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The	  minimal,	  weakly-‐coupled	  SM	  	  
with	  a	  single	  “elementary”	  scalar	  doublet	  

	  works	  far	  beyond	  most	  expectations	  
	  
	  against	  tests	  at	  growing	  precision	  and	  energy	  	  

There	  was	  evidence	  before	  from	  	  
LEP,	  Tevatron,	  B-‐factories,	  etc	  	  	  

	  
Stronger	  and	  more	  direct	  evidence	  	  

after	  the	  first	  run	  of	  the	  LHC	  
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•  Mass	  where	  favoured	  by	  EW	  precision	  tests	  
•  Couplings	  to	  vectors	  and	  fermions	  as	  in	  SM	  
•  No	  signs	  of	  exotic	  states	  in	  γγ	  or	  gg	  loops	  
•  No	  signs	  of	  mixing	  with	  other	  states	  
•  No	  signs	  of	  invisible	  decay	  channels	  
•  No	  signs	  of	  additional	  Higgs	  bosons	  
	  
	  	  	  	  	  	  	  	  	  	  …all	  with	  still	  large	  errors,	  but…	  	  	  
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SM	  fit	  to	  EWPT	  in	  2011	  	  	  	  è 
	  

Combined	  Higgs	  mass	  from	  
ATLAS	  and	  CMS	  Run	  1	  data	  
(at	  2	  per	  mille	  accuracy!)	  

ê	  
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Giardino,	  
Kannike,	  
Masina,	  	  	  
Raidal,	  	  
Strumia	  

“The	  universal	  
Higgs	  fit”	  

Based	  on	  
ATLAS	  &	  CMS	  

data	  as	  of	  
Summer	  2014	  

Waiting	  for	  the	  
official	  LHC	  
combination	  	  	  
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Pomarol@Naturalness	  2014	  	  

…	  SM	  precision	  tests	  cannot	  be	  ignored	  …	  
59	  d=6	  operators,	  17	  involving	  H,	  8	  affecting	  only	  H	  
physics,	  all	  the	  others	  already	  constrained	  by	  EWPT	  	  

HèZγ	  can	  still	  be	  9	  x	  SM	  	  	  

ggèhh	  a	  challenge	  for	  HL-‐LHC	  	  	  

8	  primary	  Higgs	  couplings	  
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An example: Bs è µ+ µ-	  
BRLHCb+CMS=(2.9±0.7)x10-‐9	  	  	  BRSM=(3.56±0.30)x10-‐9 

Could have received sizeable contributions from New Physics 

FCNC	  &	  CP-‐violating	  processes	  involving	  quarks	  
consistent	  with	  CKM	  matrix	  as	  only	  source	  of	  flavour	  
violation	  (generalized	  GIM	  cancellations	  at	  work)	  

	  	  
Stringent	  bounds	  also	  on	  FCNC	  with	  charged	  leptons	  
e.g.	  2013	  MEG	  bound	  BR(μèeγ)	  <	  5.7	  x	  10-‐13	  (90%cl)	  

Negligible in SM, comparable in many New Physics models 



Model e, µ, τ, γ Jets Emiss

T

∫
L dt[fb−1] Mass limit Reference

In
cl

u
si

ve
S

e
a

rc
h

e
s

3
rd

g
e

n
.

g̃
m

e
d

.
3
rd

g
e

n
.

sq
u

a
rk

s
d

ir
e

ct
p

ro
d

u
ct

io
n

E
W

d
ir

e
ct

L
o

n
g

-l
iv

e
d

p
a

rt
ic

le
s

R
P

V
O

th
e

r

MSUGRA/CMSSM 0 2-6 jets Yes 20.3 m(q̃)=m(g̃) 1405.78751.7 TeVq̃, g̃

MSUGRA/CMSSM 1 e, µ 3-6 jets Yes 20.3 any m(q̃) ATLAS-CONF-2013-0621.2 TeVg̃

MSUGRA/CMSSM 0 7-10 jets Yes 20.3 any m(q̃) 1308.18411.1 TeVg̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV, m(1st gen. q̃)=m(2nd gen. q̃) 1405.7875850 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV 1405.78751.33 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1

