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Higgs discovery - LHC Runl ¢
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“Completes” the Standard Model
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However, SM is not a complete theory of Nature!

Questions:
* Planck/weak scale hierarchy? (m, < M,) PLEASE EXCUSE
. . . OUR APPEARANCE
* Fermion mass hierarchy? Neutrino masses? WHILE ¥ .\ /
WE'RE ’\‘
e GUTS? 3 fermion generations! e e

* Dark matter?
* Baryon asymmetry?
e Strong CP problem!?

* Inflaton? Cosmological constant!?
* UV completion of gravity?

Clearly requires new physics...beyond the Standard Model
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SUPERSYMMETRY provides a complete theoretical
framework for Beyond the Standard Model

* Stabilizes Planck/weak scale hierarchy

* Dark matter
* Gauge coupling unification

* Low-energy limit of string theory

BUT where are the superpartners?!?
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LHC Run 2 limits:
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Higgs mass my, in GeV
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Minimal SUSY

e Higgs mass

[Pardo Vega,Villadoro 1504.05200]
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* Supersymmetric flavor problem

01, < 102 (F)/M)? Requires heavy sfermions
10 TeV)2 ™ (10 TeV)3 mi2 2, 100 TeV

e.g. K-K mixing: (

* Fermion masses
Yukawa coupling hierarchy not explained
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A possible SUSY scenario:
(i) weakly-coupled Higgs (~125 GeV)

(ii) m(Gi,2) > m(g), m(qs) SUSY breaking is flavour dependent!

A T Apv~Mp

1 N
II N\

m(q1,2) > TeV A

“Big” hierarchy “Little” hierarchy

(“split” families)
[Bimopoulos, Guidice 95;

Pomarol, Tommasini 95;
Cohen, Kaplan, Nelson 96]

m(qs), m(g) < TeV ¥

 / my, ~ 125 GeV

Can sfermion mass hierarchy be related to
fermion mass hierarchy? Yes| &)
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Partial Compositeness won

SM gauge field, Higgs strongly-coupled
and matter sector

o u .
A,u’ [{7 v, Lmiz = Ao, rRY 1, rROv + gv A" J, OZ

relative admixture controlled by dimQ; \

> |U) N:j:é;:\elemintarw —I—ac Com%)osite>

elementary Higgs couples to New strong dynamics
elementary component breaks supersymmetry

Cases: a.>a. —» dim(VOy,) >4  ‘“irelevant’ mixing

ae < a. —» dim(VO,) <4  “elevant’ mixing

[Similar to v — p mixing which explains p — e*e™ in QCD!]
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Example: Fermion mixing

; _ ]_ . a'n‘omalous dimension
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Depends on 9 W__J (1) 5
= Gy IR

