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. Elementary particles

‘ B Smallest constituents of matter and their interactions

4{roton

Atom nucleus
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: LHC physics goals

‘_‘_l Look for new particles (signatures of new physics beyond the
_ Standard Model)
o 2 Higgs bosons — mass problem v
EHYSICS 2 Dark matter — supersymmetry?
2 Where did the antimatter go ?
2 New dimensions? Unification of forces? Something exotic?
-1 More precise measurements of known particles and forces v
2 Nanonano physics: TeV-energy-scale corresponds to ~10-"*m

7 39 DARK ENERGY

\23%% DARK MATTER

D 7

3.6% INTERGALACTIC GAS
0.4% STARS, ETC.
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LHC performance

B 2010 —energy 7 TeV, L =44 pb' *), peak L =2 x 1032 cm2 s

B 2011 —energy 7 TeV, L =6 fb-', peak L = 4 x 1033 cm~ s’

B 2012 — energy 8 TeV, L =23 fb!, peak L=7.7 x 10° cm=2 s (77%
of the final design target 1034 cm=2 s-)

B Challenges: pileup 2011-2012

B 2013-2014 - long shutdown 1

*Y1 b =1 barn = 1024 cm?

CMS Integrated Luminosity, pp

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

25
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120

115
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e — .
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N P N T it 2012: Pileup average 22
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LHC-physics 2010 =

Time Amount of

data
Aalibration
2010

Standard/model measurements:
-heavy quarks b, to

2011 -W/Z-bpsons

-QCD/hadron production

2012 Search for and study of nhew\physics:
-Higgs/ supersymmetry, CP-wolation,..
More precise measurements
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A closer look at elementary
particles as seen by the LHC
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N Top quark

“Newest” quark, found 1995 at

Tevatron

Heaviest known elementary particle

Precision measurements: mass,

intrinsic properties, cross section,

decays, couplings
Sensitive test of SM:
consistency of Higgs, top and
W masses, related through
electroweak loop corrections
Searches for new heavy particles:
couplings, decays, cross section

P. Eerola

M,, [GeV]
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Top mass:
= « Tevatron final results:
‘ m, = (173.20 * 0.51 + 0.71) GeV, accuracy 0.5%, arXiv:1305.3929 [hep-ex]
 Best LHC measurement at the moment from CMS:
m, = (173.54 £ 0.33 * 0.96) GeV, accuracy 0.6%, arXiv:1307.4617 [hep-ex]
Statistical precision already better than Tevatron
« CMS+ATLAS combination in progress

b /
Mass of the Top Quark
MarCh 2013 (.' prellminary) T T T | T T T T T T T T | T T T T | T T T T I T T
CDF-I dilepton ¢ 167.40 +11.41 (:10.30 4.90) ; . ° . .
. . CMS 2010, dilepton 175.50 + 4.60 + 4.52 GeV
D@-1 dilepton 168.40 +12.82 (+12.30+ 3.60) JHEP 07 (2011) 049.FE=36 pb? (value  stat + syst)
CDF-II dilepton 4. Y —=—
) 170.363.79 (218x308) CMS 2011, dilepton 172.50 + 0.43 + 1.48 GeV
D@-1l dilepton "B 174.0042.76 236+ 1.44) EPJC 72 (2012) 2202, L=5.0 fb' (value + stat + syst)
- l—.—.—.—l
COF-l lepton+jets 176.107.36 (:3.10+ 330) CMS 2011, lepton-+jets ® 173.49 + 0.27 + 1.03 GeV
D@-1 lepton+jets .-._._.-‘180.10 +531 @390+300) JHEP 12 (2012) 105, L=5.0 fb (value + stat + syst)
. . — ==
CDF-Il lepton+jets y- 172854111 052+ 038) CMS 2011 all-jets 173.49+0.69+ 1.21 GeV
- . Submitted to EJPC, L=3.54 fb™ (value = stat + syst)
D@-Il lepton+jets 174941149 (:083+ 1.24) ——i
- o CMS combination 173.54 £ 0.33+ 0.96 GeV
COF aliets 186.00+11.51 (+10.00£ 5.70) Submitted to EJPC, up to L=5.0 fb” (value £ stat + syst)
CDF-" alljets "-0-s 172.47+2.07 (+1.43+ 1.49) 1 | 1 | 1 1 1 | | 1 | 1 | | 1 1 | 1 | 1 1 | 1 | | 1
" 165 170 175 180 185
CDF-II track o 166.90+9.46 (:9.00+ 290) mt [GeV]
CDF-ll MET+Jets * "B 173.95+1.85 (£1.35+ 1.28)
Tevatron combination*  **' 173.20+0.87 (20512 071)
(= stat + syst)
| | | | Xlel=8sn1 6T Test CPT with mass difference between top
150 160 170 180 190 200 and antitop:
M, (GeV/c) Am = [-272 + 196(stat.) £ 122 (syst.)] MeV

CMS PAS TOP-12-031
P. Eerola 4.9.2013 14
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Example of searches for non-standard top decays

B Normal top-quark decay: t > b W*, W* = qgbar'(jj) or I"v

B Search for baryon-number violating decays
t = bbar cbar u*, t 2 bbar ubar e*

B No significant excess over background observed
BR(t - bbar cbar u*) < 0.0016 at 95% CL
BR(t = bbar ubar e*) < 0.0017 at 95% CL

