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LHC has discovered a new particle
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" ... The decay to two photons indicates that the new particle is a boson with spin different from one. The results presented
here are consistent, ... with expectations for a standard model Higgs boson."

- CMS Collaboration




Not only does the discovery yield the missing link to the present Standard Model theory of elementary particles, but a
detailed analysis of the decays, in particular of the decay of the Scalar to two photons which is sensitive to loops of
intermediated charged particles, will possibly yield information about the spectrum beyond the Standard Model.

Prof. Francois Englert

It is great to know that the famous boson almost certainly exists, and we are eagerly waiting for detailed measurement
of its properties.

Prof. Tom Kibble Prof. Carl R. Hagen Prof. Gerald Guralnik
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99 fusion dominates

\'s= 8 TeV

LHC HIGGS XS WG 2012
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Higgs decay LHC signal strengths

Two photow rate too high in both expertments

CMS s=7TeV,L=51fb" {s=8TeV,L=53fb"

[ I I I I I I
ATLAS 2011-2012 : m,, = 126.0 GeV my, = 125.5 GeV

W,ZH — bb

Vs=7TeV: JLdt=4.7 b

H— 11
Vs =7TeV: JLdt = 4647be

H—>WW —>Iv|v

Vs=7TeV: [Lat=47 b
Vs=8TeV: |Ldt=58fb"
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Higgs mass 124-127 GeV

CMS Vs=7TeV,L=5.1f" {s=8TeV,L=5.3f"
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Higgs Theory in SM

2 4
Higgs potential V = mé ‘H‘ - %7\. ‘H‘ AN

Tree-level min cond m}z{ = -\ = -\ (246 GeV)2

Including rad corr m12{ +0 mé = -\ (246 GeV)2
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dm;, (top loop) = - o G.m'A* = —(IOOGeV)z(”/;V)

)

Fine-tuning is required if the cut-off A > 17elV
Motivates new physics at TeV scale e.g. SUSY




Table 1: The MSSM Particle Spectrum

Superfield Bosons Fermions

Gauge

) Sleptons Q SUSY force
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Higgs Theory in MSSM W = ui.H,

Higgs H,=(H}, H)  Hy=(HY, Hy)
doublets
Higgs V = (lul® +mi)HI? + (sl +mE)|HI? — GHLH] +c.c)

1 1
potential — io(g2 4 g)(HY? - |HY)

h n’ T rE]| P
[Q0ETRETS 0 =000
H [GeV]




In SUSY, stop loops dominate Higgs
mass parameter correction

om3; (stop loop) _71_@ h

——

Leading quadratic divergence cancels

- A
5miu = —Bﬂm2 In ( UV)

471'2 g mg

To avord

; m; < 400GeV. 500 Gev OK
tuniing need

LHC should fina stops SOON




To avoLd

2 1 TeVv OK
tuning need

LHC should find gluinos SOON
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Difficult to find colour singlets at LHC




Constrained MSSM

Mass [GeV]
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MSUGRA/CMSSM: tanp = 10, A0= 0, u>0

I | B I | I LI LI ] UL

ATLAS Preliminary Ldt=5.8fb", 15=8 TeV
O-lepton combined

A

Illll

SUSY)
theory

TTTTTT

m—— Observed limit (t1c
---~ Expected limit (t16,,,)

Observed limit (4.7 fb™', 7 TeV)
- Non-convergent RGE

P No Ew-SB

IllIIIIllllIIlIIIIllIIlIIlIlIIIIIl

1 TeV squarkaN\"
¥ oxoluded

IIII|llll|llllll”llllll'Illlllllllll

1 l L L 1 1 l 1 1 1 | 1 1

500 1000 1500 2000 2500 3000 3500
m, [GeV]




R

‘Gluin

-

- = i = i LR

osat1TeV n

MSUGRA/CMSSM: tanp = 10, AO= 0, u>0

X = i i -

ot ex

w
o
o
o

[\
(&)
o
o

\®)
o
o
o

>
()

S,
)
)
)
S

X
p—
)
>
o
)

llllllllllll

3,u<0

DO, Run Il, tanf

l 1 LI I L 1 I

ATLAS

Preliminary

J Ldt=58fb", 1s=8 TeV =,

O-lepton combined

T T 7
o

l

I I I I

e
o

SUSY)
theory

w— Observed limit (t1c

- -~ Expected limit (+1 Ceo)

-t
R
camsamuant

t Theoretically excluded

Stau LSP

\111[1111|1111

\
\

400 600 800

1200 1400 1600
gluino mass [GeV]