1 e, µ 3-6 jets Yes 20.3 m(χ̃
0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) ATLAS-CONF-2013-0621.18 TeVg̃

g̃g̃, g̃→qq(ℓℓ/ℓν/νν)χ̃
0
1

2 e, µ 0-3 jets - 20.3 m(χ̃
0
1)=0 GeV ATLAS-CONF-2013-0891.12 TeVg̃

GMSB (ℓ̃ NLSP) 2 e, µ 2-4 jets Yes 4.7 tanβ<15 1208.46881.24 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 20.3 tanβ >20 1407.06031.6 TeVg̃

GGM (bino NLSP) 2 γ - Yes 20.3 m(χ̃
0
1)>50 GeV ATLAS-CONF-2014-0011.28 TeVg̃

GGM (wino NLSP) 1 e, µ + γ - Yes 4.8 m(χ̃
0
1)>50 GeV ATLAS-CONF-2012-144619 GeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 4.8 m(χ̃
0
1)>220 GeV 1211.1167900 GeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 0-3 jets Yes 5.8 m(NLSP)>200 GeV ATLAS-CONF-2012-152690 GeVg̃

Gravitino LSP 0 mono-jet Yes 10.5 m(G̃)>10−4 eV ATLAS-CONF-2012-147645 GeVF1/2 scale

g̃→bb̄χ̃
0
1 0 3 b Yes 20.1 m(χ̃

0
1)<400 GeV 1407.06001.25 TeVg̃

g̃→tt̄χ̃
0
1 0 7-10 jets Yes 20.3 m(χ̃

0
1) <350 GeV 1308.18411.1 TeVg̃

g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<400 GeV 1407.06001.34 TeVg̃

g̃→bt̄χ̃
+

1 0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<300 GeV 1407.06001.3 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)<90 GeV 1308.2631100-620 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 0-3 b Yes 20.3 m(χ̃

±
1 )=2 m(χ̃

0
1) 1404.2500275-440 GeVb̃1

t̃1 t̃1(light), t̃1→bχ̃
±
1 1-2 e, µ 1-2 b Yes 4.7 m(χ̃

0
1)=55 GeV 1208.4305, 1209.2102110-167 GeVt̃1

t̃1 t̃1(light), t̃1→Wbχ̃
0
1

2 e, µ 0-2 jets Yes 20.3 m(χ̃
0
1) =m(t̃1)-m(W)-50 GeV, m(t̃1)<<m(χ̃

±
1 ) 1403.4853130-210 GeVt̃1

t̃1 t̃1(medium), t̃1→tχ̃
0
1

2 e, µ 2 jets Yes 20.3 m(χ̃
0
1)=1 GeV 1403.4853215-530 GeVt̃1

t̃1 t̃1(medium), t̃1→bχ̃
±
1 0 2 b Yes 20.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )-m(χ̃

0
1)=5 GeV 1308.2631150-580 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1

1 e, µ 1 b Yes 20 m(χ̃
0
1)=0 GeV 1407.0583210-640 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)=0 GeV 1406.1122260-640 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet/c-tag Yes 20.3 m(t̃1)-m(χ̃

0
1 )<85 GeV 1407.060890-240 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222150-580 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)<200 GeV 1403.5222290-600 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1

2 e, µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV 1403.529490-325 GeVℓ̃

χ̃+
1
χ̃−
1 , χ̃

+

1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1403.5294140-465 GeVχ̃±

1

χ̃+
1
χ̃−
1 , χ̃

+

1→τ̃ν(τν̃) 2 τ - Yes 20.3 m(χ̃
0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1407.0350100-350 GeVχ̃±

1

χ̃±
1
χ̃0
2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1402.7029700 GeVχ̃±

1 ,
χ̃0
2

χ̃±
1
χ̃0
2→Wχ̃

0
1Zχ̃

0
1

2-3 e, µ 0 Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled 1403.5294, 1402.7029420 GeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0
2→Wχ̃

