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Introduction

e “Can the muon g-2 be accounted for in 2HDMs?”

Aa, = a — ™ = +262(85) x 107"

less studied In 2ZHDMS:  Ex) Dedes, Haber, 0102297 in Type | & I,
Cheung, Chou, Kong, 0103183, etc.

Cao, et.al, 0909.5148 (Type X)
* Revisit the question with updated experimental inputs:  arxiv:1409.3199

» Constraints from the 125 GeV Higgs data at LHC.

» Extra Higgs spectrum constrained by EWPD, vacuum stability & perturbativity.

> Important new inputs from B - Xy, B —» ut u~, & lepton universality tests.
Wang,Han, arXiv:1412.4874; Abe,Sato,Yagyu 1504.07059

* Predicted tau-rich signatures need to be searched for.  arXiv:1507.08067
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Two-Higgs-Doublet-Model (2HDM)

* The most general Higgs potential and Yukawa couplings with
two Higgs doublets

2 | i 1 ' 2 1 ; 2
Voron = m2,® @, + m2,8)®, — |-m%2fb§@2 | h.c.] =y (tIﬂtIn) -5 (@T%)

e (cb'[qf}l) (qr;@g) e (cb‘;qag) (@;fpl) | { (qﬂ-:bg) |Af( ':I)L)
FAr (@1@,) | (21@,) +hee. .

—Ly= yZ“;lZCDlquu +y51261312qldc+yf]1261312le + h.c.
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Two-Higgs-Doublet-Model (2HDM)

* 4 mass + 2 angle parameters:

1 .
®15= (blo 501+ pra +imm2]) = h(125),H A HE, tg =2

G° =n1cp +M25p h = picy — P25

A =115 —M20p H = piSq + p2cq
- Gauge couplings: £, = gymy(sg_qh + cg_oH)VV + -
* Yukawa couplings: FCNC if Mass # Yukawa

dl,2 el,2

1,2 &
P aqiuf + Vii " @12q:d] + 1y Polief + hoc

Ly = Yij
1 2 1 2
4 (yl.];. Cp +yl.];. Sﬁ)%flff V5. (yl-];- Ca —yi];- Sa) hfifi +..
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4 types of 2HDMs

Natural flavor conservation imposed by Z, : Nb) Type Il : aligned Yukawa

. 1 2

only one Higgs to each Yukawa type (d, e) Yij~Yij

Dy (+), P1(=); tr(+), dr(2), er (1)
Model [ 0 e A e
Typel ®, d, 0, Type 1 cot 3 —cot —cotf3 % Ey Snd g ff’r‘;g ff’;l’g
Type 1 D, 0, 0, Type 11 cotf tanf tanpf :iﬁg gg:%‘ gg:% ‘:ﬁ;g —;gi% _231%’
Lepton-specific | &, 0 0, TypeX  coth —cotf tan§ g dhe  cmg g e _dhg
Flipped 0, 0, 0, Type Y cotf  tan —cot i3 Y snd sind “eosd  smd
2HDMs mf
—CYIPMs = Whnfs +yDHTT - PAFrS)

f=u f“ 125 GeV
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125 GeV SM Higgs: gnyv=sin(B —a) = 1

ATLAS 1509.00672

2HDM Type | ATLAS 2HDM Type Il ATLAS ; 2HDM Lepton-specific ATLAS 2HDM Flipped ATLAS
— Obs. 5?5% GE TS T Obs. 95% CL F=7TeV. 45471 ——Obs. §5«a-e cL B AT — Os. ?S% CL B=7TeV, 4547 "
& Bl {5 =8TeV, 203 " 5t BE:? :;% o 5=8TeV, 203107 ” _x_ 3 :;t ;‘;% o 5=8Tev, 203 " “x- ! E:t 2;% e {5=8TeV, 203"
g 2 mi. " . .:. 0‘0‘°‘, : 2 e e
| TR s o
3 RS %9000 PSR &5 3t
- S ISR
2 : > < ] Goee ;
' <> XXX ¥ XX
1 i RRHHK e i
’ ? .””0". ] ’ 0’0’0’0 ; 0”.0.0 ]
04 g g .‘”“’”’ 4 "””‘ ; ’0.””’ 4 04
B B
B 02 ' d i d 02
0.2 1 | | L1 4 ’ | "”‘ ."” | ”‘
o7 ' 10 08 060402 0 02 0406 08 1 10 00601409 © D2 040608 1 1011 08060402 0 02 040608 1

