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e Outline;

e Fine tuning in the CMSSM: a two-loop result.
e Going beyond MSSM Higgs: an effective approach with d=5 & d=6 operators.

e Conclusions.



e The Standard Model (SM): our best model so far. Too many unanswered questions.

(hierarchy problem, EWSB, unification of interactions,....)

e MSSM: best framework for SUSY searches. Not without problems of its own. Testable at the LHC.



e MSSM scalar potential:
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e The problem:
v? = —m?/ A, v=0(100 GeV), <1, but m, myae3 ~ O(1TeV).

e “little hierarchy”, “residual’ fine-tuning. Also m; < my but LEPIl bound: 114.4 GeV
= large QC needed = larger m needed (so that m; > 114.4 GeV). QC can increase \.
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e A measure of “fine” tuning:

om? 5 O

’1)2 - _m2/)\7 QA% =m %7 = mQ,)\:F(p,ﬁ(p)),
O In v?
A =max |A,| (iRmmd A2 B2} 2 = S, ) [J. Ellis et al 1986]
[Barbieri, Giudice 1988]
e Most general formula: [Casas et al]
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(1). Preferable: minimise A, for a low sensitivity to UV parameters.

(2). At present: A: 1-loop. A ~ 50 but A ~ mf ~ exp(m7 /v?)!. [Pokorski, Ellis et al]
= Two-loop calculation: SOFTSUSY (micrOMEGAs). Run time: 6y (on 30 x 3 GHz).

(3). constraints: Theor + Exp: SUSY masses, b — s+, da,, dp,... but NO LEPII bound on my,!
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e Two-loop results in CMSSM: [Cassel, DG, Ross]
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dashed line: (0.1156,174.4). A2, A dominant.

dotted line: (0.1196,171.8).

e A has exponential dependence on my,, A o< exp(m3 /v?) = Two-loop effects important!

e without imposing LEPII bound, minimising electroweak A gives a prediction:

A =88 = my; =114 £ 2 GeV ie just above the LEPII bound!
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e Two-loop results in CMSSM: [Cassel, DG, Ross]
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LSP: good dark matter candidate = dark matter constraint:

WMAP: Qh? = 0.1099 % 0.0062; blue: Qh? not-saturated; red: () saturated: 1o (left); 30 (right).
e Prediction from: Min A + “right” dark matter abundance (no LEPII bound):

my, = 114.7+2 GeV, A =15.0, (sub-saturating WMAP bound).
my = 115.9+2 GeV, A =178, (saturating WMAP within 30).

e setting an upper bound on A =- bounds on SUSY spectrum.
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e Two-loop results in CMSSM:
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WMAP: QA% = 0.1099 4+ 0.0062 blue: Qh? not-saturated:; red: ) saturated.

Right figures: m;,>114.4 GeV, brings further restrictions on m /5, mg values.
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e The favoured CMSSM spectrum of minimal A = 15 with a sub-saturation of €.

RO | 1147 | X0 | 79 | by | 1147 | @, | 1444
HO | 1264 || X9 | 142 || b, | 1369 || @y | 1446
H* | 1267 | %9 | 255 || 7, | 1328 || d, | 1448
A | 1264 || %9 | 280 || 7, | 1368 | dj | 1446
G | 549 | xXF | 142 || i, | 1406 || 5, | 1448
U | 1366 || x5 | 280 || fip | 1406 || 5, | 1446
D, | 1404 | ¢ | 873 || &, | 1406 | ¢, | 1444
D, | 1404 || £, | 1158 || é | 1406 || ¢ | 1446

= light gluino, charginos, neutralino; heavy squarks, sleptons.

o If A < 100: the upper limit beyond which we consider SUSY failed to solve hierarchy problem, then

my, < 121 GeV b.b < tanfB < b5b
1 < 680 GeV 120 GeV < my;y < 720 GeV
mo < 3.2 TeV —20TeV < Ay < 25 TeV
and
I I I R NP T IO B HPVeull NPV N I S P S

1720 || 305 | 550 | 660 | 665 || 550 | 670 || 2080 | 2660 || 2660 | 3140

e These values scale as v A.
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e What if minimal A scenario is not realised? Can one still have low A and large m;,?
(1). relax some of CMSSM constraints ...

(2). “New physics”, beyond MSSM Higgs sector, can reduce A at larger my,.
= (2). Effective approach: MSSM+(d=5), (d=6) operators:

£iigss 4 Lo 1/M,) + O 1/M?)
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e What if minimal A scenario is not realised? Can one still have low A and large m;,?
(1). relax some of CMSSM constraints ...

