Physics at the LHC

(Beginning of a long way)

E.E.Boos

Moscow State University

Outline

Introduction. The Large Hadron Collider.

Standard Model, Higgs boson physics and observation of the
Higgs-like state

Standard Model and top-quark physics at the LHC.

Open questions and problems. Main BSM avenues: SUSY, extra
dimensions, new strong dynamics.. BSM searches at the LHC

(EW gauge boson physics, QCD physics, b-physics, heavy ion physics...
are discussed very little in the lectures)



“Theorist” "Experimentalist”

What did we know before the LHC start?
Whether or not the LHC energy scale is an appropriate one?
What one can say after current LHC results?

What are expectations?



Collider LHC




LHC collider (4 detectors: ATLAS, CMS, LHCb, ALICE)
27 km circumference, about 100 m underground
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LHC is the most complicated and expensive project
in fundamental science

LHC vs Tevatron
Energy: 14 TeV vs 2 TeV
Luminosity: 1034 vs 1032 cm-2s-!



Distribution of All CERN Users by Nation of Institute on 4 April 2012

MEMBER STATES

Austria 102
Belgium 138
Bulgaria 53
Czech Republic 202
Denmark 75
Finland 101
France 908
Germany 1318
Greece 105
Hungary 57
Italy 1417
Netherlands 186
Norway 90
Poland 206
Portugal 133
Slovakia 61
Spain 363
Sweden 88
Switzerland 397
United Kingdom

CANDIDATE FOR OTHERS China 115 1 Ukraine
ACCESSION ' China (Taipei) 70 Ireland 10 Pakistan 22 Uzbekistan I
OBSERVERS Romania 78 Argent!na 18 Colombia 10 Korea 91 Peru 2
India 134 Armenia 13 Croatia 21 Lebanon 1 Qatar !
Japan 2725 Austral.l_a 28 Cuba 4 Lithuania 13 Saudi Arabia 3
Rifssid 859 | ASSOCIATE MEMBER § Azerbaijan 1 Cyprus 9 Malta 1 Slovenia 38
IN THE PRE-STAGE Belarus 22 Egypt 7 Mexico 43 SouthAfrica 21 034
TO MEMBERSHIP Brazil 102 Estonia 17 Montenegro 1 Thailand 5
Israel 67 Canada 170 Georgia 10 Morocco 6 TEYR.OM. 2
|

Serbia 26 Chile 4 Iceland 3 New Zealand 11 Tunisia




30 March 2010
LHC&7TeV
has started -

High - Energy Collisions at 7 TeV
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Delivered integrated luminosity (fb™!)

. LHC 2011 RUN (3.5 TeV/beam)
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[Ona yero HyXeH TAKOU rPAHAUO3HLIU Konnamaep?

Yto mbr oxupaem ot LHC?
TToyemy uHTepecHa umeHHo TaB-aa obnacTtb sHeprumn?
Haitn 6030H Xurrca (kako MMeHHO?) U NOHATL NPUPOAY BO3HUKHOBEHUA MACC

HaiTu BO3MOXHBIX KGHAUAGTOB B COCTAB TEMHOU MaTepum

Hatu otknoHeHua ot npeackasaHuu CtaHaapTHou Mogenu, obHapyxuTb
"HoByrO (PU3UKY" Ha T3B-HbIX macwrabax

TToHats npupoay CP HapyweHus u acummeTtpum BceneHHou

TToHaTb NOBeAeHWe GAPOHHOU MATepuu NMpU CBEPXBLICOKUX TeMnepaTypax
U NnoTtHocTax (noeseaeHue BceneHHol B nepstle mrHoseHus nocne bonbuworo
Bspeiea)



LHC physics programme

ATLAS and CMS (multipurpose detectors), ALICE and LHCb (dedicated detectors)

Detail studies of various SM processes (including diffraction) and
comparisons to NLO (Next to Leading Order), NNLO computations

Search for the Higgs boson in various production and decay modes,
measurements the Higgs properties

Search for deviations from SM in top quark production (pair/single) and decays,
search for anomalous top properties expected for the heaviest SM particle

Search for best motivated BSM scenarios:
supersymmetry, extra dimensions, new strong dynamics

Model independent searches (Leptoquarks, Leptogluons, Z', W', ..)

Search for any other possible exotics (unparticles, hidden vallyes...)

