ICTP Trieste
A First Glance Beyond the Energy Frontier

Exploring the top quark

electroweak interactions

Markus Schulze
CERN TH

cﬁw
\

NS

work with R.Rontsch, Y.Soreq;
A.Gritsan, M.Xiao (CMS)




The Tevatron Legacy

e Our understanding of the top quark as an elementary particle and
its dynamics in QCD is very solid.

 Many of its properties were established at the Tevatron.
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Early days of LHC experiments

* Results were confirmed and superseded by LHC experiments at impressive pace
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Beginning of a new era in top quark physics

e The is not only top quark factory, but it is opening the door to
a whole new process class: tt +~, tt + Z, tt + W+ tt + H

which was never observed at the Tevatron.
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Top quark electroweak couplings

* tt +~y/Z/H yield direct sensitivity to anomalous couplings + dipole moments

e Largely unconstrained from hadron experiments. Indirect: LEP, B-factories
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Top quark electroweak couplings
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Top quark electroweak couplings

* tt +~y/Z/H yield direct sensitivity to anomalous couplings + dipole moments

e Largely unconstrained from hadron experiments. Indirect: LEP, B-factories
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Top quark electroweak couplings

* tt +~y/Z/H yield direct sensitivity to anomalous couplings + dipole moments

» Largely unconstrained from hadron experiments. Indirect: LEP, B-factories
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Top dipole moments

“Pinning down electroweak dipole operators of the top quark”  [Y. Soreq, M.S.]

Eur.Phys.]. C76 (2016), 466; arXiv: 1603.08911

Study of dipole moments combining ¢¢, ¢f + v and ¢t + Z
in the final state b/v bjj (+£1¢"/~) at the 13 TeV LHC.
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http://inspirehep.net/record/1436380

Top dipole moments
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“Pinning down electroweak dipole operators of the top quark”

[Y. Soreq, M.S.]
Eur.Phys.]. C76 (2016), 466; arXiv: 1603.08911

Study of dipole moments combining ¢¢, ¢f + v and ¢t + Z
in the final state b/v bjj (+£1¢"/~) at the 13 TeV LHC.
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— Construct ratios of cross sections to cancel uncertainties and enhance sensitivity:

Ot Otttz
R = —1 Ry =

Ott Ott
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Top dipole moments

“Pinning down electroweak dipole operators of the top quark”  [Y. Soreq, M.S.]

Eur.Phys.]. C76 (2016), 466; arXiv: 1603.08911

Study of dipole moments combining ¢¢, ¢f + v and ¢t + Z
in the final state b/v bjj (+£1¢"/~) at the 13 TeV LHC.
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— Construct ratios of cross sections to cancel uncertainties and enhance sensitivity:
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Top dipole moments

Ott Otz
Ry = :Y» Rz = _
Ottt Ot

Properly cancel g?-dependent uncertainties (pdfs, alpha_s):
enhance 0y threshold: m;; > 470 GeV in R, myuy > 700 GeV in R 7.
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Top dipole moments

Ott Otz
Ry = :Y» Rz = _
Ottt Ot

Properly cancel g?-dependent uncertainties (pdfs, alpha_s):

enhance 0y threshold: m;; > 470 GeV in R, myuy > 700 GeV in R 7.

(11.5  with NNPDF3.0, i1 —0.7%
RYO « 1073 ={ 114 with CTEQ6L1 RM % 1073 = Hdpom atLO,
~ ) = . A ' '- v x0T =9 +3.1% r 1
115 with MSTWOS, 12.6 159 at NLO QCD.

(9929  with NNPDF3.0.

227 1T% at LO,
R%° x 107" =227 with CTEQS6LI, RM x 1071 = { R ' 1
2.27  with MSTWOS. 1.99) 555 at NLO QCD,
— pdf variation: — scale variation (NLO):
ratio: +1% ratio: +2-3%
cross sections: *10% cross sections: *20%

In the following we assume a theoretical uncertainty of +3%.
First measurement by CMS: R (8 TeV)=10.7 x 1077 4 6.5%(stat.) £ 25%(syst.)

stat.: sub-dominant after 250 fb-!, syst.: +23% from backgr. modeling ,,,



Top dipole moments
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Top dipole moments
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Top-Z vector/axial couplings

“Constraining couplings of the top quark to the Z boson

in ttb+Z production at the LHC*

[R.Rontsch, M.S.]

