QCD Tools for LHC Physics: From 8 - i
to 14 TeV. What is needed and why? nggs Coupllng Measurements

November 15th, 2013 at 8 and 14 TeV
Markus Klute (MIT)
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CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC

w2010, 7 TeV, 44.2 pb ~ s 2011, 7 TeV, 6.1 M === 2012,8TeV,23.3Mm

Higgs Discovery
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Higgs production and decay

g

“0000000) ANNN\/
‘> \ 7= | mu = 125 GeV
g t W ;
TOOOOOQ XANN Decay | BR[%] | Unc.[%]
mu =125 GeV, 8 TeV bb 57.7 3.3
. Cross Unc. T 6.32 57
Process Diagram section [fb] [%]
cC 2.91 12.2
gluon-gluon | Ne
fusion | .. V 19520 15 MM 0.022 6.0
vecitror.boson o 1578 3 WW 21.5 4.3
usion —
ag 8.57 10.2
WH L 697 4 7z 2.64 4.3
ZH o | 394 5 YY 0.23 5.0
_ Zy 0.15 9.0
ttH <. 130 15 H[MeV] | 4.07 4.0

* uncertainties need improvements for future precision measurements
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Status of Higgs physics program

Markus Klute

e Ol Inclusive o) Signal Spin/
Channel Lumi Lumi Specialty sighature | Obs. (Exp.) mass [GeV] | Strength Paprity
[1/fb] [1/fb] | ) H
mass, 6.6 (4.4) 124;%_i50(fy§tat) 1.5 + 0.4 J
H=>2Z-4 |4.6+20.7|5.1+19.6 | discovery, 4 leptons
spin/parity 6.7 (7.2) 125;% -;0: (Ss)tat) 0.91+0.30-0.24 J
Ccross 3.8 (3.7) consistent | 0.99:0.31-032 |
H > WW - 212v [4.6+20.7| 4.9+419.5 | section, | 2'Ptons _
Coup'ing 4.0 (5-1) consistent 0.76 = 0.21 J
126.8 +0.2 (stat)
mass, 7443) |07 eys | 1551033028 |
H-= vy 4.8+20.7 1 5.1+19.6 | discovery, |two photons
couplings 3.2 (4.2 125-‘(1) 160(-5 (sitat) 0.76+0.28-0.26 .
+0.6 (sys
. . consistent 0.2+0.7-0.6 -
H - bb 4.7+20.3 | 5.0+19.0 C?e‘:,f‘:'iga? two b-jets _
2 1 (2_1) consistent 1.0+£04 _
. hadronic 1.1(1.7) consistent 0.8 + 0.7 -
H- T 4.9+419.4 | SOUPINGS | gy,
P leptons, MET 3 (2.6) 120+9-7 1.1+ 0.4 _




Status of Higgs studies at CMS

Fantastic progress since discovery July 2012
e Observation in three bosonic channels
e Evidence for fermion couplings
e Precision mass measurement
e Spin determined
e Looks more and more like the SM Higgs boson
e No evidence for non-SM decays

* No evidence for additional Higgs boson Discovery opened
a new era of

Higgs precision
Summary of the Higgs boson properties measurements
e Mass
e M=125.7 £ 0.3 £ 0.3 GeV
¢ 0.5% precision
e Signal strength
e u=0.80=+0.14
e Spin/CP
e JCP = 0+ (SM-like Higgs boson) preferred
e 0t (2*%) disfavored
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Status of Higgs studies at ATLAS

Fantastic progress since discovery July 2012
e Observation in three bosonic channels

e Precision mass measurement

e Spin determined

e Looks more and more like the SM Higgs boson
e No evidence for non-SM decays

* No evidence for additional Higgs boson Discovery opened
a new era of

Higgs precision
Summary of the Higgs boson properties measurements
e Mass
e M=125.5+0.2 £ 0.6 GeV
¢ 0.5% precision
e Signal strength
e u=1.30=0.20
e Spin/CP
e JCP = 0+ (SM-like Higgs boson) preferred
e 0t (2*%) disfavored
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Higgs signal strength

[ I [ [
ATLAS Preliminary

WZH - bb

\s=7TeV: [Lat = 4.7 1"

I

I I
nM =125.5 GeV

\s=8TeV: [Ldt = 131"

H- 1t
\s«7TeV: Lt « 46"
\s = 8 TeV: ILa 13tb‘

H—>WW —>Ivlv

\s=7TeV: [Lat = 461"
\s = 8TeV: |Lct w207 0"

