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Loop effects make the EW scale unnatural
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Loop effects make the EW scale unnatural

If soft-terms generated at Mcur:

(mweak

(mweak

§i§§

3(
{ (mweak
- Qm?{u (mweak

sum of both

(125 GeV)?

= MSSM entering the unnatural territory
(we must tune parameters to keep v~246 GeV)

)

)
mweak) =

)

)

2.91M;3

= —2.18u2
= 3.84M75 + 0.32M3 My + 0.047 M, My — 0.42M72
+0.011My My — 0.012M7 — 0.65M3 A, —
—0.025M, A; + 0.22A2 + 0.0040M3 A,

—1.27m7, — 0.053m%
+0.73mg,, + 0.57m,

.\

~(1000 GeV)?

Mass [GeV]

8 10 12
Log,,(Q/1 GeV)

0.15M5 A,

0.049m3,, — 0.052m2, + 0.053m?,




Directions to go to keep susy natural:
Beyond the MSSM:

» Extra states (singlets): NMSSM
» New sources of Susy breaking



NMSSM= MSSM+singlet

m; = M3 cos® 283 + Nv*sin® 28 + &7

new contribution:
NMSSM Higgs Mass _
arXiv:1112.2703 e S W= ASH.H.

140 m: = 1200, 500 GeV ] (also gives mass to the Higgsino)

\ stops can be light

accessible to LHCS:

(Remnant tuning of 10%)
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Extra contributions to the Higgs mass

w the end of only soft-breaking susy

* New U(l) at ~TeV: extra D-term

AV =k (|H?)? = |H]?)’ =X

* Supersymmetry breaking at the TeV:

= Relax bounds on stops:
Susy back to the natural territory



125 GeV Composite
Pseudo-Goldstone Higgs



New strong sector at the TeV with a spectrum:
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Possible symmetry breaking patterns
of the strong TeV sector:

G—H
G H PGB
SO(5) SO(4) 4=(2,2)
SO(6) SO(5) 5=(2,2)+(1,1)

SO(4)xSO(2) |  8=(2,2)+(2,2)

SO(7) SO6) | 6=(2,2)+(1,1)+(1,1)

G 7=(1,3)+(2,2)
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Possible symmetry breaking patterns
of the strong TeV sector:
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Possible symmetry breaking patterns
of the strong TeV sector:

G—H
G H PGB
SO(5) SO(4) 4=(2,2)
SO(6) SO(5) 5=(2,2)+(1,1)
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— [sommsor)| s=@2+22 D

—
SO(7) SO®6) | 6=(2,2)+(1,1)+(1,1) N\

Two doublets
G 7=(1,3)+(2,2)




Example: Just replace in QCD SU(3)c by SU(2)c

2 flavors:  Vr,YE 2L+ 2R =4 of SU(4)

if <PW> breaks SU(4)~SO(6) — SO(5)

5 Goldstones = Higgs doublet
and a singlet



Light Higgs since its mass arises from one loop
(explicit breaking of the global symmetry
due to the SM couplings):

contribution from
/ the strong sector

‘+ h =0 it's a Goldstone

Difficult to get predictions
1672 o due to the intractable
strong dynamics!




A possibility to move forward has been to use the...

AdS/CFT approach

Strongly-coupled

Weakly-coupled
systems

Gravitational systems
in higher-dimensions

in the Large Nc
Large A=g>Nc

Very useful to derive properties of composite states
from studying weakly-coupled fields
in warped extra-dimensional models

We can study the properties of this scenarios without knowing
the fundamental theory behind



Using holography (AdS/CFT) we can relate this scenario
toa 5D dimensional model and get
predictions:

SO(5) gauge theory
ina AdSs throat

hard/soft
wall

Mass gap ~ TeV
Symmetry : SO(4)

> Breaking of symmetry
Holo. coordinate z ~ | /E by boundary conditions
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For a 125 GeV Higgs, the fermionic
resonances of the top are light ~ 600 GeV



Simpler derivation of the connection:
Light Higgs - Light Resonance

As for the charged pion mass:

w correlator encoding the QCD contributions

Approximation: QCD correlator dominated by the minimal humber of
resonances giving the right convergence at high momentum

3
m2, —m2, ~ Q—O‘mi log 2 ~ (37 MeV)2 Exp. (35 MeV)?
" quite successful!



