First CFHEP Symposium on Circular Collider Physics

Standard Model Tests

] - Tt ey et f, p ’ 4 et . . ; > g’ e . - p : 2" B Y, » = - . : .
2 [ Py WA A > praEY ™ -7 eyl o} R ‘:.' 1 1big-Rlat ibslah M e Ny LIt & Calnde ~ = R o () fea A e b :.‘ '.';-‘- Sdap Eedice . nRant L Eler can=—rrr_Lhn 1Y ol Rt K Ad e
] . Yo - & S "V r o 5 ‘ i - () N -
N - ro :"‘- 34 y < ey yLa "';.f“ o L 14 -Q,P.",'\‘P-’ (e F oL AN M -:.V‘ ALKl o # CEEER- B r’:!" e pore ",' L s 7 ey R g e - ‘ N et s
h - e h A Ay £ g " ) ] ; Ng L ¢ A




Some recent theoretical progress in Higgs boson and top quark physics at hadron
colliders

Chong Sheng Li,1»?'* Hai Tao Li,!

and Ding Yu Shao!

arXiv: 1401.1101

1School of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China
2Center for High Energy Physics, Peking University, Beijing 100871, China

(Dated: January 9, 2014)

In this review we briefly summarize some recent theoretical progress in Higgs boson and top quark
physics, especially the fixed-order and resummation predictions in QCD at both the Tevatron and

the LHC.
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SM Physics Precision

Precision measurements

Mass: W-boson, Top-quark, Higgs-boson
Width: W-boson, Top-quark, Higgs-boson

Spin: Higgs-boson, Top-quark spin correlation
see Z.G. Si’s talk
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Untested Aspects of the SM

Higgs electroweak couplings
See Higgs Working-Group’s report

Higgs boson self-coupling

Boosted object techniques
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Top-Quark Mass vs Higgs-Boson Mass

Degrassi et al. '12
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Top-Quark Mass at ILC and TLEP

Collider | TLEP 350 | ILC 350

Total Integrated Luminosity (ab™ ") 2.6 0.35
Number of tt pairs | 1,000,000 | 100,000

= 12T T T g
% —  tt threshold - 1s mass 174 GeV .
S JL.  —TOPPIK NNLO .
S [ —IsRony 1 my = 174 GeV
o | —ILC350 BS only i
§ 0-8:_ —ILC350 BS+ISR =: Peak ~ 346 GeV
Y =
0.4 —
B 1 My = 173 GeV
0.2+ —
i ) Peak ~ 348 GeV
0 | | |34|-2I | |34|-4l | |34|.6| | 134|-81 | |35|Ol | 13é21 | 135|4| | l35l61 |

nominal cms energy [GeV]



Top Precision at ILC and TLEP

> years scan

Parameter Miop I'top Atop
TLEP 10 MeV/c? | 11 MeV | +£13%
ILC 31 MeV/c? | 34 MeV | +40%
~ u ;
3 8037 [— TLEP (Z pole)
= | | — TLEP (Direct)
% — ILC (Direct)
‘5‘580 ag5||— LHC (Future)
| |---- Tevatron
; — | = Standard Model
80.36:—
80.355 _—
8035~ ) ;
l_ 1 1 I 1 1 1 1 I‘\ 1 1 1 1 I 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 "l I 1 1 1 1 I 1

173 1735 174 1745 175
Top mass (GeV)

171.5 172 172.5



Mass Precision
Top-quark,W-boson and Higgs boson

B I | I I
~ 68% and 95% CL fit contours fitter g - experimental errors 68% CL /collider experiment:
- w/o M, and m, measurements - LEP2/Tevatron® today

E B  Present SM fit [ —— LHC
Prospects for LHC i
Bl Prospects for ILC/GigaZ

| —— ILC/GigazZ M, =1256+3.1 GeV
MSSM
Present measurement
ILC precision

My, = 1o

| SM[M,, = 125.6 +0.7 GeV VIS
SM, MSSM

Heinemeyer, Hollik, Stockinger, Weiglein, Zeune 13 ]
Ll oo b b e b b
168 170 172 174 176 178

m, [GeV]

