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Higgs Physics

Sven Heinemeyer, IFT /IFCA (CSIC, Madrid/Santander)

Dubna, 07/2018

1. Before the Higgs discovery

2. The Higgs sector of the SM

3. The Higgs sector of the (N)MSSM

4. Higgs boson(s) at the LHC
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Higgs Physics
The Higgs Sector of the (N)MSSM

Sven Heinemeyer, IFT /IFCA (CSIC, Madrid/Santander)

Madrid, 04/2018

1. MSSM Higgs Theory

2. NMSSM Higgs Theory

3. The lightest MSSM Higgs boson mass
4. The heavy MSSM Higgs bosons

5. The MSSM Higgs sector with CP-violation
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1. MSSM Higgs Theory
Comparison with SM case:

Lsym = myQr®Pdr + muQrdeup
d-quark mass u-quark mass

U . “ o) v
Qr = , DPe=100P", P — , De—
d I v 0

In SUSY: term Q;®* not allowed

Superpotential is holomorphic function of chiral superfields, i.e. depends
only on ¢;, not on 7

No soft SUSY-breaking terms allowed for chiral fermions

= Hy(= Hy) and Hy(= Hp) needed to give masses
to down- and up-type fermions

Furthermore: two doublets also needed for cancellation of anomalies,
quadratic divergences
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Enlarged Higgs sector: Two Higgs doublets

H, — (Hll):(vl+(¢1+i><1)/\/§>
Hf ¢1
= (12) = (v toane)
’ H3 vo + (g2 +ix2)/V?2

V = miH{H1+ m5HyHy — mis(eq H{HS 4 h.c.)

12 2 2

g - +g _ _ g —
+ (H1Hy — HoH5)? + 2 |H1H>|?

_8 _ 2

gauge couplings, in contrast to SM

physical states: h0, HO, A0 H=*
Goldstone bosons: G9, G+

Input parameters: (to be determined experimentally)

tang :U—Q, M?% = —m3,(tan 8 4+ cot3)
v1
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Rotation to physical basis:

0 - 0 2 2
(H ) — ( cosa sma> (¢1 ) tan(2a) =tan(25)M/2‘+MZ

hO —sina  Cosa 9 M2 — Mz

GO\ cosfB sinf X3 G\ cosfB sing oy
A0 |\ _sing  cosg X9/ ot ]  \ —sing cosg oy

Three Goldstone bosons (as in SM): G9, G+

— longitudinal components of W=, Z

— Five physical states: hO, HO A0 H*

h, H: neutral, CP-even, AY: neutral, CP-odd, H*: charged

Gauge-boson masses:

1 1
Mg, = 59%% +v3), Mz= 5(92 + ¢ (W3 +v3), M, =0
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Parameters in MSSM Higgs potential V (besides g, ¢'):

v1, U2, M1, M2, 1M12

relation for M3,, M2 = 1 condition

minimization of V w.r.t. neutral Higgs fields Hll, H% = 2 conditions

= only two free parameters remain in V', conventionally chosen as

tang =U—2, Miz—m%Q(tanﬁ + cot 3)
U1

= my, mpyg, MixXing angle o, my+: no free parameters, can be predicted

In lowest order:
mée = M3 + Mg
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Predictions for m;, my from diagonalization of tree-level mass matrix:
¢1 — ¢o basis:

2 2
p2tree | e oo
Higgs m2 m2
P1P2 2

MZsin?3 + Mzcos?3 —(M2%+ M2)sinj cos
—(M%+ M2)sing cosB M3cos?B + Mzsin? 3

< Diagonalization, «

N

m ,tree 0

2,tree
my,

o =
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Tree-level result for my, my:

2
M h
1
2

M3 + M3 £+ \/(M3 + M2)2 — 4aM2M3 cos? 28

= mp < My at tree level

= Light Higgs boson h required in SUSY

Measurement of my, Higgs couplings

= test of the theory (more directly than in SM)
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Higgs couplings, tree level:

e
ghvy = sSin(f — a) QHVVa V=W-Z2
gavy = cos(f—a) g3\

/

= cos(fB — «

GhAZ (B — ) 2cos o
3 . S|n (8% SM

Inob> Ihrtr= = T o5 3 IHBb Hr T

. Cosa g

Ihti smﬁ gt

IAbl IAr+,— = 5tanp gbe

= gnvv <9RVY. 9V, 9HVV, ghaz Cannot all be small

b In-+-—- Significant suppression or enhancement w.r.t. SM coupling
possible
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The decoupling limit:

— coupling to gauge bosons ~ O 150

FOrMAEJQOOGeV 500:|||||||||||||||||||||||||||||||||||||||:
450 f_ m. " scen., tanB =5 _f

. . - —nh .

