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Thanks to Greg for nice experimental overview

on Higgs results which are input to properties
determination

* Introduction
* Properties:

— Mass measurements

— Spin-Parity determination

— Couplings from signal strengths u=[0oxBR]/[0xBR],,
— Differential cross-sections in yy final state

 Conclusions
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DO note 6387-CONF (Spin 2+ studies)
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Introduction

* 1 vyear ago ATLAS and CMS Collaborations announced the discovery
of a NEW neutral Boson supported by DO and CDF results

* Since then the ATLAS, CMS, CDF and DO Collaborations focused on
two questions:

— |Is this new boson responsible for the EW symmetry breaking -
BEH mechanism - providing masses to Fermions and Bosons:
“the SM Higgs boson” ?

— Can we find signs of Physics Beyond the SM (BSM) studying its
properties ?

 Addressed experimentally by properties measurement in next
slides ...

5/22/13 F. Cerutti LBNL - EPS-HEP Stockolm 2013 4



Mass Measurement

Measured from yy and ZZ*(4¢) mass spectra: needed to predict oxBR

<7 _ CMS Preliminary {s=7TeV,L<5.1fb" Vs=8TeV,L<19.6fb"
£ [ ATLAS —— Combined (stat+sys) 1 10— 7= ==l .
N T \@:7TerLdt —46-48f" e ﬁombined (stat only) c ‘H— Yy + H—ZZ —— Combined :
- Vs=8TeV (Ldt=20.7 fb" — A= — - — H-—> 1
6 I ez = % wn (et e :
B Al 8t u_(VBF,VH) !
L 1 - a
5 75 E
B 6 —
4j C 7
3} 4: %4000
: 3: ;;2000’
N ;1000
2r- C B
N 27 -
g N 1 ; \ ;
: O:I | N I N N | | | N I | | N S IS I I N I B | | 1 I:
- 124 126 128
L1 1 | L1 11 | L1 11 | | L1 11 | L1 11
Q2 122 123 124 125 126 127 128 129 My (GeV)
my [GeV]

ATLAS: M, =125.5% 0.2, + 0.6, GeV

stat —

CMS: M, = 125.7 £ 0.3, + 0.3, GeV

stat —

From vy: I',<6.9 GeV at 95% CL (direct)

*Independent of signal strengths: used by ATLAS and CMS coupling/spin analyses
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Spin-Parity Determination: é

Experimental approach:

* Use observables that are sensitive to Spin and Parity of
the New Boson independent of the coupling strengths

e Several alternative specific models: 07, 17, 1-, 2* tested
against the SM Higgs 0* hypothesis

e On-shell X(J=1) vy by Landau-Yang theorem
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Spin-Parity Determination

Analyzed channels:

* H-> yy decay angle cos(0") in
Collins-Sopper frame
sensitive to J

e H—-> WW* > &vev Several
variables sensitive to J°

Aq)éé ’ MM 7

— Combined with Boosted-
Decision-Tree (BDT)

e H > ZZ* =4¢: Full final state

reconstruction sensitive to J°

— 2 masses (M,;,M,,) and 5
angles

— Combined with BDT or Matrix-
Element-based discriminant
Djp

Events /0.1

250 e AR AR AR
r ATLAS H—>yy —J =0" Expected
200;\I§=8Tev _[Ldt 207fo" ® J°=0'Data
£ Bkg. syst. uncertainty |
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Test of 0" vs O

Z7*—2>4¢ channel used by CMS and ATLAS:

ATLAS:

Test Statistic:

L(JP — 0+7/§0+, 90+)
L(]Eﬁt’ﬁjst’ éjst)

q = log

* 0 Excluded @ 97.8% CL (exp. 99.6%)

CMS:

* 0 Excluded @ 99.8% CL (exp. 99.5%)

Compatible with SM 0*

5/22/13
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Normalised to unity

Pseudoexperiments

T ‘ T 1T T T T T T T T 1T ‘ T T T
0.25F ATLAS —Data -
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. p —J' =0"
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0.15 i -
s
0.1 : I .
r fo
0.05[- I ]
r | ]
VJ L 4'1- L1l | LJ J
9590 10 15
q
CMS preliminary Vs=7TeV,L=5.1f5" {s=8TeV,L=19.61fb"
L [ T T T T [ L [ T T T‘-I“‘ T T 1T [ L J_
0.1+ i ot _
L To
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0.06— —
0.04 —
0.02 —
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30 -20 -10 0 10 20 30

2q= 2xIn(L,/Ly)
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Beyond 2 hypotheses Test: 0* vs O

CMS investigated sensitivity to different CP Amplitudes in ZZ* channel
A= 161} 651 (alglwn'l%_f + a2 quv + A3€3vap fﬁqg) :_Al + A> ‘I‘ﬁ

* SM Higgs at LO corresponds to a,=1 and a,=a,=0
* A,;=CP odd Amplitude

* Fitforf,;=|A;]%/(|A;|%+ |A,]?): check the presence of a O
component (assuming a,=0) - impact of mterference very smaII on
used observables

« CMS:f,=0.00+023_ e
L S G .

f.; <0.56 at 95% CL (exp. 0.76) :
00//02 0.4‘ 0.6 0.8 1
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Test of 0" vs 2

Graviton inspired model with minimal couplings to SM

particles

It can be produced via gg or gq annihilation:
f,q =faction of qq/gg produced signals
(In minimal model 2% at LO in QCD expected f,,=4%)

ATLAS: Combined: yy + ZZ*> 4¢ + WW*2>viv¢
 2%(100% qq) Excluded at >99.9% CL (exp. >99.9%)
* 2*(100% gg) Excluded at >99.9% CL (exp. 99.9%)

CMS: Combined ZZ*—> 4¢+ WW* 2> v v
* 2*(100% gg) Excluded at 99.4% CL (exp. 98.8%)

Both experiments: Compatible with SM 0*

5/22/13
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Probability density

CMS preliminary Vs=7TeV,L=5.1fb" \s=8TeV, L=19.6ft’
T T T T T T T R
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H=10

v CL, expected
assuming JP=0"*

0 25 50

75

2,(99)
— CMS data

10

2

€L =06%) |

: s
2g =-2xIn,, /L)

30

100
fq (%)

10




Spin-Parity ATLAS - CMS Overview &

CMS Z2Z*(4¢)

Jr production comment expect (u=1) | obs. 07 Jlobs. J¥ | CL
0~ 88—+ X pseudoscalar 2.60 (2.80) 0.50 33c | 0.16%
0, g¢ — X | higher dim operators | 1.7¢ (1.8¢) | 0.0¢ 170 | 81%
2omge | 88— X minimal couplings | 1.8¢ (1.90) 0.8c 270 | 1.5%
250 | 99— X minimal couplings | 1.7¢ (1.90) 1.8¢ 400 | <0.1%
1 qq9 —+ X exotic vector 2.80 (3.10) 140 >4.00 | <0.1%
1+ qq — X exotic pseudovector | 2.3c (2.60) 170 ||>4.00 | <0.1%

