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THE QUESTION

e Higgs is the only scalar in the SM

e can it be the (dominant) portal to dark
matter?
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OUTLINE

e light dark matter ( mpmsmp/2 )
¢ invisible higgs decay?

e heavy dark matter ( mpm=zmu/2 )
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THE MESSAGE

e for thermal relic light DM (mpy=m/2)

¢ Higgs portal can be the dominant
coupling only if there are other new
light particles
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MINIMAL HIGGS PORTALS

e add to SM a single Z,-odd neutral DM field

Patt, Wilczek, hep-ph /0605188

® ascalar ¢, fermion 1, vector V,

Heff = NH'H x ¢'6,

Hif/f — THTH X Y1) + APHTH X 1/;751,0

Heff - EHHTH X V”V

g

-

. . : 1
e after EWSB coupling with the Higgs [H "H — 7 (vEw + 2vewh + A7)

4

* minimal Higgs portal assumptions

e that EFT expansion is valid: A»vew,mpm

® these are the dominant DM-SM interactions (early

universe & collider)
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LIGHT DM AND MINIMAL
HIGGS PORTAL

e minimal Higgs portal excluded for light DM ( mpm=mi/2 )
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LIGHT DM AND MINIMAL
HIGGS PORTAL

e minimal Higgs portal excluded for light DM ( mpasmp/2 )
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LIGHT DM AND MINIMAL
HIGGS PORTAL

e minimal Higgs portal excluded for light DM ( mpasmp/2 )
)
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HIGHER DIM. OPERATORS

e would the situation change if vgw//A expansion started with
higher dim. ops? Greljo, Julio, Kamenik, Smith, JZ, 1309.3561

e first perform NDA

® canonical dim. d=4+n of the relevant interact. operator

H 2 0
Hot = 15 +]

e for mpm<my/2 the invisible Higgs Br

r M)
g i 103 Mp 2n h
{ B(h — invisible) ~ 10 ( i ) J _______________
® the normalization 103~1/y;? from Higgs [, . DM y

e assumes all c~O(1)

® two body h—inv. kinematics
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DIRECT DETECTION AND
HIGHER DIM. OPERATORS

e current constraints from direct DM detection experiments

(" )

<Odir> a 102 (@)Qn (mDNI)m’BQm'

<Udir>excl. A mp

e assumes SI scattering (constr. stronger than for SD)
e numerical factor due to XENON100/LUX bound

e will increase in the future

® mpm/my and DM velocity f~10-3 suppressions are
operator dependent, but always <1

e the my//A suppression the same as in Br(h—inv.)

e at present h—inv. stronger constr. for light DM than direct
DM detection for any operator dimension
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THERMAL RELIC

e if DM is a thermal relic

e~ 3 () (22)
Zann® 32 \ A mp "oh

® here k>k,,;,=0(2) for scalar/vector (fermion)

® the scaling with A the same as for Br(h—inv.)

( B;lnws ) N ( my, )k—kmin< B;lnvis. )
<Uann.v> n mpMm <Uann_v> Mmin

e since k>kui» the Higgs constraints only become
stronger for higher dim. operator

e based on NDA higher dim. ops. cannot reconcile
Higgs portal DM with Br(h—inv.) constraints
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UNDERLYING ASSUMPTIONS

* Br(h—inv.) places strong constraints on
Higgs portal DM

* underlying assumptions
e that i—=DM DM decay is possible
® 1 is the only light new particle

® Higgs couplings to the fermions are
the SM ones
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SUPPRESSING INVISIBLE
HIGGS DECAY

