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The Higgs boson
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Precision coupling measurement
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How can we extend the SM?

+ Electroweak ew p parameter S TalTa +1) — Y202

Ptree —
ZB 2Y52 Ug

+ For an arbitrary number of Higgs field with an isospin (1),
a U(1)y hypercharge (Y, ) and a VEV (v,,)
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How can we extend the SM?

+~ Electroweak ew p parameter S LT+ 1) — Y202
Ptree — e A Q- o
I,
Ya Vo
e — ‘
S— LA S 2 A
SU(2), doublet in the SM Fermi constant

*= (%)
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How can we extend the SM?

+ Electroweak ew p parameter S (LI + 1) — V20?2
Ptree = S ne
ZB QYBZUB
I,
Yy Ve
M W 112, Ya = 12,00 — V2Gp)~!/?
éptree_Q 2 EOI’ oz—/aoz—/yvoz—( F)

.
---------------------------------------------------------------

+ Very accurately measured & consistent with the SM

po = (p/psm) = 1.00042 55003

Most important test of the SM [SU(2), x U(1)y structure]
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How can we extend the SM?

+ Electroweak ew p parameter S (LI + 1) — V20?2
Ptree = S ne
ZB QYBZUB
I,
Yy Ve
M W 112, Ya = 12,00 — V2Gp)~!/?
éptree_Q 2 EOI’ oz—/aoz—/yvoz—( F)

.
---------------------------------------------------------------

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

P 2 1
gp:lrrlelélet _ 2777’X/I/'2 — 5 for I, = 1,Y, =1

Ciir M :
eeeeee e neeeneenene U ; AN SU(2), triplet in a triplet model w/o the doublet
obviously different from unity A+
N ( A )
AO
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How can we extend the SM?

+ Electroweak ew p parameter _ S TalTa +1) — Y202
tree —
> 5 2Y52v5
Io
Yo Va
............................... g, »
Poree = 3oy =1 for Io=1/2,Ya =1/2,0, = (V2Gp)™"
, Cyw Mz ’
) 2
wiplet _ L g 1y, =
Cor M 2
Wz in a triplet model
.................................. S — )
ntv My 142w ~1—2z% with z= A )

Puee = 23 = T g ; ()

<A% has to be very small

the SM doublet w/ a SU(2), triplet (Higgs triplet model [HTM])
(less contributions to EWSB)
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How can we extend the SM?

——

+ Electroweak ew p parameter S (LI + 1) — Y202
Ptree — S —
252}/52@5
I
Yo Va
M Ty g 112,V = 1/2, 0 = V2GE) T2
i Ptree = 5 o — 4+ 10r o =1/2,Yy =1/2,v4 = ( F)
: chZ :

.
---------------------------------------------------------------

consistent with the SM

po = (p/psm) = 1.000479:0003

P=1 seems to be a good guideline to construct Beyond the SM
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Redefine to make them integers

r=2[+1, y=2Y

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

------------------------------------------------------------------------
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Why Higgs septet?

o p=-l |eadS Pe”’S equathn (m Numbertheory) S
with r=214+1),y=2Y,n=3 L — Ny =

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

+ Trivial solution: (x,y)

(1,0) for arbitrary n

The SM singlet real scalar
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Why Higgs septet?

o p=-l |eadS Pe”’S equathn (m Numbertheory) S
with r=214+1),y=2Y,n=3 L — Ny =1

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

+ Fundamental sol.: (x;,y;)=(2,1) for n=3 [“the” Higgs field in the SM]

SU(2) doublet w/ Y=1/2
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Why Higgs septet?

0:‘ p=-l |eadS Pe”’S equathn (m Numbertheory) . .................................................................
with x = (2l +1),y =2Y,n=3 L — Ny =

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

+ General sol.: , — 1[ 21 4+ y1v/n)* + (z1 — y1/n)¥]  Bhaskarall (1150
2
1
Y = m[(xl +y1vn)® — (21— y1v/n)"]
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Why Higgs septet?

o p=-l |eads Pe”’S equatlon (m Numbertheory) S

with 2= (2 +1),y =2Y,n =3 % — 77492 =1 _’
T = %[(331 -Hh\/ﬁ)/ZC + (71 — yl\/ﬁ)k}
Yk = 2\/7[<391+y1\/7)k—(561—3/1\/ﬁ)k}

- Next minimal sol.: (x,,y,)=(7,4) SU(2) septet w/ Y=2

Septet can have sizable VEV & give significant contributions to EWSB!!
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Why Higgs septet?