Simpler derivation of the connection:
Light Higgs - Light Resonance

As

R
T

Approximation: QCD correlator dominated by the minimal humber of
resonances giving the right convergence at high momentum

3
m2, —m2, ~ Q—O‘mi log 2 ~ (37 MeV)2 Exp. (35 MeV)?
" quite successful!



We must only specify how the SM
couples to the strong sector

L = ﬁstrong T ESM T Jéf;rongWM ‘|‘f)strong . ¢SM

we must specify which rep of SO(5)
MCHM;5; = ReplO] =5



We must only specify how the SM
couples to the strong sector

L = ﬁstrong T ESM T Jéf;rongWM ‘|‘§98trong . ¢SM

we must specify which rep of SO(5)
MCHM;5; = ReplO] =5

Higgs mass:




We must only specify how the SM
couples to the strong sector

L = ﬁstrong T ESM T Jéf;rongWM ‘|‘f)strong . ¢SM

we must specify which rep of SO(5)
MCHM;5; = ReplO] =5

Higgs mass:

Procedure (as in the pion case):
|) Demand convergence at high momentum
2) Assume correlators are dominated by the lowest resonances




For the minimal composite PGB Higgs model:
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What does the Higgs couplings
tell us?

m,=125.0 GeV
(H-22" 41 m,=125.8 GeV)
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Not sighificant deviations from a SM Higgs !



Main pieces of information extracted from data:

f g 00000
|) __ < f=fermions 3) H
JE g 700000




Main pieces of information extracted from data:

f g 00000
|) __ < f=fermions 3) H
’ f g 700000

Most genuine Higgs coupling
(discloses its role in EVWSB)



Present data is telling us that the
125 GeV state has to do with EWSB

v

H
Most genuine Higgs coupling: - ---- oy = VYV

: : ) . SM
(discloses its role in EWSB) . 9nvv

Falkowski,Riva,Urbano 13

it behaves as a
Higgs doublet!




Different origins of the Higgs mechanism
give different predictions for these couplings

Two examples:

a) Supersymmetry (MSSM)
with a Heavy spectrum A7, .. > my,

b) Composite PGB Higgs



Supersymmetry



MSSM with heavy spectrum ( > 100 GeV)

At O(v?/M.,,,) main effects from the 2nd Higgs
doublet on the Higgs couplings to fermions:
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H effect!
f

Superpartners can only modify Higgs couplings at the loop-level:
Only stops/sbottoms give some contribution to hgg/hyy (not very large)



Corrections to h coupling to fermions:

1) MSSM (no mixing):
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2) MSSM (with extra D-terms):
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Relevant plane for susy Higgs couplings:
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Relevant plane for susy Higgs couplings:
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Relevant plane for susy Higgs couplings:

‘ MSSM (th())\ 50l
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from arXiv:1212.524
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Relevant plane for susy Higgs couplings:
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Relevant plane for susy Higgs couplings:
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Relevant plane for susy Higgs couplings:

NMSSM (heavy singlet, light stops)
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effects of a lighter singlet: reducing all rates of h due to mixing



Higgs physics is already ruling out susy-parameter space
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With the most recent data, from arxiv:1303.1812
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You can get predictions on where to find the other Higgses:
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You can get predictions on where to find the other Higgses:

Singlet of
NMSSM
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Figure 5. H decoupled. Isolines of BR(ho — WHW ™). Left: A = 0.8 and vg = 2v. Right: A = 1.4
and vg = v. The colored region is excluded at 95%C.L.
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Composite Higgs scenarios



Composite PGB Higgs couplings

Couplings dictated by symmetries (as in the QCD chiral Lagrangian)

2
IGhww U
SN — —_ — f = Decay-constant of the PGB Higgs

2
Inww f
EWPT: v/f=1/3
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MCHMs3 14

small deviations on the hyy(gg)-coupling due to the
Goldstone nature of the Higgs


http://arxiv.org/abs/arXiv:1205.6434
http://arxiv.org/abs/arXiv:1205.6434

Cog=Cyy=C7,=0, c;=Cp=cr=cy

arXiv:1303.1812

EnWw > Too premature to see deviations
for v/f~1/3!


http://arXiv.org/abs/arXiv:1207.1716
http://arXiv.org/abs/arXiv:1207.1716

At present, just bounds on v/f:
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Direct LHC searches
for New Physics
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Supersymmetry



The MSSM in the aftermath of Mu~125 GeV

* Big chunks of the parameter space are excluded

* Main simple models: GMSB, Gravity/String mediated SB,
in trouble as are forced to have a high scalar susy-spectrum

SUSY is unnatural,
ba. \ A(i AAAAAA b . I
' & ) % ut simple

SUSY is natural -,

K ~ SUSY is dead
but not minimal j " /\

.. place your bets!




