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Higgs at LHC and Tevatron
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» Strong discovery potential, dominant channel in Tevatron exclusion
formyg 2> 130 GeV
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» Strong discovery potential, dominant channel in Tevatron exclusion
formyg 2> 130 GeV

» Large ~ 40 : 1 background from t£ — WWbb
» Cannot reconstruct Higgs invariant mass (v)
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Higgs at LHC and Tevatron

Use jet veto to remove tt background

» Throw out events with a jet with )" > pgit
Tevatron: p5** ~ 20 GeV

LHC: p$*t ~ 25 GeV
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Higgs at LHC and Tevatron

Use jet veto to remove tt background
» Throw out events with a jet with py* > pgt
Tevatron: p5i*t ~ 20 GeV
LHC: p$*t ~ 25 GeV

Tevatron excludes mgyg ~ 165 GeV at 95% CL

» Includes channels with jets o POSAP dbia
g e . . E EIijets
» Sensitivity dominated by 0-jet sample L Sbiboson

[JMultijet

» Exclusion requires reliable theory predictions O

Recently some discussion on theory uncert: 1"2§

» Large K-factor: vary u by factor of 3 m;
» PDF set uncertainty
[Baglio, Djouadi (arXiv:1003.4266)] =0 2 ] 3
Number of jets

[DD (arXiv:1001.4481)]




Higgs and Jet Vetos
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[Anastasiou, Dissertori, Stockli (arXiv:0707.2373)]

cut __
n""=2.5 ! !
40 80 80 100
pri° [GeV]

Beam Thrust as Jet Veto

0-Jet Higgs Production
000000

Jet veto restricts
initial-state radiation
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gg — H — WW with 0 Jets

ppo H+X>WW+X-etvewv +X
T T T

300 — MRST2001 1O, MRST2004 NLO/NNLO

My/2 S g = pp < 2 M,

M, = 165 GeV

o [fb]

Soft
-
100:7 cut _2 5 L0 — .
n. =2 | | Jet veto restricts
Py [Gev] initial-state radiation

[Anastasiou, Dissertori, Stockli (arXiv:0707.2373)]

Jet veto leads to large double logarithms (if p5** < mg)

2a..C cut
o(PS) oc1 — —> A2 27 + ...
™ mg

[Extracted from Catani, de Florian, Grazzini (hep-ph/0111164)]
» Need to be summed for reliable predictions and uncertainties
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Large Jet Veto Logarithms

Cross section with jet veto p§** [with L = In(p$*t/m )]

o= 0'0{1 + Ots[C12L +c11L + c1o0 + nl(pcut)]

+
+ a®[eseL® + c35L° + cgaL* + c33L® +...]
+...}

Nonsingular terms n; (pS**

» Suppressed by O(pS*t /m g ) relative to singular terms

e.g. pi*t/mp In(p$t /mur)

Different calculations:
» Fixed order: LO, NLO,

g s
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Large Jet Veto Logarithms

Cross section with jet veto p§** [with L = In(p$*t/m )]

o = oo{l+ as[ci2L”® + c11L + c10 + n1(p3™)]
+ a?[caal* + ea3L® + ca2L? + c21L + c20 + na2(p5™))
+ a®[es6L® + e35L® + cgaL* + c33L® + ...]
+...}

Nonsingular terms n; (pS**
» Suppressed by O(p$*t /m ) relative to singular terms

e.g. pi*t/mp In(p$t /mur)

Different calculations:
» Fixed order: LO, NLO, NNLO, ...
» Monte Carlo: Parton-shower, MC@NLO
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Large Jet Veto Logarithms

Cross section with jet veto p§** [with L = In(p$*t/m )]

o = oo{l+ asfci2L” + c11L + c10 + n1(p3™)]

+ o?[caaL* + cosL® + caa L? + o + nz(pcut)]
+ ai’[Cs(jLG + e35L° + cgaL* +...]
+...}

Nonsingular terms n; (pS**
» Suppressed by O (p$** /m ) relative to singular terms

e.g. pi*t/mp In(p$t /mur)

Different calculations:
» Fixed order: LO, NLO, NNLO, ...
» Monte Carlo: Parton-shower, MC@NLO
» Resummed: LL, NLL, NLL’/,
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Large Jet Veto Logarithms

Cross section with jet veto p§** [with L = In(p$*t/m )]

o= 0'0{1 + oy [C12L +ci1L + ci0 + n1(PCUt)]

+ a?[caal* + ca3L?® + caaL? + €20 + n2(pS)]
+ ai’[Cs(jLG + e35L° + cgaL* +...]
+...}

Nonsingular terms n; (pS**
» Suppressed by O(p$*t /m ) relative to singular terms

e.g. pi*t/mp In(p$t /mur)

