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Introduction

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

Aa, = a — ™ = +262(85) x 107"

a lot of studies in SUSY, much less in 2HDMs (of Type | & l)...

0102145, 146, 147, ... vs. Dedes, Haber, 0102297 .
Cheung, Chou, Kong, 0103183  Cao, et.al, 0909.5148 (in Type X)

 Revisit the question with new experimental inputs:

> Constraints from the 125 GeV Higgs data. arxiv:1409.3199

» Extra Higgs spectrum constrained by EWPD, vacuum stability & perturbativity.
> Important new inputs from B - Xy, B —» ut u~, & lepton universality tests.

» Predicted tau-rich signatures need to be searched for.  arxiv:1507.08067
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2HDMs

* Two Higgs Doublets:

1 .
Dy o= (fl’fz»\/_i [Vi2 + P12 +im2]) = h(125),H,A,H*; tg = Z_i
G®=MCp +M2Sp  h =picy — prSa

A =115 —M20p H = piSq + p2cq
» Gauge coupling: £, = gymy(sg_gh + cg_oH)VV + -
 Yukawa coupling of two Higgses > FCNC if Mass % Yukawa
Ly, = yi”j’ZCquiujC + yiclj’l’zd)pqidjc + yfj’l’ZCDqliejC + h.c.
f_ 1V f2 V2 d
Mi; =i Z1Y% 5 > yi; hdidj + -
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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
D, (+), P1(—); tr(+),dr(£), er(£)

Model uly ds e, vy yl oy oy oy s yh
Type | 0, by 0y Typel — cotf —cotf —cotg 24  58g  =ig =g cmg cosg
Type [1 d, d, d, Type 11 cot3 tanp3 tan/f % o ‘; e % - :::l”; —:"(:l”;
Lepton-specific | D, D, Type X cot3 —cotB tanp  =ne e cosa. cmg cosg _sing
Flipped dy d4 0 Type Y cot 3  tanf —cotp3 % 3 jﬁﬁ’; e —% o

m — — L
LI, = = Y =L (T b rH ~ i A)
JZudt 125 GeV

2Vud _ .
—{\/_ 4. (mu 4PL—|—mdf4PR) dH " + \/_773554 vl g,

H++HC}
v v
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tan p

125 GeV SM Higgs: gnyv=sin(B —a) = 1

ATLAS-CONF-2014-010
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2HDM Type Il

ATLAS Preliminary

—— Obs. 95% CL Vs =7 TeV: [Ldt = 4.6-4.8 fo™

2HDM Type | ATLAS Preliminary 2HDM Type II ATLAS Preliminary
—— Obs. 95% CL Vs =7 TeV: [Ldt = 4.6-4.8 fo™ ——— Obs. 95% CL Vs =7 TeV: [Ldt = 4.6-4.8 fo™
X Best fit {s =8 TeV: [Ldt =203 fb” X Best fit {s=8TeV: [Ldt=20.3 fb”
- === Exp.95% CL Combined h — yy,ZZ* WW* - = Exp. 95% CL Combined h — yy,ZZ* WW*
— - 8M h — tv,bb — — SM h — t,bb
:\Il \Il\\l'\l\‘ |\||: \:\Lw “\““‘
Sl AN
gut R esG IS gut (et AR a8t \ S et
Sn\ e R e
peigut AN Ol TS
ptige! I OO RO | AT
ey usat il sutusiie ANy e uels
stes S\ Ny el asigetise WY as et e
COCRETE | AT PO | AT A
TN | O] PURORETTY | AT
X | A POt | P A0
D e AT nrte N L
1-0.80.60402 0 02040608 1 -1-0.80.60.40.2 0 0.204060.8 1
cos(p-a) cos(p-o)
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X Best fit is =8 TeV: [Ldt = 20.3 ib”
- - -~ Exp.95% CL Combined h — yy,ZZ* WW"*
— - SM h — tt,bb
T T
‘“\ [
\‘ +
\J

2HDM Type IV

ATLAS Preliminary

—— Obs.95% CL 1s=7 TeV: [Ldt=4.6-4.8 fb

X Bestfit

==== Exp.95% CL Combinedh

- = SM

Ys=8 TeV: [Ldt=20.3 o'
h —= tt,bb

CTT T

T A\ | |

0.1 ki
-1-0.80
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cos(p-a)
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Aligned/decoupled 2HDMs
Ve = m,®id, + m2,dld, — ’{@z +He)

LA (@;@1) L), (cb o )2 Y (<I> 1) (cbgcbg) ey (@’{qwg) (@;@1)

+ |:%)\5 (qv{@g) + X (el@)) (@]02) + 7 (01,) (Bld) + Hc} . yi~1

LHC Higgs data

Ir I 1l ) A A A H H H h h h
Model U dy g vl Y i Y Y Ui Yo Y Y
Typel | &, D, D, Typel (cotf —cotf —cotP) (G5 H& 35 (BF SF o)
Typell | & o, ¢, Typell  [cotf (tamB tang)| |dis  wms  cme) lome _sho _sng

