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A study is presented of the mass and spin-parity of the new boson recently observed at the LHC at a
mass near 125 GeV. An integrated luminosity of 17.3 fb~!, collected by the CMS experiment in proton-
proton collisions at center-of-mass energies of 7 and 8 TeV, is used. The measured mass in the ZZ channel,
where both Z bosons decay to e or u pairs, is 126.2 = 0.6(stat) = 0.2(syst) GeV. The angular distribu-
tions of the lepton pairs in this channel are sensitive to the spin-parity of the boson. Under the assumption
of spin 0, the present data are consistent with the pure scalar hypothesis, while disfavoring the pure
pseudoscalar hypothesis.




The Higgs field in the Standard Model provides
the masses of all the weak gauge boson and fermions.
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No mass scale in the gauge and fermion sector.

A part of the gauge symmetry of the SM is
e y (2)#0

A symmetry of the lagrangian is broken by the ground state.
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D breaks the symmetry.
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The only mass scale arises from the Higgs sector.
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Similarly for the fermions,
settin _ 0 :
& P(x)= 7 \wo + h(z) unitary gauge
T ) = T
= OTQ() [ULYUUR +drYqdr +erY.er + hC]

bi-unitary transformation by fr and fgr
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A =1,2,3: generation
Higgs boson

The couplings of the Higgs boson to
the gauge bosons and fermions
are proportional to their masses.

The effect of the unitary transformation resides
only in the quark charged-current interaction.
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masses of the SM particles

electric

- I'st gen. 2nd gen. 3rd gen. Weak boson

s U C i W W 4

3| 2_3MeV | 1.27GeV | 174GeV 0.4GeV | 91.2Ge\
quark

1 d S b

3 | 4-6MeV | 101MeV | 4.2GeV
charged 1 € ,LL T
lejpizonn 0.51MeV | 106MeV | 1.8GeV
N.B. ]

My + My, + Mg ~ 1_Omproton

90% of the nucleon mass comes from QCD dynamics.

--- confirmed by lattice MC calculation

What determines the value of the Higgs VEV v ?

4-Fermi effective theory vs W-exchange interaction
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In this lecture, we shall focus on
the properties of the Higegs boson(s) in the SM and its extensions.

mass, branching ratio (BR) 2-Higgs-doublet Model (2HDM)
Minimal SUSY SM (MSSM)

. |
SM  1Higgsdoublet (1¥)=(3.5) Q=L+
to break SU<2)L X U(l)Y — U(l)em
If it were a triplet, extra U(1) sym. would be left.

o OT(z) \ _ Nambu-Goldstone mode
() = %(”Uo + h(z) + ia(m)ﬁ/ “gauged away”

physical Higgs field

1 complex + 2 real scalar fields 1 real scalar is physical

gauge-invariant, renormalizable potential

minimum at vg

V(®) = —p2®Td + \(PTD)? T

1 )
=5 2)\0E h? + Avgh® + Zh4

m% tree level mass
V(@) curvature of V(@) at v

The 3- and 4-point self-interactions
are related only to the Higgs mass.

> h

.

flat direction(s) of V(®) at vg
massless NG modes

10




Go on to extend the Higgs sector.

Suppose that we add a scalar field in repr. (I("),Y;) of SU(2)r x U(1)y.

Only its neutral component can acquire VEV v, £ 0.

mw and myz depend on the repr. and the value of v,..
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To keep p=1, we shall add a doublet or a singlet.

One can introduce any multiplet with v, = 0.

3, (z), Bo(z) € (%%) of SU2)r x U(L)y

the most general gauge-invariant, renormalizable potential

V(®y, Ps)
= 1 ®ID + 11 BBy + (1T D, + hoc)
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Yukawa interaction
Ey ~ qr, (Yd(l)(l)l + Yd(2)q)2) dR

After diagonalizing the mass matrix Y, (®;) + Y (®;)
we are left with the (tree-level Higgs mediated) FCNC.

