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Standard Model input is now completely determined
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Why physics beyond the Standard Model?
many open issues

hierarchy problem v < Mp;, Mgz < Mp

large number of free parameters g1, g2, v, ms, Vo
no further unification of forces

missing link to gravity

nature of dark matter?
baryon asymmetry of the universe?



Supersymmetry

Standard particles SUSY particles

) Quarks . Leptons . Force particles Squarks \,} Sleptans Q E;Jrﬁ;;gme

# gauge coupling unification
# dark matter candidate (lightest SUSY particle, LSP)
# physical Higgs bosons: »Y, HY, A", H*

lightest Higgs boson 1" < 130GeV



Outline

. SUSY algebra and representations
. SUSY fields and Lagrangians
. MSSM, formulation and content

. Tests of the MSSM



1. SUSY algebra and representations
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more spinor notations and conventions

definition: Pl = —ahy, Y2 =1y
&1 — &27 152 — _?7;1

= wa: ;;km IEG’:W’*

—> compact notations for Lorentz covariants

Xt = X"y = X
VX = YaX® = ¥X
Yot = oty

Yroty = oty
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Appendix to Sectionl




Useful formulae for spinors

Weyl-spinors with components ¢, (a = 1,2)

=)

form a 2-dimensional representation of the Lorentz Group. They transform under Lorentz
transformations A according to

A v — D(A) 9

with the matrix
rotation

e
D A - 1 ==
(4) {e‘i‘b”" boost.

7 = (c',0% 0%) denote the Pauli matrices.

Weyl-spinors with components y* (a = 1, 2)

-(2)

belong to another, not equivalent, 2-dimensional representation of the Lorentz Group.
Under the same Lorentz transformation A as above they transform according to

et
i)

A )Z—)D(A))Z

with the matrix
D(A) =

i R .
e 2%"%  rotation
1, ==
etz hoost.

The representation matrices are connected via
D=TD'T!, T=io?

and fulfill the relation
D '=D".

For each 1) tranforming with D, a 1) can be found transforming with D, namely
12) =— 02 * )

or explicitly,



The Pauli matrices, together with

10
0._ 1 _
0.—1—(01)

can be summarized in terms of a 4-component quantity,
ot = (0°,5).

In addition, one defines

Lorentz covariants:

scalars:
Xty mit xT = (MR
YT mit Yt = (PF, ).
4-vectors:
Xt = xTo'x,
X+ = ytata.

Spinor notations:

In addition to the components t,, 1) one defines:
Pt =~y PV =
Py = ¢ Py ="
This yields B -
Yo =175, P*=9*"
and a compact notations for the Lorentz covariants:
X = X'+ X = X = XV
VX = X X =YX =YX
Protp = ¢t (0"’ = Yoty
vttty = P (0") Py = Yoty
The spinor products, expressed in terms of the original components, read

XY = >S1¢2—)£21/)1
vx = P - P



4-component spinors:

A Dirac spinor is composed of 2 Weyl spinors according to (Weyl representation)

(2

Under a Lorentz transformation A, it transforms as follows,

A xwa<D9)D&)>w

Dirac-Matrices in Weyl representation:

0 o* -1 0
no__ _ 0.1 .2 3 __
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Chirale projektors:

11— 10
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P 0

0 )’ X

are eigenspinors of P (left-chiral) and Pg (right-chiral). The representations D and D
are thus left- and right-chiral representations

The spinors

A Majorana spinor is a 4-component spinor with y = 1:
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U, = CT,
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2. SUSY fields and Lagrangians




1.4, Superspace
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3. MSSM: formulation and content




SU(2)r

gauge boson content

generators T¢, TZ, T2, T¢ = 30,
- 12 T3
gauge fields  Ww,, Wi, Wp

: + _ 1 1 A2 3
also: - Wi = = (W, FiWi), W,

generator Y
gauge field B,

generators T¢=3)\, (a=1,...8)

gauge fields  Gj, (a=1,---8)



matter fields and quantum numbers

SU(2); : weak isospin, generators 7T = 3 0% for L, = 0 for R

U(1)y : weak hypercharge, generator Y |77 +Y/2 = Q

fermion content (ignoring possibe right-handed neutrinos)

T3 Y
L L L 1
1% 1% 1% +5 —1
. L _ e H T 2
leptons: Uy = ( . ) ( . ) ( . ) |
e 7 T —3 —1
ZR = el ult R 0 —2

. L _
quarks: vy =

7~
Q.
-
N~ —
N
w0
=
N~ —
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-y <~
=
N~ —
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NI~ DN~
— -

