¥]

# 1 (light), # bty

i (light), 1 WhES
(medlum) t1~>tX?
# (medium), tl—vb)(l

tltl(heavy) t1—>tX

4 tl(heavy) 0t1~)t)(1

tt, h—-c

t1 tl(natural GMSB)

b, boh+Z

1]

£s
33
53
(77}

- E
35
P 2
™ T

0 2b
2e,u(SS) 03b
1-2eu 1-2b
2e,u 0-2 jets
2epu 2 jets Yes
0 2b Yes
lepu 1b Yes
0 2b Yes
0 mono-jet/c-tag Yes
2e,u(2) 1b Yes
3eu(2) 1b Yes

100-620 GeV
275-430 GeV

130-220 GeV
225-525 GeV
150-580 GeV
200-610 GeV

320-660 GeV

90-200 GeV
500 GeV
271-520 GeV

333

=m(f1)-m(W)-5o GeV, m(f)<<m(i7)

3 3

<200 GeV, m(¥5)-m(¥?)=5 GeV
=0 GeV

3 3

TRRRR R R RS
]

333
:’

)-m(¥?)<85 Gev
)>1 50 GeV
)= mW1 )+180 GeV

3
QQ:
Sl

1308.2631
ATLAS-CONF-2013-007
1208.4305, 1209.2102
ATLAS-CONF-2013-048
ATLAS-CONF-2013-065
1308.2631
ATLAS-CONF-2013-037
ATLAS-CONF-2013-024
ATLAS-CONF-2013-068
ATLAS-CONF-2013-025
ATLAS-CONF-2013-025

[L R[L R [—>[)(1
b2

)(?X X1 —Fy(17)

)(1)( —>¢’Lvt’&€(vv) ()
oW Z)(a

T WHI A

EW
direct

2ep Yes
2e,u
27
Bepu
3epu
leu

85-315 GeV
125-450 GeV
180-330 GeV
600 GeV
315 GeV
285 GeV

)=0 GeV
)-0GeY, m(Z, 7)= os(mm)+m(xl))
0.5(m(F7)+m(¥D))
0.5(m(¥:)+m(¥?))

9)=0, sleptons decoupled

ATLAS-CONF-2013-049
ATLAS-CONF-2013-049
ATLAS-CONF-2013-028
ATLAS-CONF-2013-035
ATLAS-CONF-2013-035
ATLAS-CONF-2013-093

Direct ¥1 ¥ prod., long-lived X
Stable, stopped g R hadron

GMSB Xl—‘yG long-| I|vedX1
3. X1 —qqu (RPV)

Long-lived
partlcles

GMSB, stable 7, Bt ;1)+r(e p) 1-2p -
2y

Disapp. trk 1jet
0 1-5jets

1 u, displ. vix -

270 GeV

832 GeV

1.0 Tev

mm) 100 GeV, 10us<'r(g)<1000 s
10<tanp<50

0.4<7(i9)<2 ns

1.5 <cr<156 mm, BR(:)=1, m(i3)=108 GeV

ATLAS-CONF-2013-069
ATLAS-CONF-2013-057
ATLAS-CONF-2013-058
1304.6310
ATLAS-CONF-2013-092

LFV pp—v. + X, Vr—e+pu

LFV pp—¥: + X, iz —e(u) + 7
Blllnear RPV CMSSM

/?L/\Z{ W -wid Xéaeevﬂ,eyve
X1X1, X1 W, X —117e, e1v;
£-9qq

g—tit, ti—bs

2e,u -
leu+t -
lepu 7 jets
dep -
e u+t -
0 6-7 jets
2e,u(SS) 03b

760 GeV

350 GeV

916 GeV
880 GeV

41=010, 413=0.05
10, d3(2)33=0.05
m(g)=m(g), ctrsp<1 mm
m(¥9)>300 GeV, 112, >0
m(E9)>80 GeV, 113350
BR(t)=BR(b)=BR(c)=0%

1212.1272
1212.1272
ATLAS-CONF-2012-140
ATLAS-CONF-2013-036
ATLAS-CONF-2013-036
ATLAS-CONF-2013-091
ATLAS-CONF-2013-007

Scalar gluon pair, sgluon—qgq
Scalar gluon pair, sgluon—tt
WIMP interaction (D5, Dirac x)

0 4 jets
2e,u(SS) 1b
0 mono-jet

«/E =8 TeV
full data

incl. limit from 1110.2693

m(x)<80 GeV, limit of<687 GeV for D8

Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o theoretical signal cross section uncertainty.