SUSY is natural but not minimal

Open to variants:

Mu~125 GeV obtained going beyond the MSSM

Stops and Higgsinos are the lightest sparticles:

m2
p?+m? =——1 ~ (88 GeV)?

2
3y? A
2 ¢ 2 2 2
5mHu — ~o3 (mQ3 +my,, + |At\ ) In (_mg)

w  Stop mass ~ 500 GeV
Higgisinos mass ~ 100 GeV



SUSY is natural but not minimal

Open to variants:

Mu~125 GeV obtained going beyond the MSSM
Stops and Higgsinos are the lightest sparticles:

‘ w | ook for them in all possible ways \

'Y

Gauginos could be heavier (TeV-regime) but since they
are easy to see, the LHC searches can be competitive

Higgisinos mass ~ 100 GeV



Stop/Sbottom phenomenology

If R-parity present and Higgsino the lightest:

arxXiv:1110.6926
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Stop/Sbottom phenomenology

If R Type of interactions

0.6926
Getting them from “supersymmetrization’:
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Stop/Sbottom phenomenology

If R-parity present and Higgsino the lightest:

arXiv:1110.6926

________ e
t ¢ gt b
b P
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there was a lot of hope in these searches...
but didn’t give positive results



Production cross-sections
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Gluino-mediated stop/sbottoms




Gluino-mediatec

sbottoms
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CMS Preliminary, 19.4 fb", Vs = 8 TeV . 99
—_— 1 ()()() = T T T T T T T T T T T T T T T T T T T —O ::> —
= i 1 & 1400 —
[} "CMS-PAS-SUS-12-024 1< -
S g F
o 800|— | 1200 —
wn - - -
1 -
& i =% = 1000 —
- - n
600 — N\ 7 B
B \ ]l 800~
400 |— | - 600
-/ pp—~555—-bb% il 1 n
- ! B H 4 400 —
200 |— NLO-NLL exclusions ' I — B
F==== Observed =1 0., . ‘ n -
R H . 200 ==
ExpeCted =1 C"experiment 1 1 H — -
I 1 1 1 I 1 1 1 I 1 1 1 II ! ‘ 1 ? | —
400 600 800 1000 1200 1400 200
mgluino (GeV)

Gluino-mediated

t

o~

production, g — b5+71’, m(q) >> m(g) L™ =12.8fb™", \s=8 TeV

T T T T T T T

L I I
ATLAS Preliminary

3 b-jets channel

T T T T T T

I L I
---- Expected limit£1c,_,,

. . Y
— Observed limit + 1 csf,?s
.......... eory

ATLAS-CONF-2012-145  3pjets, 4.7 o' at 7 Tev

All limits at 95% CL

TR THY

e

1000 1200

2
I
o)
=



Sbottom production




» (GeV)

300
200

100

Sbottom production

| T ,JN ~I | T | o T | T
600}~ pp—bb,b—b 7(‘1’; m(§)>>m(b)
- === Expected Limit =1 c exp.
E‘i.’ 500 oNLO+NLL . 1 5 theory

| CMS Preliminary, 11.7 fb', Vs

300 400 500 600 700 800

m (GeV)

sbottom

[GeV]

m_o

b

S

700

b b1 productlon b1—> bx

= 600 _—

500 -

300 |-

200 f

ATLAS Preliminary

100 |7

200

i j Ldt=12.8fb ", 1s=8 TeV

400'—-

Expected limit (+10o,,.)
All limits at 95% CL

exp

I CDF 265 fb

[ I pos2ih!

ATLAS 2.05 fb', ys=7 TeV
——— ATLAS 4.7 fo!, Vs=7 TeV ]




Stop production
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Higgsinos double-production, ,even if they are light,
very difficult to be seen
since one needs monojets/monophoton searches + missing Er

q X

still bounds from LEP| (>100 GeV) remain



Other searches that kill a lot of parameter space:
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Other searches that kill a lot of parameter space:

By — uT 11T measurement

BR(Bs = 1 Jexp = (3.2 713 103) x 1077
and gives the following two sided 95% C.L. bound

1.1 x 1072 < BR(Bs — u it )exp < 6.4 x 1077 .

m; = 2TeV
(@ u=1TeV,A; >0
(b) u =4TeV,A; >0
(c)u=—15TeV,A; >0
dpu=1TeV,A; <0

gray: A, H — 77~
[Altmannshofer et al. 1211.1976]
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Interesting directions still to go:

We must look for light stops in all possible scenarios:

: : 1 o
I) R-Parlt)’ bl‘eaklng: WBNV — 5)\;;-k€abc’l_ﬁzd]bdlg , arXiv:1111.1239
stop/sbottom decay to quarks: i------ < by ————x—g——<
R
b f

e (2 ) (20 ' /300 GeV 1
! s tan (3 m; 2 sin® 0;

Difficult to disentangle from QCD backgrounds at the LHC!

