HAVE YOU HEARD? W IT’S CALLED THE
THEY DISCOVERED HIGGS
THE GOD PARTI... BOSON!
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Higgs Physics
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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
Before the Higgs Discovery

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

Dubna, 07/2018

1. Why Higgs?
2. Higgs mass predictions before the LHC

3. Electroweak Precision Observables (EWPO)
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1. Why Higgs?

Standard Model (SM) of the electroweak and strong interaction

SM: Quantum field theory = interaction: exchange of field quanta

Construction principle of the SM: gauge invariance

Example: Quantum electro-dynamics (QED)
field quanta: photon A,

nucleus

Lqep invariant under gauge transformation:
W el eAMDWw A, - Ay + 9 (x)

mass term for photon: mQA'“AM not gauge invariant
= A, is massless gauge field
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Current status of knowledge: the Standard Model (SM)

l_'I 1_'_1\1[_';;
l le{l 1

=

= all particles experimentally seen (as of 2011)
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Current status of knowledge: the Standard Model (SM)

l_'I 1_'_1\1[_';;
l le{l 1

=

= all particles experimentally seen (as of 2011)

= but it predicts massless gauge bosons ...
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Problem:
Gauge fields Z, W, W~ are massive
explicite mass terms in the Lagrangian <« breaking of gauge invariance

Solution: Higgs mechanism
scalar field postulated, mass terms from coupling to Higgs field

Higgs sector in the Standard Model:

Scalar SU(2) doublet: & = 0 N
¢ S .:'
Higgs potential: % )
e
2 ’ !
V(6) = u? }¢Tq>| + A }¢Tq>| ., A>0 ST T S
U0
uz < 0: Spontaneous symmetry breaking / - -
2 D]
minimum of potential at Pa)| = = —\ S N
p (@)l =\ 53 =75
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b = L 0 (unitary gauge)
v2 \ v+ H

H: elementary scalar field, Higgs boson

LLagrange density:
CHiggs — (DMCD) f (DNCD)
— 9aQrPdr — guQrPeup
— V(®)
with
iD, = iy — godW, — g1Y By,

& = . uy, 0 v
. = iopd Qp ~ LD~ L Do~
dL v 0]

Gauge invariant coupling to gauge fields
= mass terms for gauge bosons and fermions
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1.) VV®D coupling:

X XU X XX X
1 1 1 [/gv\2 1] 1 2
— 5 4+ —| = M2—92— = M x g
q2 q2 %:QQ {(ﬁ) q2] M2
2.) fermion mass terms: Yukawa couplings:
XU XX
f— SN S S +o
1 gfvl 1 v
{ Z i\v2d] — d-mp 2 P
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3.) mass of the Higgs boson: self coupling

A= M3z /v?
v H
X N My = vV free parameter
S — last unknown (now measured)
vy S H parameter of the SM
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3.) mass of the Higgs boson: self coupling

A= M3z /v?
v H
X N My = vV free parameter
S — last unknown (now measured)
V% o H parameter of the SM

= establish Higgs mechanism = find the Higgs & measure its couplings
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Another effect of the Higgs field:
Scattering of longitudinal W bosons: W;W; — Wy Wy

M \;% _I_ Mg M2 +O(1)
for E — oo

= violation of unitarity

Contribution of a scalar particle with couplings prop. to the mass:

Mg = ;}H{Z + EH _gWWHM4 + O(1)
W W T for £ — oo
E2
Mtot=Mv+MS=M—4<QIQA/WH—92M%/)-I--..
17

= compensation of terms with bad high-energy behavior for

IwwH = g My
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Cross section with/without the Higgs:
[taken from M. Schumacher '12 / C. Englert]

o(W; Wi, — Wi W) at tree-level

10000 |

1000 }

o [pb]

Stanciar'éi Model

- C. Englert

Myigge =:1100GeV N

I'IIUDU | IIII ”‘I'IGOGU
Ec_m_ [GEV]
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2. Higgs mass predictions before the LHC

Running of Higgs self-interaction:

AN
\
\
S
AN
N s N / -«
N s N 7
/ N

7 A 7 A e N

/ N 7 N / N

7/ A 7 N 7 N
ll/ \!l ll/ \ll !l/ \!l

Renormalization group equation:

dA _ 3 [,2 2 | 232 Q2
= s [V g+ (g§‘+<gz+gl) )], t—log(vz>

Two conditions:
1.) avoid Landau pole (for large A\ ~ M%)
2.) avoid vacuum instability (for small/negative \)
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1.) avoid Landau pole (for large A\ ~ M%)

A= 2
dt 87‘(‘ ,
A(v9)
2\
= MQT) = 202 g (2
~ 8n2 09 (v—z)
S 2.2
AN) < o0 = M%I < T Qj\z . upper bound on My
3log (15)

