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Not the only new results

PLANCK

DARK MATTER

XENON, COGENT, CDMS, LUX...

AMSO02, FERMI, PAMELA, ATIC, HESS..

NEUTRINOS

DAYA BAY, RENO, T2K, MINOS, DOUBLE CHOOZ



Where are we how?



® Is the Higgs the SM Higgs?  J"“ =0*"

Butterworth, Djouadi
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CP even or CP odd?
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® Ts the Higgs the SM Higgs?

Power law best fit (M =244.033170, e =—0.022"02 ..)
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Coupling A
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Higgs couplings to elementary particles as predicted by Higgs mechanisn
e couplings to WW,ZZ,~ roughly as expected for a CP-even Higgs
e couplings proportionial to masses as expected for the Higgs boson
So, it is not only a “new particle”, the “126 GeV boson”, a “new state”...
IT IS A HIGGS BOSON!

L But is it THE SM Higgs boson or A Higgs boson from some extension?



BSM physics?
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C M S EXOTl CA 95% CL EXCLUSION LIMITS (TEV)
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Planc k Supernova Cosmology Project
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Dark matter searches

10—39 — —
:_T\_ 1\ L I | | | | | | || I | | | ! | | |E
=\ XENON100 (2012) =
I —'\ N ) PAMANa — observed limit (90% CL)
g 10" =" ] \ . Expected limit of this run: 3
o S S CoGeNT —— =
— =\ A '+ 1 o expected —
8 ~ 7\ e + 2 6 expected —
= 100M= "2\ v N 0 e =
% = \ F (2012) =
@ u _
w2 2)
2 107 =
O — =
§ A N e AP\ =
"‘3 10% = i
z' SHEE N N 2 e
a u
= 10" = —
E — =
45 |
10 — | L1 | I | | | ._l |- | | 1
7 8910 20 30 40 50 100 200 300 400 1000

WIMP Mass [GeV/c?’]



Inflation
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STILL SOME ROOM FOR
DARK RADIATION!

[Said et al, 1304.6217]
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Sterile neutrino case,
stills possible...



Implications ?



Part 1. Just the Standard Model

Implications of a 125 GeV Higgs

RG equations:

U= gembis B = —gemt 167:383
l 9 0 17
SM 3 ) 2
— —Nh” —8 /1—— ')]I—— N
BM = L 2ap2 4 12202 — 9 (g5 + 1g”)
1672 3

3, 3.,
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Implications of a 125 GeV Higgs
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Hambye, Riesselmann

772
Vo = O\HO\Q + Xo|Ho|*



Implications of a 125 GeV Higgs - vacuum instability
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Top pole mass M, in GeV
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Higgs quartic coupling A

Tdeas:

Is it Just the Standard Model?
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Just the Standard Model - boundary conditions

I. IR fixed point (Mpigex iS IR!)
rav a; k2
k_' _ ﬁ?M+ﬁ}gi‘av ﬁ}g = éM[%(k)

Xj

a, k’ 1 ( 2 2 s 9 4 3 4 3, 2)
= A+ 240 +12Ah" —=6h" +—9o +— o' +—
® b, 8n(M}2)+255k2) = g8 T8 T 88

7 m, ~125GeV!
a, >0, A(M,)=0,IRFP (&, ~0.02)

Shaposhnikov, Wetterich (2010)



Just the Standard Model - boundary conditions

I. IR fixed point (Mpigex iS IR!)
rav a; k2
k_' _ ﬁ?M+ﬁ}gi‘av ﬁ}g = éM[%(k)

Xj

? 1
® B, =2 k A+ (24&2+12/1h2—6h4+%g§+§gl“+§g§gf)

C8m(M2+284)" 167 4
—

=07

a, >0, A(M,)=0, IRFP




Just the Standard Model - boundary conditions

I. IR fixed point (Mpigex iS IR!)

B e e LN
. =B B j 87 M2 (k)
a, k’ 1 ( 2 2 s 9 4 3 4 3, 2)

= A+ 244" +12Ah” —6h™ +—g, +—g, +—
® 5 8 (M2+28k°)" " 167° g 52 Tgh T 528
a, >0, A(M,)=0,IRFP (&, ~0.02)

= “13 -8t — ~ g3 — — g%
® 5 87:(M§,+2§02k2)h+ 1672 [2' 883h — 4820 = 1781

27T|(l/,|

a, <0, h#Hy =0, h7p =
h Uv . 17R 9%,




Just the Standard Model - boundary conditions

I. IR fixed point (Mpigex iS IR!)

dk J J p
® 5 = gjr (Mf) fi&jkz);H 161%2 (24&2 +12Ah%> - 6h" +%g§ —|—§g14 +%g§g12)
a, >0, A(M,)=0,IRFP (&, ~0.02)
® [ = g;;_ (Mi fzégkz)h_i_ 16;2 Bh3 —8g3h — %g%h ~ %g%h]
a, <0, h3y, =0, hk= 2322"'

