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Some 2014 Anniversaries

150: Maxwell unified electromagnetic interactions
100: WW1 started

70:
65:
60:
50:
50:
40:
35:
30:
25:
20:

D-Day

Feyman diagrams, ©° to yy decay calculated by Steinberger
Higgs got his PhD, CERN founded, Fermi extrapolation
quarks, Q-, CPV, charm, colour, EWSB,

CMB, Bell’s theorem, Beatles invade US, civil rights

Jhy discovered

Discovery of the gluon

First LHC workshop, SUSY discovered at CERN p-pbar
World-Wide Web, downfall of (much of) communism
Approval of LHC

O%a%mg%avﬁaﬂen&l—rad%en”

3 g



| Tests of SM
“4 | Top physics
4 — Mass, Agg, ...7
& | Producing new particles
— e.g., Higgs
“ ‘ Possible signals
— e.g., boosted jets

i = Backgrounds
k — e.g., pile-up
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Boughezal, Ubiali, ...

Hard QCD (1): Top

» Basic parameter of SM; stablllty of EW vacuum?

1o Experimental world average: = | e S
m,=173.34 £ 0.76 GeV " M\J{
. Monte Carlo mass! ke |
« MC mass =»pole mass? TR R |
=+ 0.7 GeV (MC =>»running mass)

+ 0.5 GeV (running mass =»pole mass)
* New measurements:
CMS: 172.2+0.7 GeV, D0: 174.98+0.58+0.49
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Hard QCD (2): Higgs

« Many perturbative QCD calculations to NNLO

* E.0., gg to H: agreement unsatisfactory :

NNLO gg—H at the LHC (Vs = 8 TeV) for M, = 126 GeV
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~ Tools for Higgs Physics

Cross Section

ggF
HIGLU (NNLO QCD+NLO EW;}

iHixs (NNLO QCD+NLO EW]
FeHiPro (NNLO QCD+NLO EW]}
HNNLO, HRes (NNLO+NNLL QCD)
SusHi (NNLO QCD)

RGHiggs (NNLO+NNNLL QCD)
ggHigas (approx. NNNLO QCD)

VBF
VV2H (NLO QCD)

VBENLO (NLO QCD)
HAWK (NLO QCD+EW)

VBF@NNLO (NNLO QCD)

WH/ZH
V2HV  (NLO QCD)
HAWK (NLO QCD+EW)
VH@NMLO (NNLO)

ttH
HQQ (LO QCD)

bbH
bbh@NNLO (NNLO QCD

HH
HPAIR (NLO QCD)

+ private codes.

Jet-veto

gluon
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|

| —
uon
g N

¢

PDF: MSTW, CTEQ, NNPDF, etc.

ResBos

NLO MC

POWHEG MiNLO
MadGrapnS_aMC@NLO
SHERPA MEPS@NLO

LO MC
gg2Vvy

NLO ME
MCFM. MGS_aMC@NLO

WIZ

(NNLO+MNLL)"

top/bottom

Higgs Decay
HDECAY (MLO++)

Praphecy4f (NLO)

Higgs

Higgs pr
HoT/HRes (NLO+NNLL)
(NLO+NNLL)

WIZ

Higgs Properties

MSSM/2HDM
FeynHiggs, CPSuperH
SusHi+2HDMC
HIGLU+HDECAY




Teaney, Li, Kalweit, Scomparin, Cole

Heavy-lon CoII|S|ons
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» EOS understood
|» Near-perfect fluid (string, holography, AdS/CFT)
 Evidence for collective phenomena in p-Pb
| Transverse shape of proton?
. Energy ‘splashes’ to large angles 1n jet quenching =

| Screenlng (J/\/ Y) regeneratlon (J/\p) !:!-“7
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Standard Model Production Cross Section Measurements
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Excess in W*W- Production? ﬁ

e CMS:69.9 =28 56 3.1pb@ 8 TeV:

— Cf, TH: 57.3*23 . pb

— Light stop(s) "=
—WIno

—BIno

Curtin, Meade, Tien: arXiv:1406.0848;

| ATLAS:519 2039 x20pb@ 7 TeV:

Kim, Rolbiecki, Sakurai, Tattersall: arXiv:1406. 0858 =

‘Stop ambulance chasmg scenarlos Wlt ;

|+ Check con3|stency / with direct searches
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Flavour Physu:s

CKM picture works very well

Many successful predictions:
— Many modes of CPV

— In K% BY, B*, B, systems

— No sign of CPV in charm ®
Also rare decays: B, 4 ="y

Could still be substantial BSM
contribution

Does new TeV physics copy
CKI\/I? Squarks non-

...........................
Amyé& Amg ]
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Flavour Puzzles

|+ V,: leakage to vector- like q? oo

- :f',_. « Dimuon asymmetry at TeVatron?