2.) avoid vacuum instability (for small/negative A):V(v) < V()= XA) >0

% = 8i [ g LT ( 9§+(g§+g%)2)]
2
= M@ = /\(vz)—[ g + <o ( 293 + (gg—l-g%)z)] I0g (f >
V2 4 1 A2
2 [_gt + 16 ( 92 T (92 +91) )] log (v—2> . lower bound
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Both limits combined:

my = 174 GeV

800.0 —
LU | LU | LI | LI LU | UL Il_§
700 EE =
=— A= 10° GeV —
200 E- —3 600.0 |
= 10° GeV —
= 300 4 S
) " | ()]
&) - 1 O 4000
'—'m 200 — = Landau pole
2 »
100 200.0 |
70 .
Potential bounded from below
50 L1 1 1 | L1 1 | L1 1 L1 11 | L1 1 1 | L1 11 00103 106 109 1012 1015
100 125 150 175 200 225 250 A (GeV)

m; [GeV]

/\: scale up to which the SM is valid
N = MgyuT = 130 GeV < My < 180 GeV
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Mg = 125 GeV = we live in a meta-stable vacuum!
[Degrassi et al. '12] [Alehkin et al. '12]

200
182
7 : 180
& 150
g i 178
= j o 176
2 100 Stability & i
2 v 17
3 N
= 50 170
168
0l | 166
164
{ 50 100 150 200 120 122 124 126 128 130 132
Higgs mass M), in GeV Mp [GeV]

... If there is nothing else than the SM up to the Planck scale!
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3. Electroweak Precision Observables (EWPO) and the Higgs mass:

Comparison of electro-weak precision observables with theory:

EW Precision data: T heory:
My, sin? Ogs, ay < | SM, MSSM , ...

Y

Test of theory at quantum level: Sensitivity to loop corrections, e.g. H

SM: limits on My
Very high accuracy of measurements and theoretical predictions needed
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Example: Prediction for My, in the SM and the MSSM

[S.H., W. Hollik, D. Stockinger, G. Weiglein, L. Zeune '13]

80.60

80.50
>
&
)
=
=
80.40
SMIM, =125.09 + 0.48 GeV
80.30— |'H MSSM
N SM, MSSM
Heinemeyer, Hollik, Stockinger, Weiglein, Zeune '18
B | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ]

168 170 172 174 176 178
pole
m~ [GeV]

MSSM band:
scan over
SUSY masses

overlap:
SM is MSSM-like
MSSM is SM-like

SM band:
variation of MM
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Example: Prediction for My, in the SM and the MSSM

[S.H., W. Hollik, D. Stockinger, G. Weiglein, L. Zeune '13]

80.60

80.50

M,, [GeV]

80.40

80.30

 SM[M,, =125.09 £ 0.48 GeV

MSSM L

SM, MSSM
Heinemeyer, Hollik, Stockinger, Weiglein, Zeune '18

168

170

172 174 176 178
pole
m~ [GeV]

MSSM band:
scan over
SUSY masses

overlap:
SM is MSSM-like
MSSM is SM-like

SM band:
variation of MM

Sven Heinemeyer — Higgs lectures @ CALC18 (Dubna)

30.07.2018

1/16



What about the UNCERTAINTIES?
Three different types of uncertainties:

Experimental error:

— current error

— future expectations

= sets the scale, has to be matched by other errors

Theory uncertainty:

= uncertainty due to missing higher order corrections
— only estimates possible

— even more complicated for the future

Parametric uncertainty:

uncertainty in the prediction due to error in the input parameters
— my, ag, PDFs, ...

— future expectations?

= derive information about (unknown) SUSY parameters
(SUSY parametric uncertainties highly model dependent)
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Precision observables in the SM and the MSSM
Mw, Siﬂ2 Qeff, Mh! (g — 2),“' b physics, ...

A) Theoretical prediction for My, in terms

of My, o, Gy, Ar:
2 - T )
Mg (1- ) = (1+ Ar)

loop corrections

Evaluate Ar from p decay = My,

One-loop result for My, in the SM:
[A. Sirlin '80] , [W. Marciano, A. Sirlin '80]
2

A7“1—I00|o — A« - ET://VVAP +  Arrem(Mpg)
M
~ 6% ~ 3.3% ~ 1%
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Precision observables in the SM and the MSSM

Mw, Siﬂ2 Qeff, Mh! (g_Q)M' b physics,

A) Theoretical prediction for My, in terms

OfMZ,Oé,GILL,AT:
22, (1 - M % 1424
_ My .
v M2 ) V2G,
)

loop corrections

B) Effective mixing angle:
o 1 (1 Reg€>

¢ 2
sin< 6 ff— ———
y 41Q | ]