1000

cluded

1800



i

| |
i C N

Stops at 500 GeV not excluded

it (4 ~SUSY
200— ATLAS Observed limits (1640 B2 0-lepton (arkiv:1208.1447)—
~ — Observed limits (nominal) ~—— 1-lepton (arKiv:1208.2590) |

A — _ .
1 80 J Ldt=4.7fb ~\s=7TeV --- Expected limits (nominal) B 2-lepton (arXiv:1209.4186)
All limits at 95% CL. :

Status: Seplember 2012
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Gauge Eigenstates

Higgs bosons

0

H® HY HI HJ

squarks

T
S, SR CL CR

;va ;va EL ER

sleptons

€1, Er Ve
pr BWR Yy

L U

neutralinos

54 A TR e

charginos

s T

gluino

goldstino
(gravitino)




Higgs h Mass in MSSM W = uH.H,

m; ~ M3z cos®28 + Am;

MSSM Higgs Mass

Hall,Pinner,Ruderman 1112.2703 maximaL
: X,=V6m; Stopmixing ]
= 124-126 GeV

2
Wmlliosl, M= =.cot D

ZEvro stop
mixing

1 Must have at Least one
. stop mass heavier
Suspect -
FeynHiggs 1 than 500 gev —->

300 500 700 1000 15002000 3000 Fune Tuning!
m; [GeV]




Next-to- Mlnlmal SUSY SM (NMSSM)

Model gives dynamtieal origin of U term via complex singlet s:

SH,Ha where singlet <S> ~ u~ Tev

Danger from weak scale axion due to global U (1) symmetry

Need to avold axiton somehow
Extra tree-lLevel

I NMSSM we add S* to break U (1) to Z contribution to

Wi S f g3 _Higgs mass reduces
= 2 % fine-tuning

mi ~ M2 cos® 203 sz 25+ Am?
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Fin Tunlng vs.

% 100
FI"(]CTIOH(]I Fme

Tuning
For 125 eV
Bastero-Gil, Hugonie,

' SFK, Roy, Vempati '00 | Hhggs the
MSSM -ﬁwe
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tanfd =5

mueh worse
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NMSSM
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LEP favours NMSSM over MSSM (12 years ago)
LHC with Higgs @ 125 qeV strengthens conclusion




NMSSM Higgs Theory

Spectrum has an extra CP even S plus extra CP odd A
(both singlets) compared to MSSM

Hl Sl,d Hd b Sl,u Hu s Sl,s ) )
Ho Sora il 5o ekl SRS/ Se
H3 S?),d Hd ol SB,u Hu a5 53,3 0

CP even mass
eLoenstates

H1 or H2 have reduced couplings due to the singlet component

h125GeV can be H,. Ho




NMSSM Higgs Phenomenology

Enhanced gluon fusion production

Stop and sbottom loop contributions in gg — H;

9 QQ g
N
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[(h1256V — ) Suppression of I'(h125¢¢V _ bb) due to

BR(hl‘ZSGeV e ,Y,y) _ :
(Fep +Tww +Tzz + .. ) [p125 6] strong singlet-doublet mixing

AN woHEF
Mo /1,125 GeV
o FARRN Enhanced I'(A*=°~¢Y — ~~) due to
R W, H*, | --- i ' '
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NMSSM Higgs Benchmarks Near 125 Ge\
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King, Muhllettner, Nevzorov
arXiv:1201.26F71

Key features:
- Stops below 1 Tev
L all cases
- Two photon. Higgs
rate enhanced

RWV(HQ') =R

()

Tincl

= Rgincl (H'L)R‘B;g H



http://arXiv.org/abs/arXiv:1201.2671
http://arXiv.org/abs/arXiv:1201.2671

Summary of Part 1

Particle discovered at LHC consistent with SM Higgs boson

But LHC Higgs decay signal strengths have Large ervors (two photon rate too high )
Higgs may be window into BSM phystes

Higgs theory fine-tuning problem solved by sSUsY

Natural SUSY requires stops = 500 GeV, gluino = 1 TeV (or Less)

These are not excluded by LHC searches (so far!)

Stops>500 GeV required for Higgs mass in MSSM

Stops = 500 GeV possible for Higgs mass in NMSSM

NMSSM caw lead to Large di-photon rate especially with h(125) =H2

Other decays such as Ww, Z.Z, bb, tau taw can also have different rates

a
a
a
a
a
a
a
a
a
a
a

We eagerly await the next LHC results!