1210.4826
ATLAS-CONF-2013-051
ATLAS-CONF-2012-147




Searches for New Physics BSM

C M S EXOT| CA 95% CL ExcLusion LimiTs (TEV)

g* (q9), dijet
q* (W)

q* (a2)

q*, dijet pair
q*, boosted Z
e, N=2TeV
p*, A=2TeV

Z’SSM (ee, py)

Z’SSM (1)

Z’ (tt hadronic) width=1.2%
Z’ (dijet)

Z’ (tt lep+jet) width=1.2%
Z’SSM (ll) fbb=0.2

G (dijet)

G (ttbar hadronic)

G (jet+MET) k/M = 0.2

G (yy) kM = 0.1

G (Z(hZ(qq)) k/M = 0.1
W’ (Iv)

W’ (dijet)

W’ (td)

W’ = WZ(leptonic)

WR?’ (tb)

WR, MNR=MWR/2

WKK p =10 TeV

pTC, nTC > 700 GeV
String Resonances (qg)
s8 Resonance (gg)

E6 diquarks (qq)
Axigluon/Coloron (ggbar)
gluino, 3jet, RPV

gluino, Stopped Gluino
stop, HSCP

stop, Stopped Gluino
stau, HSCP, GMSB
hyper-K, hyper-p=1.2 TeV
neutralino, ct<50cm

LQ1, p=0.5
LQ1, p=1.0
LQ2, B=0.5
LQ2, B=1.0

LQ3 (bv), Q=+1/3, B=0.0
LQ3 (bt), Q=+2/3 or +4/3, f=1.0
stop (b1)

Compositeness
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Long
Lived

1 2

b’ — tW, (@I, 2I) + b-jet

q’, b’/t’ degenerate, Vtb=1
b’ = tW, I+jets

B’ — bZ (100%)

T — tZ (100%)

t’ = bW (100%), I+jets

t’ = bW (100%), I+l

C.I. A, X analysis, A+ LL/RR
C.I. A, X analysis, A- LL/RR
C.l., pp, destructve LLIM
C.l., pp, constructive LLIM
C.l., single e (HNCM)

C.l., single p (HnCM)

C.l., incl. jet, destructive
C.l., incl. jet, constructive

Ms, yy, HLZ, nED = 3

Ms, vy, HLZ, nED = 6

Ms, Il, HLZ, nED = 3

Ms, Il, HLZ, nED = 6

MD, monojet, nED = 3

MD, monojet, nED = 6

MD, mono-y, nED = 3

MD, mono-y, nED = 6

MBH, rotating, MD=3TeV, nED = 2
MBH, non-rot, MD=3TeV, nED = 2
MBH, boil. remn., MD=3TeV, nED = 2

MBH, stable remn., MD=3TeV, nED = 2

MBH, Quantum BH, MD=3TeV, nED = 2

5

LeptoQuarks

Generation

Contact
Interactions

Extra Dimensions
& Black Holes
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“We like to see
particle physics
as driven by
experiment ...”

Burt Richter
2009

Preface

FUNDAMENTAL THEORETICAL QUESTIONS

M. Froissart, Rapporteur

UNITARITY
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Cluster. -~
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elecirodynamics i P
K ! 2Mandelstam
@ N
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Mart
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\

Off mass shell On mass shell

MUB13234

Fig. 1-1. Logical map of "Fundamental"
concepts.

Rapporteur talk by M.Froissart, Rochester Conference 1966

QCD yet a prime
example of the
joint efforts of
experiment AND
theoretical physics



111 Pise @1t 8.0 Lo 5

First measurements of
low x scaling violations
with ~2onb™ (!), by

Hi and ZEUS at HERA

®H1 92 YV NMC

“Not for the New York
Times but for the
textbooks of physics..”
Bjoern Wiik

O ZEUS 92 A BCDMS

Practically free of
background, apart from
a bit of yp at high y..
Redundant e-h
kinematics - precision

Not rigorously predicted though in accord with QCD:

“Possible non-Regge behaviour of Electroproduction Structure Functions”
A DeRujula, SL Glashow, HD Politzer, SB Treiman, F Wilczek, A Zee: PhysRev D10(1974)1649



Qe R

Jets, Photons, Vector Bosons, Vector Bosons+]ets, Soft QCD [lowx, MPI, diffraction]

CMS Preliminary

—+— 0.0<y]<05(x10%
—a— 0.5<y|<1.0(x10%
—— 10¢<yj<15(x10°)
—— 15<y|<20(x10%
—+— 20<)y|<25(x10)
—+— 25<y|<30(x 10"

~
>
0
0
~
o}
e

dy

o

200 300 400 .500
Jet P (GeV)

CMS-PAS-SMP-12-02

ATLAS

I L dt=0.20 pb™

- \Ns=276TeV

N anti-k; R=04
Data with

—e— sfatistical
uncertainty

Systematic
] uncertainties

NLO pQCD @
non-pert. corrections

S
-
[
e
o
(&)
C
Q
o
-
=z
t
HS
o
—
©
o

CT10

—  MSTW 2008

~ . NNPDF2.1

HERAPDF 1.5

______ ABM 11 NLO

arXiv:1304.4739

ATLAS-CONF-2013-041:R3/2

o = .111 +- .006 +0.016-0.003 (thy)

EPJC(2013)73 2509
.. extends to 4.4

Inclusive jet cross sections and their energy dependent ratios well described by NLO QCD



Q@B atithe LEIC

Jets, Photons, Vector Bosons, Vector Bosons+]ets, Soft QCD [lowx, MPI, diffraction]

ATLAS Preliminary Jrat=4sn’
2011 Data
(s=7TeV
antik, jets, R=0.4

Iyl <05 . CMS
max | Exp. Uncertaint
® Data ! \s=7TeV

— CT10 u Theo. Uncertainty L =5.0fb"
antik R=0.7 _
- == MSTW2008 = Saisica eror

== ABKMO9 —
uncertainties

Ratio wt CT10

-
N
I
Q
o
2
P4
Q
-
e}
IS
o

Ratio wrt CT10

NLOJET++
(u=p, exp(0.3 y*)) x

Non-pert. corr.

