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Motivation

® WIMP DM paradigm is very well motivated and
scrutinized

® No discovery so far => @(1-100GeV) wimp models are
subject to stringent constraints
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WIMPs not detected so

XENON collaboration [1805.12562]
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Maybe the DM is heavier than what we would have liked!
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Motivation

® WIMP DM paradigm is very well motivated and
scrutinized

® No discovery so far => (1-100GeV) wimp models are
subject to stringent constraints

» Turn attention into above-TeV wimps
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The wino model (minimal
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Motivation

® Heavy (((1-100TeV) ) DM — Indirect detection

® Spectral-line feature in gamma ray spectrum is a smoking-gun
signature of WIMP DM annihilation
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Motivation

® Current- and next-generation gamma-ray telescopes will search for such
spectral lines

® Particularly promising is the Cherenkov Telescope Array (CTA) with ~1
order of magnitude improved sensitivity w.r.t. current technology

State of the art Projected (500hrs)
HESS (arXiv: 1805 05741) CTA (arXiv:j 709.07997)
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Motivation

® Annihilation cross section computations for heavy wimps
can be intricate (because the hierarchy Mpy >> Msw)

® Non-perturbative effects such as the Sommerfeld effect
play a major role in their determination

® On top of this, large electroweak Sudakov double
logarithms invalidate the perturbative expansion and need
to be resummed

® |n this work we focus on the latter (but also systematically
treat the former)
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Gamma rays from dark
matter annihilation

1 d
B(E,) = g [ aof Ao (r(5)) g [
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¥ rays from dark matter
. Multi-scale problem

annihilation
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¥ rays from dark matter
annihilation. 1st factorization

J(AQ)
Astrophysical “J” factor

independent of gamma-ray energy
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¥ rays from dark matter
annihilation. 1st factorization

Reee Pro’ a‘ ation
- does not depend on
any scale

New-physics model
mw, m,; Gewm,, m,y, etc.

Instrument/observation
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¥ rays from dark matter
annihilation. PP term

1
B(E,) = [ a0 dsdutre T 7thex

N———— —
J(AQ)
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¥ rays from dark matter
annihilation. Endpoint spectrum

Non-relativistic Monochromatic
(Milky-Way escape v ~ 10-3¢) .~ final-state particles
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¥ rays from dark matter
annihilation. Endpoint spectrum
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¥ rays from dark matter
annihilation. Endpoint spectrum

d

State of the art

HESS (arXiv:1805.05741)
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Naive computation of ov,,
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Naive computation of ov,,

(naively) loop and
mass suppressed

(do not give up yet!!)
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Naive computation of ov,,
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Naive computation of ov,,

p9§ 2 =0
0 ~ g p
1“7 1
Q> —m3y, P ¢ —m3
X . Y
4, 2
g My 2
Mgy ~ 3 > g
%%
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Naive computation of ov,,

F Solution: resum all ladder-like diagrams by matching 1
onto a non-relativistic effective theory

0
-
A0
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Sommerfeld effect
(Scattering states in 1D QM)

(- V@ ) vlz) = Evi@)
j(x) = mix[w)w' () — " ()¢ (x)] = const
V()

< —\ :L'>
w_ (.CU) _ eikrf; 4+ Te—ikx w—l— (ZE) — teikx
jo= (= 2o = (1= o) \ i = [t = oy

Unitarity: j— =J+ — o.+ 0 =1 (No absorption)
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Sommerfeld effect
(Scattering states in 1D QM)

( L d -FVi(x) + 3.(76(10)1)5(37)) Y(z) = Ey(x)

m,, dz? 2
Unitarity-violating term  — j. = j_ + |4(0)|0,v
Or +0¢ + 0q =1

~ )
Oaq = W(O)PU((IO)
— _J
Resummed  Sommerfeld factor X QFT cross section

cross section  (long range physics) * (short range physics)
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Naive computation of ov,,
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Naive computation of ov,,
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Sudakov double
logarithms
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Sudakov-log resummation

( )

Standard solution: resum soft virtual and
real emissions by solving renormalization
group egs. in a (soft-collinear) effective field
theory
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Soft-collinear effective theory
(SCET). Method of regions
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SCET. Momentum regions

k2,k'2~m?3, <<7n§<

B [ dPq 1 1 1 1
Lran = / (2m)7 (¢ +k —po)? —m5 (g + k)% ¢* (¢ — F')?

