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Time evolution of the MSSM predictions
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Time evolution of the MSSM predictions
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Time evolution of the MSSM predictions
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Generic Higgs exchange size

Assuming a coupling of the forml. % cq /2'&5 h

2262 \2 U2M ]
oSl LS rf]fvz N 0452 & 10 “2 cn?
n hVEW

eAlready too large generically for XENON bound

*Need some way to naturally suppress this within SUSY
while maintaining successful abundance prediction

o[f LSP a Goldstone bosomadditional suppression
via derivative coupling?/f?!  (m- v/?) could bring it into right
ballpark



Motivationill.

¥Mnteresting extension of MSSM that lead to Oburied higgsO
type models (Bellazzini, C.C., Falkowski, Weiler)

¥Additional global symmetry broken at f ~ 500 GeV
¥Goldstone a coupled to Higgs via fizhz! ,alta
¥Givingriseto h! 2a! 4j decays Oburied higgsO
¥Original model based on SU(3) global symmetry

¥Simplified version: just a U(1) global symmetry

(Luty, Phalen, Pierce)

¥Could the fermionic partner of a be the LSP?



The Model

¥Assume U(1) global symmetry broken at scale f (~500 GeV-
1 TeV)

¥Assume global breaking supersymmetric

¥Coupling to SM via

- Anomalies mediated by heavy vectorlike SM fields

- Mixing with the Higgs



Simplest Example

YGlobal breaking: W = yS(NMN — p?)

¥Anomalous coupling: W = N! K
($ carries SM quantum numbers)

¥Mixing with Higgsvia W = SH H4

YAt this stage SUSY unbroken, massless Goldstone
multiplet |
1 | | _
A = J.—z(s+ IaT) + 2"H + "2F

Goldstone (axion)
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Simplest Example

YGlobal breaking: W = yS(NMN — p?)

¥Anomalous coupling: W = N! K
($ carries SM quantum numbers)

¥Mixing with Higgsvia W = SH H4

YAt this stage SUSY unbroken, massless Goldstone

multiplet |
1 . -
A= L1 z(s+ ia)+ 2'# + "°F

T

Goldstone fermion (axino)



Effective:KShlér interactions

¥Nell known from axion/axino literature (Dine et al. 800s)
¥A"A+icf shift symmetry, non-linear field G = &V

¥<Shler potential K =K (A+A,")

. ) B $2K 3 q q2
¥Power series: K = SASA -1 + b_Lf—(A+ A)+ bZW(A"' A)+ ...

¥The SUSY interaction Lagrangian:

Y0 _ & |
20 r 1 1 i
L = 1+b—s+b—=s"+... =I¥Fsl s+ _lHal a+ BH" "
s+ b o' Stust ptiahar SB

0/

i<blH+bz éqzs+...> (s> ) ! a+ 1—16?—2(b2! by + ..) [(B )2 (8 °)?)



Effective:KSHhlér interactions

¥b1 particularly important determines !!a interaction

. . . ) ) o
¥Starting from canonical potential K =~ %% =" f2en4* 4/

() ()

¥General expression b = é (Z off 3) If 2
¥-or two fields -1%h%1

¥Mnteraction with Higgs

K = %(A+ AN e HyHg+h.c.+ dyHyH, + ..)

2
¥ 2Q_P(A+ A)(c2HyHyg+h.c.+ dyHyH, + ...)+ O(1/f%)

¥After higgs VEV h-s mixing, usual h"aa decay etc.



Higgs: and!SMimatter intOs

¥The higgs mixing interaction:

0 \VVY
f

¥YAfter diagonalizing s-h fields effective interaction

Ky = 12K/ (LH ! A ) = fg(clHu+ diHyg) !

(c; sin" + d; cos")

& A

2q O*Vew

1 i
= —(lal a)+ —zbH! + b——s+ + ... + ...
L o 2( al a) 2% WHoo 1 blf S+ ¢, 2 h

¥irect interaction with matter fields more suppressed

70 &

q Yu Yd Yl
K=-"(A+A) —O@H,u+ —@H,d+ —¥H e+ h.c.



SUSY breaking

MUntil now entire A massless. a protected by Goldstone, but
s,! by SUSY

Mntroduce soft SUSY breaking. Assume all globally
symmetric.

¥ramvakis-Wyler: if Fi=0 for all U(1) charged fields !
remains massless:

I
¥he GF: " = q:c s
: : i | 1 ~ 1 - 1
¥U(1) invariance of W FWiqfi =t ZqWi =1 ZqF
J
m, -0 §"Fi#=0 $

% qg"F;#f otherwise.



SUSY breaking

¥However, SUSY breaking globally symmetric does NOT
imply ¢ Fi =0

¥Reason: A-terms involve mixing among F-terms

1 L ?
YAssume X spurion X#=...+F #
|
¥Generic KShler potential K = Z(X,X ),
¥Mncludes mixing among F-terms (Giudice, Rattazzi O97)

# d Y0

2
L d*# z+$_z|:#2+$—z|:ﬁ2+ ¥z FF ### | |

$X $X $X $X

¥eliminate mixingvia 1 g 1'g 71/2 (1 + ' In ZF--2> |
field redefinition



SUSY breaking

MWixing between F-terms ~ A-terms

H !
oW # oinZ F
"Leot = —# 772 %
AT "0In X M

¥S0 just sufficient to look at naive potential

¥M;? will give rise to sGoldstone mass ms

¥Generic magnitude of induced Fi is

Fil = Aif;



SUSY breaking

¥Generic magnitude of induced Fi is
|Fi|l = Aif;
¥5eneric size of GF mass:

m, I Aig

¥Duestion (to audience): is it true that if Ai=0 then mi=0?
(Do soft breaking scalar masses never induce mi ?)



