Beyond the Standard Model (or not) after LHC8
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Higgs discovery!
..completes the Standard Model

——
ATLAS Preliminary

Is = 7TeV, |Ldt = 4.6-4.8 fb

\s = 8TeV, |Ldt = 13 fb!
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LHC 8

Higgs discoveryl!
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Higgs discovery!

[ 180
200
- >
> [ 3
cz 150 £ 175
g 100 { -
s | g 170t
= 50 2 B
| £ [
ok 165
115 120 125 130 135

Higgs mass My in GeV Higgs mass M}, in GeV

veuorussi i di,...

VH)=-m> 1o + 1101

m* =(89GeV?),A1=0.13
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No evidence (yet) for BSM

LQ1, B=0.5
CMSE ;
XOTl CA 95% CL EXCLUSION LIMITS (TEV) 0, 505 |

. i LQ2, B=1.0

d (qg)*’ (‘;”V?,; LQ3 (bv), Q=+1/3, B=0.0 | LeptoQuarks
q (@2 LQ3 (b1), Q=+2/3 or +4/3, B=1.0 :

q*, dijet pair stop (b1)

q*, boosted Z N 0 1 2 3 4 5
e, A=2TeV Compositeness ,
p, A=2TeV b’ = tW, (3, 2I) + b-jet

q’, b’/t’ degenerate, Vib=1

0 1 2 3 4 5 ) -
Z'SSM (ee, py) . b’ = tW, I+jets
Z’SSM (11) S B’ — bZ (100%)
Z’ (tt hadronic) width=1.2% T — tZ (100%)
Z’ (dijet) " — bW (100%), I+jets

Z’ (tt lep+jet) width=1.2%
Z’SSM (ll) fbb=0.2

G (dijet)

G (ttbar hadronic)

G (jet+MET) k/M = 0.2

G (yy) M =0.1

G (Z(hZ(gq)) k/M = 0.1
W’ (Iv)

W’ (dijet)

W’ (td)

W’ — WZ(leptonic)
WR?’ (tb)

WR, MNR=MWR/2

WKK p =10 TeV

pTC, nTC > 700 GeV
String Resonances (qg)
s8 Resonance (gg)

E6 diquarks (qq)
Axigluon/Coloron (ggbar)
gluino, 3jet, RPV

gluino, Stopped Gluino
stop, HSCP

stop, Stopped Gluino
stau, HSCP, GMSB
hyper-K, hyper-p=1.2 TeV
neutralino, ct<50cm
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t* = bW (100%), I+]

C.I. A, X analysis, A+ LL/RR
C.I. A, X analysis, A- LL/RR
C.l., py, destructve LLIM
C.l., py, constructive LLIM
C.l., single e (HnCM)

C.l., single p (HNCM)

C.l., incl. jet, destructive
C.l., incl. jet, constructive

Ms, yy, HLZ, nED = 3
Ms, yy, HLZ, nED = 6

Ms, Il, HLZ, nED = 3

Ms, Il, HLZ, nED = 6
MD, monojet, nED = 3
MD, monojet, nED = 6
MD, mono-y, nED =3
MD, mono-y, nED =6

MBH, rotating, MD=3TeV, nED = 2
MBH, non-rot, MD=3TeV, nED = 2
MBH, boil. remn., MD=3TeV, nED = 2
MBH, stable remn., MD=3TeV, nED = 2
MBH, Quantum BH, MD=3TeV, nED = 2
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The discovery of the Higgs scalar has completed the Standard Model and

challenged our speculations about physics beyond the Standard Model:

@ Full unification of fundamental forces now under pressure

@ Could the Standard Model be all there is ?



The discovery of the Higgs scalar has completed the Standard Model and

challenged our speculations about physics beyond the Standard Model:

@ Full unification of fundamental forces now under pressure

@ Could the Standard Model be all there is ?

The hierarchy problem...
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The Hierarchy problem
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Field theory:  0m” not measureable

..only m’ = mg +0m’ “physical”

Only m” =0 special

d "77’2’12'-1 _ 3;}72.%_[ 2\ n yf B 3g% _ ‘39%
dlnp 872 4 20

..no hierarchy problem for SM? (Landau pole?)



