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Theory summary, G. Salam (p. 3)
L Introduction

Statistics:

» 102 talks planned

» 32 theory talks planned (10 in morning, 22 in afternoon)
» 30 theory talks given

From schedule: at 95% confidence level we can rule out the hypothesis
that theorists were equally likely to be assigned morning or afternoon slots.
Because organisers believe theorists sleep later?
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L Introduction

The topics were varied

Non-Perturbative QCD & Lattice
Perturbative Methods in QCD
Data — Theory Interface
Beyond the Standard Model
Heavy-lon Physics
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To help put together this talk I've taken a few liberties:
I've chopped, merged, or even recoloured some slides

If your plot/slide looks a little bizarre. . .



Theory summary, G. Salam (p. 5)
L Introduction

To help put together this talk I've taken a few liberties:
I've chopped, merged, or even recoloured some slides

If your plot/slide looks a little bizarre. . .

[And if I've completely misunderstood your talk,
let me know before | do the proceedings!]
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LNon—per‘(urbative

Non (or barely) perturbative QCD

Because it's what we're made of

Because it's relevant to extracting CKM & new-physics
constraints from weak hadronic decays.

Because it's far from fully explored.
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Non-perturbative

Most powerful tool is lattice QCD

Major issues:

» control of all systematics
» handling of light quarks (u,d)

2x mass spectrum (BMW, PACS-CS
2x decays (MILC, RBC/UKQCD

1x heavy-ions (HotQCD

1x BSM (Brower

+ present in many exptl. talks

~— — ~— —



Systematics in lattice calculations

+ Lattice calculations typically quote the following sources of error:

(1) Monte carlo statistics & fitting

Van de Water

(2) Tuning lattice spacing, a, and quark masses
(3] Matching lattice gauge theory to continuum QCD

%+ (Sometimes split up into relativistic errors, discretization errors, perturbation
theory, ..)

(4] Chiral extrapolation to physical up, down quark masses
(%) Extrapolation to continuum
% (Often combined with chiral extrapolation)

+ In order to verify understanding and control of systematic uncertainties in lattice
calculations, coMPARE RESULTS FOR KNOWN QUANTITIES WITH EXPERIMENT

+ Two such examples are the pion decay constant and the D—Kév form factor . . .

R.Van de Water Recent B-physics results from lattice QCD

4/23



Systematics in lattice calculations

+ Lattice calculations typically quote the following sources of error:

(1) Monte carlo statistics & fitting
AT Van de Water
(2) Tuning lattice spacing, a, and quark masses

(3] Matching lattice gauge theory to continuum QCD

%+ (Sometimes split up into relativistic errors, discretization errors, perturbation
theory, ..)

(4] Chiral extrapolation to physical up, down quark masses

Also, issue of different kinds of light-quarks:

» Staggered theoretically questioned (but works where testable)
» Wilson theoretically OK, harder computationally
» Domain-wall cleanest chiral limit, hardest computationally

[NB: need light quarks to get sensible m;]

R.Van de Water Recent B-physics results from lattice QCD 4773
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L Non-perturbative N(939) mass [Wilson fermions]

Issue of systematics

2 T T T T
L4LH'J5rq45__!—wégiﬁhﬂ+—*ﬁ"'ﬂﬁﬁ——_“ Need to control
150! » M, — true value
= | » lattice spacing a — 0
,I -
> Fodor/BMW
| - 4 am0.125fm| |
051! -——- = a=0.085fm | A
i"\physical M, » 2ax0.065fm
0 : 1 | 1 1
0.1 0.2 0.3 0.4 0.5

M [GeV]
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L Non-perturbative N(939) mass [Wilson fermions]

Issue of systematics

2 T T T T
i _ Qh . = Need to control
15¢! » M, — true value
= | » lattice spacing a — 0
% 1 Fodor/BMW 1
i e & an0125fm | | .
05 | - = aw0.085 fm Kuramashi/PACS-CS:
i’\physical M, » ax0.065 fm
il ! ! ! ! “myg = 0 is a singular point;
0.1 02 0.3 0.4

Convergence radius is mg

M2 [GeV
n [0V (m2 < 0.036 GeV?)"

Believe results once you have
multiple lattice spacings below
this. — need more CPU time
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LNon-perturbative

N(939) mass [Wilson fermions]

Results
2000 ‘n d: u‘ 1l
Fodor =
1500 | a
> I B
[}
% 1000+ | N
Ee m=mg+am, #+pm,, 156MeVsm, <410MeV
1 — experim
500 K = width e
o M mass [GeV] o
S i QCD
0 15 Kuramashj/PACS-CS . —_'— 2]
[stated complete] .
- =
1.0+ -~ A ]
T
—— -
p Input:m_,my ,mg
05k E
vector meson octet baryon decuplet baryon
00

[stated not yet complete]
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- Non-perturbative

N(939) mass [Wilson fermions]

2000

1500

1000

M[MeV]

500

Results

Fodor

ey |+ N

il

After 35 years' work,

lattice is clearly close to having cal-
culated proton mass!
~ 95% of our mass!

Consensus on control of all systematics
still needs a few months more?

[stated complete]

15

05

0.0

Kuramashi/PACS-CS
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- z
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=Tt
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p
vector meson octet baryon

s
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b
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Input:m_,my ,mg

decuplet baryon

—

[stated not yet complete]
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LNon-perturbative The Other feW % (mu7 md)?

Calculating things we don’t know

Np = 2 EM Spectrum

e QED+QCD calculation is carried out for N = 2 DWF.
o Using mii’ mi(i, mi{o value from experiment, quark masses are estimated.
o Nonperturbatively determined Z factor 1/Z,, = Z5 = 0.62(4)

MS

mT(2GeV) = 3.02(27)(19) MeV,
lzubuchi / mA5(2GeV) = 5.49(20)(34) MeV,
RBC-UKQCD ™ (2GeV) = 4.25(23)(26) MeV,
m 5 (2GeV) = 119.5(56)(74) MeV,
m./ms = 0.550(31),
m./m. = 28.10(38).

Uses domain-wall fermions (more “expensive” ):
ng = 2+ 1 results in progress.



