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Higgs mechanism
00

Basics

Reminder: The Higgs mechanism

Masses and gauge invariance
@ SM contains gauge and matter fields: spin-1 bosons and spin-1
fermions
@ Massless fields guarantee good features:
o Gauge invariance under SU(2). ® U(1)y
@ Renormalisability of theory
@ Could introduce mass terms “by hand”: ~
Lm o< mMAAPA, + me(WpW, + U Wg)
@ Violates gauge invariance, since

o A — AF 1 1919, therefore A*A,, yields terms o< 0 after gauge trafo.
e W, and W transform differently under SU(2),
(W is singlet = neutral), therefore terms o 6 do not cancel.

@ This is bad: We love the local gauge principle!

-
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Higgs mechanism
000

Basics

Generating mass from the vacuum expectation value
@ Add complex doublet under SU(2); (4 d.o.f.),
couple it gauge-invariantly with the vectors: Loa = (DF®)(D,P)

@ Add interaction term with fermions:
Loy = gf\ULCD\UR + h.c.
(need @ for down-type fermions and iop®* for up-types)

@ Add potential with non-trivial structure
(infinite number of equivalent minima needed)
@ Pick one minimum and expand around it:
o One radial and three circular modes
o Circular modes “gauged away”

— “eaten” by bosons
o vev (energy of minimum) — masses
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Higgs mechanism
0oe

Basics

Fixing the parameters

@ From the structure above:

(ng))z — 524"2 W, W — M3 = g24v2
grVLOVr — gfi%qu)wR —  mf =82
A(‘¢'|2 — V2/2)2 —  A\v2H? N Ml2-l — 2\2

o Fixed relation between mass and coupling to (surviving) Higgs scalar.
@ Therefore, to verify EWSB:
o find H
check it's a scalar
verify coupling o« mass
measure potential through self-interactions

¢ ¢ ©
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Higgs mechanism

o0

Unitarity in WW-scattering

Why the Higgs boson cannot decouple

Restoring unitarity of WW — WW-scattering

o(W Wi, — W Wp) at tree-level
T
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(from O.Brein)
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Higgs mechanism

o0

Unitarity in WW-scattering

Why the Higgs boson cannot decouple

Restoring unitarity of WW — WW-scattering

o(W W, — Wy Wp) at tree-level
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(from O.Brein)
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Higgs mechanism

o0

Unitarity in WW-scattering

Why the Higgs boson cannot decouple

Restoring unitarity of WW — WW-scattering

(W Wy, — WWp) at tree-level
T
QED / ‘
10000 / M no-Higgs
1000
— \)\/
e ]
b 100 |- s
N W
Wy
10 b 4 Aw
1
1000 10000
Ecm. [GeV]
(from O.Brein)
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Higgs mechanism

o0

Unitarity in WW-scattering

Why the Higgs boson cannot decouple

Restoring unitarity of WW — WW-scattering

c(WLWy, — W Wp) at tree-level
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Higgs mechanism

oe

Unitarity in WW-scattering

Fixing the parameters - once more
Consider WTW— — WTW~— g ‘
Without H: violates unitarity at &~ 1 TeV. v }':; E
Therefore: Must add H with g o my. 7" ?“‘ii
Repeat for WW — ZZ — gzzy o< my. NI

Repeat for WW — ff — gz, o< my. -
Test in WW — WWH — gypy o< mf_,/mW. «/W:ww E‘“’ii
Test in WW — HHH — gips oc m?y /. |

°
°
°
°
°
°
© w ’
@ Once it is there, the functional dependence /

of the Higgs boson couplings is fixed " .

by the unitarity requirement of the theory. !
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SM Higgs boson searches
00000000

Designing searches

Tayloring search channels

Limits on my Basic considerations
@ Unitarity: < 1 TeV. @ Signal rates defined by triggers:
@ EW precision tests: < 250 GeV. you won't measure what you
@ LEP searches: > 114 GeV. G ERe

o Significance: S/v/B vs. S/B.

@ Important: Control systematics.
Avoid embarrassment.