Lepton-specific | @, D, 0y Type X | cot [cot tanp)[sne  sne  cosal jeosa  cose _sing

1 ( . Y. [ it [ sin a Ccos av sin o cos a o sinae cosa

F hpped I)Q (I)l Q)Q T} pe Y \('Ot .d tan -d — cot Q ?in 6] co.: 5] .:in Qil‘; 5] ::.05 3 5511‘13 5

[2HDM i (e Fe) TFEH — icl Fre £ A _ _Sa_ —t 411
Yukawa D gh ff s ngf o z'gAf /Sf Yb,x C o S,B_a ,BC,[)’—CZ -

f=u.d.t 125 GeV g
SM (right-sign) limit
V2V _ - fmm_ ) (right-sign) limi
— U (mu&4PL + ma&iPr) dH . v lrH™ + H.c. vs. Wrong-sign limit
Ferreira, et.al, 1403.4736
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Muon g-2 with an extra Higgs at 1-loop

* A light H and large y; = tg (11, X):

o2 Exclusion 95%C.L. for h in 2HDM(II)
F N ,
Sajy"™ (Lloop) = =% > () g T
47T 2 j=h,H7A,Hi 100 - Tefvai ron
. ‘ ‘ roughly scales with m,#! F - Vg
For TfL _ mﬁ/sz < 1 \—/ W | gllowed o
—~ - byg-2 .J Delphi
T 40 ot SbR
fou(r) ~ —lnr—7/6—|—0(7‘ 2 Opal |
S C i
fa(r) ~ +Inr+ 11/6—|—O(r) S | -
fus(r) ~ —1/6+0() <0 T Upsion
| N ]
eta Z->h gamma]
0.1 L ul T R
. 01 1 1 100
» Requires H below 5GeV - Excluded! W ey

Krawczyk, 0208076
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Muon g-2 with an extra Higgs at 2-loop

» A light A and large v/ = tg (II, X):

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

T t b
QA(?“) |1/t -1/t 1/t H, 1. (g)
[ R at -
X g 1 - / | N

Y 1/t§ —1/t§ -1

* A light A and large t; - B, tau decays (LU) & LHC searches.
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electron g-2 limit

Muon g-2 in Type Il & X

100 —— S —
2HDM Type-II
80| 80}
60 f 60
Q, 1 Q, -
= =
S = .
40+ 40t
20F .~ h — AA 20}
ﬁ arXivi1409.3199 |
0 20 40 60 80 100 0 20 40 60 80 100
M, [GeV] M, [GeV]
my, (my) = 125 (200) GeV
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Constraints from B decays

*B; > utu”

t | 1/t (XD | (1/t5 (1Y)
m
t_BtPL‘l'mstPR (1Y) ty (L) || tg (LX)
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In 2HDM-|,

* B - X,y puts a strong limit of m,+ > 480 GeV. Misiak etal, 150301789
e B, » utu~ excludes the muon g-2 region.

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

- T allowed| [ |
100 | by g2 | i 3 Br(B, - utu™)=(294+0.7) x107° @ LHC
 Aleph R T Del pgievaftmn
E 7\/;"‘."\ - 4 4
© 10 ' Opal ; ' BT(BS - [.l+[,t ) X tﬁ/mA
- K f - Excludes tg = 7 for my < 70 GeV.
i L Upsilon 1
- Wmeammal K rawczyk, 0208076
01 b vt e
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.

» Strong limits on tg/my+ from Lepton Universality tests: Abe, etal, 150407059
Cao, et.al, 0909.5148

| H !
Vo eS—— - - - _ 1/
T\% T ‘ Gro1 = Gr(1 + Stree + O1o0p) Krawczyk, Temes, 0410248
V. Vs
2,,2 2

Sprpe = Lt L 42 42 /2
] tree SmiIi 5 mIz{i B ( l/ T)
(.-ZjU ']
T I~ W 5
AD—m—D— T > . GFm‘lz,'tﬁ 1 mgy 2 mgy 2 mpy
T(v;) \‘.h _T(vr) j"’H:\M< 5loop - 16v2 72 <3 * 2 [G (mHi) T *p-a G mp+ * C'B_aG my+
¢°(H") Vr |
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Lepton Universality tests e sz

e From pure leptonic processes: | = l'vv Note) Only two ratios are independent

(ggl> =146, Oy, =0001140.0015, & /.= 0.0029 £ 0.0015, §,,, = 0.0018 + 0.0014
ll

 From semi-hadronic processes: &=/ (g_) =1+ 67K
K

(m/K-uv) du /U

K _ ’ Thanks to A. Lusiani
T/u —0.0142 + 0.0071, 6T/u— —0.0037 + 0.0027

 The redundant direction to be projected out: (8= 8ce + 8use)/V3
-- consistent with zero best-fit value and zero eigenvalue of the covariance matrix
* Two independent orthogonal directions:

81 = By + 80/0)/V2 83 = (=8 + 8rje +28,,0)/V6
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LU constraining the muon g-2 region

= |n 2ZHDM-X; _
1 140 F
6; = ﬁcstree + \/Edloop: [

02 = Otrees *Z-T/u = 511-<//,¢ — 5loop

» Construct the 4x4 covariance matrix
to constrain (mA, t[;) for given my = my+

= Viable only at 2g,
but still a large region allowed
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Constraints from

.2 plept 2 s 2
sin® 0.¢" = ki (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.

EWPD

100

100
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Vacuum stability & perturbativity

/
Ao >0, Az > —V/ A1 Ag,

N

m%?(m% — m%? V A1/ A2)(tan 8 — ()\1//\2)1/4) > 0

As

)\5’U2j

/ ) 2 M
< A3+ M+ VA1 A M7 =

/

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

//12122 ~ Mf

~

A3v? = 2MZ e — (1 + sp_oy]')ME + sp_a V" MF.

Aqv?* = —2M? .+ +MF +M

\/15172 ~ M7 — M

/
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)

sin 3 cos 3 B

1
Mz = M3 + 51;20\5 — \y).

As — A3 — Ay
>(1 +(sp_a¥')Mf — 2M

< A2,
Sg—ali Mizl < \/A_lth

+1
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Type X In the SM (right-sign) limit ofss_o ~ +1)

Apaal = A—(l + Sg_qyl')ME + 2M; + M?

140

vanishing AM

Amax = {\/471',271',471'}

120 F

100

— 500 ]
c [ Preliminary

© 400 = sl ]

= Y A 23

300 ol !
200 ol
100 , ] ;
arXiv:1409.3199 | 20}

100 200 300 400 500 600 700 800 ' % 100 = o

MH+[GEV] mA[GeV}

63 GeV < My K My ~ My+ S 250GeV, or 2 M + Mf~2M§p
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Type X In the wrong-sign limit o/ sp-. = -1)

4 —Mj >0

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

Wang, Han, arXiv:1412.4874

10 GeV = my <K my =~ my+ < V4nv

m 4(GeV)
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Scanning analysis

« Scanning through all the parameter space combining the h(125)

data, muon

the relevant LEP and B decay limits

Capri 2015-09-11

-2, EWPD, and applyi

ng theoretical constraints and
?excludmg the LU data).

2HDM parameter

Range

Pseudoscalar Higgs mass ( GeV)

Scalar Higgs mass ( GeV) 125 < mpy < 400

Charged Higgs mass (GeV) |94 < mpg+ < 400

Cl—a 0.0 <ecg_q<0.1
tan 3 10 < tan 8 < 150
A 0.0 < A\ < A4r

10 < my4 < 400

"Muon g-2 in 2HDMs"

EJChun@KIAS
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= e .
-:
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—3h
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0.10prrr
L 'kl,
0.08- | .
L [
—0.06E% [ -
7 S
2 = '
2 { Lepton-specific 2HDM 1
< 0.04 : -
\“- . .
. WS_limit
0.02F T A
0.00! > T e |
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m, (GeV)
3- T T T T T T T T T ]
Lepton-specific 2HDM ]
o :
1 [ ]
' RS limit :
wo o ]
1k ]
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_ 3l
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Tau-rich signatures at LHC

pp =W = HEA = (%) (rH77). tan 3 = 1.25 ( (”“{) o5
_T{_\ !
% | JE N R . VR
pp —Z ;’f = HA — (777 )(‘ T). Region A: my+ = my + 15 GeV
pp —?'Iri* — HiH — (_T:L”) (’T_’T_). Region B: myg+ = max(90 GeV, 0.8m4 + 10 GeV)

pp =27 |y — HTH™ = (t7v) (77 1),

point A point B point C point D point E point F
ma [GeV] 20 40 100 40 100 180
2 M oo 20 — my [GeV] 200 200 200 260 260 260
o ren) < S total ogen [fb] |270.980 241.830 153.580 100.430 71.271 44.163
| o ne > 3 6.606 16.681 21.713 7.110 11.962 8.822
ool i T n, >3 0.804 2,602 4.386 0.888 2.346 1.971
- Hr > 100 GeV| 0.201 0547 1179  0.209 0.765 0.926
ny=mn; =0 0.098 0.314 0.857 0121 0479 0.631
[ S/B 0.1 0.5 1.2 0.2 07 0.9
A ST N e S/ Bz 06 19 52 07 29 38
1 0 0.15 0.2
frce Roen
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Current limits & future perspective

« LHC8 constraints mostly from chargino-neuralino searches.
« LHC14 with 25/fb, 60% of tau-tagging efficiency.
* Requires a boosted di-tau tagging (4 — t1) to probe my < 50 GeV.

arXiv:1507.08067

%} 00F 8§ TeV LHC with 20 fb™

L_J‘_ Region A

= My =mg; + 15 GeV

g aD aE aF
250F
2008+ uB C 05% CL.
150-..|....|....|....

