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TeV Scale DM

e Weakly Interacting Massive Particles (WIMPs) are economic and

simple models.

e Wino: 3TeV (This talk)
e Higgsino: 1TeV

e Minimal DM SU(2) Quintuplet: 10TeV

e Difficult to probe directly.
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Indirect Detection

e High mass DM can be probed through annihilation to photons!

Indirect Detection Air Shower

y-ray

Particle
shower

e Can probe DM up to 20 — 100 TeV scale.
e Gamma ray line provides clean signal.
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Indirect Detection

e Line searches put strong constraints on TeV scale DM.
[Cohen, Lisanti, Pierce, Slatyer]

HESS Limits [Fan, Reece]
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e For uncored profiles, Thermal Wino well excluded.

e Large number of current and future experiments will push this further.

. BAPTS 2018 b 0, T



-
Coring

e Limits can be evaded by coring.
HESS Limit wmgrrrcOred Profiles
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[Cohen, Lisanti, Pierce, Slatyer]

[Fan, Reece]

e We are now in a regime where limits probe core sizes comparable with
simulation/ observational constraints
— factors of b matter for interpretation.

e Can we conclusively exclude the thermal wino. (Higgsino)?
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|
Multiple Scales

e Particle physics predictions complicated by the presence of
hierarchical scales: my, < M, .
e Line cross section requires all orders resummation:

e Sommerfeld Effect: (aw MX/mW)k
o Sudakov double logarithms: a, log®(M, /m,,)

Resummed Line Spectrum
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. . [Ovanesyan, Slatyer, Stewart]
e Line cross section successfully analyzed [Baver, Cohen, Hill, Solon]
using EFT techniques.
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Indirect Detection

e In reality, the situation is not so simple!

e Experiments cannot fully constrain recoiling state.

Thermal Wino
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e Realistic prediction for experiment requires energy spectrum
= significantly more involved field theory setup.
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Outline

e Kinematics and Effective Field Theories

e Factorization Formula for the Endpoint Region

e H.E.S.S. Forecast and Core Constraints
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Kinematics and Effective Field Theories J
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Kinematics

e We are interested in xY — 7+ X

e X is final state other than observed photon.

e Use a dimensionless variable z to characterize the final state.
_ 2 2
E,=M,z, myx =4 M, (1 - z2)
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Three Different Regimes

e z measures the additional radiation in the final state.

z=1 z—1 (1-2)~1
X x T X
J
Exclusive Inclusive

[Ovanesyan, Slatyer, Stewart] [Baumgart, Vaidya, Rothstein]

[Bauer, Cohen, Hill, Solon]

e Exclusive and Inclusive cases considered in literature.
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HESS Resolution

e HESS performs line searches, but has a finite resolution.

e To constrain to a single recoiling Z at M, = 500GeV (10 TeV) would
require z ~ 0.99(0.9999)

e Resolution of HESS in these energies is equivalent to z = 0.83 — 0.89

Fully Exclusive

Jet 1024
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e Recoiling final state is a jet!
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Soft and Collinear Radiation

e For HESS resolution, (1 —z) < 1 = mass of unobserved final

state is small.
e To have small invariant mass, m% = 4 I\/l>2<(1 — z), the final state X
can consist of radiation that is either

o Collinear: my ~ M20? = 4 M2(1 — z) n @

== 0~1-=2 :

o Soft: my ~ MyE; = M2(1 — z)

e Miiw(l—z)

e HESS resolution forces recoiling state into soft and collinear limits.
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Jets

e Heavy WIMP annihilation produces jets.
o A jet is a spray of collimated (electroweak) radiation.
e Perturbative Sudakov double logarithms appear: ay, log?(1 — z)

Electroweak Jet from WIMP Annihilation

Spectrum
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e Need to be resummed to all orders to understand energy spectrum.

¢ Previous approaches only have §(1 — z).
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Summary of Scales

e Indirect detection is a complicated multi-scale problem:

e Sommerfeld: (ayy I\/IX/mW)k
o Electroweak: ay log?(M,/my)

e Resolution: ay log?(1 — z2)

o |deal for Effective Field Theory and Factorization!
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Summary of Scales

e Are all numerically large effects

10724
o k
o~ 107 e Sommerfeld: (aw M, /my)
8
S 420 o Electroweak: ay log?(M,/my)
N . 2
§10_27 e Resolution: a, log®(1 — 2)
S
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my (TeV)

Want to understand how to disentangle and incorporate at the level
of the spectrum.

Once perturbative series has been reorganized (resummed), good

behavior of electroweak perturbation theory will be restored.
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-
Effective Field Theory

e Approach of Effective Field Theory:

e Focus on relevant degrees of freedom.
e Integrate out irrelevant degrees of freedom.

no S
Collinear n Soft

n n n

o Effective theory for long wavelength dynamics of soft and collinear

radiation in the presence of a hard scattering source
—> Soft Collinear Effective Theory (gauer, Fleming, Piriol, Stewart]

e Separate fields for collinear 13 | and soft A/, gauge bosons.