Vb from B — wlv & lattice [staggered]

Comparison with other determinations

Moriond@cD 2008  \/an de Water

x?/d.of. =0.56
12 ‘ o | r8%
— simultaneous 4-parameter z-fit )
0= O Fermilab-MILC lattice data N
L % BABAR data rescaled by |V,| from z-fit ¢ | 5%
8_ —
T ]
S ]
4 I
27 —
+ i —t— ‘ ! | ‘ | Inations
of T L L

R. Van e INELETIL L-PIHY2ILS TESUIS U gL weLs
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Vb from B — wlv & lattice [staggered]

Comparison with other determinations

Inclusive

Exclusive

Moriond QCD 2009

Van de Water

HFAG + BNLP —e— 4.32%2?
HFAG + GGOU —e— 3.96°0%
027

HFAG + HPQCD [ 347062
0.4

HFAG + FNALMILC 04 ———8—— 360"
0.47

FNAL-MILC '08 —e— 335" 0%
036

ol b by b b by

2 25 3 3.5 4 4.5 5

3

IV, Ix10

~1-8%

~16%

+ New exclusive |Vyp| approximately 1-2 - o lower than inclusive determinations

+ Consistent with preferred values from unitarity triangle analyses

R. Van de Water

Recent B-physics results from lattice QCD

18723



Vb from B — wlv & lattice [staggered]

Comparison with other determinations

Moriond @cD 2008  \/an de Water

. HFAG + BNLP —e— 43°0% 3
Inclusive oul| T8z
HFAG + GGOU —e— 396"

027
HFAG + HPQCD e 3.4fg'gi
Exclusive w067 | ~16%
HFAG + FNAL MILC 04 ———@——| 362"
047
FNAL-MILC 08 —e— 338 2% [ -11%
0.36
PR SN SO N T NV TN TN U SN N RN S S A S S
2 25 3 3.5 4 4.5 5
IV, Ix10°

+ Newex»> Lattice agrees better with SM than inclusive methods

+ Consistl > And good description of g2 shape is powerful cross-check

T counters “questionnability” of staggered fermions
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L Non-perturbative np : new bb state just above T (HFS)

® QCD NLL approximation:  Penin

B [Eh,s — 39+ 11 (th) }§ (9a,) MeV | ]

» HPQCD and UKQCD collaborations (NRQCD)

Phys.Rev. D72, 094507 (2005)

{E}f‘ft =61+14 MeVl =t 1n(am,)Ehfs —20 MeV

o TWQCD collaboration (QCD)

Phys.Lett. B651, 171 (2007)

my, = 4.65(5) GeV

]Elﬂt =70 + 10 MeVI

is suspicious,
» Experiment:
| B = 714 £ 2.7 (syst) 33 (stat) Mev | N

A. Fenin, U of & & INR RENCONTRES DE MORIOND 2009 -p. 1271
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L Non-perturbative np : new bb state just above T (HFS)

® QCD NLL approximation:  Penin

B [Ehfs — 39+ 11 (th) }§ (9a,) MeV | ]

» HPQCD and UKQCD collaborations (NRQCD)

Phys.Rev. D72, 094507 (2005)

{E%f‘ft =61+14 MeVl =t 1n(am,)Ehfs —20 MeV

o TWQCD collaboration (QCD)

Phys.Lett. B651, 171 (2007)

h 0. — A ABR(RY C o\

lat _ ~, = .
’E = 0+ 10 M{ Challenging mix of large and small scales

# Experiment: » “Obvious” conclusion: NLL wrong?

» But not so obviously the case

EpP =714+21

L » 1. works fine. Luck or physics?

A. Fenin, U of & & INR RENCONTRES DE MORIOND 2009 —p. 1271
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- Non-perturbative

- Exotics

Exotics: much left to understand

e

(é;ﬂpt) ( ref ) @)ara‘ms‘; (mod‘es) E;ignal)

comments)

Y (4350) 7, (4051) Z(4430) X (3872)
tetraquark DD” molecule
” tetraquark D*D; molecule
£ : threshold effect
hadrocharmonium:  threshold effect e
artefact artefact I
X (4160) Y (4260) Y (4660)
_ radial hybrid (ccg)
? hybrid (ccg) e Swanson
threshold effect f W’ molecule
Y (4140) Y (3940) X (3940)
/ /
tetraquark Xed Xed
artefact
Y (4008) Z(3940) k. UA
2 Xiz tes_ts long range tests O_(1Im2)
H e e e 2l spin dynamics dynamics

states (inverted?)

B

L2

L2 A

LA B 2




Theory summary, G. Salam (p. 15)
L Prediction @ LHC

Perturbative QCD predictions

Because pQCD happens at HERA, Tevatron & LHC

Because backgrounds and signals for new physics often
involve pQCD component

And because field theory has yet to yield all its secrets
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L Prediction @ LHC
LnLo

NLO calculations

Traditional methods:

Vector-Boson Fusion
tt + jet

New Methods:

W + 3 jets
W + 3 jets
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Prediction @ LHC

LnLo

NLO: wishes & difficulties

» Missing many needed NLO computations

Campbell

An experimenter’s wishlist

B Hadron collider cross-sections one would like to know at NLO
FEurn Il Mante CGarlo Warkshap, April 2001

Single boson  Diboson Triboson Heavy flavour
W+ = 5j WW + =5j WWW + = 3j 1+ = 3j
WHib+<3i WWEbh+<3j7 WWWHbb+<33 H4+++<2j
WHE+<3i WWHa+<3 WWW 4+ +<3 T+W+<2y
Z+ =5 ZZ + = 5j T+ = 3 H+Z+<2)
Z4+bb+<3j ZEZ4+b4<3) WZZ4<3 T+ H+<2§
Z+E+<3] ZEZA+eE+<=3) ZZZ+<3j th+ < 2j

4+ < 5f 77 + < 5j bh+ < 3j
THbb+<3] gy +bb+ <3

7T+CE+ < 3)

T+ e+ < 3Jj
W&+ =55
WZ+bh+ <3
WZ +ef+< 3§
Wo+ = 35
Zy+ <
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L Prediction @ LHC
LnLO

NLO: wishes & difficulties

» Missing many needed NLO computations Campbell
An Z + jet (p; of jet) Nilsen
[ DO Run I, L=1.04 fb" —4— Data at particle level =+ Data =:=PYTHIA SO
—— MCFM NLO ==HERWIG+JIMMY  —--Scale unc.
E 20|k — PYTHIA QW
L o E (c) — Scale unc.
E Z15F
- g r
E 2y (see)+1jet+X Siof
L 65<M,<115CeV e [
E Incl.in p:/ye 2
L R,=05 1y <25 &
£ ) I 05 |
~+-Data —+Data ~—— SHERPA
— MCFM NLO == ALPGEN+PYTHIA — Scale unc.
: 0 = — Scale unc. 20 | —- Scale unc. —
E g FE 9 F .
~ a7 Z15F Z15F R
Ly =t = ]
" SEL & ¢ o8 Pl g t— s .F ,;l;:f
= Siof H Siof ~
+ef+ IO D Sop
o [ ' =
El I e :l
05 7 N SR | P 05 |7 MR | P
20 30 40 50 100 200 300 20 30 40 50 100 200 300

p, (1% jet) [GeV]

Py (1%jet) [GeV]

Only NLO gets normalisation & shape reliably correct
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L Prediction @ LHC NLO: wishes & difficulties