Different calculations:
» Fixed order: LO, NLO, NNLO, ...
» Monte Carlo: Parton-shower, MC@NLO
» Resummed: LL, NLL, NLL’, +NNLO
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Beam Thrust

We want to sum jet veto logs to higher order 147
» Phase space is complicated for jet algorithm **
— Use beam thrust: 08 7_1 %
Tom = |Ferle™ ™ = 3 (B — pZ]) o0
k k 02 i
» Central jet veto: Tom < T2 < mpy 002 = 0 2 ;

» Tem has no jet algorithm dependence 7
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Beam Thrust

We want to sum jet veto logs to higher order 1af
» Phase space is complicated for jet algorithm **
. 1 d7em
— Use beam thrust: 08 T an
0.6
Tem = Y |Prrle™™ =3 (B — Ip§l) o
k k 02
» Central jet veto: Tom < T2 < mpy 002 = 0 2 2
» Tem has no jet algorithm dependence 7
Compare to jet algorithm veto p5r Lab o - E
_ 13 — Tt = mu (P ) Y
» Exact for LL results Sz A Nl N E
cut & E S. o 3
Tout o g (P )2 e S
cm = = 3
mpg lﬁ\g 0.9 E
~ 0.8 =
eyt b E E.,=1.96TeV
» Correspondence at NNLO within oTE mu—165GeV
3% for Tevatron and 7% for LHC =N NI AT N A A A
() 20 40 60 80 100 120 140

[Using FEHIiP: Anastasiou, Petriello, Melnikov] )
p§ [GeV]
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Higgs vs. tt background using Pythia

4 g T T T 4 Cr T T T
35E — HoWW 7/ E 3.5 —— HoWW [pit|<25 [/ E
= E —e-tt / E 5 cer HoWW [ <48 1) E
> 3 ! E U“’ 3 —e - if |t <2.5 /Y E
% 2.5F / E 2 25 —e— tF | < 4.8 Sr E
= oF /7 3 9 /i'/ é
= Eq=7TeV ] £ S E
E1se M =165 GeV ] =154 /7 Ben=TTeV 3
~ E B < E: : my =165 GeV 7
_g 15 = v 1F =
c ] ° £ 3
0.5F = 0.5 el T Sy E
oBd b 2 b L3 ) Sl e L T EIE W U B
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40

Tom [GeV] P [GeV]

» Lepton selection cuts from Atlas study [arxiv:0901.0512]
Don't affect Higgs shape, affect t£ shape by 5% — 20%
» Hadronization is included, multiple parton interactions are not
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Beam Thrust Factorization Theorem

Sum large a2 In™ (Tem /mgr) Using:

Factorization theorem for Tom <€ my P
[Stewart, Tackmann, WW (arXiv:0910.0467)]

Derived using Soft-Collinear Effective Theory

W

do
a7 = Hgg(mt,mH,/J,)/dY/dta Bi(taama,ﬂ)
ta A Tem
ro(G )]
myg My
H | hard function | virtual hard corrections png ~ —img
B | beam function | virtual & real energetic ISR | ug ~ vVTemmu

» Each function depends on only one scale — use RGE to sum large logs
» Sum large w2 terms in the hard function — improves convergence
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Physical Picture of the Initial State

Measurement sets scale at which PDF is probed, ug ~ v7Temmu

;LIA changing « :LIB changing ¢ 7523
pn < pp:on-shell partons inside proton
» ISR described by PDF evolution, redistributes the momentum fraction x
pn > pp: off-shell partons inside incoming jet
» Colliding parton emits collinear and ISR
builds up jet of size ¢, where —t is transverse virtuality of colliding parton
» Wide angle emissions described by fixed-order corrections at 1 ~ up
» Small angle emissions summed by evolution: changes ¢, not « or flavor
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Cross Section at NNLL+NNLO
10 T T T T T

Ean=TTeV ]
> mpz=165GeV
o E 3
o F — full NNLO 4
~ . 41
2 0. — —- singular -
=) . 3
- NN nonsingular 3
< 0.01 R R =
o) E N - T T T 3
I SN T ]
£ 103k v 3
- E Vi 3

C " i ]

10~4 bbb s ool

0 60 80 100 120 140 160
Tem [GeV]

Nonsingular terms in our analysis

o_ns,NNLO(nm) — UNNLO(nm) _ o_s,NNLO(7-Cm)