LHC LHC | ILC/GigaZ ILC ILC TLEP | SM prediction

Vs [TeV] 14 14 0.091 0.161  0.250 | 0.161
L[] 300 3000 480 500 | 3000x4
AMy, [MeV] 8 5 2.3-29 28 | <12
Asin® 0% [107°] | 36 21 . - - 0.3




Parton Distribution
Functions
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underlying events

Hard scattering
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(from proton remnants)




Parton Distribution Functions
Groups providing NNLO PDFs based on non-LHC data

NNLO CTEQ | MRST/MSTW NNPDF ABKM/ABM HERA JR

2004 2011 2009 2011
MSTWO08/CPd NNPDF2.3  ABM11/12 HERA15

40 100 28 28

PDFs at the LHC are aiming at high accuracies and with great diversities
(NNLO in QCD + NLO in EW)

PDF uncertainties
NNLO PDF + EW correction
Variable-Flavor-Number scheme (top-quark PDF?)
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Gluon PDFs @)
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Quark - Antiquark Luminosity

Luminosities and Uncertainties for 14, |00 TeV
Normalized to NNPDF central
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Gluon - Gluon Luminosity

Gluon - Gluon Luminosity

Snowmass report:
QCD 13105180
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Standard Candle of Gluon PDF

(Higgs production + Top-pair production)
Rapidity distribution PDF benchmkaring, Gao et al, 1211.5142

Normalized to MCFM 6.0 at NLO // . Normalized to MCFM 6.0 at NLO
NNPDF2.3 NNLO NNPDF2.3 NNLO
LHC 8 TeV LHC 14 TeV
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Di-photon Production and Gluon PDF

Zhao Li

Durect yyproduction

B D W ﬂi 1 CSS gqT resummation

(b) (c —h
d m.j & m.: S ;vfn.g!rphoron
(f) (9)

38
Y %
(i)

fragmentanon

Inl <2.5
0) peoscoerooseqrovese] | T herden @ E;, > 20, 23 GeV
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Di-photon Production and Gluon PDF

14 TeV

Correlations cos(¢)

Differential x-section

versus PDF (mainly
gluon) correlation

Correlations cos(0)




Top-Quark PDFs
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Weak Couplings of 3rd Generation

Something is rotten in the 3rd generation quarks

Top charge asymmetry

at the Tevatron
see Z. G. Si’s talk

fit,, .meas

Measurement Fit AO"‘““—O ga

m,[GeV] 91.1875+0.0021 91.1874 )
[,[GeV]  2.4952+0.0023 2.4965 mm
Opy [ND]  41.540+0.037  41.481
20.767 +0.025  20.739
0.01714 £ 0.00095 0.01642

—— CDF Data, 9.4 fb™

0, = (25.3 = 6.2)x107 2 . 8 S D
— tt Prediction

ay, = (9.7 = 1.5)x1072

0.21630 + 0.00066 0.21562
0.1723 + 0.0031 0.1723
0.0992 +0.0016  0.1037
0.0707 £ 0.0035  0.0742

0.923 + 0.020 0.935
0.670 + 0.027 0.668

0.1513 + 0.0021 0.1480 1.5 2

Parton-Level IAyI

Measurement Measured Value, % Expectation [1], %
9.4 fb—1 16.4 +4.7
5.4 fb1 19.6 £ 6.5

AFB(b) at LEP Bernreuther and Z. G. Si, | 205.6580

my, [GeV]  80.425 +0.034 80.390
[y [GeV] 2.133 + 0.069 2.093
m, [GeV] 178.0+ 4.3 178.4 1




Arp(b) and R(b)

CEPC

—E€
LZbE — 4 b”)/ {QLPL + g PR} b
SWCW I T T T ! T
» PEP m LEP-I ;
~ PETRA © L3 |
1 e VENUS * ALEPH '——! :
_ o TOPAZ < OPAL x i .
R, = (Z —bb) (95)% + (g%)? _+ DELPHI 1 T
"= ['(Z — hadrons) >, [(
b 3
AFB’\/Esz Z Ay Ap
0w (3= ()
(97)? + (9R)?

