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Introduction (Muon g-2 anomaly)

Review on two Higgs doublet model

type-1, I, X, Y THDM are introduced.
Only type-X THDM is viable to explain muon g-2.

Constraints on type-X (lepton-specific) THDM

Precision measurement of tau decay is the most important.

Impact on Higgs physics

Br(h — t7) deviates from the SM value.
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Muon anomalous magnetic moment (g-2)

T S g-factor is measured by spin precession:

N e - d_) > e g—z_, g—z 1 EXE
b=9g5—S —S =@ x o =——|>——B - —
@ T 2my, ac Sexs m( 2 P ( 2 y2—1> c

, <> | detector <> |

electron/positron emitted
towards p spin direction T

[a slide by M. Endo, Flavors of New physics (2015)]
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g — 2 is measured at the level of ppm :

g—2 ~10
a, = > = (11 659 208.0 + 6.3) x 10
[ BNL E821 experiment; hep-ex/0602035]

[3/29]



Theoretical calculation for muon g-2

SM value :

QED contribution 11 658 471.808 (0.015) x10—1°

EW contribution 15.4 (0.2) x10—10

Hadronic contribution
LO hadronic
NLO hadronic

694.9 (4.3) x10-10
~9.8 (0.1) x10-10

light-by-light 10.5 (2.6) x10~10

Kinoshita & Nio, Aoyama et al

Czarnecki et al

HLMNT11
HLMNT11
Prades, de Rafael & Vainshtein

Theory TOTAL 11 659 182.8 (4.9) x10~1°

11 659 208.9 (6.3) x10-10

Experiment

world avg

Exp — Theory 26.1 (8.0) x1071°

3.3 o discrepancy

(Numbers taken from HLMNT11, arXiv:1105.3149)

n.b.: hadronic contributions:

LO NLO . I-by-l
“/é\ u/@\ i i had. [a slide by D. Nomura, SUSY11]
had. had.

The dominant error comes from LO hadronic diagram.
It is calculated by using dispersion relation and o(e*e™ — hadrons).

The discrepancy between the SM value and obs. is at ~ 3¢ level.
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New experiments
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Schedule

B Need to be competitive with Fermilab g-2 which

starts in 2016.
Originally... | yFv2012 | | JFY2013 | JFv2014 || JFY2015 || JFY2016 | | JFY2017
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http://nuclpart kek.jp/pac/1301/pdf/PAC16-Saito-v2. pptx. pdf

https://indico.in2p3.fr/event/10304/contribution/20/material/slides/0.pdf

Both of new experiments will start SOON!
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Schedule

2013 Magnet shipped to
Fermilab

2014 Ring reassembly in
progress

2015 Field shimming,
detector installation

2016 Commissioning, first
data

—2018 Data run




Prospects of muon g-2 anomaly

« SM value

LO

Dominant source of error comes from u

had.
In the next 3-5

years the uncertainty on a, (HVP) is expected to drop by roughlv a factor of two, relying on new results
from BABAR, Belle, BES, and VEPP2000.

* g-2 experiment

[1205.2671]

Table 1.1: Comparison of the previous experiment BNL-E821, FNAL-E989, and this experiment.

BNL-E821 FNAL-E989 This Experiment

Muon momentum 3.09 GeV/e 0.3 GeV/c
- 29.3 3
Polarization 100% > 90%
Storage field B=145T B=30T
Focusing field Electric Quad. very-weak magnetic
Cyclotron period 149 ns 7.4 ns
Anomalous spin precession period 4.37 ps 2.11 ps
# of detected e™ 5.0x10° 1.8x10! 1.5x10"2
# of detected e~ 3.6x10° - -
Statistical precision (ﬁ46 pm ﬁ 1 pm ( 0.1 pﬁ

N————— N——————— NS~———

[http://research kek.jp/people/hiromi/MyHomePage/G-2 work_files/g-2EDM_CDR-part.pdf]
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Prospects of muon g-2 anomaly

FUturepICture: IIIIIII[III![III!II!IIIIIIY]KIII TR ey

DHMZ b—a—t
180.2:4.9

- if mean values stay and with no
au-"M improvement: HLMNT G
50 discrepancy L

- if also EXP+TH can improve a >V
‘as expected’ (consolidation of
L-by-L on level of "Glasgow
consensus’, about factor 2 for BNL-E821 04 ave. LA