ATLAS and CMS: “bosonic” decay modes

Strongly favor J° = 0* SM quantum numbers

All alternative J° models tested:
Excluded @ >95% CL

F. Cerutti LBNL - EPS-HEP Stockolm 2013
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ATLAS
H— yy ® Data
Vs=8TeV [Ldt=20.7 fb”

v CL expected
H— 27" -4 assuming JP =07
Vs=7TeV [Ldt=46fo" B:io

Vs=8TeV [Ldt=20.7 fb”

H — WW* — evuv/uvev
Vs=8TeV [Ldt=20.7 fb”




DO: Test of 0 vs 2+ %

Graviton-inspired model with minimal couplings to SM o goe——= z';’:fﬁ‘::y TS
c C '
*  X=2"~[° threshold behavior (0" ~f) for VX>Vbb 2 70t o
production: Sensitive observable Mass (Transverse) 60t o
of the VX system S0¢ i
a0t []o* Signal
. ) 30F [J2" Signal
assuming pu=1.23 (as measured in the Data for the SM a0k (Signals x10)
Higgs search) - Combining &bb, ¢vbb and vvbb 10F

. 2+ Excluded at 99.9% CL—-3.10 (u =1 exp. 99.9%) o)

00 400 500 600
llbb Mass (GeV)

100 200 3

VH-Vbb

%soobz Preliminary, 9.7 fb"' —OLR
L] L] + E —
Compatible with SM 0 Eia00- _OLR:2%
§2003_ — Observed LLR
. . . S0
*Studies for 0 hypothesis in the pipeline ... 38
[7]
2 go0f
400"
200F
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NEW Boson Couplings %

Crucial TEST of SM BEH mechanism = g. o. m. and 8w zn O MZW'Z’H

*  SM couplings tested introducing coupling scale factors x =2 g =g>M x k.

— SM Tree-Level Amplitudes:
e Ty o (kKxme/v)2 a kg x I  (v=246 GeV from Gp)
* Tyw @ (KX My2/v)? a k2 x Ty
« I, o (K,xM2/N)?2 o k,2xT,M

— SM Loop-level: best place to look for physics Beyond the Standard Mode

- I, o [1.28x,-0.28k|? xI'*™ - Wtinterference h<ti{:t hﬁy{éﬁv
- I ryZ, ) i

g8,

 Theory errors for SM Higgs boson:
— 0y~ (11-5)% largerin ggH and ttH - BR, ~ (3-6%)
*Mass dependency small: Max ~ 4%/0.5 GeV for I,
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The Couplings Test

* Follow recommendations from LHC Higgs xs-wg: arXiv1307.1347 (V- 2) assuming:

— 1 resonance + Zero-Width Approx. + SM Lagrangian Tensor Structure (J°=0%)

(T rﬁ
['H

o X BR(ii > H- ff) =

* Approach suitable to test SM predictions exploiting correlations between production
(qq, VBF, VH, ttH) and decay modes with current precision

* e.g., measured yield ZH->Zbb parameterized as:
W(ZH—>Zbb) = [0,,,xBR(H=>bb)]/[0,xBR(H=>bb)],, = (K,* x K,? )/x,;?

SM Higgs boson = All u and ¥ compatible with 1

* Loop scaling factors k., , K,can be :
— Expressed as a function of SM couplings scale factors: KY(KW,Kt)
— Treated as free parameter to test BSM contributions

* I', need assumptions: ratios, relationships K,,=x (K., Ky,--.), ---
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The signal Strength u

S ma e

ATLAS - 025‘3‘)’ Total uncertainty
_ — o(sys
my, = 125.5 GeV — o(theo) +1oonu
H s 'YY tggg arXivi1307.1427 —l
=1 55+O.33 MR ——
WEToalnl o
H - ZZ* . 4| tggg arXivi1307.1427
+0.20
_ +0.40 |-0.13 ——
u= 1.43_0_35 w017 | | i
H— WW* — |\/|\/ tgé? arXivi1307.1427 —
+0.31 Mk ——
u=0.99 +0.15
-0.28 |- 0.09 ‘ | H— |
Combined toi3 arXivi1307.1427 1
H—syy, ZZ*, WW* ‘0.
" = 1.33%021 i3 L
w=n -0.18 tg:é ‘ | i
W,Z H— bb 205] ——] — ATLAS-CONF-2013-079
Prellmlna[ty= 0,907 £0.4 N
' ""-06|<0.1 1 :
H—w (8TeV: 13 fb) ATEAS-CONF-2012-160)
Preliminar
e a y: 0 7+0.7
B " -06

Vs=8TeV [Ldt=13-20.7 fb”

i \ \
\E=7Tevf|_dt=4.6-4.sfb"'0-5 0 05 1 15 2

Signal strength (u)

Vs=7TeV,L=<51f" Vs=8TeV,L=19.6fb"

Combined CMS Preliminary m,=125.7 GeV
n=080:0.14|p =065

H— bb

w=1.15z 0.62 =
H—1t P S —

w=1.10=0.41
H—yy -

w=0.77+0.27
H— WW

w=0.68+ 0.20 —-
H—ZZ

w=092=+0.28 -T=

PETERRI B o S I S R
0 0.5 1 1.5 2 2.5

Best fit G/OSM

H—yy
H— WW
H—ttt

VH— Vbb

* Combined u = Best accuracy but no strong physics motivation:
— ATLAS (yy, WW* and 2Z*)

— CMS (yy, tt, bb, WW* and ZZ*)

— TEVATRON (bb, yy, tt, WW¥*)
Compatible with SM Higgs boson expectation: Accuracy ~ 15%

5/22/13

Tevatron Run Il, L, < 10 fb™
m, =125 GeV/c?
I combined (68% C.L.)

—ll- Single channel

I I N N B
5 6 7 8 9 10

Best Fit (o x Br)/SM

Ny .

u =(1.33 £0.20) (1.23+0.18 including bb and tt)
u = (0.80 * 0.14)
u =(1.44 + 0.60)

F. Cerutti LBNL - EPS-HEP Stockolm 2013
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Evidence for V-mediated Production

Higgs-Strahlung WZ Fusion
g w.z| ¢

Disentangle production modes: V-mediated vs F-mediated

Fit t0 Wygpvu/ Wggsnn N different channels (BR’s cancels out): ©
 CMS: Evidence for V-boson mediated production 3.20
e ATLAS: Evidence for VBF production (VH “profiled”) 3.3c
V-mediated production compatible with SM prediction

CMS Preliminary {s=7TeV,L<5.1fb" ys=8TeV,L=<19.6fb"

i | 10 L L L B s NS —— T T T T T T T 1 T T T 1 T T T T T T 11 T T T 1 T T T 1 T T T 1 =
: — < il | | 3

= o e A ATLAS E
< — H-ww 7 N N (s=7TeV [Ldt=4.6-4.8fb" ]
N8 L ; 10F- Vs=8TeV [Ldt=20.7fb" 7
s E B :