@ Mass resolution for my and
decay products: may help to
suppress backgrounds

NG
- d oW s ow
T A W

Excluded No A refiminary’
30 100 300

my, [GeV] .
(from LEPEWWG) o Any t0p0|0g|C3| help? )
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SM Higgs boson searches

O@0000000

Designing searches

Higgs production processes at hadron colliders
Common feature: Couple to heavy objects (top, W, Z)

Gluon fusion: Higgs-Strahlung:

Quark-associated:

F. Krauss
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SM Higgs boson searches
0O0@000000

Designing searches

Higgs production cross sections at hadron colliders

T

G(pp—sH+X) [pb]
Vs =14 TeV

10° T T

G(pp—H+X) [pb] i M, =175 GeV.
: / 10 F = CTEQM E

10k E
10
E

3 0 L
1 favoured 1

80 100 0 40 T60 TS0 00 g

M, [GeV]
(from M.Spira, hep-ph/9810289)
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mechanism SM Higgs boson searches A Hig oson properties More Higgs bosons
[e]e]e] le]elele]e]

Designing searches

Higgs decays

@ Individual decay channels:

decay mode width T
a2\ 3
- GEM m
H — fF EZH . om2ne (1 — =
- gmv2 e w2
1
2 2 5
— GegM 4m 12m? 4m 2
H— wtw FZH . 1- W T ) (- W
- 8m\/2 2 mH mH2
2 i 4 2\ 5
12m 4, 2
H— 2z CpMyy m2 2 (g 22 + 4Z 1- 02
8m\/2 2m% m?, m, m,
GEMp 2 ( a 2 4
e gy H ()7 (4nca?)? (@me > mp)
FYH . Cig (2 (2my >
H— g ey (82)? - (3)? 2me > mpy)
H — w* more complicated, but important for my = 2my

@ my < 2my: Higgs boson quite narrow, 'y = O(MeV).
@ my > 2my: H becomes obese, I'y(my = 1TeV) & 0.5 TeV.
@ At large my: decay into VV dominant, My yww : Th—zz =2 : 1.

F. Krauss IPPP
Phenomenology at collider experiments



SM Higgs boson searches
[e]o]e]e] Jelele]e]

Designing searches

Higgs decays

1 T
102} TED(Gev] 4
4 10
10 1
1 ]
a [
10° 4 10 /
2
10 J 1
107 —_ 107 = L
50 100 200 500 1000 50 100 200 500 1000
My, [GeV] My [GeV]

(from V.Buescher & K.Jakobs, Int. J. Mod. Phys. A 20 (2005) 2523)
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oson searches

Designing searches

Some typical channels (mostly @ Tevatron)

0 gg > H—WTW~ — ¢+ F,: "golden plated”
No mass peak, but background partially killed with £ etc..

@ qg — ZH — 0lbb: only limits on ¢
Key ingredient: b-tagging efficiencies, mass resolution for jets to
suppress QCD backgrounds.

e qg — WH — (lubb: like above.

@ q§' — WH — E, + bb: only limits on o
combination of the two above, with Z — vv

® qf — WEH — WEWTW: only limits on ¢
same sign leptons, other W goes hadronically (xsec!).
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oson searches

Designing searches

Some typical channels (mostly @ LHC)

0 gg — H— ZZ — 4pu,2e2u: “Golden plated” for my > 140 GeV.
Key ingredients: Mass peak from excellent mass resolution (leptons).
0 gg - H— WTW~ — '+ F,: nearly as good as ZZ
but no mass peak. Background killed with £y etc..
Very similar to Tevatron analysis with huge stats.

@ gg — H — ~7: Good for small my < 120 GeV.
Key ingredient: mass resolution for 7's & veto on 70's.
o WBF — H — 77: Popular mode
Key ingredient: QCD-backgrounds killed with rapidity gap
o WBF — H— WW: ditto.
@ WBF — H — bb: in principle ditto
but: Hard to trigger, pure QCD-like objects (jets)
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SM Higgs boson searches
[e]o]e] o}

Designing searches

Difficult channels (mostly @ LHC)

@ top-associated production and H — bb: xsec okay, but difficult.
Potential show-stopper: backgrounds from tt+jets W+jets, etc.,
many jets to be reconstructed, combinatorics from tt-reco . ...

@ top-associated production and H — 7: xsec small, difficult.

@ top-associated production and H — 77: xsec okay, but difficult.
Potential show-stopper: backgrounds from tt + Z, W, Z+jets, etc.,
many jets to be reconstructed, combinatoric backgrounds from
t-reco, find the 7's (only 1/3 into leptons) .. ..

@ Higgs decays into p: small BR, could be useful for SUSY.
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SM Higgs boson searches
000

Designing searches

Remarks on resonance production

Simple “rule of the thump” to calculate xsec
o Consider processes like gg — H — ZZ etc.: resonant production.

@ If width small: can cut internal resonant propagator.

@ Two-body decay R — ab: [,, = %

27 |(R|cd)|? mglR

2 7r[(sfmf?)2 } rf?mf?]

@ Resonance production in cd — R: 0.4 = =
R

@ Use peak at s = m% (will yield a § function)
@ Therefore 0.pR—cd = 3;%"BR(:‘? — ab)BR(R — cd)
R

@ If width not so small: include Breit-Wigner.