Detail studies of b-physics, b-meson oscillations,CP violation, BSM in loops

Detail studies of strongly interacting quark-gluon color medium



Standard Model
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SM - quantum field theory describing strong and electroweak forces is based
on few fundamental principles:

gauge invariance with lowest dimension operators;

chiral structure of fermions ( (V-A) charged currents);

Higgs mechanism of spontaneous symmetry breaking

A very elegant theoretical construction! standard Model - one of the main intellectual
achievement for about last 50 years, a result of many theoretical and experimental studies
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KanubposouHaa cTpyKkTypa B3auMMOAEUCTBUU OYeHb XOpOLIO YCTAHOBMEHa

OavH u3 npumepos
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Mphoton = 0, MZ = 90 GeV

CummeTpusa CNOHTAHHO HapylleHa



SM provides an elegant solution to make massive simultaneously gauge
bosons and fermions without violation of gauge invariance principle
and the chiral structure of fermion interactions -
Higgs mechanism of spontaneous symmetry breaking
L, 1
L=1Dupl = V(lel) = 7(F)* = 7(Gu)’
—f.(e, )L Per — fq(1, H)Li;[)dR — fu(1, a)L(i)uR

V(lel) = 1lel* + All* ) /
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Golstone bosons 7, 7° are “eaten” by the longitudinal components
of becoming massive gauge bosons
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bo3oH Xurrca

Maccbl KBapKoOB ¥ JfIeNTOHOB

Maccbl W u Z 6030HOB

YHuTtapHoe noBegeHue n nepeHomupyemoctb CM
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-Hagen-Guralnik-Kibble mechanism
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Yto Ham ussecTtHO 0 6030He Xurrca CM?

TTpambre noucku

TTeTnesble BkNaAbLI U cpasHeHUE C 3KNEPUMEHTASIbHLIMU
owubkamu

OrpaHuyeHus U3 ycnosus YHUTApHOCTU

OrpaHuyeHus U3 camocorsniacoBaGHHOCTU Teopum



Ewe pa3 BCNOMHUM NOTeHUMAN CaMOAeUCTBUA nons Xurrca

V()
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Mz, = 2 \v?Z = —2,2



BepwuHbr B3aumopeucteua 6030Ha Xurrca 8 CM
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What did we know about SM Higgs boson before the LHC?
1. Direct serches:

107'E LEP g
W : . Tevatron (in gluon fusion
e z H v M  with decay to WW):
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OrpaHuyeHus us yHUTapHOCTU

TTpouecc 2->2, xopowo ussecTHOe U3 KBAHTOBOU MeXaHUKU pasnoxeHue
AMMNAUTYALL NO NOSIUHOMAM J'Iexccu-mpa

jg — 64;3 A" A= 16;r2(2z +D)P(c080)a, [ anion -2
p Z (2] + I)Z (2/'+)aa, [ d cos OF (cos8)P,(cos O)
mz' [ ——
OnTuueckas Teopema:
o = %Im[A(é’ —0)]= 1?” >+ Daf  Im(a,) =|a|

| |
Re(ay)]? + [Im(ay) — E]E _ i Re(a,)| < >



Paccmotpum nosepeHue amnnutya paccesHua W u Z 6030HOB npu 3Hepruax
MHOro 6onbWwmux ux macc.

Bmecto npamoro sbruucneHus auwarpamm WW->WW socnonbsyemcs
dnekrtpocnabou Teopemou IKBUBANEHTHOCTU:

AVEV - Vl...vn’) ~ AWVEvE - V[}---Vfl)
N A(wl___wn . wl___wn’)
w - 310 [oncroyHoBckuu 6030H, KOTOpLIU

M P 0.0 E \ E>Myv Du g yHutapHOM kanubposke CTaHOBUTCA
L My’ 7 My My npoponbHoii moaou W-6030Ha

TToteHuuan s3aumopeicteua nona Xurrca ¢ FoncroyHosckumu 603oHamu:
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AMNNUTYAG paccesHUs ABYX rONCTOYHOBCKUX 6030HOB:

W+ W- -> W+ W-
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OrpaHuyeHusa us “TpUBUANBLHOCTU U cTabUnbHOCTU”

OpHoneTtnesoe ypasHeHWe peHOPMrpynnbl:
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He pocturaetca nontoc JlaHaay (TpuBuanbHOCTL Teopum)
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3. From the unitariry of VV->VV (V: W,Z) amplitudes:

, 1 My = 710 GeV
Im(a,) = |a]| |Re(a])‘ < 5

Vs < 1.2 TeV

4. From self-consistency of quantum theory:

No Landau pole (triiviality)
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Positive self coupling )\(QQ) ~ () (vacuum stability)
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Pacnaabsr CM Xurrca

B ¢pepmuoH-aHTU(PEepmmoHHbIe napul

Be = /1 — zJErnf/M2

7

bB; CC, 7T T T T ana My <2 Miop

OcHoBHasa 4YacTb QCD nonpasku - nepeHOpMUPOBKA MACCHI mf(mf)- >mf(MH)