The Hierarchy problem
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Field theory:  6m® not measureable

..only m’ = mg +0m’ “physical”

Only m”> =0 special
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Classical scale invariance (dimensional reqularisation)



The Hierarchy problem
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Field theory:  0m” not measureable

..only m’ = mg +0m’ “physical”

Only m”> =0 special
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.. but is the SM all there is?




Unification of forces and matter?
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Unification of forces and matter?

o SO(IO) ) SU(S) i) SU(3) &® SU(2) &® U(l) Georgi Glashow 1974

LH states SU(2) doublets
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- “the real hierarchy problem” Llewellyn-Sith, GGR



Unification of forces and matter?

e.g. SO(10) > SU(S) ) SU(3) ® SU(2) ® U(l) Georgi Glashow 1974

LH states SU(2) doublets

SU(3)
) s«L 30,+0. =0 ‘ﬁg

SU(2) 0, =1/3 (10) : @

Low scale SUSY XX

MSSM: Standard particles SUSYprIIsM;IQ HT'___
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SUSY GUTS: the hierarchy problem Sm? o< My,




Unification of forces and matter?

e.g. SO(10) > SU(S) ) SU(3) ® SU(2) ® U(l) Georgi Glashow 1974
&3 &> &
LH states SU(2) doublets
s SUQ3)
) 30, +0_=0

SU(z) 0, =1/3 (10), :

Low scale SUSY

Standard particles SUSY particles
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Case studies :

I. "Just” the Standard Model

IT. SUSY unification



I "Just" the Standard Model

Classical scale invariance, m, =0 .. origin of EW breaking?



IT "Just” the Standard Model

Classical scale invariance, m, =0 .. origin of EW breaking?

Coleman-Weinberg - dynamical symmetry breaking :

e.g. scalar elactrodynamics

_ Ao 3¢’ 4 ¢2
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IT "Just” the Standard Model

Classical scale invariance, m, =0 .. origin of EW breaking?

Coleman-Weinberg - dynamical symmetry breaking :

e.g. scalar elactrodynamics

Ao, 3¢ ¢ {;‘}
V=<—0¢"+ In— {;} M
{4!¢ TEAVE
4 : P X+ m -
- 6316 - 4£ln <Z>2 —%]
T
3e;
2 ) 2 2
My = Q772 <¢> < My “real” hierarchy problem

P4

..... many models with new Higgs interactions + no heavy states



No heavy thresholds?

Neutrino masses?
Strong CP problem?
Baryogenesis?

Gravity/Inflation?

(real hierarchy problem)



No heavy thresholds?

Neutrino masses?
Strong CP problem?
Baryogenesis?

Gravity/Inflation?

Neutrino masses:

Add singlet neutrinos Vg,

L

(real hierarchy problem)

Ultra-weak:
Natural due to

eg. h,=510" h;=510"",M =20GeV

m,=0.1eV, my;=001eV



9 _G0,6™. 6<10™

® Strong CP problem:
32r



O _G.6"™, <10

® Strong CP problem:
32r

Make 6 a dynamical variable the axion, a...8=0 at minimum of its potential

.. complex scalar field, S

. a

S=(1SI+f)e ", 10°GeV < f, <10°GeV??



6 ~ auv

® Strong CP problem: -G, G, 610777

327

. a
l_

S=(ISI+f,)e’, 10°GeV < f, <10"GeV

DFSZ axion: 2 Higgs doublets H, ,, complex singlet, S

A A
V(Hy, Hy) = -\ |* + T [Hal" + A Hy | Ho?

| H Ho 2 + LS HL 2 + G| S|2 | Ho|?
C352H1H2 + h.c.

+ o

2
10" GeV
Ultra weak sector: P 1020( < ]

a



Ultra weak sector:

Ci multiplicatively renormalised

(Underlying shift symmetry S — S+0 )



Ultra weak sector:

é/l- multiplicatively renormalised

(Underlying shift symmetry S — S+0 )

Origin of large vev?