0
1h χ̃

0
1

1 e, µ 2 b Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-093285 GeVχ̃±

1 ,
χ̃0
2

χ̃0
2
χ̃0
3, χ̃

0
2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086620 GeVχ̃0

2,3

Direct χ̃
+

1
χ̃−
1 prod., long-lived χ̃

±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1)=160 MeV, τ(χ̃

±
1 )=0.2 ns ATLAS-CONF-2013-069270 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584832 GeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 15.9 10<tanβ<50 ATLAS-CONF-2013-058475 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 4.7 0.4<τ(χ̃
0
1)<2 ns 1304.6310230 GeVχ̃0

1

q̃q̃, χ̃
0
1→qqµ (RPV) 1 µ, displ. vtx - - 20.3 1.5 <cτ<156 mm, BR(µ)=1, m(χ̃

0
1)=108 GeV ATLAS-CONF-2013-0921.0 TeVq̃

LFV pp→ν̃τ + X, ν̃τ→e + µ 2 e, µ - - 4.6 λ′311=0.10, λ132=0.05 1212.12721.61 TeVν̃τ
LFV pp→ν̃τ + X, ν̃τ→e(µ) + τ 1 e, µ + τ - - 4.6 λ′

311
=0.10, λ1(2)33=0.05 1212.12721.1 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.25001.35 TeVq̃, g̃

χ̃+
1
χ̃−
1 , χ̃

+

1→Wχ̃
0
1, χ̃

0
1→eeν̃µ, eµν̃e 4 e, µ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ121!0 1405.5086750 GeVχ̃±

1

χ̃+
1
χ̃−
1 , χ̃

+

1→Wχ̃
0
1, χ̃

0
1→ττν̃e, eτν̃τ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133!0 1405.5086450 GeVχ̃±

1

g̃→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091916 GeVg̃

g̃→t̃1t, t̃1→bs 2 e, µ (SS) 0-3 b Yes 20.3 1404.250850 GeVg̃

Scalar gluon pair, sgluon→qq̄ 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826100-287 GeVsgluon

Scalar gluon pair, sgluon→tt̄ 2 e, µ (SS) 2 b Yes 14.3 ATLAS-CONF-2013-051350-800 GeVsgluon

WIMP interaction (D5, Dirac χ) 0 mono-jet Yes 10.5 m(χ)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147704 GeVM* scale

Mass scale [TeV]10−1 1
√
s = 7 TeV
full data

√
s = 8 TeV

partial data

√
s = 8 TeV
full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: ICHEP 2014

ATLAS Preliminary
√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1σ theoretical signal cross section uncertainty.
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ADD GKK + g/q − 1-2 j Yes 4.7 n = 2 1210.44914.37 TeVMD

ADD non-resonant ℓℓ 2e,µ − − 20.3 n = 3 HLZ ATLAS-CONF-2014-0305.2 TeVMS

ADD QBH→ ℓq 1 e,µ 1 j − 20.3 n = 6 1311.20065.2 TeVMth

ADD QBH − 2 j − 20.3 n = 6 to be submitted to PRD5.82 TeVMth

ADD BH high Ntrk 2 µ (SS) − − 20.3 n = 6, MD = 1.5 TeV, non-rot BH 1308.40755.7 TeVMth

ADD BH high ∑ pT ≥ 1 e, µ ≥ 2 j − 20.3 n = 6, MD = 1.5 TeV, non-rot BH 1405.42546.2 TeVMth

RS1 GKK → ℓℓ 2 e,µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass
RS1 GKK →WW → ℓνℓν 2 e,µ − Yes 4.7 k/MPl = 0.1 1208.28801.23 TeVGKK mass
Bulk RS GKK → ZZ → ℓℓqq 2 e,µ 2 j / 1 J − 20.3 k/MPl = 1.0 ATLAS-CONF-2014-039730 GeVGKK mass
Bulk RS GKK → HH → bb̄bb̄ − 4 b − 19.5 k/MPl = 1.0 ATLAS-CONF-2014-005590-710 GeVGKK mass
Bulk RS gKK → tt 1 e,µ ≥ 1 b, ≥ 1J/2j Yes 14.3 BR = 0.925 ATLAS-CONF-2013-0522.0 TeVgKK mass