6H “ 10:_ m, = 125.5 GeV E

50 £ 81— =

o ] - — Combined H—yy, ZZ*, WW* K

4L 95% CL - 6 ---- SM expected -

3F 3 - 2

- . iy R NP~ —

2 — - 0.4 0.6 ]

g ] of MVBF/HegFsut = 1.47,75 (stat) 7, (sys) A

1r = o N ]

O: — ; — T : O_I | | I T | | I T | |~|~~|.'|~L LJ.- ——‘l‘i, 1 | L1 1 1 | L1 1 1 | | I T | | I_

0 1 D) 3 4 5 6 -05 0 05 1 1.5 2 25 3 35
MVBF,VH MggH,ttH MVBF/ MggF+ttH
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Test of Vector vs Fermion sectors KK

* Assumptions:
— All Fermion couplings scale as k. (=x,=x,=K _=...)
— All Vector Boson couplings scale as «,, (=K,=K;)
— No BSM contributions to ', 2 k%,(K¢ k) ~ 0.7 k% +0.3 k%, and K, (K k) « (k. )

||||||||||||||||| LI L L L S L L L L L L B “—

4 _AT[_AS LiH=4l E3H > viv - CMS Preliminary Vs=7TeV,L<5110" /s=8TeV,L<19.6 " % 5 - TevatronRunll,L <10 b
F Vs=7TeV]Ldt=4648fb" #2H— vy EJCombined { ¥ [ ¢ SMHiggs @ Fermiophobic @ Bkg. only | e Local maxima A SM
3 15=8Tev Jla-207 1" + SM x BestFit | 2f T N e ClesscL.
r 7 - 4
20 = i i )‘wz=1
1= = 2r
o - - I
on or
. oL
-1+ :
| 4
Ky ol I | Ll |
“0 0 0.5 1 1.5 2

e All experiments compatible with SM predictions: accuracy ~10-20%
— ATLAS: K, [1.05,1.22] at 68% CL - «, [0.76,1.18] at 68% CL
— CMS: «x,[0.74,1.06]at95% CL - «, [0.61,1.33] at 95% CL

* K;=0 Excluded at >50 (mainly indirect via gg loop)
5/22/13 F. Cerutti LBNL - EPS-HEP Stockolm 2013 17




Test of loop induced couplings: K, vs K,

* Assumptions:

— Tree-level Coupling to SM particles as in SM: K, =K, =K,=K_ =K, ...=1

— No BSM contributions to ', > k;~ 0.9 + 0.1 k,

CMS Preliminary {s=7TeV,L<5.1fb" Vs=8TeV, L= 19.6 b

—
£

<
Al

84 2.0 20
o L L L B L LN LRI LRI &
¥ of ATLAS + SM = 18 !18
of s=7TeV JLdt=4.6-4.81" x Best fit E 1.6
- Vs=8TeV [lLdt=20.71b" —68%CL . |16
18; Combined H_>YYs ZZ*, WW* ---95% CL —: 1.4 14
16F = 1.2 1o
1.4;* *; 1.0 .10
1.2? E 0.8 8
= =
C . 0.6
0.8% i 6
0.6/ 3 0.4 4
I I BRI IR AP ST BRI IR B = 0.2 2
08 09 1 11 12 13 14 15 16 1.7
0.0 0
Ky 0.0 0.5 1.0 1.5 2.0

Ky

* Both experiments: compatible with SM predictions - Accuracy ~10-15%
— ATLAS: k, =(1.04 £0.14) at 68% CL - 1« =(1.20 £ 0.15) at 68% CL
— CMS: «,[0.63,1.05] at 95% CL - Kk, [0.59,1.30] at 95% CL

5/22/13 F. Cerutti LBNL - EPS-HEP Stockolm 2013
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Constraints on BR;, N

* Greg has shown direct search for: ZH>#-Invisible o OETATAS rotrary kBl
_ . 0 < ls=7TeV,[Ldt=46-481" — Opserved E
ATLAS: BR,,,<0.60 @ 95% CL (0.84 exp.) < e Tov Lt - 13207 1" - SMSg;\;thed E

— CMS: BR,, <0.75 @ 95% CL (0.91 exp.)

* We can parameterize: I'y = Iy, + 5oy,
BRgsw = FBSM/FH ]

« This quantity is sensitive also to other undetectable 6o 0-20-30-40-50-60-70-805
decay modes: H = light hadrons

- N W p» OO N 0O © O
TTT T

o
T

{(s=7TeV,L<51f" Vs=8TeV,L<19.61fb"

e ATLAS: CMS Preliminary & 68% CL
— Assumptions three-level couplings: k,=x,, .= 1  «,| —a= =
— 3 Fitted Par.: K, K, + BRgg, )
— BRg¢,, <0.60 @ 95% CL (0.67 exp.) Ke|  —ii—

* CMS: K f—p—
— Assumption: K, < 1 (motivated by EWSB) Ko| —ollim——
— 7 Fitted Par.: K, K, K K K, K, +BRyy, K| —— by =07
— BRggy, < 0.64 @ 95% CL (0.66 exp.) o= = 1T py, =08

|
00.51152253354455
parameter value
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Couplings Overview

(s=7TeV,L<51f" ys=8TeV,L<19.6 o™

BR =0.41
B MT—— p -
S | | | | | | | | | | | | | | | | | | | |S’\I/I | | |

0 0.5 1 1.5 2 2.5

CMS Preliminary il 68% CL
: —95% CL
et
-*I- _
T Poy = 037
1 P.., = 0.41
s b s SMorin,
-I*- _
R T Pow. 7 939,
-I*- _
R R Py = 049
e
-*I- _
e R Poy =023

parameter value

A A
ATLAS Total uncertainty
my = 125.5 GeV + 1o *+ 20
\ /
: \ﬂ [ e
Kyl /
Model: 1 ‘ G
Kv, KF \\ /// \ |
Kel \ /o
Py =12% [ N
Model: ~8 | / 2
Meys Kyy M| : \ /
Py =12% | 0 1 ..
Model: o
7‘wz’ )\'yZ’ xwz : ‘ //
)"FZ’ K2z [PQM = 20% | ‘\ | ' 19|
| \Ell /-
Kgl Ao/
Model: 1 N
Kg Ky \ /2
K, /
Pov = 14% | | ; 9
-1 0 1

\s=7TeV [Ldt=4.6-4.8 fb"
s =8TeV [Ldt=20.7 fb"

Parameter value
Combined H — vy, ZZ*, WW*

* Different Sectors of the New Boson Couplings tested: P¢,,>12%

5/22/13

All compatible with SM Higgs expectations
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Differential Cross sections in yy final state%’

e ATLAS: fiducial differential cross-sections
dly,l, dlcos(6)], dN;., d¢,,, ...

— do/dPTW,
— Unfolded to particle level

— Sensitive to: PDF, QCD, production mechanism,

spin, Lagrangian tensor structure, ...