King, Morettl, Nevzorov

Exceptional SUSY SM (EcSSM)

E, = SO(10)xU (1), SO(10)— SU(5)xU (1),

SU(B) XSU(R) XU(L)yXU(L),,

~H neutrinos
neutral under:

U, =40, +1UQ),

remaining matter content of 3 families of
27's of B, survives doww to the TeV scale

!

(1), broken, Z’ and exotics get mass, U term generated
Su(2) X uL), broken




ERNAT __________'__fE__
Matter Content of 27°s of E¢
All the SM matter fields are contained in one 27-plet of E4 per generation. Miller
r N

) c _C
Q’La u’i) €,L~

3 generations of

/ “Higgs”

) singlets

.

1,0 \_
PN

“SU(5) reps. U(1), charge x V40

1 right handed neutrino
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nggs mass bounds

SFK,MoreT’ﬂ,Nevzor'ov

2-loop Higgs mass bounds

4 =

tan 3

A i 1
Zcos 254— 5 v? sin? 28 +T(1—|— 100826) +Am}
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Higgs, Squarks, Gluinos in CE6SSM }

Athron, King, Miller, Moretti, Nevzorov

tan 8 = 10, A;z = 0.1, s = 10 TeV.,
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Gluinos are produced in pairs via the
strong interaction

Then decay weakly into: .
Quarks, p ' LS P
Leptons , :

and D§Pk Matter

Dark Matter




Neutrallnos in E6$SM s king |

tnert families H LT e

O = fawilies of Singlets = 1 NMSSM singlet S\ 2 inert singlets S, s,

The full neutralino mass matrix TN

e 2
=(B W H} H)|S B, A, 5|8y By &)

ul

n
USSM 32 By

A22 A21

~

s (G G )
matrix!!




Gluino decay chains _ =y i ing

Svantesson (preLmearg)

/ / ;T; \fjﬁ ;ef E.SSM has longer gluino chains
t Xvo S XS X2 S XE1 with a Lighter LSP at the end

Decay chain length:

Gluino decay chain length, |




MSSM E¢SSM-I  E¢SSM-II E¢SSM-III E¢SSM-IV  E¢SSM-V  E¢SSM-VI
15 1.42 i 3 1.42 1.42
0.497 0.598 -0.462 0.4 0.598 0.598
5180 5268 5418 5500 5268 5268
(1820) (2228) (1770) (-1556) (2228) (2228)
-3110 -3100 476.2 4638 -2684 -2684
3666 4365 2074 4341 4010 4000
150 150 150 150 150 150
300 300 300 300 300 300
151 151 151 151 151 151
800.0 800.0 800.0 800.0 800.0 800.0
148.9 149.1 151.2 150.6 149.1 149.1
296.1 296.8 303.7 301.7 296.8 296.8
1763 2233 1766 1557 2233 2233
1823 2246 1771 1558 2246 2246
299.0 299.2 300.9 300.4 299.2 299.2
1822 2229 1771 1557 2229 2229
1878 1835 1909 1937 1835 1835
1973 2003 2062 2087 2003 2003
62.7 43.5 45.2 0 0 0.00011
62.8 48.6 53.2 0 0 1.53
119.8 131.3 141.6 164.1 119.9 120.1
121.0 163.6 187.4 164.1 119.9 122.8
183.0 197.0 227.8 388.9 185.8 185.8
184.4 224.3 265.6 388.9 185.8 187.0
109.8 119.9 o8 164.1 119.9 119.9

177 185.8 225.1 388.9 185.8 185.8

125.4 133.8 116.3 248 126.1 125.8
ee EHEOS <=2 OS2 s e
= lllps 0.01524 0.1723 0.8273 0.01 < Y=
0.1746 0.2336 0.7986 s 0.2 Ll
0.8196 0.7512 0.02915 Sl 0.8 0.8280
0.0058 A=l 0 0 = (== 0
0.00628 0.00114 0.0006842  0.0006937 0.101 0.00154
0.401 x 107° 15.34 x 1072 9.35 x 10~® 16.35 x 108 3.75 x 10~ ** 3.98 x 10713




EcSSM gluino gives less pr™'ss

Belyaev, Hall, King,
Svantesson (preliming ry)
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R R = i x| LR

E6S M g I u i n O g ive Belyaev, Huall, King, :
2 Svantesson (‘PreLLmiwarg)
more jets and leptons
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EsSSM gluino harder to see in
6 jet channel

E-medium (6 jets)

—h
o
N

—
o

Events left
mSUGRA-1850-380 53.8647
= MSSM-1000 53.7615
MSSM-800 458.73
— E6SSM-1000 52.9389
E6SSM-800 i 429.371
) 1 f 1 1

