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Thank You All

* For an excellent set of talks & making this week full
of insights and intellectual stimulation.

Wl .~ ¢

_ _ 26th Rencontres de Blois _ _
* In the following slidesakdaave sadessomsediasediselection of topics.

» | apologize for any mis-representations and omissions.




STANDARD MODEL
HIGHLIGHTS

Slawek, Tovey, Grojean, Glazov, Ubiali,

Narain, 5/23/2014




SM cross section measurements

Fob 2014 “stairway to heaven”  CMS Preliminary

¢ 7 TeV CMS measurement (L <5.0fb™)

¢ 8 TeV CMS measurement (L < 19.6 fo ™)
—7 TeV Theory prediction
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G [pB]

—8 TeV Theory prediction
—CMS 95%CL limit
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SM cross section measurements

Fob 2014 “stairway to heaven”  CMS Preliminary

5 2 e
1 O

¢ 8 TeV CMS measurement (L < 19.6 fo ™)

G [pb]

* The era of precision measurements continues, with
the cross sections as precision tests of QCD and
EWK calculations.

allow generator cross-checks and tuning

form basis for understanding SM backgrounds for
BSM searches.

Anomalous coupling measurements probe EWK
sector and EFTs, and complement studies now
underway in Higgs sector.
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W Mass measurement

Indirect (with Higgs mass in the fit): BT T AE—

sMm i} wip M,, and M,, measurements

MW=80,359i1 1 MeV \ ith minimal input

World average (direct):
M,,=80,385+15 MeV

. N | i
80.32 80.33 80.34 80.35 80.36 80.37 80.38 80.39 804 80.41
M,, [GeV]

Perform careful analysis of relations between improvements in
experimental measurements, their effect on the parametric
uncertainties and the impact of theoretical uncertainties

My 2 (80.368 GeV) (1 + 1.426My + 0.21 6Gp — 0.43 5ax

+0.013 6 M, — 0.0011 Scg — 0.00075 6M7) . (3)

AMy 54 28 2.6 4.0
Narain, 5/23/2014 [MeV]




W Mass

* Important physics measurement in

the LHC program

— Large samples of W, Z Run1

— Differences in W+ and W- production,

« Challenges for LHC for precision

M,y determination:

— Theoretical understanding of the p(\W)

— Improved PDFs (need x2)
— Pile-up effects on soft recoil

 LHC could achieve a precision of
8(5) MeV wit 300(3000) fb-"
arX1v:1310.7608

Narain, 5/23/2014

Mass of the W Boson

Measurement ; M,, [MeV]
CDF 1988-1995 (107 pb™) ——0— 80432 + 79
DO 1992-1995 (95 pb) — @ —— 80478+83
CDF 2002-2007 (2.2 fb™) - 80387 + 19
DO 2002-2009 (5.3 fb’) + 80376 + 23
Tevatron 2012 @ 80387 £ 16
LEP '—.—' 80376 + 33
World average Qa 80385 + 15
80200 80400 80600
M,, [MeV]
AMy [MeV] LHC
V3 [TeV] 8 14 14
L[] 20 300 3000
PDF 10 5 3
QED rad. 4 3 2
pr (W) model 2 1 1
other systematics | 10 5 3
W statistics 1 0.2 0
Total 15 8 5

NLO-QCD, normalized transverse mass distribution



A-g and sin?(9,,): Tevatron & LHC

» Important input to global tests of the EWK theory
— In hadron collisions Agg in DY (muon, electrons) sensitive to the sin?(d,)
— sin?(9,,°") from angular coeff. (A,) and ResBos predictions (template fit )
— Polar angle Born level distribution: 1+cos?9 + A,cosd; Agg=3/8A,

» Tevatron precision close to LEP/SLC
— Systematics dominated by the PDFs

« DO with preliminary measurement in electron data set
— More precise energy calibrations and increased data size

<—— LEP and SLD Average
0.23153 =+ 0.0001 LEP-1 and SLD: All Z pole
0,1 0.23152+0.00016

At — 0.23099 = 0.00053 LEP-1 and SLD: light quarks
_—
Al(PT) —e— 0.23159 = 0.00041 0.2320+0.0021

A, (SLD) o 0.23098 = 0.00026
AP . 0.23221 = 0.00029 CMS pp 1.1 fb

—_—mm————

0 0.2287+0.0032

AL° —e— 0.23220 = 0.00081

Qe ——e—— 0.2324 + 0.0012
ee -1
A (CDF), 2.0 fb ——e—— 0.2328 = 0.0011 CDF ee 2 fb™'
0.2328+0.0010
AL (CDF),9fb" +——e—— 0.2315 = 0.0010
CDF uu 9 fo

._._.
A%: (DO), 9.7 fb! —— 0.23106 = 0.00053 0.2315+0.0010
preliminary

S I (N NS N R
0.228 0.23 0.232 0.234 0.236 0.238 0.226 0.228 0.23 0.232 0.234

02 Al
sin® 0 .2 lept

eff
sin Geff

Narain, 5/23/2014




Constraning PDFs

* input from HERA, Tevatron and LHC msm’ts

« PDF uncertainties are often limiting factor in achieving precise
predictions

— e.g. theory predictions for BSM high mass production
— main uncertainty in Higgs production and in determination of M,

Use LHC data — W charge asymmetry, jets & photons

CMS W asymmetry + HERA DIS CMS inclusive jet datat+ HERA DIS
leads to d-valence PDF improvement prefers harder gluon,
CMS NLO 13 parameter fit reduces uncertainty at high x.

Q%=1.9 GeV?
[E HERAIDIS+CMSA,,

[C] HERAIDIS gluon, Q* =1.9GeV*

HERA I DIS + CMS A,)) / (HERA | DIS)

Narain, 5/23/2014




STATUS OF
TOP QUARK PHYSICS

D’Hondt, Kehoe, Steiger, Tkazcyk, Uwer

Narain, 5/23/2014




Production at Tevatron and LHC

20 years for almost 6 orders of magnitude = the Top Quark era

1E+09 350/fb

5 illustration # top quark pair events (13Tev) >
s Pa P LS2 Still almost
= 100000000 p— | 2 orders of
o)
LH .
; 10000000 (ZST/Z?/) L51 (1103?T/f?/) - magnitude
o |
C
v g 6/fb
% g 1000000 (7TeV)
S g Future:
{ o Y - | . . o)
5 X 100000 Tevatron e === Top Quark mas§ .preC|5|on <0.5GeV:
= E’L Pole mass precision < 1 GeV ?
o & 10000 ,[f;( FCNC < 0.01% ?
S A 105/ FCHC<0.1% ?
4 /4 (1.96TeV)
N 1000 ¢
2 T | Present: But many challenges !
c %-level agreement with SM ! Yéar
> 100 2014
= 2002 2007 2012 2017 2022

(caveat: assumed 13 TeV collisions with a cross section of 800 pb)

Narain, 5/23/2014



Top Quark production

Strong collaboration between theoretical
and experimental researchers

Strong pair production

~r

9700000

g9 00000

~n)

Inclusive tt cross section [pb]
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® ATLAS dilepton L= 0.7 fb™'
O CMS dilepton L=2.3 fo"

O CMS leptonsjets L= 2.3 o'

# ATLAS dilepton* L =203 fo'

FO CMS dilepton L=53 10"

(O CMS lepton+jets” L = 2.8 fb
[ * Preliminary

I

2% Tevatron combination* L= 8.8 fo™!