® EXtended to EIeCtrOWeak theory [Chiu, Fuhrer, Kelley, Manohar]
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Soft Collinear Effective Theory

[Bauer, Fleming, Pirjol, Stewart]

e Hard scattering is described by operators in EFT

e Long wavelength dynamics of soft and collinear radiation described by
Lagrangian L

. BAPTS 2018 S B 1



N
Field Redefinitions and Wilson Lines

Bauer, Fleming, Pirjol, Stewart]

e Leading power soft-collinear interactions can be decoupled by field

redefinition: i
au ab b e afB. B
B# — yabp, X& = Yo P
Y[Sr)(x) = Pexp {ig / dsn- Aj(x + sn) T(ar)}
0
éﬂ&&/ /
s
s
s
s
"
s
4 s
pd -
®/ @; )/77,

e Soft dynamics described by matrix elements of Wilson lines.
e Lagrangian and States factorize:
£O =910 — |x) = |X,)|X.)
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Factorization

[Bauer, Fleming, Pirjol, Stewart]

o After decoupling interactions, can write cross section as a product of

hard, collinear and soft matrix elements
Nno S

n

n

By~ (1-2) =4
Lo o
I

£

E
dz
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Factorization and Renormalization

e Factorization allows cross section to be written as a product
(convolution) of simple single scale functions:

% = H(Qz)/dszzsé(z —Zz)— ZS)J(ZJ)S(ZS)

e Each function can be easily computed by itself (often in an expanded
limit).
o All logarithms predicted by renormalization group evolution:

d
dlog it

F(z;p) = /dZ’vﬁ(z — 2 n)F (2 1)

o Offers powerful approach to multi-scale problems
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Aside: Natural Scales

o All single scale functions have a natural u scale at which all
logarithms in their expansion vanish. e.g.

F(p; My) =1 — ay log? ( ) + aaw + O(a3y)
o At the natural scale, the function is a pure expansion in ayy:
F(u= My My) =1+ claw + O(ajy)
e Scalings we worked out earlier are natural scalings:
e Hard: pu~ M, s
d —
o Jet: p~ Myv/1—2z uﬁF__anog((A’;;)z)F

e Soft: pp~ My(1—z) = F(mw) = exp (—awlog (%)) F(My)

e Logarithms which invalidate the perturbative expansion are resummed
to all orders by RG evolution.
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|
A Complication

e Standard SCET can deal with a single measurement.

e Two cases considered previously in literature:

Es~ (1

e Constraint on massless
final state radiation.

e Virtual corrections for X
massive gauge bosons.
X

[Chiu, Fuhrer, Kelley, Manohar]

e Our situation is more complicated: Constraint on massive final state
radiation.

e Must simultaneously consider two measurements: (1 — z) and myy.
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Borrowing from Jet Substructure

e Must extend SCET to deal with multiple measurements.

e Similar problem has appeared in jet substructure.

Groomed D, Distribution

20F . pp = Zj Groomed D; Spectrum (NLL + LO) 4
R =102, =0.1
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g i
= i
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]
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i
[V 7S :
&.0 2.5 30

D, [Larkoski, IM, Neill]

e Can apply recent advances in field theories for jet substructure!
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N
Non-Relativistic DM EFT

Incoming DM particles are slow, v < 1073,

Describe interactions using non-relativistic EFT. X

Interactions with soft radiation decoupled via Wilson lines.
Leads to standard non-relativistic Lagrangian

X x X X

=2
0 Vv 5
E%VI){DM X (v 8+W xv + Vxv, X} (mw.z) wit v§ oz
X 3$x Sx 3x
o Sommerfeld effect descrlbed by matrix elements: <
X0 XC s 1ot —
<0)x ioaxy |(x x°)5>=4\@MXSOo, %%
XO. Xom : = o)

10728

XXt
<0)x io2 Xy ‘xx°)5>:4/\/7x50¢ N
x‘é'éx-

e Decouples into a multiplicative factor.

1027 L

o, ,+747/2 v (em®/s)

2 0.1 0:5 ‘; é 1‘0
e Resonances when ay M, ~ n“myy my, (TeV)
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Factorization Formula for the Endpoint Region J

Match to SCET  Refactorize Jot and Soft Functions
H H
I Hy,
w2
Q
g
s Hs | =

J. + ——
7 7 s

~— —

SCET
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The Factorization Formula

e Full factorization derived through a multistage matching procedure.