Impose the discrete symmetry:
(I) PPy, Py~ —DPy: up—>ur, dr+—dr, €er— €gr
(II) Py Py, Py —DPy: up+— —ur, dr+—dgr, err>egr
Mg = A7 = 0 in the Higgs potential
() Ly = qrYadr®: + @ Yuur®: + 1 Yeer®: +hc.

) Ly = qrYqdr® + QLYuuR(i)Q + l_LifeeR(I)l + h.c.

d(r) = iT?d* ()




Higgs potential and the Yukawa interaction of
Minimal Supersymmetric Standard Model (MSSM)

Type-Il 2HDM with

QD = G0 Dy = @,

2

Ay = —%27 As,6,7 =0

95 + g1

M =A=-—-A3= T

Of course, there are introduced
new interactions containing SUSY particles.

VEV and physical modes of the Higgs fields

Vacuum Expectation Value

w5 (i) w-5(0)

Here we assume U(1)em is not broken.

fluctuation around the vacuum

Pq(z) = (Pa) +< ﬁ(hdgjgc;ad(@) )
. @- 5t (@)
®,(z) = () + €% ( %(hu(l‘) + ia,(x)) > ’

1 charged and 1 neutral NG modes

1 charged and 3 neutral physical modes

16




N.B.

¢ In the general 2HDM, U(1)em can be broken if the charged
component of the Higgs field acquire a nonvanishing VEV.

One must fune the parameters in the potential.
In the MSSM, VEV of the charged component =0.

¢ Mass eigenstates are some linear combinations of the
physical modes.
Shown in the MSSM below.

@ 040 CP violation

This occurs when m?2 and )\; are complex and Arg\s # 2Arg(m3).

Even when all the parameters are real, V' can be minimized at | cos 6| # 1.

As >0 and mj < Asviv; —> spontaneous CP violation

Mass eigenstates

minimizing the Higgs potential (MSSM at the tree level)
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2.2 2
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The values of m?, m3 and m2 depend on SUSY breaking.

constrained by the stability and requirement of EVVSE

In SM, ensured by




stability
The quartic terms vanish along v = v + v3 and vy = 0, for which

1l .,

W= §(m% + ma) v}

5 1
— sy 2= 2(m1 + m3)vs |m3| |01

1
> 2(m1—|-m2 2’7”3’

mi +mj5 > 2 }m%] V' is bounded from below
EWSB m? _m3 0 \
vawoo V@ | -md
curvature o at v = 0: 50s 8’1)]' - = 0 O m% O

0 0 0 ml)

This matrix must have at least one negative eigenvalue.

m3<0 or  mi+mi— \/(m% —m3)?+4(m3)? <0

B T 22
. m5 <0 or mims; < (m3)
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Minimum of V (v)

solutions to P
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(A) v1 =vpcos B, v2=1vpsinf, wvz=1v4=0,
vp and tan S are determined from the parameters in V' by
1
m] = m3tan 3 — —mjcos(20) 1
2 2 _ 1.2 2y, 2
1 My = 4(92 + 91)v
ma2 = macot B + §mgzcos(26)

Instead, we determine m? and m3 in terms of (vy, tan f3).




8m;3
95 + 91
9?V (v)
(%i(%j

(B) vi=wv2=0, v§+vi:

One of the eigenvalues of (

) < 0.=—% not a minimum!!
(B)

As long as the conditions for the stability and EVVSE are satisfied,
(A) gives the global minimum of the potential.

the masses of the Higgs bosons
curvature of V at the minimum
= (ha(z) + da4()) s (2)
i V2 _
(@) = (2a) + ( o7 (z) ) ) S <%(hd(x) - iad(ar))>

Expand V(®4, ®,) in powers of the fluctuation fields.
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CP-even CP-odd charged
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L
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0, my+ = miy +

zero eigenvalues < NG modes




SM limit mg —— €9 m%, Mg+ — 00
‘decoupling limit’ V' becomes very steep except for h-direction

h-boson is too light irrespective of m2

Noting that
M o = % [ o+ my =+ \/(mQZ +m?%)? — 4m%Zm? cos?(20)
we find
e = % (m2Z +m% — |mQZ = mi‘) = min {m%,mi}
— % (m + 3 + | — ma|) = max {md, m}

Is the MSSM excluded by LHC’s discovery of 125GeV Higgs boson?

