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SU(5) GUT

= SU(B) GUT, proposed by Georgi and Glashow in 1974, is the simplest
extension of the SM that provides a natural framework for the unification
of fundamental interactions.

= SM quarks and leptons are combined into irreducible SU(5)
representations: 5 and 10:
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= The Higgs sector in the minimal SU(5) contains adjoint 24, and
fundamental 5.
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=  Minimal SU(5) is very predictive:

I. Predicts quantization of electric charge: Tng =0, hence Q(d)=1/3Q (e-).
ii. Predicts sin?@,, in a very good agreement with the current result.

iii. Leads to m,/m_= 3, which is consistent with the measured masses

= Several drawbacks for minimal SU(5):

i. Predicts proton decay, p — e™m? with a life-time~1032 years, in a
contradiction with the experimental bound > 5 x 1033

li. Leads to awrong mass relation: mg/m, = my/m;.
ili. No right-handed neutrino and neutrinos are massless
iv. Gauge couplings do not unify at all.

v. Suffers from a naturalness problem due to the gauge hierarchy problem
and a doublet-triplet splitting.




SU(5) with 45-plet

= Under SU(5)
5" x 10 = 5 + 45

10 x 10 = 5* + 45" + 50
5% x 5% = 10" 4+ 15*
= So the SU(5) invariant Yuakwa terms are:

5* ® 10 ® 5%, 5* ® 10 ® 45%

10 ® 10X 5., 10 ® 10 X 45
= SU(5) Yukawa Lagrangian

Ly = V15107 (577 )5 + Vo510 (45535 + €apyan | Y310°P 10753y + Y10°P1057 (45)2




The 5, and 45, decomposition are

5 = (3,1)-13% (1,2)1)
5 = (8,2)128 (1,2)120 (3,1) 139 (3,3) 138 (67,1)-1/3D(3°,2) 7/ & (3", 1)yy3.
The 45, satisfy the following conditions:

4528 = 458 and Y7 (45)28 =

SU(2),xU(1), is spontaneously broken into U(1),, through the non-
vanishing vev of the doublets in 5,and 45,

{(5H) = wvs,
(451)1° = (45)3° = (45m)3 =vas,  (45m)3° = —3uss.

In this case, the fermion masses are given by
Mg = Y{ v —6YS v,
Mp = Yivg + 2Yovye,
My = 4(Ys + Y3 us — 8(Y —Yi)vas




Higgs Sector

The 5, doublet is defined as H=(1.2)5 = (H+ )

45, doublet is given by

_ D3 D3\ _ (-Ds=\ _ (-D+

= 45, color octet scalars are given by

i i 1 i Tl S+ _ ArgA

The SU(B) invariant potential is

V(5 450) = —pif 555% + Ay (555°)° — pis 45154527 + Ay (45754527)% + \g (4575452 545°

g 4505 57 55 4570+ 2)s |55 4657 5 451 + 4507 57 455 5°| + g 457757545,




= After SU(5) symmetry breaking

. ; Lo 9 1 i : 1 : - —

V(H,D) =gl + W(HH)' - ipD'D+ o(D'D)* + X(D'D)(H'H) + X{(H'DY' + (D'HY] 4\ (DH) (DAY,

= The scalar potential of neutral Higgs bosons is given by

I;(H[J!Dﬂ) _ —}.L;%:IHD*HD 1 Al(HD*Hﬂ)Z _ “EDD*DE 4 /\E(DU*DU)E + }\E(DD*DD)(HD*HE)
—|—%)\5[(H”*DU)E 4+ {DD*HU}E].

= These neutral components develop vacuum expectations values: (H°)
=v, Ev;and (D% =v, E =3 v,..

= In this case, he mass of the W-gauge bosons is given by M, = gv,
where v =yv,% + v,% and one defines tan § = v,/v,.

= The minimization conditions are;
—p3 + 20 v+ (AL + Ag)vs =0,
—1h + 22X v2 + (A + As)vi = 0.




CP-even Higgs bosons

Around the vacuum, H and D take the form:

H = (H",H")=(H",vs + Hy +iH}),
D = (—D*,D%) = (—D*,vss + Dp +iDy}),

The mass matrix of CP-even Higgs is given by

Mz =  THE B Av1vy _ [l Ay
LWL pr }H_J'I.UE —,'J,E.D -+ :_1)|kz1_;% + )\Uf )\'L‘]_’U? _1/12113 .