» Suppressed by O(Tem/m ), included up to NNLO
» Cancellation between singular and nonsingular for large Tem
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Cross Section at NNLL+NNLO
10 T T T T T F T T T T T T T T
Ean=TTeV ] E o E
S mg=165GeV _ E E
o 3 E 3
o — full NNLO 4 E E
~ . 7 E =
< — - - singular - E E
=B Nl e nonsingular 3 E E
lj g N iy = f é
k] \\ ——————— 3 C B
N RN 1 E E
-8 1073 e - E E
- E Vi E £ E
C v il ] £ 3
10~4 bbb s ool 0B L b b L 3
60 80 100 120 140 160 0 i} 100
Tem [GeV] Tem [GeV]

Nonsingular terms in our analysis

o_ns,NNLO(nm) — UNNLO(nm) _ o_s,NNLO(7-Cm)

» Suppressed by O(Tem/m ), included up to NNLO

» Cancellation between singular and nonsingular for large Tem

— turn resummation off earlier using profile functions
[Ligeti, Stewart, Tackmann (arXiv:0807.1926) Abbate et. al. (arXiv:1006.3080)]

Estimating uncertainties
» Take the envelope of varying g, 115 and separately
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Higgs Production for Small Tem

Tevatron:
0.
0025 Lo
Eon=1.96TeV ]
> 0.025 mp=165GeV 3
8 B NNLL+NNLO J )
3 0.015 5 E=ENLL'+NLO 3 =
2 3 20 R NLL T
$o0.01F E =
o E E| [
N E El
3 0.005 . :
IS S T PO e s
0 10 20 30 40 50

Tem [GeV]

Large perturbative corrections

vV Vv v Y

for Higgs (peak is perturbative)

0-Jet Higgs Production
©00000

B NNLL+NNLO
E=E NLL/+NLO

E.,=1.96 TeV
my =165 GeV

20 30
T [GeV]

cm

Leptonic decay not included (multiply by branching ratio)
Radiation peaked at small T¢y, ~ 5 GeV

Resummed perturbation series converges (within uncertainty bands)
Perturbative uncertainty dominates over hadronization corrections
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Beam Thrust as Jet Veto
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Higgs Production for Small Tem
LHC at 7 TeV:

A

Eon="7TeV
= 0.4 my=165GeV
3 B NNLL+NNLO
203 E=E NLL'+NLO
RN . T
0.2
S
N
< 0.1

50
Tem [GeV]

Large perturbative corrections

vV v v Vv Y

for Higgs (peak is perturbative)

a(T5") [pb]

B NNLL+NNLO
F EEE NLL'+NLO

E.n=T7TeV
my =165 GeV

50

TE [GeV)

cm

Leptonic decay not included (multiply by branching ratio)
Radiation peaked at small T, ~ 5 GeV

Resummed perturbation series converges (within uncertainty bands)
Perturbative uncertainty dominates over hadronization corrections

0-Jet Higgs Production
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Higgs Production for Large Tem
Tevatron: LHC at 7 TeV:

0.5 T
£ Fepn=1.96TeV F Een=TTeV
0.4 mp=165GeV = mu=165GeV
= F T L
2 osf £ 6F
K o2F B4
5 E [
0.1 B NNLL (no 72)+NNLO = B NNLL (no #2)+NNLO
g == NNLO(p=mpz) E == NNLO(=muz)
% 1020730 40 50 60 70 80 10 20 30 40 50 60

Tt [GeV] Teut [GeV]

No 72 resummation and evaluating NNLO at 4 = my
» NNLL+NNLO merges with the NNLO for large Tem
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Higgs Production for Large Tem

Tevatron: LHC at 7 TeV:

0.5 eI 10 prerr e
0.4F 8f =
= E = F E
2o03F & 6= =
P R E
Eo2F Ee=1.96 TeV oy Eon=7TeV -
[y E mpy=165GeV b F my=165GeV ]
0.1F B NNLL+NNLO 25 ESS NNLL+NNLO -

H &= NNLO F &= NNLO E

0 g oAl b )3

0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160

T [GeV] Tt [GeV]

No 72 resummation and evaluating NNLO at u = my
» NNLL+NNLO merges with the NNLO for large Tem
With 72 resummation and evaluating NNLO at p = m g /2
» Increases the cross section
» w2 resummation and evaluating at . = mg /2 have very similar effect!