@ At hadron colliders: Need to integrate over Bjorken-x.
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SM Higgs boson searches

Results from the Tevatron

Search channel: gg — H — WW — /¢'vv @ Tevatron

Short intro

(from DO Note-5757Conf)
o Consider ee, ey, and pyu final states, each with 2 neutrinos
@ Use my in steps of 5 GeV, from 115 to 200 GeV.
@ Backgrounds: direct WW, WZ, ZZ, tt, DY, QCD, W+jets
@ Main cuts (acceptance and background suppression):

@ lepton isolation etc., |7e, < 3, 2.

9@ pTH >15,10GeV, | > 20 GeV (anti-DY)

@ some protection against wrong E

9 Myp > 15 GeV

< Adpyr < 2...2.5 (channel-dep.):

most background like back-to-back, H likes small.

o Neural network, trained with O(15) observables (some shown below)
@ Similar analysis for CDF, public page
@ Up-to date analysis: 4.2 fb—!.
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SM Higgs boson searches

0O@000

Results from the Tevatron

Distributions for signals and backgrounds

(from DO Note-5757Conf)

everts

hn
0 E 0 60 80 100 120 140 160160 300
E™(GeV]
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Results from the Tevatron

Search channel: qg’ — ZH — ¢fbb @ Tevatron

Distributions for signals and backgrounds

(from CDF public homepage, also D0-Note 5570/Conf)

@ Use ¢ = e, p, major backgrounds: Z+jets, ZZ, WZ, WW, tt.

@ Signal- or background-like? ME method (CDF, 2 fb~1).

o Relevant observable: m,;, need b-tagging to kill jj-pairs and similar
i ==
LA |-

@ Finally bound: ogignal < 15 - opsn) at 95% C.L..

@ Similar analysis with more data and NN (CDF& DO).

F. Krauss
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SM Higgs boson searches

Results from the Tevatron

Combined searches @ Tevatron

Significances vs. luminosity
(from combination DO-+CDF 2009, up to 4.2 fb— 1)
. _ a 114 1
ﬂ 80 Tevatron Run Il Prelmlnary,Lfﬂf)-A.?fb ‘@120 Tevatron Run || Preliminary, L=1.1-4.2 fb/
m,,=115 GeV 165
g 1 2 | g "
w g ound d 11100 S
260 v $ —
= Tevatron Dat: = * Teve
5] © 80
S 50 =
5 g
3% | 3 60
30
40
20
20
10
[ ==a 0 Le
4 ) 0 4 10 12 14 16 18 20
Integrated Expected Signal Integrated Expected Signal
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Higgs mechanism SM Higgs bcson searches oson properties

Results from the Tevatron

Ratio: Signal /SM(-Higgs)

(from combination DO+CDF 2009, up to 4.2 fb—1)

Tevatron Run Il Preliminary, L=0.9-4.2 bt

AR RS R AR R

P_Exclusiaon

Tevatran
Exclusion

95% CL Limit/SM

M

March 5, 2000

100 110 120 130 140 150 160 170 180 190 200
H(GeV/c )
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Prospects for the LHC

Prospects for Higgs boson searches @ LHC

Search channel: gg — H — v

@ Characteristic: Bump on a fo e
smooth background o mﬁ«%&
— side-band subtraction -

@ Trick: Mass resolution of vy

(problems there: converted 'y’s,j(‘zro) — ~y conversions,

~ direction, . . .) _H» + ‘U:L ﬂ\%\ +
@ dmy, ~ 1.5 GeV. B l| + J}' Lt
o S/VB(30fb™1) ~ 6 for vl 7

my € [120, 140] GeV

(from ATLAS-Note Pub-2007-013)
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Higgs mechanism SM Higgs boson searches Joson propertie:

9000000000
Prospects for the LHC

Prospects for Higgs boson searches @ LHC

Search channel: gg — H — v~

@ Characteristic: Bump on a
smooth background
— side-band subtraction

5 Higgs M40 GeV (10) |
5 Higgs My=130 GeV (x10)

1 Higgs =120 GeV (x10)
5 Higgs =115 GoV (x10)
Do

Events/GeV
-
S
Ll

@ Trick: Mass resolution of vy

(problems there: converted 'y's,j(ﬂ'o) — ~y conversions,

~ direction, . . .)