+ Models with pi =1

At least 1 Higgs doublet is required to have Yukawa interaction (mass generation for SM fermions)

+ SM [1 Higgs doublet]
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Why Higgs septet?

+ Models with pi =1

+ 2HDM [2 Higgs doublet]

v MSSM (Minimal Supersymmetric SM)

an even number of Higgs doublets is required by the theory

(holomorphy of superpotential, anomaly cancellation, mass generation of up & down)

v Zee model (a radiative seesaw model for neutrino mass generation)

at least 2 Higgs doublets is required to have lepton humber violation

v eftc.
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Why Higgs septet?

+ Models with pi =1

+ New [1 Higgs doublet + 1 Higgs septet]
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Physical Higgs bosons

+ Models with pi =1

+ SM [1 Higgs doublet] h

+ 2HDM [2 Higgs doublet] h, H, A, H:
— \A pair of charged Higgs bosons

CP even Higgs bosons

A CP odd Higgs boson

+ New [1 Higgs doublet + 1 Higgs septet]
h, H, A, H;%, Hp®, H2s H3s Hax H5:

2 pairs of charged Higgs bosons Multiply charged Higgs bosons
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Higher dim. reps in the histroy

Before experimental confirmation of SM

“A Phenomenological Profile of the Higgs Boson ”
J. Ellis, M. K. Gaillard, D. V. Nanopoulos, Nucl. Phys. B106, 292 (1976)

2.2. - Ambiguities

The model described above is the simplest version of the Weinberg-

Salam model., As soon as we consider more complicated versions of this model,
1

or other models of weak and electromagnetic interactions, then considerable
ambiguities arise in the Higgs boson couplings. For example :

i) - Even in the context of the Weinberg-Salam 1) model we can choose to
have several Higgs fields Ei belonging to several multiplets i
with weak isospins Ii. Then if the uncharged member Hz of each
multiplet has as its third component of isospin 131 and acquires

a vacuum expectation value < O]HEIO >-::vi we find

W -?; 8t (T ~T, 'I;)

w (2.12)
and
T YA
7
My = _9 <ol
ew (2.13)
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Higher dim. reps in the histroy

There are basically two major constraints. First, it is an experimental fact
[2,3} that p= mgy/(m% 0082 gw) is very close to 1. In the Standard MOdQ!, “The Hi s Hunterss Guideu (-I 990)
the p parameter is determined by the Higgs structure of the theory. It is .gg
well known [4] that in a model with only Higgs doublets (and singlets), the F. Gunion, H. Haber, G. Kane, S. Dawson
tree-level value of p = 1 is automatic, without adjustment of any parameters
in the model. Although the minimal Higgs satisfies this property, so does
any version of the Standard Model with any number of Higgs doublets (and
singlets). In fact, there are other ways to satisfy the p &~ 1 constraint. First,
there are an infinite number of more complicated Higgs representations which
also satisfy p = 1 at tree level [5]. The general formula is

my  _ Try[dT(T+1)~Y? | Vpy Pery @.1)
m} cos? Ow Yry2Y? | Vpy I? ’ '

1]

P

where (¢(T,Y)) = Vp y defines the vacuum expectation values of each neutral
Higgs field, and T and Y specify the total SU(2), isospin and the hypercharge T H . ;
of the Higgs representation to which it belongs. In addition, we have intro- HE [GGS
duced the notation:
)~

ery = { 1, (T,Y) € complex representation, (4.2) I I UNTER S

1, (T,Y =0) € real representation.

