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Standard Model at the LHC
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Latest PDFs from HERA

H1 and ZEUS
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Finally recognized through
« EPS prize for DGLAP
« Wolf prize for Bjorken



SUSY at the LHC - mass limits

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

Status: Feb 2015 Vs=7,8TeV
Model &ILTY Jets EU [Laqm™] Mass limit Reference
T T T — T T T —
MSUGRA/CMSSM 0 26jets Yes 203 |&E 1.7TeV  m@-=-m() 1405.7875
43, q—mﬂ? 0 2-6jets  Yes 20.3 q 850 GeV m(¥))=0 GeV, m(1* gen. §)=m(2" gen. §) 1405.7875
@ 4Gy, G—qX| (compressed) 1y O-1jet  Yes 203 [4@ 250 GeV m(@-m(@) = m(c) 1411.1559
§ &g 0 2-6jets  Yes 203 [Z 1.33 TeV m(EY)=0 GeV 1405.7875
g 23, —qatt —qgWl} Ten 3-6jets  Yes 20 |2 1.2 TeV m(¥})<300 GeV, m(¥*)=0.5(m(¥})+m(z)) 1501.08555
B &8 goaql/tv T 2ep 0-3 jets - 20 |2z 1.32 TeV m(¥})=0 GeV 1501.03555
Q GMSB (7 NLSP) 1-27+0-1¢ 02jets  Yes 20.3 g 1.6 TeV tang >20 1407.0603
g GGM (bino NLSP) 2y - Yes 203 |[& 1.28 TeV m(¥))>50 GeV ATLAS-CONF-2014-001
S GGM (wino NLSP) Teu+y - Yes 4.8 m(¥))>50 GeV ATLAS-CONF-2012-144
£ GGM (higgsino-bino NLSP) ¥ 1h Yes 48 metd)>220 Gev 1211.1167
GGM (higgsino NLSP) 2e,u(Z) 0-3jets  Yes 5.8 m(NLSP)>200 GeV ATLAS-CONF-2012-152
Gravitino LSP 0 mono-jet  Yes 20.3 F'? scale 865 GeV m(G)>1.8 x 10 eV, m(z)=m(g)=1.5TeV 1502.01518
- gﬁbiy)?? 0 3b Yes 20.1 g 1.25 TeV m(¥})<400 GeV 1407.0600
8o g—m’)?é 0 7-10jets  Yes 203 |& 1.1 TeV m(¥}) <350 GeV 1308.1841
. Eﬂ gt 01ep 36 Yes 201 |z 1.34 TeV m(E})<400 GeV 1407.0600
G g—bi¥] O-1ep 3b Yes  20.1 z 1.3 TeV m(})<300 GeV 1407.0600
w e bib,bi-bt) 0 2b Yes 201 | 100-620 GeV m(7%)<00 GeV 1308.2631
<8 bbbty 2e,u(SS)  0-3bh Yes 203 | b 275-440 GeV mET)=2 m(¥y) 1404.2500
S S ih, [ bty 1-2e,pu 1-2b Yes 4.7 i \" m(¥;) = 2m(¥}), m(¥})=55 GeV 1209.2102, 1407.0583
&8 i, -k or i) 2e  O2jets  Yes 203 |& 90-191 GeV 215-530 GeV m(E)=1 GeV 1403.4853, 1412.4742
S8 fi, i) 0-1e.p 12b  Yes 20 |4 210-640 GeV m(¥)=1GeV 1407.0583,1406.1122
8 #n.§ by 0  mono-jet/c-tag Yes 203 | & 90-240 GeV m(i,)-m(¥})<85 GeV 1407.0608
3’1 % 7111 (natural GMSB) 2e,u(2) 1b Yes 20.3 A 150-580 GeV m(¥))>150 GeV 1403.5222
b, bl +Z 3eu(2) 1h Yes 203 |7 290-600 GeV m(¥})<200 GeV 1403.5222
I rlig, I>08) 2e,u 0 Yes 203 |7 90-325 GeV m(E))=0 GeV 1403.5294
XY, XL —Tv(ew) 2e,p 0 Yes 203 | X} 140-465 GeV m(¥1)=0 GeV, m(Z, »)=0.5(m(¥7 )+m(¥1)) 1403.5294
5 XX St ) 27 - Yes 203 |X 100-350 GeV m(¥})=0 GeV, m(,7)=0.5(m(¥} )+m(¥})) 1407.0350
,_,g_, S BBy, Gl 3eqn 0 Yes 203 |&.0 700 GeV mEE)=m(@), m(¥)=0, m(Z, )=0.5(m(¥} )+m(¥})) 1402.7029
S -wiize) 23e,u  0-2jets  Yes 203 |&LE 420 GeV m(TE)=m(E), m(¥3)=0, sleptons decoupled | 1403.5294,1402.7029
EOSWERR, hobb/WWrt/yy  €HY 02b  Yes 203 |#E 250 GeV meE;)=m(T3), m(¥})=0, sleptons decoupled 1501.07110
X3, X0 5 —IRE 4ep 0 Yes 203 [k, 620 GeV mE2)=m(E3), m(¥)=0, m(Z, 7)=0.5(m(¥3)+m(¥1)) 1405.5086
Direct ¥7¥] prod., long-lived ¥{ ~ Disapp. trk 1 jet Yes 203 |# 270 GeV m¥E)-m))=160 MeV, 7(¥5)=0.2 ns 1310.3675
§ 8 Stable, stopped g R-hadron 0 1-5jets  Yes 279 4 832 GeV m(¥})=100 GeV, 10 us<7(3)<1000 s 1310.6584
=G Stable g R-hadron trk - - 191 |2 1.27 TeV 1411.6795
D5 GMSB, stable 7, ¥ (@ fre.p) 124 - - 194 | & 537 GeV 10<tang<50 1411.6795
S 9 GMsB, ¥ -yG, long-lived 7| 2y - Yes 203 | A& 435 GeV 2<2(¥})<3 ns, SPS8 model 1409.5542
33, XV —qqu (RPV) 1, displ. vix - - 203 |d 1.0 TeV 1.5 <cT<156 mm, BR(u)=1, m(¥})=108 GeV | ATLAS-CONF-2013-092
LFV pp—v + X,V —e + 1t 2e.u - - 4.6 44,,=0.10, 4;3,=0.05 1212.1272
S Bilinear RPV CMSSM 2¢,u(SS) 03bh Yes 203 |&@@ 1.35 TeV m(g)=m(g), ctsp<1 mm 1404.2500
& TR, > WY, ) —eet,, e, dep - Yes 203 |#&F 750 GeV MT)>0.2xm(¥5 ), 121 20 1405.5086
X W O srtve, e, Ben+T - Yes 203 | ¥ 450 GeV ME))>0.2xm(¥5), 2133#0 1405.5086
&—qqq 0 6-7 jets - 20.3 K4 916 GeV BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091
g—oiit, i —bs 2e,u(SS) 0-3b Yes 20.3 4 850 GeV 1404.250
Other Scalar charm, é—ck! 0 2¢  Yes 203 |z 490 GeV | m(¥)<200 GeV 150101325
=8TeV -1
- - ‘gm data 10 1 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.
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Exotic physics at the LHC - mass limits
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Top quark at the LHC

