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The hidden sector paradigm

Necessitated by supertrace sum rule

gauge messengers
more exotic models



Gauge mediation: successe

[Dine, Nelson, Shirman, 1995; hep-ph/9408384 and others]

[Giudice, Rattazzi, 1998; hep-ph/9706540] I
{mSC| e 4—IJ &,k ...
¢g,W,B
_ TevV] —
Flavor-blind | H

/( ‘\ ? -a-
/ \

W ! XIS "X#=M + I°F
calculable!




The LHC rains on our parade
!

my =126 GeV Heavy scalars ! .
No superpartners yet (but not too heavy!) pev| —/
however...
. . . ¢g,W,B
Gauge coupling unibcatl Weak- or TeV-scale | TeV \ T

(WIMP miracle) gauginos? _

OMini-splitO or Osimply unnaturalO supersym

[Arvanitaki et al, 2013; 1210.0555], [Arkani-Hamed et al, 2013; 1212.6971]

But what Is the UV completion?!
Not trivial®



Challenge®f mini-split

RG stability: [need i, (M) ! ng(M)J

EWSB, good
i . charge and color breaking, bad!




Challenge®f mini-split

RG stability: [need i, (M) ! ng(M)J

EWSB, good
i . charge and color breaking, bad!
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> | w2 | : Must be Oin the ballpaik!
o 2'B-/-L2 "O/BlmzorB )
| B py + i, p - My pw~ HH



This talk:
Mini-split from gauge mediatic

non-SM-charge
messenger

mnp andm; independent
Key: newu (1)

gaugino masses

H—— generates, ! m3
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The Auxiliary Group



The auxiliary group

All anomaly-freé global symmetries of the MSSM !

INn limit of vanishing Yukawas
* with respect to SM

[Gaux =SUE)r ! UD)g: ! U(l)Hj

WMSSM - !uUUQHu! !ddUQHd! !eeULHd'l'U-HHqu

Global symmetries with, =!4=1¢=0
U(1)g baryon number U(3)5 Ravor symmetry
(3 generations, 5 matter superpelds
U(1). lepton number U(1)y OHiggs symmetryO
UHe = & WHyg

Gaux IS the amomaly-free subgroup



The role of Gaux

Gaux =SUR)r ! Ul)e: ! U()H
N/ f

squark, slepton masses! Higgs masses!
A-terms A- and B-terms

At leading order:
¥Matter charged, but not gauginos: gaugino
masses only appear at 3-lodps, ! mMsc
¥Without U(1)4, no Higgs sector soft terms!
Problems for EWSB and,

Note:

(for models that address this, s@@vanitaki et al, 2013;1210.0555]



Ordinary vs. auxiliary gauge
mediation in Feynmamiiagrams

1-loop 2-loop 3-loop
. . o <& + 7 sim.
Ordinary W M (subdominant)
GMSB Gauginos Sfermions and |
Higgses
Auxiliary M e
- N o
GMSE Nothing! | %

Sfermions and | .
'\ Higgses Gauginos
\

brst computed in !
[Gorbatov and Sudano, 2008; 0802.0555]



Calculating soft terms
or
Oapplied Higgsed gauge
mediationO



Hierarchies of scale

two independents Gayux breakingMV
scales lead to ~ 1019 — 10 GeV

interesting phené Messengen!
SUSY breaking/pM| ! 100" 1000 TeV

scalars ~ 10 — 100 TeV
gauginos | ~1—5 TeV

weak scald 246 GeV
Higgs

(Higgsino mass depends on choice of params.)



Analytic continuation

Example: single chiral superbgld !
chargeq; under nevgpontaneously brokel(1)

W Xl € "XH#=M + |°F
M, 2 = XTX, Mv?® = ME +2¢%¢2q'q

Ordinary gauge mediation:! Higgsed gauge mediation: !
Integrate out! integrate outV too
[Giudice, Rattazzi, 1998; hep-ph/9706540] [Craig, McCullough, Thaler, 2012; 1201.2179, 1203.1622]
4 2 2
d" Z(M?)q q d* Ky (M2 ,M2)

/

WEF renorm. forq 2-loop eff. KShler potential



Scalar masses
M

Integrate KShler potential over superspace:

| = “ 2
' \MV/I\/| (o more Higgsing
1.0
! | I ZEFE v 08\ ]
2 _ 2.2 )
I’ﬁq = qqq! o ﬁmﬁ f (#) 06 unbroken
. J 0.4 decoupling
ordinary gauge! Higgsing! /
mediation result suppression!
factor 0.01 1 100 10