cos(B-c) cos(p-c) cos(p-a) cos(p-a)
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Aligned/decoupled 2HDMs
Vanon = mi; B1®y + m, 0, — H’:z Fhe] + s (2]@)) + 20 (2fd,)

o2 (ol01) (als) + 0 (o182) (ohe1) + {0 (i) + [ (sl

y{ (21,) | (#]®2) +hec.}.

Model Up R €R vy oy T V7 SV LS VRV R T4
Typel | P, P, Type I (cotS —cot —cotf) (Sg  sng  sugy (Cosa cosg g
Type Il | @, P, D, Typell |cotf [tang tanp)| [sina  cosa  cosal |cma _sina _sing
Lepton-specific | &, D, P, Type X cot 3 [—cot A tan ,{3] % :ﬁ‘; sl |85 S —::jf:‘;
Flipped d, O, dy Type Y \cotf tanfg —cotf3) (325 o3 and) \GoF —iF g
‘ T - - _ l
2HDMs i - - ‘ . RS
LN = D LGS +H T~ A £
f=u,dl 125 GeV
sm. My i - LHC Higgs data
+ [V/ETF’:,.EEH_F'” ( ‘PL + R) d + V/E+HPRE + h.z’:.} 99
v U v cos(B—a) -0

Hapimag/Albufeira 2015-10-27




Muon g-2 from an extra Higgs?

* One-loop with light H and large y; = t; (11, X):

2
Gpmu

4724/2 ;

2 2 e 1
For v, = m:;, /M? < 1

daz, ™ (1loop) =

fru(r) ~ —lnr—7/6—|—0(7‘
fa(r) ~ —I—lnr—l—ll/G—I—O(r)

faz(r) ~ —=1/6+0(r)

)3

—h,H,A,H=*

()" 74 £3(})

\—/ roughly scales with m4!

<0

* Requires H below 5GeV - Excluded!
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tan(beta)

Exclusion 95%C.L. for h in 2HDM(II)

T Ak B AL
100 £ ' T?y%
F allowed , )
' by g-2 .
0L yo /w/i;J Delphi |
: Opal;
1 " Upsilon 3
i N :
eta Z->h gamma]
0.1 L—iiriu el i
0.1 1 1 100
M_h, GeV

Krawczyk, 0208076

ron



Muon g-2 from an extra Higgs?

» Two-loop Barr-Zee with a light A and large yif ~ tg (I, X):
2

GF m:e /o . .
da?'PM(2loop — BZ) = ) NS Q2% y’}@?g'(frZ )
" >, N;Qjy, i(Ty
47T2\/§ ™ Fimh A

gn,u(r) <0 . ¢ b t,b,T
QA(?“) | 1/tg -1/t 1/t hoH,A-
2 2 Jf -
e 16 AN
X tg 1 - f /

Y 1/t§ —1/t§ -1

* light A and large tz = B, tau decays (LU) & LHC searches.
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Muon g-2 in Type Il & X

electron g-2 limit

100 —— 100 e ——————
2HDM Type-II
80| 80}
! L
60} 60
== 1 @, -
= =
= = .
40} 401
200 h - AA j 20(; _
] | arXivi1409.3199 |
0 1 1 Ll 1 0 L 1 L1 1
20 40 60 80 100 20 40 60 80 100
M, [GeV] M, [GeV]

my, (my) = 125 (200) GeV
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Constraints from B decays

m;
— P, + mytgPr (I1,Y)
tg
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*B; > utu”

1/tg X, D) |[1/tg (1Y)
tg  (LY) )| tg (ILX)




In 2HDM-|,

* B - X,y puts a strong limit of m,+ > 480 GeV. Misiak, etal, 1503.01789
e B, » utu~ excludes the muon g-2 region.