® ATLAS lepton+jets* L=0.7 o'

# TOPLHCWG combination® L= 1.1 o™

t

[~# ATLAS lepton+jets* L=581"

'

LI B B B I

ATLAS+CMS Preljminary
TOPLHCWG
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200F

=== NNLO+NNLL (pp)
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150F

L

Fiedler, Mitov, PRL 110 (2013) 252004

2.5 GeV, PDr @ o uncertainties accolrdmg to PDF?LHC
PR I i MR

b 5 6 7

t

8
\'s [TeV]
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"at the Tevatron an

102

EWK Single top production

s-channel single top quark, Tevatron Run Il, Lint <97’
Cross section [pb]

Measurement

CDF I+jets
CDF E +jets
CDF combined
DO I+jets

Tevatron combined

Theory (NLO+NNLL)

1.05 +0.06 pb [PRD 81, 054028, 2010]

m,..=172.5 GeV

T

—— 141795

—t—— 1.12%9%

e 136703,

—— 11048

. 1297922
ey

0

Cross section Inbl

A good year for single top quark

Approx. NNLO Kidonakis, PRD 83, 091503 (2011)

CMS, JHEP12(2012) 035
CMS, to be sub. to JHEP

Approx. NNLO Kidonakis, PRD 82, 054018 (2010)

CMS, Phys.Rev.Lett 110, 022003 (2013)

CMS, PAS-TOP-12-040

Approx. NNLO Kidonakis, PRD 81, 054028 (2010)
CMS, PAS-TOP-13-009 (FC interval)
| | | | |
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d the LHC!!

i “NLO+NNLL atm, = 172.5 GeV |
™ MSTW2008 NNLO PDF 4

T stat. uncertainty
s-channel 3

$t-channel 1.04 fo™' pLB 717 (2012) 330
3t-channel 20.3 fbo" ATLAS-CONF-2014-007
FWt 2.05 fb" pLe 716 (2012) 142

TWt 20.3 fb™" AtLAS-CONF-2013-100
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Arg and lessons to be learned

CDF [1] CDF [7]

DO [2] SM (this work)

AL, 0.150 & 0.055

At 0.158 + 0.075 | 0.162 £ 0.047
A (|Ay| < 1) 0.026 +0.118 | 0.088 £ 0.047
A*(JAy| > 1)

A0, < 450 Ceyy At most 2.4 ¢ deviation “Some tension”
¥, My = 2 T2y

0.058 = 0.004
0.196 = 0.065 | 0.088 % 0.006
0.061% 5003

011

010
004

—ur, 0003

AT(M,; > 450 GeV) | 0.475£0.114 | 0.296 £ 0.067

1900008
[}'lZJ—(}.E}E}Ej

The signal which could have been the first
indication of new physics seems to have
disappeared

Charge asymmetry = just another subtle
quantum effect?

Nothing particular to learn...
..apart from understanding the quantum level !!!

Important to probe theory at quantum level

Narain, 5/23/2014

8- D@, 9.71b

: ¢ Data
r —PRD 86, 034026

-0.4

{ CDF Data

300 350 400 450 500 550 600 650 700 750

m_ [GeV]

Now in agreement
with SM




Top Quark Mass

‘ Tevatron+LHC m,, combination - March 2014, L =3.5fb"-8.7 fo™

ATLAS + CDF + CMS + DO Preliminary
= === =

A 0.44% measurement !

However, we continue to need better
precision, as this quantity plays an
important role in understanding the

stability of the vaccum.

World comb. 2014 %/ =510 R 173.34 £ 0.76 (0.27+ 0.24 £ 0.67)
2 Tevatron March 2013 (Run I+I1) - — i = 173.20 £ 0.87 (0.51+0.36 + 0.61)

LHC September 2013 b— O = 173.29 £ 0.95 (0.23 + 0.26 £ 0.88)
| stat. syst.

165 170 175 180 185
arXix: 1403.4427 My, [GeV]

DO updte — single measurement :
M, = 174.98+0.58 (stat.+JSF) £0.49 (syst.) GeV
Narain, 5/23/2014 =174.98+0.76 GeV arXiv:/1405.1756




Top Quark Mass: theory issues

« Confinement prevents us from seeing free top-quarks
« What is the meaning of the top-quark mass ?

— Value depends on renormalization scheme used to
define the parameters in theor. predictions

* Measure mass in specific scheme through comparison/fit:

O (', ..)

“The systematic uncertainty related to the specific MC
choice is found to be marginal with respect to the possible
intrinsic difference between the top-quark mass
implemented in any MC and the pole mass definition”

Related uncertainty

Am ~ 0.5 GeV [arXiv 1403.4427]

Narain, 5/23/2014




HEAVY FLAVOR PHYSICS
HIGHLIGHTS

Koppenburg, Piilonen, Tovey

Narain, 5/23/2014




Rare decays

First observation of B> u*u- from

LHCb+CMS combination. LHCb 3fb '

— Consistent with SM expectation
B(B? — uTp~) = (3.56 £0.30) x 107°
— Strong constraints on BSM physics,

e.g. SUSY with large tanf3 and small m , SECECI
preliminary

b->su*u rare processes sensitive to
BSM couplings
— LHCb study e.g. BO>K*%**u*u- measure

angular variables as well as differential
cross-section

Range of measurements mostly in
excellent agreement with SM

Some tension in amplitude observable
P5’ atlow g2in 7 TeV data

Analysis of 8 TeV data underway

CMS 25fb " [
| B(BY - utp ) =(294+0.7) x107%_|

||||||

| sm
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LHCDb is having a big impact

B~ — D" K~ to measure ¢3 (=~ ): all 3 methods
2012: Before 1st LHCb results

Combined ADS, GLW (1 fb-1)
and GGSZ (3 fb")

Ll

Ll 11111

PLB 726, 151 (2013)

e —

T

LHCb -

lIII

— 08

2013: After including LHCDb results
|

] F 8 | ! | Am,&Am,

4 16 — * Amy

8 I Y

T

P L S R
60 80 100 120 140 160 180

Y [

(67 + 12)°

"Bt

By 2018, expect o, ~ 40

Narain, 5/23/2014



Alas — no new physics yet

 Many new CP- sin(2B") = sin(24;") vs CcpE-Acpﬁ
asymmetry results .
emerging from
Belle, LHCD, etc

* No significant

deviations from
SM expectations

I§0EG

|
liYaY%

! %

] ]
0.4 0.6 08 . 1
, Sin(2p7) = sin(2¢1 )

Contours give -2A(In L) = Ax” = 1, corresponding to 60.7% CL for 2 dof

Narain, 5/23/2014




V NEWS

Gouvea, Lisi, Mezetto, DeYoung, Chen, Kaufman, Becerici-
Schmidt, Sgalaberna, Yermia, Qian,

Narain, 5/23/2014




open questions

An “experiment driven field”

* what are mixing angles and mass differences?
normal or inverted mass hierarchy?
what are the absolute mass values?

Dirac or Majorana fermion?
is there CP violation?

How many 3 neutrino flavors/is there a sterile
neutrino?

arain, 5/23/2014




neutrino masses and heirarchy

« Why are the neutrinos so light?
* Mass hierarchy?

Current 3v picture in just one slide (with 1-digit accuracy) Khowns:
Flavors = e U dm? ~ 8 x 10-3 eV?
Dm2 ~ 2 x 10-3 eV?
Abs.scale Normalhierarchy... or... Inverted hierarchy mass? split Si"2q1z ~ 0.3
sing,; ~ 0.5
sin?q;3 ~ 0.02

Unkowns:

d (CP)

sign(Dm?)
octant(sin?q,;)
absolute mass scale
Dirac/Majorana naturé

No significant preference for NH vs IH from global fit to v3 hypothesis.
Intriguing hint of nonzero CP violation, with sino <0 ... (*)

22




V oscillations _

e T2K results 0.428 < sin2e.3 < 0.598

9 d 2.34 < Am?232 (eV2/c?) < 2.68 (x10-9)
B v'u vu |Sappearance 0.427 < sin2e23 < 0.596

 world’s best measurement of sin?9,, 2.31 < Am2y3 (eV2/c4) < 2.64 (x108)

i
I
0
0
0
l
0
I
I
/

- v, 2V, appearance Best-fit value
. . . I - H _— +

« first conclusive observation (7.30) 1 NH:  sin?201s = 0.140 +0.038.9 gg5,

, , , | IH:  sin2201g = 0.170 +0.045.9 g5

« tension with reactors for certain values of '

I 5 > 2
y O =760 x 107 V%, sin‘es, = 0.306, !