B CMS PAS B2G-12-023

P

: 4
b-jet r jet

Jet

Figure from S. Strandberg,
EPS HEP 2013 Stockholm
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Heavy flavour quarks: b- and c-

quarks

Examples:
Very rare b-decays
Exotic quarkonia (ccbar, bbbar)

4.9.2013
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Looking for new physics using
> the B%, ; >u*u decays

Very rare in the SM due to GIM and helicity
suppression: BR(B?, 2>u*u’) = (3.2 £0.2) x 10°
Sensitive to physics beyond the SM: new
particles entering in the loops

First results in 2013:

LHCb: BR(B?, >u*u) =2.9*11, ,x10?, 4.00
CMS: BR(B’, 2> u*u) =3.019,,x10?, 4.30
Combined: BR(B’, >p*u) =(2.9£0.7) x 10-°

CMS-L=5fb "ys=7TeV,L=20fb ' {s=8TeV
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Results also for B, > p*u-
CMS: BR(B?, 2u*u’) < 1.1 x10-%at 95% CL >BR(B°, >u*n) = 3.5*2"_, . x10'% | 2.00
LHCb: BR(B%; >u*u) < 7.4 x 10-1%at 95% CL >BR(B°, »p*n) = 3.7, , x 107% |, 2.00

_ 2><1o'9 CMS Is=7 TeV, L=5fb" {s=8 TeV, L=20 b
T 1.8— 16f 16f-
o@, - 1af 142- BF(BO_’WLM-):
o 1.6 F (357107
14 7 t

: i i3 2.00 5
12— 2%@\ 1

B 0-. ; x10'90_.n. . ..|...|...0|x10-gl

= . 0 02 04 06 08 1

B ! Wy BF(B"—u*w)

0.8 _ _

- . B%, 2 u*u consistent with the SM
0.6 . .

C \\ o N B%, 2u*u (2.00 signals) higher
0.4/ \\ \\ than SM: BR(B?, Su*p’) = (1.07 *
0_2:— | 0.10) x 10-10

-\ : / ‘ .

O_I'I]‘l‘IIII\LIIIIIIIII|IIII|/I/III|IIIIJ"IIII|IIII|IIII X10

o 1 2 3 4 5 6 7 8 9 10

BF(B —u'w)
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Exotic charmonium and bottomonium states

Bound ccbar charmonia: starting from 2003 Belle experiment
discovering X(3872) (= JAhp w*m), many new bound charmonia states
not fitting the conventional/predicted states have been found

X(3872), Y(4140), ...
Suggested possibilities
Hybrids (“glueballs” ccbar g)
Molecular states — loosely bound
pair of meson
Tetraquark states — tightly bound
diquark-diantiquark state
Threshold effects
First evidence in bottomonia:
Y,(10888) Belle 2010

LHC: good place to study
Large rates
Also access to bbbar-states

P. Eerola

Mass (MeV)

=3
| ____>% ___Charmonium Spectrum. - -
. “Y{3660) s—s2
- o, Y(4630)

4500 = __5g 10D
_1__4 T (D (D (D D — ————————— ——tr a2 tans ] 2
CA-SimmmmgtdiSy —— — — ——— — ——— — £ (4430}@- Dstv

® Y(4350) Z,}(4250) DD
[ T o% VBB T T 3D, 2D, 2D, e | -
X(@41¢0- i . -—1D D,
o Y I°F, Y(4140) DD
r3-S ——— — —_— ]

4000 ="t”£ﬁ/¢fvi$°z B A —— LN

X (304py @ YUNE==2F, —e~— g Z&dhoy - — — =~~~ D,D,
————FBI—WT—————C-X-(-38-7-2~)—lD~_,—1—D-1-——-3-——— DD’
e ] DD

')'SO westesehes.\|f 1
]]'C l|P |3P 3 /
3500 | hc.—I 1 Po‘ w—— c1 c2 -
e ””'y-CO
1°s
lls P ”n,lmJ/ Ll
3000 ovsrsrre nc n
09 l l* OH ]H 290 20 2 3 ?

S. Godfrey arXiv: 0910.3409 [hep-ex]

TV IV

D.SDSO

19



Quarkonium Working Group
arXiv: 1010.5827 [hep-ex]