Exclusion 95%C.L. for A in 2HDM(II)

- allowed| [ | ..
100 by g2 | i Br(B; » utu™)=(29+0.7)x107° @ LHC
Aleph % _T [;;el p;gievaftron
© pavas — 4 4
I 10 3 Opal é’l E BT'(BS — [.l+,Ll ) X tﬁ/mA
- K f - Excludes tg = 7 for my < 70 GeV.
i L Upsilon 1
I Z->A gamma
TR R/ N e Krawczyk, 0208076
0.1 1 10 100

M_A, GeV
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In 2HDM-X,

* B > Xy puts no bound on my: for tg > 2.
e B, —» utu~ not affected if my = 15 GeV.
» Type X at large tg, being hadro-phobic, is elusive at LHC.

e Strong limits on tﬁ /mHi from Lepton Universality tests: Abe, etal, 1504.07059
] Cao, et.al, 0909.5148

_____ /
\% ! Grop = Gr(1 + Oppee + 5loop) Krawczyk, Temes, 0410248
2,2 2

_ mgmy my .2 2 [2n2
5tree ~ 8m T4 t,B t[)’ K(ml /mr)
H

[
_|_
4>_m_>_ _GFm‘%té 1 mgy 2 my 2 mp
j HW< Stoop = seyirt (3 +3[6 () + 98- 6 (72) + e (2]
e v,
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Lepton Universality tests e sz

e From pure |ept0nic processes: [ - l'vv | Note) Only two ratios are independent

(g) — 1.0011 + 0.0015 . (g) — 1.0029 + 0.0015 . (”’L) — 1.0018 & 0.0014
.q,u- (] e .()Y(E
(t-vrt/K)

(m/K-puv)

e From semi-hadronic processes:

(‘1) = 0.9963 = 0.0027 . (i) = (.9858 = 0.0071
~ K

.G,U- g M

m

» Combining the three in (g./g,): () = 10001+ 0.0014



LU constraining the muon g-2 region

= Two independent leptonic data and
the combined data lead to

3
ﬁatree = 0.0022 + 0.0017

S100p = 0.0001 + 0.0014

1
ﬁ(sme + V268,50, = 0.0028 + 0.0019

= Limiting the region below
my S 70GeV & tg < 60.
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Constraints from

M2 = ]L_[% 4o Aoy 1
2 V2G M2 1 — Ar

sin 91ept =k (M%) sin? Oy

2
cos=Oy
J2HDM  __ OHDM
A7 = A« 3 o
sin“ Oy

2
cos“ By
2HDM
Ak; =+ - + ...,
sin“ By

M = 80.385 4 0.015 GeV,
sin? 9P P — (.23153 4 0.00016.
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Vacuum stability & perturbativity

/
A2 >0, A3 > =V A1,

1
mis(mi; — mas/ A1/ Ag)(tan 3 — ()\1//\2)1/4) >0 Mips = M + §U2(A5 — M)

N

As

N\ 2
< A3+ M+ VA1 A A[ﬁ = M2 )\5’U2?

sin 3 cos 3 B

/

In the Iimit of tanf >» 1 & sin(f —a) = 1,

//12122 ~ Mf

~

A3v? = 2M2y — (1 + Sp_qyr )ME + Sp_a Ve MF,

Aqv?* = —2M? .+ +MF +M

\/15172 ~ M7 — M

/
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)

