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Intro
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Supersymmetry and the Higgs sector

Features:

@ Solves hierarchy problem.

@ Can predict the SM-like Higgs mass.

o Gauge coupling unification at ~ 1010GeV.

@ Possible connection to super-gravity models and string theory.
o Natural candidate for DM.

No SUSY particles have been found so far = SUSY particles could
be heavy! (2 1 TeV)
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Higgs potential of the MSSM

MSSM __ \/MSS M MSSM
V VH/ggs Vbreak/ng ’

1 1
VASSM = (&7 + )P — 1Mol + S HIHaP + (PP + [HaP?)

Vlslr;;i(mg =1 %‘H1|2 + ﬁ72"}-[2|2 + (m%27'[]_ . Hz + hC)

([t 5 (¢1 iX1) i b5
= ( *¢1 > Ha = et (vz + 5 (62 + iX2)>

tan 3 = 1.1;7E v=1/v+vi =174 GeV
Vi

@ Higgs sector at tree-level determined by only two variables:
My and tan 3

@ Mass of the SM-like Higgs can be predicted




Intro
ooe

Higgs potential of the MSSM

At tree level:

(61,00) = (h H),  (x1,x2) 2 (A, G°)

1
mh = 5 (Mf\ + M3 F \/(M,Z; + M2)2 — 4M3 M2 cos? 25)

If Ma > Mjy:
2 M2e2 2
mj, = Mzc5 < (125 GeV)” (tree level)
Quantum corrections:
M} = m? + Am}, M? < (135 GeV)?
Uncertainties:

AMfree > (1...2) GeV
AMZP =0.24 GeV [PDG — 2017]
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Higgs potential of the MSSM

At tree level:

(61,00) = (h H),  (x1,x2) 2 (A, G°)

1
mh = 5 (Mf\ + M3 F \/(M,Z; + M2)2 — 4M3 M2 cos? 25)

If Ma > Mjy:
2 M2e2 2
mj, = Mzc5 < (125 GeV)” (tree level)
Quantum corrections:
M} = m? + Am}, M? < (135 GeV)?
Uncertainties:

AM}P > (1...2) GeV
AMZP =0.24 GeV [PDG — 2017]
AM/€ = 0.014 GeV talk by Junping Tian
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Radiative corrections: Feynman Diagrammatic Approach

Higgs masses at a given order = real part of poles of propagator matrix

) . P2 _ ,17,27 + )A:hh(pz) ihH(pAZ) AihA(PZ)
Chra(p®) =i > hin(p%) p? — m}; + 2 (p?) > a(p?)
2
> an(p?) > ar(p?) p? — m2 + 2 aa(p?)

CP-violating case = 3x3 matrix

@ Precise prediction if Mgy, ~ m:

@ Includes logarithmic, non-logarithmic, suppressed terms O(VZ/Mgusy)

Problems

| A\

Large logarithms which need to be resummed if Mgs, > m;.
For Mp ~ Mgygy > v:

2 3 M2
L s
M2 = m? — SH(m?) + O(a?) = m2 + ;atmf log gt Ms = /mz mz,

t

N
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Radiative corrections: EFT Approach

Haber, Hempfling 1993, Carena, Quiros, Wagner 1995

m; Ms
: Fommmmmmm

A(me) SM RGEs A(Ms)  MSSM

ye(me), gz(me), yo(me)...

!

Below Ms is the SM as an effective field theory, M? = 2\(m,)v?

{

Effects of SUSY particles are reflected in the boundary conditions
for A(Ms):

1
A(Ms) = Z(gf + g3) cos? 253 + At pA + Aneavy HA + AEWinoA + . ..

Threshold corrections from SUSY particles
— Mz < My, =My = M, = |u| < M = Split-model
E.Bagnaschi, G.F.Giudice, P.Slavich, A.Strumia 2014; H.Bahl,W.Hollik 2016

— Mp~m; < Ms = THDM
Haber, Hempfling 1993; Lee, Wagner 2015



FO vs EFT
oeo

Radiative corrections: EFT Approach

Renormalization group equation (RGE) for coupling g:

dg 1
= kB8WM 4+ k282 4+ . k =
dIOg Q2 5g B + Bg + 9 167['2
Solution:
. Lj+1 M2
n (nJ) - — s
£(m0) = 8(Ms)-3_ 'S A M) gy L= e
B (Ms) ~ O(K)
— k2D (Ms)L+. ..