|
State m (MeV) I (MeV) JP€ Process (mode) Experiment (#o) Year Status
X(3872) 3871.52+0.20 1.3+0.6 1tt/2~% B K(xtx—J/¥) Belle [85, 86] (12.8), BABAR [87] (8.6) 2003 OK
(<2.2) pp— (xtx~J/)+...  CDF [88-90] (np), DO [91] (5.2)
B — K (wJ/¥) Belle [92] (4.3), BABAR [93] (4.0)
B — K(D*°D°) Belle [94, 95] (6.4), BABAR [96] (4.9)
B— K(vJ/¥) Belle [92] (4.0), BABAR [97, 98] (3.6)
B — K (y¥(2S)) BARBAR [98] (3.5), Belle [99] (0.4)
X(3915) 39156+3.1 2810 0/2°t B K(wJ/¥) Belle [100] (8.1), BABAR [101] (19) 2004 OK
ete” s ete” (wJ /) Belle [102] (7.7)
X(3940) 304242 3743 7t etem = J/W(DD*) Belle [103] (6.0) 2007 NC!
ete” = Jjv (...) Belle [54] (5.0)
G(3900)  3043+21 52411 17~ ete” = q(DD) BARAR [27] (np), Belle [21] (np) 2007 OK
Y (4008) 40081121 9226+07 17 efe” s y(xtaJ/Y) Belle [104] (7.4) 2007 NC!
Z1(4050)" 4051123 82132 ? B K(@'xa(1P)) Belle [105] (5.0) 2008 NC!
Y(4140) 4143.4+30 1574 7t B K(6J/¥) CDF [106, 107] (5.0) 2000 NC!
X (4160) 4156127 130132 Y ete — J/W(DD*) Belle [103] (5.5) 2007 NC!
Z5(4250)"  4248%185 773l ? B K(xtxa(1P)) Belle [105] (5.0) 2008 NC!I
Y (4260) 4263+5 10814 17~ ete” s q(rtaJ/Y) BABAR [108, 109] (8.0) 2005 OK
CLEO [110] (5.4)
Belle [104] (15)
ete” = (vtn"J/Y) CLEO [111] (11)
ete™ = (x%%°J/v) CLEO [111] (5.1)
Y(4274)  4274.4%3% 39122 7t B K(6J/¥) CDF [107] (3.1) 2010 NC!
X(4350) 43506735 133T55 02T etem s ete(0J/¥) Belle [112] (3.2) 2009 NC!
Y(4360) 4353 +11 9642 177 e'e” s q(x'w w(2S)) BABAR [113] (np), Belle [114] (8.0) 2007 OK
Z(4430)t  4443%7% 10773 ? B K(xty(29)) Belle [115, 116] (6.4) 2007 NC!
X (4630) 46341 3 92133 17" ete” = (AFALD) Belle [25] (8.2) 2007 NC!
Y (4660) 4664+12  48+15 17 ete” = y(rta¥(29)) Belle [114] (5.8) 2007 NC!
Y5(10888) 10888.4+3.0 30.7152 17~  ete” = (vt T(nS)) Belle [37, 117] (3.2) 2010 NC!

4.9.2013 20



X(3872) results at LHC

CMS collected >12 000 X(3872) candidates from 2011 data (4.8 fb-")
Dipion mass spectrum: decay via intermediate state X(3872) = J/ipp°

-2 Jhprtn fa

voured

Separate X(3872) coming from B decays and from primary

production

NRQCD model prediction for primary production badly off: measure
oXxBR =(1.06 £ 0.11 £ 0.15) nb, prediction (4.01 £ 0.88) nb

80

60—

Candidates / 5 MeV

S s I L B | ||||||||| | |||||||||||||||||| =

10 <p, < 50 GeV
ly] <1.2

[
CMS \s=7TeV -
L=48fb" —
+data ]
—total fit
- background
signa -

Candidates / 3.125 MeV

3.75

38 38 39 395 4 |
mJy n'n) [GeV] |
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‘PHWSQI T 4
m(Jy ') [GeV]

.B [nb/GeV]

/d P,

prompt
X(3872)

do

T rrrT T T T [ TTrrrrrroreT I Trrrrrrorr
TEo CMS Vs=7TeV
NS L=481fb" ]
AN lyl<1.2
- > —LONRQCD
i i .. ~~LONRQCD uncertainty 7
10-1 - i _
107 F ; =
. 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
10 15

20 25 30
pT(J/\p ' ) [GeV]

JHEP 04 (2013) 154
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N(B")/e,, per 20 MeV

Y(4140)

LHC: search for structures in the Jhp¢$ spectrum in B* 2> Jhpp K*
decays
CMS: over 50 evidence for structure at m = (4148.2 + 2.0 + 4.6) MeV

e — also seen by CDF (3.8c signal with 2.7 fb-)
= Second structure at m = (4316.7 £ 3.0 * 7.3) MeV
LHCb: no Y(4140) signal with 0.37 fb-!, 2.40 disagreement with CDF
300SMS Preliminary,\s=7 TeV, L=6.2 10" T e _
- —+— Data g 8l B'— J/yo K* 1w q
T e three--body PS o
250; —— 2BWs + t:ree——body PS E 6 o b)
n 4 e r =7
200} =4 B4 o6
: s 25l
i O O B LR
100} - g
cl NI T s o 8 S 1 3 8r 1 © 1.
50| + """"""""""""" »]L + = 3L ® i 07711 12 13 14 15
;j 8,0 ] AM (GeV/c?)
oF SR ne
B I R 1 R - B I S - n%m%‘ﬂﬂﬂ“‘im CDF, PRL 102,
mu ' K'K)-mu'u) [GeV] © l - 242002 (2009)
1000 1100 1200 1300 1400
CMS PAS BPH-11-026 .
LHCDb, PRD 85,
091103(R) (2012)
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Search for X,

Xp or Y(2S)

OC b
e X(SSZ(ZE or Y(25) Figure from K.-F. Chen,
u ' o ul

- . EPSHEP 2013 Stockholm
4-track . 4-track N
vertex E ,U_“ 1/ vertex E _:.U Y(15)