S (M)~ 3m 8 Gov

T o o[l — 2= :

Ha cerogHawHuu peHb ussectHer nonpasku: QCD - 3 loop, EW - 1 loop



Pacnaabr B kanubposoyHbie 6030HbLI

fi
c) _
f2

V g
fi
a) 2 onshell b) 1 onshell, 1 offshell c) 2 offshell
G, pUE:
[(H—VV) = 25y V1 —4x (1 — 4o + 1227)

16\/§7r

x = M% /M3, Ov = V1 — 4x
ow=2,0z=1

Beictpo pacter kak M3



Pacnag B ABA rNOOHA (HauuHaeTca ¢ opHol neTnum)

G, a®M?
VOO ([ — o) — —1 s VH _E:A -
IR AP 6) = 99) = 56 o 172(70)
g

Ap)p(T) =2[7 + (7 — D)f(7)] 772
f(7) = arcsin® /7 for 7 = Mz /4mg < 1
mqg — 00, 7TqQ "~ 0= A1/2 — 4 — constant
B CM BaxeH Tonbko Bknan t-keapka (sknaa b-keapka < 5 %)

Bonbwue QCD nonpasku:

T = To[1 + 182 4+ 15625] ~ To[1 + 0.7 + 0.3] ~ 2T




Pacnaabr 8 OTOHLI U Z 6030H

& T s 158& | S Nee? (Tf) + AT (Tw) 2
QW v(Z) Al/z( T) = 2|7+ (T — 1)f(7_)] =2

AP (7)) = —[27%2 + 37+ 3(27 — 1)f(7)] 72

(Zopmyna ansa pacnaga yZ crioxHee)

Harot Bknaa netnu t-keapka u W-60o30oHa. B npepene:

mi—>oo:>A1/2:§andA1:—7

Os

QCD nonpasku AOCTATOYHO Maner: — = ™~ 5%

LupuHa pacnana H->yy "noacuutbiBaer” Taxensie 3apskeHHbIE YACTULILL,
B3aumopeucTsyrolme ¢ 6o3oHom Xurrca

Pacnag ucknoumTenbHO BaxeH Ana nouckos Ha LHC
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TTonHas wupuHa mana Ans nerkoro
6030Ha Xurrca v senuka ans
TAXenoro
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MH 130 GeV:

- H — bb dominant, BR = 60-90%
-H — 7777, cC,gg BR=afew %
-H — v7,vZ, BR = a few permille.

MH 130 GeV:

-H—> WW* ZZ" upto 2 ZMW
-H — WW, ZZ above (BR — 2, 1)

373
- H — tt for high My; BR < 20%.
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gg - fusion

- d3
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Vector boson fusion

B npubnuxeHun sagpgextmsHeIX 6030HOB:

—E{—{EU’ my < 150 GeV



The associated HV production:
G2ZMy,
2887S

5Lo(q(_1 — VH) —

~2 | a2)\1/2 A+12MZ, /8
X (Ve +az) A\ Tz 52

OcHoBHOM KaHan noucka Tevatron
combined CDF /DO thresholds
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Lot of studies at LHC in yy, bb, WW¥*, "7~ modes
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ttH production
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K-factor ~ 1.2 Less scale dependence

Top Yukawa coupling could be measured with 16% accuracy at low lumi and 11%
at high lumi regime



4 main SM Higgs production modes at LHC
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Vector boson
fusion

Main decay modes
My S 130GeV:

- H — bb dominant, BR = 60-90%

+

-H — 7777, cc,gg BR=afew %

-H — v7v,7Z, BR = a few permille.

My > 130 GeV:

-H—> WW* ZZ*upto 2 2Mw
-H — WW,ZZ above (BR — 3, 3)
- H — tt for high Mg; BR < 20%.

\s=7TeV
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Total width is small
for light and large
for heavy Higgs



o(pp — H+X) [pb]

CeuyeHus poxaeHua 6o3oHa Xurrca npu sHeprum 8 TaB
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OTHolWeHWe ceveHUd poxaeHUs 6030Ha XuUrrca NpuU pasHLIX 3Hepruax
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NLO (NNLO) computations, corresponding event generators -
an important part of the LHC physics program

- more correct rate (K-factors)

- more correct distribution shapes

- much weaker dependence on renormalization and factorization scales
more reliable Monte-Carlo modeling

All these are needed for experimental analysis
- to optimize signal extraction from backgrounds
- to improve accuracies of measured quantities