=
=
I
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Particle Content of the MSSM

Superfield Bosons Fermions SU.(3)SUL(2) Uy(1)
Gauge
G*? gluon g gluino g 8 1 0
\%A Weak WF* (W*,Z)  wino, zino @w* (0%, 32) 1 3 0
\% Hypercharge B (7) bino b(¥) 1 1 0
Matter
L; Li=(p,é)r Li=(v,e), 1 2 —1
E, sleptons { B —&p leptons { B = en | | 5
Qi [ Qi = (4,d); Qi=(u,d)r 3 2 1/3
U; squarks ¢ U; = g quarks Ui = u5 3* 1 —4/3
D; | D =dpg D; = d§ 3* 1 2/3
Higgs i
H, . ( H, . Hq 1 2 —1
H, Higgses < H, higgsinos { i, | 5 1




superfields for matter

Ql Ll
Q= , U, D (quarks) L = , E (leptons)
Q2 L2

Qi = Q' +v2(0g)) + (00)F}

U =U + V2(0ur) + (09)F

Ul = U* + V2 (0ug) + (00) FL
scalar spinor auxiliary

Qi = qu :  U- and d-squarks, “left-handed”
U* = uR, u-squark, “right-handed”

. ur UR
4-component quark spinors: W, = , W =

UR ur,

(analogous for d-quarks and leptons)



superfields for Higgs

H; . H! |
H, = , with'Y = —1, H> = , with Y = +1
Hj H5

H; = Hf + V2 (0y) + (00)F
scalar spinor auxiliary

(Higgs) (Higgsino)



superfields for Higgs

H; . H! |
H, = , with'Y = —1, H> = , with Y = +1
Hj H5

H; = Hf + V2 (0y) + (00)F
scalar spinor auxiliary

(Higgs) (Higgsino)

_ 0 O 1 0
electric charge: Qp, = , Qpu, =
0 -1 0 0
HY H;



constructing the MSSM Lagrangian

[ notation:  V; =1, VY, W,=T,Wg]

1
2_su),svu@)u) 1 TH(WaW?) + h.c.
T Zmatter (I)I 62(93V3+92V2+91V1) (I)Z
+ 3 Higes HI ¢2(92V2ta1V1) 1,
+ W superpotential
W = €ij /LH%H‘%

+&; (YyQ'UH, + V) Q’'DH! + Yy L’EH!)



W conserves R-parity:  Pr = (_1)3<B—L)+2s

Pr-violating interactions

— Induce baryon- or lepton-number violating processes
— Interactions must be suppressed

— Interactions are absent if Pr-conservation is postulated

phenomenologically, Pr-violating terms can be present,
with couplings (small) as free parameters

minimal choice (MSSM) contains only R-parity conserving
terms

all SM particles have even, all SUSY particles have odd Pr =
— SUSY-particles can only be produced in pairs
— lightest SUSY particle (“LSP”) is stable



soft breaking terms

Loof = Zz m22 |90i|2

P -

Ao

+ D sU(3).5U(2).0(1) 2 M) AaAa

+ Beyj HiH) + h.c.

+eij (Au QUUHS + Ap QD HY + Ap LE HY)
all scalar fields

all gaugino fields

U,D,E : scalar quark/lepton fields

&

E

doublets of scalar quarks/leptons

general: coeffcients A are 3 X 3-matrices in generation space



essentially all masses and mixings of superpartners are free
parameters

soft parameters can be treated as independent free parameters
or: fixed by some (ad-hoc) assumptions

or: derived from specific models of SUSY breaking



essentially all masses and mixings of superpartners are free
parameters

soft parameters can be treated as independent free parameters
or: fixed by some ad-hoc/ well motivated assumptions

or: derived from specific models of SUSY breaking

parameters My, Ar can be complex
new sources of C'P-violation

phenomenological constraints from electric dipole moments
and from flavor physics



Higgs fields

two scalar doublets from H;, H, superfields:

H| HY v
Hy = = , < Hy>p=

Hf é1 0

H S 0

H22 HS (%)




Higgs potential: Vg = V'™ + Vgoft

= (u? +mi) H{Hy + (4 + m3) H{Hy — m3e;; (H{ Hj + h.c.)

