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e Standard Model (SM): best model so far.
- Agrees with experiment. Open questions: hierarchy, EWSB, unification, DM, gravity,....

- 5771% ~ .7:(049, mg) /\%]V, Agv ~ Mpianek: = Hierarchy problem < fine tuning.

- two faces of the same problem.

e MSSM. SUSY searches.

- 6m% susy 1Og A V/msusy Msysy ™~ TeV; Mgysy ™~ AUV = SM fine—tuning

L = /d46 ZZ @Tqu)Jr Z /d29— (1 +my000) Tr W W,|; +hc}

1=1,2,3.

+/d29 [HQQ)\UUC+Q>\DDCH1+L)\EECH1+MH1HQ] + h.c., O HLQ,Q,UC,DC,EC,L

Z0(S, 8N =1- 58" S =00mo; mo =Tt Ap(S) = Ap(0)(1+ A S), () = o (1 +ByS)

A07 B07 Mo, Ty, m1/27 tanﬁ — UQ/Ul



e MSSM scalar potential:
V = m} |Hi|> + m] |Ho” — (Bopo Hy - Hy + hoc.) + A/2 [Hi|' + \o/2 |Ho|* + A3 | Hy[” ||
+ M |Hy - HP 4+ | Xs/2 (Hy - Ho)? + X |Hi|> (Hy - Ho) + Ny \HQyQ(Hl-HQHh.c.]

Tree-level: \j o = (g% + gg)/il, A3 = (g% — 9%)/47 Ay = —93/27 X567 =10

m? = m% 008254—7713 sin? 8 — By 1o sin 25, UV:miQ:m(Q)%—ug
Al Ay 4 Asas . 9 : 2 .2
A= - cos BJr?sm 6+Tsm 20 + sin 203 ()\6003 B+ A;sin 6)

e The Problem:
v? = —m?/ )\, v=0(100 GeV), <1, but m, myq, By ~ O(1TeV).

e “residual” fine-tuning (little hierarchy).  Tree level: m; < my, LEP2: > 114.4 GeV
e Need: large quantum corrections (QC) = large m,s,. But QC can also increase A and m% x \v?

e This is not only a problem of scales but of couplings (Aysssas small). N> 0vs. m2 .~ m?

Susy
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e EW fine-tuning measures as a test of SUSY [Ellis et al 1986, Barbieri, Giudice 1988]
1/2 O ln v?
_ ) 2 _
2= max}Ap‘p:{u%,m%mf/zw‘l%ﬂ%}’ o A= (%:Ap) ! By = Olnp
2 A
= —mfA, DS —m = mh = F(p,B)),

e Exact formula:

D 0*m?  ,O*°A\ [ON 1 0m? om? 9°X  OXO*m?
A, = —= |2 +v + =) + —
2z 052 08?2 )\ 0dp v? Op 0B 0B0p 0B OBOp
0?m? 0%\ 02 (ON)* 2
= 2 Rl A, = 0:QCtop Y.
© A( 02 *”852) > (ag) | P m22(1+5)+0[tan6]’ @Ctop
e p; ~ 1/A: "effective prior" emerges automatically in Bayesian fits [Casas et al 2008]
o if A too large: SUSY fails... Wanted: A minimal, for low UV sensitivity.
e Many studies: A: 1-loop. A ~ 100 but A ~ m3 ~ exp(m3 /v?)|. [Pokorski, Ellis et al]

e 2-loop study (SoftSusy, micrOMEGAs: 6years 30 x 3 GHz). Impose usual constraints: TH + EXP
but NO LEP bound on my,!
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e 2-loop results in CMSSM: min A = my, =7 [S. Cassel, DG, G. Ross]
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Az, A2 dominant (EW vs. QCD)

= minimal A o< exp(m? /v?) = 2-loop effects important!
= without LEP2 bound on my, min A: A~ 9 = m; =114+2 GeV, (just above LEP2 bound!)
= CMSSM: A less than usually thought, when using the correct, 2-loop A.

= Same result (my) and behaviour if using min of A"= /> A% (1 to 2 GeV variations).

