DARK MATTER
COUPLING TO
ELECTROWEAK
GAUGE
AND HiGas

DARK MATTER COUPLING TO Bosans
ELECTROWEAK GAUGE 3. Onew
AND HIicGs BOSoONS

Jing-Yuan Chen

Department of Physics
University of Chicago

chjyQ@uchicago.edu

Based on arXiv:1305.0021 in collaboration with
Edward W. Kolb and Lian-Tao Wang.

Sept. 20, 2013



TABLE OF CONTENTS

MOTIVATION

ASSUMPTIONS

EFFECTIVE OPERATORS

RESuULTS

CONCLUSION




MOTIVATION - METHODOLOGY

Two methodologies in dark matter particle theory

DARK MATTER
COUPLING TO
ELECTROWEAK
GAUGE
AND HiGas
Bosons

J.-Y. CHEN

MOTIVATION



MOTIVATION - METHODOLOGY

Top-Down |

UV complete QFT model for dark matter;

its connection with Standard Model (SM) particles;
Phenomenology of the model.

Two methodologies in dark matter particle theory

DARK MATTER
COUPLING TO
ELECTROWEAK
GAUGE
AND HiGas
Bosons

J.-Y. CHEN

MOTIVATION



MOTIVATION - METHODOLOGY

Top-Down |

UV complete QFT model for dark matter;

its connection with Standard Model (SM) particles;
Phenomenology of the model.

Two methodologies in dark matter particle theory
Bottom-Up 1

Effective operators capturing DM-SM effective coupling;
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MOTIVATION - METHODOLOGY

Two methodologies in dark matter particle theory

Bottom-Up T‘
Effective operators capturing DM-SM effective coupling;
Model-independent study of phenomenology.

In this presentation we adopt the bottom-up methodology.
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€.g. M. Beltran et. al., JHEP 1009, 037 (2010).
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MOTIVATION

DM f
Why not...?
Dominated by higgs and
electroweak gauge fields is no
oM less plausible!
There are such UV complete
DM models, e.g. C. Jackson et. al., JCAP

1004, 004 (2010).

It is worthwhile to study the
DM effective couplings to electroweak and higgs bosons.
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MOTIVATION - INDIRECT DETECTION

Fermi-LAT
possible indirect detection signals

For example, the suspected 130GeV
photon excess as a possible signal of DM | i
annihilation. iﬂ

€.g. T. Bringmann et. al., JCAP 1207, 054 (2012);
C. Weniger, JCAP 1208, 007 (2012).

(figure from 1204.2797)
Energy spectral line = 2 particles final state,
at least one photon.

i.e. the photon is likely a product directly from
annihilation, rather than the decay product of some

heavy particle.
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o ACDM universe, WIMP DM.

@ Only one species of stable DM particle,
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ASSUMPTIONS ON DM PROPERTIES

o ACDM universe, WIMP DM.

@ Only one species of stable DM particle,
maybe complex scalar, Dirac or Majorana fermion.

@ The stable DM particle is SM gauge neutral.

@ DM sector does not participate in electroweak
symmetry breaking (EWSB).
A similar EFT study but with DM sector involved in EWSB has been

considered in R. Cotta, J. Hewett, M. Le, and T. Rizzo (2012),
1210.0525.
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Since this is an effective operator study, we consider
“dominating behavior” in the following senses:

o DM-SM coupling dominated by one effective operator.

@ 2DM—2SM annihilation only.
o energy spectral line < 2 particle final state.
o final states with more particles are “phase space
suppressed” in annihilation rate.
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Since this is an effective operator study, we consider Bools
“dominating behavior” in the following senses: o G

o DM-SM coupling dominated by one effective operator.
@ 2DM—2SM annihilation only.

e energy spectral line <— 2 particle final state.
o final states with more particles are “phase space
suppressed” in annihilation rate.

ASSUMPTIONS

o Tree-level diagrams, with only one DM-SM effective
operator vertex.
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General form of effective operators

/\4_(dDM+dSM)JDMJSM.
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General form of effective operators

/\4—(dD/\/l+d5M)JDMJSM_

e Jpym consists of the (SM neutral) DM fields —
&, 1 if scalar DM;
X, X if Dirac or Marjorana DM.
dpm = 2, 3.
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e Jpym consists of the (SM neutral) DM fields —
&, 1 if scalar DM;
X, X if Dirac or Marjorana DM.
dpm = 2, 3.

e Jsp is a SM neutral combination of B, le’ and H.
There many possiblities, of dsyy = 2,4,5.