2 2 2
+91§g2 (HIHl —H;sz)z + 972 ’HIH2’2

EW symmetry breaking:  minimum of Vg at
HY) =v; #0, HY=vy#0, & =0, &5 =0
necessary condition:  m3 > (u® +m?) (u? +m3)
requires m3 # 0

e SUSY breaking required for EW symmetry breaking



Higgs potential: Vg = V'™ + Vgoft

2 2 2
+91§g2 (HIHl —H;sz)z + 972 ’HIH2’2

EW symmetry breaking:  minimum of Vg at
HY) =v; #0, HY=vy#0, & =0, &5 =0
necessary condition:  m3 > (u® +m?) (u? +m3)
requires m3 # 0

e SUSY breaking required for EW symmetry breaking

SM particle masses:
2 2 2
MW,Z ~ V] + V5, Mg, Me ~ V1, My, ~ UV

new parameter: tan 8 = g—j



mass spectrum: 3 unphysical + 5 physical degrees of freedom

® 3 Goldstone bosons GO, G+
® 2 neutral C P-even Higgs bosons kY, HY

® 1 neutral CP-odd Higgs boson A°  “pseudoscalar”
M4 = mj (cot 8 + tan 3)
conventional input parameters: My, tan§ = 2

other masses mj,, mg, my+ predicted, not independent

mass eigenstates are linear combinations of the doublet
components, with  ¢7 = (7)1, ¢7 = (¢3)’

HY = vi + 5 (1 +ix1)

HY = vy + % (2 +ix1)



| —

(%)
()
H

< -

DO

B COS(x SN«

N —sln ¢ COS
GO B cos 3 sin
AY ]\ —sinB cos
G* B cos3 sinf3
H* | | —sinf cosp

Mi+Mz; 7
M5 —-MZ 2

@ @
3 5

(\)

tan 2a = tan 203



e predictions for dependent masses (tree-level):
3y = M3 + M3,

myp = (M3 + M2 £ /(M3 + M2)2 — AM3M3 cos? 25)

mp, < Myz|cos(28)] < Mz (1)

e substantial higher-order corrections:

dominant one-loop term  Amj ~ Gy mj log(m?/m7)
from the Yukawa sector

all other sectors also contribute

myp, = observable sensitive to (still) unknown SUSY particles




Higgs bosons in the MSSM: RO, HO, A° H+*

500 [ [T [T e e
450 E_ m, " scen., tanp = 5 ]
C —h ]
400 H E .
wL e light Higgs boson h

33005 — mp < my|cos(28)| + Amyo
g 2501 :
] 2002 1 eforheavy A, H?, H*:
i: : hY like Standard Model Higgs boson

50 100 150 200 250 300 350 400 450 500
M, [GeV]

m} strongly influenced by quantum effects, e.g. ¢, ¢

¢l g

ARy
H H H H
B o B e S ——————»——————y‘ L

o)
2
£



gauginos and Higgsinos

mass terms = bilinear terms in gaugino and Higgsino fields

notation: gluino g, , winos W+, 73 | bino BY , Higgsinos f]liéo
Lgaugino,Higgsino — %MSLZ]a?]a + % XT M(O)X + ¢_T M(C)lm_ + h.c.

M(©), M) non diagonal in the components

(Y (e
+ — [_72-|— ) — = [_71— ) X — ]:[?

diagonalization — mass eigenstates:
e charginos x;i,, neutralinos x9, ,,




# chargino masses: mg+ - from Mo, p

M2 \/iMW Sinﬁ
V2Myy cos 3 T

# neutralino masses: mygo  from My, Mo,
( M1 0 —Mzsw COSB Mzsw sinﬁ \
0 Mo Mzew cos b —Mycew sin 8
—Mzsyw cos B8 Mycyw cos B 0 —

\ Mzsw Sinﬁ _MZCW sinﬁ — M 0 )



#® sfermion masses: mg from M, MJ;R, Ag
m?c‘FMl%"_M%CQB(]?—QfS%V) mye(Ar — 1K)
mye(Ar — 1K) m?c + M%R + MZcopQ 153

with
k = {cot B;tan B} for [ ={u,d}

note: M/ equal for both u and d of a doublet
My, Mgp, Ay — mg, ,, Oy
Mg, Mg, Aqg  —mg ., 04

= My, My, not independent



Quantization and renormalization

conventional gauge theories

gauge group G, generators 7,, structure constants f,.
for quantization: £ = Loym + Laix + Lghost