® (Gauge couplings ay = az =as = d, - exercise



Summary

A=0 v
h,g "
B, =07
Buft...
. dg . b() 3_
Blo.B) = GE = 2 9

3

/

1672 E2

g
(4m)2 M2

Remove by local

/ field redefinition

b

M3

d*zF,,, OF*

Ellis, Mavromatos



Summary

A=0 v

(7
hf 8 ! Remove by local

field redefinition
:Bz. ~07 /
L O A
Ellis, Mavromatos
dg bo 4 1672 E?
FE)= = -3
B E)=InE = 129 ~ 3y Mz Y

® Another possibility - power law running in extra dimansions

But.. N=2sectoronly- h=+2g X



IT. Supersymmetry at Mpj .k

1 .
A(m) = g L9 [° () + ¢ ()] cos® 23
LY

Shift symmetry

Hu—>Hu—|—C, I‘Id—>I‘Id—C)r

LD —m2|H,|? — m3|Hy|? — m2(H,Hy\+ H H})
Massless state  Ho = ——(H, — — H)) = tanf3=1

V2

Hebecker, Knochel, Weigand



IT. Supersymmetry at My

A(m) = % [° () + ¢ ()] cos® 23
LY

Shift symmetry

Hu—>Hu—|—C, I‘Id—>I‘Id—C)r

LD —m2|H,|? — m3|Hy|? — m2(H,Hy\+ H H})
Massless state  Ho = ——(H, — — Hi) = tanf3=1

V2

Hebecker, Knochel, Weigand

or My (MP) =my (MP) + minimal fine tuning

Ibanez, Valenzuela



II. Supersymmetry at Mp ek x

[° () + ¢ ()] cos® 23

1
A(m) = 3

But...

Hierarchy problem introduced!



Top Yukawa coupling y,(Mp)

ITT. Environmental

Higgs coupling A(Mp)

Top Y ukawa coupling y;(Mp)
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ITT. Environmental

08

0.6

04

Top Yukawa coupling y;(Mp)
Top Y ukawa coupling y;(Mp)

0-0 T T T A T T
-006 -004 -002 000 002 004 006
Higgs coupling A(Mp) Higgs coupling A(Mp))

But...

larger m, safe ??



Just beyond the SM - Origin of EW scale?

- natural (?)

If quadratic divergence in Higgs mass vanishes at one scale,
vanishes at all scales

Scale invariance? Bardeen



Just beyond the SM - Origin of EW scale?

@ . . .
e.g. Massless scalar QED Va = I|¢|4 classically scale invariant

Ao O/\2 36’ Q5'2 25
V((b) — VC]+AV1—IOO]) = I'fbri + (11[,2 5 + 6472 ) |(ZS| [log (%) e ?]

Coleman Weinberg
= (0 isimposed
=0

where m* = V" (o)

Potential has a minimum for (¢)=0



. e 4 2
Choosing M =(¢), V(¢) = %Idﬂ“ ol {1 g( 5 ) ‘§]

6472 (|o]?) 6
As((12]) = ﬁej,(qqsm X /
(@)
V(d) = 22 | [log( L ) _ 1] ¢ 0
6472 CRYA
RGE % = ei where t =log(M/Apv)
dt 4872 °

= Ayv exp | —2472 ! — : ~ Apv ex -
(I9l) = Avv p[24 (eg(<|¢|>) 63<AUV))] o ple3(<|¢|>>

- dimensional transmutation!

Exponentially large separation naturall



. e 4 2
Choosing M =(¢), V(¢) = %Wl relh [log ((:z: )) _2_65]

As((6])) = ﬁei<<l¢l>>

o S () -4

Can & be the Higgs?

o) ?<




® Coleman Weinberg with a Higgs portal:

¢®,U(1) “hidden sector"

V(o H) = ﬁ|@|4 = % |6|* |log 9\ _25) _ Ap(HTH)|o|* + /\—H(HTH)Q
T 6472 (|6|2) 6 | 2

o o — 2472
\K_P<H> = (¢) ~ Ayyexp [%(“Om} < Apy

Englert, Jaeckel,Khoze, Spannowsky

(y>viA, T
b

Bonus: Vacuum STGbI'ITy A,BAH ~ —|-)\% + threshold corrections



LHC phenomenology: 2 Higgs:

H'@) = 500+h@) 6= (0)+¢
2 m,% + Am,%,SM —K m,%
—K m,% m -+ h,2m,%
3el 3e?
2\ 2 _ 2 2 _ "¢ d>
=V = A, m = gy (8 = g

One-loop corrections to Higgs masss

1 1
Amj, g\ = T (6miy + 3m% +mj — 24m}) =~ —2200 GeV?
hq _ cqsz? sin ¥/ h 9 =0 <1
ho —sin?  cosv © M

mp,, = (mh, + Amjg\) (1L + O(0%)),  mi, = mi (1 + O?))



