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© Motivation: Flavor <= SUSY <= Higgs

@ Messenger - Matter couplings: Flavored Gauge Mediation(FGM)
© Non-degenerate squarks

© A heavy Higgs (with interesting spectra)

@ Analytic Continuation into Superspace and soft terms calculation

@ Conclusions and outlook
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Motivation: SM Flavor Puzzle & New Physics

SM Flavor Puzzle

@ m.:my,:m;~1:200:4,000
@ my:ms:my~1:30:4,000
e m,:m.:m;~1:1,000 : 200,000

1—22/2 A AX3(p — in) 2 ~ g’fﬁ

_ _ 2 2 ~ L.
° Vorm = AN(1 i ) AV p~0.13
p=m n ~ 0.35

very non trivial structure
How should the new physics flavor structure look like 7

Automatically explains new physics

Ulony o il flor 514 = flavor structure (soft terms)
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Motivation: The Higgs Boson
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figure from: ATLAS-CONF-2013-072
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Motivation: The Higgs Mass in The MSSM

In the MSSM at 1-loop

3m} M2\ X? X2
2, 2 2 t S t t
h N Mz €052 4, ('°g (m§> vz (1 N 12M§))

where

MZ = m; my, & Xi = A — pcotf3

Implication for my, ~ 126 GeV

X
large Ms or large R
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In GMSB

For GMSB (and General Gauge Mediation (GGM))

@ RG = generates A-terms (zero at messenger scale)

@ Mz; = Running of A-terms and m%

To realize mj, ~ 126 GeV with GMSB

© a high messenger scale
@ heavy squarks & heavy gluinos

e.g Feng, Surujon & Yu

for GGM, Draper, Meade, Reece & Shih

In GMSB - no A-terms = Heavy t(all squarks) ~ 8 — 10 TeV

for 3-loops see Feng, Kant, Profumo & Sanford
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Motivation

SUSY Searches @ The LHC

So far: No light, flavor-blind superpartners
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One common assumption in SUSY searches

The superpartner spectrum is flavor-blind
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Flavor Issues

Low-E observables constrain the SUSY flavor structure

cC = Uu
\‘_i/ A2 K @ Degeneracy
. - _(am); K

— 5 — @ Alignment
m

@ Decoupling

In many SUSY models

Minimal Flavor Violation

m? ~ T+ #YYT
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Motivation - MFV Vs. Non-MFV

In theories which are MFV:

PEINE STV @ degenerate 1st & 2nd generations

@ no mixing

Most SUSY searches - tuned for an MFV spectrum

Simplest searches: Jets + £+

Rough bounds:
mg, mg 2 1.7 TeV(CMSSM)
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Flavor in SUSY searches

But in fact

MFV is over constraining

sfermions can have mass splittings and/or mixing

(A2 )'J

bounds on d;; = I allow: small mixing < large splitting
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Flavor Effects

If the flavor structure of superpartners is non-trivial

@ previously unavailable channels might lead to new signals

@ techniques designed to find the signatures of flavor-blind spectra
may become inefficient
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Example 1: {5 — 7i/jqE 5 )"(?lflli

/:F Galon & Shadmi arXiv:1108.2220 [hep-ph]

I . .
' Di-lepton endpoint

f , (m)%(g — mIZ)(m72 — m)%(?)
Xg -- m//‘endpoint — 2
!

i

For ee, pu

N

@ degeneracy mz = my
@ no mixing

@ signal in ee, up distribution

@ No signal in ep distribution

EP m_{II}

4
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Example 1: {5 — 7i/jqE 5 )"(?lflli

With Flavor

, e ,.:J LT :::”%
With Flavor Y e i g
2 mt s s
Mixing s S s
e G 0] & & 200
i ] = g St g
h cosf —sinf é 5 g [
1) — (S € 5l 5 5
b sin  cosf i ¥ Yt e
of
o
-
Splitting P ol
p = 1 + Am o - )
v
T e hiibdiitussianabatiat I
2 30 40 S & 70 80 80 100 X 10 40 S & 70 80 0 W0 2 30 40 50 & 70 S0 0 W0
M, e, &) [GeV] M, (17 [GeV] M0 6] 0 M (e, 0) 1GEV]

