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A Standard Model-like Higgs particle has been
discovered by the ATLAS and CMS experiments at CERN

We see evidence

£ CMS Proliminary (5=7TeV.L=51R (s=B8TeV, L= 1060
& 3~ e Data ATLAS Preliminary > 35:' AR B e Det Y f ho . I
c: : ol . @ ala ' t t
§ e owdoa | Oy B - O IS particic
< Signal (m =125 GeV) %’ T DZ':',ZZ . I . I h I
20f i Syst.Unc is=7ToV:[Lot = 461" 3 A q. |_|m=126 GeV In |||U tIP e C anne So
'.s;BTev'JLm=207rb‘ 20" L
15 . :

We can reconstruct
its mass and we know
that is about |25 GeV.
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The rates are consistent
with those expected
o in the Standard Model.
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But we cannot determine the Higgs couplings very accurately

Large Variations of Higgs couplings are still possible
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As these measurements become more precise, they constrain possible
extensions of the SM, and they could lead to the evidence of new physics.

It is worth studying what kind of effects one could obtain in well motivated

extensions of the Standard Model, like SUSY.
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Marcela talking to Peter Higgs
Fabiola Gianotti listening
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With Oscar Stal, Fabiola Gianotti, Lars Brink and Paul Langacker
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With legendary t'Hooft and his wife
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With Brout’s wife
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| claim no resemblance at all
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With Discovery Announcers
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The Beast and the Beauty
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Marcela feeling asymptotically free
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The Ballroom
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Lightest SM-like Higgs mass strongly depends on:

* CP-odd Higgs mass m,, * tan beta *the top quark mass

M: =

2 2
. N m, +m;, +D, m, X,
the stop masses and mixing t

2 2
m, X, my; +m, +Dg

M, depends logarithmically on the averaged stop mass scale Mg ¢y and has a quadratic and
quartic dep. on the stop mixing parameter X,. [ and on sbotton/stau sectors for large tanbeta

For moderate to large values of tan beta and large non-standard Higgs masses

2 2 2 t
m:-=M:cos 20+ X +t+
h “ p 4% v? _2 g 1677

3 mt |1 . 1 (3m3

- 32%053)()?; + tz)

2 v?

X, =A, —u/tan f —LR stop mixing

t=10g(M§USY/mt2) X, = M?2 12M?

SUSY SUSY

_ 2x? (1 X?

M.Carena, J.R. Espinosa, M. Quiros, C.W.95
M. Carena, M. Quiros, C.W./95

Analytic expression valid for Mg gy~ Mg ~ My,
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Standard Model-like Higgs Mass

Long list of two-loop computations: Carena, Degrassi, Ellis, Espinosa, Haber, Harlander, Heinemeyer, Hempfling,
Hoang, Hollik, Hahn, Martin, Pilaftsis, Quiros, Ridolfi, Rzehak, Slavich, C.WV,,Weiglein, Zhang, Zwirner

Carena, Haber, Heinemeyer, Hollik,Weiglein,C.W.00

140 Leading m,” approximation at O(a a)
l 140 —— 77—
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"mixed scale" one-loop EFT
120 130 -
%
()
S
£ 100
E

M, = 1755 GeV

Mgyar = My = 1 TeV 4 1o
80 - — =
# = —200 GeV M. = 1000 GeV, m, = 1000 GeV, tanp = 30
1 1 I 1 1 1 1 I I 100 | | L | | L L
1 A 5 10 =D a0 -3000 -2000 -1000 e 0 1000 2000 3000
tan 8 X, [GeV]
] ]

Xy =A; —p/tan B, X, =0 : No mixing;

X; = V6Mg : Max. Mixing

Thursday, December 19, 2013




Large Mixing in the Stop Sector Necessary

3.0

X; [TeV]

P. Draper, P. Meade, M. Reece, D. Shih’ | |
L. Hall, D. Pinner, J. Ruderman’l |
M. Carena, S. Gori, N. Shah, C.Wagner’| |
A.Arbey, M. Battaglia, A. Djouadi, F Mahmoudi, . Quevillon’| |
S. Heinemeyer, O. Stal, G.Weiglein’| |
U. Ellwanger’| |
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Soft supersymmetry Breaking Parameters

M. Carena, S. Gori, N. Shah, C.Wagner, arXiv:1112.336, +L.T.Wang, arXiv:1205.5842

A, and m; for 124 GeV < mj, < 126 GeV and Tan =10 A, and m; for 124 GeV < mj;, < 126 GeV and Tan g = 60
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Large stop sector mixing | " l ) eta load
A > 1 TeV ntermediate values of tan beta lead to
the largest values of mn for the same values

No lower bound on the lightest stop of stop mass parameters

One stop can be light and the other heavy
At large tan beta, light staus/sbottoms can decrease

or
in the case of similar stop soft masses. mh by several GeV’s via Higgs mixing effects
and compensate tan beta enhancement

both stops can be below 1TeV

Thursday, December 19, 2013



G. Lee, CW’I3
(See also S. Martin’07,

Case of heavy Stops

P. Kant, R. Harlander, L. Mihalla, M. Steinhauser’ 10
J. Feng, P. Kant, S. Profumo, D. Sanford. | 3,)

My Qg = Ms. X,/Ms = 0. tanf = 20, = 200 GeV.__

135

130 -

125 -

RG expansion.