5 208.9+6.3
HVP): NP at 7-8c

< New (g-2) exp. e

- or, if mean values get closer, very 208.9:1.6
strong exclusion limits on many

. Illlllllllllil!lllllllIllll||lll|||ll||ll1|llll
NP models (extra dims, new dark M 0 W wo w0 me w0 2w @ a0
sector, XXXSSSM)... a,-11 659 000 (107°)

[a slide by Teubner, KAERU conference]

Both of error of SM value and experimental value will be reduced in a few years.
Muon g-2 anomaly may becomes more significant within a few years....
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2. Review on two Higgs doublet model
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New physics?
5au = (26.1 £8.0) X 10710 [Hagiwaraet. al]

Naive contribution of new one-loop diagram:

5 CM 0% 10710 x & ( id )_2

a ~ —_— A~

K Ar M? a, \100 GeV

» Sizable coupling « Small coupling

» Electroweak scale « Small mass
 Two Higgs doublet model « Heavy photon
« MSSM .
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Two Higgs doublet model

One of simple extension of the standard model.
We introduce two SU(2) doublet scalar field.

=

N N CP-even neutral Higgs ho, H°
Hj H; _| CP-odd neutral Higgs A
HY )\ HI Charged Higgs H*
 NG-boson (eaten by W, Z) Wt Z,)
§ [Chang, Chang, Chou, Keung (2000)]
N— [Dedes, Haber (2001)]
ALHY H> [Cheung, Chou, Kong (2001)]
, - A . HO.AO.H/jE v, Z,W*
H I /l.I/; ! ju / Hs Vy

Two-loop Barr-Zee type diagram with A% is important to explain muon g-2 anomaly.
Large A°¢y>¢ coupling is important.
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Two Higgs doublet model and FCNC

L 3 yg1H1q,dg +y4,H2q,dg j‘> Mg = Ya1{H1) + Ya2(H2)

In general, y4 1 and y, , has off-diagonal components in a basis with diagonal my.
This is severely constrained.

d d

e~ h, A,
ex) K°-KO9 mixing >___If<

S

Simple solution to prevent tree-level FCNC:
 Either y;, ory, , are taken as 0 (assuming Z2 parity)

Zoeven :Hy,qp,ds :> _
ex 1YL, OR * 0, =0
) /2o0dd :H, Yaa Va2

This Z2 parity can be softly broken by Higgs potential and Higgs VEV.

Similar condition should be imposed for up-type quarks and leptons.

[12/29]



Two Higgs doublet model with Z2

We have four choices of the structure of Yukawa coupling.
Yu1 =0 0r yu,=0) and (yg, =0 or yg,=0) and (yp1 =0 or y,, =0)

(=

Type-| Ly = —yulhquug + yaH,q,dg
Type-ll : Lyuk — _YuH;CILuICQ + dechLdI%
Type-X (lepton-specific) Lywk = —yuHoquuf + vy H,q,d5
Type-Y (flipped) Ly = —yuHaquug +yaH1q.dR
The assignment of Z2 parity
H, Hs ‘u(}} ?2 ;{ Qr, Ly,
Iypel | = | = = = +
Typell || + — | —= 4+ <+ +
TypeX |+ =|—= =— < +
TypeX | + = | —= = = +

+ yoHot ek
+ yoHqfeg
+ yeH it eg
+ yoHyteg

ioc?H*)
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Two Higgs doublet model with Z2

We have four choices of the structure of Yukawa coupling.

(yu,l =0 or Yuz2 = O) and

Type-|

Type-ll

Type-X (lepton-specific)
Type-Y (flipped)

) Lyuk =

'\/Emu Ty

_Vzmy

vsinfs

Hz qLup

Va1 =0 or y5,=0) and (ypqy =0 or y,, =0)

+ f::; Hyq dy  + ;/;T; Hy ¢ ek
+ ;/C_;:Z Hiqdr + ;/C—OTZZ Hi?p ek
+:,/;7:Z H,q,dg +;/C_OT; Hi? eg
+ ;/;::; Hiqdr + ;/;T:; Hy ¥ eg

