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What | do today

| summarize a compatibility of
explaining anomalies in B decays
and muon g-2 within a General Two
Higgs Doublet Model (G2HDM)



Introduction

e Why Higgs?
Guiding principles for BSM
° SlmpI|C|ty Of the model. Extending Higgs sector kegps the
o gauge anomaly-free condition.
* Electroweak precision test. SM Higgs already exist!

N

General Two Higgs Doublet Model (G2HDM)
* Simple extension of scalar sector

* STU parameter is controllable

* Flavor violating Yukawa could exist

&

Rich flavor phenomenology
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Introduction

may explain the discrepancies in flavor physics
* muon g-2
» R(D™)=BR(B » D®1v)/BR(B - D®Iv)
« P’c :angular observable in B - K*uu

« R(K®)=BR(B » K®puu)/BR(B -» K"ee)

 Flavor violati ukawa could exist

N
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Rich flavor phenomenology
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Yukawa couplings

Without discrete symmetry, like Z, symmetry,
G2HDM has flavor violating interactions at tree level.

Experimentally, Yukawa couplings to use are limited

e.g. Stringent bounds come from

* meson mixing
* B>tv.... d ’

't should be small

.
Py other than pL¢, p<t, p

We turn them off for simplicity and clarify how this model can explain those anomalies

For the top-down approach of this model see e.g. Cheng et al. 1507.04354
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Anomalies to try to explain
muon g-2 anomaly >30 discrepancy

can be explained in G2ZHDM Omura, Senaha, Tobe: JHEP 1505 (2015) 028
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R(D*)

R(D(*)) anomaly =4o discrepancy
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Stringent bound from Br(B, — tV)

R.Alonso et al. 1611.06676, A.G.Akeroyd.et al. 1708.04072

A diagram for R(D(*)) automatically

contributes to BF(BC_ — TV) G2HDM can not reach red region
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World Average
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picpr  0.03 still explains only R(D
mIZ{— 3002 ill explains only R(D).
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P'c, R(K(*)) anomalies

P’ : angular observable in B - K*uu
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P’ anomalies

Hp, = —gsm { Co(STyubr) (V") + Cio(STyubr) (v vs5l) + hc.}

4GF (iz
M = VoV, ——.
gsm /3 thVts 162

PI
5
ACY ~ —1or ACy = —AC}, ~ —0.5

is favored G. D’ Amico et al. 1704.05438
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R(K(*)) anomalies

Hp, = —gsm {Qﬁ(@%bﬂ(ﬁ“l) + Ch o (307ubr) (1" sl) + h.(;.} ,

4G , €
gsm = \/gvtbv —

5 16m2
R(K(*))

Lepton flavor dependent coupling is needed

ACS‘ ~ —1or A C}f _ —ACfo ~ —05 puXpe generates A C5 = ACE,
with A C¢ = ACE, = 0 is favored opposite sign
b
\\ e Pe) H puXp, generates A Cy' = —AC},
e We can not have p,, enough large

ui A Vj to eXpIain R(K(*))

Constraint from N,

! _( —"
/ u  H™ Pe)
s u PLANCK: 1303.5076

¥

i ()
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Re S U |t 1 Meson mixing, b->sy,,,,,

Constraint from Ng¢p

L—>ey, U-e conversion

PLANCK: 1392?.5076
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R(D) : pffpé” is large

P'c: pI€is large

Resultl

muon g-2: p,"pt " is large

/0 0 0 /0 0 0
Y10 0 pgt), pu=(0 0 |og°
0 o] pif 0 |pe| |pe"

K

Can pif = p,* = pt'" =~ 0(1) explain all of three?
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R(D) : p:icpé” is large

P'c: pI€is large

Resultl

muon g-2: p,"pt " is large

0 0 O o 0 _0
o =0 0 pgt), pY=[0 0 |pi°

u e
0 |lpic| pif 0 pe" | |pe"

Combination of pﬁcp;“ enhances Br(B - D™ yuv ) and
breaks Lepton Flavor Universality in B = D™evand B = D™ yuy

Ry, = 2LE2D V) _ 4 04 4 0.05 Belle 1702.01521
Br(B—D*uv)
One can evade the constraint by taking pf¢ <« 1 or pZ“ < 1. 16
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Result? compatibiity
R(K(*)) Pg R(D) R(D*) 5% O: within 1o
(B) pe#oa pyzo
Pff X X 4 X O
plel X O ® X X orXX0X 0
he X X X X O