DARK MATTER

THE GENERAL FORM OF EFFECTIVE GouPLaNG To

ELECTROWEAK

OPERATORS R
Bosons

J.-Y. CHEN

General form of effective operators

/\4_(dDM+dSM)JDMJSM_
EFFECTIVE
OPERATORS

e Jpym consists of the (SM neutral) DM fields —
&, 1 if scalar DM;
X, X if Dirac or Marjorana DM.
dpm = 2, 3.

e Jsp is a SM neutral combination of B, le’ and H.
There many possiblities, of dsyy = 2,4,5.

@ A is the cutoff scale, e.g. might be the mass scale of
some heavy intermediator.
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Before we write down the operators explicitly, we can look at
the typical Feynman diagrams.
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TYPICAL FEYNMAN DIAGRAMS

Before we write down the operators explicitly, we can look at

the typical Feynman diagrams.

_ Y. h
X, ¢- ZW

Y, h
de) Z’W'*

vertex diagram

@ No tree-level coupling to SM
fermions through vertex
diagram, because Jsp
contains SM bosonic fields
only.
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TYPICAL FEYNMAN DIAGRAMS

@ There is tree-level coupling
to SM fermions through
s-channel diagram.

@ No photon produced
through s-channel diagram.

s-channel diagram

So...

If operator leads to s-channel diagrams
= strongly limited by direct detection (tree level).

If operator leads only to vertex diagrams
= less contraint from direct detection (1-loop level).
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Majorana: 1xfx, Ixfindx, LIyiymoy



WRITING DOWN THE EFFECTIVE
OPERATORS...

The forms of Jpps are relatively simple:

Scalar: ¢f¢, (¢70u0 + h.c.), (41,0 — h.c.)
Dirac: x"x,  x'i®x.  xfvx xOx xTyx
Majorana: %XTx, %XTi'y5x, %XT’V“BX

Classify operators by the Lorentz properties of Jpp;:

Scalar / pseudo-scalar coupling, e.g. Jsy = B, B*”.
Vector / axial vector couling, e.g. Jsy = (Bx, Yu HID*H + h.c.).
Tensor coupling, e.g. Jsy = B, YuHTH.
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WRITING DOWN THE EFFECTIVE
OPERATORS...

The forms of Jpps are relatively simple:

Scalar: ¢f¢, (¢70u0 + h.c.), (41,0 — h.c.)
Dirac: x'x, x'in®x,  x™x.  xT°x. xTx
Majorana: 5xx, 3x'iv®x,  3x'7"°x

Classify operators by the Lorentz properties of Jpp;:

Scalar / pseudo-scalar coupling, e.g. Jsy = B, B*”.
Vector / axial vector couling, e.g. Jsy = (Bx, Yu HID*H + h.c.).
Tensor coupling, e.g. Jsy = B, YuHTH.

— [50 Operators in Total] —
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(incoming DM lines omitted)

Alternatives: W7, wanv, B B*, By, Brv
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Jsp = (WAH HitaD H + h.CA): AND HiGas
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EFFECTIVE
OPERATORS

(incoming DM lines omitted)

Alternatives: W?3t? — Wata, B Yy, B Yu;

(-or + h.c.) = i(... — h.c.) (in final state 9 h — Z* (v))



TENSOR COUPLING — EXAMPLE eyt
ELECTROWEAK
GAUGE

5 tea AND HiGas
Jsm = W3, HTt?H: BOSONS

J.-Y. CHEN

EFFECTIVE
OPERATORS

(incoming DM lines omitted)

Alternatives: W?3t? — Wata, B Yy, B Yy



TABLE OF CONTENTS

MoTivATION

ASSUMPTIONS

EFFECTIVE OPERATORS

RESULTS

CONCLUSION




WHAT TO DO WITH THE EFFECTIVE
OPERATORS

o 50 effecitve operators in total, of mass dimensions 5, 6,
7, 8. Each has multiple possible final states.
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7, 8. Each has multiple possible final states.