1
(Hy) = ﬁvcosﬁ

L
(H,) = ﬁvsmﬁ
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A°fy>f Coupling o)1
()= (g conp ) (50
A°fy*>f coupling is determined by tanp = v, /v, and m.
Type-|  Lyyk 3 —vta Z iA%uy u + —dBiAocfySd + —%iAO?yW
Type-lI Lyuk d —— % ,8 L A0y Sy + D420 40 gy 5q 4 Tl mftanﬁ iA%Py>¢
Type-X (lepton-specific)  : Ly 3 == ,8 i A0%ySu + Z—;‘fBiAOdySd e m{’tanﬁ iAOPy5 ¢
Type-Y (flipped) Lyuk 3 — s 1A%y + A=l 40y Sd + mm%}y-‘?e

/

To explain muon g-2 anomaly, Large A%fy># couping is required.

* tanf > 1 intype-lI/X
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Type-ll & X two Higgs doublet model

To explain muon g-2 anomaly:

« my ~ 0(10) GeV
« Large tanf
Al Y H-
Chang, Chang, Chou, Keung (2000)] <7 TN
Dedes, Haber (2001)] " / 1V \

Krawczyk, (2001)]

[

[

[Cheung, Chou, Kong (2001)] ’ > !
[

[Wu, Zhou, (2001)]

BB e
: - /Irm’ax:flnﬁ T
Large my or my+ requires large A1's 350}
[Broggino, Chun, Passera, Patel, Vempati (2014)] &
1 (i« 300}
mzi —mg = E(—/M + As)v? S I £
m2 —m3 =~ Agv? =l
* 2 )15 * 2 2005 N
Vhiggs 3 Ag|HiHo|* + E(HlHZ) +h.c. 20 10 80 80 100
mp[GeV]

No Landau pole up to 10 TeV > my+,my < 350 GeV
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Bound on Type-ll two higgs doublet model

Type-ll is severely constrained.

my+ < 380GeV is excluded by b —» sy measurement.
[Hermann, Misiak, Steinhauser (2012)]

N

To obtain m, = 0(10) GeV, Landau pole appears at very low scale.

CMS hHA— 19.7 b (8 TeV) + 4.9 fb ™ (7 Tev)
o BOFT At R Rt en ¢
s CL,(MSSM,SM)<0.05: 1
. . 50 = Observed _:
Direct search is also severe. %P | :
+ 10 Expected :
40 + 20 Expected 1
30F .
20F -
10 [777 mys™ # 125:3GeV|
i ‘MS‘SM rnh""‘ scéﬁario h
P et i e s s i -
200 400 600 800 1000
m, [GeV]

Type-X is the most favorable one to explain muon g-2 anomaly.
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3. Constraints on type-X (lepton-specificy THDM
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Type-X (lepton-specific) THDM

Ly = —YyHqui + YyHyqpdi + YpHi€pep

VHiggs = miy|Hi|* + m5,|H,1* — (mf,H{H, + h.c.)
A A * A *
+?1 |H|* + 72 |Ho|* + A3|H |21 Hy 1% + A4|H{H, |? + (?5 (H{Hy)* + h. C-)

(Z2 parity is softly broken in m#%,.)

Yukawa coupling of A%, H%, H* with SM leptons are enhanced by tang,
But coupling with SM quarks are suppressed by cotf.

« Constraints from hadron physics (B physics etc.) is weak
» Direct production at the LHC is pair production via EW interactions.

Type-X THDM is less constrained.
[19/29]



Important constraints on type-X 2HDM

See also [Broggino, Chun, Passera, Patel, Vempati (2014)]

We need my = 0(10)G6V, tan,B = 0(10) [Wang, Han (2014)]

« LEP search (et e™ - 174%)

« Electroweak precision ( Z = tt, T parameter )
* Bgoutu”

e h—> A%4° > 47

« Decay of tau lepton (lepton universality)

[20/29]



h - A%AY > 471

e |fm, <my/2, we have to care about h - A%A°
« Main decay mode of A%is A% - 17

Direct Exclusions

10

—  3-leptons
— SSDL
- 4-leptons
— 3-leptons + 4-leptons
80F
g
1: 60
1
=
1&
= 40t
=
Q
- W
20f —\,‘
. . . [Cutrin et al (2013)]
10 20 30 40 50 60

m, in GeV

Br(h - AOAO) < 0.2 E> AhAA < 6.7 X 10_3, where L 3 AhAAv hAOAO

We take Ap44 = 0. (Inthe case of large tanf, s = A5 + A, — As)