2 2 l
SCP Sin‘Bz3 = 0.5, 1am?l =24 x 107 eV7ic’, 8ce=0

— v, and v, joint fit for 8.p
* best fit at 8§ p=-pi/2

' 4
: 90% CL allowed intervals
: NH: -1.18t < 0cp< 0.15n
]
]

IH: -0.911t < cp< -0.08n

Narain, 5/23/2014




v oscillations

 Double Chooz

— rate+shape fit sin?26,,=0.10910.035
— reactor rate modulation sin?20,,=0.097+0.035

« Daya Bay
— |AMg?|=2.5979-20_ 19 x 107 eV?

* we are seeing the beginning of precision v
physics

Narain, 5/23/2014




mass hierarchy searches

~J
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2015 2020 2025 2030 U015 2020 2025 2030

Date Date

there is sensitivity to reject inverted hierarchy
normal hierarchy more difficult, requires LBNE
don’t expect an answer for another 8-10 years

MH generates fake CP effects in neutrino oscillations, hiding genuine CP
asymmetries. Knowing MH would improve long baseline sensitivities on
CP (but LBL experiments can measure MH by themselves)

Narain, 5/23/2014




0vBP

« occurs if v is a Majorana fermion

» could reject Majorana hypothesis
for inverted hierarchy

— If oscillations tell us that we have an inverted hierarchy,  cluded
but the OvBBlimits extend down to 10 meV, probably the by |

cosmology
Majorana hypothesis would be in trouble.

« EXO 200 ('3Xe gas)
- t,,>1.1x10%y
— Mge<190-450 meV
 GERDA (%Ge in liquid Argon)
— t,,>2.1x10%°y
— t,,>3x10%°y combined with HdM and IGEX
— disfavors claim by Klapdor-Kleingrothaus PLB 586 (:




CP violation sensitivity
* reasonable sensitivity to CPV phase

» comparison of Hyper-K and LBNE

r .
10_[ T | T T T T I T T T T T T T T I T T T T I T T T T l T T T T I T ] : / Ab at ]G
~ f_ = Hyper-K Normal mass hierarchy _f & .
= gE —— LBNE (34Kt LAr, 12MW 6yrs) E 0.8 ¥ —— IDS NF
| E = —= NuMAX
b 6= PN = 5 0.6} — - LBNOgy |
- L. 8\ _ 5 [/ #F R\ ___ E < . —-—- Hyper K
4f_ E § = LBNE PX
=/ N\ 3 /S N\ E = 04 ~ — — LBNE10 ]
HF E ESS SB
- _E 02- ....... 2020
H q — 2025
0 1 1 I 1 1 1 1 I 1 1 | 1 1 I 1 I 1 I
-150 -100 50 0 50 100 150
S 0-% 20 50

Ad
LBNE sensitivity from Fig.4.1 | of arXiv:1307.7335 X

From SnowMass paper arXiv:

1310.430, Original paper: arXiv:
Narain, 5/23/2014 1311.1822v2



lepton flavor violation

* not seen yet, and expected to be tiny in vSM Gouvea
5. If there is new physics at the electroweak scale, there is every reason to
believe that CLFV is well within the reach of next generation
experiments. Indeed, it is fair to ask: ‘Why haven’t we seen it yet?’
e [t is fundamental to probe all CLFV channels. While in many scenarios
i — ey is the “largest” channel, there is no theorem that guarantees

this (and many exceptions)

* Near Future (Optimistic View)
MEG: u—>e at several 10-14 _

g-2 measurement 3-4 x more precise HUNT 07 ("™ baser)

JN 09 (e'e”)

COMET (Phase |) u>e at 10-4

Davier et al. 09/1 (z-based)
—157+£52

Mu2e/COMET (Phase Il) u>e at 10-17 Daver ot o091 ('8

-312+51 | — |

PS I :l,l eeee at 1 0_1 5 Dgas\geir@t al. 09/2 (e'e” w/ BABAR)

HLMNT 10 (e’e” w/ BABAR)
9+48

—2594

SuperB: Rare processes at 10-1° DHMZ 10 ( nowest)
Next-next-generation: u—>e at several 10718 (or [
Next-next-generation: deeper probe of muon ed i ———

Muon Beams/Rings: u—>e at several 10-20? 700 600 500 -400 300

— q°xp
a” aH




Future experiments

« Two major international collaborations,
“‘LBNF” and T2HK, are growing

Y 4 Superny ) an
M.Diwan, ICFA Paris, 14/1/2014 i ,9 ‘ M ulti-pu I'POSG detecto r

Long-Baseline Neutrino Hyper-Kamiokande
Experiment in US —

LBNE configuration is:
e A horn-produced broad-band beam with 60-120 GeV protons at 700 kw
(upgradable to 2.3 MW) from FNAL.
®Planning change: 700 kw - 1.2 MW at LBNE start. ‘
8 A baseline of 1300 km towards the Sanford Underground Research x25 Larger \Y Target
Facility in Lead, South Dakota. & Proton Decay Source | = higher intensity v by
® A 35 kt fiducial volume liquid argon time projection chamber located at i SRR : upgraded J-PARC mm

the 4850 ft level. H -KG . % ] - e
)’P K .”"__' ug‘;\fv—) q‘\

® A high resolution near detector at FNAL. arXiv:1109.3262 [hep-ex] N

e T
e This configuration will be achieved in a phased manner according to arXiv:1309.0184 [hep-ex] _,;;,;:;% ! (i
financial constraints. = : ":;..,Google

—a—

Narain, 5/23/2014




lceCube Sky Map

« Compelling evidence for an astrophysical flux of neutrinos
at energies of 100 TeV - 2 PeV
— Energy spectrum around dN/dE ~ E%°to E, 24
— Probably require either softer spectrum or a cutoff at 3-5 PeV
— Consistent with equal fluxes of each neutrino flavor

Consistent with an
isotropic flux, although
cannot rule out that a
substantial part comes
from a few bright sources

— At least some of the flux
comes from extragalactic

sources

Galactic

0 TS=2log(L/LO) 11.2917

Narain. 5/23/2014 [Claudio Kopper, Moriond EW 2014]




Next Generation IceCube

« Extending analyses, but with current instruments,
event rates are low and progress will be slow

— Several proposals for next-generation detectors

IceCube + 96 strings
Spacing 240 m

¢
oo,
s¥e, e 0
ses e et
’ P T Y
T |
g0 e
Ol 5
b ooae
40.°5e
A
AL
a%0q 0.8
®sasay
Y
vesey
e s
o

IceCube +
2 x 60 strings

100 strings spacing 240 m

+ surface veto detector
+ PINGU for oscillations (40 strings)
Start 2018/19?

Albrecht Karle, Arlington Meeting April 24, 2014

Narain, 5/23/2014




Cosmology constraints on v mass

* Cosmological detection of neutrino mass, 2m..

Current CMB

2016 Stage 2: SPTpol

2020 Stage 3: SPT-3G

2024 Stage 4: CMB-S4

The CMB measurements will achieve important benchmarks:

* Energy scale of inflation? Test large vs small field inflation
* Dark Radiation? New physics in neutrino or dark sector?