= dotted line: increase a3 (1), reduce m; (1) = QCD does not like large my,! (fine-tuning cost)
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e 2-loop results in CMSSM: min A + dark matter = my, =7 [S. Cassel, DG, G. Ross]
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LSP: good dark matter candidate = dark matter constraint:

WMAP: Qh? = 0.1099 4 0.0062; blue: 27> not-saturated; red: ) saturated: 1o (left); 30 (right).
= Prediction from: Min A + “right” dark matter abundance, (no LEP2 bound):

my, = 114.7+2 GeV, A =15.0, (consistent with WMAP bound).
my = 115.9+2 GeV, A =17.8, (saturating WMAP within 30).

e an upper bound on A =- bounds on SUSY spectrum. A <1000 = m;, <126 GeV (+ 2 to 3 GeV)
A <100 = my <121 GeV (£ 2 to 3 GeV)
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e 2-loop results in CMSSM: min A & the LHC @ 7 TeV reach. [S. Cassel, DG, G. Ross]
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= Left: points A <1000: blue: consistent with WMAP (30 deviation); red: saturate it within 30.
Points in lighter (darker) red/blue have m;, below (above) LEP2 bound for m,.

= Right: Atlas exclusion limits (red curve, observed) for tan 5 = 3, Ag = 0, > 0. arXiv:1102.5290.
Atlas is already testing CMSSM points with A < 100 and my, > 114 GeV. (£ 2 to 3 GeV)
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e 2-loop results in CMSSM: min A & the LHC @ 7 TeV reach. [S. Cassel, DG, G. Ross]
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= Left: points A <100: blue: consistent with WMAP (3¢ deviation); red: saturate it within 30.
Points in lighter (darker) red/blue have m;, below (above) LEP2 bound for m,.

= Right: Atlas exclusion limits (red curve, observed) for tan 8 = 3, Ag = 0, > 0. arXiv:1102.5290.
Atlas is already testing CMSSM points with A < 100 and my > 114 GeV.

= my, <121 GeV, m<3200, 120< m;/, <720, p<680, —2000<Ag<2500,GeV, tan 3>5.5
XY <305, x5<550, x5<660, xi<665, xi7 <550, x5 <670, §<1700, t; <2080, ty< 2660
by < 2660, by < 3140 GeV
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e 2-loop results in CMSSM: min A & the LHC @ 7 TeV reach. [S. Cassel, DG, G. Ross]
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= Left: points A <50: blue: consistent with WMAP (30 deviation); red: saturate it within 3o.
Points in lighter (darker) red/blue have m;, below (above) LEP2 bound for m,.
= Right: points A <20.

=> small(er) area in moduli space (1, m/2): not an indication/measure of (large) fine-tuning!

"moduli fixing” # fine tuning
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e Two-loop results in CMSSM: min A and LHC @ 7 TeV reach; m;, >114 GeV.
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A < 100: dark colours: Qh? within 30 light colours: below this bound.
LHC7 TeV: O(1) fb~1; mg~1.1TeV if mgz~mg; my~620GeV, m;>m; [Baer, Barger, Tata,Lessa]

- purple: LSP: higgsino 10%, heavy squarks
- red: LSP: bino-like, heavy squarks (TeV), focus point region.
- green: LSP: bino-like. light squarks. [S. Cassel, DG, S. Kraml, G. Ross, A. Lessa]
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e How do these results m;, change under “new physics” ?

- large(r) my, at low A ?

(a). to relax CMSSM constraints (gaugino univ); symmetries... [Kane, King, Ross, Horton, 09]

(b). “new physics” beyond MSSM, that increases m;, and reduces A: U(1), extra S, D of SU(2)...
Effective approach: MSSM Higgs+ effective operators (X, ;)

L= Eﬁg%} + Z /)m Xnis pin~ O(); M, :scale of "new physics”

n>1,1

X, ; effective operators, parametrize new physics beyond MSSM Higgs sector.

- generated in renormalisable theories, after integrating some massive states.
e We consider: (d=5), (d=6) operators; corrections to my,?