1000 2000 3000 1000 2000 3000
M_, (GeV) M, (GeV)

Events left -E 6y
mSUGRA-1850-380 6.6521
= MSSM-1000 4.91127
MSSM-800 27.7495
= E6SSM-1000 1.10649
E6SSM-800 ! 7.87076
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EsSSM gluino easier to see in
3 lepton channel at 8 TeV

ISM CISM
—E SSM-I

_ —E,SSM-|
E,SSM-VI-

E,SSM-VI

Events/40 GeV @ 20 fb™’
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Luminosity required for 5o discovery and 2o
exclusion, /s = 8TeV in 3 lepton channel

- EgSSM-I: 50 discovery - E4SSM-I: 20 exclusion
— EgSSM-VI: 50 discovery - EgSSM-VI: 20 exclusion
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Summary of Part 2

E6SSM is richer theory with many LHC signals

Matter spectrum with = families of 27 dimensional particle veps and a Z’
Higgs at 125 GeV possible in E6SSM

Typieal spectrum is heavy squarks but Lighter gluino

Gluino has longer decay chains with more jets and Leptons and Less
mlssing transverse momentum

EeSSM Gluino is harder to see in & jet channel
But easier to see in = Lepton channel

We eagerly awatt the nwext LHC results!
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Heckman and Vafa

“4d Flatlander”
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“6d spheres” with
“2d fibres”

Unification

F-Theory GUTs
AN

We live close
to E4 point
on the extra
dimensional
“6d sphere”




B, ~ gravit

Zmatter “curve’”

We live
close to
here

internal dim. feature
6 = dim(Bs) gravity “gravity bulk”
A=) gauge fields “GUT surface S”
2=dim(SNY’) matter “matter curve ¥”
0 =dim(SNS"'NS") | interactions “Yukawa point”

Figure 1: The structure of an F-theory GUT




GUT breaking is achieved
Higgs but with Hypercharge Flux

Think of
SU(5) D SU@3)¢ x SU(2), x U(1)y e
e (17 2>1/2 £ (37 1>—1/3' ‘// HYS2001
o

2-d Matter

curve X ‘

Index theorem gives number of chiral Doublet-triplet Higgs splitting
doublets and triplets (think of Gauss’s law): requires:

(1,2)12 :np —np =3 / Fuayy + 4 / Fyay, Higgs: / Fyqyy #0

)y

by )3
Matter:/F e
(3, 1)—1/3 ‘N —NRp = —2/FU(1)Y + q/FU(m | uQ)

3 T Y N Typically predicts exotics




callaghan, King, Leontaris , Ross

E65SM from F-theory

SO(10) Weight vector My 1y | SM particle content | Low energy spectrum
16 t1 +15 4 4d° + 5L 3d¢ + 3L
16 2] 4 40+ S5u‘ + 3e° 30+ 3uf + 3¢
16 by —15 3v° -
10 —H 13 3D+2H, 3D+2H,
10 L =l 3D+ 4H, 3D+3H,
1 a0 014
16 t3+15 d°+2L
16 13 0+ 2u¢
16 la==ls =
10 —24 H,
10 f3+1 Hy

F-theory model predicts tncomplete multiplets
with matter content of = copies of 27#s of E6




i

= i LR

CMSSM Dark Matter
Neutralino mass matrix R Nlé ¢ Nzl/f/ + N3[—~[d + N4[—~Iu

T

Q. h'=C
et Mlz, <0v>

Focus co-annthilation

Higgsino LSP : m. =m,




_At_ﬁron_, SF_K, K/Iillé_r, I\/I_oreﬁi, Nevzorov

J Latest ATLAS limit is
M Gl o WG GeV
N but exotlc decays

makes Z’ peak smaller
and harder to discover

%—Mz' = 1889 GeV, Ko, ;> M/2 (Zy —1Tl7) (I=e,porm) 0.77

L(Zy — vmp) (all neutrinos) 1.64

“ I Zy — 117, ) (all leptons) 3.96

b,

Y J'(Zy — qq) (all quarks) 10.08

».I(Zy — D;D;) (exotic fermions)  0.00

7 — H,H,) (inert Higgsinos
0 Tllllllllllll w b N CJfQS&) (Sil]ghllOS)
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D-particles are co our-d and may be pair produced at LHC

D-particles may be Leptoquarks D-LQ or Diquarks D-QQ

Dlguark

v, e LEPtOqUark

1950| Vs=14TeV oam_~

M, (GeV)

1950 +/s=14TeV

1700 1700

Ly 1450
1200 : 1200
950 950
700 700
150 450

Fermion
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0 0.2 04




D-fermion decays

Leptogquark Leptoquark

Vr

pp — tl?T+7'_ —+ Eg_}iss + X pp — bE + Eg}’iss + X pp — tfbg + Ejﬂ}iss 1 X

| — S

 — S — T

spectacular signals!