[21/29]



[Krawczyk, Temes (2004)]

COnStral ntS frOm decay Of T [Logan, MacLennan, (2009)]

SM contribution Charhged Higgs contribution
Vr Vo
T v + T/’/Z__ . K N vertex
Y H™ corr.
W Yu Y

» Partial decay width (branching fraction)
« Momentum and angular distribution of decay products (Michel parameter)

my+=300GeV my+=200GeV

100F; . 100 .

80H

_EGO,

95%

40 —
201 5 « ; J

20t

s i 1 L | r 1 L L !
20 40 60 80 100 20 40 60 80 100
ma[GeV] mp[GeV]

« Partial decay width (branching fraction)
« Severe constraint on my+ ~ 200-400 GeV and tanf = 0(10)
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tanp

Muon g-2 versus constraints

Excluded by B ¥t

20 30
mp [GeV]

—t
o

40

50

60

tanp

70

60

50

40 E ™

30

20

Mo = my+ = 350 GeV

‘‘‘‘‘‘

10 20 30 40 50 60
mp [GeV]

In these figures, we take Higgs coupling which realizes Br(h - A°A%) = 0.

Smaller my,+

Larger my+

1o region is excluded by 7 lepton decay.

—> constrainted by lepton universality test (decay of tau lepton)

————> constrained by triviality bound (perturbativity of quartic coupling)

20 region is within reach of near future experiment (Higgs physics etc.).
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Introduction (Muon g-2 anomaly)

Review on two Higgs doublet model

Constraints on type-X (lepton-specificy THDM

Impact on Higgs physics

[24/29]



Impacts on Higgs physics

Type-X THDM with m, = 0(10) GeV and large tanp.

« my = 0(10) GeV

. _ i » Non-decoupling effect
i, My = 200-350 GeV :,\V « Decay mode including A°
« large tang.

Significant impact on Higgs phyiscs.
This scenario can be discovered / completely excluded in near future.

e h—>1T

* h-yy
e h—oZA°

[25/29]



h—- 1T

2

mZ  2m? . N
L 3 yn..hiT |:> Kp = Ynet —1— g+ zA Opposite sign of yue,
Yhet,SM my My « Enhancement of |y,
u=1437043  (ATLAS) e
u=091+028 (CMS) L1 |
1.2 — 20 bound from y__ at the LHC —
_ oxBr P e
H= (0 X Br)sm 54—-1.4_— N
i =1.08+0.23 = t
1.6 ]
r 17 B
rer Jj §_ (A N N Y N N TN (NN SN SN N SN NN N ]
200 220 240 260 280 300 320 340 360
k| < 1.27 at 95% C.L. my,, [GeV]

* Large |ynee| has a tension with CMS, but favored by ATLAS.
* The region with my,+ < 270 GeV is excluded by naive combination of ATLAS and CMS.
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h—yy

_ ( Hi
74} ar-g]
W h /’-‘[\/\/\/ Y
i {I \‘
h— e — ho = = —I_ i |
REVAVAVAV AR
0.9

u =117+ 0.27 [1408.7084, ATLAS]
u=1.12 £+ 0.24 [CMS-PAS-HIG-14-009]

e

u=114+0.18

Br(h - vy)/Br(h - vy)q,,

lts constraint is weaker than tr-channel,
But a region with my+ ~ 200 GeV is constrained.



h— ZAY - Z¢¢

g - AN ATLAS 20 + 5 fbo!
A0 é 15} CMS 20 + 5 fb™" 1
Tl
;;?;’ 10F
h x|
% i
|
Z Ml e,
15 20 25 30
e [Cutrin et al (2013)]
Br(h —» ZA) x Br(4 — up) < 5-10 x 10~*
A2 j‘> Br(h - ZA) < 0.14-0.28
Br(A — uy) = (m—”) = 0.036

The current constraint is not so strong,
But four-lepton mode will constrain this model.

[28/29]



Summary

Type-X (Lepton-specific) Two Higgs doublet model is discussed
in the context of muon g-2 anomaly.

tau leptonic decay of tau excludes the region to explain muon g-2 anomaly
within 1o level.