No! still survives

1-loop correction is sizable compared to the tree-level mz

top Yukawa coupling
superpartner of the top quark (stop)
the bound is modified roughly to

3 mi m2 + m?
m% = mzz cosz(Qﬁ) + WU—; log (tm—2t>
0 t

2 2 9
my Yy

my, can be as large as 135GeV depending on the parameters in stop sector

Another loophole is the Light Higgs Scenario.

It is H that was found by LHC with my = 125GeV.
gzzn is too small to be produced in LEP2.




it q ha\ [ cosa —sina H
Wi EEE s oSl h
the interaction lagrangian is expressed as

Lide ) (Hcos(f — a) + hsin(f — ) + - - -

Egauge = goMmw (WJ—W_M - m

Ly = — Py (SO €SOy ) _ Gl (COSQ,  Sma
2my  \sinf sin 3 cos 3 cos 3

2mW

A

LEPII 209GeV — my, > 92.8GeV  (95%CL)

How to calculate the radiative corrections
to the Higgs masses and mixing.

from the tree-level potential to the effective potential

Vegr(v) = V(v) + ! Z (m*)* ( 1o M, 3
o0 642 ) \ P2 T )

a=tt,b bW, Z -

me(v) : field-dependent mass M : renormalization scale (~ ;)

¢, . degrees of freedom

1 1
e.g m; = -y7(v3 + v3), my = 5?/130%, Ty = Zg%(v% + v3 4 v3)
2 2
i [ TE A (F ) R FmE 3 (47w — i) — pon)
i 2 -
B (Ar(vz +ivs) —p*vr)  mE 4+ S (vi—v3) + Wy




Higgs fields VEV + fluctuation

i 0
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tadpole conditions:
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(---) is the value evaluated at the vacuum

: 1.
m2 — Re(m2e®)tan B + §m2zcos(25) S

: 1
m2 — Re(m2e'?)cot 5 — §mQZCOS(26) Gooe

m%, m%, Im (mg 6“9) in terms of the other parameters

mass? matrix of the neutral bosons and charged boson mass
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OhqOh,, Oh? sin B \ Oh,0agq

il 0 Vs 1l 0% Visr 1 0% Vise
cos 8 \ OhqO0ay, sin 8 \ Ohy0aqg sin Bcos B \ Oagday

m2 _ 1 82‘/veff o 1 Re(m2€w) L m2 AL oo
H* ™ gin Bcos B LY Lom sin § cos 8 3 .

input m%+ —> Re (m3 ')

mass eigenstates: [,

ha H,
[ PP P s Lo B OF M2O = diag(m}y, , m%,, m%,)
a H3




gauge and Yukawa interactions
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1
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CP-conserving myp-max. scenario

Msusy >~ mg, ~ Mg, ~Mmp,

X; = Ay — pcot B = max.

allowed region for the lightest neutral Higgs boson

my = 169.3, 174.3, 179.3, 183.0GeV
99.7%CL _ 95%CL

Excluded
by LEP

o
c
S
40
20
t  Theoretically e
i Inaccessible k
0

207740 60 80 100 120 1(2)
m, (GeV/c?)

mj-max benchmark scenario

[PDG: C. Amsler et al., Phys.Lett.

B667, 1 (2008)]

allowed region for the pseudoscalar Higgs boson

Tevatron Preliminary
MSSM Higgs —tt
95% CL Exclusion

D@ (1.0 fb)
I CDF (1.8 fbo'")

M- max

no mixing

100 120 140 160 180 200 220 240
m, (GeV/c?)
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Allowed region for
the lightest neutral Higgs boson
in the CPX scenario

‘At‘ = |Ab‘ = 1Te\/, C)A = Qb]\,j:s = 7T/2,
U = QTCV, ]\JSUSY = 500GeV

Excluded
by LEP

»

CPX

Theoretically .
Inaccessible ]

0 20 40 60 80 100 120 140

m,,, (GeV/c?)