In the flavored case

@ Cannot use “Flavor Subtraction”: ee + uu — ep — pe
@ Cannot enhance the slepton signal e eckel, Shepherd & su
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Example 2: Squark Mass Bounds

Simplified Models (and the resulting bounds)

assume 8-fold squark degeneracy

non-MFV Squarks at LHC searches

Production: X-sections affected by non-degenerate 15t 2"¢ gen
squarks - mainly sensitive to u,d PDFs (for non-decoupled gluinos)

Detection:
o lighter squarks: efficiency reduced (e.g light ¢g)

Mahbubani, Papucci, Perez, Ruderman & Weiler

@ mixings affect detection (especially for £, b, €)
Blanke, Giudice, Paradisi, Perez & Zupan , Agrawal & Frugiuele
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Extend: GMSB

4
Flavored GMSB (FGM)




Gauge Mediated SUSY Breaking (GMSB)

The (m'n'mal) GMSB Supel’potentlal Dine, Nelson & Shirman

Dine, Nelson, Nir & Shirman
W = X¢o+ YUQH"u + YIQHYd® + Y'LHeC

where X = M + 6°F parametrizes SUSY
and ¢, ¢ - vector like pair of SU(5)

Main Features

(fhgoft)i,j = 5iJﬁ72, A,Z’-d’l =0 at u=M

Evolving down with RGEs

Minimally Flavor Violating (MFV) Theory
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Coupling to Messengers

5+ 5 of SU(5) messengers

In general

@ Messenger can couple to visible fields in various ways

D < Hg, L, D < H,,

@ need a mechanism (symmetry, 5d construction) to prevent them
from Coup“ng tO matter Dine, Nir & Shirman Dvali, Giudice & Pomarol Chacko & Ponton

’
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Yukawa-like messenger-matter couplings

T - (T >
o = (D) ¢i = (D) = AWeu D y"QDu¢, y?QDd®

flavor dependent

© new scalar soft-mass contributions — non-degenerate squarks

@ non-zero A-terms — a heavy higgs (& light squarks)
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FGM: Model Symmetries

’ Superfield ‘ R-parity ‘ Z3 ‘

X even 1 Shadmi & Szabo

Dy even 0

D1 even -1
D, even | —1 Ns > 2 for: yY and yP, yt

D> even 0

Ti, T1,Di~2,Dys2 | even 1

q,uc,d, |, e odd 0

Huy, Hp even 0

W =X(T;T;+ D;D;)) + Y“QH"u+ Y?QHId + Y'LH?e*
+ y"QDiuf + y?QDyd€ + y'LDyec
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Soft Terms

At p = M:

@ non-zero A-terms 1 , F
- _ Yy?—
(47)? M

@ soft masses‘z_ oop”

i’ .
(4m)*

@ soft masses‘l_loop: (for M < 107 GeV)

(g4—g2y2—i—y4iY2y2)

M

e~ — y? F_4
(4m)% Mo
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Flavor Structure

SM flavor structure

Messenger flavor structure

(me m.  me}
Yo, Yo, Vi <= {ma ms m}, Viexm Yu, Yd; Yi

{my mc m:}

Add a flavor theory
@ Explain SM mass hierarchies & mixings within the flavor theory

Automatically

@ same flavor theory controls new couplings
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non-degenerate squarks

IG, G. Perez and Y. Shadmi arXiv:1306.6631 [hep-ph]

—
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Flavor Symmetry

Flavor symmetry (say U(1)) is broken by a spurion A(—1)

A~0.2

Higher-dim operators

W > CQH“u® (\)" + C'QDuc (\)" + ...

and n, n" = sum of charges

Froggatt-Nielsen y=C\"
en=n=Y~yMFV
v C\" n>0 — e n >n= Y >y suppressed
0 n<0 e n <n =Y <y interesting
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Flavor Symmetry

