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focus on 3 problems

® WIMP scattering + high-scale matching:
Heavy WIMP Effective Theory (HWET)

® WIMP scattering + collider production,

connecting weak scale to hadronic scale:
heavy quark decoupling

® WIMP annihilation: HWET+Soft Collinear
Effective Theory




Not quibbling about percents X
(example |: heavy WIMP scattering)
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Not quibbling about percents X
(example |: heavy WIMP scattering)
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Not quibbling about percents X
(example |: heavy WIMP scattering)
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collider production

Not quibbling about percents i

(example 2: light WWIMPs)

DM complementarity: connect direct detection and
collider phenomenology
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— four-fermion interactions

Ly sM = XX {buuu 4+ bddd} constrained by collider bounds
| on missing energy signatures



Not quibbling about percents
(example 2: light WWIMPs)

DM complementarity: connect direct detection and
collider phenomenology
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Not quibbling about percents
(example 2: light WWIMPs)

DM complementarity: connect direct detection and
collider phenomenology

collider production
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22 , | nuclei
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_bu/bd
Solution: by/bg=-0.9

However, must account for uncertainties (hadronic and renormalization scale)
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Not quibbling about percents
(example 2: light WWIMPs)

DM complementarity: connect direct detection and
collider phenomenology

collider production
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Not quibbling about percents
(example 2: light WWIMPs)

DM complementarity: connect direct detection and
collider phenomenology

collider production

<
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;' / folfom-Z/(A-Z)=-0.7
i engineered to reconcile DAMA
[ with results from Xe and other
1 nuclei
0 05 10 15
_bu/bd

cf. bu/bq=-1.08 from “isospin-violating” DM

Assumed one-to-one mapping between b./bq4 and f/f; invalid

Nontrivial mapping from colliders to direct detection
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Not quibbling about percents . -
(example 3: heavyWIMP annlhllatlon) |
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perturbation theory 6



Not quibbling about percents . -
(example 3 heavyWIMP annlhllatlon) |
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® WIMP scattering + high-scale matching:
Heavy WIMP Effective Theory (HWET)

® WIMP scattering + collider production,

connecting weak scale to hadronic scale:
heavy quark decoupling

® VWIMP annihilation: HWET+Soft Collinear
Effective Theory




Mechanisms versus models

Electroweak charged WIMP Mechanism versus VWIMP Model

N N

X

Focus on self-conjugate SU(2) triplet. Could be:

- SUSY wino

- Weakly Interacting Stable Pion

- Minimal Dark Matter



Basic idea:

We are all familiar with Heavy Particle Symmetry

S

To leading order in p/Mproton the electron doesn’t know about details of the

nucleus beyond its charge

p° «

2Me r

HHydrogen — HDeuterium —

Apply Heavy WIMP Symmetry to provide absolute predictions for dark matter
observables



Present null results of direct detection and collider
searches may indicate large WIMP mass scale

A
mass spectrum of beyond-
standard model states
mass
myy—-




. . ) /
Present null results of direct detection and collider M .

searches may indicate large WIMP mass scale next-to-lightest BSM

multiplet

mass spectrum of beyond-
standard model states

mass M —

lightest BSM multiplet

mW—— mW__

00— 0+
lf WIMP mass M >> mw, isolation (M’-M >> mw) becomes generic. Expand in mw/M, mw/(M’-M)

Large WIMP mass regime is a focus of future experiments in direct, indirect and collider probes
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Present null results of direct detection and collider M/ T to-liehtest BSM
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A
mass spectrum of beyond-
standard model states
heavy WIMP
mass S)’mmetr)’ M —
lightest BSM multiplet
—
mW—— mW__

00— 0+
lf WIMP mass M >> mw, isolation (M’-M >> mw) becomes generic. Expand in mw/M, mw/(M’-M)

Large WIMP mass regime is a focus of future experiments in direct, indirect and collider probes

