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New Physics Check List

Standard Model is incomplete

New Physics should address following points:

» dark matter candidate

e number of fermion generations

e fermion masses (in particular light neutrino masses)
e CP-violation

e Fermion-Number Violation (BNV or LNV)
 Unification

* (Hierarchy problem)
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The SM Hierarchy Problem

SM Fine Tuning “Problem”

m
Fermion-Higgs Coupling does not decouple in the SM: £
. : 2 M,
leading to UV divergences
o= fermion t
' +H fEE=——eaaef  f-------- H
R - - - - - - - - H
scalar boson fermion
7 7\s2 2 2 oy ’gf2| 2 2
dM2s =L [A*+ 2m’log Alm, dSM2y ==L 2 A+ 6m>log Alm,
167 167 | |

2 2 2 2 note factor 2
OMy =0Mys+0Mjc—A" — MPIanck

Higgs mass givenby: M, =M , +OM;, M. /M = 1017

Higgs Planck

10000000000000000000000000000000000 , y 4
-9999999999999999999999999999999999 — fine tuning “problem
= 1
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Two Higgs Doublet Model

One Higgs Doublet Model (Standard Model):

SM Higgs Doublet generates:

» 1 physical Higgs (neutral)

» 3 Goldstone Bosons (charged+neutral) eaten by vector bosons
» Higgs field generates masses of all fermions

Two Higgs Doublet Model:
b by
by b,

~ eight degrees of freedom (complex fields)

(1)1: ) CI)2:

In addition to the 3 Goldstone bosons there are 5 physical Higgs states:

h: light neutral Higgs

H: heavy neutral Higgs

A: pseudo scalar Higgs (CP=P=-1)

H*: charged Higgs bosons — induces extra charged currents

+ Rich phenomenology!
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meters, 4 complex — 14 d.o.f.

ation values

0 ’ <<I)2> 4 L Oi}; v?—l—v%:vz, v=246 GeV

v1 \/5 V,e 2 5 >
m,~v; v=Rm,/(2v,v,)
tan B=v,/v,
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uplings

Ju,| + h.c. similar for leptons!

, define the type of the model

1,2

~.

wing 4 model types are possible if ®, &, =0 and ®, ®, =0

(Supersymmetry Realisation)

1%
IV (X) |
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lies CP-conservation and no FCNC!

, Symmetry broken — direct CP-Violation
(CP violation even with only 2 fermion generations)
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DM

nerations
n particular light neutrino masses)

mber Violation (BNV or LNV)
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lue for ) and O

g charged currents (similar to W*)

d in Supersymmetric Theories
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at ATLAS

—-WW = lviv

ction via W/Z
0 extra jets!)
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L e Dat . i [ ® Data H—-WW-—evpv + 2 jets
iyt [ -SI?/I?—Iig m =125 Gev H-WW-—evuv + 0 jets ] s 80 - Esvl\fj:t’ggs m =125 GeV
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— data consistent with SM expectation
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t — bH* Strahlung

lated) taus represent a good search signature at LHC
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III|IIII|IIIIIIII|IIII|IIII|IIII|IIII:

10° ATLAS —e— Data 2012 -

1 04 y [ JTrue < ]
Ldt=19.51fb 2 Jet—r 3

a1 03 ; e/u—t ]

\s=8TeV - m,. = 130 GeV 3

Q1 02 B(t = bH")x B(H'— 1v) = 0.9 %—;l
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Low H* mass selection
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High H* mass selection
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lepton and missing energy)
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100 200 300 400 500 600 700 800 900 1000
m,, [GeV]

— Large and low tan 3 regions excluded!

low energy limits are competetive!
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fermion

2
|gf|2 —2A%+ 6mlog Alm,

+2m§10gA/mS] OM e =
167
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c fermion loops with scalar fermion (sfermion) loops
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Standard particles