Vi

oL o
% 00 10 120 30 140 150 160

® 0my, ~ 1.5 GeV. "LY(G;

o 5/\/?(30fb_1) ~ 6 for (from CMS-Note Pub-2006-112)
my € [120, 140] GeV

180
V)
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Prospects for the LHC

Weak boson fusion processes

Characteristics

@ At LO: No colour exchange between protons

Tag-jets tend to be forward, at low p; ~ mypy/2,

colour connected with “adjacent” proton remnants

— hadronic activity mostly forward

(between tag jet and proton rump) o]

— no hadronic activity at centre
— rapidity gap for signal

¢

1>

—_—

>_<

O\

n

o Rapidity gap filled by Higgs boson and its decay products

@ Typical backgrounds: W, Z+jets, tt, W, Z-pairs, QCD
all of them typically have colour exchange between protons

— no rapidity gap for background

Higgs
Decay

F. Krauss IPPP
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SM Higgs boson searches

00@0000000
Prospects for the LHC

Example: WBF, H — 771

o fb]

e
{0 i
el
2 Ca— s 012 B e R
An(jt,j2) Ao(j1,j2)

2000 2500 3000
M(j1,j2)

[ Signal, qqH
[ aCD 2us2igjet

Wt

S0
[GeV]

(from CMS-Note 2006-088)
v
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Higgs mechanism SM Higgs boson searches son propertie:

000e000000

Prospects for the LHC

Example: WBF, H — 77
@ Many backgrounds with 3rd jet - typically quite central,
i.e. between the hardest two (tag) jets
o Quantify by “Zeppenfeld”-variable: nj = 13 — 232
'3 of 1 T T 1) T
= 80
c
@ 70F
O ook Signal, qqH
8 o [ QCD 2t+2/3jet
E b TTTTUEW 204 2jet
Z GE tt — WbWb
2b L0 W43/4jet
10
0 "Afa 2 0 2 'k =
Mg =Ty = (1 + 1y
(from CMS-Note 2006-088)

Phenomenology at collider experiments



SM Higgs boson searches

0000@00000
Prospects for the LHC

WBF, H — 717 — (jF |

Results

Cumulative Cross Section [b] (% from previous step)
Selection Signal samples: qqH, H— 77 = 17 Fackground samples
QCD 2r+273jet EW T— WEWb WHAet (W—pv)

My=115 My=125 My=135 My =145 Tr+et 23t 2r42jet (W=lp) W3jet Wdjet
production o T65x 10 230x10° | 3.98x10° | 3.70x10° - = = 36 10°
XBR(Ho17—0) || 1373 (3.4) 29) | 8238(2.0) | 4537(1.2) " - = = = -
preselection = E = E 687 7. 990 = 1558, %8S,
L1 8181 (520) | 60.76 (33.8) | 46.50 (36.3) | 26.36 (38.1) | 132.6(28.3) | 4113 (35.9) | 1793 (60.1) | 71.39x 10° (83.0) | 2815. (61.8) | 6371. (64.4)
L1 +HLT 41.46 (50.7) [ 31.39(51.7) | 24.60(52.9) [ 14.19(53.8) | 5253 (39.6) | 148.7(36.2) | 58.81(32.7) | 55.43x 10° (77.6) | 2138. (76.0) | 4472. (70.2)
Tepton ID 3946 (95.2) | 29.95 (954) | 2334 (949) | 1346 (94.9) | 4944 (94.1) | 138.0(92.8) | 5067 (86.2) | 5408 I0° (97.6) | 2119, (99.1) | 4430. (99.1)
Lepton pr 39.12(99.1) | 29.71 (9.2 16.(99.3) [ 1334.(99.1) [ 49.17 (99.4) | 136.4 (98.9) | 49.13 (97.0) | 53.54x 16° (99.0) | 2118. (99.9)) | 4425. (99.9)
T3etID 12.70 (32.5) | 10.36 (34.9) | 8.276 (35.7) | 4.888 (36.7) | 1060 (21.6) | 20.04 (21.3) | 1049 (21.3) 5036. (9.4) 007~ 30~
T4etEr 9.014(71.0) | 7.564 (73.0) | 6.422(77.6) | 3.858 (78.9) [ 6.092(57.5) | 18.16 (62.5) | 7.360(70.2) |  3215. (63.6) = =
Vald mass 6113 (67.8) | 5.042(66.7) | 4462 (69.5) | 2.649 (68.7) | 3.866 (63.5) | 1062 (38.3) | 4.232(37.5) | 848.6 (26.4) 250) 33)
VBFID (7, Br) || 2.718 (44.4) | 2.192 (43.5) | 1.949 (43.7) | 1.081 (40.8) | 1.679 (43.4) | 7.462 (103) | 2.944 (69.6) 9(263) (68.5) G2
VBF:Aw; T498 (55.1) | 1.231(36.1) | 1.104 (36.6) | 0.588 (54.4) | 1.230(73.3) | 4417 (392) | 1.012 (34.4) BI16.9) B E
VBF: Ag; 1.174(78.4) [ 0.928 (75.4) | 0.806 (73.0) | 0.427 (72.5) [ 0.723 (58.7) | 2.481(56.2) | 0.460 (45.5) | 9380 (71.6) (16.3) (30.4)
VBE:Mj 0771 (65.7) | 0.634 (68.4) | 0545 (67.7) [ 0.283 (66.4) | 0312 (432) | 1353 (54.5) | 0391 (85.0) |  2.738(29.2) (50.8) (65.6)
Mr@.Er) 0.620 (80.4) | 0.476 (75.1) | 0423 (77.6) | 0.207 (73.1) | 0.254 (813) | 1.128(83.3) | 0322 (82.4) | 0.942 (34.4) 343) 302)
TV 0503 (81.2) | 0382 (80.1) | 0344 (813) | 0.175 (84.6) | 0.254 (100) | 0301 (26.7) | 0.230 (71.4) | 0.224 (23.8) 80.1) (1))
Eventsat30 b 1 5.1 14 103 53 16.6 69 6.1 15 (W—ly)