Start with m=m, + Om =0 (Classical scale invariance)

Dimensional transmutation (Coleman Weinberg)



Coleman Weinberg in DFSZ model C.8°|H|
-

s e )L ] oof 1 ISP
VDFSZ(JLII,JLIZ,S)~7 |H, | +;Ll|S| 64n2(<§2|5|) —+In= 7

a

+% \H, 1" +{,S°H H, + h.c.

v(s) /

S~  —

S|

<H12> = —%<SZ> triggers EW breaking

1



Coleman Weinberg in DFSZ model

4 1 o 1 ISP
VDFSZ(HI,HZ,S)~7(IHI2+);ISI2 64n2(<§2|5|2) —+In=

-I-% | H2 N +Z_:3SZH1H2 +hc. (§,>8 >, assumed)

Gy _ S
ve=f, vp==f, Vv
2 _ .2 2 Cz 2




Coleman Weinberg in DFSZ model

»  Cer 1 el 1. ISP
VDFSZ(JLII,JLIZ,S)~7 |H, | +;Ll|S| 64n2(§2|5|) ~—+In r

-I-% | H2 N +Z_:3SZH1H2 +hc. (§,>8 >, assumed)

Gy _ S
ve=f, vp==f, Vv
2 _ .2 2 Cz 2

2 2 12 2 4
2 ) 2 10 GeV m[—[2 2
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1 S h

|S| Pseudo-dilaton K. Allison, C.Hill, GGR



Phenomenology

Collider signals

Ultra weak couplings ... just 2HD model with nearly degenerate heavy Higgs

Direct (axion-like) searches for pseudo-dilaton?

Cosmology

102Gev ) (m
If inflation scale below PQ phase transition A, < 105( j = |GeV

m,

a

... ho cosmological constraints

If inflation scale above PQ phase transition

... potential Polonyi problem:

Coughlan et al

71_2 2

a

2
V(S,) ~ : (Cz 1S, P )2 [—l+ln 15, | ] (stored energy after inflation)
6 2




6471° 2

a

2
V(SI) ~+ ! (CZ 1S, |2)2 (_14_111'51 | j (stored energy after inflation)
2

2 ~§_2T2

M thermal = 6 \LA /
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® Baryogenesis - via neutrino oscillation

Akhmedov, Rubakov, Smirnov

- M
Lmass — ha lavRaH T ?ﬂb Vgac VRb

— V. produced via Yukawa interactions L, =L,=L.=0
— Vv, oscillate CP, L, #0, L,+L,+L.=0

Vg ap in thermal equilibrium by t¢,, when sphalerons inoperative

— A =L, +L, s AB=A, /27

Sphalerons

ARS demonstrate mechanism viable over range of parameters -

but Vznot dark matter - need axion as dark matter



® Gravity/Inflation

Scale invariance Spontaneous symmetry breaking = M b

1 .
Hierarchy problem?  6m; ~ 2y G, M, — 0 (Dimensional regularisation)

Inflation Chaotic- L D /ﬂL(S)S4 , §SS2R



® Gravity/Inflation

Scale invariance Spontaneous symmetry breaking = M b

1
Hierarchy problem? om, ~ (27r)4

Inflation Chaotic- L D /ﬂL(S)S4 , §SS2R

Jordan frame J-g' L' = _Ss 2R+(a;) +A(s)s*

2 2
E _ Q) 2 e 2 _ féss S_
g/,zv (S) guv (S) Mf) Vf

Einstein frame J—g"LF = ——M R+(82) +A(s, )M,




Velsg )/M;

A simple model 8.x10?

6.x107

0 JEena 10 20

L 1 Osp)? o) 1 -
V= 2E == | 32— st O B S b+ 4, — Vi

1 _ 1 _ 1 _ 1 _
Ly, = ZYsvsYEVE + =Y OEVEYVE = —mypY¥EYE + —Yo 0BV EVE,

2 2 2 2
Ve = l/\Sv4 + l/\5 vioZ + l/\ on=A+ l777,202 — l)\ o
4 s 4 o sY E 4 oY E 9 e E 4 o“ E»

Kannike et al 1502.01334



Summary - I

® "JSM" requires ultra-weak sectors - chiral and shift symmetries

® DFSZ axion + dimensional trasmutation — fa

..consistent with classical scale invariance (not KSVZ model)

@ Requires two Higgs doublets (type IT couplings), light pseudo-dilaton
10”GeV

2 2 2 52 2 . 2
Mg =My, =Ny =R"m, mg —0.9( j R7eV

h & SM Higgs

@® S5SB generates My and Coleman Weinberg generates hierarchy

and inflation



Summary - I

® "JSM" requires ultra-weak sectors - chiral and shift symmetries

® DFSZ axion + dimensional trasmutation — fa

..consistent with classical scale invariance (not KSVZ model)

@ Requires two Higgs doublets (type IT couplings), light pseudo-dilaton

10" GeV
méo = mili =m; =R’m; My = 0.9( < ) R’eV
h ¥ SM Higgs
@ Buft..