Varying! gives different phenomenology



Soft terms In auxiliary gauge mediati

¥! chargesd(!),p ,q

¥ Higgsing scales:l g, !, all
= | soft |
¥ Auxiliary gauge couplings:l: g1 1, H o

¥ SUSY-breaking parameter/ )/

color code: Gaix = SURB)E! U1)g: L' UD)H



Soft terms In auxiliary gauge mediati

(all formulas evaluated at effective messenger soadd1, M/} )

i ] Squarks/sleptons o
| 2;{:/'L !IZZ 7 aTa ' :F :2
mq ] = C(! )(2--)2 f(#é)(T T ){Ij} $p. (2 )Zf(#B' |_)7'—'l',J -m.
\ a
i N Stop-Higgs A-term:
hubrte = (97)2 ( anh 00) (T2 )33+q505 h(6m)+= pchqZB rh(0p-r1 )
\§
- R nggs sector B A
mHu,Hd - q(I)(Z )2 BM :2|~lH Clu (2 )Zh(#l_l)_
\ y,
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#
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H
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Some parametrics

Ordinary gauge mediation Auxiliary gauge mediatior

F 2| F |° lom Va2 1 2
o~ g ™ () i mor e L e R
" — n ! SM ! aux
[m! r!nscj = E!n! 162 r!nsg
Also:

O(10) for !

By _ HMu 2h('n) -~ my, 1 M/3

m2 ~ FM (1)

‘ ‘ |
0.01 1 100 104

Can accommodatgH a factor of 10 lighter than F/M and !
still get Higgs sector soft terms at the correct scale! !



Benchmark spectra



Flavored benchmark

GeV
10°¢
- - 62
. G E
10% "
—_ - g
_ W
100CH — B
h
10C Flavored
Benchmark Flavored
Meg [GeV] 100
FM [GeV] 1 x 10°
\/C(! )OéF 2.5
OF 260
P ap1 L —
0BI L —
Oo vy 0.4
O 0.1
tan 3 20.05
Mg [TeV] 0.8
/B [TeV] 1.5
m3/2 [GGV] 7.6 X 10| 4

¥ large!r gives stops and
sbottoms lighter by a
factor of ~6!

¥ Gluino decay goes like'm;
SO decays to 3rd-gen
guarks are5*times as
likely!

¥ Light Higgsinos and
largeishtan! possible by
tuning messenger scale

(not specibc to AGMSB)



SuperWIMP benchmark

G
U ¥ Use all three factors of
- e, auxiliary group!
L GE _
0%~ o ¥ Bino NSLP has correct
o mass to decay after
100¢; - freeze-out to gravitino
- AHHE . -
] LSP, which i1s dark matter
1002- "\ B 1626 (superWIMP paradigm)!

- - ¥ Preferred parameter
Benchmark || superWIMP . .
o o space In Feng et al. easily
it o5 accomodated

op 0.1

i » SuperWIMPS: [Feng, Rajaraman, Takayama, 2003; hep-ph/C

0 e hep-ph/0306024]

anp 3.95 In gauge mediation: [Feng, Smith, Takayama, 2008; 0709.0Z
g [TeV] 45.8
¢u87 [TeV] 67.3 With 125 GeV Higgs: [Feng, Surujon,Yu, 2012; 1205.6480]

m3/2 [GGV]

1.9




Summary

-

Gaux =SUE@)r! U@)e: L ! UD)H

Auxiliary group used for!
Higgsed gauge mediatior)

\_

" Soft terms calculable with!

analytic continuation
mz. ! d* Ko (X X,q Q)

J

-

~N

Spectrum constrainec
by RG stability, but
can Pnd viable LHC

benchmarks
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Outlook

¥ If supersymmetry is realized, LHC seems to
be pointing us toward mini-split. Need
explicit, concrete models!!

¥ Auxiliary gauge mediation is a good place
to start. Some Interesting and unusual
phenomenology (can even get acceptable
spectrum with a single U(1)!)

¥ Along the way, applied useful techniques,
iIncluding Higgsed gauge mediation and
another way to generate B-terms at
messenger scalgontrary to lore)



Backup slides



Incorporating (3avor

W | FS S,H QU © -

AZS Sd dQD -

S/ S,
S Pelds are 3avor spurlons< " d) Au,d

" u,d
Also cancel anomalies .