ATLAS+CMS Preliminary my,, summary, Vs=7-8 TeV TOPLHCWG
------- World Comb. Mar 2014, [7]
W stat®JSFebJSF - — Stat@JSF@bJSF
total uncertainty = = = total uncertainty
My, + tot. (stat@JSFEbJSF = syst) (s Ref.
ATLAS, l+jets (*) 172.31+ 1.55 (0.75 = 1.35) 7Tev [1]
ATLAS, dilepton (*) 173.09 + 1.63 (0.64 + 1.50) 7Tev [2]
CMS, I+jets 173.49 = 1.06 (0.43+ 0.97) 7Tev [3]
CMS, dilepton 172.50 = 1.52 (0.43 + 1.46) 7TeV [4]
CMS, all jets 173.49 = 1.41 (0.69 + 1.23) 7Tev [5]
LHC comb. (Sep 2013) 173.29 = 0.95 (0.35 = 0.88) 7TeV [6]
World comb. (Mar 2014) 173.34 = 0.76 (0.36 = 0.67) 1.96-7 TeV [7]
ATLAS, I+jets 172.33 +1.27 (0.75 £ 1.02) 7Tev [g]
ATLAS, dilepton 173.79 = 1.41 (0.54 + 1.30) 7Tev [g]
ATLAS, all jets 1751+ 1.8(1.4+1.2) 7TeV [9]
ATLAS, single top 172.2+ 2.1 (0.7 = 2.0) 8 TeV [10]
ATLAS comb. (M7 2018 172.99 + 0.91 (0.48 = 0.78) 7Tev [g)
CMS, l+jets 172.04 + 0.75 (0.18 = 0.74) s Tev [i1] % Tevatron combined® 1.96 TV (L=8.8 f5') ! 0" ' |
h Lot May 2015 ]
CMS, dilepton 172.47 + 1.41 (0.17 £ 1.40) 87Tev [12] = ATLAS diepton 7 TV (L4 15) ATLAS+CMS Preliminary May 2015 3
] ilepton 7 TeV (L=2.3 fb") TOPLHCWG -
CMS, all jets 172.08 = 0.89 (0.37 = 0.80) 8 TeV [11 O ATLAS l+jets® 7 TeV (L=0.7 &) =
cMms ' b. (Sep 2014 172 6 . 14 64) i O CMS hjets 7 Te (L2315 ) 4
comb. (Sep ) .38 + 0.65 (0.14 = 0.64) 7:87TeV [11] ® ATLAS dilepton 8 TV (L=20.3 f")
[1] ATLAS-CONF-2013-046 [7] arXiv:1403.4427 ® CMS dilepton 8 TeV (L=5.3 f5")
May 2015 [2] ATLAS-CONF-2013-077 8] arXiv:1503.05427 -‘;]' ;?LCAGSOIIT?ZG; 19_9;’3(&2\/0[;1?-')3-20-3 fb') -
[3] JHEP 12 (2012) 105 (9] Eur.Phys.J.C75 (2015) 158 HEE S TeV (L=cU.2 L E
(.) SU erseded b reSUItS [4] Eur.Phys.J.C72 (2012) 2202 [10] ATLAé-CONF-2014-055 O Ccms ':‘lpits 87TeV (L=2'B L) ] I 1 -
h pb low th )ll 5] Eur.Phys.J.C74 (2014) 2758 [11] CMS PAS TOP-14-015 * Preliminary 250_- 4 ]
shown below the line [6] ATLAS-CONF-2013-102 [12] CMS PAS TOP-14-010 7
co b e b R [ 1 7
165 170 175 180 185 200 ]|
n'ltop [GeV] [ ﬁ 1
E=== NNLO+NNLL (pp) 150F o9
——— NNLO+NNLL () 7 8 T
Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 -
| | m'”f’ =I1 72.5 GeV, PDF @ a_ uncertainties according to PDF4LHC
1 2 3 4 5 6 7 8 9
Vs [TeV]
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Higgs at the LHC
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Higgs at the LHC