(i) No unification of forces and matter.

(IT) In Wilsonian sense quadratically divergent terms seem physical



IT. SUSY Unification

Low scale SUSY

Standard particles SUSY particles h

MSSM.

ccccccccccc

m; =M+ 3’”3?3 (m( m?, | m? )+6t)+...:126GeV

-oe ()

2 32 48
6mHu _ 2 (mstop + 372 mglumo log(



ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

Status: Moriond 2014 det - (4.6-229)fb"! s5=7,8TeV
Model & T,Y Jets ET™ [Ldim) Mass limit Reference
Ll T Ll Ll l Ll T Ll T T T T T I T Ll Ll Ll Ll Ll T
MSUGRA/CMSSM 0 2-6jets  Yes 20.3 33 1.7TeV m(G=m(g) ATLAS-CONF-2013-047
MSUGRA/CMSSM 1epu 3-6jets Yes 203 |2 1.2 TeV any m(g) ATLAS-CONF-2013-062
o MSUGRA/CMSSM 0 7-10jets  Yes 203 |Z 1.1 TeV any m(q) 1308.1841
L G—gt® 0 26jets Yes 203 |§ 740 GeV m(t})=0 GeV ATLAS-CONF-2013-047
S | gz gﬁqqxﬁ’ 0 26jets  Yes 203 |2 1.3 TeV m(¥})=0 GeV ATLAS-CONF-2013-047
S 22 3oqat —gqWED 1ep 3-6jets Yes 203 |% 1.18 TeV m(¥})<200 GeV, m(¥*)=0.5(m(¥})+m(z)) ATLAS-CONF-2013-062
O 33 g—)qg(a’/fv/vv)/\’? 2e,pu 0-3 jets - 203 |2 1.12 TeV m(¥})=0GeV ATLAS-CONF-2013-089
g GMSB (¢ NLSP) 2e,u 2-4 jets Yes 4.7 tanp<15 1208.4688
g GMSB (7 NLSP) 1-27 0-2jets  Yes 20.7 1.4 TeV tang >18 ATLAS-CONF-2013-026
> GGM (bino NLSP) 2y - Yes 20.3 1.28 TeV m(¥})>50 GeV ATLAS-CONF-2014-001
£ GGM (wino NLSP) Tepu+y - Yes 4.8 m(¥})>50 GeV ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) Y 1b Yes 4.8 m(¥})>220 GeV 1211.1167
GGM (higgsino NLSP) 2e,u(Z) 03jets  Yes 5.8 m(H)>200 GeV ATLAS-CONF-2012-152
Gravitino LSP 0 mono-jet  Yes 10.5 m(g)>107* eV ATLAS-CONF-2012-147
S g—>be 1 0 3b Yes  20.1 g 1.2 TeV m(¥})<600 GeV ATLAS-CONF-2013-061
S g 3—>th6 0 7-10jets  Yes 203 |2 1.1 TeV m(¥)) <350 GeV 1308.1841
T e o 0-1e,u 3b Yes  20.1 b4 1.34 TeV m(¥})<400 GeV ATLAS-CONF-2013-061
o) g—biY| 0-1e,u 3b Yes  20.1 g 1.3 TeV m(¥})<300 GeV ATLAS-CONF-2013-061
biby, b —>le 0 2b Yes  20.1 by 100-620 GeV ()(°)<90 GeV 1308.2631
o < bib, b—i7 2¢e,u(SS)  0-3b Yes 20.7 by 275-430 GeV vy ) =2 m(¥}) ATLAS-CONF-2013-007
<.8 77 /(light), f —blT 1-2e,p 1-2b Yes 47 | & 1 t))=55 GeV 1208.4305, 1209.2102
3 S fif (light), t1—>Wb)(| 2e,pn 0-2jets  Yes 203 |4 130-210 GeV m(/?(,)) =m(#,)-m(W)-50 GeV, m(f, )<<m(¥}) 1403.4853
@8 #ifi(medium), 7 —ty 2e,p 2jets  Yes 203 |#& 215-530 GeV m(E))=1 GeV 1403.4853
< g [iii(medium), 1—’6’*1 0 2b Yes 201 7 150-580 GeV m(¥})<200 GeV, m(F})-m(¥})=5 GeV 1308.2631
S5 7\7) (heavy), 7| —t¥ 1epu 1b Yes 207 4 200-610 GeV m(¥})=0 GeV ATLAS-CONF-2013-037