Lix =3 F2, F,=0,W
requires ghost fields ¢, and anti-ghosts ¢,

Lghost — (@Néa) (Dzdj)ab Cb; Dzdj — a,u — 19 W,Z; Tf/?dj

# [ Is symmetric under BRS transformations
sWj = (ijdj)ab Ch sWi=0W), etc]

— 1
scg = —0"Wy5, sCq = —954 Jabe CbCe



BRS [Becchi, Rouet, Stora] Symmetry guarantees
— renormalizability
— gauge invariant and unitary S matrix

Important: ST identities = symmetry relations between
Green functions, valid to all orders

basic quantity: effective action I'(£L)
generating functional of vertex functions

or
5901'5903'... - FSOiQOj...
classical action: Ca(L) = [diz L

— tree level vertices

general: vertex functions with loop contributions,
building blocks for renormalization



BRS symmetry: invariance of I' under BRS transformations,

= [d*x {W sp; + } =0 S: ST-operator
5S(T) : -
= S T 0 relations between vertex functions
ST identities

= all UV divergences in vertex functions can be removed
by (multiplicative) renormalization of parameters and
fields in the classical Lagrangian/action



SUSY gauge theories

SUSY transformation modify BRS transformations,

Lﬁx T Lghost
not invariant under SUSY transformations

e BRS transformations — SUSY-BRS transformations
combine BRS and SUSY transformations



SUSY gauge theories

SUSY transformation modify BRS transformations,

Lﬁx T Lghost
not invariant under SUSY transformations

e BRS transformations — SUSY-BRS transformations
combine BRS and SUSY transformations

SUSY BRS symmetry = ST identities

ST id must be fulfilled at any order, including counterterms
= structure of counterterms



result:

= all UV divergences in vertex functions can be removed
by (multiplicative) renormalization of parameters and
fields in the classical Lagrangian/action.

Parameters to be renormalized:
supersymmetric and soft-breaking parameters.

counterms fulfill the STid <« the regularization scheme
for loop calculations is symmetric

otherwise: symmetry-restoring counterterms needed,
determined by the ST id

e Important for practical calculations



practical calculations are done In

o dimensional regularization D
pt, A* 4# g, In D dimensions
not supersymmetric,
needs symmetry-restoring counterterms

# dimensional reduction D,.4:
only momenta in D dimensions,
no symmetry-restoring counterterms needed (at
one-loop), beyond one-loop no general proof yet



4. Tests of the MSSM




°

SUSY parameters — mass spectrum + mixing matrices
Interaction terms — Feynman rules for the MSSM

calculate processes with SUSY particles
— production cross sections for colliders
— decay widths/ branching ratios
In terms of the model parameters

confront predictions with experimental results: direct searches

calculate electroweak precision observables (PO) with virtual
SUSY particles My, Z observables, muon g — 2, and M, (1)

compare predictions with experimental results for PO:
Indirect searches



M,,, [GeV]

80.60

Indirect: precision observables with SUSY quantum loops

80.50—

80.40

80.30

| T T T
| experimental errors 68% CL.:

| SM|M,, = 125.6 + 0.7 GeV VSSM

LEP2/Tevatron: today

M, -1256+31Gev| _
MSSM

SM, MSSM |
Heinameyer, Holllk, Stockinger, Weiglein, Zeuna 13

dark:

1 1 | 11
168 170 172 174 176 178

m, [GeV]

mgz, my > 500 GeV
mg, mg > 1200 GeV

muon decay pu- — e v, e

M

X = Higgs bosons, SUSY particles

Gp T
V2o My, (1= My, /M3)
14+ Ar(my, X)]

determines W mass

MW — MW(O&,GF,MZ,mt,X)



80.60 80.60
80.55 80.55
= 80.50 = 80.50
O - D -
O T e I
= - = L
= 80.45] = 80.45[
80.40|- 80.40
80.36 553 sbasba é(')d ot 1259 140516001805 2000 80.35 55t sbasha é(')d 06912061209 18001809 2000
m: [GeV] m; [GeV]
mg, mz > 1000 GeV + charginos and sleptons above 500 GeV

(mg, mg > 1200 GeV)



muon g — 2

new contributions from virtual SUSY partners of ., v
and of W=+, Z

H -
N V'u \.\\_R
~ T A
E‘VF* Ha

2
o« My, V9

extra terms

_|_
2

can provide missing contribution for
MSUSY — 200 — 600 GeV



direct: SUSY searches at the LHC

at the LHC sparticles are pair produced e
Q'\ .
= dominantly squarks and gluinos via the strong interaction 2
= they decay via cascades into the stable LSP (neutralino or PR A m—

gravitino), assuming R-parity conservation 0-lepton

common signature:
= multiple, high energetic jets and transverse missing momentum