The mass eigenstates h and H are given by

h\ [ cosa sin o Y}
H —sina cosa DY :

The masses of the CP-even Higgs bosoes are

M7 g = 20?4 20vd F /(20107 — 209032 + Au2ed




 CP-0dd & Charged Higgs bosons

The mass matrix of CP-even Higgs is given by

12— —pd + 2703 4+ Mo 2)\501 9 _ —“2\sv3  2Asvyvy
o 2A50102 —p%) + 2\ov} + Mot 50109 — 24507 |

The determinant of Mj?is zero. One eigenvalues vanishes, corresponds
to the Goldstone boson. The other eigenvalue corresponds to the
pseudoscalar Higgs A, with mass 2 — 9);(v2 + 2) = 2\502.

The mass matrix of charged Higgs bosons

N T R T R LR 3 1 S O P W .
MHi - -

(=5 + Afal]i*'l“"“"}! ‘ﬂgp T 21\2'1?% T ()\’3 T+ Nﬁ]trf

(st Xt (hs Mooy
(hst e (S +Aght |

One of the eigenvalues is zero and the other equal Mfﬁ = (g — As5)v2.




Interactions with SM particles

The SM-like Higgs couplings to the SM fermions are:

) Ty COs . )
‘huw = Yacosa + Y, sina= ——— + (sina — tan S cosa)Y},
3 4 v cosf3 | e
Voo 3mp+mep.Veru o
hdd = 1 CcOS a,
Avs
3mDVt r+mEg mDVT ;— ME
A = ( CKM ) Tl ( CKM ) <in o,
dos dvys

Here we assume flavor diagonal charged leptons and up-quarks, while
down quark mass matrix is diagonalized by V9 =V, and Vi,=I.

The couplings of hto W and Z are given by

gM. |

Ihiz,Z., =
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‘ Octet scalar Interactions with SM

particles

Octet scalar interactions with the gluons:

GA- (p) . Sﬁﬂ(p)’ P S}“D(p), )
G* X ;e " Ge 4
TTETTY TTETTX TTTTT
‘\\ \\\ N\H
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Octet scalar with lightest Higgs:

hSTS™ : —Ajvssina
hSorSoy : —()\3 + Ay — )‘.5:}1-’5 sin cv
h'SDRSDR g —()\3 + )i.4 —+ )‘l5)'i‘_,?5 sin cv.
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Constraints on octet scalar

d s

= Constraints from K° — K° & Bq" — B_q0
5"[]
]_ d+ d > _______ <
—_ - Vi Mp. Ve,

diag
Vvand, = 3= M
ol

VM, = VM M (1+R,)
Ry = My, (K)/Mp3M(K)
R, < 0.2891

tan 5 = 0.1

--------------------------------------------

tan i = 0.26
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=« B, —B,)° Constraints

Rgyq = My, (Bg)/IM,>M(By)
R4 < 0.0683

- AN

\_"'
 tan 8 =0.06
\\.. B

\ tan g=1 ™~ s
N - ]
B, — B Constraints
Res = Myp (B)/M,SM(B,)
? Rg. < 0.1220
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Direct Searches constraint

= The octet scalar can be pair produced copiously at the LHC:

gg — S°S%orgg —» S*S™

= The octet scalars decay to the SM quarks without missing energy.

= The associated signature is a pair of dijet resonances, with enormous

QCD multi-jets background.

i
O
The latest result with /s=7 —
Tev ruled out octet scalar %
masses less than 150 GeV at 1
90% CL limit. g 501
S [
oL
100 120 140 160 180 200

Mg (GeV)

Limit on the production cross section for a pair of dijet resonances from ATLAS (solid line),
and the leading- order theoretical cross section (dashed line) for pair production of a color-
octet real scalar at the 7 TeV LHC.
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SM Higgs at the LHC
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Events / 2 GeV