Here, we employ a rather narrow definition of a real representation as con- G UIDE

sisting of a real multiplet of fields with integer weak isospin and Y = 0. The

requirement that p = 1 for arbitrary Vp  values is . =
(2T +1)* —8Y% = 1. (4.3) -

The possibilities beyond T = 1/2, Y = %1 are usually discarded since the rep-
resentations are rather complicated (the simplest example is a representation
with weak isospin 3 and Y = 4). SecBN, ONE Call CAREC & MOUCT WILIT HuItipre.
“Copies of 'bad” Miggs representations, and arrange a “custodial” SU(2) sym-
metry among the copies, which then naturally imposes p = 1 at tree level,
Examples of this type will be considered in §6.4. Finally, one can always
choose arbitrary Higgs representations and fine tune the parameters of the
Higgs potential to arrange p ~ 1. We will discard this latter “unnatural”
possibility from further consideration.

John F. Gunion
Howard E. Haber
Gordon Kane

Sally Dawson

SUSY2013, Aug 26-31 Koji TSUMURA (Nagoya U.)



Difficulty of the model

+» An accidental global U(1) symmetry in the Higgs potential

V=— 12070 + M2xTx + \(®TD)?

4 2
+ ) Al )a+ > rp(@exTy) 5 ® — e
A=1 B=1

X — e¥xx
®(doublet) and x(septet) are invariant under the separate U(1)

- Exact Massless NG boson (experimentally disfavored)

(‘I)T‘I’XTX)l = ¢*i¢iX*adeefXabcdef
(@ToxTX)2 = 6" ;XU Xiabede

(XTXXTX)I = X*ljklmnXijklmnX*adeefXabcdef
(Xixxixb = X*Z_j_:man‘jklme*zbzd;fXabcden T X111111 = X3
— *1] mn . kabcde .,
(X XX X)3 X - Xijklef X Xabedmn 111112 = X2/\/6 X_2 = ('U7 + h7 + ZZ?)/\/§
M1 = X5 X ke X X abetmn with 5+ 4t 34 2t
X111122 = X1/V15 =H ", xo=H",xa=H",xo=H
<4 Xit1222 = Xo/V20
b, = w;r X112222 = X—-1/V 15
by = (vg + ha +i22)/\/§ X122222 = X—z/\/é
[ X222222 = X-3
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Difficulty of the model

+» An accidental global U(1) symmetry in the Higgs potential

1
V=- M2<1>T<1> + M2ty + A@te)2 ——{(x*®°P*) + H.c.}
2

+ Z Mlxhox)a+ ) ke(@'®xTx)s  U(1) breaking term
A=1 B=1

(X" P°D*) = xS P, Dy D . Dy P P e,

(@T0x )1 = 0™ dxX™ " Xupede s
(<l) DT x) = " () \*’” bedey . bede
(\' X\' X)l =X U“m'lx,,zlm”\ ab(d(f\nb(fdé’f
(xX'xx"x)2 = x ”“nmXUA/me bede lezlm[cn X111111 = X3
(xX'xxx)s = xj:j\, . x’l’ifx” X112 = Xa/V/6 X—2 = (V7 + hr +iz7)/V2
(xxx"x)a = x XijkdefX Xabelmn itz = x1/VIE s = H xy = HY vy = H*,yg = H2
X111222 = Xo/'\/%
o, = w2+ X112222 = X—l/\/ﬁ
Oy = (v + hy +1i 22)/\@ X122222 = X—z/\/é

X222222 = X—3
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Physical basis

For simplicity

1
V=— il Mixx + A1) — -5 (X" ®°®*) + H.c.}

4 2
#vXA{V+VV+V\A%%-VLﬁ1
LJ <1 \/7\L \ 4V v/ 41 0 1\ AV ) D
A=1 B=1
h~ Co —S H

(m)z(sa ca> (h) X1 GO0\ fes 0 —sp) [u!
R Xs|=[_¥8 v g0 1 o0 Hyf
4 4 ‘4
0 1 S 0 Cp Hl