20 region is within the reach of near future experiment.

* My ~ 10-30 GeV
* my,my+ ~ 200-350 GeV
* tanf ~ 30-50

e

* 0O(10-100) % enhancement of tr channel
« Branching fraction of h —» ZA° is a few percent for m, = 20 GeV.

[29/29]
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A. Backup slides
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h - A°A° - 41 and T-parameter

8 parameteres in Higgs potential :
V =mz, |H1> + ma, | Ho|? — (méHIHZ +h.c.)

2 2 2 AMya g A2 2| |2
A1, A2, A3, A4, As, mi{, My, Mio + [T+ S Ha ™+ As[Ha 7| He |

A
+ >\4|HIH2|2 + (?S(HIHg)z —+ h.C.) :
SM input :

[tanﬁ, Mz, Mp, Ma, Myx, My, AhAA]

S

Aaa=0 —> Br(h— AA—=41)=0

My = My — AT =0

Remaining 3 parameters : Ma, My+, tan B

Ll ——- O(tan 2 B)

In large tanbeta,
Ihww,sm

A1 is almost irrelevant with phenomenology for large tanbeta.

[32]



Parameters of the Higgs sector

tanfB > 1
ﬁ V =m?,|Hh|? + m2,|Ha|? — (m3HIHo + h.c)
A A
+ 2L He|* 4+ 22 Ho|* + As|Hu P Hal?
m? 2m- 2 2
sin(B—a) ~1-— 5 1+ 2h - 2A el HIHa? + (E(HTHQ)Mh.c.).
tan< B my. Moy L 2 V1

2 2
cos(B — a) ~ ° (l—l- T —mA)

tan 2m2i mzi
H H

m: ~ AoVv?

1
mi ~ mfl + 5()\3 + )\4 — )\5)V2
1
m2Hi ~ m%1 + §>\3 V2
1
m2H ~ mfl + 5()\3 + )\4 + )\5)V2

AhAA ~ A3+ Ag — As
[ 33 ]



Decay and production of heavier Higgs bosons

ma = 20 GeV

LI 1 /7T T T T /T T T T T T 1
o,

Br(H —AZ) Br(H —~ AW")

SO—77T—
- %
45

=
3 40— —
35 90 % 1
3 T ] [ HE Rt P/ [ T | ki 3 T I T I | I T I T SN SN N
900 220 240 260 280 300 320 340 360 900 220 240 260 280 300 320 340 360
m,. (=m,) GeV] m,. (=m,) [GeV]

Heavy Higgs bosons mainly decay into pseudo-scalar and gauge boson.
Large Higgs coupling. Longitudinal mode.

\mHi [GeV] || OH+H- OH+H OH-H OH+A OH-A OUAH || O4r O3r O4rw U4TZ|

200 18.6 220 113 116 670 101 || 29.3 50.1 143 70.7
250 8.0 9.7 4.7 5835 295 451 | 72 128 725 374
300 3.9 4.8 2.3 28.2 149 232 (| 23 43 394 206
350 2l 2.6 1l 162 82 130 09 1.7 229 12.0

Table 2: Cross sections of the electroweak production processes expressed in Eq. (65),
and those of the multi-tau processes expressed in Egs. (67)-(70) at \/s = 14 TeV in the
unit of fb. We take m, = 20 GeV, my = my,., sin(8 —a) = 1 and tan 8 = 35. The value
of tan (3 is relevant to the cross sections shown in the last four columns.
[ 34]



Yukawa interaction of THDM

Generic Yukawa interaction in THDM induce tree-level FCNC process.

H, Hy|up dp k| Q. Ly | & §d &e
Typel | + - | — — -— + cot 3| cotp cot 3
Typell| 3+ = |—= <% < - cot B | —tang | —tanp
TypeX |+ = | = ~—= <+ EY cot3| cotB | —tanp
TypeX || o = | = & = + cot3 | —tanf | cotf3

Lvuawa == Y, ~L (}hFf +&f HIf 2T} Afwf)

f=ud,t

+ [VavuH*a ( Mubu p _ Mda PR> a2 oo he, (22)
” -

v

where T} = +1/2 (=1/2) for f = u (d,¢), and V; is the Cabibbo-Kobayashi-Maskawa

matrix element. The 5}1 and & ;{ factors are defined by

& =5p-a+&Cp-a, & =Coa—ErSp-a- (23)