A(me) = A(Ms)— kB (Ms) L+ kﬁ&l’”(Ms)
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Radiative corrections: EFT Approach

B — (kL)",n=1,2,... — Leading Logs (LL)
Bé,z) — k(kL)",;n=1,2,... — Next — to — Leading Logs (NLL)
B — K*(kL)",n=1,2,... — NNLL

1L threshold — NLL
2L threshold — NNLL

Thresholds used in this work:
E. Bagnaschi, G. F. Giudice, P. Slavich and A. Strumia 2014

AN =6khtsiX? (1 X At = 6kh}ch X2 X
t - ts,ﬁ t - ﬁ 5 b = bCB b — ﬁ

where h;, are MSSM Yukawa couplings (h: = ;V—;, hy =
Xe = Ac — p1/ts, Xo = Ap — ptg, Xep = Xe,p/Msusy-

Yb )
3 |1+Ap] /7
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Radiative corrections: Hybrid Approach

@ EFT calculations allow to resum large logarithms
— should be accurate for high SUSY scale Mgy

@ miss however terms ~

v

MSusy

@ diagrammatic calculation expected to be more accurate for
low Mgysy (S few TeV)

Idea: Combine both!
M = (M) + AN
AME = (AMR)EFT(ATS) — (AMZ)EFT: on-1o8(A05) — (AME)FO: lows (405)

@ Have to avoid double-counting of 1L and 2L logarithms as well as
non-logarithmic terms

@ EFT uses DR, FO uses ﬁ/OS = parameter conversion needed
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Fixed order vs EFT. Example

Expansion of fixed-order result:

C1L+2L, 0,02
~ Thoho

2 2
M.
t S S 2 s 6
— + og — | —14 + 6log — +8X; +6X, — X; | +
m? 1672 m2 ( m2 ‘ ¢ t

t t
m;
M:

+ nonlog + O (

EAES
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Fixed order vs EFT. Example

Expansion of fixed-order result:

2 2 2 2 2 2
C1L+2L, 0,02 Baemy Mg 3aim; Mg Mg o oh o6
- =+———log —= + log — | —14 + 6log — +8X7 + 6X, — X; | +
hohg ™ m? 1672 ? mf t ¢ t
me
+ nonlog + O | —
MZ
S
EFT result:
3arm? M2 3a2m 2 M2
2 2 7 S Mt S S 2 L4 &6
My = mj, 1o + —— | — + o2 | — 714+6Iog—2+6Xt+6Xt7Xr +...
m; 6 m

t
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Fixed order vs EFT. Example

Expansion of fixed-order result:

2 2 2 2 2
c1L+2L,ar,02  3arm; Mg 3aim; B Mg h s e
~Zhoho =t log m—g + o2 Iogm—E —14 + 6 log m—§+8Xt +6X, —X; | +
me
+ nonlog + O | —
MZ
S
EFT result:
2 2.2 2 2
3arm? M 3aim M M N N N
Mp = i oo + ——Flog — + —Llog —= | —14+6log —2 +657 +6X; — X7 | + ...
T ™ m 1672 m m;

Equation on the loop-corrected mass, My > my:

2 2 & 2
Mj, = Mp tree — zhohg(’\/’h)

Iterative Solution:

2 2 &S1L+2L, 2 &1L 2 &1L 2 ’
My = m} tree — Zhoho (M tree) + Zhohg(mh,trcc)zhoho(mh,trcc) LR
2 2 2
3arm M
&1L 2 &1L 2 ’ t™Mt S &2
> m > m = log (72X )
hgho( h,tree) hoho( h,tree) 1672 mz t
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Fixed order vs EFT. Example

M = Msusy /8, Mg, = 3Msuvsy, XP® =\ [6My My, tan 5 =8

Mh [GCV]

— FH 2.13.0 hybrid

— FH 2.13.0 pure fixed-order
115 e P | — FH 2.13.0 pure EFT

: : : N CMS and ATLAS

I I
1000 1500 2000 2500 3000 3500 4000 4500 5000
MSUSY [G(‘V]
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/A, corrections in the MSSM.

Tree-level MSSM = type || 2HDM:

L, = -yl D;?QjTEHu + yj;f a}iQQjTEHd + h.c.
Quantum corrections when Msysy > v = MSSM = general 2HDM
L% = ya dkQ eHy — Y5 diQH + h.c.