/\%fv2 [m,%l - 4m,212]1/2

167 m,% .

e.g. mhz < mhl Fh1—>h2h2 =

Lhy—x xe =sin 29 l—‘h—>X xe(mp = mp,), extremely narrow

(XY — hy) =sin® 9 o35 (mr = mp,) . resondnce

1000 S _
10

LHC excluded

LHC high luminosity
’ +Linear Collider

0.1 5
0.01 “
0.001 § |

0.0001 F=*

10_5 PRI A0 ) Py S [l PRI 5T Ry v Tl T O TR S, o [ T S N ol P S I
1008 1007 10°% 105 0.0000 0.001 0.01 0.1

Ap



Another example:

U(l)y ® SU2), ® SU(3). ® SU(2)x

Hambye, Strumia

V = Ag|H|* = Ags|HS|* + \s|S|*

dAs 1 [9g% 2 2 2
= — — 9g5- )\ 2 24\
Prs dln p (47r)2[ 8 IxASs T 2Aus T 2345
A{S /
u

A

(H)=(S),| 5"




100 ————— 0.008 10°8EF T T T R T T
E Bound 'SV 'ATLAS. CMS é E
2 from LEP P Bound from ]
5 L ! 0.007 [ Xenon2012 I
é‘) 1071 E ‘ ) - ]
] % % 0.006 ]
Z 2% R -
g LY £ = v
g | Y 0.005 S ;
g 107 E : ;
2 0.004 1070
&} i E E

10-3 ettt ettt 0.m3 10—47 (I TR T N O O | 1 1 L L 111 1
50 100 150 200 250 30 100 300 1000 3000
Mass 1n GeV of the extra Higgs DM mass in GeV

Figure 1: Predicted cross sections for the extra scalar boson (left) and for DM direct detection
(right) as function of the only free parameter of the model \ys, varied as shown in the colour
legend.



Natural light higgs - no hierarchy of scales possible???

® Baryon asymmetry M,~M,, 1 Baryo- Lepto- genesis,



Baryon asymmetry

M, ~10GeV
P4

e |In the YMSM, baryogenesis proceeds via leptogenesis; sterile
neutrino oscillations produce a lepton asymmetry above Tgw
that is converted into a baryon asymmetry by sphalerons

e More specifically,

o N, are produced by Yukawa interactions in a CP-invariant state
(AN; = 0)

o N, then oscillate and second-order Yukawa interactions
produce asymmetries in each flavour L, but no total
asymmetry (AL=) _ AL, =0)

o Third-order Yukawa interactions then convert the flavour
asymmetries in L, into a total asymmetry AN # 0 and hence
a total asymmetry AL = —AN

o Sphalerons convert the asymmetry AL into a baryon
asymmetry AB until sphalerons freeze-out at Tgw



Natural light higgs - no hierarchy of scales possible???

® Baryon asymmetry

® Inflation and dark matter v Z,

S dark matter

| A Ao \ |
e.g. Va(H,0.5) = THHPS + T2 0% + st + Va(H, )

Khoze
A 1, , 1, |
Ly = —qs (_T ~ 3SR+ 545" Qustus + g (D, H)'D,H + 59 (Du¢) Dy

As | ARs | oo ) I | | ,
_TS4 - %IHPSQ = Tw|c;|2\s\V(H, o) — ZF’“ wv + Fermions + Yukawas) :

Non-minimally coupled to gravity - S inflaton

c.f. Higgs inflaton




M?

Higgs inflation Liot = Lsm — TR — SHTHR
4
M? + £R? d,ho*h ) 9
Sy= | d*zy/—=g¢{ - 5 F+-F — — (h2 -~ vg)
2 2 4
\
A Eh?
G = g QQ:HW
2 212 /12
+ redefine scalar: d_X — \/Q + 68202 /Mp
dh 04
12 . O, vOH
1A 5 o\ 2
U(x) = ST (h(x) — v )




Higgs inflation

Flattens potential above M, /\/E
(I) nglQR € ~ 5 X 104 \/X Bezrukov, Shaposhnikov
A(MP ) 2 O (20' Off) Perturbative unitarity?

015 """ T
!§ M, = 126 GeV (dashed)
4 Mj = 124 GeV (dotted) d
A M, = 1731 GeV
1" " N " 3 Mor A (M) = 01184 ] ,B = A/(.u)
3 Y A 5 =0. A
(ii)) “Conventional S AN dlny
s Aett = 4V/*
S 005
=
2
V=A*+m’|H|’ H=A"/M
— + m _I_ LX) m << — P =
dV 6 Isidori et al . ]
eff 0 10% 102
_— Aeﬁ‘ —'l— h3 RGE scale y or h vev in GeV
SM Higgs potential, Mj, = 124 GeV SM Higgs potential, M; = 125 GeV SM Higgs potential, M;, = 126 GeV
0.1:' 041:' 3 0.1:' ™
M, = 170489 GeV M, = 170981 GeV b M, = 171471 GeV 1
a(M;)=01184 a,(M;)=01184 T a,(M;)=01184 T
s 2 1 s 1
g E 5
< 4 1 * 1
g El El
= 003 = 003 1 = 003 1
g 8 k-
- - -
S > i > J
001+ E— — + . 001+ EE— + n 001+ E—— * .
03 1 3 03 1 3 03 1 3
Higgs vev h in Planck units Higgs vev h in Planck units Higgs vev h in Planck units

Higgs vev in Planck units



Classical scale invariance?

