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The ea5|est way to find me
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The easiest way to find me

Key point: sportswear and vivid color
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What | do today

| interplay R(D(*)) anomaly and tv

resonance search in LHC within a
General Two Higgs Doublet Model
(G2HDM)



Current status of R(D(*)) anomaly
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No new result but
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Recently by taking into account the phase space

in D* - Dm, the mode a D* is observed,

R(D™)sp= 0.272. This is consistent with 4 body decay
Belle and LHCDb. 1. E. chavez-Saab et al. 1806.06997
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Naively, H™ is a good candidate.
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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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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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OU [ MOde‘ Neutral Scalar

UH =u,d,
Particle set in G2HDM el foRf(f uf o)
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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 = = Cpediy ~ 7= Spa
Yukawa interactions relevant to R(D(*)) 3

C
C

H™ o
- —p- < o (VegmpPaPr — piVermPL)® ~ pPPr — pif P, AN
b

T

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



Stringent bound from
BR(B, — 1V)

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

u, d b
2 c T
-
) \‘H_ - > — —
/\\ ¢ \Y)
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; — TV) V

4G
* Lorr = \/_FVC,, (TyMPLv)(cy”PLb) +
SL(TPLV)(CPLb) —+ SR(TPLV)(CPRb)]+ h.c.
‘ Scalar operators have a large coefficient
BR(BZ — TV)= ~4 :
M,

BR(BZ — t)gy X |1 +

BR(BE — T\_})SM = 2%
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Indirect upper bounds on
BR(B, — TV)

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

Substituting SM calculation

Combining LEP data with inputs obtained in LHCb < 10%

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.




Stringent bound from BR(B, — V)

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

Diagram for R(D(*)) automatically contributes to Br(B, — V)
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0.34

Implications for LHC

03

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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Vo102 ‘ /
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o = L & :
O w4k L TV +
e I J
a \ 1 _|j misiDasb
© o6l SM BG
P i SM |

T 8l
{ngh PTJThis process looks promising, but not measured yet

Interplay between Collider and Flavor is important!
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Any direct limit from collider experiment right now?

TV resonance search in CMS can give a stringent limit. %

But, the limit is for W’. cMs-PAS-EXO-17-008
V4

35.9 b (13 TeV)

A‘IOSE T T

TV resonance search
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3 — 3 this limit for H™.
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ATLAS:1801.06992 13 36.1 0.5-5
CMS:CMS-PAS-EXO-17-008 13 35.9 0.4-4 19




TV resonance search

Why no study so far?

e H™ in Type Il 2HDM mainly couple to
V bt, Tv.

b
H- * No top quark in proton PDF.
_______________________ d
H™ is produced with top quark
T % t //b t

Exotic process for H™

our signal

We assume our H™ interacts with bc or tv for simplicity in the following.
T 7 X —I)lin &HE 2018 20



Production

depending on H™ mass
o=Xy-1|Y,|°

o X BR=

XH_|Y1|2 |Y2|2
3|Y1|2+|Y2|2

- BR(H™ - mv)
2
""""" Yz ~ |Y2|
3|1V |2+ Y5 ]?
T

To fit R(D™) data,
Y,Y, = ais sizable.

T 7 A4 —)lin L5 E 2018

21




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.

T 7 X —)lin 25 E 2018 22



: My[GeV]
0.32F = 500
» reliminary
BaBar
0.3

Combination 1

/ solid
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i
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0.2 0.3 R(D) 04 0.5 dotted

Comparable or more stringent constraint than B, — tv
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Result

preliminary heavier

Belle

World
Average

0.32

Heavier H™, more severe constraint.

MH [GEV]
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026

W ___
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ReSU |t Heavier H™, more severe constraint.

preliminary heavier lighter
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Summary

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

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

An interplay between flavor physics and collider physics
IS iImportant.

Our paper will appear on arXiv very soon. Stay tuned!

77 A4 —)bin ZEHE 2018 26



Back up

Menu

* W’ case
 P'canomalyand H™



Constraint for W’ M. Abdullah, et al.1805.01869

Vector (couple to left handed or right handed quarks)

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

Lefs = ~2V2GFVi ((5z¢ + Cy1)O41 + Cy3049 )

¥ Oy = (&Y Pub) (1, Prv)
Oy = (€Y"Prb) (I, Pv)

left handed case

RD) _ R(D 2
= =1+ 2Re{C]3} + [C[* + |Clil* + |C5y
RD)sy  R(DVsn o} + G + (Gl ]Gl

T 7 R —I)lin ZHE 2018 28




Left handed vector charged current

R(D) _ R(D)

= =1+ 2Re{CT} + |C|* + |C4* + |C& )
R(D)SM R(D*)SM { 1} | 1‘ ‘ 1| | 1|

Right handed vector charged current

R(D) 2
———— =1+ 2Re{C],} + |CL|? + |C4|* + |C& |2
i {Co} +1C I + |CA I + C5
R(D~) 2
=1 T omo|12 e |2
R(D*)S +|Cv1| +|C'v1| +|C’Ull

This behavior stems from meson properties
D: pseudo scalar, D*:vector meson.