Note: Gaux now spontaneously broken. In particular,
SURE ! SU(R)

IargeBrd gen.! suppresse(fBrd-gen\
Vukawa == heavyliavor bosons==> MAasSes

\- J

First two generations stay heavy and degenerate (U(3) not anomaly-fr




Fleld content and reps

Gswm Gaux all matter!
SUG)c | SU@L | UMy | SUGKE | UMe: ¢ | UMk belds
Q 3 2 | U6 3 3 7 fundamentals
_ ue 3 N3 | 13 /V
Cancel internal! D¢ 3 N 13 ‘/'1/}
L N 2 1 1/2 1 N
SU;?; ;}’;lll):s -~ e R |8 |1\ ) KEY: Higgs onl\
Hy N 2| vz g N N ﬁ charged under
H 4 N 2 11/2 N N 1 U 1
\ N N N | 3 | NN (LH
) v | RO RO R 1| R
get vevs, ! Su N N N 6 N N
spontaneously{ >d E E E N6 E
break all ofGan & 2" | & | 8 | & | & v | «1 N&iL cangete
/C/' “H N N N [ ct) | =p | g I\/Iajorana mas:¢
l's ' w Ly L E g1 L I'H

gauge messengers.



Higgsed gauge mediation

M2 1 X X m MY ! My +2g°qq g
W
| d”pd”q 1 1 1
(20 )2Pp=H p2 + My |2 (p+ 0> +IM; > 2+ My °

Kar D —207 ¢°

Do loop integral, isolate coefbcient [gf|°

,, 2 F F 2 F§ 2
KoL ! q!20q2(2..)2 h(#) m$2"' I\/I—$ "‘f(#)% $$  |al°

(1 = MZ/M 2) parameterizes Higgsing scale

Note: analytic continuation gives ority. result in F/M



Gaugino masses

Supposeq has hyperchargeY =1
Field rescaling is anomalous, shifts kinetic term:
. 1 .

dz!yv!w! | d’r f Wlogzq(ﬁ) W, W'
hypercharge!
peld-strength!
superbeld N

— N2y F
= |\ M = 4,44 (2" ) 2" h(#{ﬁ )

Same as !
for A-terms!

Simple and predictive framework: all soft terms given
lowest order by two functionst (!) and(!)

For gauginosi-loop result from 2-loop effective potentia

\_




Aside: A- and B-terms In
ordinary gauge mediation
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Higgsed GMSB In the

unbroken limit

Higgsed gauge mEdIa'[IQNq qqq, | 2'_ ‘ ih(#)

Standard lore: OA-terms vanish at the messenger sc

Not quite! |"|moh(')‘1' log!

hit ™
1 L

0
8
6
4
2

0.01 1 100 104



Higgsed GMSB In the
unbroken limit @

lim h(!)=1"! log! = M¢M *?

U0 )

For anunbrokengauge groupvy — 0, 6 — g2/M 2

r

Log captures familiar RG running, but there remains
Pnite 2-loop pleceven forp= M

Same resulv/component-Peld Feynman!
diagram calculation and 2-loapR



Threshold effects

[Giudice, Rattazzi, 1998; ! 1 InZg (X, X /W] F
hep-ph/9706540] A(R) = X |

'x=m M

rkani-Hamed, Giudice, Luty, Rattazzi, . du | _— du " (X)2"

1998, nZq=  Trla()+ (W)+ O
hep-ph/9803290] L & M 'q 1642

/

NNLO for scalars, but LO for A-terms!

Formalism of Higgsed gauge mediation contains 2-lo
threshold effects in ordinary GMSB!



Benchmark spectraverview

correct
stop mas
for!
126 Ge
Higgs

10/07 --
currentV” |

gluino limits |
10C""

GeV

106}

107}

i Low Scale High Scale Flavored

B-L

superWIMP

(all spectra RG-evolved with SoftSUSY)

[B.Allanach, 2002;
hep-ph/0104145]

General observations: non-canonical gaugino hierarchy, |
Higgsinos can be heavy or light, B-L charges push sleptons hi



Low/high scale benchmarks

GeV
10°} _
. — - 2
o . £ F
100 — -
_ - 6
- W
100G B
- AHH*
h
10C Low Scale High Scale
Benchmark || Low Scale | High Scale
Mo [GeV] 1010 101
FM [Gev] | 2" 10° A" 10°
CC( )k 0.9 0.9
"E 0.1 0.1
P leiL N N
"B L N N
o !y 0.9 0.9
"y 0.1 0.1
tan # 4.469 4.396
MH [TeV] 11.9 36.9
"~ By [TeV] 18.3 45.6
ms, [GeV] | 1.5" 10 3 300

¥ Small!r means Ravor
splitting almost entirely
due to RG running!