Snowmass: CF5 Neutrinos + Inflation documents arXiv:1309.5383, 1309.5381,

see also Wu et al.,
Narain, 5/23/2014 Clarence Chang




COSMOLOGY

Ganga, Ohm, Fillipini, Chang, Regnault, Soares-Antos

Narain, 5/23/2014




Relic Gravitational Waves — B-Modes

History of the Universe

Gravitational Waves

-

ANAN AT AN A ™\ a a N N 2 2N ’
T WA AN A AN AN AAN AAN AAN AANSAA NS A AN AA NS S
Generates N A A A A A A A AN AV ARV AV AN VAV I ANV AV IV ANV,
TwoTypesof¢ |V VW W W W oo \_/ ./ N/ N N R
Waves _ Waves Imprint Characteristic

Density Waves Polarization Signals

Free Electrons Earliest Time
Scatter Light Visible with Light/’/

(%]
c
)
+—
1]
>
b
)
=)
L

S
=
c
o
S
o

Radius of the Visible Universe
Inflation
Neutral Hydrogen Forms
Modern Universe

0.01s 3 min 380,000 yrs 13.8 Billion yrs
Age of the Universe IR .
2014-05-23/Blois




BICEPZ2: detection of gravitational waves

Deepest polarization maps ever made

5.30 excess above lensed ACDM;
r=0 isfavored at 70 (no
foreground)

BICEP2 CBI
BICEP Boomerang
QUAD DA¢

QUIET-Q WMAP v Extensive studies disfavor
QUIET-W CAPMAP - . . s
g systematic error as origin

Foregrounds do not appear to
constitute the bulk of the signal

BICEP2 uncertainties
include r=0.2

2| sample variance POLARBEAR No-foreground constraint on tensor/

o’
7 &9 SPTpol/Herschel

scalar ratio:
_ +0.07
3

Consistent with expectations for
primordial gravitational waves from
GUT-scale inflation

10° 10
Multipole

Narain, 5/23/2014




Planck GHz Temperature Map

0.00045 0.00060 0.00075 0.00090

_Planck 143 GHz Temperature (i.e., unpolarized) Data

—0.00030 —0.00015 0.00000

F:'I

—~_0.90Ff

This is a
temperature map.
The analysis for
polarization is

ongoing. e, WS

'Equatorial Lohgitude (rad.)

0,95k T

a¢dfe (rad

1.00(g"

Equatorial Latj

—0.00030 —0.00015 0.00000 0.00015 0.00030 0.00045 0.00060 0.00075 0.00090

K(‘MB




Planck 353 GHz Temperature Map
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What Planck is Working on Now

Stokes Q & U at 353 GHz from Planck

Narain, 5/23/2014

BICEP has more sensitivity
than Planck in their field at

150 GHz

BUT, Galactic dust is
MUCH brighter at 353 GHz
than at 150 GHz

Planck should be able to
say much about polarized
dust contamination over

the full sky, and over the

BICEPZ2 field




Cosmological Probes

e The smooth Universe

- Type la Supernovae Kinematic probes

— Baryon acoustic oscillations

e Inhomogeneities

— Clusters “1st order cosmology”

) Dynamical probes
- Lensing by Large scale structures

- Redshift space distorsions

SNe la and Planck

—~—

1]

, — A
/ T~ o]

/R LA — - WMAPS

- . - Ci1 -P,,A“ICK-‘.\'P..,LA .

B PLANCK.WP LANCK+WPLBAO A

NP PR NN P | PP PP | |
0.25 {1 0.35 0.40 0.45

Narain, 5/23/2014

“0th order cosmology”

e Planck + SNe la

w=—1.018=x0

* FoM ~ 30 (SNe + Planck + BOSS)

e Note : Planck + BAO
w=—1.01+0.08




Cosmological Probes

« Baryon Acoustic Oscillations

* Transverse direction
SBAO L = (l + :)D{(:)AU
e Parallel direction

C

—A
H(z)

SBAO| =

» averse " ruler
e “Angle averaged” rule

—T T T T T

oy 1/3
2 CZ /

o L)\ =SBAO X (L)lﬁ) r —

e with more statistics - CMASS DRI1 (2,=0.57)

isotropic BAO
— separate DA(z) & H(z)

anisotropic BAO
- ePlanck (ACDM) /
7
eWMAP (ACDM) /#

recent development:

disentangle H and angular distance
direct measurement of H and D,
at that redshift

(Anderson et al, '13)

o A | AENERENY ./ [

1300 1350 1400 1450 1500
. D,( Zm)(rd“d/rd)/ Mpc
Narain, 5/23/2014




Dark Energy Survey

. Completed its 1st season-.. Pm-e&i(;ﬁs
. successful vak\datlon phase L
construct clus rmasses

aryon stlc oscillations o 5000 deg 0.9” Seélng,

24th mags(lr;miﬁhlf&vl 4)

' -~ ’ F N/ Y
‘ 3OOM alaxies, shapes
100K: clusters, 4K SNe

3-5x imprevedf Dark

Narain, 5/23/2014 Energy measurement




Future precision cosmology
* includes LSST and DESI

» Spectroscopic experiment: takes

» Photometric experiment: takes
spectra

pictures of the sky
» Spectra give redshifts - real 3D

» 5 bands can give an estimate of _
experiment

a redshift

Narain, 5/23/2014




power spectrum for this summary
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DARK MATTER

Bertone, Serfass, Hambye, Schuster

Narain, 5/23/2014




WIMP Searches

WIMPs are preferred dark matter (DI\/I)

candidates

» Different but synergistic searches:
— direct detection via nuclear recoill

— Indirect detection via coannihilation in
space

— direct production at the LHC 1233
* e.g. SUSY provides a leading candidaterect Detection

- or testing the effective operator as in direct _
searches Collider

production

* Very new: Higgs portal to DM
« All three processes are

topological permutations of one
and the same diagram:

Freeze-out,
) indirect detection
Narain, 5/23/2014

Direct
detection




direct detection

« LUX (2013):
— large impact on the around 10
GeV mass region
— possibly improved sensitivity
by lowering the 3keV cutoff

SuperCDMS

— CDMSIite prototype results
now the most sensitive in the
low mass region

The hints of light, ~10 GeV
DM candidate from Cogent
and CDMS have not been
confirmed

WIMP-nucleon

= ",)\\ — e
2o
. O™
~
\ . :
| S~ 10 4

\- y 7 S ‘I)l(] £ 2 ASIO 40 50
. WIMP Mass [GeV/c?] arXiv:1309.3259
Narain, 5/23/2014
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» the low-mass DM reach will hit the irreducible solar neutrino
background limit with the next generation of kton detectors

— Issue could be addressed by detectors with directional pointing
capability (DRIFT DMRPC)




direct production: q
LHC Mono-Mania o

Monojet + MET

Searches in monojet, monophoton, and monolepton,

mono-W final states a la direct detection experiments g
by triggering on an ISR jet, photon, or W(lv): O

ol JLd!- 195 b

=L CMS Preliminary

—e— CMS 2012 Scalar

*= CMS 2012 Vector

107
— Limits are somewhat model-dependent (sensitive to the | SSEEEEENY ;
mediator mass); yet competitive el THOCKOr |
H H AR H 10%| — : e .'
— Offer unique sensitivity to DM-gluon couplings B — ]
10} !
10 e .
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Light Dark Matter

« probe DM just below the weak scale

 Weak-scale mediators provide reasonable annihilation rate
and range of DM-scattering rates

Z-mediated:

(Oye) DAMIC "12

Direct Detection Blind Spe{:

Energy too small, or scattering
kinematically forbidden

10
mpmMm (GeV)

o~

o
=
Q

p—

2

5
—_
o]
%

b

Hidden Photon (invisible and visible)
my = 10 MeV

» DM production at GeV scale § \/

— B-factories can make an impact e Kiniaic
| Eaé‘gé"% 4015 and
1403.6826

plot from Essig et al;
o= JHEP11(2013)167

Narain, 5/23/2014




e.g. Searches with proton beams

MiniBooNE Beam-dump mode: Setup

. Or\'\) \. Beam spot position In beam

off target mode (~1 mm spread)

~Target Is 1 cm diameter
-Alr gap between target and

- @ and n decay quickly (to new vector o b
bosons and subsequently dark matter)

- The charged mesons are absorbed
before decaying.

