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| Tests of SM

| Top physics
' — Mass, Agg, ...7

1| Producing new particles

: — e.g., Higgs

“s ' Possible signals

' — e.g., boosted jets

“| Backgrounds

— e.g., pile-up
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Soft QCD at the LHC

* Needed to model backgrounds for precise

measurements, discoveries — also cosmic rays |«

Pre - LHC ' > Post - LHC
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Hard QCD at the LHC

PDF uncertainties greatly reduced thanks to LHC
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ests at the LHC
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» QCD predictions successful over many
- | orders of magnitude
|+ g runs beyond the TeV scale: into a GUT?

» Consistent with world average De Visscher



Standard Model Cross-Sections @ LHC

- & 7 TeV CMS measurement (L <5.0 b’
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Melnikov, Meyer

Hard QCD: the Top Mass

Basic parameter of SM; stability of EW vacuum?

ATLAS+CMS Preliminary my,, summary, \s = 7-8 TeV TOPLHCWG
 World
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To Pentaquark or
not to Pentaquark?

Events/(15 MeV)

 Surely something the;e
« One nice Argand diagram
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 One not so nice

of

P.(4450) + Wigner:;
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» Good evidence for the resonant character of P_(4450)+
« The errors for P_(4380)* are too large to be conclusive




Skwarnicki, Bondar

To Pentaguark or not to Pentaquark?

438018129

205118186

—— 4449.8£1.7£2.5

3915119

« Why Is 4450 MeV state so
narrow, despite having 400
MeV of phase space?

« Barely bound state of £. D™?
* Analogous to “tetraguarks’?
'+ If so, many more to see!

 Detect in photoproduction
| at JLAB?
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Vuorinen, Arnaldi |

Phase Diagram of Nuclear Matter

A rich landscape we are
only beginning to explore |
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Lattice at Finite T, ug
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Anisotropies In Little Bangs

\uorinen

=04 fm/c

Many anisotropies v, #0

Collective hydrodynamic flow

Constraints on vIsScosity n
—n/s <0.2: lowest known?

Value close to lower limit
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Increase from RHIC to LHC? ...

we RHIC: 11/5=0.16
o= LHC: yyfs=0.16

Interpolation towards Oy R ToHC v
perturbative QCD? b




Grosse-Oetringhaus

“Ridge”: Collective Effect in pp?!

Seen first
In Pb-Pb
(later p-Pb):
“collective
effect”

2o%s
N,
% t":‘“\“\‘
“““ “ )
¢

MS PbPb |s,, = 2.76 TeV, 220 < Nj3'™ < 260

ST T
S ““““ “

eeei et
Rt

| ATLAS Preliminary

Now by ATLAS
In high-

+=13 TeV, L_~14 nb”

ata 2015

e .02
multiplicity i
pp events P
at 13 Te
:'r..-u.qo - ,". 2 _f‘*“ -

d) CMS N = 110, 1.0Gerc<pT<3.0Ge\Hc
Then by CMS
inhigh- 2 S
multiplicity = ¢ 0 e
P Yy < :% .‘0‘,""‘:“‘:‘8‘\‘\\“‘,‘ - | B
pp events: F i Via L |
; _ on
: BIG 2 2 B
{7} :
SURPRISE! ‘1
0.5<p7°<5.0 GeV 5, ATLAS Prelminary ]
N'*>120 > " 1s=18TeV, L ~14nb
: - Data 2015
Detal_led bz
studies |- 054p™°<5.0 GeV l
on way | 20<ani<50 B
' 1 |
40 F |
“’ L J + *‘:
~ | ‘ (I) \ \ %




Arnaldi

Many Impressive Suppressions!
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Standard Model EFT

:
-

Higgs:
CP, x4, flavouy violation, ... |

L e—

R

Electroweak: Flavour:

Sin%0, TGCs, .