Flavor symmetry U(1) ® U(1) with spurions 5;(—1,0), $,(0,—1)

Charges, borrowing from Leurer-Nir-Seiberg

Qi1(6,-3) ,@(2,0) ,Q3(0,0)
ui(—6,9) ,u5(-2,3) ,u5(0,0) H,(0,0) ,Hy(0,0)
df(_6a 9) ) d26(27 0) ) d§(27 0)

produce quark masses and Vexum

DD S N0 o0
Yo~ 10 X3 X2, Yp~ | 0 X N
0 0 1 0 X\ )2

(up to O(1) coefficients)
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Flavor Symmetry

Assigning messenger charges

D(m7_n)7 D(_m7 n)
determines the pattern of

yu:>Aﬁ,7L213yuTyuyuTyu7 yuTyy1‘yu7 YnyuyuTy7 g2yuTyu’m

we will choose n, m such that

@ Y'sand Aﬁvauyd are approximately diagonal in the same basis

e Am? exhibits large splitting & small mixing

Iftah Galon - Technion Nov 7, 2013 UC Irvine 26 / 50



Alignment

ual Alignme

LogE A

SUS\k(_ 1 Nir & Seiberg

neeid Soft terms: controlled by flavor symmetry Y aligned soft terms - above the
Flavor =—f— flavor symmetry scale

@ — must be high scale SUSY"
. ey
. e rce: mild splittings
>
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Supersymmetric Alignment

Log E
Shadmi & Szabo
Flavor _§__ @ aligned superpotential couplings
Superpotential couplings:
controlled by flavor symmetry _
(BLperSymMairio ROE) @ can be low-scale SYSY
susy L @ soft-terms “inherit” structure
Breaking
ew —4— o rce: large splittings
>
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Non-Degenerate Squarks

|G, Perez & Shadmi, arXiv:1306.6631 [hep-ph]

Choose (m, n) such that

(Yu)ij = ydi20j2

2
For r., = —9m N =1
m méMSB ( > )
Fe (M) Moz (M)
S . L . . L y
102 O. 4 0. ) 10; [~ m=10° Gev
4 0 0\\03 04 05 06
-2t \\\\\ 0.5/
_3f
-4 04 06 08 127
-5 _05
-6 T T
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Phenomenology

Light charm- and strange-squarks

M0 0
D(-1,3), D(1,-3) =y, ~ | 0 X 0| = (0fq,,6Mug)2
0O 0 O
Heavy up- and down-squarks
) 100
D(0,6), D(0,—6) = y,~ (0 0 0| = (ding,,dfMuy,)11
00O

Notice the Holomorphic zeros
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Non-Degenerate Squarks - Running Effects

For low scale models

@ r,» can be large for relatively small y's

@ less running — less (RG) degeneracy

Examples: (Ns = 1 (light gluino), tan 5 = 5) - Massless &g =M
Q@ M =500 TeV,F/M =200 TeV
mg~2TeV, mz~15TeV, &g~ 870 GeV

@ M =400 TeV,F/M = 150 TeV
mg~ 16 TeV, mz~12TeV, &g~ 670 GeV
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A heavy Higgs

Abdullah, 1G, Shadmi & Shirman, arXiv:1209.4904 [hep-ph]

Evans, Ibe & Yanagida
Kang, Li, Liu, Tong & Yang
Craig, Knapen, Shih & Zhao
Albaid & Babu

Craig, Knapen & Shih
Evans & Shih

—
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MFV-like FGM

so for my, ~ 126 GeV
need access to stop sector: A, ﬁwa, m

Simplest example: MFV-like

Iftah Galon - Technion Nov 7, 2013 UC Irvine 33 / 50



Main Features

W =X(T;T,+ D;D;) + Y"QH,u + YIQHyd® + Y'LHyec

+ yQ;Dt°
@ non-zero A-terms 1 , F
E— _ Yy?—
(47)2 ° M
@ soft masses‘ 2 loop-
1 2
"D 4 2 2 4 2.2
m (47r)4(g gy’ +y 7 |
@ soft masses‘l_loop: (for M < 107 GeV)
oV
(4m)% Mo

Iftah Galon - Technion Nov 7, 2013 UC Irvine 34 / 50



Higgs mass

Two possibilities for Higgs mass

@ mostly stop A-terms, LL, RR =+ contributions cancel (1-loop:
mainly low scales): light spectra.