Current preferred option is in the metastable rangelll
BUT WITH SUFFICIENTLY LONG LIFE TIME!
The SM COULD BE A CONSISTENT THEORY

UP TO THE PLANCK SCALE
(from Stefan Pokorski)

(GeV]

pole
t

(figure from S. Alekhina, A. Djouadib and S. Moch

PLB 716 (2012) 214)

6/27/15

H. Abramowicz - Cashmorefest

182
180
178
176
174
172
170
168
166
164

1 T T I T T T T I I T I T T T T I T T T T I T T T T I T T
ATLAS and CMS —— Total || Stat. 1 Syst.
LHC Run 1 Total  Stat. Syst.
ATLAS H—yy F————H 126.02+0.51 (£0.43+0.27) GeV
CMS H—yy = 124.70 +0.34 (£ 0.31+ 0.15) GeV
ATLAS H—ZZ -4l | 124.51+ 0.52 (+ 0.52 + 0.04) GeV
CMS H—ZZ -4l ——— 125.59 + 0.45 (+ 0.42 + 0.17) GeV
ATLAS+CMS yy % 125.07 £ 0.29 ( + 0.25 + 0.14) GeV
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ATLAS+CMS yy+4l i 125.09 +0.24 ( £ 0.21 £ 0.11) GeV
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Guidelines from LHC

« The Standard Model is doing amazingly well

« The Higgs scalar is very much like expected in the Standard Model
« There is no indication of physics BSM up to scales of the order

of 1 1o 3 TeV

however

Guidelines from outside LHC

« Neutrinos have masses - not acquired in the SM
 There is dark matter in the Universe with no candidates in the SM
(axions???)