Pae 20 40 60 80 100 120 140 160
+ k' \/S (GeV)

180 200

+0.992¢g% (SM),

(91 9R) = ( +1.26g% (S M))



Weak Couplings of 3rd Generation Quarks

Z I o o T dglLt/glLt % P
= t-t C O u P I n g len_?C(O)’; ;{.;C;jrd + Waulzer et al

dgRt/gRt %

-10“ % . 0 - - 20 40 60
Djouadi et al’ .
j & Hosotani et al

& 2049 carenaetal
Gherghetta et al

Berger, OHC, Low,
Phys.Rev.D80:074020(2009)
0907.2191




Z-t-t Coupling Measurements

Precision Machine

Q
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CMS, PRL 110, 172002 (2013)

o
o))

o
~

L= 5.0fb"at{s=7TeV

ttV (dilepton analysis) ttZ (trilepton analysis)

0.43 0711 (stat.) +ggj (syst)pb  0.28*)17 (stat.) +ggg (syst.) pb

NLO Calculations I
Cambell and Ellis, JHEP 07 (2012) 052
Garzelli et al., JHEP 11 (2012) 056
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W-t-b Coupling

Have we measured Wtb coupling already! No!
b

iV}bV“PL

(

W+

Vtb measurement from Top-quark decay

Br(t — Wb T,
R: ( ) iy | tb‘ 5 i H/;ﬁb|2
Br(t — Wq) Sl

Unitarity Assumption

How can one measure Vi without assuming CKM unitarity
(three generations) or the SM electroweak coupling?



Boosted Physics




Boosted Physics

New physics often occurs in the tail of high PT region.

T-prime, B-prime small

AV S
cone

W-prime, Z-prime

Heavy scalar




Higgs Self-coupling Measurement

Li Lin Yang

pr > 200 GeV

Signal X-section

—combination evidence
‘bbbt discovery

bbWW
----bbyy

V5 [TevV] 14 33 50 100

)
onro [fb]  33.9 208 446 1419
ONNLO [fb] 41.1 249 530 1672

D
O
-
©
O
=
-
Re
»n

Signal vs Background

14TeV S5 (600 fb~1) B (600 fb—1)
bbr T~ 50 104 R T

bEW_+ W= 11.2 7.4 400 600 800 1000
bbyy 6 12:5 luminosity [1/fb]




Higgs Self-coupling | |inyang

Vs =14 TeV, 0.5u) <p <2.0py, LO (MSTW2008l068cl) Vs =14TeV, 0.5y <p<2.0p,, NLO (MSTW2008nlo68cl)

e o(H) we o(H)
o(HH) x10°

o(HH) x10°

. N s ‘ . I 0.0sf ) B -
121 122 123 124 125 126 : 124 125 126 127
My (GeV) M, (GeV)

Channel  S/B (600 b~ ') ACHH/Cryg (600 b~ ACHH/Cra (3000 fb~1)

bbr T 50/104 0.400 0.279
bOW W~ 11.2/7.4 0.513 0.314
bbyy 6/12.5 0.964 0.490




Higgs Self-coupling | |inyang

Vs =14 TeV, 0.5, <u <2.0u,, LO (MSTW2008l068c|)

Vs =14TeV, 0.5u; <p <2.0py, NLO (MSTW2008nl0o68cl)
e o(H) wm o(H)
o(HH) x10°

o(HH) x10°

122 123 124 125 126 127 128 S ‘ 24 125 126 127
My (GeV) My (GeV)

14TeV ye = Yo"

Channel 600 fb~! (20) 600 fb~! (1) 3000 fb~! (20) 3000 fb~! (10) To achieve

— same sensitivity
bor T~ (0.22,4.70) (0.57,1.64) (0.42,2.13) (0.69,1.40)

bOWFTW = (0.04,4.88) (0.46,1.95) (0.36,4.56) (0.65,1.46) II_'//53: ((IS(())J'T';/\&)
bbyy (—0.56,5.48) (0.09,4.83) (0.08,4.84) (0.48,1.87) '