The lightest MSSM Higgs 400 4 =

is SM-like - — A ]

: : 350 [~ — H" ]

= SM analysis applies! < C :
é 3002— —

: .§250:— =

The heavy MSSM Higgses: s f :
Mg~ My~ M+ 200 E

= no decay H — WW(*), . 100
FeynHiggs2.2 ]
50IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_
50 100 150 200 250 300 350 400 450 500
M, [GeV]

Sven Heinemeyer — Higgs lectures @ CALC18 (Dubna) 31.07.2018 III/10



2. Some NMSSM Higgs theory (Z3 invariant NMSSM)

MSSM Higgs sector: Two Higgs doublets

P (Hll)_( ‘|‘(¢1‘|‘73X1>/\/§>
1 = = o
1

= () (ot
H3 + (¢2 +ix2)/V2
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2. Some NMSSM Higgs theory (Z3 invariant NMSSM)

NMSSM Higgs sector: Two Higgs doublets + one Higgs singlet
Hy, = (Hll ) _ (Ul+(¢1+i><1)/\/§>
2

Hi ¢1
= (1) (vt o)
° Hz vo + (2 +ix2)/V2

S

Vo= (W% 4 [g\S|2)H1 Hy + (M3 + |AS|?) HoHo — m35 (e HYHS + h.c.)

12 2
49 +g

K
+ |>‘(€abHiLHg) + H52|2 + m%|S|2 + (AA)\(Ea,bHiLHS)S + §A/153 + h.c.)

2
— — g —
(H Ay — HoH5)? + ) |H1H>|?

Free parameters:
>\7 K, Alia MHia tanﬁa Heff — )\US
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Higgs spectrum:

CP—even : hqi, ho, h3
CP—odd : aq,an
charged : H+,H_

Goldstones : GO, G+,G_

Neutralinos:

M — Heff
compared to the MSSM: one singlino more

~0 ~0 ~0 ~0 =0
— X1y X2, X3y X45 X5
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Mass of the lightest CP-even Higgs:

2 _ 2 2 .2
M} tree,NMSSM = M}, tree, MSSM T MZg_2 sin© 25

Mass of the CP-odd Higgs:

MSSM : Mfl = —m%Q(tanB + cotB) = uB(tan 3 + cot )
NMSSM : " M%" = pefrBesr(tan g + cotg)

With Berf = Ay + K S, eff = AS = one very light a;

Mass of the charged Higgs:

1
MSSM : M7 = M3 + Mg, = M3 + 5’0292

2
NMSSM : MZs = M3 + 2 (% - /\2>
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Mass of the lightest CP-even Higgs:

2 _ 2 2 .2
M} tree,NMSSM = M}, tree, MSSM T MZg_2 sin© 25

Mass of the CP-odd Higgs:

MSSM : Mfl = —m%Q(tanB + cotB) = uB(tan 3 + cot )
NMSSM : " M%" = peffBesr(tan g + cotg)

With Berf = Ay + K S, eff = AS = one very light a;

Mass of the charged Higgs:

1
MSSM : M7 = M3 + Mg, = MA—I— v2g?

2
NMSSM : M2y = M3 + v° <% - /\2>

MSSM. tree NMSSM . tree NI\/ISSI\/I ,tree

= My1SSMEree < pnMSSMITEE fone light aq, My oM > My

H=*
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3. The lightest MSSM Higgs boson

MSSM predicts upper bound on Mjy:

tree-level bound: m; < My, excluded by LEP Higgs searches!