50 m Fe dump
Dark matter travels ~515 m

P

—
Be target

50 m decay pipe (Air)

Beam off-target mode reduces the neutrino background by a factor of ~40.

slide from Ranjan Dharmapalan, FNAL New Perspectives...
Narain, 5/23/2014




Indirect detection: y ray sky (2014)

Fermi two-year all-sky map

Fermi 2FGL

~1800 sources
significant fraction Extragalactic TeVCat

many Galactic sources confused with diffuse ~ :
emission 50 extraga!actlc sources
~100 Galactic sources

Narain, 5/23/2014




GeV Dwarf Measurements

Analysis strategy
« Milky Way satellites are DM dominated, no
astrophysical y-ray sources expected Fermi results:
Stack 25 dwarfs in 4 yrs of Fermi-LAT data ., pg signal seen,
Search for emission (0.5 — 500 GeV for « ULs at level of instrument
individual objects and complete sample sensitivity
Determine DM content of 18 dwarfs using Some of the tightest

stellar kinematics constraints in 2 GeV — 10
Infer limits on <ov> TeV energy range

~"CVvnn®  ®Com — Combined Dwarfs (LAT)
% CvnlI O Boo I Leo II® : == Segue 1 (LAT rescaled)
~o® Wil 1l Boo III ®Boo IT Leo V —- Sogue 1 (VERITAS)

UMa I Leo IV eEeg 1 F| == Galactic Center (H.E.S.S.)

, : I
oUMall @ M 2

) 3 A Sex
° Dra ° Her

Phys. Rev. D (2013), 89, 042001




Indireet Petection

RECENT RESULTS: DAYLAN ET AL. ARXIV:1402.6703

Total Flux Restdual Model (x3)
i T 100 x 10
8.0 - = NGC 6266
o o E e - 47 Tue
= = - All MSPs

~——— Dark Matter
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00
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;20° “Within these maps, we find the GeV
- excess to be robust and highly statistically
00 significant, with a spectrum, angular
distribution, and overall normalization that
Vg A S Maands gl A o sl is in good agreement with that predicted by

sauificast contesd ased gl lally DO, PRk w2 pnactic coonlinales, ant all ma»

e simple annihilating dark matter models”




Complemetarity of
direct detection targets

i p,=0410 1 GeViem® Voo —o44133 kmis, v =230+30 km/s, k=0535 |

e
[ Xe+Ge
[ iXe+Ge+Ar
¢ DM benchmarks

Direct detection + LHC
simulation

Bertone et al. (2010)

.. % | LHC + 1 ton DD (scaling p )
.~ LHC + 1 ton DD (scaling p ) ;

~
-
~

% 9 =
o))

Probability density

o
N

o

-3 -2 721
Iogm(szz? h%)

Narain, 5/23/2014




Future Plans...

The Cherenkov Telescope Array is coming

project
* Huge performance improvement in all aspects (PSF,
energy range, sensitivity)

. Northern and southern S|te planned with >1OO




pllelels
& ITS IMPLICATIONS

Cranmer, Dawson, Fayard, Grojean, Tomalin, Olsen, Pralavorio

Narain, 5/23/2014




Discovery of a Higgs Boson

[T CMs Experifiient at tif LHC, CERN
Data record y-13 20:08:14.621490 QYT
| Run/Event: 108 / 8422400 ﬂ

N

@ATLAS

EXPERIMENT
http://atlas.ch

: : 400 500
204769 e 't S SR 1
71902630 by N e m,; [GeV]
2012-06-10 | - ) / : , - .
13:24:31 CEST BEEE f ’ 4 3 i RUR Y el

e

Narain, 5/23/2014




discovery ...1.8 years later

CMS H—-+1r, 4.91b"at 7 TeV, 19.7 fb" at 8 TeV

Y + ;,,,.f,f the most precisely

== measured partlcle

ATLAS: 125.5+0. 2(stat ~ '/, Vs GeV

CMS:  125.740.3(ste i) )GeV

1l

lmmary |S 7TeVL 51fb \S 8TeVL 196fb

7

<
e
¥

. T T T T ]
oYY + H - ZZ — Combined H 6
u_(ggH.tH), Homy !

—Ho2Z

i (VBF,VH)
k4
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2013 NOBEL PRIZE IN PHYSICS
Francois Englert
Peter W. Higgs

The Nobel Prize in Physics 2013 was awarded jointly to
Francois Englert and Peter W. Higgs

"for the theoretical discovery of a mechanism that
contributes to our understand/ng of the origin of mass of
subatomy ; s .confirmed

irough the d/scovery of the pred/cted fundame
particle, by the ATLAS and CMS experiments at CERN's

Large Hadron Collider”
Narain, 5/23/2014




ATLAS and CMS physicists celebrate
| the announcement of the 2013 prize
together in Building 40 on Oct. 8th




Decays to Fermions
« Tevatron: H —bb LHC: ttH

SR o ; e Only access to real top couplings to Higgs

\ 30— @ 120 GeV ttH Chann p=0/osm

(mp =125.7 GeV) EESTSRIENIMS

i 25 (125.7 GeV) 2.70
bb

110 120 130 140 150
(GeV/c )

TT

4]

3l
Same-sign 21

H@25)—1t (u=1.4) — .
— C U Combined

TT (U=

Events / bin

Significance
. b | Signal Strength Bl (125 GeV) =130

E ATLAS Preliminary

: [Lat=2031" Single Lepton

L (s=8Tev

Dilepton
Combination

log(S / B)




Spin and Parity

« JP = 0" preferred atLAS

H— vy ® Data
Vs=8TeV [Ldt=207 fb"

H— ZZ* — 4l
\s=7TeV [Ldt=4.61fb"
\s=8TeV [Ldt=20.7fb"

v CL, expected
assuming JP=0"
H+1c

Is=7TeV,L=51f"Vs=8TeV,L=19.7 ft"
-~ CMS data - - - Median expected : : : 1
6o} 0’1o MS:10 .

0"+ 20 J+ 20 ]
swof  0=30 Jx80 1

21n(C,, /c,)

H - WW* — evuv/pvev
\s=8TeV [Ldt=20.7fb"

20f . —e— e
ot | . e : . : -

. — : H H
0'-5-5-5-5-5----_-—'—-

20r l l

-40p T

0 o; T T T 1 2 2 2 2 2 2
any any qg—X any qg—X any gg—X qg—X any gg—X gg—X gg—X

« Strong exclusion of a spin 1 resonance

« 0" and gravitons like resonances excluded at >3 level

Narain, 5/23/2014



Width of the Higgs

The width of the SM Higgs is 4.15 MeV << O(GeV) resolution
ambiguity as Rate oc Br =1/,
off-shell effects sensitive to width

» L‘ ’2 R
- X}_;}_;H-‘SH/.A (-"0“ peak g
Ty sr—+H—+ 22 h,.,m‘s'H//

CMS 19.7 o' (8 TeV) + 5.1 fo (7 TeV)

F. Caola and K. Melnikov, [arXiv:1307.4935] v

. 41’
See also: N. Kauer, G. Passarino, Campbell et al expected
212v + 41 observed

212v+ 4 expected
—— Combined ZZ observed
Combined ZZ expected

CMS preliminary ¥s=8TeV,L=19.7fb*

©

gg+VV > ZZ (I' = ZSXFSM, p=1)
+VV > ZZ (SM 3

[ gg+VV > 2Z (SM) ] H—ZZ

MELA Dy > 0.65 |

Events/bin
0]

O P N W b 0 N

I3OO 400 500 600 700 800
m, (GeV)

Narain, 5/23/2014




Higgs Couplings
« Assume one scale factor for fermion and vector couplings =k,
=K, & Kp=K{ =K, =K,

Assume H—yy, gg—H and total width of the Higgs depends only
on ky and kg (asume no BSM physics)

T T T
I ATLAS Preliminary + SM
¢ “F E=7Tev, JLdt=46-48m" * Bestfit
»YY E3combined | s oV, '[Ldt 6481
vi

2 W — paor
» - (s=8TeV,|Ldt=13-20.71b" — 68% CL
Best Fit | : .[ v 95% CL

Ky

et 4 4
CMS Preliminary Ys=7TeV,L<5.1fb" \s=8TeV,L<19.61b" ey '5:17"'!’[04(L-€:'|h' (.:TB.‘...“.,L..'..‘.;’.f,'P.

