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“Can the muon g-2 be explained in 2ZHDMs?”

e Back in 2001, right after the BNL announcement:

In SUSY, 0102145, 146, 147, ...

In 2HDM, Dedes, Haber, 0102297 (Type | & Il)
Cheung, Chou, Kong, 0103183, and a few more
Cao, et.al, 0909.5148 (Type X)

* Improved theoretical and experimental inputs over the years:

A, = af** — 3™ = +262(85) x 107!
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Revisit the issue with updated inputs

» The SM-like 125 GeV Higgs at LHC. arxiv:1409.3199
» Extra Higgs spectrum constrained by
EWPD, vacuum stability & perturbativity.

» New results on
B - X,y, B, » u"u~, & lepton universality tests.

Wang,Han, arXiv:1412.4874; Abe,Sato,Yagyu 1504.07059

v LHC can probe it from the tau-righ signatures arXiv:1507.08067
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On two-Higgs-Doublet-Model (2HDM)

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

a i ! J' I : l I ’
Vauom = mi, @19 + may @y®; — |”3'%21§M{I)3Z l h.c.] i Al ((IJT(I”) { AE (®T®2)

2 (cr}'[qa) (@;@E) ik (@‘1@2) (@;¢1) | { (@beg) [,xf( tIJL>
Az (@1@,) | (21@2) +hee.}.
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4 mass & 2 angle parameters in 2ZHDM

by ,= (¢12;\/—[v12 +P12+l7712]) — h(125),H, A, H*; tg ==

G® =MCs +M2Sp  h =picq — PrSa
A =1n1Sp — M08 H = p1Sq + p2cq
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Couplings of extra Higgses
» Gauge couplings: £, = gymy(sg_gh + cg_oH)VV + -

* Yukawa couplings: FCNC if Mass # Yukawa

1,2 X dil,2 1,2
Ly = y;; " P1aquf + ;) <I>1,zqidc+yf,

K (yu B +yij Sﬁ)ﬁfifjc VS. (yu Cq — yl-j;-zsa) hfifi +

CI)l,le-ejC + h.c.
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4 types of 2HDMs

Impose Z, to couple only one Higgs to each Yukawa type (d, €)

with natural flavor conservation

Oy (+), @1 (=); tr(+), dr (), er($)

' ' A A A H H H / I J
Model | uj dp €h Vi v, vi vl yl vi yh oyl b
Typel | @, b, P, Typel  cotfl —cotf —cotd R4 ~ =ma  =na cosa cosg cosg
Typell | ®y b, P, Typell  cotf tanf tanf  Sme om0 Cag oo _siho _sho
Lepton-specific | ¢, b, P, Type X cotf —cotB tanf o s cosacosacosq _sing
Flipped | &, 0, b, TypeY  coth tanf —cotf e SR dne g —dne g
[2HDMs Z my hff F A fy )
T ~Yukawa o ( lfj + ff _ < f .’5f
f=u,dl 125 GeV
I, T T
+ (VEViaH 0 (4P + =Hy4Pr) d + VEZLy ) H 7Rl + hec.
T (h T
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125 GeV SM Higgs: gypyy=sin(f —a) = 1

ATLAS 1509.00672
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Aligned/decoupled 2HDMs

4 2. &1 2 w1 f 1 1 2 1 t 4
L’QHDM = 'ﬂ'.t“(I-‘J_(I’L T ﬂ?.-zzcb-gqu 2o 1‘]:);3 + }.I.C.} + E/"Lj ((I’J_(Ijl) + E;’tg ((I’E(IJZ)
. 1 | 2 .
1k (cb’[qq) (fp;@g) A (@{%) (@;@1) -+--{§an (@1%) + [){(@}qn)
y{ (@10,) | (®}®,) + e}
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“Muon g-2 from an extra Higgs?”

» One-loop with a light H and large y,/ = tz (11, X):

GFm N :

da>'"M (1loop) = Z (y,)" rl f(r))

ol p) T i\
4n*V2 j=h,H,A H*

. ‘ ‘ roughly scales with m#!
For rf, = mﬁ/sz < 1 \_/ “
frn() ~ —lr=7/6+00CQ

A

falr) ~ +Ilnr+11/64 O(r)
fus(r) ~ —1/6+0(r) <0
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One-loop solution excluded!

 Muon g-2 requires H below 5GeV, but in
contradiction with Y - ¥y + X, B - Kuu (& Bs = up).

Krawczyk, 0208076
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"Muon g-2 from an extra Higgs?”