/1hAA OCA,S _13 —/14 I~
(1 + sp-aye )M — 2Mf — sp_ay:Mi < \[A,vMp,




Right & wrong sign limit of Yukawas

 Tau/b-quark Yukawa coupling to h(125) can be negative in 2HDMs:

Yt

Sa
— = -t o~ +1
oy~ Sbma T pp-a ¥ X

RS (SM) limit; Vi =~ +1 with Sg—a >> tﬁcﬁ—a

WS limit; Ve = —1 with tﬁcﬁ—a ~ 2

Hapimag/Albufeira 2015-10-27

tan p

Ferreira, et.al, 1403.4736

1410.1926

g_ .\ ";')(I ‘\

2Rk A K ’ ,: : ‘.

1 5\}) “< --'f',,lRlB

O->{ / /4._ (>k>( ._ l '
030K : %
icostsosserllvesses
10~ I Al B

| | | ol L1 | |
-1-08-06-04-02 0 02 0406 08 1
cos(fi-ar)



Type X in the right-sign limit ess-o ~ +1)

Anaav = —(1 + sﬁ:ayT)M,% + 2Mf + sp_q Y. Mj

140 F

vanishing AM

Amax = {V4r, 27, 4}

120 F

100 -

I

100 . ;
arXiv:1409.3199 |
llllIIIlIIIllllllllllllllll: zﬂ-hﬁAA hﬁAA*ﬁ4T
100 200 300 400 500 600 700 800
M N GV 50 1040 150 200
u+[GeV] m 4(GeV)

63 GeV S MA < MH =~ MHi S ZSOGQV, or MA ~ MhN MH
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Type X In the wrong-sign limit ¢.sp«~-1

 h - AA can be arbitrarily
suppressed even for M, «
My allowed up to the
perturbativity limit.

Wang, Han, arXiv:1412.4874 2 s0f

= Myt S Yy .
10 GeV s my <K myg = my+ < VATv - 4

Ahaa = —(1 + Sﬁ_ayT)M,?, + 2MZ + S'B_ayTM,% -0

140

»fh = AA h - AA™ - 41

IE;JI — IIIZ':DI — IIEIEI — IEIZ':G
mJ{{GE‘I{":}




Profile likelihood analysis

» Scanning through all the parameter space combinin

the h(125)

data, muon g-2, EWPD, theoretical constraints, and the relevant

LEP, B decay and LU limits.

2HDM parameter

Range

Scalar Higgs mass ( GeV)
Pseudoscalar Higgs mass ( GeV)
Charged Higgs mass ( GeV)
Ch—a
tan 3
A1

125 < mpyg < 400
10 < my4 < 400
94 < mpg+ < 400
0.0 <eg_q <0.1
10 < tan 8 < 150
0.0 < M < 4r
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arXiv:1507.08067 (rev.
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[ Lepton-specific 2HDM
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Tau-rich signatures at LHC

arXiv:1507.08067

e mm Im ow o M wmom]

0.2 <BR <0.4
= 0.01<BR<02
BR <0.01

* h(125) > AA = 4 tau s00p

my (GeV)

 Lepton-specific 2 5
BR{A—+AA +hsArr) '

ldlllll?ltjll|3|[j|l|q.|dl||5|[|=|||ﬁ|[:
m, (GeV)
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Tau-rich signatures at LHC

« EW production of extra Higges

tan 3 = 1.25 ( A ) 195

pp =W* = HE*A — (75v) (77 17), GeV

rp =247 ,r"‘r — HA — (77 :}{ i Region A: my+ = my + 15 GeV

pp W™ — H*H — (TFv)(rTT7), Region B: my+ = max(90 GeV, 0.8m 4 + 10 GeV)
+

pp =Z*[v* = H H™ = (t7v)(77 D).