Higgs Self-coupling

1 1
— §MI%IH2 -+ )\HHHUH?) -+ Z)\HHHHH4

o(pp — HH + X) [fb]
My =125 GeV
Eeom 8 TeV 14 TeV 33 TeV 100 TeV
ONNLO 9.76 fb 40.2 fb 243 fb 1638 b
Scale [%] +9.0-9.8 +8.0—8.7 +7.0-7.4 +59-5.8
PDF [%)] +6.0 —6.1 +4.0—-4.0 +2.5—2.6 +2.3—2.6
PDF+as [%] +9.3 -88 +72-7.1 +6.0—6.0 +5.8 —6.0

Daniel de Florian, Javier Mazzitelli
1309.6594

Baglio, Djouadi et al,
1212.5581


http://inspirehep.net/author/profile/de%20Florian%2C%20Daniel?recid=1255445&ln=en
http://inspirehep.net/author/profile/de%20Florian%2C%20Daniel?recid=1255445&ln=en
http://inspirehep.net/author/profile/Mazzitelli%2C%20Javier?recid=1255445&ln=en
http://inspirehep.net/author/profile/Mazzitelli%2C%20Javier?recid=1255445&ln=en

Higgs Self-coupling

at the NNLL

Threshold resummation effects

Hai lao Li, Jian Wang, [HEPO7(2013) 169

Chong Sheng L,

Ding Yu Shao,

Also see 1401.1101

=33 TeV
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NLO
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Invariant Mass of Higgs-Boson Pair

NNLL+NLO
[ MAgy = -1
WA, =0
Wi, =1
W, =2

_&S(MQ) 2 a a puv
Lot == Ch(i?) G, G M I

o Qg (MQ) 2 a a pvi, 2
2amp2 )G G R

IIII|IIII|IIII|

1/6 do/dM (TeV?)

IIII|IIII|IIII|IIII|IIII|

| I 1 1 1 I I I I I I I | I I | I TR A I

300 400 500 600 700 800 900
M (GeV)

VS =14 TeV
A/ Asm NLO [fb] NLO + NNLL [fb] K-factor

+23.14+8.7 (+3.8) +9.84+12.0 (+6.0)
-1 127'9—18.8—7.7 (—3.3) 161'6—3.1—11.4 (—4.9) 1.26

+12.844.8 (+2.1) +5.446.8 (+3.3)
0 [ 2 i (—1.8) 90'0—1.7—6.4(—2.8) 1.27

+6.142.3 (+1.0) +2.64+3.3 (+1.6)
1 33'9—5.0—2.0(—0.9) 42.9 55 37 (—1.3) 1.27

4+2.941.1 (+0.5) +1.241.6 (4+0.8)
2 16.1_57 1 (—0.4) 204557 15 (—0.7) 1.27




Quartic Gauge Coupling
and




Triple Gauge Coupling

%

OWWW — TI[WM,/WVPW#]
Ow = (D, ®)"W+ (D, ®)

O — Te[W,, WYPWH
Op = (D,®)'B" (D, ®), www = T, 3

O- — (D, d TW,LLV qu) Snowmass
w = (Dp®) (D, ®) EW

Oy = T, WH o 1310.6708
Opp =®'B,,B"®

Opq = 0, (2T®) 0" (T®)
Osw = (®1®) Te[WH' W, ]
Osp = (®'®) B*B,,




Quartic Gauge Coupling

Important for testing the SM

Os.0, Os.1

Ouw0, O, 1,006 ,O0,7

Owm,2 ,Owm,3, Ona ,Ownrs

Or,0 ,01,1 ,071,2

Or5 ,0Or6 ,0O17

Ot ,Or1,9

Oro=Tr (W, WH'] x Tr [WQBWO‘B] :

Ory = Tt [Wa, WH| x Tr [W,sW*] |

Orgo =Tt [Wa,WH] x Tr [Ws, W] |

Ors = Tr[W,,WH| x BasB*"

Org = Tr [W,, W] x B,gB* ,

Or 7 ="Tr :WaMW“ﬁ: X Bg, B"" | Snowmass
Ors = By B" Bag B /3/?:708
Org9 = Ba,B"’ Bg,B"™ .