10



Present null results of direct detection and collider M/ -1 to-liehtest BSM
searches may indicate large WIMP mass scale ;ejt;pcl)e-tlg s
A
mass spectrum of beyond-
standard model states
heavy WIMP
mass S)’mmetr)’ M —
lightest BSM multiplet
—
focus here
mW—— mW__

0= [
lf WIMP mass M >> mw, isolation (M’-M >> mw) becomes generic. Expand in mw/M, mw/(M’-M)

Large WIMP mass regime is a focus of future experiments in direct, indirect and collider probes
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4 Five distinct regimes relevant for scattering on nuclear targets

energy/
renormalization new physics

scale (GeV)
80

) EW symmetric “Heavy WIMP effective theory”

Renormalization of composite operators

Nucleon matrix elements

O ) Heavy quark threshold matching quarks, gluons

Enuclear o
adrons

“SM anatomy” of interactions between weak and hadronic scales
|l



Start here: (e.g.fermion or composite boson UV completion)

1 _ R _ X
L= Lo+ 0 — MyD L= Low— (A7 + 06 +34 + W)y
End up here

. 0° . 0°
L =NT"[idA N +xT [0, 1 Y+ csiNTNY Ty + ...
QmN 2N



Start here: (e.g.fermion or composite boson UV completion)

| . 1 . _ o
L= Lsm + §w(le — M)  L=Lsu— Z(AZV)Q + (i@ + g4 + g2W)
Fill in here
End up here
0? 0*
L =NT (i@t | >N+XT (i@t | )X—I—CSINTNXTX—I-...
QmN 2M

“SM anatomy” of interactions between weak and hadronic scales
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Heavy particle symmetry and weak-scale matching
|2 operators (classified as spin-0 and spin-2) and |2 coefficients

1 * 0 0 2 2)uv 0 0 2 2)uv
L4, sM = m—ggbvgbv{ Z [cgq)qu) -+ cgq)vuvyqu)” ] + cg )Og ) ¢ cg )vuvyOé LS T
W

q

Besides universality,

Heavy WIMP Effective Theory
Feynman rules drastically
simplifiy integrals:

%% Y >< T
|
L ;

LS
., Y o g + g
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Benchmarks: pure states

(‘Wino”

“higgsino”

Ospin.indep.
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WIMP-nucleon cross section [cm?]
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® WIMP scattering + high-scale matching:
Heavy WIMP Effective Theory (HWET)

® WIMP scattering + collider production,
connecting weak scale to hadronic scale:
heavy quark decoupling

® VWIMP annihilation: HWET+Soft Collinear
Effective Theory




Dark matter - Standard Model interactions

1

L = An ODM X OSM
d Fermion d Scalar d Heavy particle
3| L, i, s, {0, oMY 2| lof 31 X[l {o"}x
41 {1, ivs, Vst Y, otV ]i02e 3 | {¢"i0 ¢} 4| xo[{1}, o/7]i07 _xo
d QCD operator basis
3 Vi =t

A = a7 54

q complete

4 TH = imggo™ v5q .
QCD basis

Oéo) — mqqq7 O(O) — GA GA,LW
O = myginsg, O = e™rrGAGA for d<7/

puv = po
O((f)w _ %cj (’y{“iDi} B ﬂup > q. 0(2);w GA,MGAV pv (Géﬁ>2

O = Lay(niD" ysq
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Renormalization: (focus on ops relevant to heavy VWIMPs)

Lo sM = m—%yqbiqﬁv{ D> [652)0 + e v, 09" | + 05 + cé”vuvuOé”"”} ...
q
ch/ ¢i(p) = Rij(pu, prn) i (pon)
focus on spin-0 (evaluate spin-2 at weak scale) (1 ng\
S~ 00 4 800 i
0 =my = (1=m) > (O0) + (0 0 0[R,y
q=u,d,s,...
(07 (un) = R (1, 1) (05 ()
2 2 2 2
 Ryy= = Ryy— ——[1 = vm()| Rog = —=——[1 — vm
B(u) 99 Blun) qg () [ Y (M)] 99 B(un) [ Y (Mh)]



Quark threshold matching: o) = 1 (u0)¢, (1g)

( Mqq ng\
_ 1(qu — qu’) + Mgy E .
M(pq) = Moo |0,

\ng T Mgq| Mgq Mgg)
nf ~
b

O =myx = (1= 3m) Y. (OD) + (O
q=u,d,s,.