How should we go about understanding all these issues ?

6/27/15 H. Abramowicz - Cashmorefest



European Strategy

* Europe’s top priority should be the exploitation of the full potential of the LHC,
including the high-luminosity upgrade of the machine and detectors with a view
to collecting ten times more data than in the initial design, by around 2030. (HL-LHC)

* CERN should undertake design studies for accelerator projects in a global

context, with emphasis on proton-proton and electron- positron high-energy frontier
machines. These design studies should be coupled to a vigorous accelerator R&D
Programme (FCC hh,ee,ep ... AWAKE)

* There is a strong scientific case for an electron-positron collider... The Technical
Design Report of the International Linear Collider (ILC) has been completed, with large
European participation... Europe looks forward to a proposal from

Japan to discuss a possible participation. (Waiting for Japanese Gov. decision)

* CERN should develop a neutrino programme to pave the way for a substantial
European role in future long-baseline experiments. Europe should explore the
possibility of major participation in leading long-baseline neutrino projects

in the US and Japan. (LBNF in FNAL — DUNE in S. Dakota)

6/27/15 H. Abramowicz - Cashmorefest 10



New LHC schedule

Integrated luminosity

Luminosity [cm2s?)

6/27/15

* Peak luminosity ~Integrated luminosity
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e * ® 1000 oo
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Cost & Schedule review of LIU and HL-LHC

Frédérick Bordry
SPC
15" June 2015
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Optimal tools? - from Michelangelo Mangano (CC June 2015)

A “real” story from the past ...
Barcelona, | 5 March 1493 ...

Columbus:

Your Majesty, the fleet needs an upgrade, we need to go back to the Indies
with 10 times more ships

King Ferdinand and O laahallaaniacst.
You discovered the Indies, your theory is right, why do you need more?

Columbus:

Theorists* say these may not be the standard Indies.They calculated
the Earth radius, and the standard Indies cannot be so close: these are likely to
be beyond the standard Indies (moving eastward ...)

* If the King had listened to theorists to start with, he would have never
authorized the mission: everyone one would have died of starvation well
before reaching the “standard” Indies ... 3



Optimal tools?
The LHC checklist

e Confirm you’ve landed in the right place
D is the new particle at 125 GeV the Higgs of the Standard Model?

¢ Explore surroundings

® |ook for what you expect: the guaranteed deliverables
) systematically study and measure with ever-growing precision the interactions of
the Higgs boson, and of the other SM particles

® search for new “commodities” - the known unknowns, follow a path ...
p dark matter, origin of neutrino masses, baryon asymmetry of the universe

® Push further the boundary of unchartered territories -
search the Eldorado

D supersymmetry, new forces, extra dimensions, ...

The Higgs discovery goal provided in the 90’s the reference target
for the design of the LHC accelerator and experiments.

But the physics goals and ambitions of the LHC always went beyond
the Higgs discovery ..... 6

6/27/15 H. Abramowicz - Cashmorefest 13



Possible paper choices for the future

« Hadron machines - Higgs factory and energy frontier

HL - LHC, pp 14 TeV

FCC - pp 100 TeV, 80 to 100 km tunnel, 16 o 20 T magnets
CEPC-SppC - pp 50 to 100 TeV, 50 km tunnel....

SSC - pp 100 to 300 TeV, 270 km tunnel, 5 T 0 15 T magnets

 Electron-positron machines - Higgs factory and energy frontier
ILC -linear collider, 500 GeV baseline (expandable to 1 TeV)

CLIC - linear collider, 500 GeV to 3 TeV

FCC ee - circular collider, 240 to 350 GeV

CEPC - circular collider, 240 GeV

SSC - resurrected 87 km tunnel for circular Higgs factory

*  Muon collider - Higgs factory and energy frontier
Circular collider - 120 GeV (expandable to 5 TeV), 300 m long
(neutrino factory as added bonus)

* yy colliders, ep colliders (derivatives of ee and pp colliders)

* Plasma wake field accelerators (laser or beam driven)
6/27/15 H. Abramowicz - Cashmorefest
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system mass [TeV] for LHC14