Top, CKM, anomalies, ...

soft, heavy 1ons, PDFs, hard, ...
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Lattice improvements in
neutral Big-meson mixing
will continue to reduce
allowed parameter space

preliminary g from
Lattice 2015
[Simone for FNAL/MILC]
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| Lattice input crucial for exclusive V ,, B, mixing
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I I aV O u r P h y S i C S Miyabayashi, Ligeti
0.10 T A T T 7 T
‘ 2 £y exciucod arca has CL > 0.95

CKM picture works very well -
Second unitarity triangle?
Many successful predictions:

— Many modes of CPV
— No sign of CPV in charm ®

Could still be substantial BSM
contributions to B physics

Does TeV physics copy CKM?
— Minimal flavour violation?

Amy &Am, O(}\.z)

L. -



B, 4 =21 Decays

B. =2 u " success for CKM

CMS and LHCb (LHC run I)
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Ligeti, Lanfranchi

lavour Anomal
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Charged
L_epton
Flavour

Violation

Observable
In SUSY
models
with v

masses?
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Other Low-Energy Physics

. 7.9
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Tschirhart

* scatt. JLab .
up 2010 e . scatt. Mamnz
@ H spectroscopy
1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1 | 1 1 1 1 | 1 1
0.83 0.84 0.85 0.86 0.87 0.88 0.89 0.9
- < = S -""T | R. Pohl 2 ot al Nature 466, 213 (2010). Proton c.harge radius R [f]_'n_]
) et A. Antogmmcmf.. S%ierE:e 339, 417 (2013). <h
New electron EDM /Imlt from ACME K. - oo 1507.08672
~ Berkeley pponial ACME 5 : ‘ '
peria ACME ;
(2002)\52011) (2013) UPGGRADE ACME: =
iProjected d, < 8.7 x 10-?® e-cm (90% CL) X
***** it istatistical MFV:
:sensmvn'y 158 arg A,
= arg V3V,
0} 4
sl A; or Ag only: |
£ lex IN* o< Tm A} 5y / M
‘ | | AW
\Ceneml NP L’W
" x1011
00 5 10 15 20 25 30




EW Physics at Tevatron & LHC |

Einsweiler &

. Forward-backward

lept

asymmetry in Z sin” 0, 5
production at ATLAS 0.2308 +0.0012 |
Tevatron gives CMS 6] 0.2287 - 0.0032
| precision in sin20 in DO [5] 0.23146 4 0.00047
- same ball-parkas ~ “PFHI 023154 0.0010 |
;, LEP or SLC LEP1 AﬂFgB 3 0.23221 4+ 0.00029
. Could do better by LEPs A 3 0.23099 = 0.00053 |
" combining CDE 3[1)0 SLC, Arr [3) 0.23098 =+ 0.00026 |
< using e+e'gan d . LEP{SLC [3] 0.23153 4+ 0.00016 £
o PDG p;lr::rbal fit [46] | 0.23146 +0.00012 |

. Challenge for LHCI
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riple-Gauge Couplings at LHC

Einsweiler
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Higgs Mass Measurements
 ATLAS + CMS 7" and yy flnal states
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|« Statistical uncertainties dominate

|+ Allows precision tests 2
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It Walks and Quacks like a Higgs

* Do couplings scale ~ mass? With scale = v?

19.71b' (8 TeV) + 5.11b' (7 TeV)

0 T AL T T T .
/\f ( 1}1+2 ) :
- |==68% CL
({*10 E |[—95% CL
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H Spin-Parity Tests: 0" AOK

Arbitrary normalisation
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arXiv-1506.05669

|+ Alternative spin-parities disfavoured > 99.9%
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Higgs Signal Strengths

ATLAS ' *Giﬂt,z,c_} Total uncertainty m, = 125 GeV

; — Sltheo Combined
N — ry =100+ U.74 | .
52 o ottheory) , . — - Farrington |
. 1 H —5 TT 32: : L { N M .

=147 10
H= 117 0.26 |- oos

u J H— vy tagged

H->ZZ j ] w=112+024

0,40 |-om
L=1.46 03 |0

—
e
L

H — Ww*

o
H
-
_.
o

H — ZZ tagged

—
024 | o1e H
u= 1.18 ~na .

