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fTo generate particle masses in an SU(2) XU(1) gauge invariant way:
introduce a doublet of scalar fields ~ ® = (2,) with (0|®°|0) # 0

L',S:DMCIJTDMCIJ—,LL2<I>T<I>—)\(CIJTCIJ)2
v = (—pu2/N)1?% = 246 GeV
=> three d.o.f. for M=+ and My

For fermion masses, use same P:

,Cyuk:—fe(é, D)L<I>eR + ...

The residual degree corresponds to the spin—zero Higgs part icle, H.

JPC

e The Higgs boson: = 0" quantum numbers.

2
e Masses and self-couplings from  V : M§=2\v? gys = 3Ma

. . . M2,
e Higgs couplings o< particle masses: gug = — = opvv = 2

L Since v is known, the only free parameter in the SM is My (or )\). J

Bonn, 18/10/2010 The Higgs in the SM — A. Djouadi — p.2/21



-

o

Theory constraints from energy/ Mg range up to which the SM is valid T

e Heavy Higgs: strong W/Z interactions

< M2 ) V V
|A0(VV — VV)| M w

8mv2 2 V V
H I
(OK with lattice: Mg < 650 GeV) ?&'ﬁi  H
NVWWWWW
S 1
<3

Ag(VV — vV)| " s
= /s $1.2TeV 800

e Triviality and stability bounds:

MQ?%) = A\(v?) [1— %)\(Vz)logg—;} )

A >>1 coupling blows up (Landau pole)

A <1 potential unstable (no EWSB) 200

A~1TeV :70 <My <700 GeV

I I [ I | | I [ I [
A~ Mgyt : 130 < Mg <180 GeV {)03 106 109 101R 1015 1018
A [GeV]
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1. TheHiggsin the SM: constraintson Mg

Indirect constraints from high—precision data
H contributes to RC to W/Z masses: 62— Mg = 154 Gev

NG ol
. H < I oo
W/Z W/Z 4 in.cl. Iow_QZ. data —
Fit the EW precision measurements: ks 37 i
one obtains My = 87732 GeV, or 2 ]
My S 157 GeV at 95% CL ] ]
0 EXC.IUd.ed. .“.' . I.-" Preliminary
New Gfitter: Mg 5153 GeV@95%CL . 200
¥ Y iter].

?What top mass should be in the fit?

High precision data: on—shell mass
Tevatron: OS, MS mass? 10 GeV diff

?S—mi\ds(,u)(l [ +log £ 2—|— D

MS top mass from NNLO o (pp — tt)

Lconvert to mpole ~169 £ 3.5 GeV Langerfeld, MOCh UW@V '(UJ
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1. TheHiggsin the SM: constraintson Mg

fConstraints from Higgs non—observation at colliders (LEP/ Tevatron). T
o1 [T T T T T T L

e Direct searches at LEP: - :
“h 1 LEP
H looked forin eTe” —ZH o ’
+ Z 10 = -
e o
10 = —— Observed _
o . badground’
RN 10 = =
e~ H o 1
10 - 1153 -
We have a |imit at 95% CL: 10 -6:\ [ ‘ Ll ‘ L1 ‘ [ ‘ L1 ‘ | L1 ‘ \\\i/\//‘ [ ‘ [l \7
100 102 104 106 108 110 112 114 116 118 120
MH > 114.4 GeV MH(lGeV)
Tevatron Run |1 Preliminary, <L>=5.9fb"
e New results from the Tevatron: = B
_ = _ Exclusion
Mainly: gg—H — WW — (lvy EOp g0 o=
S0 T
D000 K CI) [ :
g H b3 ]/ OQ > ; ; :
A Q - W* 8 = : 77777777 /
g W v . ‘ W 4
OO0 / /- ~~ =
exclude Myig=158—-175 GeV 100 110 120 130 140 150 160 170 180 190 gooJ
o0 be discussed in detail later). My (Gevic)
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inggs couplings proportional to particle masses: once My is fixed, T
e the profile of the Higgs boson is determined and its decays fixe d,
e the Higgs has tendancy to decay into heaviest available part icle.

H — fFf - r_jﬁ;MH m2 33

H f=thc,r
eonly bb,cc, 77, utu~ and eventually tt <f
e QCD RC very large = mMS(MZ2)~3 GeV.

e also direct QCD (3-loops) and EW (1 Ioop). Hﬁ::vzw,z

H— VV: T = 905, 50(1 - Z +12My) V
e above 2Mj th. dominant: BRIWWW)= %, BR(ZZ)=
e My > My: very large T'vv oc M3y (T oc My =
e below th. decays possible/important ( my << MV)! Ut
H — gg/v7, Zv: loop induced o< O(a?/a?)
e heavy particles do not decouple! mainly t(W) loops H g
e H — gg: large (#2) RC; reverse of gg — H! @:
L e H — ~~: much smaller ( < a/a?) but clean!
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I'(H—X)