— Softly broken scale invariance
...scale invariance restored in UV



Classical scale invariance?

— Softly broken scale invariance
...scale invariance restored in UV

But...

Beta functions must change at some scale A
to approach UV CFT fixed point

A ~TeV to avoid hierarchy problem

Tavares, Schmaltz, Skiba
Czaki, Skiba, Terning






Part 2: Intermediate scale models

e.g. Unified models

Supersymmetric models

Composite models



Unification:

eg. SO(10)> SUGB)oSUB)®SUR)®U() Georgi Glashow 1974
gS g3 g2 gl
LH states SU(2) doublets

é SU(3) ~=
G)LI '}\ 30,40 =0 .%5

%}SU(Z} 0. =1/3 (10), : Qé

v C

(16), = (10), +(5), + (1),

veR

The hierarchy problem:

H )) M, <M, X




The solution - Low scale SUSY M, ~TeV

Standard particles SUSY particles

Higgsino

S
M
+

S
M




Unification:

Standard particles

Higgs

SUSY particles

u c

Higgsino

The solution - Low scale SUSY

Mg, ~TeV

Quarks ’ Leptons . Force particles Squarks O Sleptons 0 g:)ns_‘:"lgrce
(-3 =3
= 60 \J/an = 60 . Va,
= SM \ MSSM
S0 \\ S50
o~ > V
~ 7
40 VO )\ 40 Ve, \
» / e v
20 - 20 |
.I’J
” o
10 & 10 -~
1 /ay “ Va,
0 0 v
= 10 15 ] 5 10 15
Pog Q Yog Q
o o




M, ~TeV

nnnnnnn

® The solution - Low scale SUSY

SUSY particles
%‘

Standard particles

ud cd 1
did si b d s b
o Y Yo
Ve V, V,
~ ~ ~
S
icles . Squarl ks Qslepton OSSV
pai
L ] L ] (]
[ )
Unification: TR0 avum reomm e e 37 s e
= ol 1/ = o Ve,
e SM NS MSSM
S0 N 0 N
N > \\
\\,"‘ &
40 1 /a, T 40 Va, \\
30 A 30 NS
S
20 / 20
10 ;
1/a, 1
Yo 5 10 1 0 10 15
log Q g Q
Gur’*

< MPlanck 2

MHiggs ?

The (SUSY) Standard Model as an EFT:
MW,Z

AV, YVHV?



M, ~TeV

HHHHHHH

® The solution - Low scale SUSY

SUSY particles

Standard particles

Squart Q Qo gg{zxm
L ] L ] (]
[ ]
UnlflCGTlOn-  —— =  — =
= 60 A = ~ Va,
T SM o MSSM
50 > 0
. r N
. S
49 1/a, ,>\\\ 40 Va, \\
30 30 | - B
20 d 20 =1
10 ' 0} ~
1/a, Ve,
Yo s 10 Y0 5 10 5
1 g Q log Q
M.,

The (SUSY) Standard Model as an EFT:
jggs MW,Z < MPlanck’
Little
) 2 hierarchy

M Higas®
A
problem

i (2

AV, YVH WV ?
)
Ey mgluino log( Mg luine

2 g

2
. 3y;

472

2 ~
omy =



breaking
Little hierarchy problem = definite SUSY structure

MSSM. 105 +(19) Parameters

m
m. > 0.6-17TeV = A>a ~100 (Unless light stop m. . . >250 GeV)

2
Z

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



breaking
Little hierarchy problem = definite SUSY structure

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:

4 oM,

Ala; )= —
() M, da,

b

Ellis, Enquist, Nanopoulos, Zwirner

A, = MaxaiA(ai)’ Aq - (ZAgz/i )1/2 Barbieri, Giudice




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



® The CMSSM yi:‘uo»m()’mm’Ao’Bo

J

assume correlation between SUSY breaking parameters



® The CMSSM ty,my,m,,, A, B,

V = m1 |Hl|2—+—m2 |Ho|2 m3 H,-Hy+ h.c.)

g M L 5 0 | Halt 4 2 [P |l + |y - Hof?

~X\s (Hy - H2)? + Xg |Hy|? (Hy - Ha) + A7 |Ha|? (Hy - Hy) + h.c.

b =

+

Minimisation conditions:

02 = —m?/\, Aai — 28/\ AN ae Ay a Aas o L o
65 65 A= - cos B+ - sin® f+ '4 2 sin® 23 + sin 23 (Ag cos” B + A, sin” 3)

2 2 2 . 25 2 .
m° = mj cos” 3+ mj sin” f —m3 sin2f3

O In v?