= distinguish final states by additional particles

zero, one, two, .. leptons (e, n), two photons, ...
b-jets if 3" generation squarks are lighter than other generation squarks

iIncomplete event reconstruction due to LSP

— distributions of jets (and leptons)

e searches need predictions for production and decays of SUSY particles



e LHC: LO contributions to squark pair production (QCD tree level)

cross sections depend essentially only on s and s-particle masses

e O(a?): - gg production

<

— gq production

7 - --- ’
{ } ,//
¢ i
V7
RITITT Y

- qq*, b b*, t.t* production; §g production

i bt
L7 LIy - - - - e , o ~ -—---
:§Mm * i I:;%,/ >,,,,m.(’ (q #t) %
RN ! a ) +
N 099999 - ——— S AN —p——

e decay modes depend in detail on model parameters and chiralities

e simplifying assumptions for experimental analyses



ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

Status: August 2016 \Vs=7,8,13TeV
miss _ )
Model e T,y Jets EX [Laim™] Mass limit V5=7,8TeV | V5=13TeV Reference
T — T T T T T — T T
MSUGRA/CMSSM 0-3e,u/1-27 2-10jets/3b Yes 20.3 m(g)=m(g) 1507.05525
4, -4, 0 2-6jets  Yes 13.3 m(¥})<200 GeV, m(1* gen. §)=m(2" gen. q) ATLAS-CONF-2016-078
3 43, q—)le (compressed) mono-jet  1-3 jets Yes 3.2 m(g)-m(¥})<5 GeV 1604.07773
S5 @@ g—>q‘IX1 0 2-6jets  Yes 133 m(¥})=0 GeV ATLAS-CONF-2016-078
5 28 2-qdtt —gqW=E) 0 2-6jets Yes 133 m(E})<400 GeV, m(¥*)=0.5(m(¥!)+m(z)) ATLAS-CONF-2016-078
% 32, 2oqq(Ll/y)E) 3eu 4 jets - 13.2 m(¥})<400 GeV ATLAS-CONF-2016-037
o & g—ngwzf? 2¢,u(SS) 0-3jets Yes 132 m(¥}) <500 GeV ATLAS-CONF-2016-037
> GMSB (£ NLSP) 1-27+0-1¢ 0-2jets  Yes 3.2 1607.05979
8 GGM (bino NLSP) 2y - Yes 3.2 ¢r(NLSP)<0.1 mm 1606.09150
S GGM (higgsino-bino NLSP) Y 1b Yes  20.3 m(¥})<950 GeV, cr(NLSP)<0.1mm, 11<0 1507.05493
=  GGM (higgsino-bino NLSP) Y 2jets  Yes 133 m(¥})>680 GeV, ct(NLSP)<0.1 mm, 11>0 ATLAS-CONF-2016-066
GGM (higgsino NLSP) 2e,u(2) 2jets Yes  20.3 m(NLSP)>430 GeV 1503.03290
Gravitino LSP 0 mono-jet  Yes 20.3 m(G)>1.8 x 107* eV, m(g)=m(7)=1.5TeV 1502.01518
s 'E’; 22, g—>be 1 0 3b Yes  14.8 m(¥)=0 GeV ATLAS-CONF-2016-052
:” € gz g 1 0-1eu 3b Yes 1438 It ATLAS-CONF-2016-052
w00 g8, §—bit| 0-1e.pu 3b Yes 201 m(¥})<300 GeV 1407.0600
@ < bibi, b _>b;(, 0 2b Yes 3.2 m(¥})<100 GeV 1606.08772
E -% byby, by —mvl 2, (SS) 1h Yes  13.2 m(¥})<150 GeV, m(¥i)= m(¥})+100 GeV ATLAS-CONF-2016-037
33 AfLA-bl 0-2 ¢, 1-2b  Yes 4.7/133 m(E) = 2m(E}), m(¥))=55 GeV 1209.2102, ATLAS-CONF-2016-077
a '§ i, ;1_>be1 or it} 0-2e,u 0-2jets/1-2b Yes 4.7/13.3 m(P})=1GeV 1506.08616, ATLAS-CONF-2016-077
$S aih St 0 mono-jet  Yes 32 m(7,)-m(¥))=5 GeV 1604.07773