@ cT10

=== NNPDF 2.1

Ratio wt CT10

200 300 400 1000 2000 3000

PRD 87 112002(2013) M; (GeV)

==: HERAPDF15

wia: MSTW2008

ATLAS-CONF-2012-021

Di-jet cross sections to about 10% in agreement with QCD + different PDFs



Q@B atithe LEIC

Jets, Photons, Vector Bosons, Vector Bosons+]ets, Soft QCD [lowx, MPI, diffraction]

Diffraction (SD+DD) up to An =8

CMS Preliminary, pp— W +jets, Vs = 7 TeV,

— MADGRAPH 5 + PYTHIA 6 (scaled to NLO)
«++« MADGRAPH 5 = PYTHIA 6, no MPI (scaled to NLO) _
.- PYTHIA 8 (scaled to NLO) CMS Preliminary, /s = 7 TeV, L = 20.3 ub ™"
== CMS, L =203 ub ' -
—— MinBias, PYTHIA8-MBR (¢ = 0.08)
—— Diffractive
——— Non-diffractive

Single Diffractive
------- Double Diffractive

Central Diffractive

o.do /d(0.105*A0)

de /dAant [mb)

W(—s uv) + 2 jets

DataMC

o0 ———
owbimhmmn

E
<
Q
~
O
=

CMS-PAS-FSQ-12-028

MPTI’s in W+jj data CMS-PAS-FSQ-12-005

TR e RN 055038 Consistent with ATLAS EPJC72(2012)1926
Comparisons with PYTHIA and PHOJET




Qe R

Jets, Photons, Vector Bosons, Vector Bosons+Jets, Soft QCD [lowx, MPI, diffraction]

and since summer 13:

ATLAS Preliminary - data syst. unc.
[ ] 99-H NLO+PS (Powrea+Pv8) + XH

|| 09—H+1j NLO+PS (MinLo HU+PY8) + XH

ATLAS Preliminary +4- data syst. unc.
50\ H—yy, \s=8TeV [ ] 99-H NLO+PS (Powrea+Pv8) + XH
J Ldt=2031b" [[]]] 9—+H NNLO+NNLL (HRes1.0) + XH

=== XH = VBF + VH + {TH === XH = VBF + VH + {TH

doy, / dly! [fb]

H—yy, Vs=8TeV

_[ Ldt=20.31b"

i i
il
BANNRSSEANR)

Uncertainties from MCFM

2 ]
S :
=

O
e e
[e) o
§=) =
i<} 2
= =
© ©
o o

>3

Particle level N

0O 02 04 06 08 1 1214 16 18 2 22 24
Particle level Iywl

First differential cross sections of pp=2>X+H->vy. ATLAS-CONF-2013-072
Large background but clear signal observed.



Higgs and QCD at the LHC

The first pt measurement of H:

. H+g @ O(aa,’)
. H+g/q @ O(aa,’)/Olaay)

::] H+g/q @ Olaay’)

cf C. Grojean at EPS Stockholm

1.8[- ATLAS Preliminary +4- data syst. unc.
D 9g—H NLO+PS (PowHec+PY8) + XH
ﬂ]]] 99—H NNLO+NNLL (HRes1.0) + XH

=== XH = VBF + VH + {TH

H-yy, \s=8TeV

dogy/ dp, [fb/GeV]

_[ Ldt=20.3fb"

Ratio to POWHEG

20 40 60 80 100 120 140 160 180 200
Particle level P, [GeV]

ATLAS-CONF-2013-072

Small width (4 MeV) results in pt(H) dependent reduction of Myy. Very high
precision required to verify this and thus access Higgs width at the LHC..