ExplicitiBreaking d./Anomaly

¥Assume that U(1) is anomalous under SM group

Wanomaly = | %AW ayya

¥Gives coupling to massless GBOs:

: | i
Lanomaly ! f%% aGﬁ! Gﬁ! + Q%ﬁ! [O/bl’%]o/g| a

¥Anomaly coefficient (assuming all masses equal):

can =" Q1 Ny /(8()



Explicit Breaking 2.-Superpoti:

¥Assume additional U(1) breaking couplings param. by
spurion & with charge "and VEV =~ $#ojo=! of

¥To not break SUSY need two couplings
W = fz#! %G%+ fz#! &G& I) < 0
¥Gives uniform mass to a,s,! (only source for m )

Mew interactions determined by ma:

[ 1] m2 ! ) 11 m 1 ! . 1 [ 1] ) m 11 1
L ! 7"" a’+ s° 7""!;5 +§%( +#) ja% > " s¥ " m,sa’ +8f—";( +'# +#Y) a%y +. ..



Particle:contentSummary

¥Mass spectrum: . Ms$ My > m,

YAssume ! is LSP

f ~700 GeV- 1 TeV
mi ~50-150 GeV
Ma ~10-100 GeV
b1 [-3,3]
Can 0.06
Ch [-1,1]

(=-(+))/2 [-3,3]

*=(" 24+Y)+) 2)/8 7/8




The annihilation:cross:section

M eading channel !I"aa
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¥6-wave vanishes, only p-wave contributes ¥ = 2% bv + ...
a=0 Z=m,/m,
m2
b= [53(by +426)(32° " 1628 + 487" 64z + 32)

96nf 4(z2" 2)4
+2%0%(32° " 14z° + 467" " 642 +32) +16b,65°(2° " 1)(byZ’ + (22" 1))]

¥o-wave due to parity
a(p)al" B)IP[" (b)" (" p#="1 ap)al" p)I" (" p)" (p)#



The annihilation:cross:section

M eading channel '"aa
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¥Gives automatically right abundance for m;=100 GeV,
f=700 GeV, b1=2.4
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The annihilation:cross:section

¥Subleading channel II"aa  via explicit breaking vertex

X d

> ¥o-wave again
X

d

¥Subleading channel !I'"gg  via anomaly

¥-wave but suppressed
by small anomaly coefft.



The annihilation:cross:section

¥Subleading channel '"ah  if 2mi>ma+mn

> a ¥-wave again

¥Subleading channel ""nh  if mi>mn

> ¥-wave
X
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Sommerfteld enhancement?

M ong range force could enhance +ann

YAttractive force via !Os possible from a exchange

~N~————

/! : : : : : '\

¥Scattering amplitude ! 1! 2" 1426
i0%fm?

2f 2[(p1" py)?" m3]

¥YPotential: spin-spin interaction

iM = [(Pp " DY) - #(Pe" D) -#]" (1 # 2)

V(r)= V¢(r) 3 él ap éz apn" él é.éz + Vc(r)él é.ég
(Bedaque, Buchoff, Mishra)



Sommerfteld enhancement?

¥S=0 channel attractive  s_, CV(r)|S=0, "= # ?1\’0“)

¥S=1 channel angle dependent, average attractive:

11 1
I : lI: : ||: ll: . _ + .
1IS=1,"=1|V(r)|[S=1,"=1 oft 7 Vr(n+ Zve(n)

¥Most cases have p-waves, corresponds to S=1, L=1

Meed more work to figure out how much enhancement -
here we did not assume any enhancement

~NSN~————

/: : : : : : '\



Direct detection

M=ffective !lgg operator from gaugino exchange

L& I # .9 .

¥ GG is total derivative, vanishes for p"0

MJsing 'N|GG|N" matrix element find

. ! " ! " ! " 0 1
o5 = 2o SING WMid 4, 700Gev 7 700Gev ' N, T

# 51843 M2f4 M, fiq 5 1 GeV

¥Tiny




Direct detection

¥Effective !lgq operator from higgs exchange

VEWq2 © U
Lh= 620 T (gin g0

MUsing !N |gdN" matrix element find

" #," #
o Cﬁ$2 EMEME 2 g 1045 oz 115 GeV * 700 Gev 4t m, %B% W@($_N>2
'ggs mf 4/q4 mp fiq 60 GeV 1 GeV 0.5

M3elow XENON bound

mg v?

¥Suppressed by ~ 2 compared to MSSM higgs
exchange as expected
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Higgs: phenomenology

f1 400GeV, my! 45GeV, ¢! 2

1.0-" " "

\ R R L [ R R T L1 L T S B S [ I T ! 1
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M ow f: large branching to axions
¥h"aa gives h"jets (like buried higgs)
¥Here mi=100 GeV, no h"!l



Higgs: phenomenology

1700 GeV, my! 45 GeV, cy! 1

BR

M arger f
¥r"aa not so important



Higgs: phenomenology

fI 500GeV, my! m-! 60GeV, ¢! 2

0.7-

BR

0.0 F==r memm———

140

150 16C

100 110 120 130
my, '|GeV!

¥Smaller f, also smaller m =60 GeV
¥h"aa gives jets
¥"!l gives missing energy



Summary.

¥SUSY DM getting squeezed by direct detection

¥ xtension of MSSM with U(1) symmetric sector can help
M ike a weak scale axion-axino model

MGF could be LSP and ordinary WIMP

MVass spectrum assumed ms! m; >my

¥Annihilation cross section dominated by !! ! aa

¥irect detection naturally below XENON bound, but
not too far via higgs exchange

MHiggs pheno: h"4j and h"missing E 1 could be sizeable