LnLo

» Missing many needed NLO computations Campbell

An experimenter’s wishlist
B Hadron collider cross-sections one would like to know at NLO

wun I Mante Garlo Warkshap, April 2001
Single boson Diboson Triboson Heavy flavour
W+ < 5j WW + <54 WWW + < 3j tt+ = 3j
W+bb+<3j WW+bh+<3j WWW+ ﬁ-i- +<3 H+v+<2j
Wt+E+<3i WWHaE+<3j wu'w P+ <3 T+W <2
7+ < 5) ZZ+<5j Zy 33; i+ Z+ <23
Z4bb+<3j ZZ4bh+ <3y wz.f+£ 3 4+ H+ <2y
Z+E+<8f ZZ+et+<3i ZEEZ+<3j th+< 2
+ < 5j o 4+ < 5 hbh+ < 37
25>3@NLO ~ o | o Trlgks to cancel
divergences
2>4 @ Tree 2>3 @ 1-loop (dipole subtraction)
Bottleneck
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L Prediction @ LHC NLO: wishes & difficulties

LnLo

» Missing many needed NLO computations Campbell

An experimenter’s wishlist
B Hadron collider cross-sections one would like to know at NLO

wun I Mante Garlo Warkshap, April 2001
Single boson Diboson Triboson Heavy flavour
W+ < 5j WW + <54 WWW + < 3j tt+ = 3j
W+bb+<3j WW+bh+<3j WWW+ ﬁ-i- +<3 H+v+<2j
WH+aE+<3i WW+ei+<3j wu'w Fyr+<3i H4+W+<25
7+ < 5) ZZ+<5j Zy 33; i+ Z+ <23
Z4bb+<3j ZZ4bh+ <3y wz.f+£ 3 4+ H+ <2y
Z4ei+<3] ZZ4ef+<3j ZIZZ+<3 th+< 2
+ < 5j o 4+ < 5 hbh+ < 37
25>4@NLO ~ o — o Trlgks to cancel
— divergences
2>5@ Tree 2>4 @ 1-loop (dipole subtraction)
Impossible so far!
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L preicion © LHC Vector-boson fusion @ NLO
NLO
Jaeger

+ explicit calculations revealed that
VBF reactions are perturbatively well-behaved

(moderate NLO QCD and EW corrections,
hegligible higher order and interference effects)

4+ backgrounds are well under control

sighatures of hew physics in the gauge boson sector
should be observable at the LHC

|

VBF crucial for understanding mechanism of
electroweak symmetry breaking

do/dmy[ab/GeV]

VBF (100 GeV)
|

200 400 600
my [GeV]

Barbara Jager, March 2009 p. 34 strongly interacting gauge boson systems
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L Prediction @ LHC tf + jet @ NLO
Lneo |
One of the last 2 — 3 “Les Houches” processes Weinzierl

Significant complexity:

» 450 loop diagrams

» Mass scale m;
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L Prediction @ LHC tf + jet @ NLO
Lneo
One of the last 2 — 3 “Les Houches” processes Weinzierl
0.04 T
Aty pp — tiHet+X — =
oz | V5 =1.96 TeV 1 Significant complexity:
0 PT jot > 20GeV 4 » 450 loop diagrams

—0.02

» Mass scale m;

—0.04 | .

—0.06 | 4
Forwards-backwards asymmetry

—_— e —
—UsT _ (non-zero only with jets)
'O 1 | —— NLO (CTEQGM) |
: s LO (CTEQSLI) » Strongly diluted by NLO
—0.12 L
0.1 1 10 |» Calls for physical explanation
1) my

tgi
o

q q q q

EEt
P

>
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L Prediction @ LHC New methods
LnLO

Traditional methods grow factorially in complexity with
increasing number of legs.

(e.g. 2 — 3 = 5-legs had 450 loop diags).

New methods do away with Feynman diagrams.
Instead use hidden secrets of field theory for loops
(initiated by Bern, Dixon & Kosower, over 15 years ago)
BlackHat <~ Maitre

Rocket < Melnikov
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L Prediction © LHC Loop ingredients

LnLO

* Important steps include Melnikov
» The idea introduced by Bern,Dixon,Kosower

» Cuts w.r.t. loop momentum give (box)
coefficients directly (Cachazo, Britto, Fengq)

* Ossola-Pittau-Papadopoulos (OPP) tensor
integral reduction technique

» The OPP procedure meshes well with unitarity
(Ellis, Kunszt, Giele)

* D-dimensional unitarity (Giele, Kunszt, K.M.)
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L Prediction © LHC Loop ingredients

LnLO

* Important steps include Melnikov
» The idea introduced by Bern,Dixon,Kosower

» Cuts w.r.t. loop momentum give (box)
coefficients directly (Cachazo, Britto, Fengq)

* Ossola-Pittau-Papadopoulos (OPP) tensor
integral reduction technique

» The OPP procedure meshes well with unitarity
(Ellis, Kunszt, Giele)

* D-dimensional unitarity (Giele, Kunszt, K.M.)

Basic idea: instead of doing loop integrals,

Sew together tree-amplitudes at (specially-chosen) fixed
internal momenta
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L Prediction © LHC Loop ingredients

LnLO

Blackhat/Maitre

« Uses new progress in the use of unitarity techniques,

spinor formalism, complex momenta
[Ossola,Papadopoulos,Pittau;Forde;Badger]

- Cut containing part: 4 Dim, using Forde's method

- Rational part: 1- loop recursion ( reuse of lower point
results ) [Berger,Bern,Dixon,Forde Kosower]

* Advantages of unitarity vs Feynman diagrams

- Work with simpler on-shell objects — numerically more
stable

- Unitarity method scales better with increasing number
external legs
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L Prediction @ LHC Power of the methods

LnLO

—

—

» Currently, Rocket can compute the following one-
loop amplitudes Melnikov

* N-gluon scattering amplitudes

« two quark (massless and massive)+ N-gluon
scattering amplitudes

* W boson + two quarks + N-gluons
* W boson + four quarks + 1 gluon
tt+Ngluons, ttgqg+N gluons (Schulze)
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L Prediction @ LHC Power of the methods

LnLO

—

—

» Currently, Rocket can compute the following one-
loop amplitudes Melnikov
* N-gluon scattering amplitudes

« two quark (massless and massive)+ N-gluon
scattering amplitudes

* W boson + two quarks + N-gluons
* W boson + four quarks + 1 gluon
tt+Ngluons, ttgqg+N gluons (Schulze)

Note appearance of “/N gluons”

This changes the nature of the (1-loop) game

Note also: extra quarks are harder. . .
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L Prediction @ LHC
LnLo

What seems realistic with these methods?
» 2 — 4 and 2 — 5 processes Any more seems too slow?
» In large-N, limit for now

» One bottleneck is combination with real radiation
Blackhat «<» Sherpa, Rocket <+ MCFM

What have they achieved so far?