Relation between physical mass and Yukawa coupling is modified:

_ Mg, - _ mg;
ydi - Vd ydi - Vd(1+Ad,-)7
20s
Ay = —eitp = — 5~ Mgpts Co(Mg, mg;, my) + ...

Mg = = mg = my; :

«
st_ﬁ

Da; = sgn(Mgp) 5 -

Large tan 8 & sgn(Mzp) < 0 :
— Bottom Yukawa is enhanced.
— f(ﬁ ~ tf;, 2-loop next-to-leading logs are polynomials in Xo.

— Corrections from bottom-type quarks can be relevant!
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/A, corrections in the MSSM.

@ SO(10) GUT theory requires tan /3 ~ e
L.J. Hall, R. Rattazzi and U. Sarid 1994, P. Langacker and N. Polonsky 1994, ...

@ Neutral Higgs-mediated FCNC operators within the MSSM:

2 2

Y

wz
h

~

OAB—ZNLg astanfB
- M? 3 Msusy

4
0A572Ny7g astanf8 NL’EA“
N /\/1,2, 3 Msysy

C.Hamzaoui, M.Pospelov, M.Toharia 1998
@ b — s7v: The next-to-leading order is tan 5-enhanced

compared to the leading order.
M. Carena, D.Garcia, U.Nierste, C.Wagner 2000
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FeynHiggs code

@ Code for calculation of masses, mixings, decay rates,
branching ratios,electroweak precision observables and flavour
observables in the MSSM.

@ Written in Fortran. Can be called from Mathematica or used
as a library for Fortran/C++ code. Current version 2.14.1.

@ Works with real and complex parameters.
e Mixed DR/OS renormalization scheme.

o Fixed order: Full 1L corrections and 2L corrections
O(asa, asap, (o + ap)?) in the limit (g1,8 — 0,p> — 0)
e EFT: Hybrid approach with full LL,NLL and O(asca:) NNLL
resummation (assuming Ma = Ms,sy). Independent
intermediate electroweakino and gluino thresholds are allowed.
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Parameter conversion.

° )A<tog is used in 1,2-loop self-energies

@ ¥ is used in 1,2-loop self-energies
A.Dedes, G.Degrassi, P.Slavich 2003

JRGE o=
gp = (14 0pb) +9yb, dyb=yp

b _,,0S
B |1+Ab‘ b

0p, dyp involve large logs!

N

EFT

° )A(Ef is used in 1-loop thresholds

° yl')\"S = @ is used in the numerical solution of the RGEs.

A
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Parameter conversion.

o
&DR __ $0S Qs 3 $2) _ %2 §
XPR = X [1+<7r+167r <ab(1+ b) a (1 Xt>)>|og m%]
DR _ $0S « 3 {2 2 M3
KPR _ X¢ [1-1—(7:-1-1671_(at<1+Xt)—ab<1—Xb))>logm%

RGE
@ yp= |{€Tb| + dyp is used in the fixed-order result.

Parameter conversion §, — yECE (see backup):
RGE

Hyim — 9 (1+ 61k + 62kL)
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Subtraction terms

>\2L,LL(mt) _ (9(5/5 _ y?)Q(ﬁi + Yt2) — 48g32(f/g + }/f)) (kL)z
= (~48g29; + 995 — 994y? — 483y} — 99yt + 9y (AL)?

s [ (50 250) + (2255 3 10 2) 2 - 50)

X o 1o 16
+ (37 + 392 —16g3) (X? - EX?) - (5)/3 *yifggaz)] KL+
oo 4. 32 X4 . .
o4 2 2 4 b b 2 2 82 2
+6b[g3 <8Xb—3Xb)+(2—4 (P (1+X2) -2 (1-X2))+
32 +392 — 1682) (X2 — x4 — (352 — 2 — 0.2\ |s2s
+ ( ye +3Y, g3) b~ 157 Yp — Yt 3 &3

. X2
O\ = 2493 K2L (61 + 2L) + 2498 K% (81 4 6oL) X2 ( - 12")
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Resummation procedure in FeynHiggs.

loglevel = 1
@ Single scale scenario: Ma = My3 = |u| = Még = M03 = MD3 = Msusy

@ O(as,a¢) LL and NLL resummation

1 2my,
Input values @ mP°'®: yRGE — f;’"’ﬂ yEGE, gt o,

Analytical solution of 1L RGEs: g3(Msusy), y:(Msusy), Yb(Msusy)-

A(Msusy) = AN + ALY, 2L numerical running Msusy — m.