T(H—all) T

f Branching ratios: BR(H — X)

e 'Low mass range’, My S 130GeV:
- H — bb dominant, BR = 60-90%
-H — 7777, cC, gg BR= afew %

0
- H — ~vv,v%, BR = a few permille. '

e 'High mass range’, My 2 130 GeV: .-'
“H — WW*, ZZ* upto > 2Mw e
-H — WW, ZZ above (BR — g, g) |
~H — ttfor high Mg;BR <$20%. o}

e Total Higgs decay width:
— O(MeV) for My ~100 GeV (small) |
| 100 130 160 200 300 00 7001000
— O(TeV) for Mg ~ 1 TeV (obese). My [GeV]
HDECAY: AD, Kalinowski, Spira (95—-10). Includes all releva  nt higher orders.
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Total decay width: 'y = )  I'(H — X) T
e 'Low mass range’, Mg < 130GeV: 1,
— H — bb dominant, BR = 60-90% |
-H — 7777, cC, gg BR= a few %

100

- H — ~vv,vZ, BR = a few permille. ok

e 'High mass range’, Mg 2 130 GeV:
-H — WW* ZZ" upto 2 ZMW

-H — WW, ZZ above (BR — 5, 5) il
~H — tt for high My; BR < 20%.

0.01

e Total Higgs decay width:
- OMeV) for My ~100 GeV (small) L.+ | | L

100 130 160 200 300 500 700 1000
— O(TeV) for My ~ 1 TeV (obese). My [GeV]

HDECAY: AD, Kalinowski, Spira (95—-10). Includes all releva  nt higher orders.
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However: there are theoretical uncertainties....
e Input quark masses in H — bb, cc Tar _
pole — L . ' ]
Mg ™ — mq(s = Mn)
~my, (M) = 4.1970-03% Gev

~m,(M,) = 1.277001% GeV

DI

e Theory+experimental erroron «g :

as(M32) = 0.1171 4+ 0.0028 @NNLO

e Scale error: measure of higher orders -
%MH < " < ZMH 0.001

e Scale and ag errorsin H — gg

I'H — gg) o< a2 + large O(a?) 0o

g ¢

100 130 160 200 300 500 700 1000
MH [GGV]

e No uncertaintyonH — 77,WW,ZZ

L(QCD effects appear at high orders). J
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f However: there are theoretical uncertainties....

e Input quark masses in H — bb, cc
ME'® — g ;1 = M)

~m, (M) = 4.197) % Gev

~m (M) = 1.271) 0% Gev

e Theory+experimental erroron «g :

as(M32) = 0.1171 4+ 0.0028 @NNLO

e Scale error: measure of higher orders
My < 11 < 2Mpg

e Scale and ag errorsin H — gg

I'H — gg) < a? + large O(a?)

Include all items = large uncertainties!

0.1

0.01 g / .
100 120 140 160 180 20
MH [GGV]

Baglio,AD

Lesp. for My, ~120-150 GeV: 10-30% for H — bband H — WW* J
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3. TheHiggsat the Tevatron

e My =>140GeV : gg — H
(with H— W*W* — /lvy)
LO? already at one loop
exact NLOP : K ~2 (1.7)
EFT NLO®: good approx.
QCD: EFT NNLO: K ~3 (2)

-

EFT NNLL®: &~ +10% (5%)

EFT NLO EW': ~ =+ very small
exact NLO EW?: = + afew %
EFT NNLO QCD+EW": a few %

2Georgi et al., Ellis et al, Wilczek

°Spira+AD+Graudenz+Zerwas (exact)
°AD, Spira, Zerwas; Dawson (EFT)

9Harlander+Kilgore, Anastasiou+Melnikoy|

Ravindran+Smith+van Neerven
€Catani+de Florian+Grazzini+Nason
'AD,Gambino; Degrassi et al.
9Actis+Passarino+Sturm+Uccirati

hAnas.tasiou+BoughezaI+PietrieIIo
Bonn, 18/10/2010
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3. Higgs at the Tevatron: production

e My <140 GeV : qq — HV

qq — HW — bb/v

qq — HZ — bb/¢, bbro

qq — HW — lllvvy

LO*: = o(V*)xBR(V*—VH)
exact NLO QCD” : K ~1.4

exact NNLO QCD°: K ~1.5

exact NLOEWY :~ —5%

In practice combine ggH+HZ/HW
e pp — Hqq: bkg. too high.
e pp — Htt : rates too low.