'CYukawa == | yquQL‘U-(;{ . de;Qde}{ = ngCTLLGCI} o h.C.,

[35/8]



example) Type-ll two Higgs doublet model

Lyvikawa = —YulbQuup +yaHi1QLdf +yeH:ilrey + h.c..
h hy cosa —sina\ (H
H' = L ( ) = )
' ((Vi+hi — ial-)/\/2> h; (sma cosa ) (h)
v (al) _ (cos,B —sin,B) (GO>
v+ v5 = v? = (246 GeV)?, v_z = tanp a,) ~ \sinf cosB /\ 4
1
hf\  (cosB —sinB\ (Gt
_ V2my __ V2mq _ V2my nt/) (sin,B cosfs ) (Hi)
Yu = vsinp’ Ya = vcosp’ Ye = vcosp 2
/mu 1 0-_5 imd 1 07 5 /mg 07 5
L ) A Oy u — A dy’d ———tan BA" LYy L
Yukawa y tanﬁ Y y tanﬁ Y - ﬁ y

For type-Il THDM, Large tanf (v, > v,) induce large A¢¢ coupling.

[36]



Impacts on Higgs physics

o X Br
(0 X Br)sm

u=
Tau channel : I° — 777~

« 0O(10-100)% enhancement
Favored by ATLAS, but there is a tension with CMS

1= 0.78 £ 0.27 [CMS, 1401.5041]

p=1.43%0% [ATLAS, 1501.04943]

100: ]
Exotic channel: 1° — 7 A o -
» Branching fraction ~ a few % for mA=20 GeV b e L e
= 10'1»
A0 mainly decays into a pair of tau-lepton. /M ; --------------------------------------------------------------------------- é
Thus, final stateis /TT —— e oe i z """"""""""" =
 eeee—— e
This channel could affect the measurement of - =
h— 77" — 44 e
10500 250 300 350 400

m,, [GeV]
ma = 20 GeV, tanfB = 35

[37/8]



Type-ll

To explain muon g-2 anomaly:

& X two Higgs doublet model

* my ~ 0(10) GeV
« Large tanf §
Al P =
[Chang, Chang, Chou, Keung (2000)] . “ s HY A% m=
[Dedes, Haber (2001)] I i s Uy \ 1
[Cheung, Chou, Kong (2001)] > |
[Krawczyk, (2001)]
[Wu, Zhou, (2001)]
ﬂso.c".'s,"'f“.“". - '1'9A7I1b"'(3‘!’oV)'Olljf'b"(':TQV)
Type-ll is severely constraint. 8o s— 4
. 4 0 E_ 1 10 Expected .._.(" j
my+ < 380GeV is excluded by b — sy measurement. | 30 ]

Direct search is also severe. 20

[Hermann, Misiak, Steinhauser (2012)] 30

e ~ mssm m," " scenario 7
o NP il i i i’ i ekt i e e e
200 400 600 800 1000
m, [GeV]

Type-X is the most favorable one to explain muon g-2 anomaly.

[38/28]



Triviality bound

We have upperbound on my and my,+

*r7 12 As . 2
VHigg53/14|H1H2| + 7(H1H2) +hC

In the case of small my,
Large my, my+ means large 1's

For my = 0(10)GeV and there is no Landau pole up to 10 TeV,
upper bound on charged (& heavier CP-even) Higgs mass :

A=10TeV, tan8=30

400
I /\max=47?'
350]
=
=
©, 300
M
& AmaX: 47}'
250}
200-—. / L. A | r I R | B ] ’ / P O
20 40 60 80 100
ma[GeV]

my+ < 350 GeV
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Custodial symmetry

H =cosB H, +sinB H, « Custodial symmetry 1, my = my+
H' = —sinB H; + cos 8 H,
Triplet : A%, H*

Singlet: H%, h
@ sin(f —a) =1

« Custodial symmetry 2, my = my+
o= ( G* ) (Broken by sin(8 — a) — 1, 1/tanp)
“\Ww+h+iGH/N2)
Triplet : HO, HE
= ( HY ) Singlet: A% h
(H® +iA%)/V2

[40]