Zr\ (¢ —Sg z w;r 0
zo)  \sg c¢p A N

Z, W™ EW NG bosons which are absorbed by Z, W* bosons

X111111 = X3

X111112 = x2/V6 X—2 = (vr + hy +iz7)/V2
X111122 = X1/\/1T3 3= HT, xo = H* ", x1 = H3", xo = H*"
X111222 = X0/V20

P = wy X112222 = X—1/V15

Dy = (vo + Dy +i2)/V2 X122202 = X—2/V6

X222222 = X—3
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Parameters

For simplicity -~ Mass of Septet |
y = Wm) HZX x + a@le)? — = {(®°®*) + H.c.}

2
+Z>\AXXXXA+Z/€B (@ ox x)p

CP even Higgs mixing 4=1 B=1
h~ ’C;\ —Sq H
(h2>:(‘s;;' ca>(h) X1 Y0 V80 fep 0 —sp\ [w?
X5 =¥ V0o 0 1 0 Hy
1 Sp 0 Ccg H1+

1 4 4
zr\ (¢ —Sg z Wy 0 0
zo)  \sg c¢p A N

Z, W™ EW NG bosons which are absorbed by Z, W* bosons

X111111 = X3

Xi11112 = X2/V6 X—2 = (vr +hy +izr)/V2
X111122:X1/\/ﬁ 3= HT, xo = H* ", x1 = H3", xo = H*"
X111222 = X0/V20 Ratio of VEV

O = wy X112222 = X—1/V15 {------z;“l

Dy = (vg + hy +i22)/V2 X122229 = X—2/V/6 : tanﬁ — 7 :
X222222 = X3 ‘. _______ ! -
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A model
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A renormalizable model with Higgs septet

Don't introduce VEV of exotic multiplets other than those of doublet and septet

: 1
2 e (x*®°®*) + H.c.}

R Non-renormalizable term

o External fields are fixed by dim.7 operator
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A renormalizable model it Higgs septet

Don’t introduce VEV of exotic multiplets

. 1
2 ——{(x*®®") + Hec.}
YA X A
d ‘s xo' ‘~‘~ 'l ) =ra - - e Ta
'i ~~~ "' ss (I) |
N A dim.7 operator
X
(T;' d) Decompose the diagram

+ 2 quintuplets (Z;;) and 1 triplet (A) with exact Z, parity
N

Forbid VEV of extra multiplet
(Bonus: Dark Matter candidate)

Liptry = 1 Xabede pypabeisrdelic L &,®;(c, D 4o DY AL + f §,B AN, + Hc.

We obtain correct dim.7 operator from a renormalizable theory!!
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Model predictions
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Model predictions

Modified Gauge/Yukawa coupling

SM _ SM
Ry = )‘hVV/)‘hVV 4 KrF = )‘hFF/)‘hFF

~ SM: R%M—l K%M 1
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Model predictions

Modified Gauge/Yukawa coupling

SM

kv = vy /ARy v K = A\pF/ A e F
h h
v F
ol =1, k50 =1
s 2HDM: w3PM =sin(B — a), K,%HDM('I) = cosa/sin
i KJ%/HDM < 1

----------------------------------
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Model predictions

Modified Gauge/Yukawa CoupllncgmAA)/g (AN Iy 1 LHCALCHALC/LCTe

kv = Ay /Ay v .
h 0.05

_____ 0 I. o I.' |=
0.05

V
/QXS/M—l,/{%le W Z [bg vyt c 'tinv.
&%/HDM = sin(f — «), ﬁ;HDM(_I) = cosa/ sin

septet

tet . . .
+ Septet: /ﬂzsep ® =sin Bcosa —4cos Bsina, ki’ " = cosa/ sin 3

Ky can be larger than one!!
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Model predictions

[T e s e e e I | LA L L L L L V0 A L L L L L L ]

~ 4—ATLAS LIH=4l {iiH-> v
- \s=7TeV [Ldt=4.6-48 10" ¥ H — vy @ Combined ]
3F \s=8TeV[Ldt=20.71b" + SM x Best Fit | Septet model, M;=200 GeV
— 1 \ -
oF Ny =
1E 3
ob - ATLAS (ps-Hep 2013)
f / Ho4 7 ] K, > 1 is favored
e | / - -
T [ e e Y N
06 07 08 09 1 14 1.2 1.3 14 15 16 i
Ky %2 05 10 20 5010.020.0
tang
septet . . septet .
+ Septet: ky, = sinfcosa —4cos Ssina, K = cos a/ sin

Ky can be larger than one!!