Experimenters NLO wishlist les Houches 05-09

[Process (V € (Z.W.01)

1. pp— VVjet

. pp — Higgs+2jets

. pp— ttbb

. pp— V43jets

. pp — tt+2jets

. pp — VV bb,
. pp — VV+2jets

. pp — bbbb
10. pp — V +4 jets

11. pp — Whbbj
12. pp — titt

pp — Wry jet
pp — 4jets

WW jet completed by Dittmaier /Kallweit/Uwer;
Campbell /Ellis/Zanderighi

ZZ jet completed by
Binoth/Gleisberg/Karg/Kauer/Sanguinetti

WZ jet, W~ jet completed by Campanario et al.
NLO QCD to the gg channel

completed by Campbell /Ellis/Zanderighi

NLO QCD+EW to the VBF channel

completed by Ciccolini/Denner/Dittmaier
Interference QCD-EW in VBF channel

ZZZ completed by Lazopoulos/Melnikov /Petriello
and WWZ by Hankele/Zeppenfeld

see also Binoth /Ossola/Papadopoulos/Pittau
VBFNLOmeanwhile also contains

WWW, ZZW 2727, WWr, ZZ~, WZ~, Wy, Zy7,
1Y W

relevant for tTH, computed by
Bredenstein/Denner/Dittmaier/Pozzorini

and Bevilacqua/Czakon/Papadopoulos/Pittau/Worek
W+3 jets calculated by the Blackhat/Sherpa

and Rocket collaborations

Z+3jets by Blackhat/Sherpa

relevant for tTH, computed by
Bevilacqua/Czakon/Papadopoulos/Worek

Pozzorini et al.Bevilacqua et al.

W+ W 42jets, W W™ +2jets,relevant for VBF H — VV
VBF contributions by (Bozzi/)Jager/Oleari/Zeppenfeld
Binoth et al.

top pair production, various new physics signatures
Blackhat/Sherpa: W-+-4jets,Z+4jets

see also HEJfor W + njets

top, new physics signatures, Reina/Schutzmeier
various new physics signatures, Bevilacqua/Worek

Campanario/Englert/Rauch /Zeppenfeld
Blackhat/Sherpa

Theory

Subtracting loops as master integrals
Feynmanian reduction

Unitarian approach

Semiautomated programs (BlackHat..)

Automated subtraction

Standalone codes...

Now various processes,
as gg>H, are being
calculated at NNLO

L B o e L
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HILILIEIC, Rartons
and the need for precision




HL-LHC Upgrade Ingredients

Geometric reduction factor = f” =10 cm & Crab Cavities

Triplet aperture =» New large aperture triplet magnets

Bunch intensity = N, = 2.2 10" (limited in LHC by e-cloud)
=>» injector complex upgrade prerequisite for HL-LHC!!!

Event pile-up in detectors = luminosity leveling

Beam Losses and Radiation =» shielding, Cryo upgrade &
relocation of electronics and PC

Collective effects and impedance = Collimator Upgrade

Electron cloud effect =» beam scrubbing & feedback

Oliver Briining CAS 7/13



[LHeC - electron beam upgrade

Loss compensation 2 (90m) Loss compensation 1 (140m)

2

Linac 1 (1008m) 1

_ : Injector
Matching/splitter (31m)

Matching/combiner (31m)
Arc 1,3,5 (83142m) Arc 2,4,6 (3142m)

Bypass (230m)

\

Linac 2 (1008m)

i

IP line  Detector
Matching/splitter (30m)

Matching/combiner (31m)

CDR: default design. 60 GeV. L=103334cm2s?, ERL, synchronous ep/pp



Precision?

Top pole mass M; in GeV
Kianeginuad—uoN
Top pole mass M; in GeV

* ! ; ; ; : ! * ; ; : * ! ! 168 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
50 100 150 122 124 126 128 130 132
Higgs pole mass M}, in GeV Higgs pole mass M, in GeV

Figure 1: Regions of absolute stability, meta-stability and instability of the SM vac-
uum in terms of the top and Higgs masses. The frame on the right zooms into the
preferred experimental region (the grey ellipses denote the allowed region at 1, 2, and
30). The three boundary lines correspond to ay(Mz) = 0.1184 £ 0.0007, and the
grading of the colours indicates the size of the theoretical error. The dotted contour-
lines show the instability scale in GeV, assuming the central value of a,(My). (For
details see refs.

G Giudice Why Naturalness, arXiv:1307.7879




The strong coupling “constant”

Method Current relative precision Future relative precision

expt ~ 1% (LEP) < 1% possible (ILC/TLEP)

thry ~ 3% (NNLO+NLL, n.p. signif.) ~ 1.5% (control n.p. via Q*-dep.)
expt ~ 2% (LEP) < 1% possible (ILC/TLEP)

thry ~ 1% (NNLO, n.p. moderate) ~ 0.5% (NLL missing)

expt ~ 3% (Rz, LEP) 0.1% (TLEP [8]), 0.5% (ILC [9])
thry ~ 0.5% (N3LO, n.p. small) ~ 0.3% (NLO feasible, ~ 10 yrs)
expt ~ 0.5% (LEP, B-factories) < 0.2% possible (ILC/TLEP)
thry ~ 2% (N®*LO, n.p. small) 6] | ~ 1% (N*LO feasible, ~ 10 yrs)
~ 1-2% (pdf fit dependent) 0.1% (LHeC + HERA [21])
(mostly theory, NNLO) [27, 28, 29, 30] | ~ 0.5% (at least N®LO required)
~ 4% (Tev. jets), ~ 3% (LHC tf) < 1% challenging

(NLO jets, NNLO tf, gluon uncert.) (15, 19, 31] | (NNLO jets imminent [20])

~ 0.5% (Wilson loops, correlators, ...) ~ 0.3%

(limited by accuracy of pert. th.) (32, 33, 34] | (~ 5 yrs [35])

ete™ evt shapes

ete™ jet rates

precision EW

7 decays

ep colliders

hadron colliders

lattice

Table 1-1. Summary of current uncertainties in extractions of a:(Mz) and targets for future (5— 25 years)
determinations. For the cases where theory uncertainties are considered separately, the theory uncertainties
for future targets reflect a reduction by a factor of about two.