SM Higgs ® Fermiophobic @ Bkg. only [ m= 68° CL

= |—95% CL ~

t
wZA;

10%F ,, ’

gy = 04 MR | MR | "
i ‘ : 005 15 2 25 1 2 345 10 20 100 200
Narain. 5/23/2014 i ] i parameter value mass (GeV)
9




Higgs Couplings and New Physics

New particles lead to deviations in Higgs couplings

Generic effects scale with
1/m? of new particles

Typically: Target precision
for Higgs couplings < 5%

As LHC limits on new particles increase, target precision decreases

Progress requires 2-prong approach: Search for new Higgs bosons
and measure Higgs couplings

If we don’t find new particles
— Higgs searches and coupling measurements are complementary

— Effects on Higgs physics from high scales expected to be small
— We are just starting to probe the interesting region

It's all about decoupling and effective theories

Narain, 5/23/2014




measure properties precisely

 Higgs couplings with 300 fb-' @14 TeV
—=2015 onwards

 Higgs couplings with 3000 fb-! at HL-LHC
—2020 onwards

Table 1-20. Expected precisions on the Higgs couplings and total width from a constrained 7-parameter fit assuming no non-SM

production or decay modes. The fit assumes generation universality (Ky = K: = K¢, Kd = K3 = Ka, and K¢ = K> = K, ). The ranges
shown for LHC and HL-LHC represent the conservative and optimistic scenarios for systematic and theory uncertainties. ILC numbers
assume (e= tions of (—0.8,0.3) at 250 and 500 GeV and (—0.8,0.2) at 1000 GeV, plus a 0.5% theory uncertainty. CLIC numbers

assy W for energies above 1 TeV. TLEP numbers assume unpolanzed beams.
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14,000
300 /expt

14,000

3000 fexpt

0/500
1500

ILC500-up
250/500
115041600

ILC1000-up

250/500/1000 250/500/1000
250450041000

1150416004250

0

CLIC
350/1400/3000
5004-15004-2000

TLEP (4 IPs)
240/350
10,000+2600

5-7%h
6 — 8%
4— 6%
4- 6%
6 — 8%
10— 13%
14— 15%

o
-5 70

o
5%

NN
|

{14

)

|
=
a1

[ SR S
|
o
pCRRC

-
|
-

a1

7—10%

o
A

4.4%
1.1%
0.21%
0.24%
0.98%
0.60%

1.3%

3.8% 2.3%
1.1% 0.67%
021%

0.50%

02%
0.3%
1.3% 0.72%
0.51% 0.4%

0.9%

—/5.5/<55%
3.6/0.79/0.56%
1.5/0.15/0.11%

0.49/0.33/0.24%
3.5/1.4/<1.3%
1.7/0.32/0.19%

3.1/1.0/0.7%

1.45%
0.79%
0.10%

0.05%

Y S5 YATO L Clom mrrrr o
Higgs WG@ Snowmass

VI1i<

4-15%

VAR

Rich experimental program of (sub)percent precision




Consistency of the SM

* Higgs, W boson mass and top quark mass
+

T T T T l T T T T l T T T T I T T T I T T T ')‘ I T T T T
Jl 68% and 95% CL fit contours : | mfin Tevatron average +
w/o M,, and m, measurements :

68% and 95% CL fit contours
w/o M, m and M, measurements

.~ A
I“III|I‘JII

IIII|IIII

M,, world average + 1c

T
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- ’
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Narain, 5/23/2014




The Nature of the Vacuum

« Simultaneous measurement of the Higgs boson and top quark masses
allowed for the first time to infer properties of the very vacuum we leave in!

— We are in a highly fine-tuned situation: the vacuum is at the verge of being either
stable or metastable!

— ~1 GeV in either of the two masses is all it takes to tip the scales!
« Perhaps Nature is trying to tell us something here?
— Important to improve on the precision of top quark mass msm’t

» Are statements about stability are independent of th enature of the
new physics ?7?

sty T

Pole top mass M, in GeV

Stability

1 T T T T T 7T 7T 178 1 7T 1T 1

125 130
Higgs mass M, in GeV




Implications of a light Higgs...

« Vacuum stability arguments require
new physics to come at a scale
~10"" GeV or less

1¢r bands in
@, M;) =0.1184 + 0.0007

Nevertheless, a metastable
vacuum could survive w/o new
physics

.
%
e
=
%
~
¥
E-
=
8
L

In a sense, a 125 GeV Higgs boson
IS maximally challenging and rich o T 2 ™ 1m 1 1
experimentally, but also inflicts i
“maximum pain” theoretically, as it

IS not so easy to accommodate

Narain, 5/23/2014




Hierarchy Problem: Naturalness

mHiggs
126 GeV

Erbacher




Hierarchy Problem: Naturalness

mHiggs
126 GeV

/" higgs
]

Erbacher




Hierarchy Problem: Naturalness

t
| mHiggs
7 126 GeV
BSM? i
If fine tuning <=10%:
, Restrictions:
AN Nquaniiie2 TeV

\A ~< 5 TeV

gauge

Erbacher




Supersymmetry

every known particle has a partner with the same properties but different spin by 1/2

fermion and boson
loops have
opposite signs!

VL OO

I:llysl( al

Narain, 5/23/2014



top partners: light stop squarks

* direct stop production

* no stop quarks with mass < 700 GeV
— except when ,...\""Over NESSIE

iﬂ production Status: SUSY 2013
||||||||||||| ||||||'l'l'lllI|IIIIIIIIIIIIIIlIIIIlIIIIl

ATLAS Preliminary Ly=20-21f"Vs=8 TeV L, =4.7 o' Vs=7 TeV
oL, t— t3° OL ATLAS-CONF-2013-024 0L [1208.1447] T

Observed Iimits 1L, E—> % 1L ATLAS-CONF-2013-037 1L [1208.2590]
2L, t—> 17(1 2L ATLAS-CONF-2013-065 2L [1209.4186]
. . T ~0
=mm Expected limits 2L, t—>Wb7, . , 2L ATLAS-CONF-2013-048 -
OL, mono-jet/c-tag,t,— ¢ %1 OL mono-jet/c-tag, CONF-2013-068
All limits at 95% CL oL, M. =m.+ 5GeV 0L 1308.2631 -
1-2L, 4 — bf(f m_ =106 GeV - 2L [1208.4305], 1-2L [1209.2102]
2 o :
CDF 2.6 fb [1203.4171] 1L t,—»b Xl' mX: =150 GeV 1L CONF-2013-037, OL 1308.2631
2L, t, > by, m.=m; -10 GeV 2L ATLAS-CONF-2013-048
1-2L, i - bf, m.=2x m 1L CONF-2013-037, 2L CONF-2013-048  1-2L [1209.2102]
X
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_————

1
! \
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top partners: light stop squarks

* direct stop production

* no stop quarks with mass < 700 GeV
— except when ,..\""Overy massive

ATLAS Simulation Preliminary

- =300 b (<u>=60) 50 discovery
\(g_ 14 TeV *+300 fb™ <u>=60) 95% CL exclusion
==3000 fb"  (<u>=140) 5c discovery
*+3000 fb™' (<u>=140) 95% CL exclusion
EATLAS 8 TeV (1-lepton): 95% CL obs. limi
[DJATLAS 8 TeV (0-lepton): 95% CL obs. limit

0 and 1-lepton combined ~ _,.uza%tes
e’
o"'.‘

800 1000 1200 1400
Mgiop (GeV]
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Supersymmetry

Limits on light squarks and gluinos approaching or exceeding 1 TeV
Increasing emphasis on EW gauginos and heavy sflavour
Summary of CMS SUSY Results* in SMS framework SUSY 2013

m(mother)-m(LSP)=200 GeV

g—aq ZO SUS-13-012 SUS-12-028 L=19.5 11.7 /fb

§—qq7% | SUS-12-005 SUS-11-024 L=4.7 /tb 1
§—bb z" SUS-13-004 SUS-12-024 SUS-12-028 L=19.3 19.4 /ib
gty SUS-13-004 SUS-13-007 SUS-13-008 SUS-13-013 L=19.4 19.5 /fb T. Plehn,
§—ag (@, -1 17 | SUS-11-011L=4.98/fb I .
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Long Lived Particles
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Detector Stable
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See also 1305.0491 (CMS), 1211.1597 (ATLAS),
ATLAS-CONF-2013-058



s it the only Higgs boson?