Distinctive feature of the septet model
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Signal strength

M,=200 GeV

05

~nhanced

Slightly enhanced._-

Reduced

I | I I I
ATLAS Preliminary
W,ZH — bb

Vs =7TeV: [Ldt=4.7 fo"
=8TeV: [Ldt=131n"

\E;éTeV;fL *. b
H—ww' =

\s=7TeV: f[Ldt=4.61"
Vs =8TeV: [Ldt=20.7 b
H—yy

\s=7TeV: [Ldt=4.8fb"
Vs =8 TeV: [Ldt =20.7 fo”

H—zZ" - 4l

I |
i m,=125.5 GeV

Vs =7TeV: [Ldt=4.6 o — —

Vs =8TeV: [Ldt=20.7 b

Combined u=130=+0.20 :

Vs=7TeV: fLdt=46-481" | _e—

Vs=8TeV: [Ldt=13-20.7 fb" :

| | | | | | |
10+

Signal strength (u)

Seems to be compatible with "ATLAS” results

o : Production cross section of the Higgs boson

/,/
00,030 50 70100 15.0
tang
0- * Bw

ILL o
x oSM . BgM
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Normalized by SM
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B,,: Decay Branching ratio of the Higgs boson INtO XX




More phenomenology

SUSY2013, Aug 26-31 Koji TSUMURA (Nagoya U.)



W=ZH* vertex

» Anomalous W= Z HT coupling? ( if:fff \
> No H= in the SM HTE
Y= A+
> Forbidden also in the MSSM (Z2ZHDM) Hf
_ (v + b7 +izr)/V2
> Case with septet \ Hy )

> Septet naturally induces W= Z H Vertex

« WZ fusion @ LHC

> Simulation studies have been done

Asakawa, Kanemura, Kanzaki, PRD75, 075022 (2007)

v, ~ O(10GeV) can be tested!!
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W=ZH* vertex

+ Anomalous W= Z HF coupling? ( if::: \
> No H# in the SM HTE
X = H++
> Forbidden also in the MSSM (Z2ZHDM) Hf
_ (v7 +hr +izr)/V2
> Case with septet \ Hy )

> Septet naturally induces W= Z H Vertex

+» Charged Higgs strahlung @ [LC

» Counter measurement of Higgs strahlung (ete->Zh)

Most important measurement of hVV coupling @ ILC

> Recoil method can be applied

W=ZH# vertex is tested without measuring H* Kanemura, Yagyu, Yanase, PRD83, 075018 (2011)

v, ~ O(GeV) can be tested!!
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Multiply charged Higgs bosons

+» Multiple W bosons  #+  #* &% w>

w+ o w+ Wt W

v Long decay chain (Maybe long-lived)

v Large cross section (Q=b)
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Summary

+» Beyond the Higgs
» p parameter and Beyond the SM > Septet ext minima)

. za[Ia(Ia +1) - Yo?]vgz

Ptree = Zﬂ 2Y521)5 x
i ',‘I‘\ Xy
. o x x o
> Model with septet " e =200 Gev
‘:x': — - —Hyy
) ‘@* 10 et --Z:va 1
. . 1.0} _ ______
> LHC Higgs signal vs Septet
05}
905 30 50 7.0 10.0 150

tang

> Smoking gun of Septet @ colliders

W+
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Thank you very much for your attention
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Back up
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- J25,m) = j(5 + 1)|j,m)

o 3 Y — Y
[Ja’Jb] _ j gabe je J ],1m> = m|j, m)
.]:()7_7]-7§7'”
2 2
m:_ja_j+17"'7j_17j

owering/Raising operators o — . 3 1 _ +
Lowering/Raising operators J= = J. 44 ], J2, T =+J
4 - , : : [J+7J_]:2J3
T=g,m) = /(G Fm)(G +1£m)lj,m+1)
(2j+1) representation in j; space / Pj,j \
|jam>:¢j,m:

\ %i-i /
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SU(2)

With fundamental rep. indices gbz(z =1, 2) — 92—
1

=1, ¢ =¢;¢ =2
202=163 RIL=16&
IR2=2¢4 XL =1LD
6R2=55D7 X Ll = P,
(N-1) (N-1)

Higher dim. rep.