L8 + Li(oc 1/M,) + O(oc 1/M2)
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e d=5 operators beyond MSSM Higgs: [DG, Antoniadis, Dudas, Tziveloglou]

L) = ]\2 / d*0 ¢(S) (Hy.H,)* + h.c., S, T
Ly = j\; / d'9 {a(s, st Do [b(s, S Hy e—Vl}Da [c(s, Sty el Hl] +h.c.}, D]

e d=6 operators:

O; = M*Q/d“e z(S,8h (H " H)?,  i=1,2 (T,U(1))
0, = A;E / 40 2y(S, SY) (H] " Hy) (H] e Hy), (T,U(1))
0, — ]\Z? / 40 2,(S. S") (Hy Hy) (Hy Hy)', (S)
Os = A;f/d‘le Z5(S, ST (H e Hy) (Hy Hy + h.c.), 2D,S)
O = ]\;2 / d*0 24(S,S" (HIe"> Hy) (Hy Hy + h.c.), 2D,S)
O; = ]\22 / d*0 16’19327(5, 0) Tr W Wi (Hy Hy) + h.c.,

/

d'0 [zg(o,ST) (Hy H)? + h.c.

I
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e Other operators: Oy = ]\; /d49 24(S, ST) Hlt ﬁQ "' V2 H,
O = ]\;2 / &0 20(S, SN HIV e V2 H,
O = ]\22 / d*0 2,,(5, 8" Hf ' vewV) H,
O = ]\22 / d*0 215(8, 5" H} 2 vew® H,
O3 = 1\;3 / d*0 215(8, S HI M whve H,
O = 1\;3 / d*0 214(S, 8" H "> WP v H,
O = 12/d49 Z15(85, ST) TreV' Wee ™V D2e" W, eV

where V,H; = e Vi D,e"" H;, V;=V%o"/2+ (F1/2)Vy; i=1,2

1
M?
= Lo, Oy

Z;(8, %) = ajo + o1 mo 00 + oy m 00 + ajom 0660, o ~ 1/M7, S =mg66

15 removed by field redefinitions up to wavefunction ren, redefinition of soft terms, p!

......

H
= Ltoml - A;g?g}[ + El + Z O
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e Comment: removing redundant operators: [DG, Antoniadis, Dudas]
1 = 1
Oy = Ve /d49 ZQ(S, ST) HI V2 eV1 2 H| ~ W/d‘lg H}LD H, O —(1/M*2) hTDQ hy — hTDhl o

e L= /d49 O (1+0/M?*) P + [/d29 W(®) + h.c.], O'0d — (—1/16)D &' DD

d = a1Py + ar Dy

2
(1/m)D°0t = b1®) + body = 6L = / 20 [(1/m)52(a1<1>1—|—a2®2)T—(b1<D1+b2<I>2)]CD3

m
4 M,

= L+0L= / d*0 [6131@1 — 3, — @gcisg} + / 20 [<_M*> Doy + W@@LQD} + hec. + O(1/M?)

where & = &y — dy; then integrate ®; 5 (massive):

1
M

L+6L= [d0|DID; — —W'T( D)W (D))| + [ d*0W(Dy) + h.c.
1

MSSM+Qq: [ dOWT W' — [ d*0 (u?/M?) HJ H,: wavefunc ren (Susy broken: soft terms ren)
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e Fine-tuning in MSSM + (d=5) operator: £, = [ d*0 (¢ + (1S)(H,.Ha)? [Cassel, DG, Ross]
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where (o, (G ~ O(1/M,), om; = O(1/M?), w = [m?% +m3]* — 4m%m?% cos® 283

= A<10, 114.4 < my, < 130 GeV, M, =~ 1/~ 65 X pp =5 to 10TeV, tanf < 6.
= (d=5) op: massive singlet: S H; Hy + M,S*. Re-do analysis in NMSSM with M, S? F-term.

= At large tan 3: d=6 operators relevant: \oc (29 (p)* ~ (2 Copo) /tan B = (2u0¢o) < 1/ tan B
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e d=6 effective operators: corrections to my, (c ~ 1/M?)