~ O i (heavy), -t 0 2b Yes 205 |74 320-660 GeV m(¥)=0 GeV ATLAS-CONF-2013-024
B i, i —)(‘X 0  mono-jet/c-tag Yes 20.3 2 90-200 GeV m(f))-m(¥})<85GeV ATLAS-CONF-2013-068
7171 (natural GMSB) 2e,u(2) 1b Yes 203 |# 150-580 GeV m(/\7?)>150 GeV 1403.5222
hiy, h—i +Z Be,u(Z) 1b Yes 203 |& 290-600 GeV m(¥7)<200 GeV 1403.5222
TLrlLg, I—07) 2e,pu 0 Yes 203 |7 90-325 GeV m(¥})=0 GeV 1403.5294
5 )fo;,)zl*—mv([v) 2e,p o Yes 203 | X} 140-465 GeV o? )=0 GeV, m(Z, )=0.5(m(¥F)+m(¥})) 1403.5294
S0 XN o) 27 - Yes 207 |& 180-330 GeV 11=0 GeV. m(r,7)=0.5(m(f7 }+m(i) ATLAS-CONF-2013-028
w3 X Xg—MngLi(vv) VTLLGV) 3e,u 0 Yes  20.3 ;I :" 700 GeV m()?f):m(/\/o_, movl)_=oo, m@,o 7)=0.5(m(¥})+m(x})) 1402.7029
X I/Vg—’WX 7x) ) 23ep 0 Yes 203 e 420 GeV MK )=m(rd), m(E?)=0, sleptons decoupled | 1403.5294, 1402.7029
X —-WHhY 1epu 2b Yes 203 |X ,\/f 285 GeV m(¥T)=m(¥3), m(¥})=0, sleptons decoupled | ATLAS-CONF-2013-093
B @ Direct X1 ¥ prod, long-lived ¥{ Disapp. trk 1 jet Yes 203 | ¥ 270 GeV m(FT)-m(¥1)=160 MeV, 7(¥1)=0.2 ns ATLAS-CONF-2013-069
= % Stable, stopped g R-hadron 0 1-5jets  Yes 22,9 g 832 GeV m(¥})=100 GeV, 10 us<7(3)<1000 s ATLAS-CONF-2013-057
ST GMSB, stable 7, V1 —%@, fj)+r(e. ) 1-21 - - 15.9 10<tanf<50 ATLAS-CONF-2013-058
S 8 GMSB, ¥\—yG, long-lived 1] 2y - Yes 47 0.4<7(¥)<2 ns 1304.6310
=l 33, V1> qqu (RPV) 1p,displ. vix - - 203 |4 1.0 Tev 1.5 <ct<156 mm, BR(u)=1, m(¥})=108 GeV | ATLAS-CONF-2013-092
LFV pp—¥: + X, Vr—e +u 2e,pn - - 4.6 A;,,=0.10, 4,3,=0.05 1212.1272
LFV pp—=¥, + X, V. —e(u) + T Teu+t - - 4.6 A4,,=0.10, 2,(2)33=0.05 1212.1272
> Blllnear RPV CMSSM Tepn 7 jets Yes 4.7 m(g)=m(g), ctzsp<1 mm ATLAS-CONF-2012-140
o Xl)(] vl T owh X0—>eevu, epve 4ep - Yes 207 760 GeV m(¥})>300GeV. 3,50 ATLAS-CONF-2013-036
X1X1 X WX X | =TTV, eTVy Beu+t - Yes 20.7 )?,1 350 GeV m()(|)>80 GeV, 4;33>0 ATLAS-CONF-2013-036
8—qq9q 0 6-7 jets - 20.3 g 916 GeV BR()=BR(b)=BR(c)=0% ATLAS-CONF-2013-091
g0, i —bs 2e,1 (SS) 0-3b Yes 20.7 g 880 GeV ATLAS-CONF-2013-007
. Scalar gluon pair, sgluon—gg 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826
g Scalar gluon pair, sgluon—t7 2e,u (SS) 2b Yes 14.3 ATLAS-CONF-2013-051
‘0" WIMP interaction (D5, Dirac y) 0 mono-jet  Yes 10.5 m(y)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147
L I 1 1 L L il L il
v_ =8TeV 1 0_] 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 10 theoretical signal cross section uncertainty.