021 nos

H— 1

|_

] .
4042 o= : —
i H

p=14 a7 [Cate

—H— WW tagged

=0.83+0.21
n=063"% 0 H

0.37 |- oo

H — 11 tagged
u=0.91+0.28

H — bb tagged

Combined ol : T u =0.84+ 0.44
= 1183:2 -:--:e I A | R R R B SR PR T N T S B
A A A I 0 0.5 1 1.5

\s=7TeV, 4547 ib" -1 0 1 2 3 Best fit G}FGSM
\1s=8TeV,20.31" Signal strength () EPJC 75 (2015) 212

» Globally, Standard Model OK @ 10% level




Flavour-Changing Couplings?

* Upper limits from FCNC, EDMs, ...

|* Quark FCNC bounds exclude observability of
quark-flavour-violating h decays

 Lepton-flavour-violating h decays could be large:
| Either BR(tu) or BR(ze) could be O(10)%

Blankenburg, JE, Isidori: arXiv:1202.5704 -5
Harnik, Kopp, Zupan: arXiv:1209.1397 B BR(HG) mUSt be < 2 X 10

. i %&.ﬂ : N® - Mg g,




Flavour-Changing Higgs Couplings?

ut, 0 Jets
1.32% (exp.) .. & QDbserved

2 04% (obs.) % E od
HT, 1 Jet
Expected =
1.66% (exp.) . - hd
2 3% (obs.) D Expected = 21
ut, 2 Jets

3.84% (obs.)

uT, 0 Jets

2.34% (exp.)
2 B1% (obs.)

BT, 1 Jet

vew| R
= -

2 22% (obs.)

- ut, 2Jets

C L 231% fexp)
3.68% (ochs.)

CMS 18.7 fo ' (8 TeV)

ut_ events
V5 =8TeV _[Lcu =203

Events / 10 GeV

- Hept
| 0.TE% (exp)

LT I IAmAAY TENN LA TV (4 T TN AT | [

1.51% (obs.)

Data - Bkg.

—#— [Diks 2012, 2016

m— H{125) — (BR = 0.77% H
Bl 2 - o1+ jots (05-55)

0 W s jote (05-55)
I same Sign

B 7 - g+ VV(OS-85)

7 syst. une.

Also: BR(et) < 0.69%, BR(ep) < 0.036% pavins:

o 3o 880

[ =11

2 6 8 10
95% CL limit on B(H—u1), %

Br(H — pur)=(0.77 + 0.62)%

Dawson, Miller, Vidal
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Elementary Higgs or Composite?

» Higgs field: . Fermion-antifermion
<0[H|0>#0 1 condensate
» Quantum loop problems |5}« Just like QCD, BCS

|

o oo IRV | superconductivity
~ Bl |- Top-antitop condensate?
/ needed m, > 200 GeV

N N New technicolour force?

| - Heavy scalar resonance?

- Inconsistent with

precision electroweak data?
Little Higgs, ... )

Cut-off A ~ 1 TeV with




Farrington

 Rescale couplings: to bosons by «,,, to fermions by «;
 Standard Model: x, = x; =1

Production Loops Interference  Expression in terms of fundamental co g sirengths o 4: N N I =
o(geh) 7 bt k; ~  1.06-xf +0.01 - - 0.07, - ATLAS ]
(VBF) - : ~ 074 40262 3L G=7Tev, 4547 " .
o(WH) - . ~ Xy 2:_ Vs =8 TeV, 20.31" E
ol — ZH) ~ o Emy=12036eey L .
olgg = ZH) / Z-t gy~ 227 +037.¢ -1, 1£ ¥ : e R—
] a(bbH) - . ~ 5 C o —— ]
I Uul”) " » ~ \,: 0:_ o - ‘—'—__
o(gh — WiH) . W -1 ~ I.Krl-xf-l._'jﬁxi -2k n R — —— —
aigh — tHe") - W=t ~ 3443563, -5 B /j.«:.'ﬁ — -
Partial decay width E—_ — ~—-—- e E
S 7 - DH-}w =
Tob —23/ COH-oZZ
tom ' ' = E CJH-WW
I [ JH-osw _J
3 *sm —68% CL S Hobb
E ¥ Best@t  --95%CL ] Combined -
g - : .~ : < _4 11 Ll L1l il L
Gy o Wt g~ 15940075 - 066 04 06 08 1 12 14 16 148
I'z‘ v W1 o~ L12-x5, +0.00035 - - 0
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Global Analysis of Higgs-like Models
Do 2