(01 (1p) = M<S><ub><0<s>><ub> +O(1/my)

0 — B(nf) o B(nf+1)Mg o 2[1 o ,y?(??f—Fl)} (MgQ -+ nfng) ,

n nr+1 2(n
U= 2{1 - %(nf) 11— 7”'€”Jf+ )} (Myq + Myq + (ng — 1)qu’)} = B My

Notice that:
My,=1, My =0, My,=0
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Remaining relations are determined by sum rule in terms of Mgq and Mqq

_ B(nf) 2 (ng+1)
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had !
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Hill, Solon (2014)
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Remaining relations are determined by sum rule in terms of Mgg and Mqo

_ gl 2 (nf+1)
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Impact of NLO corrections on wino-like direct detection cross section:

10—50

90 100 110 120 130 140
mp (GGV)

21



® WIMP scattering + high-scale matching:
Heavy WIMP Effective Theory (HWET)

® WIMP scattering + collider production,
connecting weak scale to hadronic scale:
heavy quark decoupling

® VWIMP annihilation: HWET+Soft Collinear
Effective Theory




Consider heavy neutral wino/WISP/heavy triplet VWIMP
annihilating to neutral gauge bosons

DM Y

DM Y

Intricate process: loop induced, and interplay of 4 effects:
- hard annihilation (high scale matching)

- Sudakov suppression (RG evolution)

- Collinear anomaly (low scale matching)

- Sommerfeld enhancement (nonperturbative wavefunction
solution)

Treated systematically in a sequence of matching+running in EFT
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A systematic treatment is not optional, especially for large mass

10723
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one loop, neglect wavefunction
enhancement
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tree level severely overestimates
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Cross section
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Scales of heavy WIMP annihilation

N —-

1D s V)

=D =D D D
Jolpe.

26

hard annihilation
(makes it happen)

Sudakov suppression
(makes it slower)

Collinear anomaly:
remant of nonfactorization

Sommerfeld enhancement
(makes it faster)



Match onto SCET at hard scale p~2M:

DD D
DDDD - wm><
60

Resummation governed by cusp:

CR) = Sy [ (€2t7) + Co0%)) (108 2 i) wimu] 7 57 447220

group theory
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Match onto SCET at hard scale p~2M:

D D V)
=D =) FD DD = e~ a) x
jee

Resummation governed by cusp:

4M?
K

8(g)
g

1
F(R) — §/Ycusp [(02(T) + 02(7“/)) (log
group theory Becher, Hill, Lange, Neubert (2004)
Becher, Neubert (2009)

Beneke, Falgari, Schwinn (2009)

— iw) + z‘wCQ(R)] FAT A A2
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Annihilation of nonrelativistic particles described by QM:

:p2

e.g. H=_—+V+ilV
V= _2 — T W = wd*(r)
Bound state annihilatiorn:
[ = —2(| W) = —2w|(0)|? Wy =1
w0 = ")

Asymptotic plane wave annihilation:

ezkr

ov = —2p|We) = —2ufp(0))2 Ve T IO

2T

4(0)|* = T
|
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Heavy SU(2) triplet: multi-channel annihilation process:

charged states lifted by EVVSB effects:

0
M(Q) — M(Q:O) — ()42@27721/[/ SiIl2 7W —+ O(l/M) ~ (170 MGV)Qz

0 +

0 -

asymptotic neutral channel, but leading hard annihilation
through charged channel
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Below electroweak scale, match to QM

VS-Wave _ ( 0 2042 o

2042 —mwr a2CW er

FA 4V W

: L

p2 Mo 1

SCET = L7

'3

Annihilation rate given by

o0 = —2(4| W)