IT. SUSY Unification

Low scale SUSY

MSSM.

A~-M,, 7

GUT

m, =M+ 47’1_2’ (1n(mszmp/mf)+5t)+...:126GeV /v
Little

6m1%1u _ 3 (mz +%m2 log( A ))log(L) D hierarchy

472 stop gluino M gluino Mistop problem

LHC8 - SUSY unification under pressure



Little hierarchy problem

2.9. MSSM. 105 +(19) Parameters

m
m. > 0.6—-1TeV = A>a ~100 (Unless light stop m. . . >250 GeV')

2
Z

— Correlations between SUSY breaking parameters
and/or additional low-scale states



Little hierarchy problem

6.9, MSSM. 105 +(19) Parameters

m
m. > 0.6—-1TeV = A>a ~100 (Unless light stop m. . . >250 GeV)

2
Z

— Correlations between SUSY breaking parameters
and/or additional low-scale states

Fine Tuning measure:

~ o~

Y. oM, Yi=mi, M, ...

M, 9y,

A(Yi):

9

Ellis, Enquist, Nanopoulos, Zwirner

A = Max%A(j/i), A = (Z AZ )1/2 Barbieri, Giudice

q Yi




Fine tuning from a likelihood fit:

“Nuisance” variable

L(data | }/l.) oc Jdvé(mz —mg)5(v-£—m—2]l/2]L(data | }/i;V)

A

— Aiq(S(nq(lnyi —ln}/f))L(data| Yi:V)

Ghilencea, GGR

Fine tuning not optional! Casasetal

Probabilistic interpretation:

Xow = Xog +21INA, A, <100



CMSSM. Y. = Hymy, my,, A, By

600[ -

500

N
o
o

Mass [GeV]
W
o
o
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100

] ] L ] ] ] ] ] L ]
2 4 6 8 10 12 14 16 18
Log,,(Q/1 GeV)



CMSSM. pre Higgs V= Hy,my, m, A09 Bo

Gauge unification required

Relic density restricted

1000 r— 0 el
S0l : I A" resonant annihilation
2 h t-channel exchange
200 3 T co-annihilation
A 100 4 't co-annihilation
50 o5 A°/H°resonant annihilation
20
10
80 90 100 110 120
Higgs Mass /GeV
2 3
m, o m2
. EZD J(b) t;nﬂ=é0 R ¢ ¢ 2 0 3y2
Focus point { - | 0 |
= ()= (M;)+5(mzu (M;)+m;3(M;)+m;(M;)) (V -1
P
el Lo
109 108 Ql?ze:{?lz 1015 103 108 Ql?ge‘lll;lz 1015 ~ __, Q2 ~ M;

3



CMSSM. pOS‘l’ Higgs V= Hy,my, m, A09 Bo

Gauge unification required

Relic density restricted

1000 s 0 Dl
500 8 I A" resonant annihilation
2 h t-channel exchange
200 3 T co-annihilation
A 100 4 't co-annihilation
- o5 A’/ H’resonant annihilation
20+
10
8 9 100 110 120
Higgs Mass /GeV
A, >350, m, =125.6+3GeV
. 4'I(a) talnﬁ=1‘0 "2y J(b) t;na=éo 3,2
Focus point | o -
2 2 _ 2 2\, 2 2 2 2 2 2 ¥ _
o o (0°) =, (2} Mo, (302) 1 (112} 2 012 (M,%] |
5 N
=—=,0" =M

3



Beyond the CMSSM

® New states and interactions

(additional contributions to Higgs mass)

Further

® Correlations between SUSY breaking parameters
A



® New (heavy) states- Singlet extensions

W = Wyatown + ANSH., H; + %S"’ NMSSM
SV = /12|Hqu|2

W = Wyukawa + (11 + \S)H, Hy + ”‘7552 n %'53 +£S  GNMSSM

5V=‘u—(|Hu

1 2+|Hd|2)Hqu W, =0(my, ), Z,gp
S



Fine tuning in the CGNMSSM  (2<0.7)