CMS: Search for the bottomonium counterpart of X(3872) from 2012 data (20.7 fb-")
Look for peaks other than Y(2S), Y(3S), in the Y(1S)r*m mass spectrum
No obvious signal found: o x BR /o x BR(Y(2S)) < (0.9-5.4)% [6.6% in the similar

charmonium case X(3872)] CMS PAS BPH-11-016
arXiv:1309.0250 [hep-eX]

toal) =1
=
+

T | T T T T T T | T T T | T T T | T |
Y (2S) Y (3S) CMS Preliminary

L

T T T T T T T T T T T T
%70000_ 9000

c = CMS Preliminary | 8 = E
~ 60000 Vs =8 TeV 4 © 8000 { { Vs =8 TeV =
8 B L=207fb" ] 2 7000 F- L=207f" 3
§ 50000~ >13.5 GeV ERE- 2 >135GeV I
% qoono | w<is 3 Eor <1z 3
il <1. i E <1. =
540000 - y 1§ s000 - Y E
30000 [~ 3 4000 =
20000 [ = 3000 £ =
E ] 2000 - E
10000 - 1000 £ E
1) S L . . P 1 O Y (N B

9 9.5 10 105 1 9.8 10 102 104 106 108 11
M, [GeV] My 15yx [GEV]
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- The Higgs boson

The Standard Model, which combines weak and
electromagnetic interactions, was not fully verified
‘B Requires an additional mechanism to generate masses to
Wi/ elementary particles
B The Higgs mechanism, or the Brout-Englert-Higgs mechanism
(1964): electroweak symmetry is spontaneously broken
m W* and Z become massive, y remains massless

m the same mechanism can generate masses to fermions
m Requires at least one elementary scalar particle, a Higgs boson

Brout  Englert Hagen ’Guralmk Klbble

PRL 13, 321-323 (1964) PRL 13, 508-509 (1964) PRL 13, 585-587 (1964)
Brout-Englert-Higgs-Hagen-Guralnik-Kibble

P. Eerola 4.9.2013 24



Higgs production
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LHC HIGGS XS WG 2012

q

HO WW, ZZ fusion : H°

q
q
7t
9 T w,z
5 - . 1O q
t fusion : s = H W,z
A
¢}
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o

: Higgs decay

i
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Decay modes searched for in the mass range 90-200 GeV:

« 27 - 4l, 212v, 212 good mass resolution, small background, small rate

* vy, good mass resolution, large background, medium rate

- WW - Ivlv, Iv2j mass badly measured, background, large rate

* bbbar large rate, poor mass resolution, trigger issues - only possible as ZH,
WH, ttbarH

 1* 1 poor mass resolution, large rate, trigger issues

« Zy, good mass resolution, small background, small rate
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. Results made public 4.7.2012 by ATLAS and CMS

G 0 N

Observation of a signal with 5o significance, mass ~125 GeV

« ZZ - 4l and yy most significant

« Both experiments obtain ~identical results

/
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Higgs decay to four leptons:
H > ZZ() > 4e, 4, 2e+2)

> 35 _l 1T I L I L I LU I L | LI I L I LI L I_
m L . —
O - Ys=7TeV J Ldt=0.05fb " Apr 24, 2011 .
2 30 ]
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= - B
o) o 7
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Higgs decay to four leptons:
H > ZZ() 5 4e, 4, 2e+2)
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Is it a Higgs — the Higgs?

Measure particle properties:
Mass, width
Internal properties — charge, spin, parity
Production cross section, decay branching fractions
H->vy, ZZ, WW, 7, bb
One or several?
Minimum (Standard Model): one H°
Supersymmetry: at least 5 Higgses
3 neutral h?,H? A°
2 charged H*, H-
Also more exotic, like H**
Non-standard Higgs €< -> also other new particles
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o/ogy,

- Mass

cMS Vs=7TeV,L=51f" {s=8TeV,L=53fb"

i lzy [ Combmea |
L & H— vy (untagged):
5 + H— yy (VBF tag) []
i + H->ZZ I
4 .
3k .
B s ]
2r -
B iy ]
O:l 1 1 1 I L1 1 1 | | I I | | 1 1 1 | 1 1 1 | L1 1 I:
123 124 125 126 127 128 129

m, (GeV)

Signal strength (u)

N

w
(&)

w

2.5

1.5

—

0.5

- ATLAS: 125.5 0.2 05, . GeV

« CMS: 125.7 £ 0.3 £ 0.3 GeV

r ATLAS —— yYy+ZZ* combined

E Vs=7TeV [Ldt=46-48fb" — H-yy

[ V\s=8TeV [Ldt=20.7fb" —  Ho 77 >4

C X Best fit

r —— 68% CL
_l\ll\lllllll\llllllll\\I\ll\lllllll

122 123 124 125 126 127 128 129
my, [GeV]

* Mass already measured with 0.3-0.5% precision
(compare top mass precision 0.5%)
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. Production cross section x branching fraction