S1/Z2 ED 2 e,µ − − 5.0 1209.25354.71 TeVMKK ≈ R−1

UED 2 γ − Yes 4.8 ATLAS-CONF-2012-0721.41 TeVCompact. scale R−1

SSM Z ′ → ℓℓ 2 e,µ − − 20.3 1405.41232.9 TeVZ′ mass
SSM Z ′ → ττ 2 τ − − 19.5 ATLAS-CONF-2013-0661.9 TeVZ′ mass
SSM W ′ → ℓν 1 e,µ − Yes 20.3 ATLAS-CONF-2014-0173.28 TeVW′ mass
EGM W ′ →WZ → ℓν ℓ′ℓ′ 3 e,µ − Yes 20.3 1406.44561.52 TeVW′ mass
EGM W ′ →WZ → qqℓℓ 2 e,µ 2 j / 1 J − 20.3 ATLAS-CONF-2014-0391.59 TeVW′ mass
LRSM W ′

R → tb 1 e,µ 2 b, 0-1 j Yes 14.3 ATLAS-CONF-2013-0501.84 TeVW′ mass
LRSM W ′

R → tb 0 e,µ ≥ 1 b, 1 J − 20.3 to be submitted to EPJC1.77 TeVW′ mass

CI qqqq − 2 j − 4.8 η = +1 1210.17187.6 TeVΛ

CI qqℓℓ 2 e,µ − − 20.3 ηLL = −1 ATLAS-CONF-2014-03021.6 TeVΛ

CI uutt 2 e,µ (SS) ≥ 1 b, ≥ 1 j Yes 14.3 |C | = 1 ATLAS-CONF-2013-0513.3 TeVΛ

EFT D5 operator (Dirac) 0 e,µ 1-2 j Yes 10.5 at 90% CL for m(χ) < 80 GeV ATLAS-CONF-2012-147731 GeVM∗

EFT D9 operator (Dirac) 0 e,µ 1 J, ≤ 1 j Yes 20.3 at 90% CL for m(χ) < 100 GeV 1309.40172.4 TeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 1.0 β = 1 1112.4828660 GeVLQ mass
Scalar LQ 2nd gen 2 µ ≥ 2 j − 1.0 β = 1 1203.3172685 GeVLQ mass
Scalar LQ 3rd gen 1 e, µ, 1 τ 1 b, 1 j − 4.7 β = 1 1303.0526534 GeVLQ mass

Vector-like quark TT → Ht + X 1 e,µ ≥ 2 b, ≥ 4 j Yes 14.3 T in (T,B) doublet ATLAS-CONF-2013-018790 GeVT mass
Vector-like quark TT →Wb + X 1 e,µ ≥ 1 b, ≥ 3 j Yes 14.3 isospin singlet ATLAS-CONF-2013-060670 GeVT mass
Vector-like quark TT → Zt + X 2/≥3 e, µ ≥2/≥1 b − 20.3 T in (T,B) doublet ATLAS-CONF-2014-036735 GeVT mass
Vector-like quark BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet ATLAS-CONF-2014-036755 GeVB mass
Vector-like quark BB →Wt + X 2 e,µ (SS) ≥ 1 b, ≥ 1 j Yes 14.3 B in (T,B) doublet ATLAS-CONF-2013-051720 GeVB mass

Excited quark q∗ → qγ 1 γ 1 j − 20.3 only u∗ and d ∗, Λ = m(q∗) 1309.32303.5 TeVq∗ mass
Excited quark q∗ → qg − 2 j − 20.3 only u∗ and d ∗, Λ = m(q∗) to be submitted to PRD4.09 TeVq∗ mass
Excited quark b∗ →Wt 1 or 2 e,µ 1 b, 2 j or 1 j Yes 4.7 left-handed coupling 1301.1583870 GeVb∗ mass
Excited lepton ℓ∗ → ℓγ 2 e, µ, 1 γ − − 13.0 Λ = 2.2 TeV 1308.13642.2 TeVℓ∗ mass