14 ——
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2 4
Smj, = —2v° [O@? mg + (a0 + cuo) g + 20661 Mo po — oo My | — <i520 M())m;}
2 A %
+ ta?ilﬁ [(mi i mQZ) (4 m?ﬁl ( (20421 + Q31+ 0y +20[81) my MO+(2Q50+@60) M% + o mg)

8 (m3 +my) (romo o) v* m’
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— (2060 — 3azg) mymy — (200 + 7p) mz) + (m?% — m2)? O [Mf tan2 5}

= mp = (m2+0om2)"= my = (1/2) (6m2/my) + O1/MY)  my: MSSM 2-loop LL value

= lower curve: A<100:  my <121 GeV, oémy <4 GeV. M, =8 TeV. note: ajom < 1/4
= top curve: A <200: m; <122 GeV, omy <6 GeV. £1GeV (dmy,) <> F1 TeV (0M,).
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e d=6 effective operators: corrections to my, (a;; ~ 1/M?)

1 oo o o o o o o e e e

Dj..#....
p —1= —(v?/M2)[oug cos* B+agysin' B—agysin® B cos? B]+O(v? /M), M,~8TeV [Blum et al|

= large tan (: larger aizg, g allowed = agg, ayg largest SUSY correction to my,

Oy~ an [ &9 (H] " H) (H) ¥ ), [TUW)] Os~a [ o (Hy 1) (H Hy)', (9

= difficult to generate a3, cugg with the “right” sign, by integrating massive T, U(1), S in ren model
=> neutralino mass corrections very small (LSP): ~ p/M, ~ few (< 1 to 2 GeV)!

2
R
(mp+0my,)?

= A =18 (30 WMAP), my;, = 115.9 £ 2 GeV = my,+0dmy, = 119.9+2 GeV, A = A
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e Conclusions:

e Hierarchy problem < fine tuning. Test of SUSY.

= min A + DM consistency, in constrained MSSM, but no LEP2 bound on my;:
mp = 114+2 GeV, A=9, (noDM constraint).
my = 115.9+2 GeV, A =178, (WMAP within 30).

= A minimal at LEP2 bound! similar result if using A" (quadrature).
= QCD does not like large m;, without fine-tuning cost: A <100 (1000), my; <121 (126) GeV.

e Beyond MSSM Higgs with all effective operators of d=5, d=6 (new U(1)'s, S, D...):
= d=5 operators: small A <10 allowed for 114.4 < my;, < 130 GeV. Massive S? NMSSM with M,.S?

= d=06 operators:
Points of A <100 (200) = SUSY dmy, < 4 GeV (6 GeV). M, =8 TeV; (£1 GeV for F1 TeV)
Extra U(1) or S 7



Significance of Observation (o)
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e CMS significance of observation e Our CMSSM spectrum and parameter space.

SUGO SUG1 SUG2 SUG3 SUGH

(N
(@)

— mo 1455 1508 2270 113 725
I, ; - my /9 160 135 329 383 535

9F CMS Prehmmzﬁary Oct 2010 ) . Ao/ 238 1492 30 220 1138
8 _:;:E g;zz ':.' ““‘ .......... ] tan /B 225 225 35 15 50
6F... 51’ @8 Tev . ..... ~, ...... o mg 482 414 900 808 1252
9 S S SRS S0L397 SR 00 T T\ S S M, 1469 1509 2331 826 1315
s mi, 876 831 1423 602 1000
3t M+ 106 104 168 293 416
ok mgy 108 104 181 293 416
i my 60 53 123 155 222
0 A 9 50 45 68 84
100 110 120 130 140 150 160 170 180 190 200 ch(l)hQ 041 0.13 0.10 0.13 0.10
Higgs mass, m, [GeVic’] 107 BR(b — sv) 34 37 34 32 32

10°BR(Bs — pup) 3.0 29 29 34 17

da, x 101 45 32 32 225 166

CMSSM parameters, sparticle masses (GeV) for regions 1,...5
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e The favoured CMSSM spectrum of minimal A = 15 consistent with Qh?.