Match to SCET Refactorize Jet and Soft Functions 14

Endpoint
Factorization

=
o
5
Virtuality

Hg

Jn mw

e I,

e Provides an all orders description, and operator definitions

d&LL
o - H(M,, ) Iy (my, i, ) Ja(mw, p, v) S(my, g, v) %

Hy(My,1—z,p1)® Hs(M,y,1—z,1)® Cs(My, 1 —2z,my, j1,v)

a
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The Factorization Formula

da.LL
dz

= H(My, p) Jy(my., i, v) Ja(my, p,v) S(my, pu, v)x

Hy(My,1—z,p)®@Hs(M,,1 -z, 1) ® Cs(My, 1 —2z,my, 1,v)

X X
e Hard: >§ >
% X
U n n

v

e Soft:

o Jet:
%\ HJn

In
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Renormalization Group Evolution

o All large logarithms are resummed by renormalization group evolution
e Compute all functions at their natural scale: F =1+ ciaw + -

* RG evolve to a common scale (s Laplace conjugate to M, (1 — z)).

1
A
i,

2M, |

S
1/s H, l
mw o - — - -« Jy

mw 1/s M,

» v

e e.g. Hard function: ud%H = —8Cady log (%) H
— H(my)=exp (—8 Ca Gy log? (2%)) H(2M,)
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Resummed Spectrum at LL

e Obtain simple analytic formula for leading logarithmic spectrum:

da LL
( ) =4 Gime 6(1 — 2)

o

ALL ta —3a

+2awla|$e ﬂwﬁ(z){ (3L5(Z)—2LJ(Z))€ ,,Wli(Z)_z LJ(z)}.
s —Z

e Non-trivial combination of perturbative logarithms and Sommerfeld
factors.

e Formula at higher logarithmic orders remains functions of logarithms
and Sommerfeld factors (but much less compact).
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Resummed Spectrum at LL

e Obtain simple analytic formula for leading logarithmic spectrum:

LL
(5) == fatisn-2

_3:W L%(z) ) LJ(Z)} .

2 sLL 4o
2OW Tline W LZJ(Z){ (3 Ls(z) — 2LJ(Z)>e
T 1—-=z

e Perturbative Logarithms:

a2, sin 6, 4oy o my
————exp|—— In
2m2, v ™ 2 mpy,

~ALL
Oline =

B My [ Moy m?,
b= (352 o~ e, %)
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Resummed Spectrum at LL

e Obtain simple analytic formula for leading logarithmic spectrum:

do\ ‘'t 5 A
() =4 rottsa-2

~LL
2aw Tline tow

€7fiaﬂ{ﬂ<3Ldz)f2LAzDe

_?W%mfzau@%.
T l—2z

e Sommerfeld Effects:

X0 X,
E So+ — Pure Endpoint
X XN

4 2+/2 )
:§}500‘2v2‘50 ‘2+ N (50056:+56050\).
4 2v2
=3 [soof” +2s01. | - \?(50055: + o0 So:+)
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-
Energy Spectrum

e Provides first resummed prediction for the energy spectrum for heavy

WIMP annihilation.
Energy Spectrum for Wino Annihilation

107
. Differential Cross Section
- M, =3 TeV
> ,
g 10—23 L = LL
X~ N E NLL
< N
< S 1072} Y>’
J = :
N
—27
10 0.6 0.8 1.0
E,/M,

e Strongly peaked at endpoint.
e Non-trivial spread due to additional radiation.

e Once resummed, EW perturbation theory converges very well.
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-
Energy Spectrum

e HESS resolution much larger than line width
— integrates flux over a window.

Energy Spectrum Integrated Cross Section

102 8
. Differential Cross Section
m{ M, =3 TeV
Busl® 1L
© E NLL g
= g
= S
S -2 x|
& 10 = 3 Thermal Wino =
c\?} s 51 Cross Section g

. Hess Resolution . B L ;’
107 0.6 08 1.0 W L 2
z = E’Y/MX %5 0.6 0.7 0.8 0.9 1.0

Zeut

e Significant contribution from non-line photons.
e Additional photons can be used to strengthen limits.

o Allows real experimental resolution function to be_used.
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H.E.S.S. Forecast J
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-
H.E.S.S. Analysis

e We* performed a realistic H.E.S.S. forecast using our prediction for
the photon spectrum.

*Our H.E.S.S. collaborators Lucia
Rinchiuso and Emmanuel Moulin

e Goals:

o Effect of the full endpoint spectrum on constraints.
e Using a wider ROI to improve sensitivity to core size.
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-
Review: Computing the Flux

e Quick Review:
e Flux at the detector can be written
do, iy (ov) dN,
dE 87TM>2< dE

e DM density enters as J-factor:

J— fROI dsdQ P2DM(5» Q)
Jrord

e Can place limits on EITHER

e (ov) for a fixed profile.
e J-factor.
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Cross Section Limits

e Provide updated limits using our spectrum.