(from CMS-Note 2006-088)
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SM Higgs boson searches

00000e0000
Prospects for the LHC

WBF, H — 717 — (jF |

Results: my and significance
e B NS Euan e o e
- 2,
“o 50 B Signal (135GeV/c")
% 5 [ ] EW+QCD Z+jets
[N ttbar W+jets 8
gy Fit to Signal ]
v:; F - FitZ 1 M [GeV] 115 [ 125 | 135 | 145
5 I Fit to ttbar W+jets ] Ns (300 1) 1047 | 7.79 | 7.9 | 3.63
® 3 — Sum of fits ] Na (3076 1) 370 | 221 | 184 | 142
o i Ser al 30T (no uncertainty) || 4.04 | 3.71 | 3.98 | 2.19
s I ] Sep at 301 (o =7.8%) 397 | 3.67 | 3.94 | 2.18
z 2 — Ser a0 60B T (o = 5.0%) 567 [ 526 | 564 | 310
1L ]
[ E——— et ;s -
0 50 100 150 200 250
2
M., [GeV/c']
(from CMS-Note 2006-088)
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Higgs mechanism SM Higgs boson searches

Prospects for the LHC

A new idea: Higgs-Strahlung @ LHC

(from J.M.Butterworth et al., Phys. Rev. Lett. 100 (2008) 242001)

Basic idea

@ ZH and WH production not really considered up to now
@ Obstacle: if produced at low mass

¢ Good fraction of oproq out of acceptance
o Decay products often with too low p

©

Typically: Huge backgrounds (e.g. tt at same scales)

[

So: Why not try to produce at large p;, back-to-back?
(pL > 200 GeV, 0zH boosted = 0.05 X 074 tot)

©

Large boosts: decay products in relatively small cones

©

Kills also backgrounds such as tops (impessibie to have b5 with large boost in one direction and

W — £v in other direction without having massive QCD radiation.)

o Added benefit: For Z — vv massive ¥ .

F. Krauss IPPP
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SM Higgs boson searches

0000000800

Prospects for the LHC

Key: Structure of boosted H — bb
@ Boosted H will produce a “fat” jet with two b's in it.
@ Distance of the two b's in LEGO: Ryj ~ T ——

P A /z(1—z)

@ For resolution use k| -like algorithm

@ The last two sub-jets must have b-tags, and there must not be a too
large mass drop between them (my > pm,)

F. Krauss IPPP
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Higgs mechanism SM Higgs boson searches Higgs boson propertie:

00000000 e0
Prospects for the LHC

Results: Signal in four regions
ZH — (ibb ZH — vibb

2 16-() i —qd &1 (b) h —aq
8 FsNB- —Vijets @ | sNB-3a1 L’ —Vsjets
S Wintrz12scev ||| w > golin 112-128GeV v
312 | =V4Higgs K] =ViHiggs
g g
E 10, E 60|
§® §
[ 2 10
4 20/
2
%5"5645 60 80 100 120 140 76 180 20 %726 40 60 80 100120140160 180 20
Mass (GeV) Mass (GeV)
WH — ¢obb Combination
a2 fo A Bk @ m @
RS 2 B0 = | Vsjets
“oNB 20 8% e\g-as ||
S 5o inf12-128GeV 1200 in 112-128GeV |y w
8k 2 =V4Higgs
© 25— E‘m’ wILE
o 3 o
£ 2 £ %
g £
@1 @

e MO AR,
%20 40 60 80100720 140160 18020 %770 40" 60 80 100'20 140 160 180 20

Mass (GeV) Mass (GeV)
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SM Higgs boson searches