» Reduces uncertainties at large Tem. Tevatron: 752, LHC: 3%
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Comparison to Fixed Order

LHC at 7 TeV:
10 g AR
E Een=T7TeV E s0E Eqm=7TeV 1
8 mpy=165GeV - E mp=165GeV 3
E . 205 =
= F E E E
2 6 - — 10 —
ok 1 B =
EPR E . OF
S 4 2_,,E E
v L ] N ]
E E —200 E
2 B NNLL+NNLO E B NNLL+NNLO 1
E E=NNLO E —30F E= NNLO E
R AT TR RRTERRETRY STRRRUTETA FRRARTNI: _40F cebicnn e b oo d
0 10 20 30 40 50 0 10 20 30 50
T [GeV] T [GeV]
» NNLO evaluated at conventional pp = mygy /2

v

Central values differ by ~ 25% at 75u* = 20 GeV

> 50% at TCu = 10 GeV
NNLO scale variation underestimates uncertainty for small 7.1
Resummation is important for reliable predictions & uncertainties

v

v
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Implications for Tevatron Higgs exclusion

Tevatron:

0.5 T T 40 P Ty

Een=1.96 TeV 30E Eon=1.96TeV 3

0.4 mpg=165GeV 20% mp=165GeV ]

= E E

£ 03 S 10; E
R o OF
S 0.2 ©_10E

5 F E

—20F E

0.1 B NNLL+NNLO E B NNLL-+NNLO 1

== NNLO —30F == NNLO E

o b b b b —aobo b b b b b 4

% 10 20 30 40 50 409 10 20 30 40 0

T [GeV] T [GeV]
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Implications for Tevatron Higgs exclusion

Tevatron:

I s T = 40 T
(i L Tevptron Bun I - xpected E E¢,=1.96 TeV 7
12 . 2 30F ]
C =S.9’tb‘ [ E mpg=165GeV 3
1k 5 : 20F E
— 10p E

038 £ of

E .g E
0.6: —10; E
B —20F E
C E B NNLL+NNLO ]
04 : _30E E
; \'4 | 30¢ E= NNLO E
i T, U ST PR ETTEN FETETRTE ST IITE P
100 110 120 130 140 150 160 170 180 190 200 0 10 20 30 40 50

July 19, 2010 my (GeV) ’Tcinm [GeV]
[CDF+D@ (arXiv:1007.4587)]

» Tevatron uses £7% scale uncertainty at p5** ~ 20 GeV from NNLO
[Anastasiou, Dissertori, Grazzini, Stockli, Webber (arXiv:0905.3529)]
compared to £20% at 752t ~10 GeV uncertainty from our NNLL+NNLO

» Reweighting parton shower (LL) with NNLO might improve central value
but cannot yield better uncertainties than NNLL+NNLO
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my dependence

Tevatron: LHC at 7 TeV:

14 T T T 24“““‘““‘“\‘“““\“‘““\“““‘;
- Eon=1.96TeV ] 20 Bem=7TeV 3
: T =10GeV Ton' =20GeV. o
= 1 B NNLL+NNLO - =16 S NNLL+NNLO
= E=NNLO E £ == NNLO 3
0.8 E — E
P 1 5512 E
os E & E
g E T 8 E
© 0.4 E ° E
0.2 E 4 =
Covv b b b B ol b b b3

00 120 140 160 180 200 00 120 140 160 180 200

mpy [GeV] myg [GeV]

» Using representative cut 72t = 10 GeV for Tevatron
20 GeV for LHC

» Smaller my — smaller logs — effect of resummation smaller (relatively)
» Resummation remains important for reliable predictions & uncertainties
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Conclusions

» Jet veto needed to remove tt background in H — WW — fuéi.
» Strong jet veto leads to large logs in the cross section
— logs must be summed for reliable predictions and uncertainties
» Beam thrust Tem
» easier phase space restrictions than jet algorithm
— can sum beyond leading log
» no jet algorithm dependence
» good correspondence with pS-t
» Large perturbative uncertainties (~ 20%) should be taken
into account in Tevatron Higgs bound, and will weaken it

Thank you!
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Theoretical Uncertainty is Important

CDF: H — WHW ™ — (*{'F with no associated jet channel relative uncertainties (%)

Contribution ww._ wz zZZ tt DY Wy WHjet | g9 H| WH ZH VBF
Section :

7.0
PDF Model 7.6
Total 6.0 6.0 6.0 10.0 5.0 5.0 10.0
Acceptance :
Scale (leptons) 1.7
Scale (jets) 0.3 15
PDF Model (leptons) 2.7
PDF Model (jets) 1.1 5.5
Higher-order Diagrams 10.0 10.0 10.0 10.0 10.0 10.0 10.0
Fr Modeling 19.5
Conversion Modeling 10.0
Jet Fake Rates
(Low S/B) 220
(High S/B) 25.0
Jet Energy Scale 2.6 6.1 3.4 26.0 17.5 3.1 5.0 10.5 5.0 11.5
Lepton ID Efficiencies 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0
Trigger Efficiencies 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Luminosity 3.8 3.8 3.8 3.8 3.8 3.8 3.8 3.8 3.8
Luminosity Monitor 4.4 44 44 44 44 44 44 44 44
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