Greljo, Julio, Kamenik, Smith, JZ, 1309.3561

e three possibilities to suppress h—=DM+DM

® DM annihilation not predominantly through ops.
involving Higgs

e orthogonal to the Higgs portal idea
e kinematically forbidden because DM is heavy, mpy>my/2

e if the dominant oper. such that h—=DM-+DM forbidden,
but h—-DM+DM+Xsum allowed

e will work in EFT
® set aside model building of how this arises

® 90 through the list of lowest dim. operators
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HIGGS VECTOR CURRENT

the simplest that h—>DM+DM+Xsuy from Higgs vector current

HBer = mtHeE — B BrE o

g

(viw + 2vewh + h?)Z*
2Ccw

J. Zupan On Higgs portals...

the ops. of lowest dimension

-

1/2
Heﬁ' o

\—

¢ gt'D L H x 19 g,

A2
V

AQzHT(T)’ H x Pyt +

Heff —

CA 5 sy
—zH D H X Yy vs¢

1
Heff

iHTD H x V, 3 V.
J

induce a 3-body decay h—>DM+DM+Z but not h—=>DM+DM

allowed for mpm<(my-mz)/2=17GeV

excluded by LEP Z—E.iss measrmnts, except for fermionic
DM with vector int. and 14GeV<mpu<17GeV

this excluded by direct DM detection
Triumf, Dec 13, 2013



HIGGS VECTOR CURRENT

o the simplest that h—=DM+DM+Xsm from Higes vector current
St 4 -~

e Fermionic DM (cy =1, c;;=0) W) 2"
e the 10~40 -
B T e 20701186 )
~ 10 -42 | '\ 'o.' ..............
£ | LY }
3 . v P
= 10_445\"\_\ _______...---"""_'— : (I
b | e
XENON100
10_46K &
48' XENONIT (Y —
* i 1075050 100 200 500 1000 [FDM
L mpm (GeV) )

® excluded by LEP Z—Eiss measrmnts, except for fermionic
DM with vector int. and 14GeV<mpu<17GeV

® this excluded by direct DM detection
12
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SCALAR AND TENSOR
CURRENTS

* Jowest dim. ops

_Js |

Ho = 1517 x 66 +h.c,
H1/2 fﬂbI\S fP S fT T TR | ),
off = 73l X PP+ A31“ xw%w+ﬁrwxwa ¥ + h.c,
Hig f‘;rswi + h.c.,
\_ A y

'DQ, H'EL, H"UQ, T, =H'D0o.Q, H'Eo,L, H*Tﬁaqu)

e ficouplings taken to be the SM yukawas
e would give small Higgs Br, e.g. Br(h—=DM+DM+bb)~107
e DM detection bounds:
® exclude all interactions except fy! and fy* for fermionic DM

e also not excluded by Fermi-LAT
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ficouplings taken to be the SM yukawas

would give small Higgs Br, e.

DM detection bounds:

g. Br(h—=DM-+DM-+bb)~107

® exclude all interactions except fy! and fy* for fermionic DM

also not excluded by Fermi-LAT
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Fermionic DM (f}=V2 m/vew, f,'=0)  |DM E
= | ' 50R
......... XENONIOO . _.oec.-- |
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[FS:HTDQ, H'EL, H'0Q, TT, = H'D0,Q, H'EouL, H'U0,,Q j

e ficouplings taken to be the SM yukawas
e would give small Higgs Br, e.g. Br(h—=DM+DM+bb)~10-7

e DM detection bounds:

® exclude all interactions except f,! and f," for fermionic DM

* also not excluded by Fermi-LAT

J. Zupan On Higgs portals...
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e ficouplings taken to be the SM yukawas
e would give small Higgs Br, e.g. Br(h—=DM+DM+bb)~10-7
e DM detection bounds:
® exclude all interactions except f,! and f," for fermionic DM

* also not excluded by Fermi-LAT
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WEINBERG-LIKE OPERATOR

 completely invisible Higgs decay from

[LiLj H*H lﬁz’kﬁjl X Odarka]

-

\_

O = L LiLi HE Hleye sy x 410,

A3
M2 = jg\ﬁ L' H*Heje x Pnp +
Het = 13 TV DLIH*H'epej x V,V,

A4

% Y L'LIH*Hlejeq x igrys,

e all except gy" lead to v masses at 1-loop

e for gy with correct relic DM abundance:

Br(h—DM+DM+vv)~10-

J. Zupan On Higgs portals...
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LOW SCALE

e all the surviving operators have low scale for
correct DM density

10 1520 30 50 70 100 150200 300
MpM (GCV)