JHEP 1508(2015) 044; arXiv: 1501.05939
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Top-Z vector/axial couplings

“Constraining couplings of the top quark to the Z boson
in ttb+Z production at the LHC“ [R.Rontsch, M.S.]
JHEP 1508(2015) 044; arXiv: 1501.05939
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Differential observables resolve degeneracies
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Top-Z vector/axial couplings

LHC 13 TeV (shape+normalization)
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Top-Z vector/axial couplings

LHC 13 TeV (shape+normalization)

LO 30 b ¢ NLO 30 fb?
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LO 300 fbt . - NLO 300 fb!
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Top-Z vector/axial couplings

LO 30 fb!

LO 300 fb!

LO 3000 fb
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—————
L0, 200 fb-!

= F - - T " T T 1 T T T T T T

T T T T
NLO, 300 b

L L L
LC3, 3000 fb-!

L L
NLO, 3000 o

Ao eSS

ERTIEAT L

SOEILIES

NLO 30 fb!

NLO 300 fb'!

NLO 3000 fb!

9/14



Top-Z vector/axial couplings

LO 30 fb!

LO 300 b

LO 3000 ft

LHC 13 TeV (shape+normalization)
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Top-Z vector/axial couplings

LHC 13 TeV (shape+normalization)

—— —r— — 3

- = 1 NLO, 30 ' 1
- 1T - 1 o5

LO 30 fbt!
Future collider bounds

[Brod,Greljo,Stamou,Uttayarat]

Current measurements

Future projections
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Order of magnitute stronger bounds than direct reach with 3000/fb!
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[Ciuchini et al., arxiv:1306.4644]
[Ciuchini et al., arxiv:1306.4644]
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[LHCb, arxiv:1307.5024]
[E949, arxiv:0808.2459]
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Top-Higgs interactions



Top-Higgs interactions

“Constraining anomalous Higgs boson couplings to the heavy flavor
fermions using matrix element techniques” [Gritsan,Rontsch,Xiao,M.S.]

Phys.Rev.D; arXiv:1606.03107

mpys - . - |Rg|? B 3
LHff)= —lef (kf +1iRKfys) Yy H, fep = 2 + [Rr ¢cp = arg(ks/Ky)
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Top-Higgs interactions

“Constraining anomalous Higgs boson couplings to the heavy flavor
fermions using matrix element techniques” [Gritsan,Rontsch,Xiao,M.S.]

Phys.Rev.D; arXiv:1606.03107

mpys - . - |Rg|? B 3
LHf[) = —wa (kf +ikgys) vr H, fop = 2 2 ¢cp = arg(ky/kKy)
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Top-Higgs interactions

MELA: Use matrix element likelihood analysis to gain optimal sensitivity.

Input: 4-momenta of ttH system in its rest frame.

1
_ _ 12
P(ptin) = 2% dridzs fi(71) fo(x2) [Myzh|
i
00— — 3 00— — 3 0o— —
PO+ —|— P()— 7)0+ —|— Po— 7)0+ —|— Po—
for 0+ vs 0- for CP mixture, ¢p=0 for CP mixture, ¢p=90
i D- - f-:::: _ DEE ¢I_D _f ﬂﬂsi L] 1 L] 1 L] L] 1 L] 1 _If- |'_'|'|-_ L] 1 L] 1 1 L] 1 L] 1 __
— 04— fop =028, d=r ] : E I ]
o E “IE
; azsi
02;
ﬂ.15;
ﬂ.1;
ﬂﬂﬁz
1.3
12F
11F
iE
ﬂ'g- 08-06-0402 0 020406 08 1 -1 -08-0604-02 0 02 04 06 0@ 1

G D': P D\J:-r

Study robustness of MELA (LO ME) with events at NLO QCD.

— Discrimination power almost unaltered by virtual corrections

and additional jet emissions. 11714



Top-Higgs interactions

Realistic simulation of H—4I and H-#», including backgrounds for 300 fb-1:

SM

LRLRIRRLD RN LR LRI RRRLE LR AR AR LR L L B R B B B
ok after PYTHIA & selection -

0.081 o ]
i .«.amgﬁj .
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| O ]
| ™ — 04 4
0.02- —
I = ]
HH.h.“|nnlu.u“.d.”u.“.h“.h”.hhg
0 010203040506070809 1

D,.