_! ATLAS —°::'y')’ Total uncertainty fs=7TeV,L<51f" s=8TeV,L=19.6fb"
—_— 8
my=1295GeV | ey [z loOnp Combined CMS Preliminary m,, = 125.7 GeV
+ anivi1307.1427 =080=014 -
H—yy 2 —— . Dy, = 0.65
=1550B08 1
T 1 4t I PO P = H-s bb
T :22 arm§1aov1a7 PR w=1.15=062
- 143040 ars ; A
ST | D T 100 1= O ’
0|~ anov;1307.1427 — TT
H-Ww'—mv [0 s u=1.10=041
L~
H—yy
u=077=027
H— WW
w=068=020
08 |<0.1 i |
H—1t (8TeV- 1310 . ATAS-CONF 2012164 H—ZZ
Preliminary ; uw=092=028
u=07j; : L1l TN T T T N T U N B
' L ' - 0 05 15 2 25
f=7via=4e4an’ 05 0 05 1 15 2 Best fit O/O'SM
=8 TeV fLat = 13:20.7 " Signal strength (u)

« ATLAS: o/ogy, = (1.33 £ 0.20) yy, ZZ*, WW* (1.23 + 0.18 including bbbar and tt)
« CMS: o/og,, = (0.80 £ 0.14) vy, ZZ*, WW*, bbbar, Tt
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. Spin and parity

" JP=0*vs. 0
e

CMS preliminary \s=7TeV,L=51f"\s=8TeV,L=1961b"
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SM: JP = 0*

H - ZZ* - 4l sensitive to JP: 2 masses and 5 angles

H - yy sensitive to J: decay angle

0--excluded at 99.8% CL
2* excluded at >99.9 CL

JP =0*vs. 2*

LIS I L L L L L L L L L B B

p 200[—H 5 vy —JP=0"(SM)pdf —J° =2" (100% gg) pdf ]

E [ Nominalanalysis ¢ J°=0*(sM)fit ~ ® J°=2"(100%gg)fit |

§ 150 r Backgroung systematic uncertainty ]
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0 ._+=_
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Couplings to fermions and bosons

CMS Preliminary

SM: xy, =xk;=1
K; = 0 excluded at >50

-

\s=7TeV,L<51fb" {s=8TeV,L<19.6fb"

¢ SMHiggs @ Fermiophobic [ Bkg. only

Ot
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Higgs summary

I

Statistically significant?
< Is it a boson?
Mass?

Spin?
Parity?
Is it a Higgs boson?

Is it a SM Higgs boson?

Are there other Higgs
bosons?

P. Eerola

Yes, 7-100

Yes

Improving, more data
helps

In progress, need more
data

Mass peaks
Decays to 2 photons
vy- and ZZ*-final states

Final state kinematics
Final state kinematics

Spin-parity, cross sections,
decays and couplings

Measure cross sections,
decays and couplings.
Probe further (and rarer)
decay channels.

Direct searches
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Charged Higgs

‘ Would be smoking gun for an extended Higgs sector, and

possibly extended theories 7+ = hadrons
- - - H+,"’
Search below top-mass: stringent limits B oo
b
t
mmmgm—i—}/ {1,
) W
q
{s=7TeV L=23fb"' CMS
_III]]:IILIIIIIIIIlllllllllllllllll Tt 60||«|_1J‘|7|-Il-el\l/IILII]2I:|3IfIbIIIC|MISII|IIIJ
0.14 t->Hb, H > t—>H'b, H' >1v ;

3

tan

T T, tiets, et T, and ey final states B T, tjets, et e, and ey final states

+

a ]
+ p—
T )
:10'12:_ B(H —»1v) =1 —8— Observed _: 50 - ZI(S'-'SEI)TT;"T
1] L S5 Expected mediant1c ] - 1=200 GeV
S i jan+2 ¢ ] L |
& 0.1 — Expected median +2 1 40 o 4
o8- - : :
- C ] Yy 7 -
©0.06- - g 727 .
S ] g A7 e i
LO N — 20 ._..--= """""""""""" —_
0.0 E —&- Observed ]
1 pEmmemEET e Observedt1c (th.)
0.02 10F Excluded 7]
- 5 Expected mediant1c
L1l l | | I | | I | | I L1l I L1l I L1l I L1l : L I L I Ll I L .I..I.“I ElxlpTclteld Irn]e:’ilarl‘ i|2|6| :
0 90 100 110 120 130 140 150 160 %O 100 110 120 130 140 150 160
m,,- (GeV) m,,. (GeV)
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e

If we have the SM Higgs, are we in a
metastable universe?

Are we In a metastable universe ?

Top mass: vacuum stability

P. Eerola

Top mass M, in GeV

A. Strumia, Moriond EWK 2013

Higgs pole mass M, in GeV

Assuming H(126) is THE SM
Higgs

150

100 -

«——Higgs potential

0 50 100 150 200
Higgs mass M;, in GeV

12 4.9.2013
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HELSINKI|
INSTITUTE OF
PHYSICS

Searching for Supersymmetry and
other New Physics
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Standard

1J C

5 - B
(9 b .
Quarks . Loptons
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Supersymmetry - SUSY

€ Supersy

mmetric '

"shadow " particl

particles

i Hw‘

. Force particles

SUSY particles

[

=D o
=22 »

Squarks -

DD

¥ 3

Slepton

: § Higgsino
s SUSY foece
0 particles

Unified theory

Elegant way of solving the
hierarchy problem of the
Standard Model (radiative
corrections to Higgs mass
grow to very large values)
Lightest SUSY particle the
“"best” candidate for dark
matter
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. Supersymmetric particles:
“#&. nothing so far