Probabilities of x? compatibility tests for

Data vs Predictions for different observables

New P71 lcose| pit Agy pP”
POWHEG 054 055 0.38 0.69 0.79 042 0.50
MINLO 0.44 - - 0.67 0.73 045 0.49
HREs 1.0 - 0.39 0.44 - - - -

Data in agreement with tested predictions (Powheg,

MINLO, Hres1.0) within current experimental accuracy

5/22/13 F. Cerutti LBNL - EPS-HEP Stockolm 2013
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ATLAS Preliminary +4- data syst. unc. 1
H—-yy, (s=8TeV gg—H NLO+PS (PowHec+Pv8) + XH a
fL ot =203 fb" [[[]] gg—H NNLO+NNLL (HRes1.0) + XH ]

==+ XH = VBF + VH + {TH -

i

N |

10f

R

S O
T

Ratio to POWHEG

»FFFFFTFFFFFFTFTT‘TTHTT'T"TL\-\-\-\-\-\-\-\-\- | [
T

11
TTT‘TTT‘TTT‘TTT‘TTT‘TTT

T T e

0
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Conclusions

* 1 year after the discovery properties of the New boson measured
with increasing precision thanks to outstanding LHC performance
and improved analysis from CDF and DO:

— Mass measured at the 3 per mill level

— Evidence for scalar nature 0* (though CP mixing not excluded)

— Evidence for couplings to Fermions: direct >3o and indirect >50

— Evidence for V-mediated and VBF production

— Coupling Tests compatible with SM predictions

— No sign (yet ?) for BSM contributions: invisible decays, 'z, loop couplings ..

All measured properties compatible with the SM Higgs boson
 Coming soon: final RUN1 publications from CMS and ATLAS
* In 2015 LHC will increase E,, (0,,~2.6) and Luminosity (10%*cms)
— Increase sensitivity to challenge the SM predictions:
This is just the beginning of a
rich and exciting “Higgs physics program” !
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Thanks to Parallel Sessions S

neakers |

 Material from the excellent talks in para

lel session:

J.B. De Vivie, D.M Sheafer, C. Botta, M. Donega, K.N. Herner,
D.O'Neil, M. De Gruttola, M. Bluj, F. Margaroli, M.
Kucharchizyk, D. Lopez Mateos, M. Dueherssen, J. Bendavid,
J. EImsheuser, N. Kostantinidis
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Mass Measurements

From yy and ZZ*(4¢) mass spectra

- T T e
8 40 Data?011+2012 ATLAS % E T I I I . bata T \E
© F [ SM Higgs Boson H—ZZ*—4] & 18 I
14 E m,=124.3 GeV (fit C |
€ 35~ — Bazkgmun iz z(z') Vs=7TeV [Ldt=461fb" ® 16: .Z+X ]
C g _ _ -1 . —_— - . -
@ [ I Background Z+jets, t fs=8TeV JLat=207 1o ATLAS. M - 124.3 i 0.6 i 0.4 GeV 2 r DZY ZZ 1
301 7 syst.Unc. ’ H stat SYs § 14 [ |m=126 GeV]
g CMS: M, = +05..+20.2. . GeV |¥ o T
. M, =1258+0.5,, +0.2,, : :
10 =
o |
6 i
4 ] ‘{
2 =
— i R e L d
A 0 110 120 130 140 150 160 170 180
100 150 W0 el m, [GeV]
'a
> 10000
[0} L ATLAS _ >5000 L e L s B B s e =
R ] : = (0]  CMS Preliminary —+— Data
S o 1| ATLAS: M, = 126.8 £0.2_, £ 0.7, GeV B fosmm i T
0 99 H (it Sta Sys ------ Bkg Fit Component
E O Teg e Bkg (4th order polynomial) 3 L0 [ (5=8TeV,L=1961" (MVA) ﬂi P E
g ol CMS: M,;=1254+0.5,,,+0.6,, GeV |Z4o00n = ]
e T Hoyy stat SysS > [ ]
s g :
C E=7Tevadt=4.sfb" 23000
2000 — e |_|J :
C G:sTevadtzzo.ﬂb" h - r
o swEe ! ! ! ! = 2 [
i 400E- B '=2000 L
= , (o]
P J\ : 2
n '037 ‘+l+ ‘ +1+\+‘+$ | LY 510007
A EEAAAMEAE 1000}
5 200~ E + r
o 1 0 20 730 740 50 0 n [ ]
m,, [GeV] e ol b vy by b by by
2 110 120 130 140 150
m,, (GeV)

ATLAS: M, = 125.5 £ 0.2, + 0.6, GeV CMS: M, = 125.7 £ 0.3, £ 0.3, GeV

stat
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Mass Measurement: ATLAS

ATLAS tension between yy and ZZ*(4¢) mass measurements
* Dedicated Likelihood with different mass parameterization:
M, and AM,,
* AMy=23+0.7,,106,, GeV =23%09, (M, “profiled”)

* Probability to observe such a large (or larger) difference if AM, =0
evaluated at 1.5% (2.40)

* If main systematics on Electromagnetic-Energy Scale shifted by 1o
probability increases to 8%

* Updates final yy and ZZ*(4¢) publications this fall:

better EES calibration (material description, ..), improved ZZ* mass
analysis (MVA techniques, event by event errors, ..)
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Spin-Parity determination

* Used as test statistics the likelihood ratio g:

Nchann. Nhr'r:.v P + 2 2 -
P - J = 0 i +,H -
LU, 1,0) = [J] I,I g = log L( .,UOA_ 0+)
. 1P ~ ~
P(Nijlpj-S;}(0) +B;j(6)) x A;(6) Ly g, 011,

* Signal strengths u,, treated as independent Nuisance-Parameter
for each channel and each spin hypothesis

* Probability distributions for different J® hypothesis derived via
pseudo-experiments

_é\ i [ L L L I B ‘7
S g.o5 ATLAS Prelminary  —pata -
2 [ Ho2zz -4 o
§ 02i (s=7TeV [Ldt=461b" J=0 E
HWH . T [ Vs=8TeV [Ldt=2071b" -F=0
* When deriving exclusions use CL.: =
=z 0.15- ] .
P g
CL.(JE ) = pO(Ja]t) 0.1~ SRR ]
S( alt) - 1 0+ r P\
— po(U7) 0.05]- | .
r |
07\ P a1
A5 -10 10 15
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Testof O*vs 1%/ 1

ATLAS: combined WW*—2>véve + 772*>4¢
e 1% Excluded at 99.97% CL (exp. 99.95%)
* 1 Excluded at 99.7% CL (exp. 99.4%)

CMS: ZZ*>4¢

e 1% Excluded at >99.9% CL (exp. 99.7%)
* 1 Excluded at >99.9% CL (exp. 99.5%)

Pseudoexperiments

Compatible with SM Higgs 0*

5/22/13
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0.14)

Normalised to unity
o
>

T T 17T ‘ T T 7T
0 2; ATLAS

F Vs=8Tev [Ldt=20.7fb1 —JF=1

L B LA BB
_JP:0+ E

F | H— WW*> evuv/pvev + 0 jets

— Data

CMS preliminary Vs=7TeV,L=5.1f5" 's=8TeV,L=19.6ft"
L L L

0.1~

0.08

0.06

0.04

0.02

T20 10 0 20 30

T T LA LA L B B B B A |

.....