@ For each operator, for each final state, compute ov ResuLTS
(and hence branching ratios), which depends on
1) the cutoff scale A (as coupling strength), and
2) the DM particle mass M.
(o: cross-section for that final state.

v: relative velocity between the two incoming DM particles.)
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o 50 effecitve operators in total, of mass dimensions 5, 6,
7, 8. Each has multiple possible final states.

@ For each operator, for each final state, compute ov ResuLTS
(and hence branching ratios), which depends on
1) the cutoff scale A (as coupling strength), and
2) the DM particle mass M.
(o: cross-section for that final state.

v: relative velocity between the two incoming DM particles.)

@ ov = relic abundance and photon signal strength.
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2 variables: A, M J-Y. Cuen

3 constraints: Relic abundance (A, M)
Indirect signal: Line strength (A, M)
Line energy (M)

taken non-rel. limit v < 1 RO

This enables us to
@ From spectral lines and branching ratios, select
operators and identify final states;
@ Determine M from line energy;
@ Fix A from relic abundance Qppyh? = 0.11;
@ Pick the operators producing the desired line strengths.
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Example:
Assume 130GeV gamma-ray line; v ~ 1073 negligiable.
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Example:
Assume 130GeV gamma-ray line; v ~ 1073 negligiable.

e 130GeV line from vy =
M =130GeV; ~Z at 114GeV, vh at 100GeV. fss

e 130GeV line from vZ =
M = 144GeV; -~ at 144GeV, ~vh at 117GeV.
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Example:
Assume 130GeV gamma-ray line; v ~ 1073 negligiable.

e 130GeV line from v =

M = 130GeV; ~Z at 114GeV, vh at 100GeV. s
e 130GeV line from vZ =

M = 144GeV; -~ at 144GeV, ~vh at 117GeV.
e 130GeV line from vh =

M = 155GeV; ~v at 155GeV, vZ at 142GeV.



RESULTS - EXAMPLE

TABLE :
for QDMh2 =0.11.

ov in units of 107%"cm3s™!, given value of A necessary

Operators

If 130GeV line from
v final state

If 130GeV line from
vZ final state

A3 %Ki x B, B*Y

s -~ 15 6
AT Xiv’x Buv B
A3 Rinx Wi, W2 i
S o s Tie e 0.7-0.8 3-4
AN73 xivPx W3, W
M = 130GeV M = 144GeV

comments

extra line at 114GeV
due to vZ final state

extra line at 144GeV
due to v final state

[¥Z /~~] ratio: BB operators 0.4, WW operatros 4.5.

(vh final state not possible at tree level for these operators.)
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RESULTS - EXAMPLE

TABLE :
for QDMh2 =0.11.

ov in units of 1072"cm3s™!, given value of A necessary

Operators

If 130GeV line from
v final state

If 130GeV line from
vZ final state

A3 %Ki x B, B*Y

A=3 Rin®X By BV 6
A3 RinSx W2, Woiv
A3 iy W, o 0.7-0.8
M = 130GeV M = 144GeV

comments

extra line at 114GeV
due to vZ final state

extra line at 144GeV
due to ~ final state

[¥Z /~~] ratio: BB operators 0.4, WW operatros 4.5.

(7vh final state not possible at tree level for these operators.)
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RESULTS - EXAMPLE

TABLE :
for QDMh2 =0.11.

ov in units of 107%"cm3s™!, given value of A necessary

Operators

If 130GeV line from
v~ final state

If 130GeV line from
~vZ final state

A=3Xi7°x By BFY

A=3 Xin5x B, B 15 °
ATI Ry x WE, WaHY
A=3 inx Wi, T 0.7-0.8
M = 130GeV M = 144GeV

comments

extra line at 114GeV
due to vZ final state

extra line at 144GeV
due to v final state

[¥Z /4~] ratio: BB operators 0.4, WW operatros 4.5.

(7vh final state not possible at tree level for these operators.)

DARK MATTER
COUPLING TO
ELECTROWEAK
GAUGE
AND HiGas
Bosons

J.-Y. CHEN

REsuLTS



RESULTS

Assuming the 130GeV line has the highest branching ratio,

We found 13 operators that may simultaneously satisfy
Qpmh? = 0.11 and [0V]final state ~ 1072 em3s 1.