ICHEP Seoul 2018 Syuhei Iguro
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Collider signals

An energetic tau lepton as a final state.
(A.Soni, et al. arXiv:1704.06659, S| K.Tobe 1708.06176)

o(pp = tt + tt) = 4.23 x 107°|p|*[pb],
o(pp — ttc + ttc) = 4.13 x 1071 p"|*[pb],
o(pp — ttec + ttee) = 1.14 x 1071 pt*[pb].

for (my, my) = (200,250) GeV

Upper bound on o(same sign top)=1.2 [Pb] CMS 1704.07323

ICHEP Seoul 2018 Syuhei Iguro 18



R(KW)| P | R(D)|R(D*)| da, O: within 1o

tt
Py | X X X X O

SU m m a ry Pl X O1 O X X orXX0X 0

ct
i X X X X O

Several deviations from SM prediction are known
in Flavor Physics.

We analyzed the possibility of a simultaneous explanation
of R(D(*)) ,a,,P's, R(K™)) anomalies in G2HDM.
Flavor violating couplings may play an important role.

We found some interesting scenarios.
they can be tested in LHC and Belle Il in the near future.



Back up



G2HDM
We take so called Higgs base : a doublet acquires VEV

G* H*
Hl = (V+CD1+iG> , Hz — <(b2+iA>
V2 V2

G*,G: N-G boson, H™ :charged Higgs, A : CP odd Higgs
Linear transformation to mass base of CP even scalars

O cosbgy, sinBgy\ /H
(Cbz) ~ \—sinBp, cosBg, (h)
Yukawa terms
— f
Lec=— Xfmude 2p=hna YoijfLi Pfrj +h.c.
— V_U(V&Nspe)”HerRj + h.c.

— T (VexmpaPr — puVexmPL)VH* d; + hec,
r

L1
_ipf

V2

. ij
1p¢ _
\+ V2 forf=d,e, ICHEP Seoul 2018 Syuhei Iguro 21

forf=u i ij
Pt

ij
f —Df .
YHij = v CBO(61] \/ESBO(

Pt

£ _ mj f
Yhij = TfSBocSij T 5% Yaij = \




Model: G2HDM

Yukawa couplings between a neutral scalar and fermions

ij

m! p
fi Vhij = —'spadij + ngcsa;
®=h,H,A (o
—— forf=u
~ 1Yy Pr + Y5 PL) D4R forfode
& \/E - Y %Y

fi m} pr

YIf{ij = TCBO(Sij - ﬁsﬁa

Yukawa interactions relevant to R(D(*)) 3
C O

H- -
- < o< (VermPaPr — PaVekmPL)P ~ pPPr — piEP, ey

b T
- Vi Yukawa interactions relevant to R(D(*))
<> < o (VERispke) (0i5, p3) X (PE", P, pT")

T

\%
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Flavor anomalies in G2HDM

muon g-2 R(D(*))
Py pe # 0, pi‘re ,
2
my —my = 0 mi;—
P’s _RE®)
prC i 0’ pﬁc i 0
light H™

G2HDM needs flavor violating couplings for those anomalies

ICHEP Seoul 2018 Syuhei Iguro
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0.34

Result?2  com =

R(K®)| P | R(D)|RE

0.26

it X X X
te
Pl X
ct
Pu X X G2HDM

World Average
Recently by taking into account that D* - D,

the mode where the D* is observed, ne
R(D*)sp= 0.272. This is consistent with
Belle and LHCb. 1. E. chavez-Saab et al. 1806.06

No need for explaining R(D*)? 0.2
ICHEP Seoul 2018 Syuh ; 0.3 04 0.5
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plf generates charm rotating diagrams : u. =C

Key point

This y penguin contribution has a
mc
enhancement

dimensionless log

mpy-—




Other prediction

With pt¢ which generates a large contribution to C}
via y penguin diagram do not change Br(Bg — up).