Kang, Langacker, Nelson

D-fermion as R-hadron

O twmposing B and L all couplings DFF forbloden

O D-particle are quasi-stable R-hadrons, decay via

dimd : DCQHd‘Sa DCQQuca DCQLVC‘. punch through to

muon chambers
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Fermionic LEP
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Belyaev, Hall, King,
Svantesson (preLLmearg)

M e ff Mese does not reaLLa help

to distinguish models

M eSS . jet
efif =T "’Zyets |pT | ATLAS s’che cuts

CuUT MSSM-A | MSSM-B | E¢SSM-A | EcSSM-B

No. limit | Eff. Frac.| Eff. Frac.| Eff. Frac.| Eff. Frac.
no cut|{0.00 1.00[{0.00 1.00{0.00 1.00{0.00 1.00

P, >13010.12 0.88|0.19 0.81)0.40 0.60|0.40 0.60

Pl >130[0.42 0.51/0.04 0.77/0.03 0.58]0.03 0.59

& p]T"""2 >40(0.13 0.44|0.01 0.76]/0.00 0.58{0.00 0.58

4 p?f” >40/0.36 0.28]/0.11 0.68|0.04 0.56|0.04 0.56

5 Pt >4010.55 0.13]0.20 0.54|0.11 0.50|0.11 0.50

6 Az;&(pT,jet),,,,,'n >0.4]/0.28 0.09|0.37 0.34/0.59 0.20{0.58 0.21

ﬁ\ {4 Pp/Mesy >0.25(0.15 0.08/0.49 0.17/0.69 0.06]/0.68 0.07

500 1000 1500 2000 2500 3000
M, (GeV)

w

Events/60 GeV @ 5 fb™

CMS stg le cuts

CUT MSSM-A | MSSM-B [ EgSSM-A | EsSSM-B

No. limit | Eff. Frac.| Eff. Frac.| Eff. Frac.| Eff. Frac.
0 no cut |0.00 1.00/0.00 1.00{0.00 1.00{0.00 1.00
1l W > 200 GeV|0.58 0.42|0.34 0.66|0.47 0.53(0.47 0.53

2 p’{“ >50 GeV [0.00 0.42]0.00 0.66]/0.00 0.53(0.00 0.53

3 p';-et2 >50 GeV[0.13 0.37]0.02 0.64|0.01 0.52(0.01 0.53
4 p,j'“ >50 GeV|0.43 0.21]0.13 0.56{0.06 0.49(0.06 0.50
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500 1000 1500 2000 2500 3000
M, (GeV)

A¢(p,,jetr) > 0.5/0.02 0.21]0.02 0.55/0.03 0.48]0.03 0.48
A¢(p,, jetz) > 0.5|0.05 0.19/0.08 0.50(0.12 0.42|0.12 0.42
Ap(p,., jets) > 0.3[0.04 0.19]0.07 0.47]0.10 0.38|0.10 0.38
AR(jet, lep)min < 0.3/0.18 0.15(0.24 0.36(0.37 0.24]0.36
. : 9 Hr > 800 GeV |0.88 0.02/0.49 0.18/0.38 0.15]0.38
0 500 1000 1500 2000 2500 3000
M, (GeV)

Events/60 GeV @ 5 fb™'




Two potential pr;bl_err:s: rapid pr_ot:)n_decay + F(ENCs

« FCNC problem may be tamed by introducing a Z," under which third

family Higgs and singlet are even all else odd - only allows Yukawa
couplings involving third family Higgs and singletH,, H, , S

- Z " also forbids all DFF and hence forbids D decay (and p decay)
- Z,H cannot be an exact symmetry!
How do we reconcile D decay with p decay?

In E;SSM can have extra discrete symmetries:

Z,- under which L are odd - forbids DQL, allows DQQ - exotic D are diquarks
Z,B with L & D odd - forbids DQQ, allows DQL - exotic D are leptoquarks
Or:-- small DFF couplings ~ 10-12 will suppress p decay sufficiently

while couplings ~ 10-12 will allow D decay with lifetime <0.1 s
(nucleosynth) N.B. I'y < g2, T', o< g* (Howl, SFK)