\ _/

e — Jextra new light particles

J. Zupan On Higgs portals... 5 Triumf, Dec 13, 2013



VIABLE HIGGS PORTAL
MODELS

e EFT analysis:

e Higgs portal DM models need to have more new
particles beyond just DM

e three concrete examples
® two that match onto EFT
e leptophilic model = Weinberg-like oper.

e type Il 2HDM-+scalar DM=>scalar Higgs current
oper

® one that violates EFT

® SM-+scalar DM+ extra scalar lighter than DM

J. Zupan On Higgs portals... 16 Triumf, Dec 13, 2013



LEPTOPHILIC MODEL

e SM-+Dirac fermion DM y+triplet scalar A+singlet scalar ¢

(¢~ (1,1,0, ¢~(1,1,0, A~(131)
s ~
- A+/\/§ At

( AD —A+/\/§)
. _/
e the terms that generate Winberg-like operator are

m2 s e : . ARAY
[ﬁ = 7¢¢2 —mATTATA —mpygy + [i:tﬂ/)%i//fﬁ + AH'H €, A%y + fap Lo Ly€irArj + h-C-U

e from which one obtains after integrating out A, ¢

LLiLijHleikejl X Z'E%lbj

J. Zupan On Higgs portals... 1% Triumf, Dec 13, 2013




LEPTOPHILIC MODEL

the h—inv. and DM DM—Xsp are now decoupled

the correct relic density from Yi—vv

® requires significant
P-AY mixing

e note: does not proceed
through h resonance

\_

~N
<l <
=4 X
< x@
ﬂ
Y,

(" 400 )
350 maximal mixing e
>
)
S
£
3
<
3
100
10 20 30 40 50 60
. mpym (GeV)

to avoid h—inv. bounds (and direct DM detect. in the future)

® need to suppress ¢-h mixing

e fine tune ‘uH*qu term to zero

J. Zupan On Higgs portals...
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type I 2HDM + Z; odd singlet scalar S=DM

DM directly couples to the Higgses

2HDM + SCALAR DM

[Hl SRT1D) . Hare0:3000); Held, 1,0)]

Vil @SQ(HTHI) As2 SQ(HTHQ‘)]
DM annihi]_ation through h and H
iaann o (gssn/mj,+gssu/ m?{)Qj
® from Br(h—inv.) gssp<0.01
® correct relic abundance ¢gssy~O(1)
o

enough freedom to arrange for this fine-tuned solution

’f
gSSh

| 9SSH

Ag1sinacos 8 — Agg cosasin 3,

—Ag1cosacos B — Agosinasin 3.

J. Zupan On HFIggspoTtans...
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20 ————r——————r—r——r——r—r—r—r—1—r—r—r—
correct relic abundance, with gSSh—O
1.5 v aauuo... my=300GeV
- | L L
type O‘wz 1.0
Pt emmnnn.. . ME=200 GeV
0.5
DM )
3 1 2 1 R
10 20 30 40 50 60
DM MpMm (GCV)
\

[O'ann o< (gssn/mj, +9ssu/ m%r)zj

® from Br(h—inv.) gssp<0.01

® correct relic abundance gssy~O(1)

® enough freedom to arrange for this fine-tuned solution

'f

9SSH = —AS1C0SQCOS B — Agosinasin 3.

gssh = AsiSinacos 3 — Ago cosasin 3,
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DIRECT DETECTION BOUNDS

e direct detection also receives contributions from h and H
exchanges

e can cancel the two for a particular choice of @ and tanf

® e.g. to cancel the scattering on protons
e

tano _f§+f§’+f§’
tanf fut:fc+ ffj

e for decoupling limit B-a=7t/2 this requires tanf=0.6
® up to O(5%) this valid also for neutrons
® enough to suppress direct DM bounds

e note: unlike IVDM this cancellation valid also for light nuclei

J. Zupan On Higgs portals... 20 Triumf, Dec 13, 2013



Scalar DM

10-41§r ............ W, T TON BOUNDS

-
....
e
“eu
e
s

tributions from h and H

10 20 50 100 200 500 1000 [T choice of a and tanf
mpym (GeV) protons
_ Y
s ~

e for decoupling limit B-a=7t/2 this requires tanf=0.6
® up to O(5%) this valid also for neutrons
® enough to suppress direct DM bounds