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 to be submitted to PLB960 GeVaT mass
LRSM Majorana ν 2 e,µ 2 j − 2.1 m(WR ) = 2 TeV, no mixing 1203.54201.5 TeVN0 mass
Type III Seesaw 2 e,µ − − 5.8 |Ve |=0.055, |Vµ |=0.063, |Vτ |=0 ATLAS-CONF-2013-019245 GeVN± mass
Higgs triplet H±± → ℓℓ 2 e,µ (SS) − − 4.7 DY production, BR(H±± → ℓℓ)=1 1210.5070409 GeVH±± mass
Multi-charged particles − − − 4.4 DY production, |q| = 4e 1301.5272490 GeVmulti-charged particle mass
Magnetic monopoles − − − 2.0 DY production, |g | = 1gD 1207.6411862 GeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 7 TeV

√
s = 8 TeV

ATLAS Exotics Searches* - 95% CL Exclusion
Status: ICHEP 2014

ATLAS Preliminary∫
L dt = (1.0 - 20.3) fb−1

√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary
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ICHEP 2014
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For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit
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LHC	  bounds	  already	  above	  1	  TeV	  for:	  	  
•  sizeable	  couplings	  to	  quarks	  and	  gluons	  
•  viable	  signatures	  in	  the	  LHC	  environment	  
e.g.:	  gluino,	  W’,	  Z’,	  …	  
	  
Few	  excesses	  <3σ	  here	  and	  there	  as	  expected	  
	  
Still	  loopholes	  but	  continuous	  improvements:	  
•  Compressed	  spectra	  
•  Non-‐resonant	  weakly	  interacting	  particles	  
•  …	  
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coefficients	  small	  only	  because	  of	  symmetries	  
Works	  at	  face	  value	  in	  many	  cases:	  

•  Electron	  mass	  in	  NR	  QED	  è	  positron	  

•  4-f FCNC box diagram with 3 light q èc 
 

•  π+ - π0 mass difference in QED è ρ 
 

but not for the cosmological constant … 

�m2
⇡ = (3↵)/(4⇡)⇤2 ! ⇤ ⇠ m⇢ OK



11	  

	  

Λ	  <	  O(500)	  GeV	  

No	  quantum	  SM	  symmetry	  recovered	  for	  mHè0	  
Unprotected	  ratio	  mH/M	  for	  any	  scale	  M>>mH	  

[Subtleties	  if	  scale	  invariance	  explicitly	  broken	  only	  by	  
quantum	  corrections	  and	  not	  by	  UV	  physics?	  How?]	  	  	  	  	  	  

SM	  unnatural	  unless	  New	  Physics	  at	  the	  TeV	  
A	  challenge	  already	  after	  LEP,	  Tevatron,	  B-‐factories	  	  	  

Now	  much	  more	  severe	  after	  Run	  1	  of	  the	  LHC	  
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Naturalness	  

LHC	  

	  

stimulus	  for	  many	  recent	  theoretical	  attempts	  	  
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	  	  	  	  Some	  bottom-‐up	  options	  with	  softly	  broken	  SUSY:	  

•  Mechanism	  (e.g.	  singlet)	  to	  raise	  the	  Higgs	  mass	  
•  Lower	  mediation/cutoff	  scale	  (no	  large	  logs)	  
•  Split	  spectrum:	  keep	  light	  only	  those	  states	  more	  

	  directly	  coupled	  to	  H	  (stop,	  gluino,	  higgsino)	  
•  R-‐parity	  violation	  (with	  baryon-‐number):	  lose	  main	  

	  collider	  signature	  (missing	  pT)	  thus	  weaker	  bounds	  
•  Dirac	  gauginos	  (motivated	  by	  N=2	  supersymmetry)	  

	  no	  log	  Λ	  for	  scalar	  masses,	  less	  squark	  production	  

	  	  Pragmatical	  inspiration	  to	  broaden	  the	  LHC	  searches	  
	  	  	  Rather	  ad	  hoc,	  each	  with	  some	  drawbacks	  at	  present	  
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Traditional	  technicolor	  models	  technically	  natural,	  	  
but	  ruled	  out	  by	  EW	  precision	  tests	  and	  in	  trouble	  	  
with	  heavy	  fermion	  masses	  already	  before	  the	  LHC	  