Top-Quark Rare Decay

expectations from theory current limits

Process SM 2HDM(FV) 2HDM(FC) MSSM RPV
t—Zu Tx10717 — — <1077
t—Zc 1x1074 <10°® < 10710 <1077
t—sgu 4x107H = =

5x 10712 <1074 <1078

4 x 1016 - -
t—=yc 5x10~1 <107 10—9
t—>hu 2x d 6 x 1076 -

3 x 2x 1073 1073

Process Br Limit Search Dataset Reference
10-6 t— Zq 7x 1074 CMS tt -+ Wb+ Zg — fvb + blg 19.5 fb~1, 8 TeV [130]
10078 < 5 t—Zq T73x107% ATLAStf - Wb+ Zq— fwb+£lg 211 7TeV [137]
106 t — gu 3.1x107° ATLAS gg -t - Wb 14.2 fb~1 8 TeV [131]
10-6 t—sgc 16x107* ATLAS qg —»t — Wb 14.2 fb~1 8 TeV [131]
10-9 t—yu  6.4x1073 ZEUS efp — (torf) + X 474 pb=1,300 GeV  [134]
—7vq 32x1072 CDF tf — Wb+ ~q 110 pb~1, 1.8 TeV [132]
t—>hg 83x107% ATLASt — Wb+hg—fvb+vyyg 201, 8 TeV [135]
t — hg 2.7x 1072 CMS* tf - Wb+ hqg — fvb+ £igX 51, 7TeV [136]
t — invis. 9 x 102 CDF tf — Wb 1.9 fb—1 1.96 TeV [133]

t — gec
t — yu
109
1077
109

IA A A IA A A TA A

t = he

Br Limit Search Dataset Reference
2.2 % 10~* ATLAS ti & Wb+ Zq — fvb+ £fq 300 b1, 14 TeV  [140] .
7x 103 ATLAS t — Wb+ Zq — fvb+ £6g 3000 b1, 14 TeV  [140] extr aP 0, I ations
5(2) x 1074 ILC single top, v, (0.) 500 fb~! 250 GeV  Extrap.
1.5(1.1) x 1074(=% ILC single top, 7, (0,) 500 fb~ !, 500 GeV [141]
1.6(1.7) x 1073 ILC tt, v, (0,0) 500 fb~1, 500 GeV [141]
ATLAS tt — Wb+ ~q 300 fb~1, 14 TeV [140] t- >Zq 9 Yq 9 Z C
ATLAS tt — Wb+ g 3000 fb~1, 14 TeV [140]
ILC single top 500 b1, 250 GeV  Extrap.
ILC single top 500 fb~1, 500 GeV [141] P AT A A AT AR A LA
ILC t 500 b1, 500 GeV  [141] kL ]
RTLAS g9 = € W 300 b, 11TV Extrap. | SO many possibilities for

ATLAS g9 -t — Wb 3000 fb—1, 14 TeV  Extrap.

ATLAS gg -t — Wb 300 fh‘l,l 14 TeV Extrap. the |arge Integ rated Iu ml
ATLAS qg — t — Wb 3000 fb~', 14 TeV  Extrap. and Clean enVI ron ment

LHC tt — Wb+ hg — fvb+ £gX 300 b1, 14 TeV Extrap.
LHC tt — Wb+ hg — fvb+ £6gX 3000 fb~!, 14 TeV  Extrap.
LHC tt - Wb+ hg — fvb+ yyq 300 b1, 14 TeV Extrap.
LHC tt -+ Wb+ hqg — fvb+~yyg 3000 fb~1, 14 TeV  Extrap.
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Top-Rare-decay and Direct Top-Production
® Anomalous g-gq-t FCNC coupling

K
= s Z tqgt e (fEPL+ [ Pr)aGS, + h.c.

*x NLO Kr~1.3-1.5 g%} * NLO Kr~1.2 ulc
P

% promising at the LHC t
Gao, C. S. Li, Yang, Zhang, / Zhang, C.S. Li, Gao, Zhang, Li, g
PRL 107 (2011) 092002 u/c PRL 102 (2009) 072001

—LHC 7 TeV
LHC 14 TeV
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Untested Aspects of the SM

Higgs electroweak couplings
SM Higgs!?

Higgs boson self-coupling

Boosted object techniques
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