{ye(me), yo(me), gs(me)} — {yFF (me), yi % (my), g5 °F(me)},

2L numerical running m; — Mgusy-

A(Msusy) = AN + ALY, 2L numerical running Msusy — my.

Boundary conditions both @ m; and @ Mg,y are satisfied! J
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Numerical results.

Single scale scenario:

Ma = My 23 = || = Msysy

Ap = 2.5 Mg,

Mg, = Mg, = Mp, =...= Msusy
mP®® = 173.5 GeV [PDG — 2017]
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Numerical results.

1NAA=AQ=—H=NMEAQWWXW=1&1%=2M@W

— tan =10
— tan § =20

/’, — tan § =30
— tan =35

oL ; : . !

10 — tan 3 =40

10-1 /_’, ; B

1072} 1

[GeV]

FH,new

h

- M

FH
M,

1073

[S23 3
=
E
N
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Numerical results.

. My = My=—p =My = Msyy, X205 =13, Ay = 2.5Mssy
) ! ! ! ! ! ! — Mgy = 1 TeV
— Mgy = 20 TeV

== Mgy =1TeV, resum.

140k SSSURUORON SORRROOS coieied | e o0V vesum,
= 130
<5}
O,
= 120
110}

1001() 15 20 25 30 35 40 45
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Numerical results.

My=M;=—p =My = Mgy, X5 =13, Ay =2.5Ms,sy
: : : : : — Mgy = L TeV
— Mgy = 20 TeV
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Numerical results.

My=M;=—p=My= My =1 TV, Ay =2.5Msey

— t3=30, p<0
— t3=40, p <0
- = tg=230, p <0, resum.

== t3=40, p <0, resum.

Mh [GCV}
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Numerical results.

(GeV]

FH,new
h

- M

FH
M;

1004

107!

1072

10734

My = My = || = Ma = Mgy = 1 TeV, A, = 2.5Mgyq

1074

15 —10 =05 00 05 10 15

tg =30, p<0
tg =40, p <0
tg =30, u>0
tg =40, pn>0
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Numerical results.

My=M;=—p=My= My =20 TeV, Ay = 2.5Mgy

— £;,=30, p<0

- = tg=230, p <0, resum.
== t3=40, p <0, resum.

Mh [GCV}
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Numerical results.

1 Mz = M= |p| = My = Mgy =20 TeV, Ay = 2.5Mg,q
10 T T — T T = -

— t3=30, u<0

— tp=40, u<0

-= tyg=30, u>0

— 100 -= =40, u>0
%

O,

£ 10!

e

e

1072L

- M

FH
M;

1073¢

1)74 i i
‘ -1.5 -1.0 —0.5 0.0 0.5 1.0 1.5
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Summary and Outlook

What is done so far?

@ LL,NLL resummation of O(ayp), O(apas, apay) contributions
is implemented into FeynHiggs code.
@ Preliminary results seem to indicate that effect can be fairly
large ~ O(1 GeV) in the large tan 3 regime
What comes next?

. . M2
< Implementation of resummation of ~ m%aEW log ——3.
t

— Implementation of 7-lepton contributions in the hybrid
approach.

< Implementation of NNLL resummation of
O(ap), O(apas, apay) contributions.
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Ay corrections in the MSSM. tg resummation.

Bottom mass counter-term in the OS scheme:
L.Hofer, U.Nierste, D.Scherer 2009.

m
dmy = 2[4 (m3) + T (mb)] + £ (m}),
To(p) = p [Z5°(P) P+ E57 () Pr] + 5 (P°)P + E57 (p*) Pr

When tg — oo: dmyp = ZfL(mi) ~ ZfL(O) = mpAp = mpeitg = Syp = Ypeitp

@ Jys is UV finite when tg — oo
@ There are no tz-enhanced contributions to 8y, from genuine multiloop

diagrams M.Carena, D.Garcia, U.Nierste, C. Wagner 2000.