Overkilled	  by	  discovery	  of	  light	  SM-‐like	  Higgs	  

Still	  viable	  compositeness	  [review	  by	  Panico-‐Wulzer	  2015]:	  
•  	  H	  is	  composite	  state	  of	  a	  new	  strong	  force	  
•  	  	  H	  light	  because	  pseudo-‐Goldstone	  boson	  
•  	  	  	  	  	  SM	  fermions	  (e.g.	  top)	  coupled	  linearly	  	  
	  	  	  	  	  	  	  to	  the	  new	  strongly	  interacting	  sector	  	  
Naturalness	  controlled	  by	  ξ=v/f	  (Λs≤4πf)	  

Light	  Higgs	  correlates	  with	  light	  top	  partners	  
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Both	  classes	  of	  models	  discussed	  above	  predict	  

light	  colored	  top	  partners	  to	  be	  probed	  by	  LHC-‐13	  

LHC	  Run	  2	  as	  final	  test	  of	  naturalness?	  
a	  lot	  of	  recent	  interest	  in	  neutral	  naturalness	  	  

Example:	  Twin	  Higgs	  [Chacko,	  Goh,	  Harnik	  2005]	  

Mirror	  copy	  of	  the	  SM	  coupled	  via	  Higgs	  portal	  	  
SO(8)/SO(7)	  GB:	  3(W/Z)	  +	  3(W/Z)M	  +	  1(H)	  
Neutral	  naturalness	  for	  softly	  broken	  Z2	  

Recent	  embeddings	  in	  field-‐theory	  orbifolds,	  	  
SUSY,	  compositeness	  [Craig	  et	  al	  2015,	  Barbieri	  et	  al	  2015]	  

Different	  attempt	  in	  the	  next	  talk	  by	  Kaplan	  
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•  Departing	  from	  MSSM	  may	  improve	  naturalness	  

•  Can	  still	  accommodate	  gauge	  unification	  and	  DM	  	  
	  	  	  	  	  for	  heavier	  spectra	  beyond	  the	  present	  LHC	  reach	  
	  	  	  	  	  (lose	  on	  naturalness,	  improve	  on	  h~SM	  &	  flavour)	  
	  
•  Might	  need	  to	  combine	  SUSY	  and	  some	  additional	  	  

	  ingredient	  to	  solve	  the	  SM	  naturalness	  problem,	  
	  more	  insights	  may	  still	  come	  from	  supergravities	  

	  	  	  	  	  
•  The	  role	  of	  supersymmetry	  in	  QFT	  and	  string	  
	  	  	  	  	  theory	  beyond	  (today’s)	  particle	  phenomenology	  	  	  	  
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HUGE	  	  
	  	  	  	  	  	  	  	  	  	  	  vacuum	  energy	  	  

LARGE	  
gauge	  hierarchy	  

LITTLE	  
	  
	  
	  

	  LHC-‐8:	  SM-‐like	  scalar	  h	  at	  125	  GeV,	  	  
new	  bounds	  on	  H,A,H±	  &	  s-‐particles	  	  

hV i1/4/MP ⇠ 10�30

m2
W,Z,h

m2
sparticles,extraH

<⇠10�2

G�1/2
F /MP ⇠ 10�16
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If	  we	  ignore	  SUSY	  problems	  with	  fine-‐tuning	  
	  

SUSY,	  TeV-‐scale	  gauginos,	  heavier	  scalars	  
(hierarchy	  protected	  by	  R-‐symmetry)	  

	  	  
	  evade	  present	  LHC	  direct	  bounds	  	  
	  evade	  present	  flavour	  constraints	  
can	  reproduce	  SM-‐like	  H	  at	  125	  GeV	  
compatible	  with	  gauge	  unification	  	  

compatible	  with	  (TeV-‐scale)	  LSP	  as	  DM	  

Will	  the	  LHC	  energy	  be	  enough?	  
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If	  we	  ignore	  its	  problems	  with	  fine-‐tuning	  
	  

SUSY,	  TeV-‐scale	  gauginos,	  heavier	  scalars	  
(hierarchy	  protected	  by	  R-‐symmetry)	  

	  	  
	  evade	  present	  LHC	  direct	  bounds	  	  
	  evade	  present	  flavour	  constraints	  

can	  reproduce	  SM-‐like	  H	  at	  125	  GeV	  
compatible	  with	  gauge	  unification	  	  

compatible	  with	  LSP	  as	  DM	  
	  

Eventually,	  experiment	  will	  tell	  

From	  Villadoro	  
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Confronting	  SUSY	  with	  naturalness,	  are	  we	  
missing	  subtle	  possibilities	  with	  gravity?	  