Re gy

Higher order contributions:
b gh—gh+ gl

gxf/ — g‘f/ + Agi,, gy

30.07.2018
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Comparison of SM prediction of My, with direct measurements:

805 March 201|2 : | | | | |
) [ 1LHC excluded

| —LEP2 and Tevatron
{1 - LEP1 and SLD
68% CL

1192 s2 M
N\r —= — 92 8\2/\/ |Og —H
96 2 ¢ My,

general for EWPO:

M M2
og (L) 4+ g3 AL

ANQQ

m,, [GeV]
oo
o
5

leading term: log(My)

-
-
-
-------

first term ~ M7 with g5 80.3-

m, [GeV]
[LEPEWWG '12]

= light Higgs boson preferred
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Corrections to My, sin? 6.+ — approximation via the p-parameter:

p measures the relative strength between
neutral current interaction and charged current interaction

_ 1 Ap = >2(0)  Ew(0)
1—Ap M? Mg,

P
(leading, process independent terms)

Ap gives the main contribution to EW observables:

M ca _ ca, 52
AMy = =W A, Asin? 68~ — SWW A
t,b 7'5:,'6
1% vov o/ A

22 %Y | | 2%

Ap>YSY from /b loops >0 = MYSY > MM
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Ap>YSY from £/b loops >0 = MzY>Y > MM, sin2 g2¢>Y < sin? 92

SM result for My, and sin? ¢

— full one-loop
— full two-loop
— leading 3-loop via Ap
— leading 4-loop via Ap

Our MSSM result for My, and sin? O

— full SM result (via fit formel)
— full MSSM one-loop (incl. complex phases)
— all existing two-loop Ap contributions

= non-Ap one-loop and Ap two-loop contributions
sometimes non-negligible!
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Example: Prediction for My, and sin? 0. in the SM and the MSSM

0.2330 [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [
0.2325:— — MSSM band:
i i SCan over
0.2320 ] SUSY masses
G [ m,=170..175 Ge\, i
2 - ] overlap:
E 0.2315 | SM: MH =125.6 £ 0.7 GeV '_::: ] . ]
@ R . SM is MSSM-like
i 1 MSSM is SM-like
0.2310 —
. i SM band:
i ] variation of MM
0.2305 N H
- 1 MSSM .
: SM, MSSM Heinemeyer, Hollik, Weiglein, Zeune et al. ’13:
0.2300 | | | | | | | | | | | | | | | | | | |
80.2 80.3 80.4 80.5 80.6

M,, [GeV]
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Example: Prediction for My, and sin? 0. in the SM and the MSSM

0.2330

experimental errors 68% CL / collider experiment:

i LEP/SLD/Teva/tm,n ]
0.2325_—— LHC / \‘ N MSSM band:
- . , i
: —— |ILC/GigaZ : } A.. (LEP) : sCan over
0.2320 - Vo _ SUSY masses
_ \ A/ i
&) [ m,=170..175 Ge\, i
2 [ ‘ i overlap:
£ 02315 -SM:M, =125.6 £ 0.7 GeV ™ ] _ _
? : : SM is MSSM-like
; ) MSSM is SM-like
0.2310 — —
I i SM band:
i i variation of MM
0.2305 — ] H
- i mMsswm .
: SM, MSSM Heinemeyer, Hollik, Weiglein, Zeune et al. ’13:
02300 | | | | | | | | | | | | | | | | | | |
80.2 80.3 80.4 80.5 80.6
M,, [GeV]
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Overview about all EWPO:

M,
M
r

z =

N

M
r

o?

had

0
Rlep
0.l

AFB
A (LEP)
A(SLD)

.2 lept
SO (Q )
sin’@ ef':t (Tevt )
AOc

FB
0b
A

FB

-3 -2 -1 0 1 2 3
(O - Omeas)/ Omeas

fit

0.0
-1.5
0.1
0.3
-0.2
-1.5
-1.0
-0.9
0.1
2.1
-0.7
0.1
0.8
2.4
0.0
0.6
0.0
-0.7
0.5
-0.2
1.3

—lié_'zi
N I

N

0
c)-had

0
I:zlep
0,
Arg
A (LEP)
A (SLD)
. 2 lept
sin“0 (QFB)
. 2 lept
sin G)eff (Tevt.)
AC
A,

0,c
AFB

[GFitter '18]

m Global EW fit
B |ndirect determination

-® Measurement €] fitter ||

’ 0
.

