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R(D) = B(B — Drv)/B(B — Div)
Resxp(D) = 0.388 + 0.050 BaBar + Belle
Rem(D) = 0.297 +0.017 220 — 1.7

R(D*) = B(B — D*1v)/B(B — D"{v)

BSM: two-Higgs doublet model Ty e—
B — D®7u and top-quark FCNC processes within general 2HDM
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General 2HDM (2HDM type-lI)

» Lagrangian (interaction basis)
—Ly = Qr(Y®, + Yi®y)dr + Qp (YD1 + Vi '®o)up + L (Yi®) + Yids)er

» Higgs basis

o) = ¢ Dy = H
PTG+ m +ic?) 27\ sl +iA%)

» Mass eigenstate

m\ _ [cosa —sino HO
ne)  \sina  cosa/) \ A°

» Higgs spectrum: HO h0, A H+
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General 2HDM: Yukawa interaction

» Lagrangian (mass basis)

1 - 1 1 - i - i
Ly = Ly sm + —=de¥dH + —ua&"uH + —=060H — —dvs¢%dA — — vy ud
v Y, SM 7 3 ﬂuf u \/55 7 V5€ \/iu%f u

— L7 £l ul Ve J v d + _ el +
\/55%5 A+ [U(f VexmPr — Vekmé PR) dH vE PrlHT + h.c.}

> unitary and symmetric: E=YUDL = (YUDHT = (YUDHT
> decoupling limit (alignment limit): o = 7/2 <= LHC Higgs data

> Cheng-Sher ansatz: &ij = Xij\/2mym; /v, Aij ~ O(1)
> small mass approximation: My Mg X ms ~0

» Yukawa coupling: control both charged and neutral currents
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B — D"ty in general 2HDM

A. Crivellin, C.Greub, A.Kokulu, PRD, 2012
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Higgs FCNC in general 2HDM
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LHC Higgs data = decoupling limit a = 7/2
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Higgs FCNC in general 2HDM:
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cc — tt

>

tree-level u- and t- channel
with exchange of H or A

o(ce — tt) oc A4,

o(cc — tt) = /
MSTW2008LO PDF

1
dx6(xs) fee(x, pF)

processes with extra jet radiation
are assumed to be subleading

o(pp — tt) < 62fb

ATLAS 20.3fb~! @8 TeV

largest in various helicity configuration
of contact interaction models

green region: allowed by exp
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Higgs FCNC in general 2HDM: t — cg
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2: 106 Mg+ = MA =My
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= .
= 10°8 » dark region:
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= 1q-10f
IR > B(t — cg)exp < 1.6 x 1074
L single top production

) P B S T P
10 200 400 600 800 1000 ATLAS 14.2fb~! @8 TeV
My:[GeV]

9/16



General 2HDM: experimental constraints

» 2HDM parameters
mg+ € [80,1000] GeV, my € [125,1000] GeV, m4 € [93,1000] GeV
Arrs Aats Mt Appy € [—50, +50] my, = 125 GeV

» Flavor physics

> tree-level: B — DWry, B — 71 )
> loop-level: B — X,y (= A\yp = 0), B; — B, mixing

» Electro-Weak precision measurement
> Ap (= |mg.a—mpy=|), Z — bb

» Collider processes
> g9 — H/A— 717
> t—cg
> cc— tt
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Parameter space: combined constraints (A, = 40)

my+ = 500 GeV

cc-»tt(}gTeV) Ap _

20

30
20
10

g0

-10

600
My-[GeV]

e B— DWry, A =40 is fixed

e Amg: fine-tuning < 10%, bound on A\ as strong as cc — tt
e Amyg: fine-tuning > 10%, A, ~ 0
o Amyg: fine-tuning > 10%, ReCY (i + ReCY iy ~ 0, large Tm M7,
O o< Au, Ay = (Vcs \/TAct + Att) (ﬁ\/ﬁkz + )\tt>
' Vis Viy
CY i o< A, 2 (0.004M et + Agg)[(—2-14 + 0.049) Aot + M)
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t — cg in general 2HDM
my+ = 500 GeV
cg—»_tt(}zTgV)_xAE_
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Parameter space: lower bound on A\~
my+ = 500 GeV

30 T
coottdeTev), Ap

cextdaten) ap A\ e

200600
My-[GeV]

)\Ct)\TT
(mp= /500 GeV)?2

» lower bound on A\,

=750 < < =575

» heavy charged Higgs:
mp+ > O(500) GeV
> perturbativity
> Cheng-Sher ansatz: \j; ~ O(1)

M H* [GeV]
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Parameter space: natural region
my+ = 500 GeV
ccottrev.bp _ |

30

ceottaTev), Ap

10F """ [
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/\ct>\‘r‘r

-0 < —————5 < =575
(mpy+ /500 GeV)?