- -
= s

B> ) =Ny {|w> —.;"%w“)};}

~~~~~
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Explains the fermion mass hierarchy . om0

Mg ~ ALARU

dimOL,R—é
AR ) 2

where \; p ~ (A
0AY

* Light fermions are mostly composite!

3
E> g <dim O r < g (OI’ 0 < 5L,R < 1) (dim OL.r = 2 + 5L7R>

* Top quark is elementary

E> dim 0L.R>g (OI' 5L,R> 1)
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Supersymmetry breaking

Assume strong sector breaks supersymmetry: X = 00Fx

Gaugino:
linear supermultiplet D2J = D27 =0

1 ‘ ey
Ly = (1 [I.ﬂ[/’a{f{/’a]p + h,c.) + 2ey [V'lj]b

1
|:> [Ao) =~ Ny {|/\> - AWy <4— partially composite gaugino
(1) - Ay
9y \/ 2y log(3%%)
&3 g(/1)2
SUSY breaking mass: 51{—112 ([XWOWN] | + h.c.)
F
B> M, ~¢%6—>
= AIR

4D gauge coupling
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Sfermion:

Ly = [DT0] + | + h.c.) (dim O° =1+ §)
[0AY
|do) ~ N} |d) — |(,‘b(1)) <4—— partially composite
‘ )\/_ f\\:ﬁ, 2(1 6) sfermion
9" (1)2|Fx|
SUSY breaking: €4 [(XTxdWieW] = &yg4 45(1)%(1)
IR
_ 5— 2
(6C D, (X\IR )2( l)f %'— 0>1 Hierarchical
» m? ~ v , tH sfermion
(1- 5)5 IFxl 0<s<1 masses!
g2
However for sufficiently large 9 om? ~ 16;2 Mfz i.e. radiative corrections dominate

log (4—’_Tlog Auy )
Critical value (6m* ~ m?) 5t~ 1+ 9i (Am)
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Gravitino mass:

1 W ~
—ZM_}% ’d)p [0'#, Up] '(,[)IJ, + h.C.

Fy
» m3/22§3\/§M
p

Higgsino mass: [Kim, Nilles 84]

_ Bu w2
Wikn = ZMPS H,H,; »

14

W = constant superpotential

2 N . olW>?
where |FX| 672 — 3m—

Ky 12
~ S) ~
[ oM where ( ) f
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Sfermion mass hierarchy:

Me KV I:> “relevant” mixing (0 < é. <1) =  “composite” electron

mg ~ v I:> “irrelevant” mixing (5t > 1) —P  “elementary” top quark

5 A 2(1-4¢)

Yukawa Coup”ngs at IR scale: Ye ~ 1— e IR Partial compositeness
- — 5 1 A explains Yukawa
Yt t uv coupling hierarchy!

S
b

2(1—6¢)
1_66 A *
E:> = (A) % < 0f

47 N 2 A N \ ¥
i (1 - 5,)log (ﬁ) 5 > &

3

Partial compositeness predicts

. . . selectron
inverted sfermion mass hierarchy! top quark | |
&> ¥ electron
stop
!’ — '"‘ b
-
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Anomalous dimension contours

[Buyukdag, TG, Miller: 1812.12388]
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Partially Composite Spectrum suuca e, uer isi.1zu00
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AAS/CFT  [comeines| <@ |55

5 D MOdeI . ds® = e_2kly|77[.tu dz" dx¥ + dy2 = gMN dz™ da™ (k = AdS curvature)

UV Brane IR Brane

Hu, Ha ¥ susy

A[(IO) , A(O)

. — . " . . . . . . . . . . -~
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Fermion mass hierarchy:

UV brane localized Higgs
——
Sy = /d5:r ﬁy( ) [ Ui (2, y) Yip(2,y) + h.c.] H(z*)d(y) = /d4:1: [le (O)(:L‘”)ZIJ(O)(.’L'“) H(z") + h.c+ - ]

1 1
— YO 09y FO ) — y© 3 — GL 3 T GR cL,cR = bulk
» Yij = }/1. f ( ) f ( ) - Yij k\/e2(%—ciL)7rkR . 1\/82(%+ch)ka _1 mass parameters

Yukawa coupling contours

AIR =2 X 1016 GeV
tanf =3
Yk =1

CL
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Supersymmetry breaking

IR brane spurion superfield: X = 00 F'y |:> SUSY breaking scale:

Gaugino masses:

2 Auvk

2
B M= gk F _ , F
NI)‘ N QWk'RAIR =9 AIR

——
4D gauge coupling

X = singlet /dsa: V- /d20 [ WerWwse + h.c.] d(y — 7™R)

X = non singlet

/dsx\/_/dgﬁ[; t +he|é(y—7R)

| g2k F2 Fz
» M, ~ <4— Extra suppression Az
IR

20

F — FX€_27TkR

F
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Gravitino mass:

[#rv= H%w 0% 6" 4 + h] 5(v)

F
E> Ms/2 = V3Mp

Sfermion masses:

1.
/ds.'r \/—g/d“@ X X@*(I)é(y—wR)
Ak

(e

tree .
E> My, p = .

where |F|* ~3

F

_hywe D,

2

GF0"2—

W
Mjp

(%;c)ﬂ'kR +c > %

:|:c<%

for vanishing cosmological constant

Flavor-dependent
masses

1
Matches partial composite result using AdS/CFT dictionary: §; = \ci + 5]
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Sfermion radiative corrections

32 2
167r2(Am%‘_)1_100p rQ: g3 M3 + 6r§2’g§M§ Q'ngl

3 93 15 91
1
- 27‘Q‘ yul o 27‘Q‘ yd1m - gngS ,
32 32 - 4
167 (Am3 )1toop = - Ti05 M3 + Torg gt MY — A1y yam + —g7As,

32 8 i 2

167°(Am3 )ioop = S5 M3 + Terin i M} — drys yim — Zgis,
6 7

1672 (Am i)lloop —6rg2g§M2 - 3 91 giM? — rye yem + glAs,

24 =
167r2(Am§‘_)1_100p 3 glngl 4r§j:iy§im%i —g1As ,

where AS—ZY &;) r¢ md> ="Tr [erm%I—Qr m —i—er i—rgm%i-l—rgm%,.]
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One-loop sfermion radiative corrections

[Buyukdag, TG, Miller: 1811.12388]

mf;fe

100 TeV & (bmg)gs 1 Ap = 2 X 10 GeV.,
- (Am?t)gz i ]

- VF = 4.75%10%° GeV

(Bme,),, /(V(®))? _
10Te - (8me,)o,/¥(9)Y(9) — | tanf=3

1TeV ¢ .
100 Gev 1 1 1 1 1 " 1 1 1 1 1 1 1 1\1 ]
—2 —1 1 2 3
<€— IR localized UV localized —p

cL(—cgr)