» Blackhat: pp — W + 3-jets, at large N., all subprocesses
except fermion loops good to a few %

» Rocket: pp — W + 3-jets, at large N, just Wqqggg
subprocess, w/o fermion loop good to 20-30%
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L Prediction @ LHC N LO W—|—3—jet Results

L nLo
All channels, leading N, Waqqggg channels, leading N,
20 30 40 50 60 70 80 90 : LHC
LT T | T T | T ] E Lo
1 -- 1O 107 NLo
10 — I
~%E — NLO 1 3,
S f - CDFdata 1 $ 10
g 1 7
= 0 1 z 10 .
T - s . Melnikov/Rocket
E 3 10
~ F E 12
g F ] X 08 L'_‘—\—\\‘i‘_\“_\_‘_‘
. 1 04
s Ll . ST _ 200 400 600 800 1000 1200
0" | Maitre/Blackhat E Hy [GeV]
E BlackHat+Sherpa B
L ! L } ' } L ! L } " } L 360 5
25_—— Iégé]f;ED NLO scale dependence LO seale dependence _E g ggg NtO —
].5; é ;Zi h
E 3 &
LE e b;
0.5; é
C 1 1 L L 1 L Il 4
20 30 40 50 60 70 80 90 x
Third Jet B, [ GeV |
80 120 160 200 240
u
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L Predicti

on @ LHC NLO W+3-jet Results
LnLo
All channels, leading N, Waqqggg channels, leading N,
20 30 40 50 60 70 80 90 LHC
T T T T | T T T T T | T T ] = 1 Lo
| --- 1O £ 10 NO ——
_ WIF — NLO E 3,
> CDF data 310
§ < 10° '
T s Melnikov/Rocket
0
'?.- 5 * gi Lﬁ_\—‘\‘“"_\‘:—\_,—‘
s T H )
w g g 200 400 600 800 1000 1200
10°F | Maitre/Blackhat Hy [GeV]
BlackHat+Sherpa
Pl R PR ST S 360
25_—.— Iégé]flﬁgo NLO scale dependence LO scale dependence g ggg S th
g E
L . T
b T These represent major steps forward —
* Start of a new era in NLO calculations
. . | 200 240
(expect progress on remaining technical issues)




Theory summary, G. Salam (p. 25)
L Prediction @ LHC

Lneo
NLO is not our only way of predicting

» NLO + parton shower White, MC@NLO
» pr resummation of logarithmic enhancements Ferrera
> Tree-level, & large-multiplicity approximations Andersen
Unintegrated parton distributions / forward jets Hautmann
» NNLO Ferrera: exclusive pp — Z @ NNLO
Heslop: N=4 SUSY multi-leg two-loop
> Barely perturbative physics of pp and pA collisions Pierog
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L Prediction @ LHC

Lneo
NLO is not our only way of predicting
» NLO —+ parton shower White, MC@GNLO
Wt production
Issue is that NLO to pp — Wt includes pp — Wib
This interferes with non-resonant tt.
Non-trivial problem, and important addition to MC@NLO
» pr resummation of logarithmic enhancements Ferrera
> Tree-level, & large-multiplicity approximations Andersen
Unintegrated parton distributions / forward jets Hautmann
» NNLO Ferrera: exclusive pp — Z @ NNLO
Heslop: N=4 SUSY multi-leg two-loop
» Barely perturbative physics of pp and pA collisions Pierog
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L Prediction @ LHC

Lneo
NLO is not our only way of predicting
» NLO + parton shower White, MC@NLO
» p7 resummation of logarithmic enhancements Ferrera
Z/~v* p distribution
p: resummation is important ingredient for Higgs @ LHC (H —
)
Validation with Z is key for validation. Intermediate results
(NLL+LO) shown as step to accurate NNLL+NLO prediction.
> Tree-level, & large-multiplicity approximations Andersen
Unintegrated parton distributions / forward jets Hautmann
» NNLO Ferrera: exclusive pp — Z @ NNLO
Heslop: N=4 SUSY multi-leg two-loop
» Rarelv nertiirhative nhvecice af nn and nA calliciance Piarac
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L Prediction @ LHC

Lneo
NLO is not our only way of predicting

» NLO + parton shower White, MC@NLO
» p7 resummation of logarithmic enhancements Ferrera
> Tree-level, & large-multiplicity approximations Andersen
Unintegrated parton distributions / forward jets Hautmann
» NNLO Ferrera: exclusive pp — Z @ NNLO
Heslop: N=4 SUSY multi-leg two-loop
> Barely perturbative physics of pp and pA collisions Pierog
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L Prediction @ LHC

Lneo
NLO is not our only way of predicting

» NLO + parton shower White, MC@NLO
» pr resummation of logarithmic enhancements Ferrera
> Tree-level, & large-multiplicity approximations Andersen
Unintegrated parton distributions / forward jets Hautmann
» NNLO Ferrera: exclusive pp — Z @ NNLO
Heslop: N=4 SUSY multi-leg two-loop
> Barely perturbative physics of pp and pA collisions Pierog
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L Prediction @ LHC

Lneo
NLO is not our only way of predicting

» NLO + parton shower White, MC@NLO
» pr resummation of logarithmic enhancements Ferrera
> Tree-level, & large-multiplicity approximations Andersen
Unintegrated parton distributions / forward jets Hautmann
» NNLO Ferrera: exclusive pp — Z @ NNLO
Heslop: N=4 SUSY multi-leg two-loop
» Barely perturbative physics of pp and pA collisions Pierog

EPOS Monte Carlo for min-bias physics

Multiple binary parton-parton interactions, with energy-sharing,
remnants, screening & shadowing.

For particle physics & cosmic-ray air showers




Theory summary, G. Salam (p. 26)

L prediction @ LHC Multi-jet predictions (H + jets)

LnLO

Premise:

Tools for predicting multi-jet final states exist.

But it’s not always easy to get the answer you need.

R e



Theory summary, G. Salam (p. 26)

L prediction @ LHC Multi-jet predictions (H + jets)

LnLO

Andersen: Alternative to

Madgraph — Alpgen —
! Sherpa — HELAC-Helas

TO0T00C0000 K,

CO0T0G000T " %
TO000T000T ™ K

AWRA,
multi-jet predictions.

On grounds that they can't
# Jets in Hjj @ LHC easily reach very high jet-
T T T T T T T T T T T T T T
multiplicities (with H).

— Resummed and matched
Iy, ¥, 1=4:2i y <5
V¥, <0 P pa0GeY, R=0.8 Uses Fadin-Kuraev-Lipatov ap-
prox. (large rapidities)
Compares well to

150

o

100
exact tree-level

J

50

Andersen Applied to Hjj (admixes with
0 2 3 4 5 ww — H)

-
I
[}
]



Theory summary, G. Salam (p. 26)

L prediction @ LHC Multi-jet predictions (H + jets)

LnLO

—

. i Andersen: Alternative to

Tk,

=
c s
=) =3

Comments:

> Are approximation uncertainties smaller than intrinsic LO tree?