000000000 e

Prospects for the LHC

SM-Higgs boson searches at LHC: upshot

8 @ o Hoq
y = St nclusive
g JL dt=30 1" RIS 2 o dHWH ot
& (no K-factors) & w8 7P S o o HozzZZe i
E) ATLAS H o W oy 2 4 Ry,
A T o 5 aH = g WWO oy = *  qaH.H— 7' - leptonstjet
cl 4 aH o g o # gaH.H-yy
S o iy k= el i
% © agH - g@WW o g 2 o aaH HOZZolvy,
—— Total significance g \‘\ T
= \
o @mm' \
w wampl
r \
I . “f .
X 1‘02 1‘05 100 200 300 500 700
2
my, (GeV/ch) 102 m,(GeV/c’)
(from V.Buescher & K.Jakobs, Int. J. Mod. Phys. A 20 (2005) 2523)
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iggs boson properties

Measuring the properties of the Higgs boson

Reminder: Why do we care?

@ Okay, so we've found plenty of evidence for a “bump” in some
distributions, i.e. a new particle.

@ Is this enough to claim victory and for P.Higgs to book flights?

@ Question: How do we know the bump is the Higgs boson?
Answer: It must be the scalar responsible for mass generation!
Therefore:

Q Is it a scalar, i.e. spin-0 and even CP?
@ s the coupling to the other fields proportional to their mass?
@ s this an accident or the result of the potential/self-interactions?

@ Answers to all three questions may not be available quickly.

F. Krauss IPPP
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Things the LHC can do

Test 1: Spin and CP

Measuring the H-spin its decays: H — ZZ

(from S.Y.Choi et al., Phys. Lett. B 5653 (2003) 61)

(]

Basic idea: polarisations of Z bosons correlated, must be visible.

©

Check differential cross sections/distributions of Z-decay products.

©

For scalar particles, all Z polarisations contribute:
.\/l L A Eq ©EY
(including the longitudinal ones which are dominant for large my).

@ For pseudoscalar particles, only the transverse polarisations
contribute:
_ v P~ L = =)
M_ ~ 6/,,//,(7/(1 ké‘/l‘ir ~ /(1 0 (>1 X ;2)
@ Will give rise to different distributions.
o
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mechanism

Things the LHC can do

Measuring the H-spin its decays: H — ZZ

(from S.Y.Choi et al., Phys. Lett. B 5653 (2003) 61)

@ Differential cross sections:

+
dar
L&l Ap sin? 61 sin? 0y + Bg:(l + cos? 61)(1 + cos? 0s) + Cét cos 61 cos 67

d cos 67d cos 0y
AU 4t BE st CF cos2e)
de¢ ® ® ® ’

where {A, B, C}qf ¢ depend on CP state () of the Higgs boson and on ZfF couplings and kinematics.
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Things the LHC can do

Measuring the H-spin its decays: H — ZZ

(from S.Y.Choi et al., Phys. Lett. B 553 (2003) 61)

022 - -

H = 22 (1,1
My, =280 GeV

o~ o Difference between M and M_,
persists for the “normality” towers
— can rule out 0=, 11, 27 etc..

o Can rule out odd spins (17):
missing A} = 0 (Bose symmetry)

32 2=

; @ Need other decays for even spins (27)

(after 300 fo— 1)

F. Krauss
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Things the LHC can do

Test 2: Yukawa couplings

Strategy

@ Yukawa couplings ox masses — light particles (u, d, ...) hopeless
@ Typically: Extract couplings from total cross section measurements

@ As we've seen before, this is often more than challenging:
lumi/PDF uncertainties, systematics of the process itself, ...

@ Ratios might be better/more sensitive due to cancellations:
but maybe not sensitive to new physics in Higgs sector

F. Krauss IPPP
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Things the LHC can do

Some results
1
;S? S A SR PO ¢H2 | X E e ¢’(H,2)
ool —gHwW) 0o — G HwW)
= S A (H1) = e GR)
08F 08F
0.7 Th 0.7k Th
F wihout Syst. uncerainy F wihout Syst. uncerainy
0'6; 2 Experiments 0.6~ 2 Experiments
C _ -1 r _ Et
o8- IL dt=2%30 fb o8- L dt=2*300 fb
r r WBF: 2¥100 fb *
0.4~ 0.4
03 N
0.2 0.2
01f 01f
obeb bbb b b L I I T T T Y
110 120 130 140 150 160 170 180 190 110 120 130 140 150 160 170 180 190
m, [GeV] my [GeV]
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Things the LHC can do