I:> UV localized sfermions dominated by radiative corrections
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Soft trilinear couplings (a-terms)

a-terms generated at one-loop (since Higgs is UV localized):

32
16772%,- = —Yu, (?(ng)Qiui g§M3 + 6 (ng)Qi g% Mg
2 8 8
+ [_g(TAI)Qi + g(r/\l)ui + B(T/\1)Qiui:| Q%Ml) )
2 32 a 2 a 2
167 ad; = —Yd; ?(TAQ)Qidi g3M3 + 3 (TAQ)Q;' g2M2
2 a 4 a 4 a
+ [g(TAl)Qi + g(’l’)‘l )di - E(T/M)Qidi] ngl) )
. 6, . 12, .. 12

167 ae, = —ye, (6 (r8,)L, 93 M + [—g("”,\l)Li + g(",\l)e,- + g(rxl)L,—ei] ngl) ,
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nggs Sector: Soft terms generated at one-loop (since Higgs is UV localized)

16m°my; = GnggMg

5 g [ ug i Qi 5
167°mi;, = 61 g M3 + 6 M? —6Tr [TH 2 (m% + mz)]
Hy — 92 5 glgl ydiydi Q; d;
3
—2Tr [riiygi (m%i + m%—i)] + gngs,

6
16m°b = —p (6 2,93 Ma + g’"ggngl) ;

EWSB:  mi, +[ul* —beot f — (g2 + g2 cos 26 =0

1
my, + |pu[> —btan B + g(gf + g5)v? cos 28 =0
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One-loop Higgs soft mass radiative corrections

[Buyukdag, TG, Miller: 1811.12388]

100 TeV - o o s S L s S E
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tan g = 3.

1TeV i -
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D-term contributions » Requires mild correlation between heaviest sfermions
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Phenomenological constraints

e Higgs mass myp, ~ 125 GeV

e Supersymmetric flavor problem my.2 2, 100 TeV

e Gauge coupling unification | ~ My < 100 TeV

e Gravitino Dark Matter mgs 2 O(1) keV

mJ

e Charge and color breaking minima m= > 0

N

> constrains \/f7 Ar
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Charge and Color breaking minima

Sfermions can receive negative mass-squared corrections from:

e Weak hypercharge D-term

SR (6) Te [Y (d)m3, ] =

5 Q%Y(QI%)S

2
167%(B3 J1o0p

Tl o

2 2 2 2 2 2 2
where S =mpy —my, +Tr [ma2 —my —2mg +m3y + 1115]

® Bulk D-term (and Yukawa couplings)
13
sr25Y
2 D

where AS—ZY r¢,m¢,—T1[rg é 2r m -I-r md—er + 7z m2]

(Amg,i)p i gng(éi) Z Y(9;) (H%)ij = - 2Y((b"z) As

® 2-loop gauge boson (Arkani-Hamed, Murayama '97]
(167%)?(Bm2 )2100p D 4 _ ga Ca(R
]‘ y ’ y 2 2 2 2 2
where o, = E (3771%1u + 3mf,d +Tr [mi + 3m; + 8mg + 2mj3 + 6mg ]) ,
oy =my +my, +Tr [3m~ + mi] :

o3 ="Tr [2111"(3 +m2 + ma] :
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Tachyonic constraints

two-loop D-term
f_H r—H
d
o2 “ dAr2 2 o~ =
dtmq’— E a,COM; 7r2 E o, C* m12—|- Y¢S .

2 2 2 _ 2 o 2 2 2
where S =my —my, +Tr[mg —mj — 2m§ + m3 + m; |

The shaded regions are excluded
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10]2

Parameter space constraints (singlet X spurion)

[Buyukdag, TG, Miller: 1811.12388]
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Parameter space constraints (non-singlet X spurion)

[Buyukdag, TG, Miller: 1811.12388]
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1GeV
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108
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108 |
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Two benchmark scenarios

A B

A 2 x 10! GeV 6.5 x 10° GeV
VF 475 x 1019 GeV 2 x 10° GeV

tan 3 ~3 ~5
sign [ —1 —1
YOk 1 1
Spurion singlet non-singlet
M (ARr) 52.9 TeV 14.60 TeV
M;(AR) 50.7 TeV 22.9 TeV
Ms5(Ar) 49.85 TeV 38.94 TeV
ms /o 535 GeV 1 keV
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my [GeV]

Numerical Results

Higgs maSS [Buyukdag, TG, Miller: 1811.12388]
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Superpartner pole MASSECS (Buyukdag, TG, Miller: 1811.12388

400 |- 3 :
0 5 Ug ~ hatched: singlet X |

300 -_ ...... ... ds solid: nonsinglet X
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€4 s dsy da D
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ol Xit 3«;3) Xa

¥
| SAY |7
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T
s
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T
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20

|:> Mg /mgl ~ 3 (18) Mg /mﬁ ~ 13 (35) for singlet (non-singlet)
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Summary

® Partial compositeness relates fermion and
sfermion mass spectrum

--- Higgs/top quark = elementary
--- First two generations = partly composite

--- Hierarchies arise from order one anomalous dimensions

® Predicts inverted sparticle spectrum
-== 20(65) TeV < my, < 27(80) TeV  or  150(250) TeV < mz, < 180(330) TeV
--- gravitino = dark matter

--- long-lived (stau or neutralino) NLSP decay

® Sfermion flavor structure leads to specific flavor-

violation processes (e.g Mu2e) or EDM
--- work in progress
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