(2). “New physics”, beyond MSSM Higgs sector, can reduce A at larger my,.
= (2). Effective approach: MSSM+(d=5), (d=6) operators:

L1995+ Li(oc 1/M,) + Oi(oc 1/M2)

e d=5 operators beyond MSSM Higgs: [Seiberg, Dine]
1 [DG, Antoniadis, Dudas|
L, = M /d29 C(S) (Hy.Hy)? + h.c., S, T
L= 57 / a0 { A(s, s Do [B(S, ST H, e—Vl}Da [C(S, St eVt Hl] +h.c.}, D]

(S =Gt G, G, G 1M,

A(S, S =ag+a1S+alST+ayS ST, S = 00 mo,

e L5 can be removed by general non-linear, field redefinitions. = only £; left (d=5).
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e d=6 operators beyond MSSM Higgs: [DG, Antoniadis, Dudas, Tziveloglou]

- not always related to d=5 ones, if be generated by different physics/scale.
- are tan (3 enhanced, compensating the 1/M, suppression relative to d=5 op's.

= effects comparable to d = 5 operators!

0 — ]\;2 / 40 28,8 (H " H)?,  i=12  (T,UQ))
Oy = 5z [ 49 24(5.5") (] H) (B} ), (TU()
01 = 37 [ 40 245, 5 (i Hy) (Hy 1), (5)
O5 = ]\;E/d‘le Z5(S, 8 (HI e Hy) (Hy Hy + h.c.), (2D, 8)
O = z\;z / d*0 24(S, S (Hi €% Hy) (Hy Hy + h.c.), (2D, S)
O; = ]\;2 / d*0 16/19327(5, 0) Tr W& W, (Hy Hy) + h.c.,

/

' [Zg(o,ST) (H, H,)? +h.c.]

I
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There are also operators involving extra derivatives [DG, Antoniadis, Dudas|

Oy = J\;f / d'0 2o(S, ST HIV "1 V2

O = J\i? / 40 210(S,S") HIV 2 V2 H,

Oy = J\i? / d*0 2,,(S, 8" H " vew D) H,

O = ]\;*2 / d*0 215(S, S Hl " vew? H,

O3 = ]\;*2 / d*0 215(5, S HI " WwVve H,

O = ]\;*2 / d*0 2.,(8, 51 Hl "> WPve H,

O = ]\;E/dzle Z15(5, ST) TreV Wee™V D2V W, eV

where Vo H; = e Vi D,e"i H;, V;=V%0'/2+ (F1/2)Vy; i=1,2. and

1
M

Zj(S, ST) = &0 + Q1 Ty 060 + Oé;l m()@ + &2 mg 99@, Qi ~~ 1/M*2

15 can be removed by field redefinitions or eqs motion.= L1 = Eﬁlg%[ + L+ Zle O;.

......
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e Corrections to my, of order O(1/M,): [DG, Antoniadis, Dudas, Tziveloglou]
1—loop 2 2 2 2 2
5 o m4 +my 5 (m% —my) cos™2[3
m = [m] + 2oy v stﬁ[li—]Jerov llq:
W T s Vo Vi

+ 6m;, where (, (i ~ O(1/M,), 6om; =O(1/M?), w=[m?+m3]* — 4mim% cos* 203

e Corrections to my, of order O(1/M?):

. 2 2 2 2 (2o p1o)* v*
dmy= —2v" |agamy+ (0 + o) ity + 2061 Mo g — Qo My | — ~—3 5
Wp = Wy

V2 1

tan 3 [(m?4 —m?%)
4

— (2@60 — 30470) mj%l mQZ — (2@60 + 0470) mZ) +

_I_

(4 mi ( (20&21 + Q31+ 0y —|—20481> mo M0+(20450—|—Oé60) ,LL(Q) + Q52 mg)

8 (m% + m3) (pomo o 1) v°

(my —m3z)*

] + O(m?*/(M?*tan® 3))

e Leading O(1/M?) corrections from: Oy34 (recall ay; ~ 1/M?2, Cio,C11 ~ 1/M.).
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e Fine tuning in MSSM+-(d=b) operators: [Cassel, DG, Ross]

e A computed analytically at one-loop (also MSSM).
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MSSM: mp, MSSM + (d=5) operators MSSM + (d=5) operators
fo Go=m G = 0.015 fo Go = 0.035, ¢ =0

171.2 < m; < 174GeV; 1 < tan B < 6; 50 < my, o, mie < 10° GeV,

= A<10, 114.4 < my, < 130 GeV, M, ~ 1/ ~ 65 X py=75to 10 TeV

e (d=5) operator generated: massive gauge singlet or SU(2) triplet.

o At large tan 3: d=6 operators relevant: o< (2p0 Co)* ~ (2 Copto) /tan B = (2u0¢y) < 1/ tan 3
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e (d=6) effective operators: Leading correction:

Smi= —2v° [0422 ma 4 (a3 + o) i + 2061 Mg Lo — Qiag m%] + O(1/ tan )
maximised for a9y = g = a3y = aug = —agy < 0 then:
Sm; = —21}20420[7718 +2,u(2)+2m0,u0+m22} + O(1/tan 3)

= omy, ~ 10 — 30 GeV (mgy = 1TeV, puy = 0.35TeV, M, ~ 042_01/2 ~ 10 TeV)