A= i
Olnp

A } : A, =
Plp={ug.m§.m3 ,.A§.B3}’ p

Couplings and masses evaluated to two loop (leading log) order
..enhanced sensitivity due to small tree-level 1= 8(g1 + g7 )cos’ 23

Cassel, Ghilencea, GGR
c.f. earlier work : Dimopoulos, Giudice
Chankowski, Ellis, Olechowski, Pokorski



® The CMSSM - before LHC

A, i=U,m,m

Ay

1 .
500 -
200
100

50

20

10

80 90 100 110 120
Higgs Mass /GeV

A, B,

/272
1000 ——m7m#m8™M™M™———mM————————————
500 P
Aud) JK H
100 S
o°* K [}
10 > e —
5 4 R
A(m%/z) II A(m(z,) : “
/ B
1 L L L L 1 L N S R | N I

80 90 100 110 120
Higgs Mass /GeV

A increase with m,

Constraints

SUSY particle masses
3.20 < 10* Br(b — s7) < 3.84
Br(b — pup) < 1.8 x 1078
da,, < 292 x 10~
—0.0007 < dp < 0.0012
Radiative EW breaking

Relic density unrestricted

Guuge coupling unification

_~ Limit of focus point



Focus Point

21y, & (mil +m

d 6
16n25m§u=3xt —6g. | M, | —ggf | M, |

+ mfzw)+2 |a, &

r—r——rr——rr- 1“7 n°r——1T 1T 7T 7]

[ (a) tang=10 I (b) tang=50

“Focus point”: mj, (0)=m

ie.m) ,m> > M. possible
us

0;°

If
3

d 32 2
167" — g =X, + X, =g | M, =68 | M, ' =g/ | M, [ 0
d 32 | | | | | | | | | | 7
167> = m? =2X —=g> | M, |’ - 10 108 109 10!2 1015 103 108 109 1012 1015
dt v 3 Q (GeV) Q (GeV)
2 2 2 2 1 2 2 2 2 2 2 Q2 4
o (0°) = (M) 3 {m, (V)4 (33) 2 (a))} 5 | -1
P
N N -
\ X '\
2 2 2 2
m, 3m =3 0" =M,

o) 2 _ 2
m, (to)— a,m +..,a,<0.1

Feng, Matchev, Moroi

N(]Tur‘(]l Choice Chan, Chattopadhay, Nath

Barbieri, Giudice
Feng, Sanford




1000 p——r-
500[ = F

200}
100

mi / GeV

50¢

201
10

90 100 110 120

Higgs Mass /GeV
3 I E 2

150

LHC March 2012

100 -

1] cendi

100 200 500 1000 2000 5000
my /GeV

Relic density restricted

resonant annihilation
t-channel exchange

co-annihilation

Nzﬂlb‘li

1
2
3
4 co-annihilation

e5 A°/H° resonant annihilation

Within 3c WMAP:
A, =15, m, =114.7+2GeV

<30 WMAP:
A, =18, m, =1159+2GeV

Cassel, Ghilencea, GGR



DM - Scaled spin independent cross section for LSP-proton scattering:

1000 - 100043
500 - 500 -
1005 1005
A 50 A 50
105 e 10’
5! 5!
16‘4 - 0001 o 061 o 01 . 1 1()L‘5A “”1“(A)‘4~ 0001 001 0‘1 7 1
~0 ~0
<@y > <X hy>
(a) LSP A component (b) LSP hY component
XENON 10(¢
10_6 y : ! 10—6 : . /l
_ . 2 J _ PR Soa, 2
1077 , P —-D" 1077 — = —-l:l"
o) Nzt — < i —
= 1078} 1 £ 108 . ~
= see==p I
x 107 ‘ »pa{lns x 107
a7 a7
10-10 II' J 10710
10-11 L | [T T 1 1 I ol 1 I
50 100 200 500 50 100 200 500
¥ Mass /GeV ¥ Mass /GeV
(a) tan B < 45 (b) 50 < tan 8 < 55

A <100 A <100



e The CMSSM - after Higgs discovery

1000 ————
500+

200
100

A
50

20

10

80 | 90 100 ‘I 10 | 120 126GeV
Higgs Mass [GeV

2 _
Mg =m, m,

1l -

N2 : )—F(St)—l—--- ~126GeV

MPo = M} cos® 23 + E

A, >350, m, =125.6+3GeV




Reduced fine tuning (c.f. CMSSM)

* New focus points?

Gauginosz Méﬁ’g Non-universal gaugino correlations

* New degrees of freedom



I. Reduced fine tuning : nonuniversal gaugino masses

d 6
2 2 2 2 2 2 2 2 2 2 2
lor EmHu=3(2|ytI (m,, +my, +<lm)+2lati6vg2 M, =<8 1 M|

New focus point: cancellation between M, and M, contributions if ‘M 5 ‘2 = ‘M 3‘2 at M ¢,qy

so——— i
-150"100 O
—

4./10'——

~20 ~10 0 10 20



I. Reduced fine tuning : nonuniversal gaugino masses

6
o, ¥ )21, ) =687 | M, P =27 | M,

New focus point: cancellation between M, and M, contributions if ‘M 2‘2 = ‘M 3‘2 at M ¢,qy

d
16%25m[2{u:3(2 |3, (2, +m

Natural ratios? e.g.:

GUT: SUS): @Y c(24x24) =1+24+75+200; SO(10): (45x45) —~=1+54+210+770
l:b:a 2.7:5:0.5a
Representation | M3 : My : M, at Mayr M My : My 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

