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No evidence (yet) for BSM
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No evidence (yet) for BSM

Higgs discovery

Power law best fit (M =244.03030 —0.02202 1.)
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LHC 8

No evidence (yet) for BSM

“Just” the SM (JSM)?
Higgs discovery
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Top mass M; in GeV

LHC 8

No evidence (yet) for BSM

Higgs discovery
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JSM - Hierarchy problem?
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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?
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Unification of forces and matter?
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Two case studies :

I. SUSY unification

IT. "Just” the Standard Model



I. SUSY Unification
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I. SUSY Unification
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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.



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(}>0.6—1TeV = A>a m

~~100 (Unless light stop m. . . >250 GeV')

Z

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

Fine Tuning measure:
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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
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Ghilencea, GGR

Fine tuning not optional! Casasetal

Probabilistic interpretation:

Xow = Xog +21INA, A, <100



CMSSM. V= Hy,my, m, Ao> Bo



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

Gauge unification required

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

Gauge unification required

Relic density restricted
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Beyond the CMSSM

® New states and interactions

(additional contributions to Higgs mass)

® Correlations between SUSY breaking parameters



New (heavy) states - higher dimension operators
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New (heavy) states - higher dimension operators

1
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GNMSSM

NMSSM spectrum 7 N ao| | an | an, | 4
No perturbative py term 4R
Commutes with SO(10)

Discrete Anomaly cancellation (= 4., +4.,=0)

up and down Yukawas allowed
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1 1
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Fine tuning in the CGNMSSM  (2<0.7)

LHC8 SUSY bounds

74
Ay =60(500), m, =125.613GeV DM relic abundance
DM searches v

i ——— 77— 1.0x 10-%0
70x10°%L
700 F e
; — 50x 107%
o™
[T} ] =1 .,
&) 5 .
= 600 l Sosox10m¥E e
3] - 'y
~— ~ .
3 b - by
£ 20x10-%L e
500 ¢ - "
1.5x 10°¥ |
lllllllllllllllllll 10 X 10-"‘- . ! ! ! !
100 150 200 300 500 700 1000

400
0 200 400 600 800 1000
m, [GeV]

L SP~Bino DM searches insensitive

Stau co-annihilation GGR, Schmidt-Hoberg , Staub



Correlation between SUSY breaking parameters

..non-universal gaugino masses
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Also improves precision of gauge coupling unification
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Correlation between SUSY breaking parameters

..non-universal gaugino masses
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Correlation between SUSY breaking parameters

..non-universal gaugino masses
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Fine tuning in the (C)GNMSSM  (A1<0.7")
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Heavy LSP reach
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Dark matter
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Summary - 1

O GUTs —> SUSY-GUTS (hierarchy problem)

O Fine tuning sensitive to SUSY spectrum

..scalar and gaugino focus points

° ACMSSM S 35y X ACOMSSM o ey v

X (4
ACGNMSSM > 60 A(C YGNMMS > 20

c.f . ADSM = (10-30), m =(1-5)TeV

Low scale
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O GUTs —> SUSY-GUTS (hierarchy problem)

O Fine tuning sensitive to SUSY spectrum

..scalar and gaugino focus points

° ACMSSM S 35y X ACOMSSM o ey v

X v
ACGMSSM > 60 A(C)GNMMS > 20

c.f . ADSM = (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?



IT "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

A 3e* ¢
VZ{Z"’”W oy .
4 : P X+ m -
— 362¢4 In ¢2—l
647 (p)" 2
3¢’
2 _ 2% 2 2
My = {772 My < My “real” hierarchy problem

P4

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



No heavy states?

Neutrino masses?
Baryogenesis?
Strong CP problem?
Gravity?



No heavy thresholds?
® Neutrino masses?

® Baryogenesis?

® Strong CP problem?

® Gravity?

Neutrino masses:

Add singlet neutrinos Vv, Ultra-weak:

Natural due to

- M .
Lmass — halavRaH t 2ab VI];aC VR/ chiral SymmeTr'Y

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

m,=0.1eV, my;=001eV



Baryogenesis

- M
Lmass — halavRaH + Zab vgaCVRb

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

® V:.p inthermal equilibrium by tg,, when sphalerons inoperative

v/

® A, =L,+1L, > AB=A,, /2

Sphalerons
Akhmedov, Rubakov, Smirnov

see also Shaposhnikov et al
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Strong CP problem:
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Strong CP problem:

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, 6<107°77
| 327 *

a

S=(ISI+f,)e’, 10°GeV < f, <10 GeV

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

V(HI?HQ)

A A
SHL* + T |t + g Hy | Hyf?

M| HY Ho|? + ¢1| S| Hy |2 + G| S|?|Ho|?
(:352H1H2 + h.c.

-

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

a



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

»  Cer 1 el 1. ISP
VDFSZ(HI,HZ,S)~7 |H, | +;Ll|S| 64ﬂz(;zm) ~—+In r

+% \H, 1" +{,S°H H, + h.c.



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
My = — o0t m, =13 y - eV
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




V(S,)~+
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64r
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1
——+In
2

2
S, |
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ms thermal = 6

pso<T”

T2

(stored energy after inflation)

[




2
V(SI) ~+ ! (CZ 1S, |2)2 (_%4_111'51 | ) (stored energy after inflation)

a

6471° 2

T ~Ayep,m =0

s thermal ~—

p. o<T>7?



p,—0, Q7

(stored energy after inflation)

SM



Summary - I1
@ "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 p2. 2 _

j R*eV

h & SM Higgs

..stable vacuum?



Energy dependence of couplings

SM:

Higgs quartic coupling A(y)
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Summary - 11
@ "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

..Stable vacuum but loses simplicity of SM



Summary - I1

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

® DFSZ axion + dimensional trasmutation —> fa

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

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

@® But..

(i) No unification of forces and matter.

(IT) In Wilsonian sense quadratically divergent terms seem physical