50 100 150 200

m,[GeV]

N 8 TeV LHC with 20 fb!
L Region B
i my;.=max(90,0. 8m A—lO)

I R R
50 100

MR B
150 200
m,[GeV]

l_]::'"'

.3

14 TeV LHC with 25 fo!
Region A
my=my + 15 GeV
" PR R PR BT T T |
50 100 150 200

m,[GeV]

';‘
g I
250fF
200F
: 14 TeV LHC with 25 fb™
SO, 4 s
50 100 150 200
m,[GeV]



Conclusion

« 2HDM-X is still a viable option for muon g-2.

» The LU tests are not compatible at 10, but still allow a large
region at 2o.

* The RS limit requires 63GeV < my K my = my+ < 250GeV.

* The WS limit, allowing 10 GeV s my K my = my+ S V4nv, Is
more preferable.

e The exotic Higgs decay h —» AA™ — 41 would provide a test.

. IDerc]jicated searches for tau-rich signals are required to probe
ight A.



Back-up
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300

Pl I =S Pl
0.2<BR <0.4
0.01 <BR <0.2
BR <0.01

my (GeV)

Lepton-specific 2H
140LBR(h—AA +h— A77) E &

10 20 30 40 50 60 70 80 90
m, (GeV)

FIG. 4: Plots of the SM-like Higgs exotic decay Br(h — AA) (for ma < my,/2) and Br(h — A7777)
(for mp /2 < ma < my,.). All the scatter points satisfy the constraints described in the text in 20.
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BR{H+ - AW+)

my[GeV]
mulGeV]

FIG. 5: Contour plot of branching ratio Br(H™ — AW ™) and Br(H — AZ). Br(HT — AW™) +
Br(H™ — 77v) ~ 1 in Region A. The relation tan 5 = 1.25m 4 + 25 is used.
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320 32071 T T T T 7] S - _Slgnal
b = —Z+jets
soof ‘ - = .
- s —W-+ets
(W 0 —_
280f E‘ €|L| 2 I"._: %10 —ft
- = | o I||: _ .
260F \ mA=100 GeV
— | | ".; E mH=200 GeV
% 2400 | f ] Z
O] I| | ]
a0k I ] 5
ﬁ-.. 220 Il |I ] 10 2 -
200F | |I 3 -
\ \ ] -
[ 180F \ I'. . |
X . 1 i \ -
150 Region A ] 150 Region B \ \ ]
[ Total cross section ] Total cross sectié‘ \ ] 10—3 . 0 o
1430 4|0 EIU BIU 1EJU l|20 1:10 IIEU lIBU 200 14[}0 f-'l-IU EID BIU 1EJU l|20 1:10 1I60 léﬂ 200 0 "00 ) 400
m, (GeV) m 4 (GeV) ET[Ge\."]

FIG. 7: Total signal cross section dependence in m 4 vs. my plane in Region A (left) and Region
B (center). Right panel: Missing transverse momentum distributions for the signal benchmark
point C (ma = 100 GeV and mpy = 200 GeV in Region A) and various BG processes.
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= 1 = 0.1 cl07E
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reject i reject {310 E
m =
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1 GO 0.15 0.2 10 0.2 04 06 08 1

foore R Tau Tag Efficiency

FIG. 8: ROC curve for our 7-tagging algorithm. Our working point is denoted with a filled square,

where 59% efficiency with 1% mis-identification efficiency for QCD jets is obtained.
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selection cuts |point C tt

W+jets

Z+jets WW - WZ

total BG

E;fB S/\/Egsfb—l

total oye [fb] |153.580[102 - 10° 1365 - 10° 714 -10° 8125 942

2190 - 10°

ne > 3 21.713| 273.27
ny > 3 4.386 H.837
Hr > 100 GeV| 1.179 1.482
ng=mn; =10 0.857 0.163

138.59 3412.84 6.495 88.937 26.965
13.776  91.324 0.070 0.343 0.174
0.232 1.244 0.000 0.018 0.003
0.000 0.505 0.000 0.017 0.003

3947.1
111.52
2.980
0.688

0.04
0.4
1.2

1.7
2.1
3.4
5.2

TABLE III: The number of events after applying successive cut for 14 TeV LHC. Benchmark point
C (ma = 100 GeV, myg = 200 GeV) is shown for the signal. The significance quoted is based on

integrated luminosity of 25 fh—1.
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