Energy Frontiers
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Higgs factories

Assuming same running time

0.0 .01 o2 0.08 0.04 L2 3 L LS
BR{H — XP)E ; BR{H — NP) P
P B e— r
— v - ——i @ HL— LHC T free
Ky i_ - — | o 1L — LHC 2 ILC 250 (0%
A — u' - e N
- ILC2% ? @ HL-LHC2ILC 250
¢ ILC 50 *  |e HL-LHC2ILCIW
. oy
Kz - ® LG - == | @ HL - LHC & ILC 100
’ i - ILC 1000 {Lumilp - F & HL - LHC @ ILC 2000 {Lumilp
L LS
Ky _g_ Koy -
R W .!
Ka o Mg pr———
—f— ==
. . —_——
Ky e K¢ —a—————
.
':9 + A'g ——
—— _,_3
- 0.52 L 1.16 )
K > - —_—
HiggsSignals + EiggsSignals el
090 0925 08 0975 1.0 1025 105 1075 110 090 0925 05 0979 1.0 145 105 1075 L0

{(a) ILC only. {(b) HL-LHC and combination of HL-LHC and ILC.

Muon factory — unbeatable precision on Higgs mass of 0.1 MeV and
Higgs width of ).2 MeV with energy scan
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Higgs factories

Assuming comparable luminosity
Precision of Higgs couplingmeasurement (Contrained Fit)

1r
CEPC s LHC 300/3000 ™"
 Prelimina 5
= s CEPC 250 GeV at 5 ab™! wi/wo HL-LHC
§ 0.1 |
L]
Q
=
©
Q
o 10-2
1073

6/27/15 H. Abramowicz - Cashmorefest




Higgs factories

Higgs Self-coupling

Cross Section / fb
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Possible path to discovery or “closure”

 Energy frontier - FCC hh up to 100 TeV (CERN supported)
- SCC staged up to 300 TeV even better |l

The mass range to be explored up to <50 TeV (?)
But ... this is like Columbus adventure with the Indiesll!

* Precision physics - preferred Higgs factory with 500 GeV cms to include
top quark exploration, preferably expandable to higher energies for Higgs
self-coupling measurements

Which option would be optimal?

6/29/15 H. Abramowicz - Cashmorefest 19



FCC well on its way - it has a "rich” home

Proposed international organization structure

CERN DG
I
Collaboration Steering Advisory
Board Committee Committee
1 person/inst. % 2014 2015 2016 2017 2018
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= Lr,‘ﬂr.e—] 2study plan and organisation

'Ph 1: Explore options
“weak interaction”
condr || conder || Phwis || Hadeon |z <®Vorkshop & Review identification of baseline
Physics Physics | | Experiments | Injectors < .
SxpTimens) | Bxenmens) | Recieon Ph 2: Conceptual study of
/ST ruure Cuceter Gotdor Sty  baseline “strong interact.”
A FOC Kick.ON 2014 Workshop & Review, cost model,
‘*’ LHC results - study re-scoping?
Ph 3: Study
co
T v A '
4 large FCC Workshops w_;’ti:?gn:‘s ?:2%‘; 203
distributed over | : . : | Report
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Future Circular Collider Study

Michael Benedikt
FCC Kick-Off 2014
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Talk with Jean-Pierre Delahaye (JPD)
during official MICE inauguration last week

W
¢ Principles of an ideal project scenario

Series of STAGED facilities

* physics interest at each stage
* Technology with increasing complexity progressively
developed and validated

Preferably MULTIPURPOSE
* maximizing supported physics community and funding!

Affordable budget (< 1B$) from one facility to next
* Stage built-on previous stage with additional facilities

Taking advantage of existing facilities
* synergy between present and future program

J.P.Delahaye PAC 13
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JPD figures of merit
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JPD figures of merit
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Summary

« The good news is that there are many ideas how to go forward

« It is essential that the physics community unites behind the physics
priorities to establish the optimal "working" conditions

« The experts should decide which facilities have optimal chances of
success

« The finances, geography, infrastructure have to be part of the
optimization at a later stage

« Smaller scale projects should be supported to keep the community
dynamic

« We need all the wisdom we can get lll

6/27/15