[ Light-cone qQ = Qq:.Nn -+ an_L —+ q| — (qc, gz, qJ_)]

coordinates

Momentum modes

an ~ my(1,1,1) qs ~ mw(1,1,1)
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SCET. Momentum regions

PEE
k* =0

+ power corrections
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SCET. Factorization
(harrow resolution)

Interpret each expansion as a Feynman diagram of the SCET

Factorization (after including all diagrams)

Wilson
only depend on m
@ — >.< coefficients yeep X

s’ — >< >< Soft only depend on mw
>< otc functions

Jet

, only depends on mw
functions

2
|
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SCET-Il (narrow resolution)

Interpret each expansion as a Feynman diagram of the SCET

Factorization (after including all diagrams)
)

-

Breakdown of the factorization
can be cured by introducing a regulator

e. g. rapidity regulator:

A

S [ !
(2m)P (¢ — myy)[(k — q)* — miy|n-q|n-q|"

U)

only depend on m,

only depend on mw

Y,
o
qu,C _ g Jet ideally would
S functions only depend on mw

M. Volimann — Resummed y-ray spectrum from DM annihilation




NRDMxSCET for DM
annihilation

Integrate out hard modes of the relevant fields but leave
hard (anti)collinear and non-relativistic degrees of freedom:

LNRDMxSCET = LNRDM + L3CET A > Z/det Ci(t, s, 11)O;
My =

Two-dimensional operator basis (for the yy — y+X process)

01 Xl\;LRXNR‘C:J_ AJ_ c, u(sn—l-)AJ_ C, I/(tn_)

02 — ch\;rR{TC7TD}XNR5 AJ_ c, M(Sn—l-)'AJ_ C, V(tn )
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NRDMxSCET for DM

annihilation

AS (x) :—WTZDW ()

7

Dy ™~ My M
Az p

Wilson l/ne 0
NR bispinors XNR: XNR
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NRDMxSCET for DM
annihilation

After several steps one can prove that:

Resummation is achieved by solving

® an appropriate Schrodinger equation

® /1 and v renormalization group equations for every piece of
the factorization formula
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The wino-like/MDM triplet
model

SM + Majorana SU(2) triplet

M Q=0 Majorana DM
! Q=1 Dirac chargino

® m,.-m,= 164MeV
® DM stable through a Z> symmetry

® Suitable WIMP for m o = 3TeV
® Super-partner of the SU(2) gauge bosons in the MSSM
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The wino-like/MDM triplet
model

u=2M,, M=3M,, M4,=10 TeV, tanB=15
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(WIMP hypothesis)

® suppressed direct-detection
cross sections (below the
so-called neutrino floor)

® too heavy for the LHC
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Factorization theorem.
Sommerfeld effect

Sommerfeld matrix
I, J = (x0x0) or (x+x-)

see e.g. Beneke et al arXiv: 1411.6924
Hisano arXiv: hep-ph/0412403
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Factorization theorem.
Sommerfeld effect
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1D QM (revisited)

(~o V@ ) vte) = Bt

MM da?
j(x) = mix[wx)w'*(x) —*(2)3 ()] = const

V()
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‘\ T
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\ 4

Unitarity: j— =J+ — o.+ 0 =1 (No absorption)
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Factorization theorem.
Sommerfeld effect
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Factorization theorem.
Sommerfeld effect
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Factorization theorem.
Sommerfeld effect
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Factorization theorem.
Sommerfeld effect




Assumptions on the
energy resolutions

_ djov
The variable Ees =m, - E, d[E,Y]

plays a decisive role in the

factorization problem \

We investigated two \
situations

A A

— )

AFE., =
7 dmpu

Eres ~ mw2/m , (1805.07367) See also Baumgart et al
(1712.07656 and

Eres ~ my (1903.08702) 1808.08956)
for the Ees » my case

2
mz
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Energy resolution
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5.00 | CTA project
' 1210.3503
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Factorization theorem. Exclusive
Wino yy—y+X annihilation
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Factorization theorem. Exclusive
Wino yy—y+X annihilation

i This is highly non trivial! Jet functions are universal: they can be used |

E.g. all (N>2)-body phase-space integrals in several contexts

H reduce to the convoluted J®W form |

1. (modulo power corrections) For invariant masses of the order of the EW H
The SCET formalism is such that proving breaking scale, computed the neutral |

i this result amounts to performing a (in the | components of the EW jet function for the

| SCET language) trivial multipole expansion first time

L
Cra(By) = p— 32 Cfw)Cilyaw) Zs (v

<[ (B, = /2), ) W s v )
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Energy-integrated cross
section
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Energy-integrated cross
sechon
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Energy-integrated cross
section

1 1l
10—26:...... B ~ miy fm,
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Energy-integrated cross
section
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Energy-integrated cross
section