» Two-loop Barr-Zee with a light A and large y/ ; =~ t5 (11, X):

2HDM GF m2 em L1 2

oa, (2loop — BZ) = 47r2\/g — Z Y Q’i(T‘f)

9n,H (?“) <0

gA(T) t,b, T

T t b hH, A ,

| 1/2t32 -1/t5 1/2t§ S,
X tg 1T -
Y 1/t -1/tg -
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Muon g-2 at 2-loop In Type I & X

electron g-2 limit
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Constraints from B decays

*B - X,y

Heidelberg 2016-02-19

*B; > putu”

o —£- (Il
"t [/tﬂ X1 }[/tﬁ (1Ly)
Mt 1
5 P, + ’mbt,BPR (ILY) X tﬁmif_r (X) tﬁ (11Y) t,B (11,X)

|
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In Type I,

* 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)

- T allowed| [ |
100 by g-2 | /- 3 Br(B; » utu™)=(294+0.7) x107° @ LHC
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E 10 E_ Opal é'l _E BT(BS — 'Ll+‘[,[ ) X tﬁ/mA
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E LN -
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In Type X,

* B > X;y puts no bound on my: for tg > 2.

* B. » u*tu~ not affected if my, = 15 GeV.

» Type X at large tg, being hadro-phobic, is elusive at
LHC.

e Strong limits from precision leptonic observables like

lepton universality in Z = Il, 1 - l'vv'.

Abe, et.al., 1504.07059
Cao, et.al.,, 0909.5146
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Lepton universality & t decay

e Tree-level contribution from H*.
 One-loop corrections mediated by A, H, H=.

\% ----- -”i GT—>l — GF(l + Stree + 5l00p)
Otree = s m ml tﬁ l tﬁ K(ml /mr)

)+S,3

. Mmy+
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Lepton Universality test by HFAG e 1a27sis

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

(”) — 1.0011 £ 0.0015 . (”) — 1.0029 £ 0.0015 . (”‘) — 1.0018 + 0.0014
['m Je Je
: : _ (t»vrt/K)
e From semi-hadronic processes: ((R/K_W)
9r - . A A— dr Ao -
() — 0.0963 4 0.0027 . (—) — 0.9858 & 0.0071
Gu) - 9/ i

Jr
m

» Combining the three in (g.;/g,): (

) = 1.0001 £ 0.0014
T+1+K



LU constraining the muon g-2 region

= Two independent leptonic data and
the combined data lead to

3
ﬁ(sme = 0.0022 + 0.0017

S100p = 0.0001 + 0.0014

1
\E(Sme +V28,00p = 0.0028 + 0.0019

= The muon g-2 favoured region is
strongly limited:
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Constraints from EWPD

= Such a light 4 with heavier H/H* strongly onstrained by the “p

parameter bound:
M 1 100 i} —
M2, = Z 1 [ T | ]
| W T \/_GJ{ ﬂ[2 1 — A?,, i ,.: '1.'. IHH+ :'-I-GUGE\'_
1 - dpy f-a=05r -
ept s : ¥ J
sin 9 Pt = (MZ) sin® Oy 50 ; ~
. < =
[ L T H
Lo - _‘: Q
........ 5

2
cos- Oy
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Ay = A« —3 +...; 0
sin” Gy
2
cos” Oy :
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Akz —_— —|_ ‘- 29 —|_ ey B
sin” Oy —-50¢

80.385 £ 0.015 GeV,
-100-

'/ arXiv:1409.319)

Mexp !
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Vacuum stability & perturbativity

N\ 2
< A3+ A+ VA1 A A’fi = M2 )\5’02?

sin (3 cos 3 a

-
Ao >0, Az > —V/ A1 g,

1
\mfg(mfl — mayV/ A/ \a)(tan 5 — (A1 /X)) > OJ Migs = M+ 50°(As = M),

In the IImit of tanfB >» 1 & sin(f —a) = 1,

//12122 ~ Mf \

As

2
Lv? ~ —2M% 5 +ME +M? (1 + Sp-a¥r)Mit — 2M§ — Sp_a¥eMi < \/A1vMn

stzzME,—Mj /
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Right & wrong sign limit of Yukawas

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

S t +1
Yr = s = SB—aq — R = T

RS limit; Ve =~ +1 with S,[)’—a > tﬁcﬁ—a
WS limit; Vo = —1 with tﬁcﬁ—a ~ 2
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Type X in the right-sign limit vess-o ~ +1