* CP asymmetries in D to Kn?
Agt+0— Aper— = 0.122 4 0.022

« BYto K™ u* u-angular distribution: P.” anomaly

(3 70, 0.5% w1th LEE) exphcable by 7’7

- o
Q.
0.02
HFAG BLNP " b, 104 1"
TV HFAG - DO
HFAG avg. w/ Laffie ATIT, = 0.0042
0 8% Cl \I
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I Y |
Rey D 89, 012002
2014)
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SM Measurements

by an (approximamry

* Flavour, electroweak and Higgs measurements
complement searches for New Physics

* From LEP paradox to LHC paradox
— Light Higgs + nothing else?
— If something light, why no indirect evidence?

» If nothing light, is light Higgs unnatural?

e e o b

A Mass
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Higgs Mass

« Updates from ATLAS and CMS:
— CMS: 1256 = 0.4 = 0.2 GeV from ZZ* =

— ATLAS: H-vyy

H—ZZ*—4¢ | 124.51 £ 0.52 (stat) + 0.04 (sys) = 124.51 £ 0.52
Combined 125.36 £ 0.37 (stat) + 0.18 (sys) = 125.36 + 0.41
e 2-G! Amy = 1.47 £ 0.67 (stat) + 0.28 (sys) GeV = 1 47 +0.72 GeV
- ; ’ ATLﬁSVPLrghnlu;%ry o  — Cﬂmb ned yy+ laul'l o
Basic parameter of SM: " iR :5_:;;*%, 3
— Measure it! | (-

|+ Crucial for stability of
electroweak vacuum
=

125.98 + 0.42 (stat) + 0.28 (sys) = 125.98 £ 0.50 |




Measuring I'; @ LHC?

. Constramt from off-shell H* -)ZZ [, <22 MeV

. Apparent m, ;é mzz*due to mterference with QCD

AMy; [ MeV
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But:
Sensitive
to BSM
e.g., dim-6

Tough'
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No BSM? Beware Historical Hubris

""So many centuries after the Creation, it is unlikely that anyone
could find hitherto unknown lands of any value” - Spanish Royal

Commission, rejecting Christopher Columbus proposal to sail
west, < 1492

“The more important fundamental laws and facts of physical science
have all been discovered” — Albert Michelson, 1894

"There Is nothing new to be discovered in physics now. All that
remains Is more and more precise measurement" - Lord Kelvin,
1900

“Is the End In Sight for Theoretical Physics?” — Stephen Hawking,

1980



Theoretical Confusion

» High mortality rate among theories

« (M, M,) close to stability bound

« Split SUSY? High-scale SUSY?

« Modify/abandon naturalness? Does Nature care?
| String landscape?

« SUSY anywhere better than nowhere

|« SUSY could not explain the hierarchy

 New i1deas needed!

“In football-as-in-watchmaking, talent and elegance mean nothing without rigour and precision.” 8

pﬂfﬁﬂfﬁ' fheory [LiDne| MESSi] .
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Empty » spéce IS unstable

L Origin of matter
W . Masses of neutrinos
i) ‘! « Why is weak force so strong?
|« Inflation

v
)

L Quantum gravity

w
The Standard Model 'sNot Enough

oo~




Vacuum Instability in the Standard Model

 Very sensitive to m, as well as M,
" 178 g p———— =
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- A 3) 176 ml g
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Wnstability during Inflation?

Hook, Kearns, Shakya & Zurek: arXiv:1404.5953

* Do quantum fluctuations drive us over the hill?

]_5 __| T T T T T L I— T L T T T T

;| L5 - 1 ™. 10f
r Hawking-Moss Instanton ] ‘\\ [ okker-Planck Fandom Walk
‘:E ln:_ Cmantom flucmations ‘,-"/ H E \é‘;_ _F__,_—r"_--.-_’-
[ ~H2x 1 L % - =
= o5t s ] = ool
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-~ 0.0 ____...--/’ CCCCCC ucia Tunnsling \ ] - "3’: < .
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—10LCL. . . . . . . . 3 —15-|I P T T S T SR T
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h/ Amax

|» Then Fokker-Planck evolution

|« Do AdS regions eat us?
— Disaster i1f so
— If not, OK If more inflation

Cure with non-ren’ble operator?