Figure 12: The MSSM exclusion contours, at
the 95% C.L. (light-green) and the 99.7% CL
(dark-green), obtained by LEP for the CPX sce-
nario defined in the text. Here, m; = 174.3 GeV.
The figure shows the excluded and theoretically
inaccessible regions in the (mpy,,tan3) projec-
tion. The dashed lines indicate the boundary of
the region which is expected to be excluded at
the 95% C.L. in the absence of a signal. Color

version at end of book.

To determine to which model does
the scalar boson discovered by LHC belong,
one must study its coupling to the other particles.

decay branching ratios




Decay Branching Ratio (SM)
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Made from the data generated by H-Decay package

tree-level 2-body decays in the SM
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"""""" , Lgamw
h— Z7Z) = B eia (s
k\Z& ; ZM( ) C082 QW nw ( 1)6 ( 2)7

summation over the spins

262*(/6)67;(%) =- (gw - ]j;?—/;) . (V= 2)

%

ky - ko)
gamyy <2 - M) for W-boson

D% X 2
g2z 2+ M for Z-boson,
cos? Oy m

> M- VV)P =

1,72

2 2 2
64m myy,

2 3 2\ 1/2 2 2 N\ 2
T(h — WHW™) = 8(ms — 2mu) 22 (1 — 4mW> {1 _dmw | 3 <4mW) ]
my 4\ my

2 3 e 1/2 e = Tl 2
I'(h = Z2) :9(mh—2mz)1ggﬁ% (1_ mz> [1_ ;:22 N ( 77:2Z>
W h h

For my < my, < 2my, the 3-body decay m; — V f f occurs.
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relevant Feynman rule

UAx
V2m 1-—
>WAW; =i— Y Vap (1 275)%’
0

w, Zy
?;ELF————;Z :2im€VgW . zz'mzzglw
Vo Vo
w, Z,

iv2m%,  Vap q"q” o e
B == e _m%v g — m%/v eZ(kz) uilA (k)7 5 Udf3 (k2)

no summation on the generation indices A and B

ST M= Wuadp)]? = Y [M(h = Wdaap)|®

7,581,582 7,81,82
_ (g3mw |Vas|\” 2(k - k1) (k- ko) | (mg, +mi ks -ka+2mi ma, ( 5, (p-k)?
T T e ki ko + 2 r 2 AT )
q = My My My My
m? k- ko)(k - (% k- ky)(k-
+2 2A <p : ]{?2 4 ( 2)2( p)) A 2 gB <p 3 kl e ( 1)2( p))
miy miy miy miy

a function of (k ki, k- ko, ky - kg)

P=p-kl=mi+m% -2k
pk=(k+k+k)-k=mi+k-ki+k- ks




In general, to execute the phase-space integral of these quantities, we have
recourse to numerical method.

partial decay width

= 1 >k d3k; = 12
IT'(h Tuadp) = L ol — 1% h UAd
o) = g [ T otk X M )

spins

in the rest frame of h

k,
O=k+k;+ k> ks

!
§3-function k ﬂ

o0 1
/ dPkd3ky = 872 / dk dky k2 / d(cos ) 3-fold integral is left.
0 —1

Change the variable from cos to E; by

B2 k2 — k3 —m2

By = K2 +m2 = (k + k2)? + m2 = k? + k2 + 2|k||k2| cos§ + m2 cosf = I ¢
2
- O(k, ka,cos0)| Ocost Ey
TR T ame s
39
Then
1 oot dF;
I=——— [ dkdkskk é(mp—E,—E1 — E M|?
Qoﬂjmh/o 2 2/EkE2 (mp k 1 2)Z| |

Further change the variables  (k, k2) — (Eg, E2) Er=+/k24+m¥, Ey=/k3+m3

then dk dk’g kkg = dEk; dE2 EkEQ

integration region

my < B < oo, mg < By < 00

1
2 3
<\/E,§ 2, —/E3 - m3> g

[SIE

<F; <

(\/E,g N m3>2 o

Once we express (k-k1,k-ko, k1-k2) in terms of (Ey, F1, Es),
the width I' can be calculated.
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In the case of m, = mg =0,