	  
Supergravity	  most	  suitable	  framework	  to	  	  	  study	  some	  problems,	  e.g.	  vacuum	  selection	  	  once	  we	  identify	  the	  correct	  symmetries	  	  
	  A	  possibility	  worth	  further	  exploration:	  	  
	  non-‐compact	  global	  symmetries	  in	  

	  no-‐scale	  models
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quadratic	  UV	  sensitivity	  

little	  hierarchy	  problem
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N=1	  no-‐scale	  model	  (F-‐	  and	  D-‐breaking)	  with	  	  
SUSY	  &	  SU(2)xU(1)	  broken	  on	  Minkowski	  	  

	  
only	  2	  real	  flat	  directions:	  	  

x<-‐>m3/2	  <-‐>	  massless	  “dilaton”	  t	  
	  v	  <-‐>	  mW,Z	  <-‐>	  massless	  SM	  Higgs	  h	  

[pseudo-‐Goldstones	  in	  SO(2,5)/SO(2)xSO(5)]	   	  
	  

Higgsino	  &	  (H,A,H±)	  with	  masses	  ~	  m3/2	  
(before	  quantum	  corrections)	  

Need	  more	  work	  on	  couplings	  to	  matter	  
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From	  the	  80s	  on,	  all	  collider	  discoveries	  
(W/Z,	  t,	  H)	  strongly	  “guided”	  by	  theory	  	  

	  
No-‐lose	  theorems	  applicable	  in	  each	  case,	  	  
based	  on	  general	  theoretical	  arguments	  	  

such	  as	  unitarity	  and/or	  anomaly	  freedom,	  
helped	  focusing	  the	  experimental	  strategies	  	  

	  
We	  won’t	  be	  again	  in	  such	  a	  condition	  for	  some	  time	  
Role	  of	  experiment	  not	  less	  important	  than	  before	  	  

	  diversify	  now	  efforts	  to	  maximize	  chances	  
(until	  either	  a	  new	  experimental	  discovery	  	  

or	  a	  new	  compelling	  theory	  emerge)	  
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1.  Find	  out	  whether	  H	  is	  accompanied	  by	  other	  
new	  particles	  near	  the	  TeV	  scale	  

2.  Study	  H	  properties	  with	  the	  highest	  possible	  
precision,	  seeking	  inconsistencies	  of	  the	  SM	  
	  that	  would	  point	  indirectly	  to	  new	  physics	  

	  
3. 	  Push	  further	  precision	  tests	  of	  flavour	  physics	  	  	  

LHC	  *so	  far*:	  
	  4/7	  of	  design	  c.o.m	  energy,	  	  <	  1/10	  (1/100)	  of	  design	  
(achievable	  with	  HL-‐LHC)	  integrated	  luminosity	  
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First	  evidence	  of	  new	  physics	  scales	  not	  bound	  to	  
come	  from	  high-‐energy	  colliders	  (their	  negative	  
results	  equally	  important	  for	  our	  understanding)	  

	  
Some	  other	  potential	  breakthroughs:	  

	  
total	  lepton	  number	  violation	  from	  (ββ)0ν	  decay	  

the	  scale	  of	  inflation	  from	  polarisation	  in	  the	  CMB	  

direct	  detection	  of	  dark	  matter	  (axion?	  WIMP?	  …)	  
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In	  the	  coming	  decades	  we	  will	  concretely	  address,	  	  
on	  multiple	  fronts,	  several	  fundamental	  questions	  

	  
Naturalness,	  Dark	  Matter,	  Scale	  of	  Inflation,	  …	  

	  
The	  current	  LHC	  run	  is	  a	  major	  opportunity,	  
progress	  guaranteed	  whatever	  the	  findings	  

	  	  
Timing	  and	  options	  for	  the	  final	  answers	  	  

more	  open	  then	  in	  the	  last	  30	  years	  
but	  this	  is	  what	  makes	  this	  field	  exciting	  	  
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Thank	  you	  for	  your	  a,en.on	  	  
	  
	  
	  
	  