e note: unlike IVDM this cancellation valid also for light nuclei
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Scalar DM g DM direct detection suppression A
e | | | Xe
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e for decoupling limit B-a=7t/2 this requires tanf=0.6
® up to O(5%) this valid also for neutrons
® enough to suppress direct DM bounds

e note: unlike IVDM this cancellation valid also for light nuclei
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Scalar DM 4 DM direct detection suppression 1
PR S S R R G s RO S
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{0 Il . | ! [ ! I 0.1 Si
, = |
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e for decoupling limit f-a=7t/2 this requires tanf=0.6

® up to O(5%) this valid also for neutrons

® enough to suppress direct DM bounds

e note: unlike IVDM this cancellation valid also for light nuclei

J. Zupan On Higgs portals...
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GLOBAL FITS WITH HIGGS
DATA

e can perform the global fit with Higgs
data and direct detection bounds

30¢ : —
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no direct j
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SEARCHING FOR THE HEAVY
HIGGS

e to have the right relic density:heavy Higgs couples to DM
® = Br(H—inv.)=100%
e perturbativity bounds my=850GeV (450GeV) for gssy=4m (4)

e in decoupl. limit no HVV coupl,, so pp — Zh — [+I-inv.
does not apply

e dominant production at LHC ¢¢ — H(#%)

e for ft+MET and mpy = 200, 300 GeV xsec is o= 29fb, 7.7fb
(LHCS8) and 0= 150 fb, 51 fb (LHC14)

e for g¢ — H+jet predicts 0(gg—Hj)x B(H —inv)/osm=2.7

J. Zupan On Higgs portals... 22 Triumf, Dec 13, 2013



SM+DM+EXTRA SCALAR

add to the SM two real scalars, ¢ and S(=DM, Z,-odd)
(¢~ (1,1,0), S~ (1,1,0))

: f A
mass eigenstates | 5, = hcosa+ ¢sina,

hy = —hsina + ¢cosa,
g W,

a constrained by LEPD, | sina | < 0.13(0.2) for my2 = 20(50)GeV

in the Lagr.: [V 5 %HTHSQ n %&Sa

® relic abundance from SS — hyhy, governed by

(E\p = Ag cos? a+ \j sin” a)
® Br(h — inv.) governed by

()\h = A5 cOs & — \g sin o

also additional h decay channels from h; — hyhy ho — b'b
J. Zupan On Higgs portals... 23 Triumf, Dec 13, 2013
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o

a constrained by LEPD, | sina | < 0.13(0.2) for my2 = 20(50)GeV

e inthe Lagr.: [V 5 %HTHSQ n %qbZS%

® relic abundance from SS — hyhy, governed by

(g‘p = \g c0sZ o+ A5 sin? a)
® Br(h — inv.) governed by

( A, = A5 cosa — \g sin o)
also additional h decay channels from h; — hyhy ho — b'b
J. Zupan On Higgs portals... 25
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e inthe Lagr.: [V . %HTHS2 n 7¢2Sj

® relic abundance from SS — hyh;, governed by

(}p = \g cos? o+ A5 sin? a)
® Br(h — inv.) governed by

( A, = A5 cosa — \g sin o)
also additional h decay channels from h; — hohz ho — b'b
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RECAPITULATE

e viable Higgs portals:
® require extra light states

® may need fine-tuning to avoid
bounds

® though not always (SM+DM
singlet)