— CMS data

2xIn(L/Ly)
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Test of 0% vs 2% f . scan

Graviton inspired with minimal couplings to SM particles
Tensor can be produced via gg or gg annihilation
ATLAS: yy + WW* + Z7Z*

* 2* (100% qq) Excluded at >99.99% CL (exp. >99.99%)
e 2* (100% gg) Excluded at 99.98% CL (exp. 99.94%)

S T
o ] 4_—/I\TII.AIS T | It T II e T ATLAS ] < 25 ATLAS Internal eData Spin

C nterna .o " H ZZ(*) 4l eData Spin 0 [ H— WW* — evuv/uvev Signal hypothesis [ 1o ]

" H s yy eData Spin 07 grn— - - C . 2o ]

12 Vs=8TeV:[Ldt =207 fb"  Signal hypothesis E o E [(5=7TeV [Ldt=46" Sinalhypotnesis Eto ] 20f- Vs =8TeV fLdt=20.7 o oJS=0 i

10E [20] [Vs=8TeV [Ldt=20710" o pp_ ¢ [2s 4 - oo ]

= ° JP - 0+ - 6 J = 0 - 4

C ] i o 15 —

8__ o foor - B e J =2 N ]

0 25 50 75 100
fq (%) fi (%)
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Channels/Categories used in the coupling tests

CMS - CSM-PAS-HIG-13-005

ATLAS: - arXiv:1307.1427 Sub. Phys Lett. B

Anal_yses No. of m Lumi (b~T) Ty N N
I H decay | Prod. tag | Exclusive final states channels resol\l:ﬁon 7TeV_ 8TeV nggs Boson Su]t;equem Sub-Channels fﬂl;_dlt
untagged [ 77 (4 diphoton classes) 4+4 1-2% 5.1 19.6 ccay ccay L !
TY VBF-tag | 77+ (jj ver (two dijet classes for 8 TeV) 1+2 <15% 5.1 196
VHeag | 77 + (e 1o MET) 3 <15% 196 2011 s =7 TeV
77 -5 4t ;',11: S7 | e ap 202 3 12% 51 196 H — 777 4¢ {4e, 2241, 212, 4y, 2-jet VBF, (-tag) 4.6
0/1-jets | (DF or SF dileptons) X (0 or 1 ets) I+4 0% 79 195 H—vyy _ 10 categories 48
WW — évfv | VBEtag | fvfv+ (jj)ver (DF or SF dileptons for 8 TeV) 1+2 0% 49 121 {p1i ® 1, ® conversion} @ {2-jet VBF}
WH-tag | 3¢3v (same-sign SF and otherwise) 2+2 49 19.5 H— WW® tvly {ee eu, pe HH} ® {O»jet l—jet 2—jet VBF} 4.6
0/1-jet (e, uTy, e, pp)x (low or high pf) 16 + 16 L - -
et | 55 1+1 15% 49 196
T VBl!-tag (g‘r:, T €, Wi, T T ) + (jj ver 5+5 2012 Vs =8 TeV
ZH-tag | (ee, pup) X (TyTh €Ty, HTh, €H) 8+8 50 195 H — 77 4¢ {de,2e2p, 2u2e, 4u, 2-jet VBF, (-tag}} 20.7
WH-tag | T pp, TeH, €T T KT Ty 4+4 i i 14 categories
VH-tag | (vv, ee, uy, ev, yv with 2b-jets) x (low or high pr(V) orloose b-tag) | 10+ 13 10% 5.0 121 H—vyy . ) miss . 20.7
bb e | CWith4,5 or >6jets) X (3 or >4 b-tags); 6+6 50 51 {p1 ® 1y ® conversion} & {2-jet VBF} & {{-tag, E;™-tag, 2-jet VH}
8 | (¢ with 6 jets with 2 b-tags); (/¢ with 2 or >3 b-tagged jets) 3+3 ’ ) H— WW® tvly {ee, ep, pe, uu} ® {0-jet, 1-jet, 2-jet VBF} 20.7
CDF - arXiv:1303.6346 Subm. Phys Rev. D DO - arXiv:1303.6346 Subm. Phys Rev. D
Channel Luminosity Channel Luminosity
_ . (1) ()
WH — £vbb 2-jet channels 4x (5 b-tag CatEgOT}eS) 9.45 WH — £vbb 2-jet channels 2x (4 b-tag categories) 9.7
WH — 61/ bb 3-jet channels 3.>< (2 b-tag categories) 9.45 WH — Lubb 3-jet channels 2x (4 b-tag categories) 9.7
ZH — Vi’bli _ (3‘b-tag categories) ) - 9.45 ZH — vibb _ (2 b-tag categories) H — bb 9.5
g g - g +§_zg 2-jet cﬁanne}s gx (i Ztag categor}es) H — bb 9'25 ZH — 0t07bb  2x(2 b-tag)x (4 lepton categories) 9.7
- 3-jet channels ~ 2x(4 b-tag categories) 945 T SWIW- = EulTu 2x(0 jets,1 jet,>2 jets) 9.7
WH + ZH — jjbb (2 b-tag categories) 9.45 H T — 5, + .

- L . ) . . + X 5> WHtW~ — pFor v (3 7 categories) 7.3
ttH — WTbW bbb (4 jets,b jets,>6 jets)x (5 b-tag categories) 9.45 H— WW- — £5jj  2x(2 bt ¢ ies)x (2 jets, 3 jets) 9.7
HoWIW- 2x(0 jets)+2x (1 jet)+1x (=2 jets)+1x (low-mgz) 9.7 oy P ag categones) X\ 2 Jeis, S JeS) g, wHw - :

i VH = etpt + X 9.7
HoW oW (emad)+(b-maa) 0T VH s 000+ X (upe, 3 x epp) 9.7
WH —» WW*W~=  (same-sign leptons)-+(tri-leptons) H—-sWtW- 9.7 ¢ A \ppe, 5 X e :
WH — WW+W~—  (tri-leptons with 1 Thaa) 9.7  VH o wjjjj  2x(>4 jets) . 9.7
ZH — ZW*W~__(tri-leptons with 1 jet,>2 jets) 9.7 VH = Maamhaap+ X (37 categories) H = 7+ 8.6
T (1jet)1(>2 jets) TS 60  H+X—t*nk jj  2x(3 7 categories) 9.7
H — 7y 1x(0 jet)+1x(>1 jet)+3x (all jets) H — vy 10.0 H — vy (4 categories) H— vy 9.6
H — ZZ (four leptons) H—-ZZ 9.7
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Production/Decay with Signal above 20