® p constraints:

,02

M

p—1=— [&10 cos’ 3 + g sin' 3 — gy sin® 3 cos” ﬁ} O )

Large tan (3: aog constrained; larger agg, aiig allowed = a3, g largest SUSY contribution to my,
O5 ~ asg / d*0 (H} V' Hy) (H] eV Hy), [T,U(1)] O ~ aug / d*0 (H, Hy) (Hy, Hy)!, [9]

e difficult to generate a3, iy, igp with the “right” signs from integrating massive 7', U (1), S



[16]

e Conclusions:

e CMSSM:
Minimising two-loop fine-tuning, no LEPIl bound = m;, = 114 £+ 2 GeV, ie at LEPII bound!

e At larger my, since A ~ exp(m3)....

= 1. relax CMSSM constraints or

= 2."new physics” beyond CMSSM Higgs sector, parametrized by d = 5, 6 effective operators.
(d=5) operators: small A < 10 still possible for 114.4 < my, < 130 GeV.
(d=6) operators: 5mh‘(d26) = 10 — 30 GeV, for M, ~ 8 — 10 TeV!. Extra U(1) or S ?

e Last bet for the LHC....min A + dark matter constraint in CMSSM but no LEPII bound:

my = 114+2 GeV, A =88, (no dark matter constraint).
my = 114.7+2 GeV, A =15.0, (sub-saturating WMAP bound).
my = 115.9+2 GeV, A =17.8, (saturating WMAP within 30).
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e A at one-loop MSSM+(d=5) operators:

Au% _ b {v2 cos 23 [SiﬂQﬁ (CO (2795 — 6 g*v*/8)

+ 271 [66%/8 = (4+8)%/8— C1) o528 ] )| +2| 2 0F + (Gov? — ) sin 28]

1

Am(z) = I D{ — vy sin4p [471 cos 20 + (5 g v’ /8 — 272) sin 25]

+ 207 [2 (71— po M1209) cos 28+ 73 sin 25] [4C0 cos 203 +8¢° cos Bsin’ g

+ (G — g2/2) sin 4&} + 8y [ng — 73 sin? B+ ¢ v?sin? Beos? f — (71 — mag o 02) sin 25} }

2
mi2 [V :
Am%2 = —U2—D { ? |:2,LL00'2 COS 2/6 — (At 05 My + 2m12 (0'4 — Ul)) S 2ﬁi|

X [4(0 cos 23 + & g° cos Bsin® B+ (( — ¢°/2) sin 45}
+ 2 [2m12 01 — Mo 02 SiHQB + (At 05 Mo + 2m12(04 — 0'1)) Sin2 ﬂ]%}

2 By my po o8
v2 D

Aps =— {qﬂ [2@ + (¢ — (4+6)g2/8) sin® 25] + (8 20216 — ) sindf — 4y, sin? 25}
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A : -
! {2 mosin 3 [Q/Jo o3 cos 0+ (2 Ay og my — 05 my2) sin ﬁ} (—74)

+ mov? [,uoag cos23 — (1/2)o5m1s sin 23 + Ay 06 my sin Qﬁ}

X

gs!
2
V3
V4

K

Cocos 2B 4 8 g* cos Bsin’® B+ (¢ — ¢°/2) Sin4ﬁ} }

2{ - évQ [44‘0 cos20 + (i sin4f + g* (6 cos fsin® § — 1/2 Si“‘mr

2 [Co sin 23 + ¢ /4sin? 28 + ¢?/8 (cos* 26 + d sin* 6)] (—’y4)}

o (Bomo os + mis oy + Ay mg o3)

(=1 + 07 — A2 0g) m2 + Ay 05 mgmag + miy (04 — 1) + 0 g*v*/16

2(1— 07+A§06)m8 — Ay 05 miamy

272 cos 26 + 4y1 sin 23 — (4 +6)(g°v*/8) cos 4B — v* (2¢p sin 28 — (; cos 43)
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e Soft Masses at one-loop:

mi(t) = mg + g o5(t) +mip o1(t)
t) = ,ug O'g(t) = m%2 O'4(t) = At o 1Mo 0'5(t) o mg U7(t> — mg A? 0'6(t)

t) = pomazoo(t) + Bymg poos(t) + pomo Ay os(t)

sRA T M, X, 1 M~ M
5= 2 | 2 (3h2—16 2)(){ 21 —t)l i
g m? nmt+ 4 Jr327T2 t 93 . nmt nmt 7

where Mf = mj, My, gs is the strong coupling and

XtE

2 (A mg — pcot 3)? <1 B (A mo — pcot §)? )
M? 12 M? '
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e massive SU(2) triplets: T = T,o" Tio5 of Y ==£1,0.
Lo / d*0 [TfeVTl +T§eVT2} + / 20 [MH1H2+M*T1T2+)\1H1T1H1+)\2H2T2H2 +he

— A1 2
2 M,

= ['eff — d%0 (H1H2)2 + h.c.