Large radiative corrections: — excursion
Yukawa couplings: -S4 em;
) QMWSW’ MWsV\/’

m
= Dominant one-loop corrections: AM2 ~ Gumt log ( t’rln t2)
t

The MSSM Higgs sector is connected to all
other sector via loop corrections
(especially to the scalar top sector)

Present status of M; prediction in the MSSM:

Complete 1L, ‘almost complete’ 2L available, LL 4+ NLL resummation ...
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Excursion: Higgs mass calculations

What is a mass

Definition: The mass of a particle is the pole of the propagator
Example: scalar particle

Propagator:

g2 : four-momentum squared
m2: constant in the Lagrangian

If one chooses q2 — m?2 then the propagator has a pole.
This ¢2 is then the mass of the particle.

= Pole of the propagator corresponds to zeroth of the inverse propagator.
Inverse propagator:

—i(q® —m?)
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Problem: quantum corrections

Higgs propagator: h h

Inverse propagator:

—i(® —=m?) —  —i(¢®—m?+5,(¢?))

> (¢?): renormalized Higgs self-energy

Sven Heinemeyer — Higgs lectures @ CALC18 (Dubna) 31.07.2018
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Calculation of the blob:

= 3(PA)=xW(P@)+=@(G2) + ...

- all MSSM particles contribute
main contribution: ¢/t sector (f: scalar top, SUSY partner of the t)

1-Loop: Feynman diagrams:

.
\\
/

size of the corrections: O(50 GeV)

= 2-Loop calculation necessary!

Sven Heinemeyer — Higgs lectures @ CALC18 (Dubna) 31.07.2018 /17



2-100p: >(2)(0)
[S. H., W. Hollik, G. Weiglein '98]

. (a0

dominant contributions of O (aas): h“qh hq“qh IR
i & : :
(a) pure scalar diagrams ()
(b) diagrams with gluonexchange . o
(c) diagrams with gluinoexchange “h h % *}___@ h {ms«é“}__.h
Quite complicated calculation . .. (b)
i G

= Need for computer algebra =)
h L N o Krreseha h Fpese®
. “

programmes

['98 - '13:] = many more corrections
calculated!

End of excursion: Higgs mass calculations
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3. The lightest MSSM Higgs boson

MSSM predicts upper bound on Mjy:

tree-level bound: m; < My, excluded by LEP Higgs searches!

Large radiative corrections: — excursion
Yukawa couplings: -S4 em;
) QMWSW’ MWsV\/’

m
= Dominant one-loop corrections: AM2 ~ Gumt log ( t’rln t2)
t

The MSSM Higgs sector is connected to all
other sector via loop corrections
(especially to the scalar top sector)

Present status of M; prediction in the MSSM:

Complete 1L, ‘almost complete’ 2L available, LL 4+ NLL resummation ...
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Mixing of the CP-even Higgs bosons:

Propagator/Mass matrix at tree-level:

<q2—m%{ 0] )
2 2
0 qc —my

Propagator / mass matrix with higher-order corrections
(— Feynman-diagrammatic approach):

> —m2 + Zup(q?) > 1n(q?)
Mi%H(qz) =
> (g?) q> —m? + Zpn(q?)

>,i(¢®) (i,j = h,H) : renormalized Higgs self-energies
CP-even fields can mix

= complex roots of det(M?;(g?)): M7 (i =1,2): M? = M? —iMT
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Upper bound on Mj in the MSSM:

“Unconstrained MSSM" :

My, tan g, 5 parameters in —b sector, p, mg, Mo

for my = 173.2+0.9GeV and my < 2 TeV

(including theoretical uncertainties from unknown higher orders)
= observable at the LHC

Obtained with:

FeynHiggs

www.feynhiggs.de

[H. Bahl, T. Hahn, S.H., W. Hollik, S. Passehr, H. Rzehak, G. Weiglein '98 — '18]

— all Higgs masses, couplings, BRs, XSs (easy to link, easy to use :-)

Sven Heinemeyer — Higgs lectures @ CALC18 (Dubna) 31.07.2018 I11/21



Upper bound on Mj in the MSSM:

“Unconstrained MSSM" :

My, tan g, 5 parameters in —b sector, p, mg, Mo

M, < 135 GeV | Note: 125 < 135!

for my = 173.2+0.9GeV and my < 2 TeV

(including theoretical uncertainties from unknown higher orders)
= observable at the LHC

Obtained with:

FeynHiggs

www.feynhiggs.de

[H. Bahl, T. Hahn, S.H., W. Hollik, S. Passehr, H. Rzehak, G. Weiglein '98 — '18]