Snowmass QCD WG report 9/2013

Prospects to measure o (M,?) to per mille precision with future ep and ee colliders
Important for gauge unification, precision Higgs at LHC, and to overcome the past..
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Need to know the PDFs much better than
so far, for nucleon structure, q-g dynamics,

Higgs, Searches, future colliders, and
the development of QCD

Gluon - Gluon Luminosity

Snowmassiz3 QCD WG report



H1 and ZEUS HERA I+II PDF Fit
Q’>=10 GeV?

—— HERAPDF1.5 NNLO (prel.)

B <xp. uncert.
|:| model uncert.

- parametrization uncert.

xg (x 0.05) ™

March 2011
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(Un)certainty on

valence x < 0.01, u, x > 0.8, d, x>0.6

light sea (related to strange) -8% ATLAS/F,,
light sea quark asymmetry, d/u=?

Isospin relations (en!) ?7?

: unknown, =dbar? strange valence?

: need high precision to % for o
(recent HERA 5%)
: HERA 10-20%, bb 2> A?
: tPDF at high Q> >M_? - unknown

: low x, saturation?, high x - unknown
medium x: preciser for Higgs!

Recent review: cf E.Perez, E.Rizvi 1208.1178, in RPP

..unintegrated, diffractive, generalised,

polarised, photonic, nuclear PDFs ??7?




2 A

Low and high mass Drell-Yan,W,Z, + jets, di-bosons, TGC'’s ... W,Z in heavy ions...

Inclusive Z and W production and leptonic decay
CMS preliminary \s=7TeV,4.7 fb"

o
w

pT>25 GeV

—e— Data

©
(V)
o

E$= Data 2010 (/s =7 TeV)
A MSTWo8
© HERAPDF1.5 —}— Uncorr. uncertainty
0O ABKMo09 [ Total uncertainty

Charge asymmetry

NLO FEWZ 68% CL
CT10nlo

Y NNPDF23nlo
HERAPDF15nlo

MSTW2008nlo

MSTW2008CPdeutnlo

PRD85(2012)072004, cf also PRL109(2012)012001

Theory/Data

Constraining PDFs at high Q2 ~ M, ,* - in large rapidity range (very fwd LHCb)
Measurements reach 1% precision level in differential distributions + §(Lumi).
QCD analysis to NNLO + electroweak corrections to per mille level > s/d=1

CMS PAS SMP-12-021



Strange Quark Distribution

€p 60%7000 GeV> 10 fb"'

x=0.00025

x=0.00035

o x=0.0005 X =10%..0.05

e o x=0001 Q2 =100 - 105 GeV?
e x=0.0025

anti-strange density [3i ]

° x=0.0035
o x=0.005

. x=001 ATLAS+HERA: Recent surprise: s/d =1

o  x=0012

o o 008 0P = 1.9 GeV?, x=0.023 epizfices  ATLAS

4 ABKM09

® NNPDF2.1  —a—
o MSTW08

v CT10 (NLO)

[¥total uncertainty
experimental uncertainty

02 0 02 04 06 08 1 12

o  x=0025

o x=0.040

. x=0.055

° * x=0.08

10
£.=0.1, bgd,=0.01

JPhysG 39(2012)7

PRL109(2012)012001

cf also HERMES: Ny PLB666(2008)446
W+c measurements from ATLAS+CMS

Important PDF constraints from LHC though no direct determinations (Q?2x)

PDF4LHC - PDFs from LHC



EPJC73(2013)2311

Charm Structure Function - E ¢

Culmination of 20 years of analysis...

W H1VTX ¥ H1D*HERA{ [] ZEUSD*98-00 ¢ ZEUSD’

A H1D'HERA-l O ZEUSc—uX A ZEUSD*96-97 § ZEUSD' H1 and ZEUS

Q%=32 GeV?

h

Q=120 GeV? Q2=200 GeV?

Q2=650 GeV? Q2=2000 GeV?
e HERA

H1 and ZEUS

Charm + HERA-I inclusive

— RT standard
RT optimised pt
=== ACOT-full * Mg
=u= S-ACOT-y
== ZM-VFNS )

Me(me) = 126 £ 0.050p £ 003100 £ 0.02pa0am £ 0024, GeV

Uses FFNS ABM prescription.
8(m_) = 3 MeV at LHeC (cf CDR)

Understanding of heavy flavour dynamics in the proton is crucial for
QCD [VENS?, light-heavy?, intrinsic c?..], VHE v, interpretation of LHC data
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J.Varela, “Top Quark Properties” ly13
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Top at the LHC

Pair production, Decay, Single Top, Top Loop = H, Mass and the SM Universe..