\_/\«./\_)

ox

SUSY particles

Squarks () Sleptons ) SUSY force
particles

etric particles have identical gauge quantum numbers
in spin by %2
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Names Spin | Pr | Gauge Eigenstates | Mass Eigenstates
Higgs bosons | 0 | +1 | HQ HY H} H; RO HO A0 H+
i g dg, dg (same)
squarks 0 —1 Sr, SR ¢ CR (same)
tr tr b br t1 ta b1 b
€1, ERr Ve (same)
sleptons 0 | -1 LL LR Vy (same)
TL TR Ur T T2 Ur
neutralinos 1/2 | -1 BY WO HO ﬁg N; No ﬁg N,
charginos 1/2 | -1 W+ HF Md_ CE CF
gluino 1/2 | —1 7} (same)
é?ii?iiﬁﬁ) éﬁ) —1 G (same)
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MSSM Parameters

MSSM=Minimum Super-Symmetric Model

- Coulings: g, g, g' corresponding to the SU(3) x SU(2) x U(1) gauge groups
- Higgsino mass parameter u
- Higgs-Fermion Yukawa coupling y,, Y,, Y. (fermion-Higgs, sfermion-Higgsino)

SUSY breaking parameters: > My,

SUSY
Masses:

» gaugino masses M, , M, M, associated to SU(3) x SU(2) x U(1)
» scalar squared mass parameters

M- M%, M%E corresponding to (u,d)L, uz, di, (V,€_>L, ei

D

M?

U »

2
My,

s trilinear Higgs-sfermion-sfermion couplings: A A, AA,, AA,

: c 2 2 2 2 2
» scalar Higgs mass parameters: m,+pn°, my+p°, m,=Bu

can also be re-expressed by: tanp=v /v, vi+v,=(246GeV)’

In total 124 parameters in MSSM
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SUSY R-Parity

R-parity is a multiplicative quantum number:

R| particle) = 1 R|SUSY particle) = —1 R=(-1)3B+L+28

If R-parity is conserved SUSY particles (sparticle) can only be produced in
pairs. The lightest sparticle (LSP) is stable (usually neutralino)!

If the LSP is charged — heavy ionising particle
If the LSP is neutral — candidate for dark matter

R-parity conservation prevents from large radiative corrections and FCNC if
the SUSY particles are light

R-parity can be broken by bilinear (e.g LH) or trilinear terms (e.g. UDD)
1

Lyjoy = E?\ijk LiLjék + A Linak + iL,-Hu lepton number violation
Lpg—y = %?\"ijkﬂiajak baryon number violation

Note, either R-Parity is (mostly) conserved or SUSY mass scale is high to stabilize
proton!
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s the energy scale

ion between
SS scales:

M1_M2_M3
ZE— >
g1 gd» ds

coupling unification
in SUSY

9,=9; 9,=9gV5/3g’

M ~10"° GeV

unification

i i i |
15 0 5 10 15
000 Q 1010g Q

o
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ouplings

nd SM Yukawa couplins (g m./ 2m,, )

note: if « = 0
m, 1 my, 1

y“NQZmW Sinp ybbNQZmW cos B
mt
= — =~ tanf
m,
If Adominant:

m; 2
= — =~ tan' B
m,

large B value might explain top-bottom mass splitting!
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n particular light neutrino masses)

mber Violation (BNV or LNV)
lon of forces
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traint)

11 -IMax

Theoretically

Inaccessible \H

20 40 60 80 100 120 140
m, (GeV/c™)

ggs at 125 GeV lies in the allowed SUSY band!!!
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Requirement

Signal Region

2l 2jm 2jt 4jt 5j 6jm 6jt
EMs [GeV] > 200
pr(j1) [GeV] > 200 | 300 200
pr(jz) [GeV] > 200 50 200 100
pr(j3) [GeV] > - 100
p1(js) [GeV] > - 100
pr(Js) [GeV] > 50
Pr(Jjs) [GeV] > - 50
Ag(jet, 5 3 EM)mn> | 0.8 0.4 0.8 0.4
Ad(jet;os, BT ) min > - 0.2
EMs [ \/Hy [GeV'/?] > 15 20 -
Aplanarity > - 0.04
EXS [meg(N;) > - 0.2 0.25 0.2
meg(incl.) [GeV] > 1200 | 1600 | 2000 | 2200 | 1600 | 1600 | 2000
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[GeV]

Mo

1200

~ 1000

qq production; g— q %?