 Rescale couplings: to bosons by «,, to fermions by «;
| ==
» Standard Model: x,, = Kt = 1
T PAAREEA B o g emsroms 1' LHC (7 TeV +8 TeV)
'8 Z_ T and 5 CL it contours Feﬁg Tdy%h CL fit contours™ 16 + Standard Model I _'AILAS
T ERRL] Salpopy
. 1-11— f,T‘J *- - “ 50 —— 95%CL : ;"
< 0.8 ."xh..,_.<_.-&-:;fﬁg)fﬁ - v 3 07 J""ff
. D
: Ky Ky = 1— C
|« Consistency between Higgs and EW measurements =
K I\/Iust tune composﬂe models to Iook I|ke SM "

o
. i e

- MR-y 3 . U R
B RS e b A L aldl & » a g e | - ’ ’6" 4 ’ 4



Why Is there Nothing rather than Something?

 Higher-dimensional operators as relics of higher-
energy physics: . Z o

» Operators constrained by SU(2) X U(l) symmetry: |

L D

_I_

_|_

_|_

A2

2 $'&B,, B> + g ¢ ‘*'{I}hi-ﬂﬂ e

ﬂ'? “ Tﬂn

CH gurgpt
= 0" [D7®)d, [{I}'iv]—l-

2iq C c,rm [D”*i**?:;_ﬂ”'iv]ﬂ rl;rr -ZHH [_D#.:I:.TDU{I}] By
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mu Em W

E—_m"i"hil B . f}; tp + gyafil i Qf br + _:U- o'0 & - Li7r

- Constram Wlth preC|S|on EW H{g_gg wdata‘;LC;C{im___J‘_‘__j
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Off-Shell Higgs Production & T',

o |If off-shell couplings = on-shell: I';<5.4,5.5 X SM

= « BUT: beware higher-dimensional operators in EFT -

Cross Section for 2e2u Final State without Cuts 10 ———

10 F T - SM/o;, ——

S o F—
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001 | e, "9

|
- |
mam ] 1
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1
| Azatow, Grojean, Paul, Salvioni
[ 1

Gainer, Lykken, Matchev, Mrenna, Park
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« EFT coefficients constralned by comblnatlon
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Global Fits including
LHC TGCs

A [TeV] A=vTA
0.3 04 08 04 03

JE, Sanz & Tevong You, arXiv:1410.7703

= Dawson, Ciuchini, Greljo

Associated production
LHC Triple-gauge
couplings

Global combination
Individual operators
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Standard Model EFT | Neutrinos:

:
-

"1 CP, hierarchy, ...

Higgs: Models?
CP, x4, flavour violation, ... |
Electroweak: = = Flavour:
Sin%0, TGCs, . Top, CKM, anomalies, ...

QCD:
soft, heavy 1ons, PDFs, hard, ...

Lattice




* « Empty » space Is unstasli)

& - Dark matter SUSY

£ Origin of matter SUSY

L W Masses of neutrinos

A ‘!_- Hierarchy problem SUSY

i\ | - Inflation SUSY
N Quantum gravity SUSY

v
i 7/ 1/ 1/ [/ 4

o7




Theoretical Constraints on Higgs Mass

» Large M,, — large selt-coupling — blow up at B
- 7 7_ il 7 010 _

2?"21;4 = v 1011113 GGV =

|+ Small: renormalization & \ | B

i 5

due to t quark drives £ ool _h B

guartic coupling < 0 o |

| atsome scale A — ff

_:= — vacuum unstable 1|:|2 104 m IRDG;LE Lum G:; 1[: m 11:1""J "