MSUGRA/CMSSM: tan(p) = 30, A_ = -2mq, >0

Status: SUSY 2013

|yl 1000 T [ T I T T T T T I T L] T T I I I T T I I I I
S C RN B | ]
3 e \ R | 95% CL limits ooy not included. .
I_'N —LSP \ATLAS Pre“mmal’y 7| = — Expected O-lepton, 2-6 jets —
= 900 — ):L < 201 20 7fb'1\‘ (s =8Tev === Observed ~ ATLAS-CONF-2013-047 —
= = \\ =< : “-\ v == Expected  (_|epton, 7-10 jets _
L : \ === Observed  arXiv: 1308.1841 ]
— \ \ — — Expected .1 |epton, 3 b-jets —
800 — j ‘\ \ \ === Observed  ATLAS-CONF-2013-061 —
— A= L \ Expected  1{_|epton + jets + MET ]
- \ it S Observed  ATLAS-CONF-2013-062 _
RN \ \ —— Expected 1.2 tqus + jets + MET —
700 — AN \ ! === Observed  ATLAS-CONF-2013-026 —
— \ \ Expected  5_3G.|eptons, 0 - = 3 b-jets ]
B \ Observed  ATLAS-CONF-2013-007 T
600 — —
L -
B ead VR Y AT e I =
— N oy R ST T T S ——— ==
500 — - N -
B N Tt~ '.‘ m— !
400 . B e S B sy I. ) ; =
O\ ! \ T T T e T e —m _—
NN \ \ \ \ \ —
— \ \ \ | | | —
300 — \ \ | | | | ]
— \ \ | | I i
— 1 1 || | 1 117 | | 111 | 1 | 11 | 1 1 | 1 1 11 |
0 1000 2000 3000 4000 5000
m, [GeV]
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: Status of SUSY searches