— pure CP-odd Higgs can be excluded at 99.5% C.L.
50% CP-odd admixture can be excluded at the 68% C.L.
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Top-Higgs interactions

q q q q
pp — tj + H: H§ + ”-'§ G __H ( + s-channel )
] t

- t b

— Strong destr. interference between t-H and W-H diagrams
— Sensitive to the sign of the t-H coupling

— Simultaneous measurement of t-H and W-H possible
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Top-Higgs interactions

q q q q
Pp — t j + H: ”‘g + ”-"§ e———H ( + s-channel )

b - t b t

e
s

~ H

— Strong destr. interference between t-H and W-H diagrams
— Sensitive to the sign of the t-H coupling

— Simultaneous measurement of t-H and W-H possible

MELA d' 1 1 t 0.16F DU — PCH-(Q) [
1SCriminants: 014;_ Po+ (D) + Po_ (D) 0.35
F ] 0.3
012 L
C 0.25¢
0.1 C
0.08 0'2;
0.06] 0.15F
0.04?— 0.1F
0.02F 0.05[
05 0304 05 06 07 08 098 1 001

Do Dokg
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-2 AlnL

Top-Higgs interactions

pp —t 9+ H:

SM

q q q q
Hg + H-"§ e ( + s-channel )

b - t b t

~ H

s

— Strong destr. interference between t-H and W-H diagrams
— Sensitive to the sign of the t-H coupling

— Simultaneous measurement of t-H and W-H possible

3001 (13 TeV)
——

+ SM

— fp minimum

FN
T

fi

ttH is “background”, precision is driven by both tt+H and tj+H.

99.5% C.L. exclusion of pure CP-odd and negative t-H coupling possible.
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Top-Higgs interactions

q q g q

-2 AlnL

pp — 175+ H: w + WS o __n ( + s-channel )
| f
First 13 TeV constraints
[CMS PAS HIG-16-019] diagrams
upper limit on Region Observed Limit Expected Limit ible
Ve =+ Ysm Miedian +1o +20
g Stag ]_24.0 114-3 [73-6, 184.4] [52.0,295.2] T T T 1 L R B
: : 4ta 195.8 1746  [112.9,287.4] [78.8,464.4] 'ﬂ :
; % Combination 113.7 98.6 [64.0,159.2] [45.3, 254.8]
: . 3 tag 7.4 74 [49,11.6] [3.5,17.8]
- upper limiton 5 4tag 9.2 100  [65,163]  [45,263]
- Y= - YSM\%\>
- £  Combination 6.0 6.4 [4.2,101]  [3.0,15.7]
Coswol
68%CL
— U_5I i
JK JK

ttH is “background”, precision is driven by both tt+H and tj+H.
99.5% C.L. exclusion of pure CP-odd and negative t-H coupling possible.
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Summary

e For the first time, the LHC allows the study of tt + Y / A / H final states

which are direct probes of the top quark electroweak interactions.

e There is a rich interplay of anomalous terms between the associated

top pair production processes and the top decay dynamics. + B-physics.

 NLO precision significantly improves the sensitivity to anomalous interactions.

NLO QCD for production+decay dynamics is available for almost all processes.

 We studied a variety of approaches to boost sensitivity:

- Cross section ratios

- Differential analysis

- Matrix element methods
- ttbar vs. single top

 Towards the end of the 13 TeV run, these studies will fill empty gaps in our
understanding of the top quark electroweak couplings and dipole moments,

and provide a clear picture of the role tops in the electroweak model. e
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Technology

 Numerical OPP integrand reduction
* Generalized D-dimensional unitarity
— Basic ingredients are tree level amplitudes

— Rational part obtained from calculation in D=6, D=8 — D=4-2eps

ﬁ%o{(-—m IT; M;(¢;, {p}

s \}? 4 o
) J E:> ﬁ ' 1.2* DiDJ-leDz
O QA

N

-/ 11k CD.
> N 2 s
/N




Sensitivity to Q, at the LHC

» Apply cuts to suppress radiative top quark decays

mT(bly; Eill‘:-“j ~ 180 GeV. ??1Tl::f':r'.£|-rrr':'55; = 00 GeV.
160 GeV < m(bjj) < 180 GeV, 70GeV < mi(j,j) < 90 GeV

100 |

10-!

Lo [fh/GeV]

dorwg o
dpy

10-2 L

0 50 100 150 200 250 300

pr(7) [GeV] y(v)

— Significantly stronger separation power:

G.QtZ—‘i,f?»
NLO _ INLO _ 9 ggt0.05
YRDS T Q=2/3 — <°P-0.12
ONLO

But total cross section is reduced by x5.