¢ij---mn — N —

Koji TSUMURA (Nagoya U.)
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Mass spectrum

» g P
=Y _!NI\"'-I\J"'

1
5% s
V:—u2¢T@+M2XTX+A(<I>TcI>) 3 (x"®°®") + H.c.}
2
+ZAA Yoottt exop
A=1 B=1
1000 1000 -
+ Mass eigenvalues 700; . 700\,
o 500 AN T S 500
mh = (1 + 5 21 )M7 o] “ o
gt E T e——ee -t T 300
—150 \\ =
mH = (1 — 5 —) M7 2007'_':_:2388 ----------- 200/
150, "= 500 150}
2 2 02 05 10 20 5.0 10.020.0 02 05 1.0 20 5.0 10.020.0
mA o Hi o M7 /SB tang tang
2 L L 2 . 2 . 2 . 2 gr———
me —mHQ:I: — Myps+ = Mypat+ — Mps+ —M7 Etanﬁzf—z
: V7

.,
------------------------------------
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More Ky, and K¢

+ 2 CP even Higgs bosons (h, H)

/-s:}“/ — sin 3 cos « —4(:085811104,/4;’} = cos a/ sin

ki = sin Bsina 4 4 cos B cos a, k2 = sina/ sin 3
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Electroweak precision data
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Electroweak precision data
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+ Best fit values
AS =0.04 £ 0.09
AT = 0.07 £ 0.08

(0gp = 0.88)
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Electroweak precision data
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+» Best fit values L
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(AS,AT) || tanB8 =3 tanf =5 tan 8 = 10 tan 8 = 20
M, =150 GeV || (-0.13, 0.019) (-0.05, 0.007) (-0.013, 0.002) (-0.003, 0.)
M7 =200 GeV || (-0.14, 0.050) (-0.05, 0.019) (-0.014, 0.005) (-0.003, 0.001) U2 """
M7, =300 GeV || (-0.14, 0.088) (-0.05, 0.033) (-0.013, 0.008) (-0.003, 0.002) tan 8 = 4—
M7 =500 GeV || (-0.15,0.14)  (-0.06, 0.053) (-0.014, 0.013) (-0.004, 0.003) : = /U7
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Signal strength of the extra Higgs boson

« Search for the SM Higgs boson can be interpret as a constraint on extra Higgs bosn (H)

+ VV decay channel [uM,, (gg=>H>VV)] gives stronger limits for heavier mass region

CMS preliminary VYs=7TeV,L=5.1fb" ys=8TeV,L=122fb"
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+» Results from the septet

(mH[GeV],,u‘IfV) || tanfB =5 | tanf3 =6 | tanf3 =7 | tanf3 =8 | tanf3 =9 | tan 8 = 10
M, = 150 GeV || (171., 0.44) | (165., 0.31) | (161, 0.20) | (159, 0.13) | (157, 0.081) | (156., 0.062)
My =200 GeV || (214., 0.21) | (210.,0.15) | (207., 0.11) | (206., 0.089) | (205., 0.071) | (204., 0.059)
M- = 300 GeV (316., 0.12) (311, 0.087) (308., 0.065) (306., 0.050) | (305., 0.040) (304., 0.032)
M7 = 500 GeV (523., 0.12) (516., 0.084) (512., 0.063) (509., 0.048) | (507., 0.038) (503., 0.031)

Small tanp/m, is excluded
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Is it SM-like?

o Ky vs K¢
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K, can be different from unity
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Signal Strength of the Higgs boson

M,=200 GeV
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