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

- Status: SUSY 2013 JLdt=(46-229)fb" +s5=7,8TeV
Model e T,y Jets ET™ [Ldtb] Mass limit Reference
MSUGRA/CMSSM 0 2-6jets Yes 203 |&g& 1.7 TeV. m(@)=m(g) ATLAS-CONF-2013-047
MSUGRA/CMSSM len 3-6jets  Yes 20.3 g 1.2 TeV any m(g) ATLAS-CONF-2013-062
» MSUGRA/CMSSM 0 7-10jets  Yes 20.3 3 1.1TeV any m(qg) 1308.1841
_":’ g4, qA)le 0 2-6jets  Yes 20.3 q 740 GeV m(¥7)=0 GeV ATLAS-CONF-2013-047
[ g—qu)(l 0 2-6jets  Yes 20.3 g 1.3 TeV m(¥1)=0 GeV ATLAS-CONF-2013-047
S  za. g—)qu1—>qu*X1 1en 3-6jets  Yes 20.3 g 1.18 TeV m(¥9)<200 GeV, m(¥*)=0.5(m(¥3)+m(z)) ATLAS-CONF-2013-062
] BE, g—)qq([{’/{’v/w),\/l 2epu 0-3 jets - 20.3 3 1.12 TeV m(¥1)=0GeV ATLAS-CONF-2013-089
Q  GMSB (/NLSP) 2eu 2-4jets  Yes 4.7 tanp<15 1208.4688
‘@ GMSB (Z NLSP) 127 0-2jets  Yes 20.7 tang >18 ATLAS-CONF-2013-026
% GGM (bino NLSP) 2y - Yes 4.8 m(¥3)>50 GeV 1209.0753
£ GGM (wino NLSP) Tepu+y - Yes 4.8 m(¥1)>50 GeV ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) Y 1b Yes 438 m(¥3)>220 GeV 1211.1167
GGM (higgsino NLSP) 2e,u(Z) 0-3jets Yes 5.8 m(H)>200 GeV ATLAS-CONF-2012-152
Gravitino LSP 0 mono-jet  Yes 105 m(g)>107* eV ATLAS-CONF-2012-147
g bS] g—>b5)"( 0 3b Yes  20.1 g 1.2 TeV m(¥})<600 GeV ATLAS-CONF-2013-061
G’QEJ Bt 0 7-10jets  Yes 203 |& 1.1 TeV m(9) <350 GeV 1308.1841
2 e gotil O-1en 3b Yes  20.1 g 1.34 TeV m(¥9)<400 GeV ATLAS-CONF-2013-061
o Fobil] 0-1epu 3b Yes 20.1 g 1.3 TeV m(¥3)<300 GeV ATLAS-CONF-2013-061
biby, b1—>b«Y% 2b Yes  20.1 By 100-620 GeV m(¥9)<90 GeV 1308.2631
0w o blbl by —th 2e,u(SS) 03b Yes 207 |b 275-430 GeV m(¥)=2 m(¥3) ATLAS-CONF-2013-007
=9 fi(light), fi—biT 1-2epu 1-2b Yes 47 |4 11051671GeVl m(¥3)=55 GeV 1208.4305, 1209.2102
S S t 7 (light), t1—>Wb)(1 2epu 0-2jets Yes 203 |& 130-220 GeV m(E9) =m(# )-m(W)-50 GeV, m(f;)<<m(¥;) | ATLAS-CONF-2013-048
g 'g t1 T (medium), tlﬁtxl 2e,pu 2 jets Yes 20.3 1 225-525 GeV m(¥1)=0 GeV ATLAS-CONF-2013-065
=5 hh(medium), i—-biT 0 2b Yes 201 B 150-580 GeV m{7)<200 GeV, m(E:)-m(£?)=5 GeV 1308.2631
%‘G % i (heavy), tlﬁt)( Tepu 1b Yes 20.7 b 200-610 GeV m(¥1)=0 GeV ATLAS-CONF-2013-037
< @ H(heavy), hioth 0 2b Yes 205 |% 320-660 GeV m(¥)=0 GeV ATLAS-CONF-2013-024
»® ki, tl_,ov‘f 0  mono-jet/c-tag Yes 20.3 fy 90-200 GeV m(E)-m(¥3)<85 GeV ATLAS-CONF-2013-068
# i (natural GMSB) 2e,u(2) 1b Yes 20.7 f 500 GeV m(¥})>150 GeV ATLAS-CONF-2013-025
bbb, bt +2Z 3eu(2) 1b Yes 20.7 t 271-520 GeV m(E)=m(F2)+180 GeV ATLAS-CONF-2013-025
7 RzL R/ T 2epu 0 Yes 203 |7 85-315 GeV m(¥9)=0 GeV ATLAS-CONF-2013-049
) 1@)51 ,)glﬁfv(fv) 2epn 0 Yes 203 ﬁ 125-450 GeV m@:o GeV, m(Z, _5(m()g;)+ma§§’)) ATLAS-CONF-2013-049
= O M Hy, X —tv(r) 27 - Yes 207 | X 180-330 GeV m(¥?)=0 GeV, m 5(m(E} )+m(T3)) ATLAS-CONF-2013-028
w3 Xl)( —>[va$i(vv) EELE(v) 3epu 0 Yes  20.7 {i,}fg 600 GeV m(F)=m(3), mp\/g) 0, m(Z, 7)=0.5(m(¥3 )+m(¥})) ATLAS-CONF-2013-035
)(1)( -Wx Z)(a 3epu 0 Yes 20.7 A7 X 315 GeV m(¥})=0, sleptons decoupled | ATLAS-CONF-2013-035
- WIh Y 1eu 2b Yes 203 | XA, 285 GeV m(¥; =mp€2), m(¥9)=0, sleptons decoupled | ATLAS-CONF-2013-093
B @ Direct i ¥; prod., long-lived ¥~ Disapp. trk 1 jet Yes 203 | X 270 GeV mdf) m{E?)=160 MeV, 7({7)=02 ns ATLAS-CONF-2013-069
g % Stable, stopped g R hadron 0 1-5jets Yes 22.9 g 832 GeV m(¥3)=100 GeV, 10 us<t(g)<1000 s ATLAS-CONF-2013-057
S GMsB, stable . P, f)sr(e.) 1 2” Z N 15.9 10<tans<50 ATLAS-CONF-2013-058
S8 GMSB, -G, long-lived ¥} - Yes 47 0.4<r(i)<2 ns 1304.6310
= 3, X2 qqu (RPV) 1u, d'spl vix - - 203 |a 1.0 TeV 1.5 <cr<156 mm, BR(z)=1, m(f})=108 GeV | ATLAS-CONF-2013-092
LFV pp—¥- + X, ¥r—e +u 2eu - - 46 A41,=0.10, 4132=0.05 1212,1272
LFV pp—¥: + X, ¥r—e(u) + 1 leu+t - - 46 A43;=0.10, 43(5)33=0.05 1212.1272
> Bllmear RPV CMSSM 1eu 7 jets Yes 4.7 m(?;):m(gr), crysp<i mm ATLAS-CONF-2012-140
& )(#)(1 B oWH, B—eev,, euve 4 e - Yes 207 |X 760 GeV m(/h)>300 GeV, 1210 ATLAS-CONF-2013-036
X1, X - Wiy, K -, et¥y Bepu+t - Yes 207 | X 350 GeV mm)>ao GeV, 4133>0 ATLAS-CONF-2013-036
&—qqq 0 6-7 jets - 20.3 g 916 GeV BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091
E-ohit, fiobs 2e,u(SS) 03b Yes 20.7 g 880 GeV ATLAS-CONF-2013-007
L Scalar gluon pair, sgluon—qg 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826
g Scalar gluon pair, sgluon—tt 2 e,u(SS) 1b Yes 14.3 ATLAS-CONF-2013-051
6 WIMP interaction (D5, Dirac ) 0 mono-jet  Yes 10.5 m(y)<80 GeV, limit 0f<687 GeV for D8 ATLAS-CONF-2012-147
L L L P T
Vs=8TeV 101 1
full data 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.

