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Lightest SM-like Higgs mass strongly depends on:

* CP-odd Higgs mass m, * tan beta *the top quark mass
. N v mg +m; +D; m, X,
the stop masses and mixing t m, X, m? +m? +D,

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

Haber & Hempfling, Ellis et al, Okada et al ’91
For moderate to large values of tan beta and large non-standard Higgs masses

3 mtl|l -~ 1 3 m?> -
2 2 2 t t 2
m:.=M:cos 20+ —X +1+ — —32ma, | X r+t
h Z [)) 4.7-[2 V2 |:2 t 16.7-52 (2 V2 3)( t ):|
. 2Xx? X2 »
f = 10g(M§Usy/mt2) X, =— (1 — L ) X, =A, —u/tan f —LR stop mixin
MSUSY 121‘4SUSY

M.Carena, J.R. Espinosa, M. Quiros, C.WV.‘95
M. Carena, M. Quiros, C.W.95

Analytic expression valid for Mg,gy~ mg ~ my,
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Computation with mainly two different Methods

@ Diagrammatic Approach : Includes all the one-loop corrections plus the dominant
two loop corrections. It preserves the exact dependence on the sparticle
spectrum (FeynHiggs)

€ Renormalization Group Approach : Includes all the relevant one and two loop
corrections at the leading logarithmic level, as well as finite threshold corrections
associated with the decouple of heavy sparticles. Leading logarithmic corrections
may be included at higher loops, by solving the corresponding RG equations.

Q@ Diagrammatic Approach is expected to be more precise if sparticles are light

@ A careful RG approach should lead to all relevant contributions if sparticles are
heavy.

Q@ The RG resummation may be cut at different loop levels, and it could be compared
with the results of the diagrammatic approach. Inclusion of weak couplings is easy
in this approach (this talk)
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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.W., Weiglein, Zhang, Zwirner

Carena, Haber, Heinemeyer, Hollik,VVeiglein,C.W.00
For masses of order | TeV, diagrammatic ahd EFT approach agree well, once the
appropriate threshold corrections are included

140 Leading m," approximation at O(a o)
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X¢ =0 : No mixing;
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Large Mixing in the Stop Sector Necessary
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X; [TeV]

P. Draper, P. Meade, M. Reece, D. Shik’[ |
L. Hall, D. Pinner, J. Ruderman’l |
M. Carena, S. Gori, N. Shah, C.Wagner’| |
A.Arbey, M. Battaglia, A. Djouadi, F. Mahmoudi, J. Quevillon’[ |
S. Heinemeyer, O. Stal, G.Weiglein’| |
U. Ellwanger’| |
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Stop Mixing and the Stop Mass Scale

Q  For smaller values of the mixing parameter, the Stop Mass Scale must be
pushed to values (far) above the TeV scale

@ The same is true for smaller values of tan 5 ,for which the tree-level
contribution is reduced

Q In these cases, the RG approach allows to resum the large logarithmic
corrections and leads to a more precise determination of the Higgs mass
than the fixed order computations.

Q The level of accuracy may be increased by including weak coupling
corrections to both the RG running of the quartic coupling, as well as
threshold corrections that depend on these couplings

Q One can also use the RG approach to obtain partial results at a given fixed
order by the methods we shall describe below
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Three Loop Computations

Q For many years, the Higgs phenomenology was described by a multiplicity of
programs which contain computations of the Higgs mass at the two-loop
order.

Q The Higgs mass in this computations had a slow increase with the stop mass
scale and actually it decreases for sufficiently large values of this scale, when
the Higgs mass was expressed as a function of the top quark mass at Mt.

Q A partial three-loop diagrammatic computation was performed, including the
dominant QCD effects, and showed a faster than expected increase of the

Higgs mass.
Small Mixing, moderate tanb

Q@ Such an increase implies that the stop 135
mass spectrum consistent with the
observed Higgs mass was pushed to

130~

ATLAS/CMS

lower values, within the LHC reach. o g
| & | :
Q The question remained of what was ool

the effect of the ignored subdominant E

three-loop corrections that depend on (150

the top-Yukawa coupling and the strong i ]

, H3m band indicate

gauge coupling f1offf ¢ o band inawat Renormalization Scales |
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@ Higher loop effects should also be evaluated. Ly A B
m. (TeV)
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Evolution of the quartic Coupling

1 i d*By"
=1 (k) () = 224
" 16n2 t=log@. o) dtk Q

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=1{—t=10g(Q/Q) >0, §"> = §" )
00 n,k
NG S O
n:; s (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