Impact of higher loops

Agreement with S. Martin’07 and Espinosa and
Zhang’00, Carena, Espinosa, Quiros,C.W.00,

Recalculation of RG prediction including up to 4 loops in

3 Carena, Haber, Heinemeyer, Weiglein, Hollik and C.W.00,
s F ] in corresponding limits.
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In supersymmetric theories, there is one Higgs doublet that behaves like the
SM one.

Hgyr = Hycos 8+ H, sin 3, tan 8 = v, /vy

The orthogonal combination may be parametrized as

H+ 1A
= ()
where H, H* and A represent physical CP-even, charged and CP-odd scalars
(non standard Higgs).

Strictly speaking, the CP-even Higgs modes mix and none behave exactly
as the SM one.

h = —sina Re(H))) + cosa Re(H))

In the so-called decoupling limit, in which the non-standard Higgs bosons
are heavy, sin = — cos [ and one recovers the SM as an effective theory.
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CP-even Higgs Mixing Angle and Alighment

M. Carena, |. Low, N. Shah, C.W., arXiv:1310.2248

M,
\//\/l ) + (M2, —m2)”

Sln (v =

—tan 8 M7, = (M7, —mj) > sinaw = — cos 3

Condition independent of the CP-odd Higgs mass.

53 —ssCs S0 | _v_2 L1 Lys — S, N m_i
= > 2
—SgCs  Cj Co, mMa \ Lis Log Co, my
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M. Carena, |. Low, N. Shah, C.W/I3
Alignment Conditions

~

(m% — )\1’02) -+ (m% — )\3”02)?5% = ”(}2(3)\6t5 -+ )\775%) ,

(m; — Agv?) + (m; — )\3@2)15[;2 = 02(3)\77551 + )\Gtgg)

o |f fqu‘IIed not only alignment is obtained, but also the right Higgs
mass, m; = Asmv”, With Agm ~0.26 and  As + A+ As = s

Asm = Ap cos? B+ 4)g cos® Bsin 5 + 2)\3 sin? Becos? B+ 4X;sin® Bcos B+  Aysint

® For A\¢ = A7 = 0 the conditions simplify, but can only be fulfilled if

M > A > As oand Ay > Adgu > A3,

or

~

M < Adsm < As oand A < Adgu < g

INA

e Conditions not fulfilled in the MSSM, where both  \;, )3 < Agum
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Details of the Calculation

Tree-level coupling, should be evaluated at the SUSY breaking scale :

1
2 2\ .2
Atree = Z(QY + 92)025
Simplified stop spectrum :
2
t
M mi, - me o+ §eapsiymy M Xy sz’

t1,2

This approximation is abandoned at the one-loop level, in the
evaluation of the thresholds to the quartic coupling
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One loop thresholds to the quartic coupling and Yukawas in the MS scheme

o ~ X2 3
Aght))\ — 6/<;hfséth <1 Ty ) + /ﬁ;hzsﬁ(g2 + gY)Xfcm,

o 1
Aéh”))\ = ——/ihgs%,u‘l,

o 1
AEhT))\ = —65h4sﬁu :

yr = hisg, Y = hyeg, yr = hrcg;

B, — Yt 1
"7 551 — k(Ahy + cot BOhy)’
Lo Y 1
b — )
Cp 1— K(Ahb + tﬁ 5hb)
Yr 1
hy = ,
Cp 1— litﬁ (VLT
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8

Ah; = gggmgXt I(mgz ,mz,, mg) — hip cot SX, I(mgl,m52, ), (14)
1
ohy = ggMzﬂ([Cgf(mgla My, p) + syl (my,, Mo, p1)] + 5[031(77151, My, p) + s1(mgz,, Mo, M)])
1 2 1
+ ggngl (gXttﬂ](ma,mfg, M) — 5#[(3%[(7”{17 My, i) + s71(mg,, My, )]
+ 2u[stI (mg,, My, 1) + Cff(mgg,Ml,u)]), (15)
3
Ahy = gggmgXb I(mg, ,my;,,mg) — he utp X I(mg,, mg,, 1b), (16)
1
Ohy = 9§M2M([Ct2[<m£p Mo, 1) + sy 1 (miy, Mo, )] + Slep I (my, Mo, p) + s3I (m,, M, u)])
1 1 1
+ ggngl ( — 3% cot B 1(mg,, my,, My) + 5#[051(7”51: My, p) + syl (my,, My, )]
+ ulsyI(mg,, M, p) + 1 (my,, Ml,u)]), (17)
1
Oh, = QSMQILL([(mﬂﬂ M27 :LL) + 5[672-](777’%17 M27 ,LL) + 872-](777’%27 M27 ,LL)])
1
_ 912/M1 (XT cot 6 ](mﬁamha Ml) + 5:“[072'](777’7:17 Mla :u) + Szl(mf‘za Mla :u)]
— s (s, My, 1) + L (msy, M, p)]) (18)
1 9
I(1,1,1—8) ==+~ +... (1t ~ M),
Ia.b.c) = ablog(a/b) + bclog(b/c) + aclog(c/a) 2 6
“oe= (a—0)(b—c)(a—c) I(1,1,6) =14 6(1+logd) +... (< Ms).
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Two loop thresholds to the quartic Couplings in the SM scheme
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Evolution of the quartic Coupling