- > natural allowed parameter space
» A <50
perturbativity and Cheng-Sher ansatz
are not too seriously violated.
» cc— it ©
. may be excluded by LHC 14 TeV@300 fb~!
02 » g9 — H/A — 77 © (working in progress)
0(2) < A < 0(4)
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Conclusion

» The current B — D™ 7v anomaly can be explained within
the general two-Higgs doublet model under Cheng-Sher
ansatz, which indicates large A, or As Yukawa coupling

ActA
t R(D™) dat —~ i —~
current R(D"™) data = —750 < (7= /500 GeV)? < —575

» We investigate various low and high energy processes and
obtain allowed parameter space by the current exp data.

» We find the allowed parameter space can be probed at LHC
by the following processes
> g9 — H/A =TT © <— 0(2) < )\tt)\q-q- < 0(4)
> t—cg @ <= Ayt < O(5) <= B, — B, mixing
> cc—tt © <= o(cc— tt) oc N4,
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Higgs discovery
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» mass: my = 126 GeV
» spin

> party

» Yukawa coupling

» gauge coupling
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Higgs After the Discovery

Question

This boson is the only one fundamental scalar just as the SM, or
belongs to an extended scalar sector responsible to the electroweak
symmetry breaking ?

Possible Answer
Two-Higgs Doublet Model (2HDM)
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General 2HDM: Yukawa interaction
» Lagrangian (mass basis)
—Ly = (a,d)M*? <Z> + (7,e)M* (:)

» Quark sector

M9 = My, + M + M} + Mg

Mp =L (*16’71 0 )

V2 Adm
A J (YU Pr+YVIPL) — S ANYU PR —YUIPY),  HY(VYPPR—YUIVP
T \H(CVIYUPR+ YPIVIPL), (VP PR+ YPIPL) + S AN (Y P PR — YPIPL)

» Lepton sector

M = M, + M + M} + Mg

1
M = —=X
H V2 Tl
A 0 HYY{Pg
T \H Y, Py ama(V{ P+ Yy Pr) + S5 ANV Pr — Yy PL)
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General 2HDM: assumption on the Yukawa coupling

1. unitary and symmetric
f = YU,D,E _ (YU,D,Z)T _ (YU,D,E)T
2. Cheng-Sher ansatz

2m;m;
iy = Ny Ny~ O(1)
3. small mass approximation

My =Mmg =mg =10
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General 2HDM: assumption on the Yukawa coupling

» couplings with neutral Higgs h, H, A

0 0 O 0 O 0
=100 o V=10 & &a
0 0 & 0 &t &u
» couplings with charged Higgs H*
0 0 Ve
VEP =0 0 Valw
0 0 Vielw
0 0 0
UV = | Viabee + Viaber  Vesbee + Vis€ar Vinlet

Ved€et + Viaete  VesSer + Vis€te  Venber + Vine

» connection charged and neutral
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Basic Idea: B — D™y

R(D) = B(B — Drv)/B(B — Dtv)
Rexp(D) = 0.391 £ 0.050 BaBar + Belle
Rsm(D) = 0.297 + 0.017 220 —1.70

R(D*) = B(B — D*rv)/B(B — D*tv)

Rexp(D) = 0.322 4 0.022 BaBar + Belle + LHCb
Rem(D*) = 0.252 & 0.003 270 —3.00
» total discrepancy with SM: 3.90 > NFC 2HDM ®
» SM: hadronic matrix elements > MFV 2HDM ©

> BSM: A widely studied possibility is 2HDM, since = ceneral 2HDM - ©

the charged Higgs couples proportionally to the
masses of the fermions involved in the interaction.
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t — cg in general 2HDM

U U
~ fctgtt

le-04 ]V[S =MmMyo =Mpygo = Mg+ = 700 GeV
1e-05
1e-06 | 5U gU 2
Bt —cg)= 2L ) x1077
1e-07 | ( 9) (0.06 0.7
Br 1e:08 ~ (&) x 107 (g =9)
1e-09 |
Te-10 ¢ B(t — cg)exp < 1.6 x 107*
1e-11 |
1e-12 - L L L . . D.Atwood, L.Reina, A.Soni, PRD,1997
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Parameter space: R(D) and R(D*)

» Effective Hamiltonian

Hest = CviLOviL + Csrr.Osgrr + CspnOsi,

» Operator
4GV,
OviL = (e, Prb) (79" Prv:) CML = \F@ -
Osr1, = (¢Pgb)(TPLvy) CSRL, =0
OSLL = (EPLb)(f'PLVT) CSLL =0

» in the case of no NP effects on Oy,

Csry + C Csre + Csi |
R(D) = Rgm(D) (1+1.5Re{ SRL SLL] 4 1.0| ZSRL T CSLL )
C’VLL CVLL