2) No Higgsino (SM lepton superpartner of the Higgs):



Can the Higgs be superpartner of a neutrino?

Yes: same quantum numbers

() =0

Standard particles

MSSM

Possibility
here:

Higgs doublet

from F. Riva Fayet,76; Pomarol,FR,Biggio’12



Yukawa Couplings

q
L=H-_ { Can be supersymmetrized
d

P q
- H\{ Cannot be supersymmetrized:

Up-sector Yukawa must come from S&87
u



Table 2: Decay modes for the (third family) squarks with the corresponding Lagrangian inter-
action.

Different stop/sbottom decays

Decay Interaction

tp — brly | Yo HQD)|g

tr, — tgir A2|H| Q]9+
i, — .G mt " Gy
br — brVL | Yq QHD|92

b — 0G| g G

Decay Interaction

th — trvr %\H|2|U\2\94
fn o teG | " G
br — bryp | YaQHD)|g2

br — trl; | Ya QHD‘QQ

b — beG | e G,



http://arxiv.org/abs/arXiv:1211.4526
http://arxiv.org/abs/arXiv:1211.4526

Signatures: Higgs sector

Higgs sector: Invisible decay h — v+ G with BRinS 10%

02 04 06 08 1.0

Montull,FR ‘12



Composite Higgs scenarios



MASS SPECTRUM (g nz D

A

4.2TeV  — graviton KK
25TV | 4 gauge KKK
2/3
— 21/6

600-1000 GeV } color fermionic KK

— 27/6

125 Gev - Higgs



MASS SPECTR UM the higher ’rheD

the higher the mass

4.9 ror the mumnal composité FGB Higgs model:

2 2 2 2
m2 -~ NC mt mQ4mQ1 10 le
h— 5 2 2 08 2
m f le mQ4 mQ4

2.3 125 GeV Higgs
2000

mass of color vector-like fermions 1500

with EM charges 5/3,2/3,-1/3 GeV

f=500 GeV

1000

600-10(

500!

; mo, (GeV)

Fermion resonances must oL |
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Colored fermion resonances

Lightest: a (2,2)» of SUR)L ® SU(2)r ® U(I)x:

Spectrum:

Y=To+X: 2 6

27/6

from A.Wulzer (arXiv: 1211.5663)

Lightest fermion Qe=5/3!



Colored fermion resonance pheno

Three possible production mechanisms

X
QCD pair prod.
model indep.\ comparing production rates:
relevant at low mas S (7TeV LHC) |
X S
single prod. with t|=
— —— X

model dep. coupling
3 7 pdf-favored at high m;

_ / 400‘ | ‘600‘ | ‘800‘ | ‘1000‘ | ‘1200‘ |
M [GeV]

single prod. with b
favored by small b mass
dominant when allowed

from A.Wulzer (arXiv: 1211.5663)




Color vector-like fermions with charge 5/3:

If this fermion is light, it can be double produced:

same-sign di-leptons




Color vector-like fermions with charge 5/3:

If this fermion is light, it can be double produced:

same-sign di-leptons

ATLAS-CONF-2012-130: q

MT5/3 z 700 GeV
/- sensitive to predictions

CMS PAS B2G-12-003: ,
from Higgs mass!

MT5/3 > 645 GeV

Y

but could can be improved using single production v 12115663



After LHCS:

arXiv: 1211.5663

(model dependence pictured by the elongation of the bar in different color)

Scratching the interesting areas of the models...



Spin=1 resonances

w Expected mass ~ 3 TeV from EWPT

Searches difficult since, as the p in QCD, couples to
SM fermion through mixing with gauge bosons

Y o
gstrong

Suppressed production cross-section

Decay into Goldstones (also strong resonances): WL, ZL
or, when possible, into a pair of tops: tr

w Not sensitive at LHCS8!



Searching for them?



Searching for them?
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Z'SSM (ee, up)

Z'SSM (17)

Z’ (tt hadronic) width=1.2%
Z’ (dijet)
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Searching for them?
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Searching for them?