@ enhanced by the large LL,RR stop masses - heavy stops
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MFV-like: Heavy Higgs & ~ TeV Spectra

Ass, M2, = M =400 TeV, tan 3 = 10

200

180

160

A (TeV)

140

120

I 10 11 12 13 14
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Example Spectrum

masses (GeV)

H AH* 0.0
XX
3000 M =400 TeV
2500 A =165 TeV
tz- tan 8 =10
2000 B ye =12
ude csL ]
ugr cRR by i o
1500 {o m,o = 233 GeV
9 ® mg~ 1.7 TeV
1000 @ mg ~13TeV
500 XG eg@L u;/y,_ tlvgiz 70 mfl ~Y 2 TeV
h X
0
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MFV-like: Heavy Higgs & ~ TeV Spectra

Asz, 2, = M = 102 TeV, tan 3 = 10

800

700

300

200

0.0 02 04 0.6 08 1.0 12 14 00 02 04 06 08 10 12

@ No tachyonic stops (negative 1-loop is negligible) e

@ Need A h t
@ y; > 1.2 — tachyonic staus, EWSB problems ee arge = heavy spectrum
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Example Spectrum

H AH 0.0

7000 xx .

6000 S M =10" GeV

c000 " A =355 TeV
S tan 5 =10
%4000 : ye =114
[} I
2 3000 due shft by @ Mp = 390 GeV
E g " ox o mg, = 2401 GeV

2000 er ur ——

@ mgz = 2540 GeV
1000 X i
x° ver VL TV
h

0
whereas in mGMSB m; ~ 8 TeV

heavy split stops affect the RG evolution: can lead to interesting spectra
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A Heavy Higgs & Non-Degenerate Squarks

Choose flavor charges

D(—-2,3), D(2,3)

@ Soft masses:

Then
N0 0 (0Mug )22, (0Mug )33, (6Mq, )33
Yo~ [0 X 0 =
0 y 0 @ A-terms:

Ap ~ ﬁ|y2|Yt

A non-degenerate squarks, and a heavy Higgs and new stop mass
contributions.

Iftah Galon - Technion Nov 7, 2013 UC Irvine 40 / 50



Analytic Continuation
iInto Superspace
and calculation of soft terms
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Calculation of Soft Terms

Analytic Continuation into superspace

SUSY enters through Z(XT, X, )

Expanding
#PInz FTF

40 0t 2 _
/d0¢z¢ = T T 3n XN)a(In X) MM

Giudice & Rattazzi

Arkani-Hamed, Giudice, Luty & Rattazzi

The key: identify M = vV XX

m

2 _ 1 8mZ |£|2
3 439(InM)2 |'M
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Calculation of Soft Terms

Schematically

LogE A

High Energy Theory — with Messengers

SUsY
Breaking

Low Energy Theory — MSSM

Iftah Galon - Technion Nov 7, 2013

Analytic Continuation

@ Integrate out messenger

@ leading F/M soft terms

@ Running
dinZ d\
dlnu:’Y(A)7 dln,u:ﬁ )

UC Irvine 43 / 50



Calculation of Soft Terms

see Chacko & Ponton

InZy(p < M) = /| 7>d(|nu’)+/wv<d(lnu’)

nA In M
dIn Z¢
= Ay(M
d(inM)|_,, (M)
d’In Z, _ dAy(M)  dys(p)
d(in M| _,, d(inM) ~ d(nM)|,_,,

Ap < M) +f| A M 8>d(In 1) +f||n’ S=d(Inp)

amd, g F?
Z AR |
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Calculation of Soft Terms

Must be done carefully:

multiple fields

_ 21/2’721/2

Kinetic mixing at 1-loop = M?|2_/o0p
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Calculation of Soft Terms

Simplified Model - High-E theory

Superpotential \y _ XPp + YOHle + y°Dle

Kinetic terms
Z 4 D
4 t 0 DD £DH _ 49 A7 4.
/d f (D A ) <ZHD ZHH) (H> B /d 9 0i41i9;

and assume Z; j(iu = N) = 90;;

Simplified Model - Low-E theory

Kinetic term, Superpotential

/ d*0 h'Z,h, W = Y?hle
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Calculation of Soft Terms

Things to note:

o Calculating m?