0 (n ’f)

M@ +YT
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Details of the Calculation

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

1
)\tree — 1(912/ T gg)cgﬁ

Simplified stop spectrum :

2
2 2 1 2.2 2 M m X
/\/lf _ <mt~L + m; —|—625(2 33W>mz m Xy ) Mg S t<)t

X, m2_ -+ m + Zeppshym? meX, M2

~

tr

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

« > )/(\72 3 -~
AGIN = 6rhish X2 (1= L) + Trhish(gd + g8) Kiews

a 1 X
AGN = —5/1’1215?3#4,

a 1 .
AGIN = —g/ﬂhisélfl,

It is important to consider the thresholds to the quartic couplings induced by the D-
term, weak gauge couplings contributions to the stop masses, which was ignored before

yr = hysg, Y = hpca, yr = h,cg;

The top, bottom and tau Yukawa couplings have the usual threshold corrections at the scale of
supersymmetric particles

he =2 !
' 551 — k(Ahy + cot Bhy)
hy = 2 !
b Cp 1— K,(Ahb + tﬂ 5hb)7
Yr 1
hy = — )
Cp 1— /ﬂ)tﬂ 5h7-

Very relevantly, two loop corrections were included to relate the top quark mass to the running mass

as(My) — 0.1184

M,
— M,) = 0.93607 + 0.00550( _ 173.35) — 0.00042 ,
w(Q = M) GeV 0.0007

as(My) — 0.1184
0.0007

M,
_ 0.00046( _ 173.35) .
GeV

Buttazzo et al ’ 13

g3(Q = M,) = 1.1666 + 0.00314
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These threshold corrections include subdominant contributions

8
Ah;, = gggmgXt I(my,, mg,, mg) — hjpcot X, I(my ,my,, ),

1
Ohy = QSMQM([CgI(mEI, Mo, :u) + S%I(mi@v M, :u)] + 5[03[(?’)1{1, Mo, :u) + S?[(mfgv M C

1 2 1
+ gg%Ml <§Xttﬁ]—(m£1’mt~27 Ml) - él‘l’[C?I(mIﬂ? Ml’ /’[’) + S?I(m£27 Ml’ M)]
+ 2u[sI(my,, M, ) +Cff(m£2,M1,ﬂ)]>, (15)

The top threshold introduces a dependence on the sign of the gluino
mass times the mixing parameter

%
Ahb = gg?%mgXb I(mgl?m527 mg) - h?ﬂtﬁXt I<mflamfga ,u)a
1
ohy = 9§M2M<[C?I(m£1» Mo, p) + s;1(mg,, Ma, p)] + 5[0127](”151, My, 1) + spd (mg,, My, g
1 1 1
+ ggf/f\/h( — gXb cot B I(my, , my,, My) + 5#[051(7”517 My, 1) + sl (mg,, My, )]
+M[ng(m517M1mu)+CZI<ml~;27Mla:u)]>7 (17)

1
5}7’7' = ggMZu ([(m1777 MQ? :u) + 5[072'[(777’7'17 M27 :U’) + 872'I<m‘7'2? M27 M)])
1
— gy M, <Xr cot B I(msz, ms,, Mq) + 5#[031(%, My, p) + sI(mz,, My, p)]

— ulsE(msy, My, ) + (s, My, )] )

1 9
I(1,1,L1-60) ==+ —=-+... ~ M),
I(a,b,c) = ablog(a/b) + bclog(b/c) + aclog(c/a) ( ) 5 + ; + (u )
» Uy (G—b)<b—0>(a—0) I<1,1,5):1+5(1—|—10g5)+.“ (M<<Ms).
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Two loop thresholds to the quartic Couplings in the MSscheme

1~ 1 ~

o2 3 R R R R R R 2
AGIN = 3#;15{ — 5 +60° =204+ @) fu(jr) + 30° fo() + 45(R) — =

[ =i (4 3 () + (4 62 ()| K2

2
23 + 452 + 47° + 2f5(i) — 2(1 — 242%) f1 (i i 13 %62
+ |23+ dsp 407+ 2f2(0) — 2(1 = 20°) fuli) | - = 55 X
9 Am? 27 ~ ~
2 2 4
4| -5 60K + = +(—2 —24k)Xt—6Xt

— (34 16K)(4X, + Y,)Y; + 4(1 + 4K) XY,

}.