29




Resu It the heavier W/, the more severe constraint.

preliminary heavier lighter
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discussion W’: difficulty for building models

SM like flavor structure is not favored. See left fig.
P b\ V. Vv,=0.04 suppression exists and requires large g’
, ; T-parameter requires Z’ with my,~ m,, .
/ Then, there should be V_ unsuppressed
P\ T pp—~>bb—>Z" -1t A.Greljo,et al:1609.07138
Mmr 500GeV > m,,, R(D™) at that time.
We need extended gauge bosons with
an exotic flavor structure and lighter mass.




Hers = Crp(bryuer) Woy'm) + Crr (bryucr) (VL Te)
+C1 r(bryucr) (VR TR) + Crp(brYVucr) (VRY TR)
+C% (bger)(VpTR) + Ca(brer) (WLTrR) + h.c..

+ 1.47Re [(1 + OV + O NCE C%*)] }

R(D*) = R(D*>3M{|1 £ OV + |CY? + [CYal? + |CYal? +0.021C5 — OS2

~LTTRe | (1+ CLL)(CHD) + (Cha)(CER)| +0.09Re| 1+ - ) (" - i) |}

P. Asadi ,et at.1804.04135
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P'c anomaly in G2HDM

1 d'r 9
dIl'/dq? dcos @y dcos Oy doé dg? — 327

:; 2 2
|:—1 (1 — Fr)sin“ 0 + F cos® Ok

l 2>
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— Fy. cos® 0y cos 20, + S3sin? Oy sin® 0y cos 2¢

+ S, sin 20k sin 20 cos & + Sy sin 20 i sin 0y cos ¢

+ Sg sin? Oy cos O + S7 sin 20 sin O sin ¢ b 9 S transition

+ Sg sin 20 5 sin 26, sin ¢ + Sg sin® O sin? @, sin 20 ]

Optimized P! Sj=4,5,7,8

observable - JEFL( — Fz)’ P’ : angular observable

in B—- K*uu

e ]
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P’ anomalies

Hp, = —gsm { Cs(ST7ubr) (In*1) + Cio(STyubr) (1¥*5l) + hec.}

4G , €
gsMm = \/EFthVtSm?-

pif generates charm rotating diagrams : u, =c

PI
5
ACY ~ —1or ACy = —AC}, ~ —0.5

is favored G. D’ Amico et al. 1704.05438

This y penguin contribution has a
mc
myg—

dimensionless log

U
AC!
200 300 400 500
mMy- [GeV]
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Other prediction

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

BrBs = M) _ |y _g.24c" 2

BI‘(B - HH)SM

L
05 -

pa O

I

|

I |
-0.5 |02} o

[ |

|

|

D 04 02 O 02 04 .
Pu grey: flavor constraint P&



Collider signal

Same sign top is most striking

(pp — tte + ttc) = 4.13 x 1071 |p°

t o(pp — tt + tt) = 4.23 x 107°%|p%|*
é g
U(pp — ttce + t_t_(f(,') = 1.14 % 10—1 /)u

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

Upper bound on o(same sign top)=1.2 [Pb] cms:1704.07323 is still weak
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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

.1
_ipf

V2

. ij
Pe _
\+\/§ forf=d,e, 75 R —)bin 4 E 2018 37

forf =u i ij
P¢

ij
f —f .
YHij v CBO(61] > SBa

Pt

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




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 | BaBartch! 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
- R(D) SI, TObe:1708398176



R(D™) Type Il 2HDM can not explain this anomaly

tan B
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of Higgs sector w/o flavor violation

- Vs« 13TeV, 361"

.

m, [GeV]

Same plot as on slide 11, but extended m_ range.

Jan Stark for the ATLAS collaboration

We need more parameters
to fit the data

i

Moriond EW -- March 10-17, 2018

NI

< 0.28

0.26

0.24

0.22

ATLAS-CONF-2017-058
gg— A= Zh
Vs =13 TeV,36.1 "

\s=8TeV, 203"

Phys. Rev. D92, 092004 (2015)

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

4444 h couplings [x,, Kk, K]

\s=7and8ToV, 25"

JHEP 11 (2015) 206

plain this anomaly

ATLAS-CONF-2017-055
EmH-b
Vs =13TeV, 132"
ATLAS-CONF-2016-089
= H- WW= viv
Vs =13TeV, 36.1 "
arXiv:1710.01123 [hep-ex)
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- bb yy/1t,
- WWyy

my+ =700 GeV

World Aveéée(lo)

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



- T V)

Cc

BR(B
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Result? compatibility
R(K®)| P! | R(D)|RD*)| a, O: within 1o
(B) pe # 0, p, =0
P X X X X O
20 O | O X X orfXX0X0
St X X X X O
SI, Y. Omura
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