- must account for 1-loop effects.
2—loop

@ physical states @ 1-loop 7
@ associated physical coupling ¥; ?

@ RG running: v~,v<, Ay 7?

Need to match theories at the boundary M|;_j0p
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Calculation of Soft Terms

Match couplings at boundary Implicati

mplications
(*] Zh = 222 (1—|oop)
@ Determines RG at low-E

LogE A

@ modifications ~ 7,

v

= G
) '71< Nj}zz and A/YI — _)712
o fyh< Nj722 and Ay, #0
@ Higgs: unchanged

> @ Matter: receive ~ |yY|?
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Conclusions and Outlook

@ Flavored Gauge Mediation (FGM) allows viable non-MFV
models with some degree of mass splitting and mixings

@ with low scale supersymmetric alignment you can get large mass
splitting (unlike high-scale)

@ non-zero A-terms at © = M can contribute to 126 GeV Higgs
mass with superpartners accessible at the LHC

@ FGM models lead to interesting squark and slepton masses
e Flavorful spectra - need new LHC search strategies
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Thank You
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Backup Slides
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Formula for mass splitting

1 1 F 1 F?
2 2 2
om* ~ (47r)26|Y| et @y (6ly]> — G,) lyl? e

where

3
gl

16 1
G, = —gi+3g + G

3
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Bounds On ds

q Afnfb‘qr q q
(5ij)MM - T(K )U(K )_[_j7
q
where Ar"nfb,qi = mgj — mfh, and ﬁvi
a i | 16Dml IR (50 (55)re)
d 12 0.07 0.01 0.0005
u 12 0.1 0.05 0.003
d 23 0.6 0.2 0.07

Table: The upper bounds on (55),\4,\/’, taken from Isidori, Nir & Perez, but
assuming order-one phases, for mg =1 TeV and mz/mg = 1.
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MFV-like: Heavy Higgs & ~ TeV Spectra

Ass, ﬁ7§3 — M =900 TeV, tan 3 = 10

400

350

300

150

0.6 08 10 12 14
Yt »
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Higgs Mass

400

350

300

150

100

0.6 0.8

Iftah Galon - Technion

Nov 7, 2013

UC Irvine

M =900 TeV, tan5 =10

° X, = % large close to
edge

55 / 50



Higgs Mass - y; and y,

14} e
12}
1ol s,
A =230 TeV
08} 124« ] M = 108 GeV
& 123 tan 5 =10
0.6 122 1 .
121 large y, = Tachyonic /
04 ]
08 10 12 14
¥b
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A-terms 3rd-generation limit

Y, F
Afs = —F;Q 3y + vi] i
Y, F
Ay = 155 13+ ¥l 4
o 3V F
33 1672 M
and also . F3
u _ 2
A5 =~ 162V 15
Iftah Galon - Technion Nov 7, 2013 UC Irvine
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Soft Squared Masses 3rd-generation limit

M, = e {g 3yt+yb)+N( g+ % )} £f

Wby = Dot {g 3yb+yt)—*Y2 ( %4>}‘ ’

(M3)ss = o {( +3yb+3Yb+;ny§32f§2 %gf)yﬁ
+< t+3YL§g§f§g§f 13g)y + Yoy Yryr
+’V( g5 + g2+g1)}
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Soft Squared Masses 3rd-generation limit
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1-Loop Soft Squared Masses
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A-term are the coefficients in

L D (Au)iduiliiiHu + (Ag)ijuidiHa + (A)isLLigkHa
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Soft Mass - y, only
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