The two loop corrections are relevant for the precision calculation

14 ey (19 o
(G IO - (55 + SR

1 /6
K=—-—— dxlog(2 cosx) ~ —0.1953256,
V3 Jo
Y, = (A, — putg)/Ms = X, + 2
t = (A¢ — Uig s = Ay Sin2ﬂ’
-2
M ~2
fl(”)_ 1_/)/2 logﬂv
1 i
i) = 1 log i
fQ(I’L) 1_/:L2|: + 1_/:62 Ogu ’
—1+2p2 424 2

N A RPN s N N
log i*log(1 — ji%) + Liy (i) — o (2 log i

B = ey
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One and two-loop log corrections

@ They reproduced the values in the literature. Weak corrections included

©

Light chargino effects resummed at the loop level and provide a dependence
on the value of mu, raising the mass for smaller values of mu (we assume
gaugino masses at the scale of the mu parameter

9
S\ = { — 12X — A [12@/3 + 1292 + 4y> — 992 — —gﬂ + 12y + 12y + 492

5
9, 9 55 27 ,
— =Gy — — - — L
492 109291 10091
_ 2 1 2 2 § 212 a1 522
+ 6\ |gs + £ i + g5+ 0 +4gy |1 —2s5¢5| ¢ Ly, (45)
108 54 81
S\ = {144)\3 + A2 [216%2 —108¢2 — ?gﬂ + A[ — 18y} + 2795 + Eg%g% + 2—5gf]

102
2 { — 962 — 81¢2 — 21g%} . [ 1802 + 192¢2 + 5442 + ?gf]

27 . 27 81
+ 47 [593 + 3939? + %gﬂ }L2

9 1,2 3 2]
24\ 4 12y7 — 9% — gg%] !6)\ [gg + ggﬂ - [93 + 59%] — 4g; [1 - 2s}écé]] }LLu

3

1 1,2 3 )2
+{3[g§ + 7] [6A 3+ 48] - |g8+ o] —agt[1 - 28%6%]] }Li

+ {78)\3 + 72032 + M2 (3y? — 80g3) — 60y° + 64g§y;*}L,
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Draper, Lee, C.W.’13

The analysis of the three-loop corrections show a high degree of cancellation
between the dominant and subdominant contributions

O3\ = { — 1728\ — 3456\%y7 + A*y7 (—576y; + 153693 )
+ A\y; (1908y; + 480y; g5 — 960g3) + y; (1548y, — 4416y; g5 + 294445) }L3
+ { — 2340\" — 3582)\%y7 + A*y; (—378y; + 201693)
+ M2 (1521y) + 10322 g2 — 249693) + yi (1476y; — 374492 g2 + 4064g;‘;)}L2

+ { — 1502.84\* — 436.5\%y? — A\?y2(1768.26y7 + 160.7743)

+ A2 (446.764Ny! + 1325.73y2g2 — 713.93643)

+ y4(972.596y — 1001.98y2g2 + 200.804¢2) }L,

This is a SM effect, since this is the effective theory we are considering.

This shows that a partial computation of three loop effects is not justified
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The cancellation between dominant and subdominant contributions
persists at the four loop level !

S\ = < 207360° + 5184002 + A3y (2160037 — 2304042
t t t 3

+ M\y2(—30780y; — 18720g3y7 + 14400g3)
4+ Ay2(—22059y° + 28512g3y; 4+ 105609517 — 1056093)

+ yH(—8208y° + 56016y g5 — 8457637 g5 + 4416093) }L4

+ {48672>\5 4+ 101808\ y? 4 \392(30546y2 — 49152g3%7)

M2 (—50292y — 408961295 + 4569645 )
+ \y2(—33903yf + 41376y, g3 + 35440g5y7 — 4518493)

+ yF(—15588y° + 86880y g5 — 161632y2g5 + 11225693)}L3

+ {63228.2>\5 + 72058. 1\ 2 + Ay (25004.6y7 — 11993.5g3)

+ A%y2 (27483 .8y} — 52858y2g2 + 18215.3¢1)
+ Ayp (—51279y; — 5139.56y; g3 + 50795.3y; g5 — 33858.8¢;)

yh(—24318.2y8 + 72896y g2 — T3567.3y2g% + 36376.5g§)}L2.
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Three and four loop correction dependence on
the stop mass scale.