2Glashow, Nanopoulos,Yildiz

bAltarelli et al: Han, Willenbrock
“Hamberg+van Neerven+Matsuura;

Brein+AD+Harlander
dCiccolini+Dittmaier+Kramer

Bonn, 18/10/2010

Higgs—strahlung

q

q

gluon—gluon fusion

Vector boson fusion

g 00000——— @

9 TOOOO———

10 C I I I I I | | |
: o(pp — H+ X) [pb]
[ V5 =1.96 TeV
- MSTW2008
1L ss—H m; = 173.1 GeV
qqa—WH _
ik Q@mZH e -
F qq—qqH --ooee T
—-;w_~_'..~.=:.~: .........
0.01F -
E pf)HtEH
0.001 | | | | | | | |
114 120 130 140 150 160 170 180 190 20(
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|—o The K factors are extraordinarily large: T
good: this is what makes the Tevatron sensitive to the SM Higg s!

bad: perturbation theory almost jeopardized as OLO ~ ONLO ~ ONNLO-

uggly: higher order (HO) corrections might be very importan t...

e NNLL corrections known only for inclusive cross section Otot-

— Ocuts Used experimentally is known only at NNLO  @: stick to NNLO .
— NNLL corrections mimicked by using central scale Uo = %MH

— in fact, NNLO only in EFT approach (no b-loop); exact onlyat ~ NLOP.
— Kin Oiot and Ocuts different € by ~ 25%: Kggggzz.a VS K{‘gﬂo —=3.3.
e Other remarks:

— Starting point of calculation:  HIGLU (M. Spira) based on Ref. [b].

— Recent updates  for gg — H (2009) but not for pp — HV (2004).
— Distributions not discussed, see Ref. [c]; no background n either.

2Catani+Grazzini (HNNLO), Anastasiou+Melnikov+Petriello (FEHIP)
°Spira+AD+Graudenz+Zerwas (exact NLO)
®Anastasiou, Dissertori, Grazzini, Stokli, Webber (2009)

L dde Florian+Grazzini; Anastasiou+Boughezal+Pietriello; Ahrens et al; J
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3. Higgs at Tevatron: higher ordersand scale variation

k=4 77 |
k=3

K =

1400

f Higher orders (HO) guessed by varying 1000 >

UR, WF arround central scale o= %MH: o :zgt:.“"‘ D
fo/K < PR, HF < Ko 0 BB

(only a guess, not a true measure!) w0

In general, when small HO, k=2 enough ']

(this is the case for qq — HYV e.qg.).

NNLO at pgr = pp = 58 ——

Here: Ko ~ 3 and PTh almost ruined. T T T
1 1 MH GeV
HO beyond NNLO might be still large: [GeV]
—> guess scale domain from 01,0 0 k.
1000 - ‘

For 01,0 band to catch onNTLO Value
= one needs at least Kk = 3 600 -

Apply variation with x = 3 for oNNLO
~ 20% scale uncertainty on ONNLO
(comparedto ~ 10% for onNNLL+TKE = 2)

300 A

200 -

o(gg — H) [fb]
NNLO at pg = prp = %2

compensates for 30% diff. KCUtSVS KtOt' 0 00 130 0 130 160 170 180 190 200

My [GeV]
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3. Higgs at Tevatron: PDFsand oy

2000

PDF uncertainties estimated using the 1800

o(gg — H) [b] Yrova™ —

2x20 MSTW PDF sets including errors. ! HERAPDE 100 0115
. 8 HERAPDF 1.0(ag = 0.1176) ... i
—> 5-10% PDF error (idem for CTEQ) 1200 K =

0.9
0.8 F
0.7 t

1000 L\

However, also other sets: HERA, ABKM, 200 |

JR, which are also at NNLO, so let us try: 600 06

= very large differences!! I MR_M;;};&;
(# Is also a measure of the PDF error...) o 0 o 0 200
Pb: OLO — O(Oég),.., ONNLO — O(Oé;l) M (GeV]
and og(IM2)=0.1171-40.0034 (90%CL) AR
MSTW has new set up with A**Pagin. | L2 |

Not enough: also A™a, /£0.002 (NNLO)
Include all: PDF+ A®PaPPDF+A ™
MSTW/ABKM now consistent (not HERA!).

2
00 & 6 e e 7

200 A

But total PDF error is now =~ 15-20% ! 7
(compared with = 5% for PDF alone). O s e T T T sho

My [GeV]
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To simplify (hard!) NNLO calculation
f EFT approach where Mjop > My

Good for t—loop (see R. Harlander)

Not good for b—loop ( =~ 10% at LO)

Estimate error from NLO (known exactly)

o) o
AbNNLO . Ot —ORET < KNLO

1.4

oNLO KNnNLO | N0 —
In addition: mp ole or mMS(m )’) ' 151\(I)NI§0 140 150 160 170 180 190 200
© b b b/ My [GeV]
Uncertainty of a few percent... 4
3.5
Mixed EW+QCD RadCor at NNLO: 5|
EFT approach with My ,z > Mg o
2L
Contrib. = to EW NLO in # schemes 15|

NLO-EW NLO-EW 1L ( gg — H)
ANNLO O complete factor. ?partial factor.
: NLO—_EW 0.5 | A (o8BS dew — hehation) [%]
complete factor. . |
) 120 130 140 150 160 170 180 190 200
Uncertainty of a few percent (< 3.5%) My [GeV]
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3. Higgs at Tevatron: combination

Next very important issue: how to 1600

. . z, P —
combine these theoretical errors? o INC " P _
— add scale and PDF not in quadrature! 600 |

(no stat ground; both have flat prior!)

