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® Higgs Physics @) rEigET

In 2012, the discovery of Higgs boson marked a significant milestone in SM.

Production and Decay
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Deviation from the Standard Model predictions on Higgs boson properties
would provide clue for new physics.

<2>



) A d 4 R

[}
) F L
S/ TSUNG-DAO LEE INSTITUTE

® H—Zy decay

First evidence of the 4 — Zy:
ty, =(0-Br)y,/(o-Br)g, =2.2+0.7
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Agrees with the theoretical expectation within 1.9 standard deviations.
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® H—Zy decay

First evidence of the 4 — Zy:
ty, =(0-Br)y,/(o-Br)g, =2.2+0.7
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With the ongoing Run3 of the LHC and the future
CEPC, we will be able to improve the precision of
this test.
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estimated Precision

property CEPC-v1 CEPC-v4
my 5.9 MeV 5.9 MeV
Ty 2.7% 2.8%
o(ZH) 0.5% 0.5%
o(vvH) 3.0% 3.2%
decay mode oxBR BR o xBR BR
H — bb 0.26% 0.56% 0.27% 0.56%
H — ¢t 3.1% 3.1% 3.3% 3.3%
H—gg 1.2% 1.3% 1.3% 1.4%
H— WW* 0.9% 1.1% 1.0% 1.1%
H—Z7ZZ* 4.9% 5.0% 5.1% 5.1%
H—yy 6.2% 6.2% 6.8% 6.9%
H—Zy 13% 13% 16% 16%
H— 17" 0.8% 0.9% 0.8% 1.0%
H— ptu~ 16% 16% 17% 17%
BRESM - <0.28% - <0.30%

mv
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® H—Zy decay

First evidence of the 4 — Zy:
ty, =(0-Br)y,/(o-Br)g, =2.2+0.7

ATLAS and CMS

LHC Run 2 ¢ Data
In(1+S/B) weighted —— Signal + background
---- Background
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Two-loop Electroweak corrections
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BSM particles could be present in the quantum loops, which result in the deviation
of branching fractions from the SM.
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® H—Zy decay

In the usual BSM scenario, the new physical contribution affects yy and Zy in the same way.

Difference between & — Zy decay and & — yy decay is sensitive to new physics.
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19 =2.240.7,
4% =1.10+0.07.
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® H—Zy decay

Beyond SM effects can come in many different ways. In the SM effective field theory, the
leading CP-even dimension-six operators are given as
2

0T s , 9° ¢ ’ g9, : ,
L. =Cgs 7 H HB, B +Cyy = H HW, , WA + Gy . H 7, HW/'B, .

We could match the above NP operators to the effective Lagrangian responsible to z — yy
and 7 — Zy to obtain

2 2

SM v hz €
(C7 +5C7)Fyv|:# h’ [’effy :1 72'2V

e
327%V

hyy _
‘Ceff —

(c;" +6¢,)Z,,F*h,
CfM ~—6.56,c5" ~-11.67

47v )’ 4rv )
sc, = e (Cag +Cuw —Cug )» OC, = e (cotHWcWW —tan 8, Cqg —cot26?WcWB),

However, it is still a challenging work to solve the excess problem for h — Zy with a
renormalizable model.
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® Model i § AL

We introduce two fermion singlets and a doublet to solve the problem.

SU(3). SU(2) U1y

(fe LR 1 1 Y +1

(fp)L,R 1 2 Y +1/2
(fs)L,R 1 1 Y

The new fermions can couple to the Higgs doublet H
£, =—m o fo—ml T ey —m e — (e T £ H ¢l F £ H +(h.c))

The non-zero vev of Higgs can contribute to fermion masses leading to the new
fermion mass matrices in the new basis with a rotation

. m,  civ/+2 fX cosd, sind, [ X
M” = 3 <= x " X=YorY+1
civi~2 m; f, sing, cosd, )| f,
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® Model

where the eigenvalues and mixing angles are

X —mX)2  (c])*v? J2ckv
m1X2:mD+m5 i\/(mD mS) +( f) ’ Sinze}(:x—fx_
' 2 4 2 m~ —m,
The mass and interaction Lagrangian is given by
‘Cli(/l - mlx f_lx flx +m2X f_zx fzx)’
X Clz(h £ X . X
L= ——2f (sin26,0, +cos260,0,) ",
[,7)/( = eXf_X A#Q/’u f X .
X = ef*z%y | -X tang, ———1x 1+c0s20, 5, —sin 20,0, ) | £%, (. 14) =L -1)
L 7@[ W 4cosHWsint9W( X9 <) Y

L, = %Wﬂ* (cos 8, cos@, f 1y 1Y +sind,  sind, £,y £

— cos@,,sin@, £ y*f —cos@, sing,, £, y* le)+ (h.c).
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® Flavor-conserving vertices