;}w Vacuum could be stablllzed by Supersymmetry




Vacuum Instability in the Standard Model |

 Very sensitive to m, as well as M, S —

173 =]
Vo] t!nélﬁbi!ibr— 0 A 0]
A E 176,;_—_ - NeW DO 10
£ 0 World @™ S sS
2 L - Meta—sta average B ¢ e
= f A il . -\ ,/'_.:,.3. - 2E
~
8
2
£

172 S IV i
WA

g = — Stability
V 168 & = - - A - £
120 122 124 126 128 130 |

Higgs pole mass M), in GeV

A - M, M) — 0.1184
]nge—;w=“'3“‘“( h —125.66)—1.2( : _173.1D)+[1.4“3{ z)

CoV GeV 0.0007
im,=173.3 = 1.0 GeV =» log,o(A/GeV) = 11.1 £
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Instability during Inflation?

Hook, Kearns, Shakya & Zurek: arXiv:1404.5953

Do mflatlon fluctuatlons drive us over the hill?
20 N ISP o vy
15;_ N _ -1\1\‘ 1{}2- . Smﬂm?:@m‘ O

‘:5 l.U;- Quantm fluctuations 4o = _ ?C ‘\é‘;— - dJ__,af""_d-.H-.
= ost 2 1 = op—l
g __.___‘_/’ > ] E 1 C 1
é U.ﬂ-; CCCC ucia Tunnsling x _ ’{_;5-_
—05f 1 -10f
;,’ -15 E_"I"""“""‘ < 1
0G4 06 08 10 12 14 S S B SRR B
h/ Ape

 Then Fokker-Planck evolution

* Do AdS regions eat us?
— Disaster i1f so
— If not, OK If more inflation
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What lies beyond the Standard Model?

Supersymetry

New motivations
Stabilize electroweak V(S8 [S 108 From LHC Run 1

» Successful prediction for Higgs mass
— Should be <130 GeV In simple models

|+ Successful predictions for couplings
' — Should be within few % of SM values

Naturalness, GUTSs, string, .
... better known, and still well—motwated

B

., dark matter [+
MS SM McCullough -




Exploring Light Stops @ Run 2 | ™<=

2012 ATLAS + CMS with 20/fb of LHC Data Reach of

fal o
pMSSMlO TF, production, T— b1 P35 T o ¥ /T— Wb T — t 3 sensitivi Charglno +b
;- m;l 1 1 I 1 I 1 1 I 1 1 1 1 I I I I 1 I 1 1 1 1 tf E‘pi E* Searches

{3 — ATLAS =8 Tal, 20 b E 40
n s=T-tr EILA L combined ==
S, 400 BTty L BC é____an
E i wn?rrﬂ W 20
=l -wbE, E1L, B3
350 —1:-.—| Ef [ o]
BNt b1y B, EIL
ey R S — Exgpeacted limils I—SP + top
] o o .,

=

== S

searches

Shchutska, Cristinziani

m-o [GeV]
i
hlllll||||||||||||||||||||||||||

G,

;
g
ol

II" o

De Vries, JE et al: arXiv:1504.03260
Part of region of light “natural” stop weighing

~ 400 GeV can be covered




Searches for Long-Lived Sparticles

Lowear limiton m 3 [GaV]
1

v 5 e v;'v—w-(‘ = TR m T . P
AT R T N e g . N AT T LY TREE o WO T U T |

Interpretations given for long-lived charginos

W =T Stalus, July 2015 T (@ 1eY)
1D'mfll-hﬂrllxll] 15uy EEG_IIIIIIIIIIIIIIIIIIIIIIII_
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Sensitive up to my+ = 500 GeV Similar result from CMS shown

Also interesting for long-lived staus .. 10 cev
|




Anomalies with Missing E+-

Dilepton edge below Z e Z+ missing E;
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Exotic High-Mass Anomalies

|+ Diboson “bump”: VV =>jjjj around 2 TeV? |
— 3.4c local significance, 2.5¢ global significance