Hf 5> AWt ps. vt¥
H - AZ wvs.ttt™

s [Gav] malGe)
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LHC14 perspective

* Production X-section & missing signature:

32&. T T T T T T T T T 1
[ o ]
B a |
00~ e 08 ]
[ ...-H"'\-\. 1
L -H"'\-\. 1
2800 e
E-. B
260 T 52 A
e [ -H,f"" ]
.\-\-H-\.'l L]
= 2400 = -
'..r:' : "\-\._\_\. :
i L ", 1
= 220= “'“*-a._% -
E P a MR ]
2 00F H--h"“‘ et ]
: = A
- ——
180 i o
[ . T
160. Region A M
T Total cross seclion “"'h--_q_ ]
s g e S s e
ldﬁ 1115' & B8O 100 120 140 163 1BD i."...'
m , (GeV)
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Tau identification and reconstruction

 Our working point: Ry, = 0.1,€pg_jers = 1% — €; = 60%

Z E}':‘Ilu

~ R<0.1 T

Rupax = max AR(p;,p;) and fege = ‘ Focalo”
Z;h;u.z T

tracks

o o] =10"E
o L — 1 (1-prong) f_. [ 2 :
— 1 [d-prong) E ; :
'-'-E‘G . E ]
B reject D][}'E <
@ ‘\\
0.05} 0¥ \\
J A 10k
i SE T TN .. 0 N N . NN PR R
b 0 02 04 06 08 1

Tau Tag Efficiency



Fvent selection cuts

ex) my = 100 GeV & my = 200 GeV

selection cuts |point C tt Wjets Z+jets WW  WZ  ZZ| total BG|S/B 8/vVBygn -1
total ooy [fb] [153.580[102 - 10° 1365 - 10° 714-10% 8125 942  112[2190- 103 - :
ng = 3 21.713| 273.27 138.59 3412.84 6.495 88.937 26.965 3947.1 - § G4
e = J 4.386 0.837 13.776  91.324 0.070 0.343 0.174 111.52] 0.04 |
Er > 100 GeV| 1.179 1.482 (1.232 1.244 0.000 0.018 0.003 2.950( 0.4 3.4
ng =mn; =0 0.857 0.163 (1.000 0.505 0,000 0.017 0.003 .688( 1.2 9.2
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Benchmark study of significance at 25/fb

point A point B point C point D point E point F
ma [GeV] [ 20 40 | 100 400 100 180
my [GeV] 200 200 200 260 260 260
total ogey, [fb] |270.980 241.830 153.580 100.430 71.271 44.163
ng = 3 6.006 16.681 21.713 7.110 11.962 8.822
T 0.894 2602 4386 0.888 2346 1.971
Hy =100 GeV| 0.201 0547 L1179  0.209 0.765 0.926
ng=n; =10 0.095 0.314 0.857 0.121 0479 0.631
S5/ B .1 (.5 1.2 0.2 0.7 (.9
S/vBysp 06 19 52 07 29 38
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Current limits & future perspective

« LHC8 constraints mostly from chargino-neuralino searches.

» Challenges to probe lighter A producing softer taus, and heavy H*/H
producing boosted A(77).

_ _ et e
&30t ok,
= | R g P F
25()_— 250-'-,:" -° " ; 250-
2001 200f 48 200f
E [ ) . 14 Te\' .LHC with 25 fb [
150F 2 15 OI' H rﬁjﬁi 15 GeV
- - = [ T T T T TN N TR TR T T N T N T
50 100 150 - 200 50 100 150 ) 200 30 T00 50 200
m,[GeV] m,[GeV] m,[GeV]

m,[GeV]



Conclusion

e 2HDM-X is still a viable option for muon g-2.
* The LU tests strongly limit the allowed region (at 20):
my = 10 =75 GeV & tg = 25 — 60.
e The SM (RS) limit requires 63GeV s my K my = myx < 250GeV.

* The WS limit, allowing 10 GeV s m, K my = myz < V4nv, IS more
preferable.
e The exotic Higgs decay h — AA™ — 41 would provide a hint.

* Tau-rich signals should be searched for with a more care, in particular,
to probe a light A.
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