T(h— W ud) = T(h—>Wda) = —=— (g2 [Vap|) /He dxﬁ(xtue%ﬂze%se?)
3072 2 V4Bl 1—-2)

myy

€
mp

3
I'(h—WX) = No Y [[(h—=W uadp) +T(h—Wtdatip)]
A,B=1

3
= Z L(h—=W vaed) + T(h—>Wteava)]
=1

mhg2
- N § v E: F
T536:3 | Ve D [Vasl" + (©

_ magh 3 W* — tb(bt) is not allowed
51273

4 W* — tb(bt) is allowed

1+e /22 — 4e2
F(e) = /2 da ﬁ (z? — 126%z + 12¢* + 8¢?)

47 13 1 1 — 8¢ + 20 3¢ -1
S 2 ko 25 S0 o S AN G e 2 441 -1
( 6)(26 > +62) 3(1 — 6€” +4€*)loge+3 ez cos 53

for my = 0,

i mp 92 : 1
D(h— Zff) = ( 2 > 4 <2<zgj>2 — I{Qysin? Oy + Q% sin® 0W> F(e)

307273 \ cos? Oy
mz
€=
mp,
9 2 7T— 43 sin? Oy + 160 sin? Oy Z* —tt is not allowed
D ) = — 22 2 )
204873 \ cos? Oy

8 (1 — 2sin? Oy + %sin4 9W) . Z* —tt is allowed




one-loop 2-body decays in the SM

h — VY In general, the amplitude has the form of

iM(h = 47) = € (k1 )€™ (k) T (k1 k)

1PI vertex function

. 2%ko, k1,
gauge invariance : T (ki,k2) = A (g;w - ) + Beupoki ks
h
D (A b s e (B = 2 A +— A 1B”
51,52
1l 1 2 4m2 i 2
== Mol 0(my, — 2m) [1 — = :
2 T67my, Moml” 8(ms = 2m) w2 = 32y, Mom
43
fermion loop
7
TN
fl=dl—=g Gof(5) = 1
il (K1, k2) S A0S k-v—mys+ie

1gam @
o (_ gz Wf > / ( ;TidTr Fi S O F = AT = B 2 AT = ) 0 = )]

working out the trace algebra and executing the momentum integral

Ncga(eQy)*m3 e 1—4z
D Yo Vi Bt (it G — Pl ) / dm/ dy2—y
0 0

82 mi —mjxy — ie
2
_ Noga(eQy)*m} 21@2#1@1” / /1 ol Ay s
272 Tf — dgy— e mi

I =7 1i=5
= . log(r — dzy — ie
/U dx <1 ap4F { Sy og(r — day 15)}0 >

1—7/ T—4T1—T)—7fe
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: _igaa M7 2koy k1,
Ty (k1) = =22 70 e Q1+ (L= )] (g — 22252 )
H;

@ e

1{1 e

1 1 — 4z + 422 —
f(T)E*i/d.Tf i e

T

Y
W-boson loop
kq ﬁ,
i A, é:: . k} A
Ay = Ay Q A,
T k1
; igac mj, Uhea K1,
i) = gir ﬁ 2+ 3w + 37w (2 — 7w ) f (7w )] (g,w — )
h

Summing these contributions,

2 5
L(h = yy) = 1322 3 mh ZNCQfFl/Z(Tf) + F1(Tw)
i) = QE =G
imysle) = =2 AR G
Fi(t) = 2431+ 37(2—7)f(7).
h — g9 = e
G, Gy
Ty T
2
I'(h— gg) = 59122(;3 . ZF1/2 Tq)
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How about the BRs in the MSSM?

vertices including the Higgs bosons are modified

. hd H]
mass eigenstates: [; e || =@ | Hy |, O MO = diag(miy, ,ma, m3;,)
a H;;