H- vy

\s=7TeV: [Lat =48 M1"
\s = 8 TeV: ILa 20.7 b

H—>ZZ —>4I

\s=7TeV: [Lat = 46"
\s=8TeV: |Lct = 20.7 0"

Combined
\s=7TeV: Lt = 46-481"
\s=8TeV: [Ldt = 13-20.7 fb"

| | I |

w=1.30+0.20
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0 +1
Signal strength ()

H— bb
n=1.15+0.62

H-o 1t
u=1.10+0.41

H- vy
u=0.77+0.27

H—- WW
u=0.68+0.20

HoZZ
u=092+0.28

\Is=7TeV,.L<5.1fb" \s=8TeV,L<19.6 b’

CMS Preliminary m, = 125.7 GeV
P, = 0-65
-
—-—i
Lllllllill l lllll
0.5 1 2 25

Best fit o/o,,
combined: p = 0.80 = 0.14



Sensitive Higgs channels

untagged | jet-tag VBF VH ttH

H- vy used

H = WW = 2|2v

H=2Z - 4| possible

H = bb

H=TT

H-2Zy

H=pp

H = invisible

Measure rate of Higgs events with different production and decay combinations.

Cross-contamination of production and decay channels in categories.
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Sensitive Higgs channels

. . \s=7TeV,L<5.1fb" \s=8TeV,L<19.6 fb’
untagged jet-tag Comutil%éB%t 0.14 | CMS Preliminary m,=125.7 GeV
H = vy used H— bb (VH tag) | p_, =0.94
H — bb (ttH tag) k3
H = WW = 2|2v H — vy (untagged)
H— vy (VBF tag)
H=2ZZ- 4| possible H — vy (VH tag)
H— WW (0/1 jet)
H = bb H— WW (VBF tag)
H=TT H— WW (VH tag)
H— 1t (0/1 jet)
H-2Zy H — tt (VBF tag)
H— tt (VH tag)
H= p H s ZZ (01 jet)
H = invisible Hodz@pets)| ~ &
-4 2 0 2 4
Best fit o/c,,

Measure rate of Higgs events with different production and decay combinations.

Cross-contamination of production and decay channels in categories.
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Coupling “Measurements”

Investigate the consistency of the “new scalar boson” with the SM Higgs boson.

Assume the observed signal stems from one narrow resonance.
0ii - L g
I'y

Parametrize deviations w.r.t. the SM in production and decay. This implies precise

knowledge of the SM Higgs. Not considered are BSM acceptance effects.
g G

(0 -BR) (it > H— [ff) =

“0000000)
Y
g {
0000000
2 2
Kg * Ky 5 5 BRsm(H — X)
(0’ v BR) (gg —H— ’Y’Y) = USM(gg B H) . BRSM(H < YY) z g}(%{ 47 A ;h.x 1 — BRpsum
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Benchmarks fits and parameter choices

Probe interesting BSM physics scenarios directly in limited dataset

Yukawa Gauge sector
® one common scale factor sector e a
® scale vector and fermion coupling
e custodial symmetry — G Mixed
sector

® new physics in loops

- g
] . own type ‘
BSM Higgs decays Down ty; ¢g9~° .

sensitive to BSM
. L I

contributions.
Quark loop

CMS Pichmenay 7TV L<S51 M 1aeB3Tev L<1308°
> . ‘ : = - G R R PR o R R B BRI
> > _0 SM Higgs ® Fermiophobic @ Skg.onty < 2.2': ATLAS Prellmlnary + SM -
: ) 2: \s =7 TeV, ILdt 46-48fc"' * Bestfit -
E (s =8TeV, |Ldt = 13-20.7 fb" —68°/°CL ]
i 1.8L -- 95% CL T
15 E B
1.6 =
I 1.4F -
1 4 -
: 1.2\ -~
j 1 -
0.5} 0.8F =
0.6 -
OLL% EleeviPiarelar e etSrmlyicilier el TR L
0 0.9 1 1% 1.2 13 14 15 18 LI 138
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Benchmarks fits and parameter choices

ATLAS Preliminary

At 1o

+ 20

\s=7TeV, |Ldt = 4.6-4.8 fb"
\s = 8 TeV, [Ldt = 13-20.7 fb”

| [ L L ] '

1 . I LI L] [ T N |

K5 |
ol il N
X, il
Kol 1. a
| il d
1 -Bi-U Tl B O G j il O G N s W

-1

m, = 125.5 GeV
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parameter value

[s=7TeV,L<51fb ' \s=8TeV,L<19.6fb’

CMS Preliminary ¥ 68% CL
== 05% CL
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General coupling fit

Kg, Ky:
Kv.
Kt, Kbp.
K.