ATLAS prelim. I+jets 8 TeV (5.8 fo"
CMS prelim. combined 8 TeV (2.8 fb')
ATLAS prelim. combined (0.7-1.1 fb')
CMS dilepton 7 TeV (2.3 fb)

CDF combined (4.6 fb™")

DO combined (5.3 fb')

Approx. NNLO QCD (pp)
Scale uncertainty
I Scale ® PDF uncertainty
Approx. NNLO QCD (pp)
Scale uncertainty
I Scale ® PDF uncertainty

Langenfeld, Moch, Uwer, Phys. Rev. D80 (2009) 054009
MSTW 2008 NNLO PDF, 90% C L. uncertainty

Cf. M.Czakon et al: arXiv:1303.6254 & .7215

LHC 8 TeV

ATLAS, 2.3 fb™

CMS, 1.1 fb™

0111 0.112 0.113 0.114 0115 0.116 0.117 0.118 0119 0.12
ag(M,)

M,,, to 0.5% precision from Tevatron
and now also the LHC experiments

Top lead the way to Higgs and
it may to further new physics..

Status: SUSY 2013

T{, production, {— t % /T~ Wb, /T~ c %,

ATLAS Preliminary L, =20-2116"Vs=8TeV L, =47 fo" {s=7 TeV

~ ~0
EEOLt—tY

== 1L,'ﬂ—>txa

0L CONF-2013-024 0L [1208.1447]
1L CONF-2013-037 1L [1208.2590]

oLt —t % 2L CONF-2013-065 2L [1209.4186]

EEoLT-wb 7? 2L CONF-2013-048

£ 0L mono-jetic-tag.;— ¢ 7:] 0L mono-jet/c-tag CONF-2013-068

CDF 2.6 fb'[1203.4171]

= Observed limits
All limits at 95% CL

= Expected limits

int

[s there a “light” stop partner of the top?



LHC physics @ 3ab
Higgs precision and rarer channels
New particles: pairs to ~4 TeV

singly to ~8 TeV
leptoquarks to ~2 TeV

France

Rare processes as FCNC top decays...

https://indico.cern.ch/conferenceDisplay.py?confld=252045

Programme Committee
P. Allport
A. Ball
S. Bertolucci
P. Campana
D. Charlton
D. Contardo
B. Di Girolamo  _
P. Giubellino
J. Incandela
P. Jenni
M. Krammer
M. Mangano
S. Myers
B. Schmidt
T. Virdee
H. Wessels
» )
Local Or anlsmg Commlttee
P Allport fpﬁtardo D. Hudson, Cther" AL

o e

Vs=14 TeV
smmamn 3000 fb™!, 95% exclusion limit
=== 3000 fb, 50 discovery reach
300 fb™, 95% exclusion limit
—— 300 fb™, 50 discovery reach

?
g
0
17}
0]
=
W

CAM[ DVTS “CIA] ‘S[PM d P

N g _‘ U T SR
Pictﬁ'e Credit:"OF Aix-les-Bains./%Gilles Lansard

100 200 300 400 500 600 700 800
%; and 22 Mass (GeV)

Increase of L especially important for the investigation of new signals ..



w3000 fb"' diacovery reach
300 o™ discovery reach
W W1 3000 b exclusion 95% CL
= = 300 fo"! exclusion 95% CL

NNPDF21
HERA10
ABKMO09
LHEC

ol yrsrwos

2500

2000
E ATLAS Preliminary (simulation)

1 5002000 2500 3000 3500

2.0 2.5 3.5 4.0 4.5 5.0

my [GeV] ' ' ' M, =M, ?;FeV]

ATLAS October 2012 to EU strategy forum LHeC October 2012 to EU forum arXiv:1211.5102

With high energy and luminosity, the search range will be extended to high masses,
up to 4-5 TeV in pair production, and PDF uncertainties come in ~ 1/(1-x), CI effects?



HILALEC = Seamdhes

Gluino Pair Production

lI;lgrlgI[]Jerlwlcertainties CT10
Central value LHEC = MSTW2008 MSTW?2008 High precision
E ABKMQO9 PDFs are needed
= LHEC for the HL-LHC
2 Searches in order
é 300 /fb to probe into the
" Min. spread: 400 GeV 3 range opened by
3 3000 /ib _ the luminosity
U Min. spread: 600 GeV increase and to
interpret possibly
LHC ( 14 Te\/) intriguing effects

55 FT based on external

LHeC BSM poster at EPS13 M.D’Onoftio et al. see also arXiv:1211:5102 Relation LHeC-LHC
Simulated are on LHAPDF (Partons from LHeC, MK, V.Radescu LHeC-Note-2013-002 PHY)






I LC CLIC (similar footprint for

(phase 1 to full, up to 1 TeVc.m.) up to 3TeVc.m.)