« Supersymmetric Models require at least 2 Higgs fields
— more complicated Higgs sector

— differ in coupling to quarks and leptons
— five physical scalar particles:
CP-even: h,, H,, CP-odd: A,, charged: H*
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s it the only Higgs boson?

« Supersymmetric Models require at least 2 Higgs fields
— more complicated Higgs sector

— differ in coupling to quarks and leptons
— five physical scalar particles:
CP-even: h,, H,, CP-odd: A,, charged: H*

E . CMS Preliminary, H-erx, 491" at 7 TeV, 10.7 fbrf st 8 Tev
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Is it the only Higgs Boson

* Two Higgs Doublet Models

Decays heavy scalar H—hh and pseudo-
scalar A—Zh of the and Higgs bosons

CMS Preliminary Is=8TeV, fL dt = 19.5 fb™

CMS Preliminary Vs=8 TeV,fL dt =19.5 fb™!
t T ) T

~.H— hh & A— Zh

; 7 my=m,=300 GeV
95% C.L. CLs Limits : i 95% C.L. CLs Limits
—— Observed : H — Observed
NLO expected :-—
NLO expected =107
---NLO expected +20 4

Narain, 5/23/2014



SEARCHES FOR

“EXOTIC BSM SIGNATURES”

Blekman, Etzion, Thomas, Vivarelli , Contreas

arain, 5/23/2014




(partial) List of Exotic Models

Dark Matter
WIMPs (monojet, monophotong,monoX..)
ll Excited fermions

E xtra dimengions:

‘ RS Kaluza Klein (KK) Graviton

(dibosons, dileptons, diphotons)

= | RS KK gluone (top antitop) q", Excited quarks (dijets, photon+jet)
@l ADD [*, excited leptone (dileptons+photon)
¢ @ . (mongjets, monophotons, dileptons, diphotons) Bl | eptoquarks (lst, 2nd, 3rd generations)

ousid KK Z/gamma boosns (dileptons)
Jll Crand Unification (GUT) symmetries

higge -> hidden sector (displaced vertices, lepton jets)

Contact Interaction

(dielectons, dimuons, ditaus) Py llqq Cl
Leptophobie topeolor Z' boson ’ 4q Cl(dijete)
(top antitop to dileptons, [+], all had) . M‘ Doubly charged Higge (multi leptone, same sign leptone)

4™ generation
t->Wb, t'->ht,b’-Zb, b'->Wt
(dileptons, same sign leptons, [+J)
VLQ-Vector Like quarks
Magnetic Monopols (and HIP)
Heavy Majorana neutrino and RH W

o

ar S8- color octet sealarg (dijete)

& String resonance (dijete,)

Y Benchmark Sequential SM (SSM) Z, W'

W' (lepton+MET, dijets, tb)

W* (lepton+MET, dijete)

Quantum Black Holes (dijet, [+)

‘ Black Holeg (I+]ets, same sign leptone)
Technihadrong (dileptone, dibogone)




SEARCHES USING TOP
QUARKS

Narain, 5/23/2014




Heavy Particles decaying to top

Traditionally, top quark decay products are separated due to the
large mass of the top quark and W boson...

However, these heavy masses are non trivial to reonstruct under
~TeV scale boost o
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Heavy Top/B — t+(Z/W/h) and top(s)+DM

3 jets - dat_a
P, > 60, 60, 40 Ge [ Z+jets
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1b tag i I
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Search for dilepton resonances
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Search for Single Lepton states

e Search for excess in transverse mass of e or py with low mass neutrino ATLAS-CONF-2014-017
® Interpret as SSM W’ (no interference with SM W) [CMS EXO-12-060]
® Interpret also as excited chiral boson (W*) with equivalent couplings
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ATLAS EXxotics Searches* - 95% CL Exclusion

AT LAS [Ldt=(1.0-20.3) b

ATLAS Preliminary

Status: April 2014 \Vs=7,8TeV
Model ty Jets ET™ [Lat™] Mass limit EXPERIMENT Reference
ADD Gkk +g/9 - 1-2] Yes 4.7 : I e ' n=2 1210.4491
ADD non-resonant £¢/yy 2yor2e,pu - - 4.7 n=3HLZNLO 1211.1150
ADD QBH — ¢q 1eu 1j - 20.3 n==6 1311.2006
ADD BH high Ny 24 (SS) - - 20.3 n=6, Mp = 1.5 TeV, non-rot BH 1308.4075
ADD BH high ) pr >leu >2] - 20.3 n=26, Mp =1.5TeV, non-rot BH | ATLAS-CONF-2014-016
RS1 Gyk — € 2e,u - - 20.3 k/Mp; =0.1 ATLAS-CONF-2013-017
RS1 Gy — ZZ — tlqq/lllt 2or4eu 2jor-— - 1.0 k/Mp = 0.1 1203.0718
RS1 Gkx —» WW — vty 2e,u - Yes 4.7 k/Mp; = 0.1 1208.2880
Bulk RS Gk — HH — bbbb - 4Db - 19.5 | Gyk mass 590-710 GeV [l k/Mp =1.0 ATLAS-CONF-2014-005
Bulk RS gxk — tt le,p 21b,21J/2) Yes  14.3 | 8kk mass . 05-20TevV BR = 0.925 ATLAS-CONF-2013-052
S1/7, ED 2e,u - - 5.0 1209.2535
UED 2y - Yes 4.8 ATLAS-CONF-2012-072
SSM Z' — ¢t 2e,pu - - 20.3 ATLAS-CONF-2013-017
g 2 SSMZ - 27 - - 19.5 ATLAS-CONF-2013-066
= § SSM W’ — ¢v 1eu - Yes  20.3 ATLAS-CONF-2014-017
OQ EGMW Wz oo 3eu - Yes 203 ATLAS-CONF-2014-015
LRSM Wy, — th Tepu 2b,0-1j  Yes 14.3 ATLAS-CONF-2013-050
Cl qqqq - 2j - 4.8 n=+1 1210.1718
Cl qqtt 2eu N - 5.0 e =-1 1211.1150
Cl uutt 2e,u(SS) >1b,>1j Yes 14.3 ICl=1 ATLAS-CONF-2013-051
s EFT D5 operator - 1-2]j Yes 10.5 at 90% CL for m(y) < 80 GeV ATLAS-CONF-2012-147
O  EFT DY operator - 14,<1] Yes 203 at 90% GL for m(y) < 100 GeV 1309.4017
Scalar LQ 15 gen 2e >2j - 1.0 p=1 1112.4828
Scalar LQ 2" gen 2pu >2j - 1.0 B=1 1203.3172
Scalar LQ 3" gen 1eu, 17 1b1] - 4.7 B=1 1303.0526
@ Vector-like quark TT — Ht + X Tepu 22b,>24j Yes 14.3 T in (T,B) doublet ATLAS-CONF-2013-018
%’E Vector-like quark TT —» Wb+ X 1epu 21D0b,23] Yes 143 isospin singlet ATLAS-CONF-2013-060
i" 8— Vector-like quark BB — Zb + X 2epu >2Db - 14.3 Bin (B,Y) doublet ATLAS-CONF-2013-056
Vector-like quark BB —» Wt + X 2e,u(SS) >1b,>1j Yes 14.3 Bin (T,B) doublet ATLAS-CONF-2013-051
Excited quark g* — qy 1y 1] - 20.3 only u* and d*, A = m(q*) 1309.3230
Excited quark g* — qg - 2j - 13.0 only u* and d*, A = m(q*) ATLAS-CONF-2012-148
Excited quark b* — Wt 1or2e,u1b,2jor1j Yes 4.7 left-handed coupling 1301.1583
Excited lepton ¢* — ¢y 2e,u,1y - - 13.0 A=22TeV 1308.1364
LRSM Majorana v 2epu 2j - 2.1 m(Wg) = 2 TeV, no mixing 1203.5420
- Type Ill Seesaw 2eu - - 58 |Ve|=0.055, | V,|=0.063, | V;|=0 ATLAS-CONF-2013-019
E Higgs triplet H** — ¢¢ 2e,u(SS) - - 4.7 DY production, BR(H** — ££)=1 1210.5070
(@) Multi-charged particles - - - 4.4 DY production, |g| = 4e 1301.5272
Magnetic monopoles - — - 2.0 DY production, |g| = 1gp 1207.6411