Matching with general indirect signals can be done in a
similar fashion.
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of DM to SM is via electroweak gauge or higgs bosons.

@ We wrote down all effective operators satisfying certain
assumptions (50 in total), and computed ov for each
possible final state, and hence their branching ratios.
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of DM to SM is via electroweak gauge or higgs bosons.

@ We wrote down all effective operators satisfying certain
assumptions (50 in total), and computed ov for each
possible final state, and hence their branching ratios.
CONCLUSION
@ We found 13 effective operators that Qpyh®> = 0.11 and
[UV]highest BR final state, at130GeV "™~ 10_27CH13S_1 can be
simultaneously satisfied.



CONCLUSION

@ We studied the senario that the dominating effective coupling
of DM to SM is via electroweak gauge or higgs bosons.

@ We wrote down all effective operators satisfying certain
assumptions (50 in total), and computed ov for each
possible final state, and hence their branching ratios.

@ We found 13 effective operators that Qpyh®> = 0.11 and
[UV]highest BR final state, at130GeV "™~ 10_27CH13S_1 can be

simultaneously satisfied.

@ Even without the assumption that the 130GeV line is from
DM annilation, our study provides a useful general picture
about indirect detection signals.
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FoLLow-UP STUDIES

@ Photon continuum spectrum due to the decay of
Z, W, h and heavy f in final states. [— next talk by
M. A. Fedderke]

o Collider constraints.

AN

q

7
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SCALAR / PSEUDO-SCALAR COUPLINGS

HtH with final state hh, ZZ, WHW~—, Ff
oo B., B*  with final states vy, vZ, ZZ
. gCX X B, B*Y with final states vy, vZ, ZZ
XX W3, W2k with final states vy, vZ, ZZ, WTW~—

W2, W2rv with final states vy, vZ, ZZ, WHW~

where By = 8,8y — 9yBu,  Buv = Yeuvpa BP7.
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SCALAR / PSEUDO-SCALAR COUPLINGS

HTH with final state hh, ZZ, Wt W~ ff

. gCX B BHv with final states vy, vZ, ZZ
XX W3, W2k with final states vy, vZ, ZZ, WTW~—

W2, W2rv with final states vy, vZ, ZZ, WHW~

ot } By, B with final states vy, vZ, ZZ
Y X

where By = 8,8y — 9yBu,  Buv = Yeuvpa BP7.

o ¢f¢ HTH is dropped because it is of dim 4.
The “higgs protal” operators YxH'H and xiv>xHH are of
mass dimension 5.

Vertex diagrams and higgs mediated s-channel diagrams.
Tree-level coupling to SM fermions, but no to photon.
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SCALAR / PSEUDO-SCALAR COUPLINGS

HTH with final state hh, ZZ, WtW~—, ff

. gCX B BHv with final states v, vZ, ZZ
XX W2 K with final states vy, vZ, ZZ, WHW~—

W‘””’ with final states vy, vZ, ZZ, W+w-—

ot } By, B with final states vy, vZ, ZZ
Y X

we

v
a
w v

where By = 8,8y — 9yBu,  Buv = Yeuvpa BP7.

e ¢'¢p H'H is dropped because it is of dim 4.

The “higgs protal” operators YxH'H and xiv>xHH are of

mass dimension 5.

Vertex diagrams and higgs mediated s-channel diagrams.

Tree-level coupling to SM fermions, but no to photon.

@ The other operators are of dim 6 (scalar DM) or dim 7
(fermionic DM). Vertex diagrams only.
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VECTOR / AXIAL_VECTOR COUPLINGS DARK MATTER

(pT0H¢ + h.c.)
i(ptore — h.c.)
X7Hx
X7 x

X

COUPLING TO
ELECTROWEAK

GAUGE
AND Hicas
(Bau Yu HTDMH + h.c.) with final states vh, Zh Bosons
(EM Yy HTDMH + h.c.) with final states vh, Zh )oY CHex
i (Ba, Yo H'DMH — h.c.) with final states vZ, ZZ

(EM Yy HTDMH — h.c.) with final states vZ, ZZ
(WBM HTt?*D*H + h.c.) with final states vh, Zh, WF W~

we, HTt?DAH + h.c.) with final states vh, Zh, W+W~
WQAM HttaDAH — h.c.> with final states vZ, ZZ, W+ W — ConcLusioN

i (W4, HTt?D H = h.c.) with final states 72, ZZ, W* W~

Yy = 1/2 is the hypercharge of H, and t? are the SU(2), generators.