- ATLAS

| O-lepton + 2-6 jets +
ls=13TeV, 3.2

=== Observed limit (+1 G;L;f;;,)

Expected limit (+1 6,,,)
ATLAS 8 TeV, 20.3 fo™ .

All limits at 95% CL

2jl 2jl ot ]
....................... A A g
""""""""""""""""""" . 2jl 2t 2t ]
2l 2jt 24t 2t ]
2l 2jl “':_'2jt 24t 2t ]
2]l 2 “"'gjt ojt 2t ]
T T B N A N A
600 800 1000 1200 1400
m; [GeV]
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. gg production; g— q q %?

B | 1 1 I | | 1 I 1 | 1 I |
B ATLAS == Observed limit (+1cy,..) ]
. miss
1200 __ O-|ept0n + 2'6 jetS + ET _____ Expected I|m|t (i1 Gexp) __
| -1 —
~ Is=13TeV,321b ATLAS 8 TeV,203fo" -
1000— . |
- All limits at 95% CL —
B 2jm 5] 5] 5] 4jt 4jt ]
. 2m gmattITiAne 5 4t -
800 B ,lziigﬁ“m : 5] . : 4jt J 4t |
B SR, ....-'-l-"_'-'::_ ’v... i 4jt 4jt ]
- R Ly N kL 4jt 4t _
s 2jm 5] 5] 5% = 4t 4jt |
600 - 5i Ky 4jt 4jt _
B BN R 4jt 4t _
[ . it 4jt 4jt
- -, %, 4it 4jt ]
400 B ‘ "'. % 4jt 4jt -
A 5] 4jt : Ty 4t 4t
_ L 5] 4t % Y4k 4jt 4jt”]
s 5 4t 2 Y G4 4t 7
200_ 4jt 4jt :Y 4t 4t |
C 5] 4jt K I 4t |
B 5i 4it i R4jfe 4jt 4jt |
| 1 1 2]' | | 1 2]' 1 | 1 2" 1 1 | 5] 1 1 | 4]t 1 1 1 4# : E ':Ht 1 1 | 4]t 1 1 |
gOO 400 600 800 1000 1200 1400 1600 1800 2000
m; [GeV]
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~+

0 99 production; g— qu%? m(¥,)

S‘ B 1 1 I 1 1 I 1 1 1 I 1 1 | I I I I _
O

a B ATLAS m— Observed limit (1 Gilé_::;) 7]

. miss 7

o 1200_—0-Iepton + 2-6 jets + ET ----- Expected limit (+16,,)  _

| _ -1 _

~ Is=13TeV, 3.2 ATLAS 8 TeV, 20.3fb" |

10001 All limits at 95% CL ]

— 2im 2jm 6jm gjm 6jm gjm ojt ]

8001 6t 6

B 6jt st

600— —

B Bjt 4t 7]

400 __ 4jt __

=, 4it 4jt

200 O 4jt 4it |

: e oo by o b oo 1 osi o Bitr |6'ﬂ| |' it 1 o4ty | 4ty :
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tt, production, t—> b PE. /1> c X/t Wb X, />t %,

;‘ 450 (Tl | 11 | T 1T | 1Tl | 1T | L I N

8 - ATLAS \s=8TeV, 200" = £
—_ — ] t — t xa tOL/t1L combined 9

WS 400[— K — X t2L, SC G
& - -t—>be/bffx Ww =
— -t—>be t1L, t2L

350 i 7 o i o . .

u -t—>bffx tc, t1L 170 180 190 200 210

300[— m;, [GeV]

— = Observed limits ==== Expected limits All limits at 95% CL =

250 ~ =

200} P

150 4 8 ) 4 —

100F —

w0 | =

0 {4 R B R N T

200 300 400 500 600 700 3800
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Heavy Exotic Bosons

Various models:

2 SU(3) x SU(2) x SU(1) x SU(1)

— exotic W' Z' partners (new vector bosons)