String: (3+855) :(—1+64) :[—§+ 5(;5] (O1II, also mixed moduli anomaly)



I. Reduced fine tuning : nonuniversal gaugino masses

6
o, ¥ )21, ) =687 | M, P =27 | M,

New focus point: cancellation between M, and M, contributions if ‘M 5 ‘2 = ‘M 3‘2 at M ¢,qy

d
167t25m[2{u:3(2 |3, (2, +m

4
LHC8 SUSY bounds y
AT =60 (500), m, =125.6+3GeV DM relic abundance

DM searches ¥




I1.Reduced fine tuning : New heavy states - higher dimension operators

1 2
2 . .
5L:jd 0—(uy+c,S)(H,H,) , S=m,60 Dimension 5
M.
2 2 2, Ho CoMMy
5V_g1(hu +|hd| )huhd+g2 (huhd) ’ gl - > g2 —
M* M*
100 1007
80! 80!
60 60
A Cassel, Ghilencea, GGR
40/ 40/ Casas, Espinosa, Hidalgo
Dine, Seiberg, Thomas
20/ 20 Batra, Delgardo, Tait
Kaplan,
60 80 100 120 140 ' 60 80 100 120 140
nm, m,

+ dim 5 operators
Even for M«=65 y,a significant shift of m, for constant A

..effect mainly comes from G, term .. origin?



IT.Reduced fine tuning : New heavy states - higher dimension operators

1

SL=[d’6 (g + ¢,S)(H,H,), S=m,00 Dimension 5
2 2 2 MU com

oV = S (|hu| +|hd| )huhd TG, (huhd) s 61 = Vo*, Gy = ;)W*O

Singlet extensions

W = Wyakawa + ASH Hy + %83 NMSSM

W = Wyawa + (1 + AS)H Hy + 2552 4 g3 4 ¢g GNMSSM

/ 2 3

, >
Hg >>my, o WM = (HH, ) +uH H,

_ K
V=i (2

CHH ) HH,



IT.Reduced fine tuning : New heavy states - higher dimension operators

1

SL=[d’6 (g + ¢,S)(H,H,), S=m,00 Dimension 5
2 2 2 MU com

oV = S (|hu| +|hd| )huhd TG, (huhd) s 61 = VO*7 Gy = ;)W*o

Singlet extensions

W = Wyakawa + ASH Hy + %SB NMSSM

W = Wyawa + (1 + AS)H Hy + 2552 4 g3 4 ¢g GNMSSM

/ 2 3

, >
Hg >>my, o WM = (HH, ) +uH H,

_ K
V=i (2

2 +|Hd|2)Hqu but are u, 1, naturally small?



SUSY extensions of the Standard Model

W =h"LH ,E+h°QH ,D+h"QH U+ uH H,

+ %(QQQL +LLH H,)

R-parity: Z, H, H,+1 SUSY states odd
L,E,Q,B,ﬁ, 9 _1 Weinberg, Sakai




SUSY extensions of the Standard Model

W =h"LH ,E+h"QH ,D+h"QH U +

M

R-parity:

=

Z% R-symmetry

N | qo |9 |9 | 49u, | 95
4111110 1] 02
8 510 1| 4 |6

+LLH H,)

Discrete gauge symmetry
-anomaly free
Ibanez, GGR

N=4,6,8,12,24

SU(S5),50(0)
compatible

R-symmetry ensures singlets light

Lee, Raby, Ratz, Ross, Schieren, Schmidt-Hoberg, Vaudrevange



SUSY extensions of the Standard Model

W =h"LH ,E+h°QH ,D+h"QH U+ uH H +uH H,

+ i( +LLH H,)
M
R-parity:
Z: R-symmetry N=4 6 8 12 24
susy br'eaking: Domain walls safe

(W),(AL) R=2, non=perturbative breaking

Z,. =725 R-— parity LSP stable

s,
IYE QQQL)

W, e ~ ms,, O



Fine tuning in the CGNMSSM (<07

LHC8 SUSY bounds

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

800 ———m@m —r———/—F—T—T—TT1—T—T—TT—T7 1.0x 10-%0
70x10°%L
700 -47
; — 50x 107%
o™
[T} ] =1 .,
&) S .
) soor s 30x10"¥ | b
< a &
< b - by
g 20x10-% | o
500 ¢ - '..
1.5x 10°¥ |
-47 L L 1 1 L
400 b a1 1.0 x 10 = = -
100 150 200 300 500 700 1000

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

Stau co-annihilation DM searches insensitive

GGR, Schmidt-Hoberg , Staub
Tc.f. Hall, Pinner, Ruderman



Fine tuning in the (C)GNMSSM  (A1<0.7")

X

Non-unversal gaugino masses

v/
LHC8 SUSY bounds

(V4
AMin =20, m, = 125.6 £3GeV DM relic abundance
v

DM searches

1000 1000

. . . . .
500 500 s

. . -3 . .
2001 8 0 2 2001, &,

. . & .
<1 100 8% 8 sges <1 100f 2% 2.
R P AT e P AT

% "
50F% 50F%
- .