— all Higgs masses, couplings, BRs, XSs (easy to link, easy to use :-)

Sven Heinemeyer — Higgs lectures @ CALC18 (Dubna) 31.07.2018 I11/21



Effects of the two-loop corrections to the lightest Higgs mass:

Example for one set of MSSM parameters

150
140
130
120
110
100
90
80
70
60
50
40
30
20
10

m,_ [GeV]

tree-level
full 1L
best 2L (FeynHiggs2.1)

-2000 -1000 0 1000 2000
X, [GeV]
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Effects of the two-loop corrections to the lightest Higgs mass:

Example for one set of MSSM parameters

150
140
130
120
110
100
90
80
70
60
50
40
30
20
10

Comparison with
experimental limits

m, [GeV]

tree-level
full 1L
best 2L (FeynHiggs2.1)

= strong impact on
bound on SUSY parameters

-2000 -1000 0 1000 2000
X, [GeV]
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A simple exercise on stop masses:

- - 2 4 M M
= Dominant one-loop corrections: AMg ~ Gymy 10g —
t

The MSSM Higgs sector is connected to all
other sector via loop corrections
(especially to the scalar top sector)
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A simple exercise on stop masses:

m
= Dominant one-loop corrections: AM2 ~ Gumt log ( trln t2)
t

The MSSM Higgs sector is connected to all
other sector via loop corrections
(especially to the scalar top sector)

= only certain combinations of stop parameters
are compatible with the Higgs discovery.

= clear prediction for the LHC?
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A simple exercise on stop masses:

m
= Dominant one-loop corrections: AM2 ~ Gumt log (%)
t

The MSSM Higgs sector is connected to all
other sector via loop corrections
(especially to the scalar top sector)

= only certain combinations of stop parameters
are compatible with the Higgs discovery.

= clear prediction for the LHC?

For this exercise make sure:
= use the best available Higgs mass calculation!
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A simple exercise on stop masses:

m
= Dominant one-loop corrections: AM? ~ G,m} log ( trln tQ)
t

The MSSM Higgs sector is connected to all
other sector via loop corrections
(especially to the scalar top sector)

= only certain combinations of stop parameters
are compatible with the Higgs discovery.

= clear prediction for the LHC?

For this exercise make sure:
— use the best available Higgs mass calculation! FeynHiggs! :-)
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Stop masses: [P. Bechtle, S.H., O. Stéal, T. Stefaniak, G. Weiglein, L. Zeune '16]

1 ArT—
o B
1.0
0.8
0.6

0.4

0.2

(TeV)

m

3 2 - f 2 3
Xt/(R/Ia

*. best-fit point

red: Ax? < 2.3

orange: Ax? < 5.99

blue: all points HiggsBounds
allowed

gray: all scan points

= M; ~ 125 GeV requires large X; and/or large Mgysy
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Stop masses:

2.0:- ] | LA LB | |
1.8F
1.6F
1.4F M), = 125 + 3 GeV
% 1.2F x: best-fit point
= 1.0 red: Ax? < 2.3
& 08F Ax2 < 5.99
06F =~ blue: all points HiggsBounds
0_45- allowed
023_ gray: all scan points

02 04 06 08 1.0 1.2 14
m. (TeV)

1

= light and heavy stops compatible with M; ~ 125 GeV
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Stop masses for M = 125 GeV [A. Arbey et al., '11]

;14“ L rll'i,'l IIII-.IIII L III-1. |l,.-.!rllll.ll,|.l L

—
]
o

I|I

120

115]

10

105

0, 2 1 1 2 3 4

= M} ~ 125 GeV requires large X; and/or large Mgysy

= no clear prediction for the LHC!
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4. The heavy MSSM Higgs bosons
Differences compared to the SM Higgs:

Additional enhancement factors compared to the SM case:

b
. tang

A Yb Yb 1+ A,

b

At large tang: either H~ Aor h= A
t
tan g

Ht Y11,

b

L 20(3

Ay = 3. " H tanpg x I(m'Elvavaé)

o
+ ﬂAt,U tan g x I(mg,mg,, )