Anaav = —(1 + Sﬁ:ayT)Mf, + 2Mj + sg_qy:Mj,

140

vanishing AM

120

100

arXiv:1409.3199
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2h — AA h - AA® - 4t

1
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Type X In the wrong-sign Iimit .sp« ~ -1

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

Wang, Han, arXiv:1412.4874

10 GeV s my K my ~mys S Vdmvy =7 -

Anaav = —(1+ sp_aqye)ME + 2ME + sp_gy: M} - 0
MA — 2 M3 — Apapv

Yr = —

My — My

140

120 F

100

s0 | -
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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 < my < 400
94 < my+ < 400
0.0 <cg_q <01
10 < tan 3 < 150
0.0< A\ <4r

Heidelberg 2016-02-19
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The RS vs. WS domain
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Mass distribution
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Tau-rich signatures at LHC

* h(125) > AA = 4 tau

140

10 20 30 40 50 &0

arXiv:1507.08067

- om emle . me e & K wm om ]

0.2 <BR <0.4
»  0.01<BR=<02
BR <0.01

..........

[ Lepton-specific 2ZHDM

[BR(A—+AA +h—Are) '

I N N T N T N WO U N O W | el roreh

m, (GeV)
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Tau-rich signatures at LHC

« EW production of extra Higges
pp =W 5 HEA (rEv) (), tan § = 1.25 ( gii’) + 25,
pp =27 /7" —}Hf'l—}[:?'?':]'{-l_ 7).
pp =W* = H*H — (5v)(7777),
pp =Z*4* = HYH™ = (t7v)(77 D).

Region A: my+ = my + 15 GeV

BR{H» =» AW+

Hf 5> AWt ps., vt
H - AZ wvs. ttt”

B
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LHC14 perspective

 Production X-section & missing signature:

3!5';_ - T T T T T T 1 1
. .
300- i 1
- .-h'-H.H
2 Bk H'"'& .|
~
| e
2600 T L ]
— [ '-R‘.{ . 1
= 2405 o ~d
Lo T 1
S o, L
w2 20 HH-H"'\-\.\_ -
N e |
2 M- H‘“--fﬁ‘*‘ e ]
: et R
= -\-'-\_.
1800 e J
E . ..'\"-\.. -
160 Region A i
[ Total cross sedtion . S

B g g g e e S e
ldﬁ d‘ﬂ' & B) 100 120 140 160 18O 12."...':'
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Tau identification and reconstruction

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

Z Ei'illu
11? . . &R _ _ . 1 . . =01 T
max — }Hﬂé‘: “;",l '1”'&:] allc ,_fr:m'u — E“ll“ :
racks an.:_u.;:: 4

o BG rejection
I =, <

= Fuk
TTTTTTT T T TTITIT

0 02 04 06 08 1
Tau Tag Efficiency




Fvent selection cuts

ex) my = 100 GeV &my = 200 GeV

selection cuts |point C tt WHjets Z4jets WW  WZ  ZZ|total BG||S/B S/vVBysn, -1

total ogen [fb] |153.580|102 - 10% 1365 10* 714-10% 8125 942  112/2190 - 10° . .

ne >3 21.713| 273.27  138.59 3412.84 6.495 88.937 26.965| 3947.1 . 1.7

N, >3 4.386| 5.837  13.776  91.324 0.070 0.343 0.174| 111.52|0.04 |

Br > 100 GeV| 1.179| 1.482 0.232  1.244 0.000 0.018 0.003 2.980( 0.4 3.4

ng=mn; =0 0.857| 0.163 0.000  0.505 0.000 0.017 0.003 (.688 1.2 5.2
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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 [ 40) 100 180
my [GeV] 200 200 200 2610 260 260
total ogen [tb] |270.980 241.830 153.580 100.430 71.271 44.163
ng = 3 6.606 16.681 21.Y13 7.110 11.962 K.822
T 0.894 2,602 4.386 0.888 2.346 1.971
Hy =100 GeV| 0.201  0.547  L1L.179 0.209 0.765 0.926
np =n; =10 0.095 0.314 0.857 0.121 0479 0.631
S/ B 0.1 0.5 1.4 0.2 0.7 0.9
S/vVBosg 1 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(71).

| ol
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150 200
m,[GeV]

I_E"P

.......
....

14 TeV LHC with 25 fb™'

Region A
Mp=my + 15 GeV

. .100. .
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Conclusion

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

» The most strong constraint comes from the lepton universality
tests strongly limit the allowed region (at 20):

my =~ 10 — 80 GeV & tg = 25 — 60.
* The RS limit requires 63GeV < my K my = my: S 250GeV.

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