pO | 114.7| X0 | 79 | b, | 1147 | @y | 1444
HO | 1264 | X9 | 142 | b, | 1369 | @ | 1446
H* | 1267 | X3 | 255 | 7 1328 d | 1448
A% | 1264 | X9 | 280 | 7, | 1368 | dj, | 1446
g | 549 | x| 142 | i, | 1406 | 5, | 1448
U | 1366 | X5 | 280 | fip | 1406 | &5 | 1446
7, | 1404 | £, | 873 | &, | 1406 | ¢ | 1444
D, | 1404 | £, | 1158 || &5, | 1406 | &p, | 1446

(focus point region).
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e Generating d=5 operators beyond the MSSM the Higgs sector:

e £17: massive gauge singlet ¥ or SU(2) triplet (M, > pu):

1
LD /d48 DY +/d29 [u Hi.Hy — M, Y>>+ Y H, HQ} the = L= /d29 M (Hy.H)*+h.c.

AM,

e L5 ?: massive Higgs doublets /34 beyond MSSM H

L = /d49 Z (HjT eVt Hj+H}+1 e’ Hj+1) + (V1Hir e’' Hy + vy Hg e”2 H4+h.c.)};

- j=1,3

i 1— 1—
+ /d28 _,LLHl H2 —I—M* H3 H4] = h.C.; —1D2 [H;: eVl] — ZDz [Vl HI evl] +M* H4 =0 (Hg)

. v _
= Egz/d49 LZ%H}L eVi H;+ (411\2 Hye V1 D? e Hl—l—h.c.)}—i—[/clzﬁ ,qu.H2+h.c.]

Hoe D21 H, ~ D© [HQ e_vl} D, e"1 Hy.

e ? “onshell”: D? [evl Hl] = 4,qu = wavefunc ren only. [Politzer, Georgi, Dixon, Taylor]
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e Removing redundant operators by field redefinitions: [Antoniadis, Dudas, DG, Tziveloglou]
1
L1 = — / d*6 ¢(S) (Hy.Hy)* + h.c., S, T

Ly = j\14 / d'9 {a(s, st Do [b(s, S Hy e—Vl}Da [c(s, Sty el Hl] +h.c.}, D]

]\2* C(S) — CO + Cl my (9(97 CO? Cl ~ 1/M*7

a(S, 8N =ay+ a1 S+atST+ay S ST, S = 00 my, spurion

= L9 removed by general non-linear, field redefinitions in L;55M

1 —or 1T
H — H—- D’ 6:(S, S) H} e (ic»)

1 —or + AN 17
Hy — Hy+ i D 52(S,S)H1 e 1(20'2)

61 =50+ 515+ 5987+ 5535 5T, 6y =s)+ 8,5+ 5,8+ 558 8T, F.U¢, D¢ E°

L5 removed by suitably chosen s;, s.. = soft terms & u-term redefinition: = only £; left (d=5
y i H
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e Other physical consequences:

Lrssy D /d2(9 [HQQ)\U(S) UC—FQ)\D(S) D Hy —I—L)\E(S) E° Hy +LL(S) H, Hy| + h.c.

1 —or 1T
Hi — Hi— 5 D [51(S, ST Hi e (ics)

1 _or 1T
Hy — Hy+ - D> 6,(S, SN HI €% (i)

1
M,

= Lof D — / d*6 [H;f e Q \y(S)U® + H] €2 (Q Ap(S)D°) + H} "2 (L Ap(S)E°) + h.c.

= “wrong" -Higgs couplings:

my . my C my .
A (Au(0))i (B] qrs) usy; + A (Ap(0))ij (Rdqri) diy; + A (Ap(0))ij (hY1L:) ef; + hec.,
CH H
N vcosﬁ)\ (1+5A5+A)\btanﬁ) ;- l
my = s ! n ~ I ~/ [
b \/§ b )\b )\b Q //A\\ D U /\\

“Wrong" -Higgs couplings also in MSSM at 1-loop: ﬁ LIJ q}\
’gf 2 Hq
[Haber, Mason; Pokorski, Hall, Pierce, Katz]. LS W W " \LIJD