II|IIII|IIII|IIII|IIII|IIII|IIII|II
-3 -2 -1 O 1 2 3
© ~0)/ o

indirect tot
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Results for My from other EWPO:

. IHII [ T II]IIIl [ 1l II1II]|
Tevatron sin‘(g) Miterl.} —F (. 1077,
Tevatron M, —— 66,
____________________________________________________________________________ o
light Higgs preferred by: ATLAS Mw _________________________________ ] _“__ ___________________________ 9 2-42
My, Al g (SLD) LEP M,, : 82,
e | o
heavier Higgs preferred by: LEP AFB ____________________________________________________________________________ 463-223395
+
Abg (LEP) LEPAl —= — 132
= keeps SM alive SLDA 0 35 +2431
SMftwoM,| e 902
LHcaverage lJJlI | 1 | lJIIIlT | 1 1 lJlllllzs.liOI2
6 10 20 102100 10°
M., [GeV]
= light Higgs boson preferred
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Global fit to all SM data:

6 March 2012
[ ]

L|m|t

= 152 GeV

= My = 9412) Gev Aaty =
5_
— 0.02750+0.00033
My < 152 GeV, 95% C.L. | W&y B
4 - *= incl. low Q° data
3_
Assumption for the fit: 27
SM incl. Higgs boson
1_
= no confirmation of |LEP LHC
Higgs mechanism 0 excluded Ny Ao excluded
40 100 200
m_, [GeV]
= Prediction before discovery: in the SM: My < 160 GeV
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Latest global fit to all SM data:

N>< 5 :I T | T T | T T T T T T T T1 |ﬂll .I | T Ig__
= My = 90121 Gev s Dsu ftter il
g SMftwioM, measuement {0 96
“agreement” at 1.8¢ 15 - - LHC combination [PRL 114, 191803 (2015)] E
25
Assumption for the fit: 20 =
SM incl. Higgs boson 15 E
= no confirmation of PE N 10
Higgs mechanism 05 = E
EI 1 1 1 | | | I .| | LA | | | | | | I | | 1 191 1 | 1 11 IE
60 /0 8 90 100 110 120 130 140

M, [GeV]

= slightly rising *“tension” over the last years ...
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Experimental errors of the precision observables:

today | Tev./LHC | LC GigaZ
§sin? Or(x10°) | 16 16 -~ 1.3
S My [MeV] 15 <15 3-4 3-4
dmy [GeV] 0.8 <1 0.1 0.1

Relevant SM parametric errors: 6(Aapsg) =5 x 1072, §My, = 2.1 MeV

5mt =2 5mt =1 (5mt = 0.1 5(Aahad) 5MZ
§sin? Oar [107°] 6 3 0.3 1.8 1.4
AMy [MeV] 12 6 1 1 2.5
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Improvement in the Blue Band plot:

O™

o o
& N 3
TTTT T T[T T[T [T T T[T T T[T T T[T T T[T T [ TTT]
AL LA LARRS LA EAA) EARAS ALY LAAR) LAARNRALY
R " " 0. " _
| | £8
— 1 1 T = o 1 ]
" " sS89 |
n | ! 3 g~ ! i
| 28 4 -
N " " O N |
L e " QE S
B 1 LI rﬂ\\ I n T T
9, RN (0] ! @] L L 8 —
I Oc\Q 0"' .\.\\V 1 — % (A\ 1 -]
o Rbyy . <585
R _ C
: «.\uu.\\.\v.w.\\\ _ _
i S/ .\.\.\.\»w.\m.vm\x\ & T
- .NoQOo..\m ), .

10

o N~ O

250 300 350

200

n < o o « O

My [GeV]

(note: artificially MM = 120 GeV)
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Most precise My test with the ILC:

For GigaZ used: M, = 6 MeV, &m, =0.1 GeV, a, =47 10%, dsinf8? ) = 1.3x 107, &Ry, =4x 10°

[GFitter '13] [LEPEWWG '13]

NN20_IHI‘HII|\III‘\II\‘III\|IIII|IIHJ\\I|IHI|HII_ 20 L L
< 18 I_ SM it pre u,:tion using current uncertainties (6“1“: fit) fitter SME_I | :
ies (3, = Rfit) g i
=Sl vidlion tsing sstimated GigaZ icartlies ““.'Gaug's)““__ 4o I i
] 15 n
= 10 - _
- R — 730 . -
E _' Ml Future
______________________ \J _: 2% 5 |
g ___________M__'_"_i-_.‘_.j _______________ ] 15 |
0I\\I‘\\II|\IIIr[I{L."L1MIII||II\\|\\\I|I\\I|\\II
5 60 70 8 9 100 110 120 130 140 150 0+———— L N A
M, [GeV] 50 75 100 125 150
m,, [GeV]
= SMNd < 4+ 6 GeV
= extremely sensitive test of SM (and BSM) possible
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