['tot = Y. Tii + I'psm

loop diagrams = allow potential new physics
assume custodial symmetry
up- and down-type quarks

charged leptons
total width from sum of partial widths
alternatively:

assumption here Kw, Kz < 1

\\\\\\\\\\
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BRgsm = I'sm/Tiot Kb

\\\\\\\\\

o K K X X K, o
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Is=7TeV.L<5.1f0' ys=8TeV.L<19.6 fb”

CMS Preliminary ¥ 58% CL
== 95% CL

W

K L
L - p.,=0.78

BRBSMP [ Kv <1 ] pEM = (.88

AETEREENENN Nl SN RN FEE N E NN TN NN EN I RRANANNEN

0051152253 35445 5
parameter value
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Significant progress in ttH channel in CMS

*H22YW — HIG-13-015

cho w3 HIG-13-019
\

*H=¥72Z —5 H|G-13-020

e Hww—"
g9 r o
Sensitivity approaching SM Higgs, directly to "
top Yukawa coupling
= - -1
CMS Preliminary  bbr,yy, WW,ZZ 1324 1oV & - 19,915
e R SR R ES " SO I —
vy - . — g 8= === HH(125) injected s ............. ..........
(@] : : :
o5 |- o E v — Expected = 1o ‘ | %
- ---- Expected = 20 : : :
4t . 3
(o))
3l - —a—
Same-Sign 2| R S—
Combination | U — 25 + 11 ——
sl a s a1l a sl P BTRTRT S BT TR R R SN U SN R
-10 -8 6 -4 2 0 2 4 6 8 10
Best fit o/og,, at m, = 125.7 GeV
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Potential for future LHC couplings fits

ATLAS Preliminary (Simulation)

Vs =14 TeV: [Ldt=300 fb" ; [Ldt=3000 b
']-Ldt—SOO fb! extrapolated from 7+8 TeV

| Il IO |

e

| Fon ey e o

H—>uu | |
I — pa PN, R
VBF,H—>t S

H— ZZ

VBF H— WW
H— WW
VH,H->yy
ttH,H—yy
VBF,H—>yy

H=yy (+) |
k. |

! ! !
Soa ‘ i i
::I.l l | . | l Rl l Rolandl [ A

0O 02 04 06 038

H->1y

Au

Relative uncertainty on signal rate —

Based on parametric simulation
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CMS Projection

\
Expected uncertainties on 3000 o' at {5 = 14 TeV Scenario 1
nggs boson Signal Stl'ength — 3000Mm'at (S =14 TeV Scenario 2
Hoyy }
H— WW 1 i
H-— 2Z } {
H— bb $ i
Ho1tt }
! | | | ! |
0.00 0.05 0.10 0.15
expected uncertainty
Lb )| Hoyy |  HWW|[H->ZZ|H—-bb|H=1tT|H=>2Z9 | H— inv.
300 6,12] | 16 11] [7,11] | [11,14] | [8,14] | 162 62] | 117, 28]
3000 48] | [4,7] [4,7] 1571 | (58] | [20,24] | [6,17]

Assumptions on systematic uncertainties
Scenario 1: no change
Scenario 2: A theory / 2, rest o< 1/,/L

Extrapolated from 2011/12 results
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Higgs Boson coupling fits

Kg, Ky, Kzy: loop diagrams = allow potential new physics

Kw, Kz vector bosons CMS Projection
Kt, Kb. up- and down—type quarks E);pected ur;certainties on — l3000 fo'at fs=14 TevIScenanm
Kt, Ky: Charged Ieptons Higgs boson couplings F— 3000 at §5= 14 TeV Scenaric 2
total width from sum of partial widths
K,
alternatively: Kw
Kz
I'tot = 2 Lii + 1'gsm 2
b
BRgsm = I'psm/ Ttot )
assumption here Kw, Kz < 1 o e 10_'10 0'1151
CMS Projection expected uncertainty
L (fb~1) Koy KW K7 Ko Kp Kt Kt K7y Ky
300 | [57] | [46] | [4,6] | [68] | [10,13] | [14,15] | [6,8] | [41,41] | [23
3000 | [2,5] | [2,5] | [24] | [3,5] | [47] | [710] | [25] | [10,12] |( [88]

coupling precision 2-10 %
factor of ~2 improvement from HL-LHC

Markus Klute

Snowmass Whitepaper for (MS - http://arxiv.org/abs/1307.7135
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Theoretical uncertainties

To test the importance of theoretical uncertainties we show the effect of removing
them.