= other parameters enter = strong u dependence
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Most powerful LHC search modes for heavy MSSM Higgs bosons:

o - H/A -7t~ + X
gb > tHY* + X, H* - 1u;
pp = tt - H¥ 4+ X, HT — 11,

Enhancement factors compared to the SM case:

tanZ g 9 BR(H - rT77) 4+ BR(A — 71t77)
(14 Ap)2 BR(H — 777 )gMm

H/A

€+ tanzﬁ

x BR(HT — 1v;)

= A\, effects
also relevant for BR(H/A — 7777), BR(HE — 7v;)

also relevant: correct evaluation of M(H/A/H* — SUSY)
= additional effects on BR(H/A — v777), BR(H* — 7v;)
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Pre-LHC results for neutral heavy Higgs bosons searches:

MSSM Higgs discovery contours in M —tan g plane (& = H, A)
(my'?* benchmark scenario):

% 50_—|' EE T EE L | L L ! T I\\S\J»‘ LI L T l—_
o -E = SR .
- HiS? ]
40 N
30 _
i CMS,30fb™*
- pp — bbg @=h,HA_
20 B m'* scenario ]
B Mg sy = 1 TeV/c? .
- M, = 200 GeV/c? i
10~ 1 = 200 GeV/c? N
- Myuuine = 800 GeVic? I |
- (@ TT -etjet Stop mix: X =2 Mge, | -
_l | I | | I I | | | I | | L1 1 1 | | I | L1 1 1 111 I_
100 200 300 400 500 600 700 800

M,,GeV/c?
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Pre-LHC results for Charged Higgs boson searches:

MSSM Higgs discovery contours in M —tan g plane
(my'9* benchmark scenario):

. 80

fan

70

60

50

40

30

20

10

:: \\\\\\\\\\
:: \\\\\\\\\\\\\\\\\\

g \\\\\\\
:: \\\\\\\\

! I

T E T T | T T T T | T T T T T T

CMS, 30 fb™?

| pp — thHY, HE — v, » light charged Higgs:

m, = 175 GeV/c? Myt < my

max
I'-nh

Mgusy = 1 TeV/c?
M, = 200 GeV/c?

H = 200 GeV/c?
m = 800 GeV/c?

gluino

scenario

heavy charged Higgs:
MHi > my

t - Wb - IVIb

1

00 200 300 400 500 600

M,,GeV/c?
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5. The MSSM Higgs sector with CP violation

o, — (H%): (U1+(¢1+i><1)/\/§>
Hf é1

e (3l )
Hz vo 4 (2 +ix2)/V2

V. = miHyH; 4+ m5HaHy — mis(eqH{HS 4+ h.c.)

12 2 2
g +g _ _ g —
+ (H Ay, — HyH)? + 2 |HyHo|?
(. 8 7 \2/

gauge couplings, in contrast to SM

physical states: h0, HO, A0 H=*
2 CP-violating phases: &, arg(mq1o) = can be set/rotated to zero

Input parameters: (to be determined experimentally)

(V)
tan 8 = -2, M2,
U1
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The Higgs sector of the cMSSM at tree-level:

e phase of mqo :

m1> = 0 and p = 0 = additional U(1) (PQ) symmetry

reality: m1o #0, ut# 0
= perform PQ transformation with ¢pg

m3h = Imdjeeriz—ona)
0= |pletPn—orQ)

= m1o Can always be chosen real

e phase of H»o: &

mixing between CP-even and CP-odd states:

0 m%5sin ¢
Mep_evencP—odd = 5
—m7,SIiN§ 0

|
Tadpoles have to vanish: T§® « siné m7, =0
= & =0 = no CPV at tree-level
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The Higgs sector of the cMSSM at the loop-level:

Complex parameters enter via loop corrections:

— > Higgsino mass parameter

— Ay, o trilinear couplings = X}, = Ay, - — p*{cot8,tan 8} complex
— My o gaugino mass parameter (one phase can be eliminated)

— M3 : gluino mass parameter
= can induce CP-violating effects
Result:
(A, H,h) = (h3,ho,h1)
with

Mp > mp, > Mp,

= strong changes in Higgs couplings to SM gauge bosons and fermions
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t/b sector of the MSSM: (scalar partner of the top/bottom quark)

Stop, sbottom mass matrices (X¢ = Ay — p*/tan g, X, = Ay — p*tan g):