. max
Reasonable way: calculate min 0 (,UF/R)

and apply on them PDF+ Aex+thozs errors

Attt (NNLO+EW)

In gg — H :~ 1-40% total uncertainty 100 { A (CDF/DO)

much larger than assumed by CDF/DO 20130 140 11\540}1 [éfgwl%@ 150 190 200

In pp — HV = +10% uncertainty A Y T

smaller than gg —H but x2 CDF/DO error. 10 Horetial ety

Don’t forget the error on the Higgs BR'’s! %

(to be added linearly to those on o) i /

Combination of all channels: E - /[

— assume same acceptance for all channels : 12.;\//5;/

— assume no effect of CDF/DO theory error / AL
L No Higgs mass is excluded with errors! wom e Mﬂ
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1 Higgs-strahlung Vector boson fusion
(HC: \/s=TTeV, [L=11fb" : C

o
Same production as at Tevatron: W

— rates ~ 10 times higher (, T

— much larger backgrounds gluon—gluon fusion in associated with QQ
. . -1 g 9 DOOOO——— Q
— much lower luminosity: 1 1b ::}},H b
Only: gg - H—-W*"W* — /vy g e I—
(=2 200 of Higgs signal events) "  opp—H+X) [pb]
H Htt h | Vs =T TeV
— Hqd, Op€less gg - H MSTW2008

— to much bckg from Wbb,Zbb (?) "}
Compared to the Tevatron case:

—qqH
e Smaller HO: KnnLo=2,5 ! 224331{ ..........
e Scale: k=2 enough = 15% -z
e PDF errors smaller, ~10% R

e Again 5% error from EFT
L e Include error on BR(H —WW)

0.01

1I15 1I40 1I60 1I80 2b0 360 4I00 ol
. My|GeV]
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o

(HC: \/s=T7TeV, [L=11fb~!

Same production as at Tevatron:

— rates ~ 10 times higher

— much larger backgrounds

— much lower luminosity: 1 fb~1!
Only: gg - H—-W*"W* — vy
(= 200 of Higgs signal events)

Compared to the Tevatron case:

e Smaller HO: KnnLo=2,5

e Scale: k=2 enough = 15%

® PDF errors smaller, ~10%

e Again 5% error from EFT

e Include erroron BR( H — WW)

~ +30%
excludes Myg~150—190 GeV

Combined uncertainty

Bonn, 18/10/2010

Baglio+AD

20 4, U‘(gg - H) [Pb] 1.30

— 7 TeV 1.15 A
\/5 ¢ 1.00

10 4

0.70 {~

MSTW
150 200 250 300 350 400 450 500
CMS Preliminary: projection for 7 TeV, 1 fi* Mar 17 2010
&
~ .nl H- WW  [ee, ey, pp] — 95% CL exclusion: mean
3 10 lee, el 95% CL exclusion: 68% band
o 95% CL exclusion: 95% band
o] ---- 95% CL exclusion: mean (no sys)
I
100 150 200

.. Higgsmass,m_ [Gevic?]
C. Mariotti
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Signal significance

10

o(pp — H +X) [pb] ]
Vs=14 TeV
MRST/NLO |

gg—H

| m ttH(H — bb)
A

e H - WW - Ivjj

] My [GeV]
H - yy+ WHtHH - vy)

o zzO 4l

H ',
H - ww® - vy

H - ZZ - llw

— Total significance

ATLAS

JL dt=100fb™
(no K-factors)

2 10°
m,, (GeV)

Bonn, 18/10/2010

VS=T+T=14TeV=\/5_g~+/5/3~5 TeV

LHC: L£~10fb~1 first years and 100 fb—1 later

gluon—gluon fusion:

gg — 77, bb, tt hopeless

gg — H — v (below Mg~ 150 GeV)
gg — H — Z7Z* — 4/ (130-500 GeV)
gg — H— WW — (vl (130-200 GeV
H— 7Z7Z, WW — jj+/ (above 500 GeV)

Vector boson fusion:

S/B ~ 1 after standard VBF cuts

pp — H — 77,vy, 24", WW*
Association with top pairs:

H — ~~ bonus, H — bb hopeless?
Association with W,Z:

jet substructure; measurements?

Only question: when?
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5. Conclusion

The LHC will tell.

L |
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