Events - Fitted bkg

H—vyy: ATLAS results

10000 :_. IIIIIIII Sel.|elcteld IdlplhOItO.r'l S.aI:T'I[;le lllllllll I_: i B 1 1 | 1 1 T ‘ 1 1 1 T 1 1 ‘ T 1 T 1 ! |. T 1 T ]
2000 |— ° Data 201142012 ] 3 [~ — All systematics ATLAS Prellmlnary ]
" Sig+Bkg Fit (m, =126.8 GeV) . = eenes Without mass scale uncertainties H -
- ey e Bkg (4th order polynomial) ] B Without i i =YY ]
6000[— ATLAS Preliminary —] [ e WVITNOUL SyStematic ]
: H_)'Y'\{ : 2_5 __ + Best f|t __
4000— — . 4
C \s=7TeV, _[Ldt =481b' 7] - ]
2000(— - 2 —
- Vs=8TeV. _[Ldt =207’ . i .
500 — ] B .
00 1.5 -
300 - i
200 B ]
100 B il
°B Iy 157 TeV, J Ldt=4.81b"
;;ggg [ — 68%CL ]
100 1o 120 130 140 150 161 [ — 95%CL {s=8 TeV, J Ldt =20.7 fb'1 ]
m"N [GeV] 0.5 | 1 1 1 | 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 | 1 1 1 1
124 125 126 127 128 129 130

Best fit mass:

126.8 £ 0.2 (stat) £ 0.7 (syst) GeV
Signal strength:

1.65 £ 0.24 (stat)+0.25 -0.18(syst)
Dominant systematics contribution from theory, luminosity, y energy scale

my, [GeV]
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H—vyy: CMS Results

MVA mass-factorized Cut-based
MET — . CMS preliminary MET — . CMS preliminary
— Vs=7TeV,L=5.11b" — S Vs=7TeV,L=5.11fb"
Electron —B— Ys=8TeV,L=19.6 fb" Electron | % (5=8TeV,L=19.6 fb"
Muon B § —.-—— —l- Event Class Muon > g — —l- Event Class
. . B [ combined .. _ w ‘|=. [E17] combined
Di-jet loose > = —— m, = 125.0 GeV Di-jet loose | h > —— m,, = 124.5 GeV
Di-jet tight — m . ol = 0.78+0.28-0.26 Di-jet tight m (& 1 B ofog, = 1.11+0.32-0.30
Untagged 3 B E — Untagged 3 : — m
Untagged 2 B e Untagged 2 B —  m
Untagged 1 B —m Untagged 1 B -l
Untagged 0 B —— Untagged 0 L o e e e e e e e e e e e ': __________________
pijet | i Didjet| = § R
Untagged 3 B > § T Untagged 3 B m g =
Untagged 2| O = .- Untagged 2| l_ "é ]
Untagged 1 B h - Untagged 1 N o S —
UnlaggedO B | Nl | | l-—!—'l | | UnlaggedO _|| o bv g b bl |_|_|-ﬁ| ' NI NI I
6 4 2 0 2 4 6 8 10 12 108 6 4 -2 0 2 4 6 8 10
Best Fit o/oy,, est Fit o/ogy,
748 TeV: ology @ 125.0 GeV =078 0%, | | 748 TeViclog, @ 124.5 GeV =1.11 02, |
7 TeV: ology @ 125.0 GeV = 1.69 *9%5 ) 7 TeV: clog, @ 124.5 GeV = 2,27 *080_ _,
8 TeV: ology @ 125.0 GeV = 0.55 *02 8 TeV: clogy @ 124.5 GeV = 0.93 *034 )

Despite the same names, the untagged categories in MVA and Cut-basd are not equivalent’



H—Z7*—4]1: mass/signal stength

CMS preliminary

Events / 3 GeV

| | " ol
R :‘II!‘JIL..;”_ .
0

200 400

20

10

0 =10

m,, [GeV]

Clean signal peak at ~126 GeV

800

ology @ 125.8 GeV = 0.91 +0%0

I
30 * Data fs=7TeV:L= 51ft" o
| ] my =126 GeV {s=8TeV: L=196fb"
] 4y', 42
B z+X

E [T ‘ L T LI ‘ I-I \-I | LU LI LI I ||
= S ATLAS Preliminary o
=3 [ Vs=7TeV: [Ldt=461b" H—-zz" -4
S 4| vs=8Tev: |Lat = 20.7 b b
= i i
—_ + Best fit -
g i —68% CL i
k=) = --- 95% CL 7
»n 3 g R

without MSS(e) and
.. MSS(n) in lighter calours |

122" 123 124 125 126 127 128
my, [GeV]

Best fit mass:

124.3 +0.6 -0.5(stat) +0.5 -0.3(syst) GeV

Signal strength:

1.7 +0.5 -0.4, for mH=124.3 GeV [1.5 *
0.4, for mH=125.5 GeV
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H —>WW-5212v