30
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Nontrivial wavefunction effects:

10723

% ;
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10 i 2
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10726
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= 107%/
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1072

10—29

one loop

one loop, neglect wavefunction
enhancement
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Recall that the messenger modes introduce a new scale

collinear : p* ~ Q(A\%,1,\)

collinear’ : p" ~ Q(1, A\, A) p?nessenger ~ pr; < p?
P~ QA% A% N

messenger :

This allows large logarithms to sneak in the back door

s D
%’%%X

IMT 7Y =

2M
[ 32 log — log —— 1627 log mw_ 16 log mW]
3 p p p v

e oM w
"‘CQ(M){— 73T 3210g710g7w 817 log mTW—lfilo Qmﬁb — 8log —mﬂw}
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Happily, the dependence on the large scale may be
resummed d

lobservable] = 0

Basic idea: dlog ,
d 2 M P
I = 4log —
dlogp © M2~ TS M
The only thing whose variation can cancel this dependence is
log ,u22 log —5— MQ
M miy
And so the coefficient is tied to the universal cusp structure
4M2 F(mW 1)
Can now resum these ci(1n) %cz-(u)( " )

subleading logs:

determined by cusp structure
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Next-to-leading log, versus leading-log resummation:

LL

-

0.8

0.6

free particle tree

photon
annihilation cross
sectio

L]
L]
N
| § _
~
| R |
~
= \ -
~
0.0 - |
. ~
~

NLL |

-0.2
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10723
. Bauer, Cohen, Hill, Solon (2014) tree level
—24 " ]
10 . /
L= 107 /
%0 T ."’ \‘;
o — ~—
2 E 107° see also:
o Baumgart, Rothstein, Vaidya
= = 1077
c 8 ¢ (2014)
S = 10-28 Ovanesyan, Slatyer, Stewart
=
< E (2014)
A« 10-29 Beneke, Hellman, Ruiz-
N\ Femenia (2014)
4 6 8 1
M |TeV
[TeV] WIMP mass
one loop

resummed

General framework in which to reliably compute annihilation
signals for heavy WIMPs.
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* QCD corrections are important to dark matter
searches

* determine discovery potential (e.g. heavy pure
states)

* determine compatibility of potential signals
between experiments

* interplay with perturbative and nonperturbative QCD

e [attice matrix elements
* high-order decoupling relations

* novel nuclear responses




* EFT developments
* matching and renormalization in HPET

L orentz invariance in HPET
* high-order decoupling relations

* interplay of collinear anomaly and EVVSB

 work to do:
e |/M HWET

* |/mc corrections to decoupling (lattice QCD)

* nuclear responses (identical at |-body level)

37



extra slides
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Additional states in the dark sector

ol o/ w0 ) C
10746 : 1074 0.1
SO 001
\‘%10 0 02
. - ° _ ° ° 0 10—48_ had S -
singlet-doublet (e.g., bino-higgsino) ¢~ had N
1077 pure singlet
=50 .f .....................
=70 2 4 6 8 10
10—45 - 01 /I\‘\\ B 16_43 I //I/\\\I}\ IIIIII
. I d bI . h . . 10_46_pure triplet // \\\\ 107 :;”////77 riigréti\'\""‘"" -
triplet-doublet (e.g., wino-higgsino) T L AN —
Z 10 SV, S
1074 m pert
10—50 ...................