1 30

(0] omp



Statistical Analysis

arbitr. units

e LL ratio distributions evaluated with SM and alternative hypothesis

L ———— Haw (ACTy, ACT4) = (0.8,0.36) LO — H.n fi‘nﬂ_‘l_r.ﬂ.(__‘l_;;} — (0.58,0.36) NLO
] — Hsm n

| ——— Hsu

10 —15 —-10 =5 0 ) 10 1

A
= / dA P(A[Hsm). Type-I error: prob. accepting H,,,
T even though Hgy, is correct

>0

B = / dA P(A|Har)- Type-II error: prob. accepting Hgy
A even though H_, is correct

SIUN IR




e Study projected limits from future LHC run
 Consider E_ =13 TeV and luminosities L=30, 300, 3000 fb

e Null Hypothesis = SM couplings
Alternative Hyp. = non-SM couplings

* Flat uncertainties, +30% at LO and +15% at NLO



Constraints from LHC run-Il

Weak dipole moments

10 10y
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Constraints from LHC run-Il

LO 30 fb!

LO 300 fb! s O

LO 3000 fb!  *

Weak dipole moments

= TT [T T 1T T[T H [ ':
— Lo w4 | NLO, 30 fb-!
bl Ll o b Ly Lo Lo b b oo |
T T I I B O LI L L L L i
- LO, 200 fb '-i_— NLO, 300 fb~"
5 [ L1 L1 | | d | | T IR
:l | T T | T T | T | LI T | T a | | T T | T T T 1T | T H
— LO, 3000 ! ] :_ NLO, 3000 fb—* —:
A L L | L | | L1 nll o
—0.4 —0.2 nz2 0.4 —0.4 —0 0.2 0.4

SOMED I

SOMTEDYMLATS

OUTR LTSS

NLO 30 fb!

NLO 300 fb't

NLO 3000 fb!



Constraints on dim-six operators

-0.2¢

0.1F

13TeV, NLOQCD
959% C.L. limit

- [Brod,Greljo,Stamou,Uttayarat]

Current measurements

-0.2

0.2

33
Re Cg,

0.0
E —0.1
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B B ptp EEET
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Future projections

e ]
e il "=

B B.—ptpm == K¥—=ntup
1 1 1

—0.1 0.0 0.1

:'\I_:; log(%j Clpu 33

T 0.08 +0.07
ogP 0.0016 + 0.0015

Br(Bs — p*u~) [CMS] (30%19)x 102
Br(Bs — utu~) [LHCb]  (29+17)x10-¢
Br(K+ — m+vi) (1.73+1.15) x 10-10

—0.1 0.0 0.1
2 log(M) Cipua

Order of magnitute stronger bounds than direct reach with 3000/fb!

[Ciuchini et al., arxiv:1306.4644
[Ciuchini et al., arxiv:1306.4644

]
]
[CMS, arxiv:1307.5025]
[LHCb, arxiv:1307.5024]
[E948, arxiv:0808.2459]
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Top quark properties

OnLo [Pl

u d u d
v
single top + H: H v "
v
NLO QCD b ¢ b t
(a) (b)
t T - h, X
Ly = —1y (EC&HHHQ’HH + 1SaKattGatt ﬁr"5)'r*:”‘t Xo,

[ — Y%7 - ic o o~ X
- L= V2 ""'t(("4:t""1‘1'1r+ LS aF ane -’J)L f‘XO

ttX, and t-channel tX,, atthe LHCI3

NLO inclusive cross section
gluon fusion @ SM rate (i, =1, k4, =2/3) X,

MadGraph5_aMC@NLO

30° 60° 90° 120° 150° 180°

e ttb+H cannot resolve the sign of y;

* t+qH anomalous cross section grows large



Top quark properties

» Top quark pair production yields sensitivity to chromo-magnetic/electric
dipole moments

.S L S — . Ag - Aa
H = —,uB-§ — dE-§ ﬁtg:—gﬁf“r“—f(-’” h:r“”(dL +id pAv5) — f{'—’”w ;
S S ur f
| \\\HE@:—Eg ///
EDM violate CP: . L i
T(E-§) = —E-3 complex coupling

* In the SM, dipole moments are generated radiatively

5@“;% | ~ dy ~ —0.007

MDM.:
v
w,
EDM: ~ dA ~ tlﬂy
W d SwW tr [Shabalin,Khriplovich,Czarnecki,Krause]
(1980-90)



Top quark properties

» Top quark pair production yields sensitivity to chromo-magnetic/electric
dipole moments

ﬁm::—gﬁﬁ“é—f(m ﬂﬂ”{d1+1diﬁ)k tGe

My st
\\\mﬁﬁz—ﬁg ///
E E-S

complex coupling

EDM violate CP:

 Beyond the SM, dipole moment couplings can arise already at tree level
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For A = 1TeV : dy, 4 ~ 0.05 = big]
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