Br(Bs — up)
Br(Bs = pp)sm

= |1 — 0.24C}, |

, 1°
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Belle 11

T% LY: 2-loop Bar-Zee diagram

BR(t — uy)x108

0 0 P i e ]
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5 |
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1 L il
| . . Br(t—pw)/f(yu)
A contribution to
lllllllllllllllllllllllllll 1 Br(t—evv)/f(ve)
-0.15 -0.1 -005 0 0.05 0.1 0.15 is small enough.
tt
Pu
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R(D™) Type Il 2HDM can not explain this anomaly

ion

Extension of Higgs sector w/o flavor violation

/experiment can not explain this anomaly

...........................

034 | BaBartlo! my+ =700 GeV

032 Belle combined(10)
0 02 04 0.6 038 1
tanB/my+ (GeV™')
BaBar :1303.0571 __ 98
)
e 0.28 WorIdAveé;e(lo)
tanB=37
0.26 tanB=88 1
We need more parameters tanB=106 %
: SM tanf > 1
to fit the data 024 | %: -

0.22 L. Som gy

01 015 02 025 03 035 04 045 05
o R(D) SI, Tobe:1708,08176



R(D™) Type Il 2HDM can not explain this anomaly
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of Higgs sector w/o flavor violation
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Same plot as on slide 11, but extended m_ range.

Jan Stark for the ATLAS collaboration

We need more parameters
to fit the data

ICHI

Moriond EW -- March 10-17, 2018
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0.24
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ATLAS-CONF-2017-058
gg— A= Zh
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\s=8TeV, 203"

Phys. Rev. D92, 092004 (2015)

) Hohh > bbyy
\s=13TeV,321"
ATLAS-CONF-2016-004

4444 h couplings [x,, Kk, K]
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JHEP 11 (2015) 206

plain this anomaly

ATLAS-CONF-2017-055
EmH-b
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arXiv:1710.01123 [hep-ex)
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Stringent bound from
BR(B, — 1V)

Diagram for R(D(*)) automatically contributes to (B, — tV)

u, d b
= c T
-
) \‘H_ - > — —
/\\ ¢ \YJ
v
T

G _ _ _ _
* Lepr = _%Vcb[(TVMPLV)(CVMPLb) + 5, (TPLv)(CPLb) +
SR(fPLV)(EPRb)]'l' h.c.
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Stringent bound from -
BR(B- = V)

¢ v

G _ _ _ _
* Legr = _%Vcb[(TVHPLV)(CVHPLb) + 5, (TP,v)(CPLb) +
Sp(TP,v)(CPgrb)]+ h.c.

Scalar operators have a large coefficient

~ 4
BR(BZ — V)= ¥ :
2

The L (S, —5))
mr(mb‘l'mc) R 7L

BR(BE — T\_})SMX 1+

BR(BE — T\_})SM = 2%
Theoretical upper bounds on BR(B, — tV).

BR(B; — tv) =1-Br(Bc the other decay) = 30% R.Alonso et al. 1611.06676

Combining LEP data with inputs obtained in LHCb 10% A.G.Akeroyd.et al. 1708.04072
comment: they used BR(B.SI/H )L as@n input. 31



However scalar model can not explain the current world average,

by allowing BR(B, — V) <30(10)%, G2HDM still can (not)
explain R(D(*)) in Belle experiment at 1o

0.285

0.28 |

World Average(1o) Belle combined(lc)—:

a

BR(By>1v):30% -

0.265 | :
my+ = 500 GeV |]
pet = —0.15
0.26 |
lpe " /PE*| = &
Alpit] = 0.1
0.255 |
0.25 | -—
A0.4‘ 0.45 A‘ ‘0.5‘ 6.55
R(D) SI, Tobe:1708.08176
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Implications for LHC

Enhancing R(D(*)) needs a large effective coupling cbTv
meditated by charged Higgs and generates an energetic
tau lepton as a final state in LHC. (A.Soni, et al. arXiv:1704.06659)

P s A
C b_
.y
\ H™ _
>
X /\\ §
\p A
|HignPT|

100

1072

10*

10®

0.34

0321

03

R(D*)

028 |

my+ = 500 GeV
prr =05
Bpff =01

R(D)

Sl, Tobe:1708.08176

Pr[GeV]
= 80 160 240 / 320 400
o r 1 Signal
l—l . ‘ /
S iy =0
B SM BG1
B SM BG2

Even if we explain Belle result (smaller deviation), there are many implications in LHC
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