* Measure: Yields = Production x Decay
— Production modes: gg, VBF, W/ZH, ttH

— Decay Channels: yy, WW*, ZZ*, bb, T, uu, Zy

Observations Above 20:

* ATLAS:

— Production Modes: gluon-gluon(>50), VBF(>30), VH

— Decay Channels: WW*(3.80), ZZ* (>50), yy(>50)
* CMS:

— Production Modes: gluon-gluon(>50), VH, VBF, (V+VBF)H(>30)

— Decay Channels: WW*(40), ZZ*(>50), yy(>30), Tt, bb, combined tt+bb (>30)
* DO+CDF:

— Production Modes: VH(>30)

— Decay Channels: bb(>30)
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Evidence for Direct Couplings to Fermions

[ TevatronRunll,L_ =10 fb™

»  TEVATRON: CDF+DO Combined VH->bb

— 2.10 excess %’600; :rx;a—skgd
— O(VH)xBR(H=>bb) = (0.19 + 0.09) pb - SM for G400 B tiegs Sgnal 2
M,=125 GeV = (0.12 + 0.01) pb 200"

0

I N RN B BN AR I A
0 50 100 150 200 250 300 350 400
Dijet Mass (GeV/c?)

CMS Preliminary, Vs=7-8 TeV, L=24.3 fb", H >t

420

:30

(0]
* CMS (for M;=125 GeV): = g
) ) & 210
— (VBF+V)H = bb combination 2.10 excess T ] — =
3 g P
— H=> 1t 2.850 excess 10°F
g _ . 10*
— Combined H> (Tt + bb) 3.40 excess n TS, 100 ]
10 E VH(bb) + VBFH(bb) combined 7 T pvaledbsene
C e omened ] 10°® e - p-value expected -
10‘5 e aeerens Expocisd rom SM Higge E f 3
; «+xx==+ Expocted from SM Higgs (VH Only) E 107 ;
R T R P RS | Y PAU U IV S
mH [GeV] 110 120 130 m;i:lgev]
B 5[ AriAs pamialy T
_ . o E fL:a.eﬂ:‘,E:ﬂev i :::::::(wo) E
d ATLAS (for MH—125 GeV)- x fL:wa,ovb",E:aTev jzzzvfém:“f E

# SM prediction
45 Backgroundonly |

H'VBF+VH

5

4

3

* H-> 7t u=(0.7+£0.7) (compatible with SM, with or 2
without Higgs boson) 1

0

1

2

3

J— m, =125 GeV

*  VH->bbu=(0.2 £ 0.7) (compatible with SM, with or
without Higgs boson)
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The Couplings fit

* Loop contributions can:

Expressed as a function of SM couplings
Treated as free parameter (test possible

BSM contributions)

e Total width I', two kind of assumptions

- Only SM particles contribute to I'y(T")

- Measure ratio of couplings A

Production modes Detectable decay modes
2 ,
O'ggH _ Kg(Kba Kt, an) (3) FWW(*) B 9
O ouhl K M = Kw
Ogg W)
VBF 2
s = <vpr(kw,kz,mm) (4 Lo
OVBF _Zz7 2
FSM Z
OWH 2 5) 7.7,(*)
SM o W =
OWH FbB 5
— s K
O7H 9 SM b
o SM = Kz (6) Fbg
ZH T . K2 = (1.6 K2, +0.07 K2, — 0.67 Ky k)
Ot _ 2
tTH 9 —_— = K
s K (7) FEM‘ﬁ /
ttH
I 7 ( )
1Y . K‘{ Kb, Kt, K¢, Kw, TH
SM 2
LHC-XS wg I3y Ky
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Inputs to the Fit

MET —&— CMS preliminary B gg F . VB F WH . ZH ttH
. a7 10021 ' e ATLAS Simulation H—yy
Electron Vs=8TeV, L =19.6fb' (MVA) =
| Inclusive
Muon —ll- Event Class Unconv. central low p
1Y [ Combined m
Di-jet loose m, = 125.0 GeV Unconv. central high p_
— h of o, = 0.78+0.28-0.26
Di-jet tight s Unconv. rest low p_
e e Unconv. rest high P
Untagged 3 | Conv. central low Py
Untagged 2 Conv. central high P
Untagged 1 Conv. restlow p_
Untagged 0 B Conv. rest high p_
P 1 Conv. transition
Di-jet > —a— :
— Loose high-mass two-jet
Untagged 3 | m Tight high-mass two-jet
Untagged 2 P Low-mass two-jet
Untagged 1 B N ET™* significance |
Untagged 0| oneseston 7] ]
gg 1 1 1 1 I 1 1 1 1 I 1 1 1 I 1 1 1 1 | 1 1 1 - I I I I I I I I I
| S TN NN Y N N N [ N N T Y N N [ S O T N [ I |
-10 -5 0 5 10 0 10 20 30 40 50 60 70 80 90 100

Best Fit o/og,, signal composition (%)

* Input to coupling fit: event yields per category k (list of channels/category used in backup)
— Nk= nksignal * nkbackground

e Signal scaling factors per Production i and Decay f

k _ 1. k k k
nsigna] - Hifi,sM X Ai X gif XIHf X Bf,SM X L
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LHC Coupling Fit: statistical approach

* Use profile likelihood ratio: q(a) = =2 In

a Parameter(s) of Interest: Signal Strength, Coupl. scale factor,
Mass, ...

(@ Nuisance parameter(s): Systematics, ...

e CLintervals: Asymptotic approximation:
— 1D: 68% ¢q(a)=1 - 95% ¢(a)=3.84
— 2D:  68% q(@,a)=2.3 - 95% ((a,a)=6
— Cross checked with “pseudo-experiments”

L(data|u,0,)
L(data|f1,0)
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Evidence for different Production modes

Model independent fit to Wyge,yp/Ugginy iN different

channels (BR’s cancels out):

e ATLAS: Evidence for VBF production 3.10
e CMS: Evidence for V-boson mediated production

CMS Preliminary {s=7TeV,L<5.1f0" Vs=8TeV,L<19.6fb"

= O T rnes
£ ol —H-w
< ] — H—->Ww
N 8h — H->2Z
: - — H—vyy
7 E
61 e
5 E
ak E
3
2
i i
1 2 3 4 5
wo. . /u

5/22/13

VBF,VH ' ggH,ttH

(o))

ATLAS "“’Es‘at)) Total uncertainty
o(sys
mH = 1255 GeV O‘(thEO) + 10 + 20
+0.4 X |
H—yy BRI
+0.7 [ ;
MyBFavH =1 1+0-9 -o4 \
!vlggF+ttH *'-0.5 tgg l | | l -
s T
H-zz-—4 % [~
20 b
MyBRavH — 0.6+24 e f : f R
Hagrattr =09 tg:g \ I i //l/l/ .
+08 \
H—WW*— v %8 | :
8
MyBFavH =9 O+2.2 ' \ :
I U DOt L
Combined os| Lo
Hoyy, 222, WWH Loel 0, /0
MvBravH _ 1.4%07 - 04 \ /
Hgra 7 -05[+02| &\ 4 / ‘
O b
ls=7TeV [Ldt=4.6-4.8 fb" 0 123 45
_ /
Vs =8TeV [Ldt =207 fo" Woeravn | MogratH
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Test of W/Z coupling: A,

| 5.0NSPemy e T Ttk ieaTeu Lz toon

* Ratio is independent of assumptions | £ 45 HKV‘V’VQO” o [Zomne
N 4-0; rARNA .f --- Exp. for SM H é

onl, v 40f .