Recent single top quark observation (5 sigma, March 2009) at the Tevatron
is a remarkable example



What the LHC experiments tell us?
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First LHC results also confirm Standard Model
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New remarkable QCD results in various kinematical regions

Double-differential inclusive jet production Double-differential inclusive dijet production
S0 ‘ 4
CMS, 34 pb! \s=7 Tev o 2 CMS o M <05 =
" T — T 5 = - - 360b" o 05<lyl_ <1.0(x1 3
% 10 Data for: - lyl<0.5 (x3125) e o F Ly =36p m 10<ly <15(x 02) 3
A1 o' o 0.5=lyl<1 (x625){ &1 02F Ns=7Tev o 15<lyl _ <2.0(x 103) ]
B 1 09 i = 1$|y|<1 5 (X1 25) . % F anti-k-R=0.7 T 20<Wh,, <25k 1%
Q. s o 1.5<lyl<? (x25) 3 ;E i T ]
~ 10 . 2:lyl<2.5 (x5) 1 = f .
107 1 % 107f ]
©_ 2 2.5slyl<3 E e §
a 10° 1 = L 4
3 10° 1 3 & :
6 107 1 o5 10°F ]
10° T L ]
102 n - [ —— pQCD at NLO® Non Pert. Corr. 3
) 5 3 [ 3
10E _ NLO®NP theory ™, E 107F uPPE“L,HpSve 3
1E 1 Exp. uncertainty 1 3 F ‘ E
107k Anti- k; R=0.5 | V! | z 02 0.3 1 M2 T3 V4
20 30 100 200 1000 ) (TeV)
p, (GeV)
- . E

i ATLAS - S0 e IPup e

2 E E o =

ER: E 5 107" = [ Lamorpot var Tev g Lsmsosi) <

gf 10%E R=06 — 35 1018 = u] 1.2£y\<2.l(x10:) 3

g E 3 e ——, A 21<ly|<28(<10°)

s r ] 15— —.— . A 28< <3610 o

® 10g 3 107 = _9__3__6_ e, Y 882y<dd(in) 3

F 3 Emee. —i— e —

1 % N 10 e T e, =

E =% Data2010 \s=7TeV "8 3 g === —— g ) - —=

[ —— Pythias AMBT1 = ‘6 1 0 = —— +_._+ -6-'9'—9— -, =

10’ . ﬁiﬂ:gti 2;? UE7 E © 1 06 == _E__E"_E,_ ++_._ e 3

[ e Pythia 8.1454C ] £ —_, =iy i ==

10'2 = - Pythiaé Perugia 0 - 3 Fe=tem —h— -E-_E_ - =

E - Pythiaé Perugia 2010 E 10°= = —— == -

[ -.en- Pythia DW J = - - R =

10° S icqet; Pythias ‘cgl 1 f::: _ﬁ-_ﬂ_gég *¥¥ -E-E E

o 06 j 1073 :}j Systematic == e = E

© © 0.4 - & C uncertainties ==] i

C‘l = 0.2;__ = 1075 %%i:;”“)x == =

of -o.gg T i 109E ponpotiear, | ., ATLAS | 5

0.4 D v L
- e 20 30 102 2¢102 10°

567810 20 30 40 102 p. [GeV]
Charged Jet p, [GeV] T



Examples of the CMS and ATLAS events with two photons
(Higgs candidates)

CMS Experiment at LHC, CERN
Data recorded: 201 y-13 20:08:14.621490 GMT
%, = Run/Event: 194108 4224000
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LHC limits on Higgs mass
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With roughly 10 1/fb per experiment at the LHC one expects to reach for
SM Higgs combined 50 sensitivity in the interval
114 < MH < 600 GeV
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Small window from 115 GeV to 127 GeV is remaining with a small access
at about 125 GeV
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ATLAS results
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How much the boson observed corresponds to the SM Higgs boson ?

Gunion et al.

o(pp Y — h)BR(h — X)
O‘(pp — Y — hSM)BR(hSM — X)

Ry (X) = , R"X)=)> Ry,
Y

where Y = gg or WW,

R(X), X = 0% 4¢ Lvly bb THT~
ATLAS ~194+05|~114+0.6[054+0.6|0.5+23| 0.442.0
CMS ~1.6+06|~07+03[06+0.5|01+0.7|~0=%0.8

Ry (vv) =25+1.2 Ry, () =23+1.3

Ry, (bD) = 0.540.6, Ry}, "5(bb) ~ 0.5+2.0,  Ryj(bb) ~ 1.841



In the nearest future

Detail studies and measurements
of properties of the resonance observed

> 100 papers recently on theory-phenomenology side
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