2 SU(3) x SU(2), x SU(2),, x SU(1)

— left-right symmetric models
— often with additional Higgs Triplets: A, A*, A*™

s Kaluzza-Klein Models

— models with compactified extra dimensions
— new particles are excited states in extra dimensions
— could explain large Planck mass (weak gravitation)!
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Events

Data / Bkg

10°
10°
10*
10°
102

10

107
102

—_

oo

ATLAS

{s=13TeV,3.2fb"
Dilepton Search Selection

Events

B Top Quarks
[] Diboson

|:| Multi-Jet & W+JetsS

— AF™ =20 TeV

fo2Y e I VYN

Data / Bkg

200 300

Dielectron Invariant Mass [GeV]

ATLAS ¢ Data

10° .
/s =13TeV, 3.2 fb" 1 zry
10° Dilepton Search Selection B Top Quarks
Diboson
" -
10° — 7, (3TeV)

— A™t =20 TeV

J21-1Te 3

7000 2000 6000
Dimuon Invariant Mass [GeV]

data compatible with SM expectation
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E _| 1 L I LI | LI | L L LI | LI I LI I L |_
2 _ ATLAS — Observed i
r:g 1 Vs =13 TeV, 3.2 fb" ---- Expected —=
- | " Expected + 1o =

B Expected * 2 i

10~ — Z'ssm —

: B -

_ — Zy ]

10_2 g_ —§
10_3 g_ _§

_l I 1 11 | 111 1| | 11 11 | 1 11 1| | 1111 | 1 11 1| I 1 1 1 1 11 1 SN |

05 1 15 2 25 3 35 4 45 5
M., [TeV]

eV excluded, deoending in model and BR(Z' — II)
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ATLAS Exotics Searches™* - 95% CL Exclusion