Csri — CsLL
SM
CYtL

Csrr, — CsiL

, +0.05

R(D*) = Rgm(D™) (1 +0.12Re { 2)
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Parameter space: R(D) and R(D*)

» Feynman diagram

» Relevant Yukawa interaction
—ALy = — thECtEPLbH+ + Vcbfl,bEPRbH+ + fTTﬁTPRTHJr + h.c.
» G2HDM contributions

CG2HDM _ G2HDM _ VerlppSrr C§2PM _ ViolctSrr

VLL - SRL 2 2
My Myt
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Parameter space: R(D) and R(D")
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Parameter space: B — Tv

» Effective Hamiltonian: similar to B — D)7y
» G2HDM contributions

CGQHDM =0 CGQHDM =0 CGZHDM _ VubgbbgTT
VLL - SRL - SLL - 2
M+
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Parameter space: tree-level flavor processes
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Parameter space: B — X,y

» Feynman Diagram

» Relevant Yukawa interaction
—ALy =+ Vit (EwPr — (&1t + Veo/Vin€et) PLYOH — #(Ves€er + VisEu) PLsH ™
» Branching ratio
B(B — X,v) x 107* = (3.36 £ 0.23) — 8.22C73'" — 1.99C5'"

» G2HDM contributions

M = LX) (o) — w2 FL (aw)

3 S
_ Ves [me Vcb _ Ves  [me
As = (VLS \[ - —Aet + /\tt> (Vt}i - —Xet + Aut Ks = Vi \l Act + et | Aob
~ (0.004A + M) [(—2.14 + 0.040) Aot + A ~ A (=214 + 0.04i) Aot + At
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Parameter space: B — X v

QAT T
Aq=10
M- =400 GeV

Aoy < O(O.l)
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Parameter space: B, — B, mixing

» Effective Hamiltonian in the SM
g Mw (Vg Vis) 2CYM () QY + D
» Four-quark operators
VM= (009 Prs®) (079" Prs”)
» off-diagonal matrix element

1 _
M12 = WBS<BS|%BH|BS>

1 Gr
- 2Mp, 1672

My (Vi Vas) 2Oy M2 (1) (Bs| QY By) ()
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Parameter space: B, — B, mixing

» Feynman Diagram

» Relevant Yukawa interaction
—ALy =+ Vipl(&wPr — (€t + Veo/Virlet) PL)VH T — t(Veslor + Vislu) PLsH ™

» G2HDM contributions

’ —4+zw (zw — dzge)logz g+ 3zw log Ty
CYYM(WH) = +2\zwa i(:
W) T e = Dw —1) " (ogz = D2(ege —ow) | (@w — D2(ayz — 2w)
Tt +1  2wptlogwys
(zg+ —1)2 (zg+ — 1)

>N\
. ) my 2 (z 1) log
CSRR(HH)= +4r%2% (— ) <7 —— e
miy (zy 1)? (g 1)°

CYM(HH) = +Nawzy+ ( f
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Parameter space: B, — B, mixing
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Parameter space: oblique parameter T

1000}

500

—ma

My«

—500+

71m0 L L L L L L
-1000 -500 O 500 1000

My — my

> 80GeV < my+ < 1000 GeV
> my, < myg < 1000 GeV
» 1GeV <my < 1000 GeV

Higgs mass splittings are highly
bounded.
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Parameter space: R(Z — bb)

My-+=300,500,700

10

|>\tt| <2
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t — cg in 2HDM

» Feynman diagram

t HO,AO c

» Relevant Yukawa interaction

1

1 1
—A[,Y =+ 7Cafct5th + 7Sa§ctEtH —

V2 V2 V2
1 _ 7 _
+ —(=8aAt + Co tth — —&utystA
\/i( SaAt T C ftt) ﬁftt 5
1 _
+ E(—FCQAt + saétt)ttH

+ Vit (&pPr — (&t + Vo) Vinler) PL)VH T + h.c.

EtCystA + h.c.
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t — cg in 2HDM

Br

» tcg form factor

>

L

Decay width

[t —cg) =

1
= 5C | AV + By + iCo 2 4 ipohv
167 m

t

1

(1672)2 87

m. m.
L5 — A" + B%%q“) tgn T
my q q

miCr(|C* + [DJ)

» Same expressions but different numerical results ®
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cc — tt in 2HDM

» t-channel tree-level process mediated with H and A

R(D)
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combined allowed region: (A, A;;) plane
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Lines: )\tt)\’TT =1...5
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fine tuning measure

max(0Q;)
Q

H.Baer, V.Barger, P.Huang, A.Mustafayev, X.Tata, PRL, 2012

A =
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future LHC sensitivity

assuming the statistical error is dominant
S.Jung, J.D.Wells, PRD 2014
A.Djouadi, L.Maiani, A.Polosa, J.Quevillon, V.Riquer, JHEP, 2015

(significance);  [o0gs,L;
(significance); o5, L;
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