187k (8 TeV) |

qu= M"'".."E
— Oosarved limit

<

—a— Observad 95% CL
- \s=8TeV, 203" Expected 95% CL
I # 40 uncertainty
|:| + 2o unceirainty
— EGM W', c=1

— egjj) [b]

[ Ezpacted = 10
[ Emaded-2q
— Theary g,=g)

R
—
(=

-_
T
=
(o nf
m

E "
=

T

| o

=

| ®

c(pp— qu) x BR(W

e W, Degjj? Wait & see @ Run 2!
| —(2.8c local significance) |




Energy Frontier vs Intensity Frontier

r' R
TR
T‘ L.

e L|ght weakly-Interacting particles dlfflcult o -
to see at LHC Log «

Energy Frontier ¥

Log m
100 GeV g Mx

JHEP 1503 (2015) 171
1

Explaln gM ?
e Low-energy S
constraints | LHCh, arXiv 1508.04094v1

§i & LHCD e %

ms [GeV]

NAd48/2




PrOJects for Future Experlments

g Pospelov

Fixed Ta:rgetfbeam dump experiments sensitive to

Movers Target SiVertex Tracker ECal

Dark Photons: HPS, Darklight, APEX, Mainz, SHiP...

Light dark matter production + scattering: MlnlBONE BDX, SHiP..

The SHPexpenme nt
( as implemented in Geant4 )

Right-handed neutrinos: SHiP

beam dumps...

Extra Z’ in neutrino scattering: DUNE near detector (")




i o i B _':_—r:"l ]

Reactor Neutrino Experiments

Stahl E

« Great progress since previous Lepton-Photon

97 d 1112.635
near far 2011 ——* | by e
. 1 . I N (T N . i
B DB: 49 days [1203.1669]
e RENO: 222 days [1204.0626]
: P N B DC: 228 days [1207.6632]
cureent experiments 2012 MH” B
; ; - [1210.6327]
oy R o most precise measurment  |(1301.2048]
= T I S T . e . Daya Bay (nFGd; rate+shape) | |
y - 2 = NuTel2013]
0.6 | sin“ 26,5, = 0.084 + 0.005 |NuTe v
amLAND ; 13 < 3
& E’ L“ | : 6,5 = 8.4°+0.3° [1305.2734]
B O 2013 | ; v [1310.6732) (=
N : : R+S =
| 0.4 RENO: 403 days [TAUP2013]
” DB: 190 days n-H [Moriond2014] ~ =
- DC: 469 days [v2014] <
jq . 2014 [v2014] .
- Combination will come! [v 2014] :
; : "311.' n-H [v2014]
= : ! : : 384 days n-H [NOW 2014]
w2 next generatlon 2015| | m 1 | RENO: 795 days [singapore 2015]
- 5 : 10 005 0 005 U1 015 02 025 03 " -
L/E (km/MeV) sin’(20,,)

« Anomaly in v flux # oscillations

- |\5V ﬂ . . '“ . -"/; \ o -



Accelerator + Atmospheric vs

* 56 v,Dv_from OPERA  «————"—wmcen

,- Fl rSt L i g ht fro m NOvA — Inverted hierarchy

= 8
=
§ 90
- Normal Hlerarchy =
=
— NOvA90% CL o
w ¥
- T2K 90% CL | F
a0 —
R --- MINOS 90% CL 5
- RN 00— 2 E ani2 2n
25— i “‘; — bcp B : o
/] LEM 2.74x10% POT equiv. sin“H,, =0.50 |
So— - - Sy
- —— Mormal hierarchy B
201 N —— Inverted hierarchy | &
~ -1 L Tl i e i R b e e g
L 1 L 1 | 1 L 1 | L 1 1 Il | L 1 L L “
0.3 04 0.5 0.6 0.7 |

|+ Consistent with previous
| mild preferences for normal
F hlerarchy, SCP ~ 3n/2‘?