¥ All scalars out of LHC
reach!

¥ Heavy Higgsinos, need
smallishtan! for
correct Higgs mass!

¥ Generic mini-split
collider signatures:

~

aabh G+ SM

~~

g! q¢'q!



B-L benchmark

GeV
1000
- - &2
- - £ E
10%t "
_ - 6
W
100¢} 8
- AHH?®
h
100t 7o,
Benchmark B! L
Meg [GeV] 10%0
FIM [GeV] | 4" 10°
¥a N
Po ap L 3.0
53! L 0.1
Oo vy 0.6
on 0.02
tan 3 4.552
Hr [TeV] 34.7
VB [TeV] 35.4
M3/, [GeV] || 6.8" 10 3

¥ Turn off SU(3), mediate
with U(L) and U(Lp-L
alone!

¥ Sleptons ~3 times heavier
than squarks from B-L
charge!

¥ Unconventional gaugino
hierarchy



U(1)x benchmark

UD)xre L+ ! Ud)e L " U)H

Take k = 1/3:

GeV
Benchmark || Minimal Model 10° _f (justacoinciqlence,!
Me [GeV] 100 )V not generic)
FM [GeV] 71 10° -
10%t
a ! x 3.0 Ohill
"X 0.04 - 6
tan # 3.045 1000 W
M [TeV] 51.5 - B i
B, [TeV] 88.3 -  AH,H
Ms , [GeV] 53! 10 3 100 - h

Mini-split spectrum through a single U(1)!



Aux. breaking In detall

¥! has chargest(! )(SU®R)r), p (UQ) 5 1), ¢ (UQ)x)
¥ Independent Higgsing scale for each facterls, ., !+
- nheed to choose breaking pattern fet(3)-

- rotate su@3): generatorsT;® to mass eigenstate
basis: sum over generators involvgsa=1,2,...,8
and gives a generation-dependent suppression

factor



RGEQOs for 3rd gen. and Higg

Assuming small Ravor splitting, RGE entirely controlled by

= | A¢] (m%{ —I—m% —|—m~ ) + |AH tLtR‘Q

4 2 2 )
dmi, _ 3 ding. 2X amg 1
dlogpm 8127 dlogp 827" dlogm ~ 8127
Analytic solution ignoring running of A-term and Yukawa:
07, (1) = M, (M) 1 g5 Xe(M)log
2 M
mfR (M) = ti(M) ! 8,—X (M)logﬂ
1 M
r!nfL (H) = (M) ! T — X4 (|\/|)|ogF

3

To ensuremy,, < 0 and g, . > 0 at weak scale, need,, (M) ! Sinf(M)



Flavor structures
Suppose SU(Bpreaking generates SM Yukawas:

vgi 0 0 var 0 O
IS,"=" 0 v, O $ 1S¢"=Vekw 0 vgz O $ V(;rKM
O O Vu3 O O VU3

(Vuz/Vuz = my/me, etc.)
Breaking pattern iSU@3): I SU2): !
MG [! SUB)/SUR)]" 4" rvi,{2.67 1.02 1.00, 1.00,0.99
MZ[! SUQR)]" 4" rv>;{11.0,5.60,555 # 10 °

(IargeBrd-gen.! ~ suppressed%rd-gen\
Yukawa heavyfsavor bosons=p soft mass

\- J

Original motivation of gauging SU{8pPRavor mediationO, 1201.2179 and 1203.1622
to generate natural SUSY spectrum, with light stops: here just an added featur



Benchmark parameters

- 395> single bne-tunin

Benchmark || Low Scale | High Scale | Flavored B—L super WIMP
Mg [GeV] 1010 10%° 1010 1010 6 x 1012
F/M [GeV] | 2x10° 4 x 10° 1 x 10° 4 % 10° 1 x 106
C(®)ar 0.9 0.9 2.5 — 0.6
oF 0.1 0.1 260 — 0.1
Pd OB_T, — — — 3.0 0.8
SB_1I — — — 0.1 0.1
Qo Qg1 0.9 0.9 0.4 0.6 0.6
on - 0.1 0.1 0.1 0.02 0.0125
<Tfanf 4.469 4.396 20.05 4.552
g [TeV] 11.9 36.9 0.8 34.7 45.8
same Scale{ VB, [TeV] | 183 15.6 1.5 35.4 67.3
msz/s [GeV] || 1.5 x 1073 300 7.6 x107% | 6.8 x 1073 1.9