Draper, Lee, C.W.’| 3

3—100p AMh, QRG = Ms, XI/MS = O, tanﬂ = 20, u= Ms

AM,, [GeV]

-6

M; [GeV]

QCD dominant (blue dashed line)
QCD top Yukawa (red dot-dashed line)
Top Yukawa QCD (green dotted line line)
Total Contribution (black line)
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4—loop AMy,, Org = Ms, X;/Ms = 0, tanf = 20, u = My

AM,, [GeV]
(=}

Very large cancellations
Three and four loop contributions similar



Higgs Mass in the Maximal Mixing Scenario

My, Org = Ms, X,/Ms = V6. tan = 30, 41 =200 GeV.
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My, Org = Ms, X;/Ms = 6, tanf =30, u = MS
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Draper, Lee, C.W.’| 3

For | TeV, mass
is 2 GeV smaller
than previous calculations, mostly
due to the two-loop QCD
corrections to the
running top quark mass

Still, stops with degenerate stop
mass parameters can be as light
as 500 GeV



My Qg = Ms. Xi/Ms = 0. tanB = 20, s = 200 GeV,

s 71 Draper,Lee, C.W.’13
o For zero Mixing, the necessary
7 stop masses go well beyond
= 10 the LHC reach !
<)
E 120;
RG approach allow you to get
nsl f an accurate prediciton of the
7 7 lightest Higgs mass even in these
L LEP exclusion 1
1o I S S cases
5000 10000 15000 20000 25000 30000
M; [GeV]
My, Org = My, X;/Ms =0, tan$ = 20, u = MS
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125; *
= T i i
o | AT ae="
© o e i
§ 7 vo"“‘
sl i
: .': LEP exclusion
110 " . . . I . . . . I . . . . | . . . . | . . . . | . . . . 7
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Higher loop corrections in terms of couplings at the
top-quark mass scale

Draper, Lee, CW/I3

My, Org = M;, X;/Ms =0, tanf = 20, u = MS M, Org = M;, X;/Ms = 0, tanB = 20, u = 200 GeV
135 T T T T T T T T T T T T T T T T T T T T T T T T T T T T ] 140 [T T T T T T T T T T T T T T T T T T T T T T T T T T T T ]

[ 135 -
130 - r

130
_ st 4
> r >
(5 (5]
O, O 125f
~ =
§ 120 - B S
I 120 -
115 - - b
b 15 4
b LEP exclusion o [ ( LEP exclusion
1o il R S S [ P L T S S | ] 1o R T S P — P S| R W [ R R ]
5000 10000 15000 20000 25000 30000 5000 10000 15000 20000 25000 30000
Ms [GeV] Ms [GeV]

Contributions alternate in sign and converge more slowly than when
corrections are expressed in terms of couplings at the MS scale
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Similar behavior
is obtained for
large mixing but
small values
of tanb



Draper, Lee, C.W.’13

Necessary stop mass values to get
the proper Higgs mass for small
mixing in the stop sector

My, Org = Ms, X;/Ms =0, u= Mg My, Org = Ms, X;/Ms =0, u = 200 GeV
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
30 1242 30 1242 ! ) .
L : L
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1
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25 25 |
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1
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1
20 20 1
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= — 1
o Q 1
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8 3 \
r 1
\
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\
10 10
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10000 15000 20000 25000 30000 6000 8000 10000 12000 14000
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Draper, Lee, C.W.’13

Necessary stop mass values to get
the proper Higgs mass for maximal
mixing in the stop sector

M, Org = Ms, X,/Ms =6 , u = Ms

M, Org = Ms, X,/Ms =V 6 , = 200 GeV

14 -

tan[]
tan[]
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1000 2000 3000 4000 5000 6000 7000

Mg [GeV]
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Conclusions

Higgs Mass in the MSSM may be computed in terms of the teh gauge boson and sparticle
masses

Radiative corrections depend strongly on the values of the top quark Yukawa and strong
gauge couplings, as well as on the SUSY mass scale and stop mixing parameters.

There is a strong dependence on the mu parameter, that control the electroweakino
contributions to the quartic couplings

Higher loop corrections are very important in controlling the Higgs mass and must be
resummed once the supersymmetry particle masses are far above the TeV scale

© © © © o

There is a large cancellation between dominant and subdominant corrections at the three
and four loop level, that make partial calculations unreliable

©

Use of the running top quark mass obtained from two-loop QCD corrections has an important
impact on the final

©

There are few GeV differences between our results and those obtained by FeynHiggs

complemented with RG running that must be resolved. . :
Bagnaschi et al’ 14
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