2 2 * 2
Mtg _ M{L ‘|‘ my ‘I‘ DTtl mtXt ﬁ) mfl @)
my Xy Mg +mf + DTy, 0 mg
M2 4+ m2 + DT X 2 0
2 p, Ty b1 mpy, 0y [ ™%
ME — L BN 1
mp X Mg 4 mg + DTy, 0 m¢

mixing important in stop sector (also in sbottom sector for large tan )

soft SUSY-breaking parameters A;, A, also appear in qﬁ—f/'E couplings

1
2 _ .2 2 2 2 2\2 2 2
mE L, =Mt (MfL + Mg, F \/(MfL — Mg )* + 4mi| X )

— independent of ¢y,
but 67 is now complex

SU(2) relation = My = My = relation between mpg, , mg,, 0, my ,mg_, 0p
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More on complex phases: Neutralinos and charginos:

Higgsinos and electroweak gauginos mix

charged:

Diagonalization of the mass matrix:

< — ( Mo \/§sinBMW> |

V2 cos 8 My "
~ 0
M. =v:XTUl=| X
X 0O m-+
X2

= charginos: mass eigenstates

mass matrix given in terms of My, u, tang = M»>, 1 can be complex
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neutral:

~ 5 70 ~0 ~0 ~0
5,2, kg, h) — %3, X9, X3, X4
Wojgo
Diagonalization of mass matrix:
( M- 0 —MzsvvC055 Mzswsinﬁ \
v — 0 Mo MzcewcosB —Mgzewsing
—Mzswcosp Mycew COSp 0 — i ’
\ Mzswsinﬁ —MZcV\/Sinﬁ — U 0 )
SR N £ T — 73
Mio =N"YN —dlag(mig,mig,mig,mig)

= neutralinos: mass eigenstates

mass matrix given in terms of My, M»>, u, tan g
= My, Mo, p can be complex

= only one new parameter

= MSSM predicts mass relations between neutralinos and charginos
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Propagator/Mass matrix at tree-level: no CP violation:

(qQ—m%{ 0] )
2 2
0 qc —my

Propagator / mass matrix with higher-order corrections
(— Feynman-diagrammatic approach):

> —m% + X pu(q?) > 1n(g?)
Mi%H(QQ) -
> nm(q?) q°> —m3 4+ Zp(g?)

iz-j(qz) (7,7 = h, H) : renormalized Higgs self-energies
CP-even fields can mix

= complex roots of det(M?;(g?)): M? (i =1,2): M? = M? —iMT
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Propagator/Mass matrix at tree-level with CP violation:

[ 2 —m3
0

\ O

q

2

O

2

0

q

2

o )

O

—m2

Propagator / mass matrix with higher-order corrections
(— Feynman-diagrammatic approach):

MF%HA(QQ) -

( q®> —m3 + X 44(q?)

iHA(CIQ)

\ ihA(C]Q)

iAH(QQ)

> —m? + Zgu(d?)

> 1 (q?)

> an(a®) \

iHh(CIQ)

@ —m2 + Zu(?)

>,i(¢®) (i,j = h,H, A) : renormalized Higgs self-energies

> an,2ag =0 = CPV, CP-even and CP-odd fields can mix

= complex roots of det(M?; ,(¢?)): M? (i=1,2,3): M? = M? —iMT
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My, as a function of ¢4,:
| Msysy = 1000 GeV
- 120 foo A,| = 2000 Gev
& Wl >~ ] Bsn
— 110 t 1 MHj: = 150 GeV
< 105 | .
= OS renormalization
100 r
95 | ] = modified dependence
90 | O(atlas)t — | _ on ¢4, at the 2-loop level
0 0.5 1 1.5 2

ba,/m
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My, as a function of ¢g:

[S.H., W. Hollik, H. Rzehak,

120

118 fuwnnne.

114

112

Mhl [GeV]

110
108
106

200 400 600 800 1000 1200 1400 1600 1800 2000

G. Weiglein '07]

116 T 7w

b5 =

/2

G5 =T

¢§ ” O TRk

..... SV

Msysy = 500 GeV
A; = 1000 GeV
tan3 =10

Mp+ = 500 GeV

OS renormalization

= threshold at mgz = mp+my

= large effects around
threshold

= phase dependence
has to be taken
into account
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