J. Zupan On Higgs portals... 24 Triumf, Dec 13, 2013



MODIFYING FLAVOR
STRUCTURE

Eby, Uttarayat, Wijewardhana, JZ, work in progress

e another interesting possibility is to modify the flavor structure

e if the Higgs couplings to fermions are not the SM ones

e.g. changing hbb

bounds on h—inv. tight enough that the min. Higgs portal still
excluded

crucial Z(h—inv.) associated production

e flavor violating Higgs couplings

from mixing tightly constrained, so b—=s+MET, s—>d+MET
bounds saturated for O(10) DM-Higgs couplings Kamenik, Smith, 1111.6402

for (minimal) Higgs portal thus FV irrelevant

FCNCs could be important if other mediators or more

complicated DM sector Nelson, Scholtz, 1311.0040

J. Zupan On Higgs portals... 25 Triumf, Dec 13, 2013



s
Technique Coupling Constraint
Vil IVl < b0 x10™
D" oscillations [48]
|de|2, |YM|2 b o ||
BY oscillations [48]
Y Yo <33 %107" na, JZ, work in progress
|Yaol?, [Yas|? <18x107°
d B?Y oscillations [48] ure
: |Ye Yis| i 150 |1
1 :
Re(Y2), Re(Y2) [-5.9...5.6] x 10-10
® » a
Im(Y?2), Im(Y2) [-2.9...1.6] x 10712
K oscillations [48] ds < ] :
o Re(Y;.Yea) —5.6...5.6] x 10~11 al still
Im(Y},Ysa) —1.4...2.8] x 10713
P \/|Y2| + |Ya|2 s 1
single-top production [49] 5
f \/Il/t%zl Sk |Yut|2 <16
VIYEl + [Yal? <0.34
° t — hj [50] t; x T
VYl + Yl =09 nenik, Smith, 1111.6402
[YutYet|, |YeuYec| i A5 |
o DY oscillations [48] |YiuYet|s |YutYiel <22x10"°
o Ve Yiu Yer Yic| /2 < 0.9 x 1073
neutron EDM [37] Im(Yut},tu) <44 X 10—8 b, 1311.0040
\_ Harnik, Kopp, JZ, 1209.1397
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crucial Z(h—inv.) associated production

e flavor violating Higgs couplings

J. Zupan On Higgs portals...
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from mixing tightly constrained, so b—=s+MET, s—>d+MET

bounds saturated for O(10) DM-Higgs couplings

for (minimal) Higgs portal thus FV irrelevant

FCNCs could be important if other mediators or more
complicated DM sector

25

Nelson, Scholtz,

1311.0040
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HEAVY DM AND MINIMAL
HIGGS PORTAL

e minimal Higgs portal for heavy DM ( mpu=mi/2 )
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HEAVY DM AND MINIMAL
HIGGS PORTAL

e minimal Higgs portal for heavy DM ( mpu=mi/2 )
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HEAVY DM HIGGS PORTAL

Lopez-Honorez, Schwetz, JZ, 1203.2064

e invisible higgs decay bounds no longer

relevant

e at present direct detection relevant only for
fermionic DM

e the limits depend on the relative size of
parity even and parity odd operators
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see also Pospelov, Ritz, 1109.4872

PARITY EVEN HIGGS PORTAL

e for minimal parity even fermionic Higgs portal
® DM needs to be heavier than ~2TeV
e assumes EFT valid

e invalidate EFT and one can still have parity even
fermionic Higgs portal

e illustrate this in SM+Majorana x+scalar singlet
e resonant Higgs portal xx—H,—>SM+SM
¢ indirect Higgs portal xx—HH, HH,—>SM+5M

ey 1 Bro, . x y 1“§}\1'1 . F%IZI
T SMBSM 1 = COS . and 719 =sin” o v
H; Hi—X H; H2
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my, =125 GeV, my, =2000 GeV and gp=0 see also Pospelov, Ritz, 1109.4872
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CONCLUSIONS

e viable Higgs portals with light DM
excluded require other light states

e for heavy fermionic DM Higgs portal
several ways to evade bounds on parity
even case
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Fermionic DM (ff =\/7 me/VEw, f;; ’P=O)
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NEW STATES

e the new states
® ¢ — A% mixed states, with masses m;>

® A+ or A+t particles

e have masses O(100) GeV for light DM
(depending on couplings)

e can have other phenomenological consequences
® e.g.in a flavor model could lead to FCNCs

® la T lby and l_a SR l+b l_c l_d
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