107! 1

*Only a selection of the available mass limits on new states or phenomena is shown.
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Mass scale [TeV]




LHC reach for new particles?
« LHC plans:

Phase 1 upqmdc
-
13-14 TeY collision energy

injector \
upgrade volimit 0~
upgrade cryolim HL-LHC
nter n
ieractior nstallation

cryogenics regions

Point 4

2015 2016 2017 2018 2018 2020 2021 2022 2023

} S e dispersion & Yo .
button collimators 1 x 1034 cm s ! suppression 2 X ]034 cm Zs s 5x 10“1

i 25 ns, (PU)~25 R2E projoc 25 ns, (PU)~50 25 ns, (P

expenment

expenment beam experdment
non | ’ 1 - asda
pipe . ) upgrade ! : upgrade

\ ;hu';f.r] l w
i )
v i ' J =
Long Shutdown 1 LS2: 2018 LS3: 2022 - 2023

LS1): 2013 — 2014 Data: 2015-2017  (Complete Phase 1) Data:2019-2021  (phage 2 Upgrade) P3%
F P8

2015-2017 and 2018-2021 2024+
run at design energy/luminosity high-luminosity LHC

pp collisions at 13-14 TeV pp collisions at 14 TeV
15x as much data as in 2012 150x as much data as in 2012

Narain, 5/23/2014




LHC reach for new particles?

 with the full LHC program

discover stop squarks

— if m(stop) < 1100 GeV
discover top partner quark
—if m(T’) < 1800 GeV

if there is new physics that stabilizes the

Higgs boson mass it should show up at the
LHC in the coming two decades

Narain, 5/23/2014




Colliders: near and far future
e The fun 1s just beginning!

e LHC:

— premium in increasing \s close to 14 TeV
— High-Luminosity LHC with a factor of 200 more data

 Good prospects for precision measurements. discoverin
9

additional Higgs, and other new particles needed

* Future plans beyond the LHC:
— ¢+e- Linear Collider start @ 250 GeV
— LEP3: ete- ring in the LHC tunnel @240 GeV
— TLEP: a new 80 km ring et+e- @350 GeV
— pp collider around 100 TeV.

Narain, 5/23/2014




The dream machines
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NOW
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Kyle Cranmer (NYU) Blois, May 19, 2014
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FUTURE STRATEGY
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towards the future...

European strategy report May 2013

US community study in summer 2013 and “Particle
Physics Project Prioritization Panel * aka P5 report —
yesterday (22, May 2014)

P5 report: science drivers

— Use the Higgs boson as a new tool for discovery

— pursue the physics associated with neutrino mass

— ldentify the new physics of dark matter

— Understand cosmic acceleration: dark energy and inflation

— Explore the unknown: new particles, interactions, and
physical principles

Pursue the most important opportunities.

Pursue a program to address the five science Drivers

Narain, 5/23/2014




european strategy

top priority: exploit LHC and its upgrades

design studies of pp and e+e- machines, coupled with accelerator
R&D program

welcome the ILC initiative from Japan, encourage a proposal for
European participation

CERN should develop a neutrino program. Explore the possibility
of major participation in a long baseline program in US or Japan.

Europe should support a diverse theory program including high
performance computing and software development.

Experiments with unique reach in Europe should be supported as
well as participation in other regions of the world.

Detector R&D should be supported strongly at CERN and other
institutes and infrastructure and engineering capabilities
maintained and developed.

CERN should seek closer collaboration with ApPEC.
CERN shoudl continue to work with NuPECC.

Narain, 5/23/2014




USA/PS

Complete the Mu2e and muon g-2 projects.

The LHC upgrades constitute our highest-priority near-term large project.
Complete LSST as planned.

Proceed immediately with a broad 2nd dark matter direct detection program.

In collaboration with international partners, develop a coherent short- and
long-baseline neutrino program hosted at Fermilab.

Form a new international collab. for a Long-Baseline Neutrino Facility in U.S.

Select and perform in the short term a set of small-scale short-baseline
experiments that can conclusively address experimental hints of physics
beyond the three-neutrino paradigm.

U.S. should engage in modest and appropriate levels of ILC accel. & det
design

Upgrade the Fermilab proton accelerator to provide proton beams of >1 MW
at the start of the new long-baseline neutrino facility.

Build DESI as a major step forward in dark energy science, if funding permits.
Support CMB experiments as part of the core particle physics program.
Support one or more third-generation direct detection experiment.

Invest in CTA if the critical NSF Astronomy funding can be obtained.
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Table1

Summary of Scenarios

Project/Activity
Large Projects
Muon program: Mu2e, Muon g-2

Scenarios

Science Drivers

Scenario A Scenario B

Y. MuZ2e small reprofile Y
» needed

Senario C

Y

Neutrinos
Dark Matter
Cosm. Accel.
The Unknown

Technique (Frontier)

HL-LHC

Y Y

Y

LBNF + PIP-1I

LBNF components
Y delayed relative to Y
* Scenario B.

Y, enhanced

ILC

ossibly small
R&D Kardware contri-

* butions. See text.

R&D only

Y

NuSTORM

N N

N

RADAR
Medium Projects
LSST

N N

DM G2

Small Projects Portfolio

Y
Y
Y

Accelerator R&D and Test Facilities

some reductions with
Y redirection to
* PIP-Il development

Y, reduced

Y, enhanced

CMB-S4

Y Y

Y

DM G3

Y, reduced Y

Y

PINGU

Further development of concept e

ncouraged

ORKA

N N

N

MAP

N N

CHIPS

N N

LAr1

Additional Small Projects (beyond the Sm:

DESI

N N

all Projects Portfolio above)

N Y

N
N
N

Short Baseline Neutrino Portfolio

Y Y




Conclusion

* We live in an exciting time...
— 2012 ATLAS and CMS discover Higgs boson
— 2012 Daya Bay measures non-zero 9,4

— 2014 BICEPZ2 observes inflationary gravitational
waves

« The 25" Rencontres de Blois highlighted the

potential for groundbreaking discoveries ahead
— neutrino masses and mixing

— the nature of dark matter

— precise measurements of the Higgs boson

— new physics at the energy frontier

* To an even more exciting 25 years!
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Congratulations !!
« 25" Anniversary of “Rencontre de Blois”

- _ Many Thanks to
S Profs. Tran Than Van & Kim Van

Dr. Boaz Klima
The Secretariat Staff &
The Scientific Organizing Committee

for an excellent conference at a
beautiful venue
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