‘|» Here they seem to be.
°” — interesting complement to “fixed-order” methods.

nt
et-

» And better treatment of virtual corrections?

» For future: relevant/generalisable to other processes?
—————Tsrmed R maEned - v 7

v,y 1>4.2; ly[<4.5
v,Y,<0 plii>406ev, R=0.6

a,lib]
n
3

L

Uses Fadin-Kuraev-Lipatov ap-
prox. (large rapidities)
Compares well to

150

o

100
exact tree-level

J

50

Andersen Applied to Hjj (admixes with
2 3 4 5 6 ww — H)

# jets




Theory summary, G. Salam (p. 26)

L Prediction @ LHC

Multi-jet predictions (H + jets)

LnLO
. . i . Andersen: Alternative to
L L | 4
£ ... 2 ...|Need for special care / BFKL-type effects also em-
hanven, sk, o4 Phasized by Hautmann:
5 107
L g —— CASCADE ® TEUS
= 10°% L HERWIG - = ,
= h't
. X 10°
# Jets 2 bt
Eosof T T o 10°
T T I 1030 L L
2““:_ w02l 1710%<x<310* [ 310%:<x<510° [ 510%<x<110° p
o 5 . . . . . . .
100:— ‘z L —— to
B 2 el
5DI 2 1 1 I 1 I 1 1 1 1
1 2 3 1 2 3 1 2 3 ith
Andersen A0 a Hautmann as
0 2 3

24

# jets



Theory summary, G. Salam (p. 27)

Cpredicion 0 LHC Push to higher accuracy
NLO .
Heslop

(N=4 SUSY,

MHV)

(Can 2-loop (NNLO ingredient) diagrams be calculated easily? |
And multiloop?

Heslop discussed remarkable patterns found in supersymmetric
“Maximal-Helicity-Violating” (MHV) amplitudes: relation to sim-
pler “Wilson Loops”




Theory summary, G. Salam (p. 27)
L Prediction @ LHC
LnLo

Push to higher accuracy

Evidence so

Number

Heslop

far... (N=4 SUSY,

of loops
inﬁnity¢ @ @ o 6 6 o

A N

amplitude calculated at strong coupling
(using string theory via AdS/CFT correspondence)

amplitude=Wilson loop
[Alday, Maldacena 2007]

L

5 6 7 8 infinity

Number of points n

MHV)




Theory summary, G. Salam (p. 27)
L Prediction @ LHC

LnLO

Push to higher accuracy

Evidence so far...

Number

of loops
inﬁnity¢

4-points 1 loop Wilson loop = amplitude
[Green, Schwarz, Brink 1982]
[Drummond Henn Korchemsky Sokatchev 20071

L

T T T T T T
4 5 6 7 8 infinity

Number of points n

Heslop

(N=4 SUSY,

MHV)




Theory summary, G. Salam (p. 27)

L Prediction @ LHC

LnLO

Push to high

€r accuracy

Evidence so far...

Number

of loops
inﬁnity¢

1-loop, all n, Wilson loop = amplitude
[Brandhuber Travaglini PH 2007]
[Bern Dixon Dunbar Kosower 1994]

#

©

Heslop
(N=4 SUsY,
MHV)

infinity

Number of points n




Theory summary, G. Salam (p. 27)

L Prediction © LHC Push to higher accuracy

LnLO

Evidence so far...

Number

of loops
inﬁnity¢ @ @ @ @ @ c o o

2-loops, 4 points, Wilson loop = amplitude

[Drummond, Henn, Korchemsky, Sokatchewv 2007]

3] [Bern?wsky Yan 1997]

' ® © O] O] © -

s o o

L

Heslop
(N=4 SUsY,
MHV)

I
infinity

Number of points n




Theory summary, G. Salam (p. 27)

L Prediction © LHC Push to higher accuracy

LnLO

. Heslop
Evidence so far... (N=4 SUSY,

MHV)

Number

of loops
inﬁnity¢

Dual conformal symmmetry (4,5 points all loops)
(2-loop, 5-pt)

Wilson loop = amplitude

[Drummond, Henn, Korchemsky, Sockatchev 2007]

[Cachazo Spradlin Veolowich 2006,
Bern Czakon Kosower Roiban Smirnov 2006]

® © © ----

@ @ © @ 9w@
C © © @ e

L

T - = T
4 5 6 7 8 infinity

Number of points n




Theory summary, G. Salam (p. 27)
L Prediction @ LHC
LnLo

Push to higher accuracy

Evidence so far...

Number

of loops
inﬁnity¢

@ @ © @ 9w@
C © © @ e

©

©

©

Heslop

(N=4 SUSY,

(2-loop, 6—pt) Wilson loop = amplitude

Ry =R, #+ 0

[Drummond Henn Korchemsky Sckatchev 2008]

©
O]

<

®

©

[Bern Dixon Kosower Roiban Spradlin Vergu Volowvich 2008]

s o o o

L

s

I
infinity

Number of points n

MHV)




Theory summary, G. Salam (p. 27)

L Prediction © LHC Push to higher accuracy

LnLO

Heslop

(N=4 SUSY,

Number

of loops
inﬁnity¢

© © © @ -

e000

(=) two-loop Wilson loop computed for all n

[Anastasiou Brandhuber Khoze Spence Trawvaglini PH]

© N

© © i\ W e
©

@ ©@ @ @ oe@

® ® © ----

T T - T >

T
4 5 6 7 8 infinity

Number of points n

MHV)




Theory summary, G. Salam (p. 27)

L Prediction @ LHC
LnLO

Push to higher accuracy

Number

of loops
inﬁnity¢

@ ©@ @ @ oe@

Heslop

(N=4 SUSY,

© 0 0 0

(=) two-loop Wilson loop computed for all n

[Anastasiou Brandhuber Khoze Spence Trawvaglini PH]

© N

© © i\ W e

MHV)

This is very theoretical!

But it is the kind of progress that in 15 years’ time
may contribute to our reaching % accuracy in LHC

predictions.




