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Current status of R(D(*)) anomaly
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Naively, H™ is a good candidate.

(+)\ _ BR(B-DW1zv)
R(D ) ~ BR(B-DM™1v)

~ ' T T T T I T T T T I T T T I T T T T I
% 05F BaBar, PRL109,101802(2012) ) -
@, o Belle, PRD92,072014(2015) Ay” = 1.0 contours E
Y o LHCb, PRL115,111803(2015) ) o
045 r Belle, PRD94,072007(2016) == Average of SM predictions =
B Belle, PRL118.211801(2017) R(D) =029 + 0.003 R
= LHCb, PRL120,171802(2018) R(D*) =0.258 + 0.005 ]
04 [ [ Average -
03 I l “__
025F 8. S
= HFLAV B
- 3
02 P(y) = 74% —]

I 1 1 1 1 l 1 1 1 1 l 1 1 1 1 1 1 1 1 I

0.2 03 04 0.5 0.6
SM R(D) Our Model

\ —_
o« L
N

Phys. Rev. D 82, 034027 (2010) M.Tanaka, et.al

Phys.Rev. D86 (2012) 054014 A. Crivellin, et al. /\\

Nucl.Phys. B925 (2017) 560-606 S|, K. Tobe - A4

FPWS 2018



Motivation

Why | work on Higgs physics?
Guiding principles
e Simplicity of the model.
* Electroweak precision test

* Extending Higgs sector keeps the gauge anomaly-free
condition

N\

General Two Higgs Doublet Model (G2HDM)
 SM Higgs exist!

* Simple extension of scalar sector
* STU parameter is controllable
* Flavor violating Yukawa could exist

s Rich flavor phenomenology
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Stringent bound from
BR(B, — 1V)

Diagram for R(D(*)) automatically contributes to (B, — tV)
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4G _ _ 1S _
Lerr = __FVcb[(TVuPLV)(CV”PLb) + CLS(TPLV)(CPLb) +

V2
Cy’ (TP,v)(cPrb)]+ h.c.
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Stringent bound from
BR(B; — 1V)

__>__

4G _ _ 'S _
Lerr = _T;Vcb[(TVuPLV)(CVMPLb) T CLS(TPLV)(CPLb) +
Cy (TPv)(cPgb)]+ h.c.

BR(B; — t™)gm = 2% Scalar operators have a large coefficient

~ 4
BR(B; — V)= /
2

BR(BE — T\_})SMX 1+

(€t

Conservative bound < 30Y%) R.Alonso et al. 1611.06676

M (mb + mc)

< 109 A.G.Akeroyd.et al. 1708.04072
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R(D™) in G2HDM

G _ _ o, _
Lefr = —%Vcb[(TyMPLV)(cy“PLb) + C;°(TPv)(CPLb) +
Cy (TP,v)(CPrb)]+ h.c.

Phys.Rev. D86 (2012) 054014 A. Crivellin, et al.

R(D) ~ R(D)sum {1 + 1.5Re[C} + CR|+|CF + C;;'P}.
R(D*) ~ R(D*).sn\f{l +0.12Re[C} — CF]40.05|CF — C;;?'V}

Large coupling is necessary to enhance R(D*)in our model.
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R(D(*)) anomaly in G2ZHDM

Diagram for R(D(*)) automatically contributes to Br(B, — V)
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Why collider study?

G _ _ o, _
Lefr = —%Vcb[(ryﬂPLv) (cy"P.b) + C;°> (TP, v)(CPLb) +
Cy (TP,v)(CPrb)]+ h.c.

Phys.Rev. D86 (2012) 054014 A. Crivellin, et al.

R(D) ~ R(D)SA,{I + 1.5Re[C} + CR|+|CF + C}?\Q}.
R(D*) ~ R(D*)SM{I + 0.12Re[C} — CF]+0.05|CF — C;;?'P}

Large coupling is necessary to enhance R(D*)in our model.

LHC can test it
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Any direct limit from collider experiment right now?
TV resonance search

TV resonance (+j) search in CMS can give a stringent limit.

But, the limit is for W’. cMs-PAS-EX0-17-008 / v
35.9 fb™ (13 TeV) >\NWV\<
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o X Brin G2HDM Production

b
I C A,
\ H™
\\\g /N depending on H™ mass
p l T v 0=XH—|Y1|2

Branching ratio N AL
Y 3|y |%+]|x, |2
- BR(H™ - tv)
__________ Y ~ Y21 To fit R(D™) data,
- 3|Y;|%+]|Y,|? Y,Y, = ais sizable.
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We set |Y; |, |Y5] < 1 : narrow resonance tv search.

I'/my-<0.1

XH_‘Yl‘Z |Y2‘2

o0 X BR=
3|Y1‘2+‘Y2‘2

Combination 1:Y; = 1, maximizing denominator.
weaker constraint.