ATLAS Preliminary

Status: March 2016 [£dt=(3.2-203)fb! V5=8,13TeV
Model £,y Jetst ET™ [Ldifb] Limit Reference
T T T | T T T T T T L) T T T T T T T L) T T T T T
ADD Gk +g/q - >1j Yes 3.2 Mp 6.58 TeV n=2 1604.07773
ADD non-resonant ££ 2eu — - 20.3 n=3HLZ 1407.2410
ADD QBH — {q 1ep 1] - 20.3 n=6 1311.2006
ADD QBH - 2] - 3.6 My 8.3 TeV n==6 1512.01530
ADD BH high 3 p1 >1leu >2j - 3.2 M 8.2 TeV n=6, Mp =3TeV, rot BH 1606.02265
ADD BH multijet - >3] - 3.6 M 9.55TeV n=6, Mp =3 TeV, rot BH 1512.02586
RS1 Gy — €L 2ep - - 20.3 k/Mp; = 0.1 1405.4123
Bulk RS Gkk — WW — qqlv 1ep 1J Yes 3.2 Gkk mass 1.06 TeV k/Mg =1.0 ATLAS-CONF-2015-075
Bulk RS Gkk — HH — bbbb - 4b - 3.2 | Gkk mass 480-770 GeV k/Mp = 1.0 1606.04782
Bulk RS gkk — tt lep 21b212) Yes 203 |ERkmesoerew BR =0.925 1505.07018
2UED/RPP lepu 22b=4j Yes 3.2 KK mass 1.46 TeV Tier (1,1), BR(AMY  tr) = 1 ATLAS-CONF-2016-013
SSM Z' — ¢ 2ep - - 3.2 Z' mass 34 TeV ATLAS-CONF-2015-070
SSM Z’ — 7 27 - - 195 ZEE2eiTevl 1502.07177
Leptophobic Z" — bb - 2b - 3.2 Z’ mass 1.5 TeV 1603.08791
SSM W’ — (v 1ep - Yes 3.2 W’ mass 4.07 TeV 1606.03977
HVT W’ - WZ — ggvvmodel A  Oe,u 1J Yes 3.2 W’ mass 1.6 TeV gv=1 ATLAS-CONF-2015-068
HVT W’ — WZ — qqqq model A - 2J - 3.2 W’ mass 1.38-1.6 TeV gv =1 ATLAS-CONF-2015-073
HVT W’ - WH — fvbbmodelB 1 e, pu 1-2b,1-0] Yes 3.2 W’ mass 1.62 TeV gv = ATLAS-CONF-2015-074
HVT Z’ — ZH — vvbb model B Oep 1-2b,1-0] Yes 3.2 Z’ mass 1.76 TeV gv = ATLAS-CONF-2015-074
LRSM W[, — tb 1eu 2b,0-1] Yes 20.3 1410.4103
Cl gqqq - 2] - 3.6 A 17.5TeV nu=-1 1512.01530
Cl gqtt 2ep - - 3.2 A 231TeV nu=-1 ATLAS-CONF-2015-070
Cl uutt 2e,u(SS) 21b,1-4] Yes 203 [INEEEEEETe ICuul=1 1504.04605
Axial-vector mediator (Dirac DM) Oe,u >1j Yes 3.2 ma 1.0 TeV 84=0.25, g,=1.0, m(y) < 250 GeV 1604.07773
. Axial-vector mediator (Dirac DM) O e, pu, 1y 1j Yes 3.2 ma 710 GeV g4=0.25, g,=1.0, m(y) < 150 GeV 1604.01306
ZZxx EFT (Dirac DM) Oe,p 14,<1]  Yes 32 |m. 550 GeV m(y) < 150 GeV ATLAS-CONF-2015-080
Scalar LQ 1%t gen 2e >2]j - 3.2 LQ mass 1.1 TeV p=1 1605.06035
Scalar LQ 2" gen 24 >2j - 3.2 LQ mass 1.05 TeV =1 1605.06035
Scalar LQ 3™ gen le,u  21b,23] Yes 203 p=0 1508.04735
VLQ TT — Ht+ X le,u 22b23] Yes 203 Tin (T,B) doublet 1505.04306
VLQYY - Wb+ X Tep >1b,>3] Yes 20.3 Y in (B,Y) doublet 1505.04306
VLQ BB - Hb+ X Tepu >2b,>23] Yes 20.3 isospin singlet 1505.04306
VLQBB —» Zb+ X 2/23e,u  22/>1Db - 20.3 Bin (B,Y) doublet 1409.5500
VLQ QQ — WqWgq 1eu > 4] Yes 20.3 1509.04261
Tsz = Wt lepu =1b>5] Yes 20.3 1503.05425
Excited quark g* — qy 1y 1j - 3.2 4.4 TeV only u* and d*, A = m(q") 1512.05910
Excited quark g* — qg - 2] - 3.6 5.2 TeV only u* and d*, A = m(q*) 1512.01530
Excited quark b* — bg - 1b,1j - 3.2 1603.08791
Excited quark b* — Wit ltor2e,u 1b,2-0] Yes 20.3 fg=fi=1fr= 1510.02664
Excited lepton £* Sep - - 20.3 A=3.0TeV 1411.2921
Excited lepton v* et - - 20.3 A=16TeV 1411.2921
LSTC at —» Wy lepu 1y - Yes 20.3 1407.8150
LRSM Majorana v 2e 2] - 20.3 m(Wg) = 2.4 TeV, no mixing 1506.06020
Higgs triplet H** — ¢¢ 2 e, 1 (SS) - - 20.3 DY production, BR(H;* — €£)=1 1412.0237
Higgs triplet H** — {1 Seut — - 20.3 DY production, BR(H;* — ¢1)=1 1411.2921
Monotop (non-res prod) Teu 1b Yes 20.3 Anon—res = 0.2 1410.5404
Multi-charged particles - — - 20.3 DY production, |q| = 5e 1504.04188
Magnetic monopoles - — — 7.0 DY production, |g| = 1gp, spin 1/2 1509.08059
L L L1 I L L L L L L Ll I L L L L L L Ll I 1 L L L

107! 1

10 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown. Lower bounds are specified only when explicitly not excluded.
+Small-radius (large-radius) jets are denoted by the letter j (J).
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MS Preliminary 3.3fb" (13 TeV)
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