(ov) vs. mpm (ov) vs. rc
10’23E T N 1()’23E LR T
£ | |Forecast Cross Section Limits 1 F Forecast Cross Section Limits 1
[ | ] L ]
1024 } ‘\ Einasto, 250 h - 10724 Einasto, 250 h -
g | \ — Expected limit 3 k line (i) 1
- - “e’ \ -GB%WContainment w/ syst. _— T i) + endpoint " 7
m; 105 / 3 I:IQS%( ontainment w/ syst. 5 m; 105 (i) + endpoin (i
S, E o — NLL“ ross section E O, E — (i) + continuum (i)
g L = ] e L ]
g 108 © \ / \ ‘ﬂ\ | E 1078
8 E £ a } E 8 E
= Q \ ] E |
L [= ] L ]
107 = 107
10*28 L L | L L \ /\ L 10*28 1 1 Ll 1 1 Lo
1 2 3 4567 10 20 3040 1 2 3 4567 10 20 3040
m,,, [TeV] m,,, [TeV]

e Inclusion of endpoint photons strengthens limits.
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Core Size Constraints

e Can reinterpret as core size constraints for cored Einasto profile.

10%° prrr

R R N EREEEEES
Galactic Center J-Factor

10% —— Einasto i
bl 2 -1, = 0.3 kpe E
2 r o m; [ ro=1kpc ]
pDM(r) = PoEXp |—— - -1 %10245 em 3 E
o rs 5} E -~ 1 =5 kpe E
g \\ 1
5 | ~ ]
1023;
0H H‘25”“30””35

e Simulations give flattened cores of O(1) kpc for Milky-Way sized
ga|aXieS [e.g. Chan et al. 2015]

e Observations of stellar motion suggest < 2 kpc core [eg. Hooper 2017]
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Core Size

e Due to Sommerfeld enhancement, for Thermal Wino DM, probe cores
of O(1.5) kpc.

(ov) vs. mpm (ov) vs. rc
1()”1E T — T T 3
[ Forecast Limits vs Core Size ] 5
102 i R = ) . .
E Einasto o =15 kpe 3 Forecast Core Size Limits
£ r. =150 pc — r, =2 kpc B B
1023 r. = 300 pc r. =3 kpc - s =3
— E ——r.=500pc ---- r,=5kpc 3 g
mg 10°% L 1. =1 kpc NLL cross section = =
ST E i =37 =
e ] o) S
T n
] S
F— ] n
107 E!
10*287 L Ll L WA 0 L L . -
1 2 3 4567 10 20 3040 1 3 10 30 70
Moy [TeV] M, [TeV]

e Beginning to enter interesting region!
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Extended R.O.I.

e To improve sensitivity to core size, we performed a forecast with an
extended R.O.1.

e Extend from 1° — 4°, but use standard H.E.S.S. analysis.

T T T T T T
102E -

£ J-factor in ROIs B

1021? .....-.=!!....l---l--llnnll-lill-lj
Em AAA 3

Fu A‘AA ]

= fa 1
S0 3
A :
S, r DDDDDDDDDDDDDDDDDDDD;
~ 10 poB |
E Loue8%° = Einasto E

E o° s+ r1,=0.3kpc E

108 TDD r.=1kpc ]

E re =3 kpc E

C o r.=5kpc ]

PR IRV I R IUIAVN TR IFAIE

0 5 10 15 20 25 30 35
ROI number
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N
Extended R.O.I.

e Extended R.O.l. significantly improves reach for core size.

(ov) vs. mp (ov) vs. rc

1072 LR — 3 10 R ey
E Forecast Limits for Extended ROI ] F Forecast Limits E
102 Einasto  ---- r.=1.5 kpc - L vs Core and ROI Size ]
E 3 24 | —
£ 1e=150 pc —— r=2 kpc ] 10 E  flat exposure E
108 r.=300 pc r=3 kpc - E 9
— E —— r=500pc ---- r=5kpc 3 — [ My =29Tev e
m; 10,24;7 r.=1 kpc NLL cross section é m; 10 3 . =
KEH E 3 S, E © o 7
2 L ] @ X S ]
S0k o S el s ° o ]
8 E : B e 3 8 1075 g . 3
F — A E oo o e 1ldeg,250h 3
10728 S I | e o4 ]
E -] 3 [o° o 1deg.,500h
E--7 1 2743 4
10?77 ?/ g 10 %DD . o 4deg., 250 h E
28| L AW o N P R I

102 32567 10 20 3040 107, 1 2 3 4 5

My, [TeV] re [kpc]

¢ Probes cores of O(5) kpc for Thermal Wino DM!
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Conclusions

e EFTs provide powerful techniques for
complicated multiscale problems.

e Derived factorized description allowing first
calculation of resummed spectrum for indirect

detection.

e HESS forecast with increased ROI allows to
probe ~ 5 kpc cores.
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