New compact accelerators

@™ u'u collider

=s= Plasma Lin-

O SPS (injector to TLEP?)

LEP/LHC ear Collider
\ (i”jeCto": to TLEP?) R&D on feasibility ongoing
e-
TLEP (upto 0.35TeV cm.)
VHE-LHC

Lepton collider options beyond LHC

(100 km version)

| | | | | I | I | I >
25 20 -15 -10 5 0 5 10 15 20 25 km

R.APmann, EPS13




Higos with HI-LHC

LHC 300 fb-lat 14 TeV: HL-LHC 3000 fb-lat 14 TeV:
* Mass: <100 MeV (statistical)

« Coupling  rel. precision* * Mass: << 50 MeV (statistical)

- Z,W,bt 10-15% *  Couplings  rel. precision*
- tu 3-2 0 observation S ZLW,b, T, t,n 2-10%

_ - o)
vy and gg 5-11% -~ yy and gg 2-5%

*Assuming sizeable (1/2) reduction of theory errors
- “QCD scale” go to Higher order QCD computation ?
- gg “PDF” from LHC data ?
Mass Measurement:
Several exp./theory challenges to reach 50 MeV (e/y/u calibration E-scale, Interference, FSR, ..)

F.Cerutti, “Properties of the New Boson” EPS13 Stockholm

Higgs physics at the LHC is a long term challenge [di-H, CP, M, VV damping..]



Theory

7 q

inclusive

N3LO QCD  NLO QCD

NLO results in MC
POWHEG, aMC@NLO |

=7
s+
v + N2LO PDF sets
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Will need ultraprecise PDFs to match thy and make the LHC a precision Higgs factory




ppi= Bl ERgssiSection

NNLO pp—Higgs Cross Sections at 14 TeV

iHixs1.3

M = 125 GeV
NNPDF2.1(0.121)

NNPDF2.1(0.119)

Cross Section (pb)

cT10 MSTWO8 HERA15

e 124 GeV
s | 25 GeV/

LHeC

JROOVF

0.7 08 09 1
arbitrary

Exp uncertainty
of predicted H
Cross section is
0.25% (sys+sta),
using LHeC only.

Leads to H mass
sensitivity.

Strong coupling
underlying
parameter
(0.005 - 10%).
LHeC: 0.0002

Needs N3LO

HQ treatment
important ...



Higgs with the LiHeC

Polarisation —0 8
Luminosity [ab™1] 1
Cross Section [fb] 25

Decay  BrFraction

H — bb 0.577 113 100 13 900 3 300
H — ce 0.029 5 700 170

H — 7t~ 0.063

Polarised electrons H — pp 0.00022

H — 4l 0.00013
Maximum lum1 H =922 00106

Forward trz g 0.086
High resolution 0.215
No pile-up 0.0264

Direction asymmetry 8 '(())812 gf

H-bbar coupling to 0.7% precision with 1ab, at an S/B of 1 - studies of 1, c, .. to come
The LHeC WW - H cross section is as large as the ILC Z*>ZH cross section (300fb)...

- sopb@LHC, hiLumi + ep [H + PDFs] +QCD@h.o. : LHC - a high precision H factory
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The theory of DIS has developed much further: J.Bliimlein Prog.Part.Nucl.Phys. 69(2013)28
DIS is an important part of particle physics: G.Altarelli, 1303.2842, S.Forte, G.Watt 1301:6754
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Nuclear Parton Distributions from eA

nuclear DIS - F, A(x,Q%

Proposed facilities:

[ ] iHec

Fixed-target data:

e-Pb (LHeC)
(70 GeV - 2.75 TeV) £ EPSO09
»=sunDS w1« FGS10
m— HKNO7 (Q°=4 GeV?

O’ (Pb, b=0fn)

perturbative g

non-perturbative

=1

10° 10 10* 103 102

- LHeC has huge discovery potential for new HI physics
(bb limit, saturation.. will put nPDFs on completely new ground



LHeC at 1034cm™s? Luminosity

species p, 28PbHFt
beam energy (/nucleon) [GeV] 7000, 2760
bunch spacing [ns] 25, 100 25, 100

bunch intensity (nucleon) [10'9] 0.1 (0.2),04 17 (22),25 "
beam current [mA] 6.4 (12.8) 860 (1110), 6 o(H)=200fb
rms bunch length [mm] 0.6 75.5 Access of rare

polarization [%] 90 none, none channels and
normalized rms emittance [pm] 50 3.75 (2.0), 1.5

geometric rms emittance [nm] 0.43 0.50 (0.31) differential

IP beta function 3; , [m] 0.12 (0.032) 0.1 (0.05) measurements:
IP spot size [pm] 7.2 (3.7) 7.2 (3.7)
synchrotron tune Q, - 1.9 x 1073
hadron beam-beam parameter 0.0001 (0.0002) How to reach 1034 ?
lepton disruption parameter D 6 (30)

crossing angle 0 (detector-integrated dipole) .
hourglass reduction factor Hy, 0.91 (0.67) N/ € =br1ghtness*2.5
pinch enhancement factor Hp 1.35 B* =5 cm

CM energy [TeV] 1300, 810
luminosity / nucleon [10% cm—2s71] 1 (10), 0.2 [, =12mA

Table 1: LHeC ep and eA collider parameters. The numbers give the default CDR. values, with optimum values for HERA: 1-4 103'cm™2s™

maximum ep luminosity in parentheses and values for the ePb configuration separated by a comma.