'-




Zavatarelli

Absolute m,

. -

Upper limit on m,

w2}

_ Katrin to start in 2016 E o\

— e capture on 163Ho N

0

90% up. |

2
0 2 4 =1 g 10 12

* v-less ﬁB decay full beam time [months]
« Using the CMB
N

= Cosmic Origins Explorer

Excluded at 890% confidence level I

A N A A B 0 A S A A

A,
Combination {CUORE, EXD-200, GEADA, KamLAND-Zan, NEMO-

IS
o
T
|
\ev)

Planck
85% limuit

—

A future mission 10
- could measure
24 F the neutrino hierarchy | _

and absolute mass !
]




Novel Idea # 1: “Twin Higgs”

McCullough

» Higgs sector links 2 copies of Standard Model:

¥ ‘ o\ 2
VHiges = A (‘HA‘Z T ‘HBH)
« SM quadratic divergences cancelled by SM-
neutral particles: “neutral naturalness”

» Postulate negative mass? in SMg sector

SU() = SU@) = 7 X 1) ExD= WB;ZB
N G D= ()
 “our” Higgs is pseudo-Nambu-Goldstone boson
* Novel LHC phenomenology

— Higgs =»B-sector glueballs? Displaced vertices?

o .



Novel Idea # 2: “Relaxion”

McCullo ugh

j

« Add “axion-like” field to Standard Model

| £~ (M2 — g6) [ H —gM>4 2, f1eos
 Chiral symmetry breaking potential

» Depends on quark mass, hence Higgs vev

e Evolution of “axion-like” field

 Gets trapped with non-zero vev

 Also Higgs vev, naturally small

» 10% inflation efolds, Ocp # 0 !! |

* Need epicycles (new QCD’, ...) /\

— | -




Composite Vector (Gauge) Bosons?

» Massless spin-1 bosons can be composite

< — Explicit supersymmetric example: .
« SU(4) + 6 4 + 4bar =»SU(2) + 12 2 fermions + 32 1 scalars

« Example of strong-weak duality, proof uses

T [Tij<a T (i, 1/(fin), p, q)
(p.p)*(q.q) /,-;—I [dri] [Lij<a T(ri/ 1, 13/1is P, q)

fJEE _12 HJ&.E r./"j' f}f‘rp{J)

Elliptic hypergeometric Gamma functions and g-Pochhammer symbols

 Applicable to p meson of QCD?
« Applicable to gauge bosons of Standard Model?

= {H i/, f?)_ f I] ler ]HJQ (i, 1/(fir), Ps 9)

» “No experimental motivation” — Look for it!




Cosmology & Astrophysics:
Inflation, dark matter,
cosmic rays, grav. waves, ...

4

Standard Model EFT ~ = | Neutrinos:

:
e

Higgs: Models?
CP, x4, flavour violation, ... |

L —

7 CP, hierarchy, ...

N

Flavour:
Top, CKM, anomalies, ...

Electroweak:
Sin%0, TGCs, .

QCD:
soft, heavy 1ons, PDFs, hard, ...

Lattice




The Spectrum of Fluctuations in the
Cosmic Microwave Background

& The position of the first peak ]

i 2> total density Q. , Qo e -
 Em ' I The other peaks B
E 2000 depend on density of
— i ordinary matter Q.. .. I
IS '
- Q 2000 | & dark matter Qp. &
1000 | | o i
'" 0 -II 11 sl | |: I | 1 I

30 500 1000 1500 2000 2500

Muliole moment ¢

Delabrouille .
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Tensor-to-scalar ratio [Fionz)

Planck +

Inflationary Landscape

other data &

k100 15 1,21

LG

i

Starobinsky
R + R2 model,

Higgs inflation ('}

No-scale
supergravity

rimaordial tilt (.

Planck TT+lowP

Planck TT+H+lowP+BKP
Planck TTHowP+BEP+EBAD
Matural inflation

Hilltop quartic model

(v attractors

Power-law inflation

Low scale SB SUSY

R inflation

Voo o
Voxood

Data start to
be sensitive
to N.

Need new space mission to probe Starobinsky et al.