Theory summary, G. Salam (p. 28)
LData < Theory

—

(Collider) Data «<—— Theory

Because interface is crucial to getting best out of both

Topics were quite varied:

EW fits
Higgs Bounds
PDF fits
Improved LHC VH, H — bb search



Gfitter: a new program as alternative to Zfitter

» Validated against Zfitter

T =SS "
o standard fit: ¥? ./n,. =16.4/13
o complete fit: xz . /n,  =18.0/14

Complete fit

> p-value evaluated
using toy-MC

b Toysnayus
B vovansiyais oxet. mes. arrars

Number of oy cxperiments
g6 &5 €& ¥
-vaiue for (data 1SW)

Jea

Duslus = 017+ 0008
e B 8004

g

I T R T T T

» Probability for wrongly rejecting SM: (21.71-0.4)%
o No indication of new physics

» Pull values of complete fit:
o largest ¥, contribution from A_, of b-quark 2.60

o Small contributions from M, Aar=4(M_), m_ m,
indicate that their input accuracies exceed fit
requirements

» Complete fit results in backup slides

A

A(LEP)
A(SLD}
sinfop@ )
A

a

Ste Ize r Revisiting the Global EW Fit with Gfitter - Moriond 17th March 2009

€l fitter su

ANRRA AR ALN et RAL ) AL B
:2

uMmMm\unrmlmulmuln
-3 -2 1 0 1 2 3

(0, -0 T
6

01
0.2
1.7
-1.0
-0.8
03
-1.9
-0.8
0.9
2.6
-0.1
0.6
0.0
-0.8
-0.1
-1.4
-0.1
0.0
-0.0
0.4



Gfitter: a new program as alternative to Zfitter
» Validated against Zfitter

Higgs mass result:
» M, from standard fit: 3’

M, =82. 8*32 GeV
o 20 and 3o interval: [41, 158] and [28, 211] GeV
o (Previously: M —80+30 GeV )

Sk,

o Fitinput for My, is
o Central value t1o:

Theory uncertainty 1
— Fit including heory otrore
<2 Fit excluding theory errors

B e N @ s > e @ B

» Shift of mean and intervals up by about 3GeV ’ M. [G6V]




Gfitter: a new program as alternative to Zfitter
» Validated against Zfitter

Higgs mass result:
» M, from standard fit:
o Fitinput for My, is gurprelimina

o Central value 10:f§ M, = 82. 8+;g GeV

o 20 and 3o interval: [41, 158] and [28, 211] GeV e
o (Previously: M, =807 GeV ) X Thaony ncera e |

— Fitincluding theory orrore
«es- Fit excluding theory errors

» Shift of mean and intervals up by about 3GeV ’ e

Tevatron’s fit:

Kehoe:  m,=9035GeV

Robert Kehoe (SMU) - Tevatron Top Mass Measurements




Gfitter: a new program as alternative to Zfitter
» Validated against Zfitter

Higgs mass result wi

th LEP and Tevatron exclusions:

.

Tevatron exclusion at 95% CL.

Theory uncertainty
— Fitincluding theory errors
--- Fit excluding theory errors

Higgs searches).

. M, =116 GeV

o

1
200

L
250

300

M, [GeV]

Tevatron’s fit:

Kehoe:  m,=9035GeV

Robert Kehoe (SMU) - Tevatron Top Mass Measurements

Ax? as a function of My, for the complete fit
_ [ifterliy - (including the latest results from the direct




HiggsBounds:

led in HiggsBounds

Incorporate results of all experimental K. Williams
searches into single package, for testing new
models, new SM X-sections.

Q e e

Q ete
Q ete
Q e
Q ete

and Higgs pair production

Q e
Q ete
Q ete
Q e
Q ete
Q ete

= (h)Z — (bb)Z Tevatron search topologies
h)Z — (777)Z

—( pp — WH — Ilvbb
— (hg — hih;))Z — (bbbb)Z

(

(

pp — WH — WHw- w*
— (he — hih)Z — (7F7 77 77)Z pp — ZH — I+1—bb
— (he — hihi)Z — (bE)(T+T7)Z pp — ZH — vizbb

pp — WH/ZH — bb + S (SM)
PP — H— W+ W— — '

pp — bH,H — bb

h:i) — (bbbb)
hehi) — (7577 7777)

(he
—(
— (h — hihi)h; — (bbbb)bb
(
(
(

—

¢ € © © ¢ ¢ ¢ ¢

pp— H — 77—

— (he — hihi)hi — (75 )T
@ pp — H/HW/HZ/H via VBF,H — 7t 7= (SM)

@ pp—+ H/HW/HZ/H via VBF, H — ~~

— (he — bb)(hi — 7777)

— (he — 7577 )(h; — bb)
@ combined Higgs production and decay (SM)

(+ hadronic remainders)

Karina Williams (Bonn) HiggsBounds 15th March 2009 8 /16



HiggsBounds:

led in HiggsBounds

Incorporate results of all experimental K. Williams

searches into single package, for testing new
models, new SM X-sections.

Q@ e'e — (h)Z — (bb)Z Tevatron search topologies

Q ete
Q ete

Q ete” — (he — hih)Z — (rHr 7H77)Z
Q@ ee — (he — hihi)Z — (bb)(TH77)Z
and Higgs pair production

Q@ eTe” — (heh) — (7777 7777)

—(
— (
(
(

h)Z — (777)Z
hie — hih;)Z — (bbbb)Z

pp — WH — Ilvbb

pp — WH — Wrw—w

pp — ZH — I+*iI—bb

pp — ZH — vizbb

pp — WH/ZH — bb + EM'* (SM)
pp— H— WHW— — [T~
pp — bH,H — bb

hih:;) — (bbbb)

¢ € © © ¢ ¢ ¢ ¢

_ -
h bobh [ANNNAYNN pp— H—"r

An impressive and valuable collation of information!

Greatly facilitates task of exploring new models.

And allows easy inclusion of latest theory developments.

U nadronicremarnders)

Karina Williams (Bonn) HiggsBounds 15th March 2009 8 /16



Example 1: Effect of new SM gluon fusion cross sections

New results for pp — gg — H, which include
@ mixed QCD-electroweak corrections.
@ more recent PDFs and K-factors

(see C.Anastasiou, R.Boughezal, R.Petriello 2009 and refs. therein)

Using HiggsBounds to see the effect on the Tevatron exclusions:

10 10
gf..n T T Lurrent COF & DO'combined result - 4 9 LT\ improved SM prediction & MSTW 2008 PDFs - -—
8l (a) improved SM prediction & MRST 2008 PDFs == 8 [ (b) PDF error band ==---=- N
7 improved SM prediction & MSTW 2008 PDFs - 7
[ [
Z s 5
=
m 4 2 4
X 3
=N
“z
£ 2 2
=
=
x
L g 1
0.9 09
0.8 0.8
125 130 135 140 145 150 156 160 165 170 175 180 185 190 195200 125 130 135 140 145 150 155 160 165 170 175 180 185 190 195 200
myr [GeV] my [GeV]

In the legend, ‘current’ means before Thursday!