Sl TF = Bl Sl B
Lyvve = gamw (mz ZF+WIWw™ “) gvva, Hi = gamw <MZMZ“ + Wiw “) (hsin(f — a) + Hsin(S — a))

gvva, = O1;c08 B+ Og;sin no CP-mixing

g2 1 ~ .9 *
Lyps = 4c039 Z" 9711, H; 8 Hj+i [cos@w ( — sin 9W> A" 4 €A”} H+8 1B~ = Z? {gu ma, (H; 3u W — gl
g2

i = 92 1_ w 3 + 5
= 2coS9WZ (=hcos(8 — «) + Hsin(8 ))8 A+Z{cosew< sin HW)Z +eA ] (H 0. H )

92 ol G S g wt +
—i% (—hcos(8 — a) + Hsin(B — @) dpH ™ - W — (—hcos(8 — ) + Hsin(8 —a))auH W

- {((AgﬂH‘)W” + (A3MH+)W‘”)}
9z, = (01:03; — O03;01;) sin f — (02,035 — 03;03;) cos
gwrm, = O1sinB — O cos B — iO3;.
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g2 =7 K . _ ; 7 & .
s 2myy [ (9aar, — W5g£“rz)m(d)d + (g, — V5, ) M u + &(95am, — Z’Y59£1Hi)m(e)e} H;
1_
L a2 =75y tan B+ =B @Yty tan 8 + @ +75V*m(“)ucot5 H-
T amw 2
1 1
+<1/ z%m(e)etan,@—i-ﬂ —;% dtan6+u 2 ”)Vdcotﬂ) H+]
_ __ 9 d cosaH_ sinah mDd+ @ s%naH_F cosah OO T
2myy cos 3 cos 3 sin 8 sin (8
S 1 P
Comm, = COSﬁOu, Jaar, = Ositan B,
: 1
S T
JuuH; = Sin,BO%’ Guurr, = O34 cot B.

e.g.

No gem?2 mH, 4m?> a2 4m?>
¢ J27F f S 2 i P 2
T = 57 = Bl —me)32ﬂ_ e (1— 5 ) l(g”Hj) (1——m%{i> + (97 7,) ]
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H, A, H* : superpartners

€.g. new contributes to H; — vy
H* induces the following diagrams
K ko
A A, AV A, o 1
P . i //i TN 2%
Tep B e f
S
w4, W g 2
it B,
ko kq

The extra particles give rise to new loop diagrams.

" ky ko
w A, Al
P v o
H ==L el
. .
A, A
— —
ko ky

FP ghosts
49
2 2 3
gao” My, 2 2
['(H; = vy) = ‘(1A +8|B]|
YO
10247> myy,
where
A= Zg?inNCQ}Flﬂ(Tf)+gVVHiF1(TW)
f
my F myy my NAO2 Cl];?F )
oS- n Fo () + D Re(gyt 1) Fija(m) + == D7 NoQ)  —Fo(ry, )
e 3=12 mx;t o g2 f=u,d,e A,j mfAj

B = Y NoQigfsu, 7f(r) + D Im(g,s,2 ) 7x, F(y,)

i =12
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h-BR for 50GeV < my, < 114GeV

SM MSSM(mSUGRA)
p=200GeV, Mz=M;=A,=1TeV, tanp =20
1x10%0 1x10*0
’ : — bb
1 | — 7t
X107 X107 S /f,u+
1 1 £
i CC
1“0-2? 1><1o-2,E "
] — g9
=
1><'IO'3—E 1x10"3—5 7
. — wWw+
Tl @ ‘ ‘ ‘ ‘ ‘ : 1x10* ‘ ‘ ‘ ‘ ‘ ‘ ‘ —ZZ
B @ W @Y E e 1o 5 0G0 W &) €0 1@ 110
mp(GeV) mp(GeV)

This is an example in which the stop loop destructively
contributes to the 2-gluon and 2-photon modes.
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Summary

A Higgs particle was discovered after over-50ys since it was
proposed by P. Higgs.

my, = 125.7GeV JP =0t

the first evidence of 0+ ‘elementary particle’
We still do not know its true character.
h of the SM h (or H) of the 2HDM (MSSM)
neutral scalar boson in other extended models
To identify what it is, we must study its properties such as
the couplings to the other particles as well as the self-coupling.
precise measurement of the decay BR, 3- and 4-point self interactions

loop effects of new particles, CP violation other than the KM phase,....

These are Your Tasks!
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