LHC8 SUSY bounds
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® Correlation between SUSY breaking parameters

..non-universal gaugino masses

d

6
16%257%12{”:3(2 |3, P (e, +m

2 2 2 2 2 2 2
o, F )21, )= 6g7| M, P =gl M|
New focus point: cancellation between M, and M, contributions if ‘M ) ‘2 = ‘M 3‘2 at M ¢,

Horton, GGR

(Also improves precision of gauge coupling unification) Shifman, Roszkowski
Krippendorf, Nilles, Ratz, Winkler

Natural ratios? e.g.:

GUT: SUS): @"c(24x24) —~=1+24+75+200; SO(10): (45x45) — =1+54+210+770
sl 2 s U]
Representation | M3 : My : My at Mayr M : My : M, at Mpwsg
1 1:1:1 6:2:1
24 2:(-3):(-1) 12:(-6):(-1)
75 1:3:(-5) 6:6:(-5)
200 1:2:10 6:4:10




Fine tuning in the (CQMSSM

Non-universal gaugino masses

LHC8 SUSY bounds

v
A, =60(500), m, =125.6+3GeV DM relic abundance
v

DM searches

Fine tuning in the (C)GNMSSM

v
LHC8 SUSY bounds L
A, =20, m,=125.6+3GeV DM relic abundance

DM searches

GGR, Kaminska, Schmidt-Hoberg
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Msquark [GeV]

Masses v/s fine tuning
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Dark matter
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Summary - V

O GUTs —> SUSY-GUTS (hierarchy problem)
Gauge coupling unification v
O Fine tuning sensitive to SUSY spectrum

..scalar and gaugino focus points

ACMSSM S 35y X ACOMSSM o ey v

ACGMSSM > 60 X A(C)GNMMS > 20‘/
c.f . ApSM =(10-30), m. =(1-5)TeV

Low scale



Summary - I1

O GUTs —> SUSY-GUTS (hierarchy problem)

Gauge coupling unification v

O Fine tuning sensitive to SUSY spectrum

..scalar and gaugino focus points

ACMSSM S 35y X ACOMSSM o ey v

ACGMSSM > 60 X A(C)GNMMS > 20‘/
c.f . ApSM =(10-30), m. =(1-5)TeV

Low scale
Whither SUSY?
...well motivated SUSY models remain to be tested

Compressed spectra, TeV squarks and gluinos LHC14?
Natural SUSY



summary  BSM after LHC8

JSM v/s SUSY-6GUTs

@ Both require new (light) states

More Higgs and/or Higgs interactions, pseudo-dilaton..
SUSY partners

@ Fine tuning limits = LHC 13/14 discovery(?)

@® Grand Unification still viable - but must find SUSY

® Gravity/Inflation may be consistent with scale invariance






"Natural” SUSY
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"Natural” SUSY

) 3 A
Om%n |stop = — 7 (mQQ3 + 771%]3 + |At|2) log ( )

872 TeV
o2

sin /3 log (A/ TeV)\ /% [ A1
(14 22)1/2 3 20%

—~1/2

\/ mtg1 +m?2 < 600GeV

t2

e two stops and one (left-handed) sbottom, both below 500 — 700 GeV.

e two Higgsinos, i.e., one chargino and two neutralinos below 200 — 350 GeV. In the absence
of other [lighter| chargino/neutralinos, their spectrum is quasi-degenerate.

e a not too heavy gluino, below 900 GeV — 1.5 TeV.
Papucci, Ruderman, Weiler 1110.6926



"Natural”" SUSY

) 3 A
()'m..%{u |stop = —Wyf (771.2Q3 - m%;a + |At|2) log ( )

o ?

sin 3 log (A/ TeV) —12 A1 e
2 2 » 1 D = '
\/mf1 +m3 < 600 GeV TEINE ( 3 ) (—)

..but

® Focus points can reduce sensitivity fo -, m.

® Additional fine tuning needed to get large tanf3

m. > 800 GeV

—
tan 8 <15-30

Casas, Moreno, Robles, Rolbiecki, Zaldivar 1407.6966
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