Karina Williams (Bonn) HiggsBounds 15th March 2009 12 /16



Theory summary, G. Salam (p. 32)

L Data <+ Theory P D FS

PDFs (and their uncertainties) are crucial input
to nearly all Tevatron & LHC studies

Issues in traditional PDF fits (CTEQ/MSTW):
» Estimation of uncertainties, done by (arbitrary?) §x? ~ 50

» Parametrisation bias




Theory summary, G. Salam (p. 32)
" PDFs

Data <+ Theory

The Neural Monte Carlo - N\NPDF: Del Debbio

Experimental data

NNPDF:
» Individual fits to many Monte Carlo replica experiments to get
ensemble of PDFs (i.e. direct measure of uncertainties)

> Use neural-network as a way of providing bias-free parametrisations
of PDFs

s
the probability density b i




Theory summary, G

. Salam (p. 33)
LData « Theory NNPDF reSU|tS
1.2 )
ééﬂ NNPDF1.0 up quark PDF
. %/Aﬁ//i NNPDF1.0 [bench*]
¢ %%%‘* [T mrsT2001E in normal fits &
08 iii %242 MRST bench
Ul
& ol
<] Lo >
_’_::_ 0.6 %@.@

s e
Ry % h
e I
X ety
g;'.”:itva:v.v:%'-n i

} III"ln

) P
PR S
0.4 % S

o
aty!

ARt
5

%
5

10°

.
10"

!

o

.o.~..f&_’,‘g‘gi¢‘?__ 1 |“
// 7 |
. i

“benchmark” com-

parison fits (reduced
data-set)

(NNPDF, unlike MRST
bench: errors in-

crease with reduced

10° 10"
X

NNPDF status:

data)

» Still needs inclusion of heavy-quark effects & pp data
» Once this is done, it will be a serious (superior?) competitor to
CTEQ & MSTW.




Theory summary, G. Salam (p. 34)

L Data < Theory pp — VH, Higgs— bb @ LHC

9] 7

As well as using data to get theory
information, can we try to use theory to
help us get better data?

i = T




Theory summary, G. Salam (p. 34)

L Data < Theory pp — VH, Higgs— bb @ LHC

ATLAS TDR: all p; . Rubin: high-p; y
H

e
2 1500 "a180fF (g o “ a5
S i . 2% (d) mqq
> i ®160F SAB= 5.9 ~V+jets
= — F o )
L%) L >140:_|n112128GeV " :VV .
L 8 C =V+Higgs
1000 |— 0120 "
i 0n100f . =
L -
L c b
L 2 8o
500 |— 60
i 40f
L . E
r N 20
L Ll
o - - %2040 60 80 100120140160 180 20
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Theory summary, G. Salam (p. 34)

L Data < Theory pp — VH, Higgs— bb @ LHC

ATLAS TDR: all p;

1500

4 GeV

! t

» Selection of high-p; subset of Higgs
bosons

» Theory-inspired jet substructure
techniques

Make it possible to recover clearer &

more Higgs significant signal?

These ideas may well be useful
elsewhere too. ..

o] —
. . | /b
Rubin: high-p; )
//H
w
el v
2150 (o) Mo T
™160F SNB = 5.9 =Vi+jets
>140:_|n112—128GeV " :VV ]
8 E =V+Higgs
&120F .
‘7100 . —
a
S aok-
2 80}
60F-
40F
20
%20 40 60 80 100120 140160 180 20

Mass (GeV)



Theory summary, G. Salam (p. 35)

LData < Theory Theory < data

LHC WH, H — bb example looks a lot like many currently searches.

huge backgrounds
similar signal and background distribution

Currently: near-universal reliance on neural networks to improve S/B

NNs are very non-transparent



Theory summary, G. Salam (p. 35)

LData < Theory Theory < data

—

LHC WH, H — bb example looks a lot like many currently searches.

huge backgrounds
similar signal and background distribution

Currently: near-universal reliance on neural networks to improve S/B

NNs are very non-transparent

A suggestion for a rule of thumb:

If NN improves signal by (say) 20%: then also show cut-based
analysis — it'll be a lot more convincing.

If NN improves signal by (say) x2: then figure out a “plain”
analysis that takes advantage of the corresponding physics.




Theory summary, G. Salam (p. 36)
Lgsm

New Phenomena:

Theories we don't yet know: Beyond Standard Model
(BSM)

A theory we do know (QCD), with yet-to-be
discovered exotic behaviour? In Heavy-lon Collisions.



Theory summary, G. Salam (p. 37)
Lgsm

BSM



Theory summary, G. Salam (p. 38)
Lgsm BSM

Issues

» SUSY: how do we break it? Lalak

» Strongly-interacting models: how do we say anything about them?
Brower

» Other simple models? Kanemura



Theory summary, G. Salam (p. 38)

LBsm BSM
Issues
» SUSY: how do we break it? Lalak

» Strongly-interacting models: how do we say anything about them?
Brower

» Other simple models? Kanemura

# Tramsmission of supersymmetry breakdown may
easily be a mixture of many schemes - the gauge-

gravity system a good example Lalak




Theory summary, G. Salam (p. 38)

LBsm BSM
Issues
» SUSY: how do we break it? Lalak

» Strongly-interacting models: how do we say anything about them?
Brower

» Other simple models? Kanemura



Theory summary, G. Salam (p. 39)

L gsm Lattice for BSM: Brower

One of the most economical ideas for explaining electroweak scale:

The Higgs is composite (a bit like a pion).
Its mass is generated by non-perturbative dynamics of a new QCD-like
theory “technicolour”.

Technicolour is generally considered to be excluded
(calculations assume it behaves similarly to QCD).

But suppose technicolour is only marginally similar to QCD? Will it still be
excluded? Only way to tell is by lattice calculations.

[it's not irrelevant that we start, finally, to have full
control of systematics in QCD lattice calculations]



Theory summary, G. Salam (p. 40) ..
Lgsm TeV origin for v-mass, DM, baryon asym

Neutrino mass from loop effects

w1
/I: |\ H 3
v/ YH/ Ly ol %y Y~ Co L (Vev)2
e 570\ 1602 ) 1 TeV
e\ Vel
W N, P Cij ~ yiyj (SM Yukawa couplings)

Predictions in Higgs physics and DM physics
Invisible decay of SM-like h
Direct search of DM
Light H* scenario
Type-X Yukawa coupling (Leptonic Higgs)
Non-decoupling property of $*
Testable at experiments

Distinguishable from SM, MSSM, Type-Il 2ZHDM, etc
by the experiment at LHC, ILC etc Kanemura




Theory summary, G. Salam (p. 41)
HIC

Heavy-lon
Collisions

they produce a
hot dense “medium’
(quark-gluon plasma)

3]
P
=
©
P
]
o
5
—

: Early Universe

Critical Point

Hadron Gas

/ Vacuum

The Phases of QCD

Schmidt

Color/_

Supercoﬁductor

Nuclear
Matter Neutron

900 MeV
Baryon Chemical Potential



Theory summary, G. Salam (p. 42)
Lhic

HIC Questions

Can we understand the “medium”?