Theoretical uncertainties dominated by QCD scale and PDF uncertainties. Uncertainty
on BR and acceptance uncertainties become relevant at few % precision.

Process Cross section Relative uncertainty in percent CMS Projection
b Total Scale PDF ’ | N, ' S |
(p ) —— e — Expected uncertainties on F— 3000 at 5= 14 TeV Scenari 1

Gluon fusion 49.3 "160 ‘B¢ 62 Higgs boson couplings F— 3000M" a1 5 = 14 TeV No Theary Unc

7 ; 4+2.8 4+0.7 4+2.1
VBF 4.15 “30 -04 ~2.6 4

v 177, +4.1 4+0.3 4+3.8 K. —
WH 1.474 Taia 106 T3's f A theory 0

+6.4 +2.7 +3.7 K { ' — VU,
ZH 0.863 Tk 18 37 B
K5 — rest unchanged
Channel Aa, Amy, Am, Theory Uncertainty Total Uncertainty Kg
H — vy 0% 0% 0% +1% 1% K ;
Q0F _ 1
H-o  323% *33% 0% +29 +6% b
H - T iy 82N +9% +11% Kt % |
H — gq :fi 70.1% 0% +3% 7% K. b
Hottr= 0% 0% 0% +2% +2%
H—-Ww* 0% 0% 0% +0.5% +0.5% * T—— 1 1 1 |
o 2 2t s = 0.00 0.05 0.10 0.15

H— ZZ 0% 0% 0% +0.5% +0.5%

expected uncertainty

Handbook of LHC Higgs Cross Sections: 3. Higgs Properties - http://arxiv.org/abs/1307.1347
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Comparison of ATLAS and CMS

L 1) | Exp. v | WW | ZZ bb - 7y L
300 | ATLAS | [9, 14] | [8, 13] | [6, 12] | N/a | [16, 22] | [145, 147] | [40,42]
CMS | [6,12] | [6, 11] | [7, 11] NREE 62, 62] | [40,42]
3000 | ATLAS | [4,10] | [5,9] | [4, 10] |(N/a [ F 12,15)
CMS | 4,8 | 47 | 47 | B 7 ‘m 14,20

Uncertainty on signal strength

e Ranges [x,y] are not directly comparable
e ATLAS

¢ [no theory uncertainty, Scenario 1]
e CMS
e [Scenario 2, Scenario 1]

Overall reasonable agreement, but
e ATLAS does not include H = bb mode

* CMS outperforms ATLAS H = 11 mode
* | arge differences in H = Zy mode due to photon id

Markus Klute
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Comparison with ATLAS and CMS

L (fb_ 1 ) EXp . Ky Kw WA Kg Kp Kt K+ KZ~ Ky
300 | ATLAS | [8,13] [ [6,8] | [7,8] | [8,11] | N/a | [20,22] | [13, 18] | [78, 79] | [21, 23]
CMS | [57 |[46]|[46] | [6,8 | [10.13] | [14, 15] | [6.8] | [41, 41] | [23, 23]
3000 | ATLAS | [5,9] | [4,6] | [4,6] | [5,7] € N/a b [8, 10] ([10, 15} [29, 30] | [8, 11]
CMS | [2,5] | [2,5] | [2,4] | 3,5] | &7 | [7,10] 5] | [10, 12] | [8, 8]
Large differences in fits for coupling strength
e ATLAS connects Kt with Kb to overcome H = bb mode, but H = 171
then becomes overall limitation in constraining total width.
Ky = Y KxBRsu(H — X)
X
L(fb~!) | Exp. Kg-Kz/ kH | ky/Kz | kw/Kz | Ko/Kz | Kr[Kz | Kz/Kg | Kit/Kg | Ku/Kz | Kzy/K2Z
300 | ATLA 3,6] [5,11] 4,5] N/a | [11,13] | [11,12] | [17,18] | [20,22] | [78,78]
CMS 4,6] [5,3] 47 | 8,11 | [6,9] | [6,9] | [13,14] | [22,23] | [40,42
3000 | ATLAS 2,5] [2,7] 23] N/a | [7,10] | [5,6] [6,7] [6,9] 29,30
CMS 25 251 | 23] | BSl | 24 | B35l | 68 | [7.8 | [12,12

Markus Klute
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Conclusion

¢ No significant deviation observed

¢ Measurements mostly limited by statistical
uncertainties

e Models need to be advanced

L il

100 200
uncertainties will become dominant mass (GeV)

e Theoretical (scale, as, and PDF) 2 345 10 20

e Experimental challenges due to large pileup
and detector longevity effects