" = syMeits,

6}/}]1) = ybE,‘tﬁ, 6_)/[(72) = 5y£1)6itﬁ, ey 6yt(7
=Yb (1+€itﬁ+(6itﬁ)2+~--) =1 yit
— eitg

yl(,O) =y + 5}/[()1) + 5}/[()2) ¥



2L RGEs in the gaugeless limit

D.Buttazzo, G.Degrassi, P.P.Giardino, G.F.Giudice, F.Sala, A.Salvio, A.Strumia 2013

dgs 1 4 2 2 2
Tiog @~ 583k [—7+ k (—2685 — 22 — 2y7)]

dy: 1 95,35 2 ( 2( 2 2 11 5 )
= k|2 2y2 -8 k(6y? (682 —2y2 — —=y2 — A
dlog @ 2 [Qyt 5 —8g3 + k(6yi |b&3 —2y: — ¥ +

1 3
+y2 <_Zy§ + 4g32> + 5,\2 - 108g§>}

dys 1 [9 2,3, 2 ( 2( 2 > 11 5 )
— =y -8 k(6y? (687 —2y2 — —=y2 — A
dlog @ _ 22|27 +5vi — 883+ k(6y;, | 683 — 2y, — vt +
1 3
+y? (—ny + 4g§) + 5N - 108g§)]

dA _ 2 2 2 4 4 k 2 4 2 2
T = K6 (02 + 22 + 002 = it = v8) + 5 (v (60y¢ — 3y2A + 8083

— 64g2y? — 7202 — 42y2 X — 12y2y2) + y2(—720% — 3y2\ + 80gZ )\ + 60y, —

— 12y2y? — 64y2g?) — 78)\3>]



Analytical solutions to 1L RGEs

~ yﬁ terms are neglected! J
gg(MSusy) _ 1
5 =
g3(mt) 1 +7k|0g Susy
t
yt2(MSusy) _ zgg(mt)
yi(me)

8
7
(2g32(mt) — 9yt2(mt)) (1 + Tk log S“Sy) + 9y2(m¢) (1 + Tk log S“Sy)

e, \~S
(1 + Tk log “Sy)

t

Y (Msusy) _

yi(mr) 02 (me) M2 -1 3
_ 2y me _ smy
<1 2g3(me) <1 (1 +7klog my ) ))




Vos — Vs conversion

D.Buttazzo, G.Degrassi, P.P.Giardino, G.F.Giudice, F.Sala, A.Salvio, A.Strumia 2013

1
Vi = Vs (|~ 2Aalm) = g (2, i 4 M) +
2 2
m,, 2 4 Cw 2
+ MAO(M,,) + <3 - Sv2v> Ao(m3)+

11 2 M? 5
(50 )]



Two-loop yj, at large Mgy




Two-loop yj, at large Mgy

2
Suay 2

+yik

8
6Yb - ggs k IOg

N 5 A? T AtAp
= -
4 MSuqy 3\[ MSusy

1 /4’.L t thB I

i og

4 Mgusy MSusy mfcﬁ MS“SY mb

1 A Ar _ mecg

_= log

4 MSusy MSuby mecp MS“W mb

LY [7 AL ( m )
2l m 2 3
cs | 4 MSusy 2 V3
1 A

A (R M%) 1o
4 MSusy mp

1 A; mic
e
4 MSusy mp

A m
t + = b
MSusy micg

At mp

¢

Msusy — Micg
2mb 11 Mgusy
log ———

thﬁ 4 m?

|

A m
t 40 b
MSusy micp

[}

At mp

MSusy ﬁth



01 and ¢, coefficients.

4 Ap 3 4r A2 T AiAp
n=S8 (s ) [ e e
Susy 3V3 Susy 3v3 Susy
1 A A om, Ar e A m
Lz t ( t +77b)(1+ t iﬁ)logitJrib
4 Msusy \ Msusy  micp Msusy mp Msusy — Micg

1 A As 2™ A mecg As i
+ - —_— = = 1— — — log e
4 Msusy \ Msusy — micp Msusy mp Msusy — micg

+

J+

2 2
37 A 3 b
+—§[—1+ -~ (———>+og, +
cﬁ MS“Sy 2 V3 mecg
1 A ‘mec, A m, 1 A ‘mec, A m,
+7<1+7ti5)log d 7‘7 +7(177[ 7i5>log‘ £ 77717 :|
Msusy Mmp Msusy — mecg 4 Msusy mp Msusy — micg
2
3 A 5y
2 2 t b
5y = —4g? — = 1+ + =
2 & T gt M2 42
Susy B
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