. AV . AV Z
he - - v [ v/ Both 2 — yyand h — Zy
N VVVVVE VIV

The contributions of f in the fermion loop are given as

5! =Q,0/vg! —1,(z,.4;), 5¢! =Q?gV—A,(r,), where 7, =mZ/4m? 2, =m:/4m’
m m

f f

and
2 2+2b-2a 4b
1, (a,b) =(a—b)+ (b_a) (f(b)—f(a))+(b_a)2(g(b)—g(a)),
A () =£2[(z'—1)f(r)+r], l,(z;,A4;)=A(z;)=4/3 when m; >m,,
T
(arcsinVz r<1
f@) = ( il J o1
1 ) f
\/1/2'— larcsin(~/7) r<1
g(z) =141 Jr—1 . .
T k?/l—llr[log\/fzi—\/%—m] r>1 s




® Flavor-changing vertices L A

AYAVAVAVAVRA

Only h — Zy

( ./'1'\

AAVAVAVAVE
The contribution of f% in the fermion loop are given as
£ £, TR AN A X0 X X
oct ? =vQ.g, 29g, 2L(m ,m)),

where

—m, (2y +1)xy +2m,x°y* +m, + m,xy(=2y + 2xy +1)
(L—xy)m; +xym; —xymy +Xx7y°my + (Mg —m; )xy(L-y)

L(m,m,) = 2'[01dy'|'01 ydx

m (2y —3)xy + m, +m,(2y —1)xy
(L—xy)m +xym; —(y = xy)(L—y +xy)m; —xy(L—y)m;

1 1
+ 2 jo dy jo ydx
+ (m o m,).
Take m, , /mff2 — 0, as the new fermions are expected to be much heavier than the SM particles,

2(m —4mm, +mZ)  4mm, (m? —mm, +m; )log(m; / m?)
L(m, m,) = - -

(ml_mz)z(m1+m2) (ml_m2)3(m1+m2)2 <11 >



® The case for m3, both to be positive

These lead to (around m; = m,)

2 2
of o) (™
S5C, =——| Y-+ (Y +1)° ,
4 3 m,m,) (Y +1) m/*m, "
2 11 \2 2 1 \2
asing, |, (civ) , (ci™v) 2 (civ) (ci™v)
oC; ~ 3c0s4 Y m'm. HY+]) m *m/*™ | 3sind, cos Y m'mY ~(¥+1) m' *mr+t |
W 1 2 1 2 W W 1 2 1 2
Remember ¢ =—6.56, c;" =-11.67

p, >1land 4, <1for [6c,,| < |c5| Cannot explain the experiment

Hence, the scenario of m{,> 0 is not able to explain the observed
discrepancy in the experiment.

What if m%*! < 0?
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® The case for one of m{, to be negative

To rigorously address the scenario with m>*1 < 0,

we have to flip the mass term by the rotation  f* — » "
to ensure the positiveness of the fermion mass.

L\I(VI+1 _ _ml(+1 f_1Y+1 f1Y+1_| m\2(+l | f_2Y+1 f2Y+1’
Y +1 C\f(+1h fYH [ A = Y+1
L* = - D f (sm 20, ., +cos 26?Y+1|ay7/5) f,
LY = ef "z | —(Y +Dtan g, — Ny o, +C0S26, . —sin28, .o frt
7 Vo ( ) W 4cos@, sinHW( 7 Y41 Y41 x7/5)
L, = %Wﬂ* (cos@, ,cosd, T,y £ +sing, . sin@, T, Yy y, 1)

— cos6,,,sing, T,y £} —cos@, sing, . T,y v £ )+ (h.c).

The Lagrangian is significantly modified with an extra ys appearing
in the off-diagonal interactions.
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® Numerical results
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® Numerical results

Closing in on new chiral leptons at the LHC Vi mg C;(V/\/E X=YorY+1
| A X
civiv2  m (Mg, m{" ™ —0)
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® Numerical results

2 2
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The two sets of solutions with the smallest couplings:
= c Y+1 .Y SM
Solution 1:  (cf™,c; )&ﬁo =(4.73, 3.80), |oc,|<|c|

Solution 2: (c!*™,c! =(2.69, 0), oc ~-2¢M
f f SM v /4

4

Solution1 : (6,,,,6,)=(0",45), (u,,u,)=(1.10,155),
Solution2 : (6,,,,6,)=014,0"), (u,. 4, )=(1.10,2.88).

)5c7 ~—2C
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® Phenomenology
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Fig. 9. Observed and expected 95% CL lower mass limits of MCPs versus charge.
The separation of limits between z=2 and z=3 is due to different selections
used to identify MCPs with the respective charges.
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Solution 1:

Solution 2;

f}”/’/ //
\Z\ \

\

W+
large decay widths of the order of hundreds GeV
i

Y+1
kG g
W+
I+

decay widths being on the order of a few tens of MeV
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® Conclusion

We find that a minimally fermion singlets and doublet extended
NP model can explain simultaneously the current data on these

decays.

We have found another solution which naturally enhances the h
— Zy to the measured value, but keeps the 7 — yy close to its SM

prediction.

We look forward to the results of future experimental data.
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