110 115 120 125 130 110 115 120 125 130

GGR, Kaminska, Schmidt-Hoberg



Fine tuning v/s gaugino mass ratios

F.T.

> 100




~~ . ~ ~0
gg production; g— q q 7,

;‘ [ T T T I T T ] T ] I T T T I T T T | T T T I T T T | T ]
Compressed SpeCTrum & 1400 —ATLAS Preliminary == Observed limit (+105%5) ]
o‘gg C 4 —=——~ Expected limit (£10,,;) 7]
1200 —.[ Ldt=20310, 1s=8TeV [ observed limit (4.7 o™, 7 Tevi—
[ O-lepton combined ... Expected limit (4.7 fb™, 7 TeV) |
1000 — —]
800 [— N
600 - -
- b S ]
a00 - Rt -
200 {7 : = )
: A 3
PR S N
e 200 400 600 800 1000 1200 1400
m; [GeV]
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Dark matter

48 A' ‘. ”;;. :.
10°
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Q h?




Summary

GUTs — SUSY-GUTS (hierarchy problem)

Low fine tuning not optional

Fine tuning sensitive to SUSY spectrum

..scalar and gaugino focus points

ACMSSM > 350 X A(C)MSSM > 60 X

X 74
ACGMSSM > 60 A(C YGNMMS > 20

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



Summary

O GUTs —> SUSY-GUTS (hierarchy problem)

® Low fine tuning not optional

O Fine tuning sensitive to SUSY spectrum

..scalar and gaugino focus points

® ACMSSM > 350 A(C)MSSM > 60

ACGMSSM > 60 A(C YGNMMS > 20

Well motivated SUSY models remain to be tested
LHC14?

Compressed spectra, TeV squarks and gluinos



Beyond the SM and the LHC

Part ITI: Dark matter



LHC tests of Dark Matter

For heavy SM-DM mediators interaction described by effective operators

e.g. X DM Dirac fermion A:M/‘/g%gq,M > g’

\/ A
Oy — (xwszgq M (vector, s-channel)

(XY Ysx) (@Y v5q)

Oy = A2 : (axial vector, s-channel)

O; = (XPqu)\(QqPLX) + (L < R), (scalar, t-channel)
= Ge Gapv

O, =/as 0ox) ( A’g’ ) . (scalar, s-channel)

Ppy=(Uxy5)/2



LHC tests of Dark Matter

For heavy SM-DM mediators interaction described by effective operators

e.g.
Oy = (X7uX)(@7"q) & Dark matter annihilation
o A2 ’ T e : .
Y > El X
o, — XW5x)(@7*759) 5| X i
A= A2 ’ %
Q
(XPrq)(qPLX) £
O = A2 +(L+< R), - i
= a apv T:é C—
O, = as (Xx) (G#'VG ™) . O  Dark matter production

A3



LHC tests of Dark Matter

For heavy SM-DM mediators interaction described by effective operators

€.g.
Oy = (X7uX)(@7"q) & Dark matter annihilation
o A2 ’ T e : :
_ . £ |
o, — XW5x)(@7*759) 5| X f
A= A2 ’ %
Q
XPrq)(qPLX =
(’)t:( /)\g )+(L<—>R), e f
= a apv T:é Cee—
. (Xx) (G,WG ) o  Dark matter production
O, = ag A3 ,

To match to nucelon operators need these of the form OSMOX



LHC tests of Dark Matter

For heavy SM-DM mediators interaction described by effective operators

€.g.
o, — XwX)(@"q)

V = A2 p)
o, — Xrsx)(@7*759)

A — A2 )

XPrq)(@PLX

(’)t:( /)\g )+(L<—>R),
o . (00 (G,G™)

g = Qs A3 ' Spin independent cross section

dominates o< OV

Fiertz identities: e.g. ..vanishes for Majorana fermion

1

F(;(PRQ)((TPLX) + (L « R) = 4—11\2 [(Y'T”X)(‘TYMQ) - (XW'#'%X)(Q_A/;L'TSQ)] = W(OV — OA)



Monojets at the LHC

q

Look for excess over SM backgrounds:

(Z = vv)+jand (W — £"™y) +
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Spin-dependent proton cross section (cm2)
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Monojet

ATLAS Preliminary
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Part IV: The Higgs Era




Tests for compositeness



Effective Field Theory description ...

nonlinear SU(2), xU(1)

V(H)=-1*H' H+A(H'H)
SO04)~SUQ2), xSU(2),

S(x)—= U, 2(x)U

“custodial” symm
m2
=——5 =1
m, cos” 6,
v A
SO(4)—Y—50(3) W,z

/
n“<cS0(4)/SO(3) Goldstone bosons



Effective Field Theory description ... nonlinear SU(2), xU(1)

BSM
P T

e.g.
SOS)/S0O4):W .,Z,h

SO(6)/SO(5):W,Z,h,a



Effective Field Theory description ... nonlinear SU(2), xU(1)

General parameterisation of composite models of Higgs:

__ oz
Z(x)—e ; h SM: (h+v)
//
1. V2 h h? h3
[.:eff = §(dﬂh)2 —V(h) + ZTI’(D’LZ? DIJ'E) [1"‘2&; +b§+b3ﬁ + .- ,
v - h h? Y uﬁg
——= (ugdy) X 1+C'—+02—+---] T +he--
\/5 L*L J v 12 y;l] d‘}%
(Reasonable) assumptions SM

® Spin-0 and CP-even
® (Custodial symmetry
® No Higgs FCNC
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Electroweak precision tests

31—a?) (m )
Alp—1)= 1 .
(p=D 87 cos’ 0, A

W3

Rhs — CQ

ZTEAS' 2014 - 2612

W,ZH — bb
Vs=7TeV: [Ldt =47 10"

I
m, = 126.0 GeV

H— 1t

5=7Tev:|Lat =('4).e4.7 '
H—- WW' - Ivlv
\s=7Tev:[Lat=47 10"
Ve=8Tev: [Lat=581"

H— 7?'
Vs=7TeV:[Ldt=481"

VS =8TeV: ILa(;); 591"
H—ZZ " — 4l
\s=7TeV: [Ldt=4.810"
Vs=8Tev: [Ldt=581"

Combined
(§=7ToV: [Ldt=46-481" u=14+03

(5=8ToV: [Ldt=-58-50M"

0 1
Signal strength (u)



Global Analysis of Higgs-like Models

* Rescale couplings: to bosons by a, to fermions by ¢

GLOBAL Combination

No evidence for
deviation from SM




7&8 TeV LHC data & Tevatron + EWPD
10} -
05} : ]
00} ]
Cos|
-10} R
I B !
095 1.00 105 110
a
Ezpilnosa,IGrojean, Muhlleitner, Trott EW daTG pr'efef' Value Of ‘0' Close to 1
Eboliet a
Falkowski, Evra, Urbano
Standard Model Bad news for the Higgs impostors
(a,c¢) = (1,1) is ~ 20 (C.L. of 0.95) @ dilaton with f~1TeV: a=v/f~0.25

will require new (light) dof to get
back to the EW ellipses



Search for new physics



What else 1s there?

* Higher-dimensional operators as relics of higher-
energy physics? Z i

* Operators constrained by SU(2) x U(1) symmetry:

Oca = ®1® G, G Oww = W, WHd |

Slide from Ellis

Opw = ®'B, WHo

Ow = (D,®)!Wr(D,®) , Op=(D,®)'B"(D,®) , Op;=(D,®) & & (D+a)

o f fww o f /B f bot i

 Corbett, Eboli & Gonzalez? Yy LHC+ .

Flt\mthffff and fe,=f,=0

9 T [ 3 1 .

s | | ¢ f‘ ] mra £

AR RN

Tevatron nggs sl b VECHE L
3044 sozij ; ‘za,'; 1 I

measurements AP AR BB WA WIE

0 20 0 5 0 50 0 S0
/N (TeV?) fi/N [TV fo/A [TeV?]  f5/A° [TeV)




Higgs Decay Width in the SM

The SM Higgs width is tiny for mh ~ 125 GeV

I'ts decays into gauge bosons are either off-shell ( WW*, ZZ*), or at
loop level (di-photon, di-gluon)

I'ts decays into fermions tend to be suppressed because of small
Yukawa couplings (except t1*)

About three orders smaller than the Z or W widths (~ 4MeV only) |

1(KX)
1(x)
10

|

0.1

Decay width in Gel

00l

0.001 .
100 150 200 (0 500 T00 1 )

Higgs mass in GeV/e:



Exotic Higgs Decays

A small non-standard Higgs coupling may lead to sizable effect.

e.g., AL = A\S?|H|? (common building block in extended Higgs sectors)

1.0

0.8}

0.6t

['(i—=>SM)

0.4

0.2}

0 10 20 30 40 50 60

i

A~ 0.005 and mg < T can give Br(H — 55) ~ 10%

So the exotic decays of the 125GeV Higgs are a natural and very
efficient way for probing new physics



The Website of "Exotic Higgs Decays”

anoe Non-Star

+ |3 http://phenoll.physics.sunysb.edu/web/wopr/Tpage_id=6

Decays to Standard Objects Without Missing Energy Decays to Standard Objects With Missing Energy
(except for that from b’s, ¢'s, tau’s)
1. h—=2 = (@)+(1) 1 he0
it = MET (Invisible decay)
" y+
5 B DS 2. h—-2-51+0
= via Spin-0 Bosons (S) " YeRMET
s (bb)(rT) = via Spin-0 Bosons (S)
" (TT)(rw) » (T°T) + MET
" bb)(yy v (wru) + MET
= (T'T)(yY = (yy + MET
" (ilvy = via Spin-1 Bosons (Z)
" (vieg o (+H) + MET
» via Spin-1 Bosons (Z) . _ :
R = via Spin-1/2 Fermions
+ (a3 P
3. h— 2 (3+(3) or (2+1)(2+1) = [yvl + MET

* via Bosons * [FH+MET



Summary: Beyond the SM at the LHC



Summary: Beyond the SM at the LHC