3.5F E

* Tested under different assumptions 22 ;
— More model independent: using only 20— —
“untagged” WW* and ZZ* channels 150 E

1.0F .

* CMS: ), [0.60,1.40] at 95% CL o5 -/
* ATLAS: A/, = (0.81 + 0.16) at 68% CL 0.0 ronsenste LA o

}\‘WZ (K‘f - 1)

— Assuming SM content in yy loop and OF T ias R

Combined

Compatible with SM prediction:

5/22/13

E Vs=7TeV [Ldt=4.6-48fb"
- Vs=8TeV [Ldt=20.7 fb"

using VBF+VH production
* ATLAS: A/, [0.61,1.04] at 68% CL
* CMS: A, [0.62,1.19] at 95% CL

2InAQk,,)

© o N W OO N 0 © O
TTTTT T TIT T T T T I T TTITTTTTTT A

— H-syy, ZZ*, WW*

-- SM expected

Accuracy ~20%
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6 parameters fits: K, K, K K K, K,

5 OCMS Preliminary Vs =7TeV,L=5.11" /s=8TeV,L=19.6fb" CMS Preliminary {s=7TeV,L<5.1" {s=8TeV,L=19.61" CMS Preliminary {s=7TeV,L=5.1f" (s=8TeV, L=< 19.6 b
.0y e _1 5.0 e e e rrry _1 5.0 e e e e
c 45i7KY’K9’ KV’.Kb’ Ko Ky — QObserved E c 4557KY‘KQ' Ky Ky Koy Ky — Observed é c 45;K‘I’KQ’ Ky Kpy Ky Ky — Observed E
< ----Exp.for SMH ] < - Exp.forSMH ] < f P —---Exp.for SMH |
N 4.0 - XS : - N 4.0E : g
350 : 3 355 = 3.5F / 3
3.0F ‘~ E 3.0F = 300 / =
25- ) . E 25- E 25- ;
2.0 \ = 2.0 3 2.0 ! 3
155 : E 155 3 150 L =
1.0F - 1.0 : 1.0¢ :
0.5 \ E 05— N\ = 05— \ 3
O.O:HHHH“‘ PRI 'l““‘ i Eeivs \\\"« D AN W I P :uwuuu\uwuu\Tx VAN IR N I
0 0.5 1 1.5 2 O'00 1 2 3 0'OO 0.5 1 1.5 2 2.5

KV Kb K;

CMS Preliminary {s=7TeV,L<5.1f" {s=8TeV,L<19.6fb" CMS Preliminary {s=7TeV,L<5.1fo" {s=8TeV, L<19.6fb" CMS Preliminary {s=7TeV,L<5.1fb" Vs=8TeV,L<19.6b"

| 5. P T T [ T Ty | 5. R R AR AR AR RN RRRT ) AR RRE ARR AR RS | 5. FrT T T T T O Ty
c £ Ky Kg Ky, Ky, Ko, Ky — Observed B [t EKys Kg Ky, Ky, Ko, Ky — Observed B [t EKys K Ky, Ky, Koy Ky — Observed B
= 4.5 i = — 4.5 . =l = 4.5 7!
< r ----Exp.for SMH |3 < E ----Exp.for SMH 3 < E ----Exp.for SMH 1
Al 4.0; = V] 4.0; | , = (V] 4.0; 5 -
3.5 E 35 : = 3.5 =
3.0F ] = 3.0- . = 3.0 =
255 ‘: 3 25- : - 25- =
2.00 " 3 2.0 f = 200 =
155 = 150 e 150 =
1.0 : 1.0F 1.0
051 v E 05> ‘ 3 050 =
0.0 e Nt 3 b b NA b0 s 1o b L 3

0 0.5 1 1.5 2 2.5 %% 0.5 1 1.5 2 2.5 % 1 5

KQ Ky Kt

* 6 Parameters Fit: K, K, K, K, K K, =2 Assumptions [, = 0, K= K,= K,
Compatible with SM: Accuracy 20-100%
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Higgs boson production at LHC

102 = : : —— s g Gluon-Fusion
— = 38 tH Loop — Top coupling
:é)_ C \'s=8 TeV ] % "1 (99 — H) " popmt contribution ?
~~ - — rg q
>'<" : VBF
T 10 = 33 W —_Tree level W(/Z) V coupling
| - . W. 7 (qq H)
Q N i [ A
o W, Z ./
o 1 _ ,
= 3 /v/(;\‘\
- _ q Iy —
1 : ttH Tree level top coupling
107 E B H _
- 8 Z
B g t
10 , :
Y ! ' ' q W,Z ..~ WH Tree level W coupling
80 100 200 300 400 100 > ..... <
M, [GeV] q’ N H
E_ Tree level Z coupling

* Main production mode: ggH
* Access to top (direct and Loop), W and Z couplings via production cross section
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Higgs boson production at LHC

8 TeV

M,(125 GeV)

ggH

VBF
WH
ZH

ttH

o(fb)

19.5 x 103

1.58 x 103

697

394

130

d(th);or
11%
3%
4%
5%

11%

6(th)QCD-ScaIe

8%

0.2%

0.5%

1.5%

7%

O(th)ppr.os
7%
3%
4%
4%

8%

do/0M(.5GeV)

0.8%

0.4%

1.3%

1.3%

1.9%

Cross-sections are LARGE: LHC is the first Higgs Factory = Produced H~600k/Exp.
Theory systematics more relevant for ggH and ttH - Mass dependency very weak




Higgs boson decay at LHC

M,=125 GeV
Branching ratio | Uncertainty
H — bb 577x10-1  +3.2% -3.3%
§ ——® [ WW e[ H— 1 6.32x102 +5.7% -5.7%
c - 1=
> F H— py 220x10-4 +6.0% -5.9%
s
i - - NE H— cc 2.91x102 +12.2% -12.2%
o — 77 =
@ ‘_.‘ . H— gg 8.57 x10-2 +10.2% -10.0%
(@)
s i
T : H— yy 2.28x103 +5.0% -4.9%
-2 —
107 s H— Zy 1.54x10-3 +9.0% -8.8%
’ vy 4 - H— WW 215x10-1  +4.3% -4.2%
10—3 L L L I I I I | I I L L I | | H - ZZ 2.64 X 10‘2 +4.3°/0 ‘4.20/0
100 120 140 160 180 . 200
_ n[GeVi ry [GeV] 407x10-3 +4.0% -3.9%
e Experimentally accessible:
— bb, Tt, WW*, ZZ*, vy, Zy, un Mass dependency:
* I',(125) ~4 MeV NO direct measure at LHC OBR(bb)/0.5GeV 2> 1%

SBR(WW*)/0.5 GeV = 4%
8BR(ZZ*)/0.5 GeV = 4%
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The Couplings roadmap

Test Higgs boson couplings depending on available L:
— Total signal yield u: tested at 20% (k tested at 10%)
— Couplings to Fermions and Vector Bosons 20-30%
— Loop couplings tested at 40%
— *Custodial symmetry W/Z Couplings tested at 30%
— Test Down vs Up fermion couplings
— Test Lepton vs Quark fermion couplings
— Top Yukawa direct measurement ttH: K,
— Test second generation fermion couplings: K,
— Higgs self-couplings couplings HHH: «,

*results in backup slides
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Today

7+8 TeV
~ 30 fb'!