Gravitational Waves

(=)

» Quadrupole radiation: <™ ~ " >2
-+ Indirect binary pulsars evidence

« GW in the CMB? BICEPZ ®

« Searches: J;Hﬁ 4;“ =3

* LIGO, Virgo, GEO600, KAGRA:

— NS/BH binaries (nuclear EOS)

 Pulsar timing array, eLISA
. — massive BH mergers - ’
< *+ GW astronomy!

-15 |

Curnulative shift of periastron time

||11[||1r||1r|| r||]r||1 TTT

Barausse &

—40 pidegald
1975 18980 1885 1990 1995 2000 20050
Year

10-12

Lentati et al. 2015,
Arzoumanian et. al in pr
Shannon et al. in prep

I 111l
10-10

9 10-6
observed frequency [Hz] E
DR e SRR



| Landscape of Dark Matter Candidates

» Candidates with large range of mass, coupling™ |
"« Focus on fashionable WIMP scenario

I |_| . I I
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Direct Dark Matter Searches

Baudis I

MRy

] By B W
't g:\‘k- Pio ¥l

Compilation of present and future sensitivities

s 5
WIMP-nucleon cross section [ecm©]

107 ——
- ) { CoQaNT adapted from arXiv; 1310.8327
- 2 ‘\ \! L
10-%} 3 \\ X - From talk by Baudis 2015
10-44 5 t SMPLE eo?)
: Ques
|()>43; ( i \‘\R -
\QJL\‘ é I'
104} o N £\
g ;'\ e\ :
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l() 45 1 Neu ==
1074;
S = frr-ty
108} s
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1030 : s it e A
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L HC vs Dark Matter Searches

Baudis, Kersevan

e Compilation of present “mono-jet” sensitivities
Spin independent T Spin dependent

- [
'1':'_32_"""'! LA AL IAAL 10—32 e e
- - P i ] -
10-%[ §§$ gEeFE_nd?;; fe?ﬂﬂ | : L Spin dependent (Axial) | : . S
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Indirect Searches for Dark Matter

» Well-established GeV vy excess from Galaxy

= — But could be unresolved point sources
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Antlproton/Proton Ratlo
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Secondary production compatible with AMS-02




New Accelerators: Cosmology & Astrophysics:
HL-LHC, LBNF, ILC, Inflation, dark matter,
CLIC, CEPC, CEPC... cosmic rays, grav. waves, ...

Standard Model EFT < —| Neutrinos:
3 | CP, hierarchy, ...

Higgs: Models?
CP, x4, flavouy violation, ... |
Electroweak: = Flavour:
Sin%0, TGCs, . Top, CKM, anomalies, ...

QCD:
soft, heavy 1ons, PDFs, hard, ...

Lattice

(




Frustrations with SEUs in QPS,
TDIs, UFOs, ULO, earth faults

Sometimes the magic works

Updated: 11:51:19
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Why we are so excited by Run 2

Heinemann, Malgen

Cross section ratios: 14 (13) TeV / B TeV
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First ATLAS Results from Run 2
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Malgeri

from Run 2

First CMS Results

e In addition to many
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Prospects for Rest of 2015
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And in Future Years

Present limitations not seen as fundamenta

2017
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Projected e*e- Colliders:

m Komamiya, Roloff, Benedikt
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LHC Run 2 will guide us



CEPC-SPPC

LPrefiminary Conceplual Design Report |

Future Circular Colliders

The VISION: i
explore 10 TeV scale directly (100 TeV pp) + indirectly (e*e) |




Higgs Cross Sections

« At the LHC and beyond:
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(ED

Squark-Gluino Plane
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New Accelerators: Cosmology & Astrophysics:
HL-LHC, LBNF, ILC, Inflation, dark matter,
CLIC, CEPC, CEPC... cosmic rays, grav. waves, ...

Standard Model EFT

; ,;  fl ,;‘
New regions
New generations

\

Flavour:
Top, CKM, anomalies, ...

Electroweak:
1sin%0, TGCs, . .