T R o T e CRor J -~ ML .




Higgs as a S
Pseudo-Goldstone
Boson?

‘thtle nggs’ mOdels | or 2 Higgs doublets,
| ossibly more scalars
(breakdown of larger symmetry) & PO IHoTE e

colored fermion related to lop L|llLl|‘|~;

new gauge bosons related to SU(2)

new scalars related to Higes
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Global Analysis of Higgs-like Models

» Rescale couplings: to bosons by a, to fermions by ¢

e Lo

GLOBAL Combination ;
Peeudo-Dilaton/MCHMA Muehlleitner
Anti-Dilaton
rrniophobic
MCHMS

'ﬂ No evidence for
deviation from SM

0.4 0.6 0.8 10 12 14 1l& 15
d

| e Standard Model: a =c=1

JE & Tevong You, arXiv:1303.3879 3,,




It Walks and Quacks like a Higgs

* Do couplings scale ~ mass? With scale = v?
R L LR e T bl o R

. ATLAS Simulation Preliminary

t g
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BSM via Higher-Dimensional Operators

« SM nggs + corrections due to BSM Muehlleitner
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Possible Future Higgs Measurements
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HL-LHC : One experiment only
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What else Is there?

Supersymmetry

 Successful predlctlon for Higgs mass
— Should be < 130 GeV in simple models

 Successful predictions for Higgs couplings
— Should be within few % of SM values

 Could explain the dark matter
* Naturalness, GUTs, string, ... (?7?)

~
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MSSM Higgs Masses & Couplings

EGD_I I|IIII|IIII|III|IIIIIIIIIIII III|II

Lightest Higgs mass
up to ~ 130 GeV
Heavy Higgs masses

tra i LN
Wi B

78§ 0. g

qmte close

i |5 2 lighter Higgs
f still waiting?




CMSSM Search @ 8 TeV
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Post-LHC, Post-XENON100 P

2012 ATLAS + CMS with 20/fb of LHC Data
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Red and blue curves represent Ay? from global minimum, located at <y

p-value of simple models ~ 5% (also SM)




LHC Reach for Supersymmetry

Squark-gluino grid, m _ = 0. Vs=14TeV METAHT>15GeV'?
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Post-LHC, Post-XENON100 i

2012 ATLAS + CMS with 20/fb of LHC Data

m Reach of LHC at
\ High luminosity
6l
-5
34l
3l
5|
L\ BN 1
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mg, [GeV] Buchmueller, JE et al: arXiv:1312.5250
Favoured values of squark mass also significantly

above pre-LHC, > 1.6 TeV




If you Know of a Better Hole, go to it

« The hierarchy problem is more
| pressing than ever i
« « SUSY is increasingly the best ;
] solution we have g
- \We have an evolving sense of |
what SUSY models do not work |
» But SUSY is a framework, nota |
model, and contains multitudes :
,-1 » This points us in new directions; |
many novel possibilities for
SUSY remalin
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[MOFEE MINIMALJ

[COMPRESSED]

[SUF’ERSOF'IJ

E%EMI-NATUEAL%

UNNATURAL
EﬂINI-sPLIT]‘/{ J

‘/ PLETHORA OF MODELS CONSISTENT
[ SFUT ] WITH DATA, MANY OF THEM NATURAL.
WHERE DOES THE DATA POINT Us?
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Luminosity and Energy

Proton-Proton Colliders:

Future runs of the LHC:

— Run 2: 30/fb @ 13/14 TeV
— Run 3: 300/fb @ 14 TeV

HL-LHC: 3000/fb @ 14 TeV?
(proposed in CERN’s medium-term plan)

HE-LHC: 3000/fb @ 33 TeV??
(high-field magnets in the LHC tunnel)

VHE-LHC: 3000/fb @ 100 TeV??
(high-field magnets in 80/100 km tunnel)
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Higgs Cross-Sections @ HE/VHE-LHC
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Reaches for Sparticles

@ LHC, HE-LHC, VHE-LHC
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Where May CMSSM be Hiding?
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Exploring the Stop Coannihilation Strip

« Extended by Sommerfeld effects on annihilations ‘
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Standard Model Particles:
Years from Proposal to Discovery

Electron i |

Photon Lovers of SUSY:
- be patient!
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