1 . kgL
=1 (k) (1) = A
M 16r2 t=log@. v ) dtk ()

We want to evaluate the coupling at the weak scale (mt) starting from
the stop mass scale. It can be done in two ways, dependlng on where
the couplings are evaluated. Taking L=17—-1t=10g(Q/Q) > 0, 6A 5;"0 .

~ _iﬁni eBa (D)
—~ = (k+1)!

These two expressions are not equivalent, and represent a different
reorganization of the perturbativexpansion. The second one is implemented in
CPsuperH. The first one leads to a faster convergence

- (n’k)t ket 1
MO =@+ ) x Z aTE
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9
S\ = { —12)% — A[myf + 1297 + 49> — 993 — 593} + 12y} + 12y, + 4y

9 9 27
— 193 - Egigf — —gf}L

100
+ 4 —6X|g2 1 2 2 § 2]? 411 o922
gs + 591 + 9o + 591 +4g2 1 28605 L#, (46)
108 54 81
So\ = {144)\3 + A2 [216@/3 — 108¢% — ?g%] - A[ — 18y, + 27gs + Egggf + %gﬂ

102
g2 [ 9642 — 8147 — 21gﬂ Y [ 18042 + 192¢% + 54g2 + Tgﬂ

27 . 27 81
+y? [793 + 39395 + %Qﬂ }L2

| : :

1 1,72 3 12
+{3 [93 + 593] l(ﬂ [93 + 59?] — [93 + 39?] — 495 [1 - 2820%}] }LZ

9 1,72 3 .12
24\ + 12y? — 9g2 — —gf] [6)\ [gg + gg%] — [g% + —g%] — 4g, [1 — 25%0;}] }LLM

- {78)\3 + 7207y + \yZ(3y? — 80g3) — 60yP + 64g§y;*}L, (47)

53\ = { — 1728\ — 3456 X%y; + A2y (—576y; + 153693)
+ \y7(1908y; + 480y7g5 — 960g3) + y; (1548y; — 441637 g5 + 2944g§)}L3
+ { — 2340M" — 3582\%y7 + A2y (—378y; + 201643)
+ M7 1521y + 1032793 — 2496g3) + v; (1476y; — 37447 g3 + 4064g;) }L2

+ { — 1502.84\" — 436.5\%y? — \*y?(1768.26y; + 160.77g3)

+ A\y?(446.764)\y; + 1325.73y2 g2 — 713.93693)

+ 4#(972.596y; — 1001.98y2¢2 + 200.804g3) }L, (48)
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O\ = {2073&5 + 51840\ "2 + N?y2(21600y7 — 2304043)

+ A%y7 (—30780y; — 18720g3y; + 14400g;3)

+ Ayi (—22059y° + 285123y, + 10560957 — 1056095)

+ 44 (—8208y8 + 56016y8g2 — 84576y2g" + 4416Og§)}L4

+ {48672)\5+101808)\4 + A3y2(30546y7 — 49152g3%7)

A2 (—50292y;) — 4089617295 + 4569643 )
+ \y7(—33903yP + 41376y, g5 + 35440957 — 4518445)

+ y} (—15588y° + 86880y, g5 — 16163217 g5 + 112256g§)}L3

{63228 20° + 72058. 1A% y2 + N\?y2(25004.6y7 — 11993.5¢3)

+ A22(27483 .8y — 52858y%g2 + 18215.3¢1)

+ M2 (=51279y% — 5139.56y1 g2 + 50795.3y2g4 — 33858.8¢%)

Yyt (—24318.2y8 4 72896y} g2 — 73567.3y2gs + 36376.595) }L2.

9 T m?2
My = MM)v* (M) + K{3y3(4m§ — mj,) Bo(my, iy, mp,) — §>\mfzz 2 - ﬁ — log Q_;L}

2
’UQ
— LB + B — AN + ) + 4] Byl mz, )
1 miy 1 "
+ 59495 - A(k’g@ 1))+ 06+ ) (6 + 9)) — A(log @ ) }
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M, O = Ms, X,/Ms = V6 ,tan = 4, ;1 = 200 GeV_
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M, [GeV]

M, [GeV]
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