Test 2: Yukawa couplings

Projection: From LHC to ILC

0.5 ¢
0.4 - | LHC300fb"
03 ILCS0m

02 E

Sl

0.2 E
03 E
04 = 2 2. 8y 8w 8 &
0.5 -

relative error on coupling
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The case for the ILC

Test 3: Higgs potential and self-interactions

Or: Why to build the ILC

@ It does not seem as if the Higgs
potential and the HHH

self-interactions are accessible in the Cross sections for
SM Higgs-sector at the LHC. ete™ — putp~ +4b [fb]
Of course, this is different in the Qcp HHH on HHH off
MSSM, if Mpo > 2m,,o (resonant yes 3.096(60)»10*22 6308(24)«10*3
production of the heavy Higgs) r 234(12)-1077  370418)-10™
@ |t does seem, however, as if this is i T @by i el
accessible in the SM Higgs-sector at Eur. Phys. J. C 34 (2004) 173)
the ILC, operating at 500 GeV
c.m.-energy.
i
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Motivation

Non-minimal Higgs sectors

Motivation

@ Adding one complex scalar doublet is a minimal version, why not
more fields and a more involved theory?

@ The SM Higgs-boson is under some stress from data
(EW precision wants it lighter than 100 GeV, LEP bound wants it
beyond 114 GeV).

@ In many attractive models (SUSY, extra dimensions) the Higgs
sector becomes larger - either enforced in order to make sure that all
particles gain masses in a gauge invariant way (SUSY), or through
replica of the original single doublet (ED).

@ But: Need to be careful!

Typically constraints from absence of FCNC at tree-level (charged
Higgs should couple ~ Vi, EW precision data (Ap, mass ratios of
weak bosons should be respected) etc..

-
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Zoology

The simplest solution: THDM

Basic idea
@ The idea behind the THDM is to add another Higgs doublet.

@ There are various versions (types) to do that, respecting
CP-invariance or adding CP-violation to the theory.

o Full Lagrangian introduces @(10) new parameters.

@ Most interesting THDM-II: Interesting in its own right, but mostly
because the SUSY-Higgs sector looks like a constrained THDM-II.

@ SUSY-Higgs sector described by two new parameters:
myo and tan (.

@ Indirect constraints from rare processes in K- and B-sector, EW
precision data, cosmology.

@ Will concentrate on it in the next few slides.

F. Krauss IPPP
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Zoology

Non-minimal Higgs sectors: THDM/MSSM

Theory setup: upshot

o Two doublets with two vevs: v >

V2 +v2 = v2 ~ (246GeV)?, tanfB = w/v;.
H; doublet gives mass to the up-type fermions, H, for the
down-types, both together are responsible for the gauge bosons.

©

(]

After EWSB and mixing to mass eigenstates:
5 fields (h°, H°, A®, HT) as linear combinations of original fields.

@ Immediate consequence: VVH-couplings reduced w.r.t. the SM,
f fH-coupling altered by tan 3: ddH enhanced, uuH reduced.

o Tree-level mass relations (big loop-corrections, esp. for myyo):
My = Mao + My, M+ mpy = My +m3
o At tree-level, typically: mp < mz! (after loops: mpo < 140 GeV)

F. Krauss IPPP
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Zoology

MSSM Higgs searches

Searches for h°
@ Typical feature: decays to vector bosons less dominant.

@ Relevant channels are: h® — vy, h° — ZZ — 4¢, tTh® with
h® — bb and WBF with h° — 77.

@ At small tan 3, searches very similar to the SM,
gluon fusion gg — h° a good process.

o At large tan 3, gg — h° enhanced due to b-triangle,
decays to 7's gain significance.

@ With 100 fb~! they cover nearly the full mg-tan 3 plane in each
experiment individually (with a hole around myo € [90, 130] GeV)

~
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Zoology

MSSM Higgs searches

Searches for H°/A°

@ Typical feature: decays to vector bosons less dominant.

@ At large tan 3, b-associated production is dominant, the final state
bbr7 covers a good fraction of the parameters space.
In addition, decays to pu benefit from good mass resolution
(this does not work for h® due to the Z nearby)

@ At small tan 3, A° — ZhO is a good candidate (Zhh absent in the
SM): good for mae € [200GeV, 2m;]
for ma > 2m;, both A® and H® decay predominantly into t%
— look for resonances.