Much focus lately on the third generation (Higgs mass, CMSSM in problems)
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, Searches for other new particles (not SUSY)

- S Exotics Searches* - 95% CL Lower Limits (Status: May 2013)

“Large ED (ADD) : monojet + £, . I II\,1,3|(8|=|2)I l P
Large ED (ADD) : monophoton + E, M;, (8=2) ATLAS
2 Large ED (ADD) : diphoton & dilepton, m, ., Mg (HLZ =3, NLO) =7
2 UED : diphoton + E; ... Compact. scale R Preliminary
2 s'/z, ED : dilepton, m, M ~ R
g RS1 : dilepton, m, Graviton mass (k/M,, = 0.1)
S RS1: WW resonance, my Graviton mass (k/Mg, = 0.1) »
© Bulk RS : ZZ resonance, m,, Graviton mass (k/Mp, = 1.0) Ldt=(1-20)fb
= RS g — tt (BR=0.925) : tf - I+jets, m V| g mass _
a ADD BH {M,, /M,=3) : SS dimuon, N, .+ M, (5=6) fs=7.8TeV
ADD BH (M, /M,J 3) : leptons + jets,Xp Mo, (5=6)
Quantum black hole : dijet, Fl( i Mo, (5=6)
qqqq contact interaction : % (m ) Tevl A
6 qqll Cl : ee &y, n’) leV. A (constructive int.)
uutt Cl - SS dilepton + jets + E, . 14.3 1b”, 8 TeV [ATLAS-C 2013-051] eV A (C=1)
Z' (SSM) : TMegy, |L=20 07,8 TeV [ATLAS-CONF-2013-017) 286TeV 7' mass
Z' (SSM) :m.. [L=47 "7 TeV [1210.6604) 14Tev 7' mass
5 Z' (leptophobic topcolor) : tt — I+jets, m |L=14.3 fb", 8 TeV [ATLAS-CONF-2013-052) 18Tev Z' mass
W' (SSM) : m,e, L=4.7 1b", 7 TeV [1209.4446) 255Tev. W' mass
W (—=tg, g =1): M, |L=47 "7 TeV [1209.6593) 430Gev W' mass
W' (= tb, LR%M) m L=14.3 fb”. 8 TeV [ATLAS-CONF-2013-050) 184Tev. W' mass
Scalar LQ pair (#=1) : kin. vars. in eejj, ev” L=1.01b", 7 TeV [1112.4526) 680Gev T gen.LQ mass
g Scalar LQ pair (f=1) : kin. vars. in Lujj, wvjj |t=1.010"7 Tev (1203.3172) 685Gev 2" gen. LQ mass
Scalar LQ palr (B 1) : kin. vars. in 71jj, Tvjj [t=47m" 7 Tev [1303.0526) sasGev  3° gen. LQ mass
» eneration - t't'— WbWb [L=4.7 ", 7 Tev [1210.5468) 656 GeV ' mass
=< 4thgeneration: b'd'— S dilepton +jets + £ [1=3431b" TeV [ATLAS-CONF-2013.051) 720 GeV_ b' mass
% ;:'.;_ Vector-like quark : TT— Ht#X |L=143fb". 8 TeV[ATLAS.CONF2013-018] 790 GeV T mass (isospin doublet)
T Vector-like quark : CC,m, . 7 TeV [ATLAS-CONF-2012-137] 142Tev. VLQ mass (charge -1/3, coupling x ¢ = v/m,)
) Excited quarks : y-jet resonance, m Y
S g Excited quarks : dijet resonance, 1# V. q" mass
m XS] Excited b quark : W-t resonance, m,, mass (left-handed coupling)
Excited leptons : I*/ resonance, m 7 ~ 1* mass (A = m(l*)
_ " Techni-hadrons (LSTC) : dllepton.mea, ' pTlt.oT mass (m(p /o) -min) =M, )
Techni-hadrons (LSTC) : WZ resonance (VIl).m p_ mass (m(p_) =m(x;) +my, m(a ) =1.1m(p_))
. Major. neutr. (LRSM, no mixing) : 2-lep + jets N mass (m(W ) = 2 TeV)
_‘é’ Heavy Ieplon N* (type Ill seesaw) : Z-l resonance, m,, N* mass (|V | = 0.055, [V,| =0.063, V| =0)
3 H (DY prod., BR(H =ll)=1) : SS ee (1), m H* mass {limit at 398 GeV for uu)
Color octet scalar : dijet resonance, m Scalar resonance mass
Multi-charged particles (DY prod.) : highly ionizing tracks mass (|q| = 4e)
Magnetic monopoles (DY prod.) : highly ionizing tracks SOk e e e ITaSS | il | L

107 1 10 10?
Mass scale [TeV]

Mass scale up to 1 TeV largely excluded
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LHC future

B Run 1 2010-2012 finished

B 2013-2014 - long shutdown 1, dipole magnet repairs,
maintenance and improvements

B 2015-2017 = energy 13-14 TeV, luminosity 100-120% of
the design target 1034cm-2s-"

H 2018 — long shutdown 2, detector upgrades

B 2019-2021 — energy 14 TeV, intensiteetti 240% of the
design target

B 2022 - long shutdown 3, major detector upgrades

M ...continue till 2030’s...?

4.9.2013
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- Summary
~ HELHC: enormous amounts of new results in a new

. energy domain
@ M Higgs bosons:
e mDiscovery 2012 — breakthrough after decades of

searches
m What kind?
B Everything according to the Standard Model
B No signs of new physics (yet?), Supersymmetry
being constrained more and more...

B The accelerator and the experiments have been
working in a fantastic way

B Very rapid take-over of global leadership in high-
energy physics
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