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: HCP 2012)

Large ED (ADD) : monojet + E . M, (8=2)
Large ED (ADD) : monophoton + E; .. M (6=2) ATLAS

‘é’ Large ED (ADD) : diphoton & dilepton, m, . Mg (HLZ 8=3, NLO) =

2 UED : diphoton + E7 s Compact. scale R Preliminary
2 S'z, ED : dilepton, m, My ~ R

QE) RS1 : diphoton & dilepton, m,, Graviton mass (k/Mp, = 0.1)

S RS1 : ZZ resonance, my, ,y; Graviton mass (k/Mg, = 0.1) p
p RS1 : WW resonance, my,,, Graviton mass (k/Mp, = 0.1) det =(1.0-13.0)fb
..; RS gKK_>tt (BR=0925) tt— I+jets, ITI‘t boosted g, mass

o ADD BH (My,, /M,=3) : SS dimuon, Nop v Is=7,8TeV

ADD BH (M, /M,=3) : leptons + jets,Zp
Quantum black hole : dijet, Fx(mjig
"""""""""""""""" gqqq contact interaction ':'X(r'ﬁjj)' ’ A
S qqll Cl : ee &y, m A (constructive int.)
_________________________ uutt C1 : SS dilepton + jets + Er g,
Z (ZSS(g/Ig M r)nee/w 2.249 TeV. Z'mass
! My 4Tev Z'mass
N . W' (SSM) :my,, 255Tev. W' mass
W' (—=tq,g =1) : 13
W', (— th, SSM 1.13Tev. W' mass

2.42Tev. W* mass
660 Gev 1% gen. LQ mass
685Gev 2" gen. LQ mass

_________________ Scalar LQ pair (p=1) : kin. W Breliminary] 538Gev 3 gen. LQ mass

[9)) 4t generation \ eV [1210.5468] 656 GeV t' mass

X< th . R 4 '

= 4" generation : b'b'(T " "7 fb”, 7 TeV [ATLAS-CONF-2012-130] 670Gev. b'(T_ ) mass

8‘ New quark b': bb™— L=2.0fb™, 7 TeV [1204.1265] 400GeV| b' mass

N Top partner : TT — tt + A A (dileptdTT; L=4.7 fb", 7 TeV [1209.4186] 483Gev. T mass (M(A ) <100 GeV)

[ Vector-like quark : CC, my,, |L=46 fb™, 7 TeV [ATLAS-CONF-2012-137] 1.12Tev. VLQ mass (charge -1/3, coupling k,q =v/m)
2 ____________________________ Vector-like quark NC, My, |L=4.6 ™, 7 TeV [ATLAS-CONF-2012-137] 1.08Tev. VLQ mass (charge 2/3, coupling x ,q =v/mg)
s g EXcited quarks :y-jet resonance, m". . g* mass

S . " 1€

§’< 5 Excited quarks : dijet resonance, ;njj g* mass

wi= Excited lepton : I-y resonance, m I* mass (A = m(I*))
__________________________ R I T

Techni-hadrons (LSTC) : dilepton,m,,,, p,/w; mass (m(p /w;) - m(r;) = M)

Techni-hadrons (LSTC) : WZ resonance (vlll), m_

o) Major. neutr. (LRSM, no mixing) : 2-lep + jets
< W (LRSM, no mixing) : 2-lep + jets
o H* (DY prod., BR(H™—ll)=1) : SS ee (un), m
H: (DY prod., BRth*eeu)ﬂ) 1SS ey, m

Color octet scalar : dijet resonance, m; )

p, mass (m(p,) = m(m;) + my, m@) =1.1m(p,))

N mass (m(W ) =2 TeV)

W, mass (m(N) < 1.4 TeV)
H;* mass (limit at 398 GeV for uu)

H* mass

Scalar resonance mas
1 1 L1 1 111 1 1 11 1 111

10 1 10 10°
Mass scale [TeV]

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



Conclusions

LHC data has had an important but not determinant impact on BSM

The most important: Mu~125 GeV

* We have a plan (well-motivated) and we must go for it
with the LHC at 14 TeV

* Advise: Be open to all version of natural susy (e.g. R-parity
breaking, ...), composite Higgs models that we just started to
explore through fermionic colored resonances, and variants

* Sorry, but no plan B!!!

* If at the end we crash with the SM, we crash!
= We will be definitely also learning something
(in a bloody way though)