Combination 2 :Y, = +/3Y;, minimizing denominator.
severe constraint.
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Result
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" Combination 2

The more stringent constraint than B, — tv
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Resu |t Heavier H™, more severe constraint.
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Summary

G2HDM can still explain R(D).
TV resonance search can test it.

TV resonance gives more stringent constraints
than Br(B, — tV).

An interplay between flavor physics and collider physics
IS iImportant.
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Back up

* W’ case
 P'canomalyand H™



0.34

Implications for LHC

BaBar(lo) my+ = 500 GeV
prr =05

om0

03 r

R(D*)

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)

028 |
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This process looks promising, but not measured yet
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COnStra | Nt for W' See also M. Abdullah, et al.1805.01869

Vector (couple to left handed or right handed quarks)

We assume following operators. A Celisetal. 1604.03088
G. Isidori,et al. 1506.01705....

Lepr = _ﬂVcb[(l + ¢V )(Ty,Pv)(cyHPLb)| +
RV(TVHPRV)(CV”PRb) +h.c.

v

R(DW) ~ R(D(*))SM{H -G [P+ |C;QV|2}
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Left handed vector charged current

R(D™) = R<D<*>)5M{I1 +Cp P+ |02/|2}
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Resu It the heavier W/, the more severe constraint.
heavier lighter
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: : W’: difficulty for building models
discussion Y g
SM like flavor structure is not favored. See left fig.

b V. Vv,=0.04 suppression exists and requires large g’

\ LA T-parameter requires Z’ with my,,= m.. .

g Vcb g’ W ‘

/ Then, there should be V_ unsuppressed
C T pp>bb>Z 51T AGreljo,et al:1609.07138

500GeV > m,,, R(D™) at that time.

We need extended gauge bosons with
an exotic flavor structure and lighter mass.



Indirect upper bounds on
BR(B, — TV)

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

Substituting a SM calculation

Combining LEP data with inputs obtained in LHCb
< 109 A.G.Akeroyd.et al. 1708.04072

LEP has an upper limiton B, =» tv + B = tv. Combining recent result of LHCb, they got an
upper limit on BR(B; — V).

comment: they used BR(B_.2>J/{lv)q,, as an input.




TV resonance search on H™

Why no study so far?

P our signal H™ in Type Il 2HDM mainly couple to
. b bt, Tv.

No top quark in proton PDF.

N
\H™ H™ is produced with top quark

/ C N,

\
)
\

Exotic process for H™

We assume our H™ interacts only with bc or tv for simplicity.
FPWS 2018 26
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G2HDM
We take so called Higgs base : a doublet acquires VEV

G* H*
H, = (V+CI>1+iG> , Hy, = <(I>2+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.

— 03 (VekmpPaPr — p$VCKMPL)in+dj + h.c,
r
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Model: G2ZHDM

Yukawa couplings between a neutral scalar and fermions

1]

f Y}I;l] SB(XSI] +\/—CBO(;
i f
®=h,H,A , —l% forf=u
~ {(Ygij Pr + Yaji PL) ’ +p—f] forf=d,e
k —\/E ) )
f. m. :
i f f P

YHij = TCBaSij — \/—ESBa

Yukawa interactions relevant to R(D(*)) an

c C

) Oegl

- —p- o (VegmpaPr — P VexkmPL)® ~ pa’ PR = PR /\
b

T

- Vi Yukawa interactions relevant to R(D(*))
- < X ( klltISpeT) (pu ’pdb) X(pe :Pe ’ peT)
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Motivation

may explain the discrepancies in flavor physics
» R(D®)=BR(B - D®1v)/BR(B » D®1v) today
®* Mmuon g-2 Omura, Senaha, Tobe: JHEP 1505 (2015) 028
* P’c :angular observable in B = K*uu If time allows
» R(K®)=BR(B » K®puu)/BR(B - KWee)

for a combination of them, see JHEP 1805 (2018) 173 SI, Y. Omura

N

 Flavor violatig® Yukawa could exist

% Rich flavor phenomenology
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H ----

Yukawa couplings pg<f

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->sy : pP << 1, but

* Botv...
pL€ can be O(1)

We turn others off for simplicity and clarify how G2HDM can explain R(D(*)) anomalies

For the top down approach of this model e.g. Cheng et al. 1507.04354
lguro et al. 1804.07478



Heps = CLr(bryucr) Wy L) + Chr (brYucr) VLY 7L)
+CY r(bryucr) (VRY*TR) + Chp(brYVuCR) (VRY"TR)
+C"Lq(bRcL)(ETR) + Cg(chR)(ETR) + h.c..

R(D) ~ R(D)5M{|1 + CY, + CLi|? + |Chr + CYi|* + 0.99|CF + C3

+ 1.47Re [(1 L, 10 O] CSR*)] }

R(D*) = R(D*>SM{|1 £ OV + |CY? + [CYal? + |CYal? +0.021C5 — OS2

~LT7Re | (1+ C1L)(CHD) + (Cha) CLi)| +000Re (1 + € — chy (i - )| |

pP << 1 - CP<l P. Asadi et at.1804.04135
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