Can we model/calculate the medium in detail?
Greiner, Schmidt [Kerbikov]

Can we learn something about it with probes that traverse it?
Ferreiro, Salgado, Zakharov

Might the medium surprise us?
Warringa



Theory summary, G. Salam (p. 43)

Lhic Lattice Equation of State

« start from Taylor expansion of the pressure,

p 1 udys (Hu\* (BT (s )"
7 = 20V Do) = 3% () (7) ()
.,
e calculate expansion coefficients for fixed temperature

0.12 - : ‘ ‘
Cu n=2+1,m =220 MeV —m
01t 4 ne=2, m=770 MeV —m— 1
: filled: ne=4
008 open: n=6 - n n .
This (with other plots), provides
008y Schmidti a “lattice” hint for the existence
004 | of a critical point.
002 |
T[MeV]
O L



Theory summary, G. Salam (p. 44)

Lric Microscopic description of plasma

BAMPS: Boltzmann Approach of MultiParton Scatterings
Z. Xu and C. Greiner, PRC 71, 064901 (2005); 76, 024911 (2007)

A transport algorithm solving the Boltzmann-Equations for
on-shell partons with pQCD interactions

p”a#f(xi p) = ngagg(x’ p) + ng(—)ggg (Xsp)

Greiner ' t
(Z)MPC, VNI/BMS, AMPT B 1100 T2 (e S o

scorrections**

Elastic scatterings are ineffective in thermalization !

Inelastic interactions are needed |




Theory summary, G. Salam (p. 44)

Lric Microscopic description of plasma

BAMPS: Boltzmann Approach of MultiParton Scatterings

Z. Xu and C. Greiner, PRC 71, 064901 (2005); 76, 024911 (2007)

A transport algorithm solving the Boltzmann-Equations for
on-shell partons with pQCD interactions

pﬂa#f(xa p) = ngagg(xi p) + ng(—)ggg (Xsp)
Greiner t t

(ZMPC, VNI/BMS, AMPT I o8| l " STAR V@)
v, ® PHOBOS Track-based |
£ & PHOBOS Hit-based
e —o—BAMPS 4=03 |
Elastic scatterings are ineffective : —'—BAMPS 2,=0.6

—MN
- sl / N
Inelastic interactions are needed K\:
0.02} \\QL
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Theory summary, G. Salam (p. 44)

Lric Microscopic description of plasma

BAMPS: Boltzmann Approach of MultiParton Scatterings
Z. Xu and C. Greiner, PRC 71, 064901 (2005); 76, 024911 (2007)

A transport algorithm solving the Boltzmann-Equations for
on-shell partons with pQCD interactions

pﬂa#f(xi p) = ngagg(xs p) + ng(—)ggg (Xsp)

Greiner t t
(Z)MPC, VNI/BMS, AMPT I o8 q

BAMPS W
W/|cks et al.
04 a8 } PHENLX, 7°, 0-10% —*— ]
STAR, h*$h", 0-5% —*—

Elastic scatterings are ineffective o3l *® H ‘F

[ ]
- . ozt % t
Inelastic interactions are needed u - °

01 -
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Theory summary, G. Salam (p. 44)

Lric Microscopic description of plasma

A microscopic description can
provide much insight.

Getting everything to work is
non-trivial?

Is it question of “details” or
something more fundamen-
tal?




Theory summary, G. Salam (p. 45)
Lhic

Probes of the medium
Longstanding probe is J/1) (which “melts” in hot medium)

Recent years, much work on hard partons traversing medium.
Their energy loss gives handle on medium properties.



Theory summary, G. Salam (p. 45)
Lhic

Probes of the medium

Longstanding probe is J/1) (which “melts” in hot medium)

J /1 is tricky: first understand it in cold nuclear matter

¢ We have studied the influence of J/ys kinematics on shadowing effect:

within 2 schemes: intrinsic (2-> 1) and extrinsic (2->2) p;
for different shadowings: EKS98, EPS08, nDGg
using s-channel cut model as the production model for p+p in 2 2

in the framework of a Glauber MC code Ferreiro

Recent years, much work on hard partons traversing medium.
Their energy loss gives handle on medium properties.



Theory summary, G. Salam (p. 45)
Lhic

Probes of the medium
Longstanding probe is J/1) (which “melts” in hot medium)

Recent years, much work on hard partons traversing medium.
Their energy loss gives handle on medium properties.

Paradigm: radiative and collisional energy loss

» What about synchrotron loss? Zakharov

» Detailed Monte Carlo for radiation energy loss Salgado




Energy loss due to synchrotron radiation Zakharov

Without magnetic field jet quenching is dominated by the induced gluon emission due to
multiple scattering on thermal partons. The collisional energy loss gives small effect
AEcoi/AE aq ~ 0.2 —03,and A, /E ~ 0.03 — 0.05 at E < 40 GeV

Can the synchrotron radiation modify strongly the jet quenching?

2

_Emag (g)

€thermal mg
This ratio is ~ 0.3 if gH ~ sz. Such a value of magnetic field is requred by the scenario
with turbulent viscosity [Asakawa, Bass, Miller (2007)] for explaining small n/s.
gH ~ m} gives AE/E ~ 0.1 —02atE ~ 10 —20 GeVfor L ~ 2 —4fm.
The finite-size effects become important if L. ~ . We have L. ~ 1 — 2 fm. The
finite-size effects may suppress the energy loss by a factor ~ 0.5.
The finite coherence length of the turbulent magnetic field, L ,,, suppresses the radiation
as well. For the unstable magnetic field modes the wave vector k? < &fmfJ [Asakawa,
Bass, Miiller (2007)], we have L ,,/L. > 1. The turbulent suppression should not be

strong, and as a plausible estimate one can take the turbulent suppression factor ~ 0.5.
With these suppression factors we have

A-Esyﬂch ~ AEcoy

Mariond QCD'09 — p. 12



Energy loss due to synchrotron radiation Zakharov

Bottom line:

Reasonable assumptions about chromomagnetic field —

1
AEsynchrotron e AEcollisional i ZAEradiative




Theory summary, G. Salam (p. 47)

e Radiative (medium-modified) energy loss
[ Medium-modified splittings Salgado )
s N

Remember that the total gluon radiation has vacuum+medium




Theory summary, G. Salam (p. 47)

Hic Radiative (medium-modified) energy loss

( Results from Q-PYTHIA

s N
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Theory summary, G. Salam (p. 47)

L e Radiative (medium-modified) energy loss

[ Results from Q-PYTHIA

Fragmentation function

=
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o
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e N

One of a handful of
“medium-modified” Monte Carlo
codes

Essential in testing ideas for
exclusive studies in HI collisions,
e.g. jet studies.

And for relating results to
medium properties.




Theory summary, G. Salam (p. 48)

Lhic Last of the theory talks: QCD in a twist

Warringa  The Chiral Magnetic Effect
Or from — g‘

I Y/ L0t
TR

IfQGP (N3)#0 (JH#0

And back! <A2 >>0, <A



Theory summary, G. Salam (p. 48)

Lhic Last of the theory talks: QCD in a twist

— —

People have been discussing topological
effects in SU(N) theories for a
I <> r = time.

Assuming this stands up to scrutiny, it's a
major achievement to have finally found a
way of seeing them experimentally!
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