LHC
Upgrade

14 TeV
~ 3000 fb?
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High Luminosity LHC: The timeline

2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
2022
2023

20307

g 4J B

5/22/13

N

$ LHC startup, Vs = 900 GeV

\ s=7~8 TeV, L=6x103% cm !, bunch spacing 50 ns v Done
~20-25 fb-!

Go to design energy, nominal luminosity (Phase-0)

\s=13~14 TeV, L~1x103* cm s, bunch spacing 25 ns
~75-100 fb-!

\— Injector and LHC Phase-I upgrade to full design luminosity

\ s=14 TeV, L~2x103 cm? s, bunch spacing 25 ns Approved
300 fbtat 14 TeV

HL-LHC Phase-IT upgrade, IR, crab cavities

HL-LHC:
\s=14 TeV, L=5x10%* cm? s7!, luminosity levelling 3000 fb! at 14 TeV

F. Cerutti LBNL - EPS-HEP Stockolm 2013
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High Luminosity LHC:
the detectors upgrades

* Both detectors are planning important upgrades to stand the
harsher running conditions at HL-LHC: pile-up, rates, radiation

damage
— Pile-up ~ 4-5 times more pile-up then today
* Plan: keep detector performance for main physics objects at the
same level as we have today
— Improved trigger system
— New tracking systems
— Improved forward detectors

* CRUCIAL to profit of L increase
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Signal o and Yields: HL/HE

proton - (anti)proton cross sections

10° Jam — T L S B e 10°
N SRR
e -
10 o, : : : T 10
10 F ' tHe HE J4o
Tevatron .LHC. LHC 1
10° | : = o 10°
10° | 410° 7,
S, E N
10" & < 10*
10° | , 4 10°
0, (E; > s/20)
10 g - 10°
e}
€ 10t Oy + 10’
O.
z
©

0 i .
10" o (E* > 100 GeV)

10—2 ;__ /
sE E
10 . .

'l
3
events / sec for £ = 10* cm

E t .
10° [ - ' 310°
E Ogen(M,=125 GeV) /
10° [ Swu(M,=125 GeV) : 1
10° F E IR
107 R S T S 107
0.1 1 10

Vs (TeV)
8 > 33 TeV: ggH x9.2 14 > 33 TeV: ggH-> HH x6

Process 3000 fb114Tev 300 fb133 TeV
ggH>vy 350k 123k
ggH—>4¢ 19k 6.7k
ttH>yy 42k 30k
ttH> 40w 0.2k/0.4k 0.16k/0.3k
ggH->HH->bbyy 270 160

LHC upgrades give access to rare decays
Better signal Yields at HL-LHC
BUT Pile-up and S/B better at HE-LHC




CMS: Couplings f at HL-LHC

)
('”X Higgs Projections: 300(0) fb* &%

‘--)"
CMS Projection (Prelim.) CMS Projection (Prelim.)

—T T T T 7T T 7T T —T —T T T T T T T T
Expected uncertainties on F— 300" at fs = 14 TeV Scenario 1 Expected uncertainties on — 3000 at 5= 14 TeV Scenario 1
Higgs boson couplings i 300" at f5 = 14 TeV Scenario 2 Higgs boson couplings — 3000 at 5= 14 TeV Scenario 2

-1 -1
K, bt 300 b K, |t 3000 fb
EE—— K —
Ky (4-15)% v (2-10)%
Kg —t+— Kg f—t
Kp t i Ky p—mt—
K, K
Kk I . S—
L ! L L L L | L 1 L L L . | L . i I L | L I L I Il L L I L I L
0.00 0.05 0 10 0.15 0.00 0.05 0.10 0.15 .
expected uncertainty expected uncertainty

Numbers in brackets are % uncertainties on coupling deviations for [scenario 2, scenario 1]
-1
L) | x Ky K K, K K
300 [5,7] [4, 5] [6, 8] [10, 13] [14,15] [6, 8]
3000 (2, 5] (2, 3] 3, 5] [4,7] (7, 10] (2, 5]

Goal: ultimate precision of ~5% or better

CMS Projection

Assumption NO invisible/undetectable contribution to I';;:
- Scenario 1: system./Theory err. unchanged w.r.t. current analysis (also unchanged)
- Scenario 2: systematics scaled by 1/sqgrt(L), theory errors scaled by %
v" vy loop at 2-5% level
v" down-type fermion couplings at 2-10% level
v’ direct top coupling at 7-10% level
v gg loop at 3-5% level
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ATLAS: Coupling Ratios at HL-LHC

ATLAS Preliminary (Simulation)

/s =14 TeV: [Ldt=300 fb™"; [Ldt=8000 fb
fLdt=300 fb™" extrapolated from 7+8 TeV

\\\z\\\

LT, /T E& 5 3
g H - | |
z . I

0O 02 04 06 0.8
A(FX/FY) A(KX/KY)
/T, = Ky /Ky

5/22/13

* Fit to coupling ratios:

— No assumption BSM contributions to I',

— Some theory systematics cancels in the ratios
* Loop-induced Couplings yy and gg treated as

independent parameter
K. /K, tested at 2%
— gg loop (BSM) x /i, at 7-12%
— 2"d generation ferm. K, /K, at 8%
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HL-LHC outlook

LHC 300 fbtat 14 TeV:
* Mass: <100 MeV (statistical)
* Coupling x rel. precision*
— Z,W,b, T 10-15%
- tu 3-2 0 observation
— vy and gg 5-11%

- gg “PDF” from LHC data ?

HL-LHC 3000 fbtat 14 TeV:

*  Mass: << 50 MeV (statistical)

* Couplings « rel. precision*
©Z,W,b,T,t,n 2-10%

~ vy and gg 2-5%

*Assuming sizeable (1/2) reduction of theory errors
- “QCD scale” go to Higher order QCD computation ?

Mass Measurement:
Several exp./theory challenges to reach 50 MeV (e/y/u calibration E-scale, Interference, FSR, ..)
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