S8 hii(natural GMSB) 2e,u(2) 1b Yes 203 m(¥})>150 GeV 14035222
| R hoh+Z 3e.pn(2) 1b Yes 133 m(¥?)<300 GeV ATLAS-CONF-2016-038
by, h—Mh +h leu 6Bjets+2b Yes 203 m(¥)=0 GeV 1506.08616
rlig, I—et) 2epu 0 Yes 203 m(E))=0Gev 1403.5294
):(,)gf,)gl —Tv(ty) 2eu 0 Yes 203 m))=0 GeV, m(Z, )=0.5(m(¥} )+m(¥})) 1403.5294
)(,)(’ X1 —Fv(t) 27 - Yes 20.3 m(¥))=0 GeV, m(z, #)=0.5(m(¥} }+m(¥})) 1407.0350
= ‘g )(lXa—»t’Lvé'Lé'%'v) , (L E(Y) 233e,;1 . 2q Yes 203 m()?,’):m?‘z’)_,imo??(/)‘;o, mg:“ .?(m(/\_/f)+m(/\7?)) 1402.7029
s )(,)( W Z¥ -3 e, u -2jets  Yes 20.3 m(¥7)=m(¥3), m(¥})=0, 7 decoupled 1403.5294, 1402.7029
S SWRIEY, bbb/ WW/Tt)yy €1 0-2b  Yes 203 m(ET)=m(¥3), m(¥})=0, 7 decoupled 1501.07110
XoX3, X5 =t dep 0 Yes  20.3 mE3)=m(¥3), m(¥})=0, m(Z, )=0.5(m(¥3)+m(t})) 1405.5086
GGM (wino NLSP) weak prod. Teu+y - Yes 20.3 cr<imm 1507.05493
GGM (bino NLSP) weak prod. 2y - Yes 20.3 cr<imm 1507.05493
Direct ¥7X7 prod., long-lived ¥;  Disapp. trk 1 jet Yes 203 m(¥;)-m(¥})~160 MeV, 7(¥)=0.2 ns 1310.3675
Direct ¥1X] prod., long-lived Y7 dE/dx trk - Yes 184 m(¥;)-m(E})~160 MeV, 7(¥;)<15 ns 1506.05332
B « Stable, stopped g R-hadron 0 1-5jets  Yes 279 m(¥7)=100 GeV, 10 us<(z)<1000 s 1310.6584
= % Stable g R-hadron trk - - 3.2 1606.05129
ST Metastable g R-| hadron dE/dx trk - - 3.2 m(¥)=100 GeV, r>10 ns 1604.04520
S 8 Gmss, stable 7, W@ e 124 - - 19.1 10<tanB<50 1411.6795
~ GMSB, H15yG, long-lived ¥} 2y - Yes 203 1<7(¥})<3 ns, SPS8 model 1409.5542
78,40 Heel{/euv/p,uv displ. ee/ep/pp - - 20.3 7 <ct(¥)< 740 mm, m(3)=1.3 TeV 1504.05162
GGM gg, X|—ZG displ. vix + jets - - 20.3 6 <cr(¥})< 480 mm, m(z)=1.1TeV 1504.05162
LFV pp—v + X, ¥r—epu/et/ut CHLET T - - 3.2 A51=0-11, Ai32133/233=0.07 1607.08079
Bilinear RPV CMSSM 2e,u (SS) 0-3b Yes 20.3 m(7)=m(g), ctzsp<1 mm 1404.2500
XX, ~1 X W X —eev, epv,uypy - 4 el - Yes 13.3 m(¥})>400GeV, A;2#0 (k = 1,2) ATLAS-CONF-2016-075
> )'(]’)Zf X oWH X >ttve,erve 3eu+T - Yes  20.3 mT})>0.2xm(¥r), d133%0 1405.5086
& 28, g—»qqq 0 4-5large-Rjets - 14.8 BR(r)=BR(b)=BR(c)=0% ATLAS-CONF-2016-057
22 3-qa%1. X1 - 4qq 0  4-5large-R jets - 14.8 m(¥})=800 GeV ATLAS-CONF-2016-057
88, g—nt, —bs 2e,u(SS)  0-3b Yes 132 m(71)<750 GeV ATLAS-CONF-2016-037
fif, fi—bs 0 2jets+2b - 15.4 450-510 GeV ATLAS-CONF-2016-022, ATLAS-CONF-2016-084
iy, bt 2epu 2bh - 20.3 BRI —be/u)>20% ATLAS-CONF-2015-015
Other Scalar charm, 5-)02‘,’ 0 2¢ Yes 20.3 m(t})<200 GeV 1501.01325

*Only a selection of the available mass limits on new
states or phenomena is shown.

Mass scale [TeV]
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