10_2 1 L1 II]I‘I(I)I_1 1 L1 Illilloo 1 L1 III:II‘II01 1 L1 III:II‘II02 1 L1 III:II‘03
E™(GeV]
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Energy-integrated cross
section. Remarkable matching

10_2 1 1 III]I‘I(I)I_1 1 1 IIIIiIIOO 1 1 IIII:II‘II01 1 1 IIII:II‘II02 1 1 IIII:II‘03
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Energy-integrated cross
section. Remarkable matching

Not an obvious result
Can be understood by 8
expanding our factorization |
formulas at fixed orders 1027 :
T 1 1 T
E'[GeV]
oo 2n A n 2
2mda (1 (n m) Qo (1) m Amy
E,) = 1
o) = T S5 e () e T
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Energy-integrated cross
section. Remarkable matching

~ ~ oo 2n ~ n 2
2m e (1) Sw (1) n,m Go(p) \ " m A
ov]1y(Ey) = V22 Sj y CgJ (E% ) . In 2X
2 mx n=0 m=0

my,

Factorization—eorem dependent
® (Coefficients are (by definition)
of (1) but dependent on Ey

® \When evaluated outside the W S

range of validity of the Fact. Th. _

they can become large )

® (and contribute to the (m+1) %

term instead)
10_27_. ................. :
L T [ (I TVE 1)
B [GeV]
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Energy-integrated cross
section. Remarkable matching

2 2 | A 2 T
o ]an(NLO) 2maa Sy 14 o (1) 11n2 4mx 4m np (E )
) T T2 _— m2,  omZ, |
. 2 242 [ A 3 4m2 20 9 Fres 4m2
o ](_:(1\;%_?)) = WO@;W 14 G (1) <4 In? X+ (48 +In —2 ) In 2X +co(E-)
mX I (0 mW mw myy,

dmy B2 19 - dmy B2

LJ v
5 In 5

co(E) ~ 41n” -~ - -
w %%

-+ const.

(1) for Ey'es ~ mw2/m,, but parametrically large for Eyres ~ mw
After reshuffling the logs you get

ov ]?frw()l\gio)) = |ov ]?jf(l\;%f)) + O(c3) Not even xz3xlog terms!!
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Further applications of our
fixed-order expansions

1.0k E). = (150 GeV)?/m, |

-

res
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v —v+X cross sections (Eres ~
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Effect of the Sudakov
resummation

1 1 1 M 1 1 1 1 1 1 1 1 I 1
—— LL
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Further technicalities
addressed

Photon jet function (by definition)  Z-pole singularity can be cured by
sensitive to the lowest scales in the Dyson-resumming the Z propagator

SM 7

In particular, large QCD effects on
the wave-renormalization of the
photon field are tackled by using
dispersion-relation methods

Y Y
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Summary

Sudakov is the new Sommerfeld for indirect DM detection

2
1 _ 22352 1y 2mh? o Sil’l2 O
Flux & X JX S v e T4 omiy 2 S(E. —
: 87Tm§<c4 (+=)(+-) mic ( K my)
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FRESH RESULTS!!
Higgsino DM

Higgsino DM in a nutshell:

e Minimal DM pseudo-Dirac doublet
e Hypercharge # 0

5£Higgsino — X(Z’V'LLD,M _ mx)X + Ldim—5

* EWSB — 2 Majorana X1: X2 and 1 chargino x*
e Thermal production hypothesis:

m, ~ 1TeV
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FRESH RESULTS!!
Higgsino DM

Factorization: Sommerfeld matrix

m} / [, J = (%19%19), ()20%20) or (x+x-)
1
= Z Srilrs(E

1 4 — ZZ; (u, )

x / e (JSU<2><2mX<2E;zS ) u)Wf}fW (w,11,v)

+JV0 2my (2B — ), W (@, 1)
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¥y —7+X cross sections (Eres ~
myw) for Higgsino DM
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for Higgsino DM
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for Higgsino DM

Result can change by 50%
If you change Ees!!!
NLL resummation is crucial

£1.0

(ov)/(ov)

my [ TeV]
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Conclusions

® Heavy WIMP region will be probed by indirect detection observations in
the near future. Theory input is urgent!

® Tackled the technically/conceptually involved problem of correctly

predicting cross sections that are relevant for spectral multi-TeV y-ray
line searches in two regimes: narrow and intermediate energy resolution

® Employed these methods on wino and Higgsino DM

® Reduced theoretical uncertainties down to the permille level for the
(intermediate) energy resolutions of the CTA at the interesting mass
range of 1-10 TeV

® Observed a remarkable matching of the two factorization formulas in
the “transition” region (harrow <—> intermediate resolutions)
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