F. Krauss IPPP
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Zoology

Neutral Higgs bosons at Tevatron

Discovery contours

70

60
o 50
c 1
8
40
30 h/A/H ->1T
discovery thresholds
20 1 1 1 1 1 1
120 160 200 240
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MSSM Higgs searches

Searches for H*
@ Relevant production processes: t — HTb (small my+),
H
already being studied at the Tevatron:
e BERUR | Ereliminary, Run Il Preliminary
= T T .
6150*"4':! W . pe
= "; Expected limit95% CL Expected limit 95% CL ]
S = 1p0[ Excluded  95% CL K] exciudes s5%cL 7]
) s & 140:\\ tauonic
= - % leptophobic
0.2F R 120F \‘
0.1E S S
08650 100 110 120 130 140 150 160 100 \
~ Aprreerrrrrrrr 2@ BUR I Prefiminary a 3
Lo et el Ch 80 ; .
o8 it Eggd 1 10 tan p
T 07 & :EE'E
5 :: B L Set limits on BR(H*> cs) and BR(H*» )
m:j; i = Limits on charged Higgs mass for
02 : - e - Leptophobic: ( BR(H*scs)=100%)
0.1 R + andtauonic:  ( BR(H*2>w) =100%)
80 90 100 110 120 130 140M|5l|é :ﬂan models
. IGe

F. Krauss

Phenomenology at collider experiments



More Higgs bosons

0000008000

Zoology

MSSM Higgs searches

Searches for H*

@ Relevant processes gg — tbH*, pair production and
WH*-associated production (large my-=).

@ Relevant decays: H* — v, H* — cs, HY — tb, H* — Wh°;
at larger tan 3, 7v is a good candidate.

o Interesting case: gb — H*t — 7+ + B + 2jb, 7 — v+ hadrons.
Then transverse mass of 7-jet and ¥, is a good S-B discriminator:
Yields a Jacobean peak at mpx.

F. Krauss IPPP
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MSSM Higgs searches

gb — H*t — 7= + £, +2jb, 7 — v+ hadrons
@ Tricks & cuts:

@ Only 3 high-p. jets, one b-tagged;
o use hard hadron spectrum from HE (harder than W)

(cut on 80% of visible energy reduces tt by 300, signal to 10-20%)

gb—tH’, t—jjb, H —>tv

" Signal

T [ TBackfrounds
bojel veto

pyeiet > 100 GeV
pymiss > 100 GeV
40> 1.0rad E

Events/ 12 GeV

my,=250 GeV
tanB=40 1

my,=500 GeV

/ tanB=50

100 200 300 400 500 600
my (GeV)

(from V.Buescher & K.Jakobs, Int. J. Mod. Phys. A 20 (2005) 2523)
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Zoology

MSSM-Higgs boson searches at LHC: upshot

Sensitivities in the ma-tan G plane

T & e ATLAS+CMS
45 SEAY | o 40 ”
N N 2 JL3t=30 fb7 fexp
1 & 30  Maximal mixing
40 < J& ; » B! /
A
N © ¢ 2
35 g
@
< 30
b By
25 e
6
20 s
A ~ -1 4
- CMS, 100 b
3
fittitt=1m SRSIRNRANIREEN
o |Vl maximal stop mixing ,
\ » A=>Zh—> bl
5 | squork, gluino —> H/A +X —> bb +x] S oo
Excluded by LEP i L b = 0 LG | 1
100 200 300 400 500 600 50 100 150 200 250 300 350 400 450 500
m, (Gev) ma (GeV)
(from V.Buescher & K.Jakobs, Int. J. Mod. Phys. A 20 (2005) 2523)
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Zoology

A more exotic solution: Adding extra singlets

Basic idea

o Add a further Higgs singlet ¢ (real or complex) + interactions with
the SM Higgs-sector through £ o< (®1®)(¢*¢).
(Note: No renormalisable interactions with the SM gauge sector for ¢.)
@ Typical result: mixing of the scalar fields to mass eigenstates:
o Complex ¢, no further interactions (“phantom model”):
H?, H2, massless A° (goldstone of broken U(1)),
the latter with potentially large coupling to HY.
o Complex ¢ + additional U(1): A° is eaten by Z'.
o Real ¢: H? and H?
@ Consequence: reduced couplings to SM fields - can make life hard.

@ Perversion of the above: Many singlets — can make H totally

invisible due to huge width and small coupling to individual modes.

F. Krauss IPPP
Phenomenology at collider experiments



	Reviewing the Higgs mechanism
	Basic idea of the Higgs mechanism
	Restoring unitarity of WW-scattering

	SM Higgs boson searches at colliders
	Designing Higgs boson searches
	Results from the Tevatron
	Prospects for the LHC

	Measuring the SM Higgs boson properties
	Things the LHC can do
	The case for the ILC

	Extended Higgs sectors
	Motivation
	Zoology