0 2 4 6 8 10
A/[(4mk)*mw]

A: mass splitting of multiplets, in units where tree/
loop crossover occurs at ~|

interplay of mass-suppressed (tree level) and loop
suppressed contributions
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Single-nucleon operators

1 . . 1 . . . .
Ly, pT = m—z{leTO_ZN X'o'x +daNTN XTx} + m—4{d3NT31N XT0'x + dyaNTOLN xT9" x

N N
+ dsNT(8? + 2)N x'x + dgNTN xT(8? + 8?)x + idse?*NTg'd’. N 7% v
_|_
+ z’dgeijkNTJiﬁiN Yo% x + idneijkNT@iN XTUZQZX + id1ae 9 NTOF N XTaiﬁix
+disNTo'®? N XTaiﬁj X + diuNTa'd’ N XTJiﬁiX +disNTo-0.N xTo -8, x
+ +
+ digNlo - O_N x'o - 0_x + di7NTa'd’ N Yo7 x

+ digNTo (8% + 82)N x'o'x + digNT6*(8°07 + 07 0)N xToy

dpNio'N y1o#(@2 + B2)x + du N'o'N xiod (009 + 5757 b+ 0 /ms) . (

L orentz invariance:
do

rds + ds = Z ., ds = T2d6 : 8T(d8 -+ ng) = —rdy + dy , 8T(Td11 + d12) = —dy + 1rdy
rdis + dig = 1 dig = r°dao, 2rdig+ dig = 1 r(dig + di7) + dig =0, dig =7rda1,

40



Light WIMP+ SM

_ Gy1 o C3,q 7 _ Cipd,q 7 _
Lysm = WWH T Eu + —WW“ LIEEDY { —5 UMY a5 P s s

q=u,d,s,c,b w w

Cy5.,9 7 _ Cy6,q T _ CyT.q 7 _ Cy8,q 7. _
+ 2Ly pgy,g + 7;2 LyPpgyuysg + n‘ingmqur ﬂ‘ing@%wmgqq

myy W 117 117
c 97 . — 9 ]., 7. _
wngwmqq175q+ S0 q¢W5¢quIWSCI+ L0t Yy
mW mW mW

+ = 2 s Yy + - A5G ) D@YuY5q + s G54
mW mW mw

15, v 1, N v — 17
+ U5 o hmg G g + “2S e P Go P g b+ —a e G GAY
mW mW W

c ~ .
OGR4 GGG + S iy GG .
mW W My

Majorana:
Cyn With n = 1,2,5,6,11,12,13,14, 15,16 vanish,
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Heavy WIMP + SM

Cx1l _ v 3,
£Xv,SM = ﬁXUUT_ XUF;W + XUUJ_ XUF,uV + Z { T;;Qqe,uupav XUGJ_ Xo@V’ q

q=u,d,s,c,b w

Cxd,q
+ —5 e,u,l/pcrv Xv
W mW myy myy

mqqq

.D_gq

1174 mW myy

11,q
+ Cx

Yoo 0 X @g + © 2 upoXo0| 10 X0 @ o i0% X @54

W 1% mW
Cx14,q Lp
+ 3 D i1 e O o e R - 22 €po VM X0 X0 @(#1D7 4 47iv - D_)q
w w

6) g
+ ;;3 qeu,,pgv XvUL Pxvq($iD? +~%iv - D_)

o0 X0 dY,.q
1174 mW

18,9 —
+ " qXUO—J_ 8J_MXUQ’YVQ + 3 E,uz/pUXvUJ_ 8-1-vaqu

W W mW
CX21)q = a a
XUO—J_ MXUQ’Y;/)%Q + f,uuanvo'J_
W mW mW

_ .Aal _
29 % i X @54

+ Lp

UJ_ XvMqqo wq

24, S . Cx 2 _
+ ;@3q€uvp0><v0iyxvmqqapgq +m XvaG GAP X vaG GAoPs

w %4 W
Cx27 _ Cx28 _
X A A X v ABs ~A -
+ 3 XUXUUMUVG ,MOéG ve + —3XUO-ﬁL_ XUEMVaﬁ’UaUWG IB G"}/(; _|_ s e ey (4
mW mW

Lorentz:

mw mw
— 3+ 2012 = —

mw
i i Cya + 20414 = —Cy5

N 6 — 2Cx20 = Cx11 = Cy13 = 0,

—2c 17 = ——C
X M X

Majorana: . .. for et 2. 5.6, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24.
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