LHeC Collaboration arXiv:1211:5102, see also O.Briining and M.Klein arXiv:1305.2090, MPLA A28(2013)16



ERL Testfacility

Under design at CERN in international collaboration. f=801.58 MHz SC RF

LINAC 2

=900 MeV ERL Layout

LINAC 1
INJECTOR

A.Valloni, LHeCmeeting, 16.7.2013, see also LHeC-Note 2012-001 ACC, and Contribution to IPAC2013

Test of ERL, Operation experience, Sources, Magnet Tests, Injector for the LHeC
Physics: ep with 104°cm2s : sin?® [high E MESA], proton radius; Testbeam facility



Lepton—Proton Scattering Facilities

Jlab 6+12
[ | )
- m  planned ep colliders

SLAC

m  past Ip experiments
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Energy frontier deep inelastic scattering - following HERA with the LHC
LHeC: A new laboratory for particle physics, a 5™ large LHC experiment



Remarks and Outlook

QCD may break .. (Quigg DIS13)

QCD is the richest part of the Standard Model Gauge Field Theory and
will (have to) be developed much further, on its own and as background
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Cost

3%3% 2%

® c1vil engineering

¥ cooling & ventilation

“electrical engineering

M Jarge scale metrology

¥ nstalltion coordination

“access, safety & engineering tools
“ others

“ coorsination of experimental areas

Figure 5: LHC infrastructure cost distribution.

: A 100km machine is very challenging
.Osborne et al. IPAC13, Shanghai B :
J 4 & it will not be cheap and demands firm,

62% CE, 26% surface, 12% consulting .
excellent science reason to become real
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SCAN-0008106 11.4.1983

PRELIMINARY PERFORMANCE ESTIMATES FOR A LEP PROTON COLLIDER
S. Myers and W. Schnell
1.  Introduction

This analysis was stimulated by news from the United States where very

large pp and pp colliders are actively being studied at the moment.
Indeed, a first look at the basic performance limitations of possible pp or

pp rings in the LEP tunnel seems overdue, however far off in the future a
possible start of such a p-LEP project may yet be in time. What we shall
discuss is, in fact, rather obvious, but such a discussion has, to the best
of our knowledge, not been presented so far.

We shall not address any detailed design questions but shall give
basic equations and make a few plausible assumptions for the purpose of
illustration. Thus, we shall assume thcoughout that the maximum energy
per beam is 8 TeV (corresponding to a little over 9 T bending field in very
advanced superconducting magnets) and that injection is at 0.4 TeV. The
ring circumference is, of course that of LEP, namely 26,659 m. It should

30 years from the first p-LEP = LHC paper to LS1



The challenge, again, is to find the way forward, through the dark matter of the
universe and towards a genuine unification of the known and hidden forces:

SUPERSTRIN G & Grond
M-theory heterotic
G ﬁo!u\o:ny EgyEe

Type-XA Tne-x
O(.'ﬂ-?

ype (?0
P\

Umﬁcatmn

H.Murayama - ICFAn

Theory needs help and much hope is directed to the near and far future of the LHC
Particle physics is one coherent subject and it better is pursued as an entity further.

Sincere thanks to many colleagues on Hi, ATLAS, LHeC, LHC, Theory, ..
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HERA I+LHC(Wasymm)
HERA I+BCDMS 3
RA I+LHeC mmmmm

le-06 le-05 0.0001 0.001 0.

X

Gluon measurement down to x=105, Saturation or no saturation (F, and precise F,)
Non-linear evolution equations? Relations to string theory, and SUSY at ~10 TeV?

cf H.Kowalski, L.Lipatov, D.Ross, arXiv:1205.6713



Proton-lesa att Hhe |UHIE

10 cos(n(®, - P,,))] v, for Z is zero, it
z decays before the
®,boson azimuthal emission angle plasma is formed ..

O event plane azimuth

1303.2084 - ATLAS
1307.3237 - ALICE

ATLAS
p+Pb, \[S,,y = 5.02 TeV, Lh= 1pub™

| g S—

ALICE |An| > 0.8 (Near side only)
p-Pb m =5.02 TeV
(0-20%) - (60-100%)

mh AT

v.{2PC, sub}

*K op
:F ov.{2}
*v,{4)
03<p.<5GeV Bv.{2PC}
Wl <25 Av{2) hydro

100 120

(ZED) [GeV]

1—‘—1‘—++

Perhaps surprising, recent results indicate that the flow in pPb resembles PbPb
Possibly the determination of nPDFs in AA and pA is reduced to W,Z production
[collective effects in final state - rescattering of produced partons - hydrodynamics]