3 El T 1T | T 17T |I| III T | T 17T | T 17T | T 17T | T 17T |:
c b ATLAS(irrehmmary ¥s=7 TeVLdi = 26 1" 3 %102E po—— — ]
o - HoWW Sivl @=8TeVJ Ldt = 20.7 b ] L [ Ns=7TeV,L=4.9 ﬂa"_1 - == Median Expected u
S 6 —poan 10T EREE Eees
2 F -2 <t . o) [ ] expected -2
g 9] - — Exp. best fit m, = 125 GeV 3 = 10E Injection m =125 GeV = Ta -
5 4% — 2Ink{u) <1 —f E E E
3 | _i Zj):' : ! “\'-1 :
. 5 1 - l.‘ “\\_. S M 7 '}‘/ <4
2 _: ‘0\\ - ‘\‘ : e m
1F = S T //ﬁ';:%,,,, R i
Oih‘_—_—_—- ____ = I % *W/ |
:l | | | L1 1 | | 111 | | L1 1 | | L1 1 | | L1 1 | | L1 1 | |j 1015_ “\‘P’ _E
115 120 125 130 135 140 145 150 - | | | | .
my [GeV] I SR SRR IS SIS T FATE A N
" 100 200 300 400 500 600
Signal strength at 125 GeV: my [GeV]
1.01#*0.21(stat)*0.19(th)*0.12(syst)+0.04
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‘ Color-octet contributions H—yy

= In SM H—-yy is generated via the one loop:

In SU(5) effective model, we have new contributions:

-~
i

St AN S+ ~ 7
s - —
hD " *l' " ’ X HJF\J
S % D — )
_____ — | \ s =
S N~ < )
AVAVAVAV L

= The di-photon partial decay width in SU(5) is given by
2 U

a*m? 2Y, L
LI g2ty + BN, QA o) + Nes@E 2y Ao(rs)|

Lk =90 = 10243 | 2, =l
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For m, =125 GeV, A (ty) = —8.32and A, ,(ty) = +1.38
In order to enhance I'(h - yy) we show have:

o Constructive interference between S and W contributions:
Grs+s- <0 since Ay(tg) > 0.

o Suppress the top contribution: Y SV®) <Y SM.

Usually, any enhancement to I'(h — yy), leads to reduction in
I'th-g9),

[(h— gg)SU®) TSM  T(h— yy)SUG)

['(h— gg}Sﬂ'f Ffﬂ{;(ﬁ} I'(h— ,},,},)Sﬂ.f '

R“r“r —

Ghss = — Avgsina & sina <0 — A3 = O(-1).
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7 T )™

150 20 250 300 x50 400 4540 500

as a function of mgfor g=n/4, 2,=-1& Y’ =Y,=0.3
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Constraint on tanf from gppw+w-

0.4 e 0.4 & 0.4 1.0 1.2 1.4 1.8

B
Inw+w- =9 My, sin(-a)
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Modifying the top Contribution

0.0 .1 0.2 6.3 4 0.8 0,6 .7 B a.% 1.4
l.IIIT

In SU(5) Y, can be easily reduced or even becomes negative

m, COsS &
V COS [

Y,

htt

+av,sina  m, =4(Y,+Y, )vcos B, withY, =Y,
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Octet scalar & Higgs production

9 - +, .0
9 55550 ¢ 0 ET?TET“{T“(S“T . f 0 W, ,Si \
_____ e B\"?{%m : "
X I\ x‘_ _____
g 9T g% S
o?m v th 57 QhSR SR thws;ﬂ 2
[(h— gg)u = 19873 C(re)——Ay5(7t)+C(rs) Ao( £)+C(r ) Ao(7s0)+C(r ) Ag(Tg0)]| .
Where

C(r)=1/2, C(rs)=3
Ghgts = 1 (PL + 20, + 2,)

ghSOSO - == (A + ZA ZAS)
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Conclusions

The LHC discovery of 125 GeV SM-like Higgs boson has been confirmed.

Mass measurement: H-yy/H—4l
The observed signal strength: within ~2o from SM expectation

We investigated the capability of the effective SM derived from SU(5)
with 45, to explain the Higgs data.

This model extends the SM by charged/neutral color-octet scalars and
another Higgs doublet.

These scalars are free from favor changing constraints and can be light.
Charged and neutral octet scalars that contribute to H—»yy and H— gg.

Reducing the top contribution and even the possibility of flipping its sign
Is a remarkable feature in this class of model
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