VECTOR / AXIAL_VECTOR COUPLINGS DARK MATTER

(pT0H¢ + h.c.)
i(ptore — h.c.)
X7Hx
X7 x

X

COUPLING TO
ELECTROWEAK

GAUGE
AND Hicas
(Bau Yu HTDMH + h.c.) with final states vh, Zh Bosons
(EM Yy HTDMH + h.c.) with final states vh, Zh )oY CHex
i (Ba, Yo H'DMH — h.c.) with final states vZ, ZZ

(BM Yy HT D H — h.c.) with final states vZ, ZZ
(WBM HTt?*D*H + h.c.) with final states vh, Zh, WF W~

we, HTt?DAH + h.c.) with final states vh, Zh, W+W~
WQA/L HttaDAH — h.c.> with final states vZ, ZZ, W+ W — ConcLusioN

i (W4, HTt?D H = h.c.) with final states 72, ZZ, W* W~

Yy = 1/2 is the hypercharge of H, and t? are the SU(2), generators.

@ All operators are of mass dimension 8. Vertex diagrams only.
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(BxuYn HID*H + h.c.) with final states vh, Zh
(EM Yy HT D H + h.c.) with final states vh, Zh
i (Ba, Yo H'DMH — h.c.) with final states vZ, ZZ
(¢T8”¢ + h.c.) i
i(ptore — h.c.)
X7+ x
X7H0x

By, Yy HTD H — h.c.) with final states vZ, ZZ
X
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W2, HTt?D H + h.c.) with final states vh, Zh, W W~

(
(w
(
(

we, HTt?DAH + h.c.) with final states vh, Zh, W+W~
WQA/L HttaDAH — h.c.> with final states vZ, ZZ, W+ W — ConcLusioN

i (W4, HTt?D H = h.c.) with final states 72, ZZ, W* W~

Yy = 1/2 is the hypercharge of H, and t? are the SU(2), generators.

@ All operators are of mass dimension 8. Vertex diagrams only.

@ The operators (¢T9"¢ + h.c.) <§)\u Yy H'D H + h.c.) and

(61916 + h.c.) (W3, HTt?2DMH + h.c.) are total derivatives
and therefore should not be included.



DARK MATTER

TENSOR COUPLINGS GouPLaNG To
ELECTROWEAK
GAUGE
AND HiGas
Bosons
Buv with final states Zh, W‘*’W , ff U, I
Buv with final states Zh, WtW—, ff

X7Hx %

Byuv Yn HTH with final states vh, Zh, Wt W~ ff
By Y HTH with final states vh, Zh, WtW—, ff
Wa HTtaH with final states vh, Zh, WtW—, ff

WaWHTtaH with final states vh, Zh, WTW—, ff

CONCLUSION
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B, with final states Zh, WHW~—, ff Yo Clzmm
B with final states Zh, WtW—, ff

XTHx X @w Yy HYH with final states vh, Zh, WTW—, ff
BuvYH HT H with final states ~h, Zh, WtW—, ff
Waul,HTtaH with final states vh, Zh, WtW—, ff

WaWHTtaH with final states vh, Zh, WTW—, ff

CONCLUSION

o X\v*x B,y and Xv*Vx é,“, are of dim 5.
Only ~ and Z mediated s-channel diagrams.

Tree-level couplings to SM fermions, but no to photons.



TENSOR COUPLINGS

Buv with final states Zh, W‘*’W L ff

Buv with final states Zh, W+W—, ff

XTHx X Buy Y HtH with final states vh, Zh, wWtw-—, ff
By Y HYH with final states ~h, Zh, WrW—, ff
WQW,HT t?H with final states vh, Zh, WTW—, ff

WinTtaH with final states vh, Zh, WTW~—, ff

o X\v*x B,y and Xv*Vx §,“, are of dim 5.
Only ~ and Z mediated s-channel diagrams.

Tree-level couplings to SM fermions, but no to photons.

@ The other operators are of dim 7.

Vertex diagrams, v and Z mediated s-channel diagrams.

Tree-level coulings to SM fermions.
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