TLEP:
Part of a VVision for the Future

Exploration of the 10 TeV scale
Direct (VHE-LHC) + Indirect (TLEP)
Need major effort to develop the physics case |
Work together

& John Ellis

ING'S
P Colege
e :W g LONDO




The Twin Pillars of TLEP Physics

Precision Measurements § Rare Decays o

« Springboard for Direct searches for new

sensitivity to new | physics
physics |« Many opportunities
 Theoretical issues: . 7: 1012
et bemos
— Mixed QCD + EW « W: 108
« Experimental issues « H:10°

— Patrick

t: 106
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Future Predictions from Gfltter

. Assumed Inputs

Experimental input [+10]

Parameter

Present

LHC || ILC/GigaZ

TLEP
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TLEP Measurements & New Physics

* Assumed future measurements
> Current data | before TLEP | TLEP-Z TLEP-Z (pol.) TLEP-W TLEP-t
u.(Mg} 0.1184 £ 0.0006 777
ol (M2) | 0.02750 + 0.00033 | £0.00005 (?)
Mz [GeV] 91.1875 £ 0.0021 +0.0001
m, [GeV] 173.24 0.9 +0.5 (?) +0.016
myp, [GeV] 125.6 + 0.3 +0.15 (?)
My [GeV] 80.385 £ 0.015 | +0.010 (?) +0.00064
T'w [GeV] 2.085 % 0.042 297
z [GeV] 2.4952 + 0.0023 +0.0001
[nh] 41.540 £ 0.037 297
sin E]““{Q )| 0.2324 4 0.0012 279
Prol 0.1465 % 0.0033 2?7
A 0.1513 % 0.0021 +0.000021
A 0.670 £ 0.027 777
| A 0.923 £+ 0.020 277
| A 0.0171 + 0.0010 227
i ADS 0.0707 + 0.0035 277
S Arn 0.0992 + 0.0016 279
| RO 20.767 £ 0.025 +0.001
R 0.1721 £ 0.0030 ?7?
| R} 0.21629 % 0.00066 +0.00006
| 1t
T R — O B g " Y iy R .




Theoretical Uncertanties

-

’

'f ,.' We assume that theoretical uncertainties will be ) =
reduced by calculating three-loop contributions .
of O(a*as) and O(a?).

TLEP Parametric uncertainty Theoretical uncertainty
direct Qg ﬁcrfli::j M=z My mp Total current
dMw [MeV] | £0.64 | £0.36 +0.91 £0.13 +£0.10 +0.14 +£1.00 +4
0Tz [MeV] +0.1 +0.3 +0.0 +0.0 +0.0 +0.0 +0.3 +0.5
8. Ap [1{]'5] +2.1 +1.6 +13.7 +0.6 +0.4 +0.9 4+13.9 +37.0

5sin? 0P" = 4.7 x 10~% — 1.5 x 1073

" ® Hadronic contribution to o:

5) 5 Burkhardt & Pietrzyk (I1)
At prSEﬂt.' Aahad (MZ) = 0.02750 &= 0.00033 (see also Davier et al(1 1);

Hagiwara et al(11) ; Jegerlehner(11))
measured with inclusive processes.

smaller uncertainty (~ 0.00010) if using exclusive processes with pQCD, etc.

B assume 5(Aa'?,(M2)) ~ 0.00005 from low-en piigeeXp’s

Mishima




Sensitivity to New Physics

Oblique Parameters
(vacuum polarizations)

(el —sH)U

dMwpy, 6Ty o< —S + 2¢c%, T A >
Sw

6Tz o —10(3 — 8s3,,) S + (63 — 12653, — 40sy,,) T

others oc S — 4&%1;32 T

Expect U <<S, T

Will need effort to reduce theoretical uncertainties to
realize sensitivities < 102 e
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Sensitivity to Oblique Parameters

05 ~ T X 1073, 6T ~ 4 x 103

SM scenario Contributions to fit
 0.04
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Sensitivity to New Physics
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* Higher-dimensional operators induced by high-E physics
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Sensitivity to New Physics

* Sensitivity to coefficients of possible higher-
7 dimensional operators induced by high-E physics [*

(in TeV units)
at present TLEP-Z TLEP-Z (pol.) TLEP-W TLEP-t
Coefficient C,' = -1 C; =1 C,' = =1 Ct' =1 C,' = =1 Ct' =1 C,' = -1 C; =1 C,' = —1 Cg =1
Cwgs 12.0 12.0 15.2 15.2 31.3 31.1 31.3 31.5 38.3 38.9
Cr 7.4 7.4 13.6 13.6 13.9 13.7 14.0 14.1 27.9 27.8
CLr 8.1 8.1 19.3 19.3 19.9 19.9 25.4 25.5 27.6 27.7
CuL 10.9 10.9 21.2 21.1 25.9 25.7 25.8 25.8 31.2 30.9
C}-IQ 0.0 0.1 19.5 19.3 19.5 19.4 19.4 19.2 19.6 19.6
CHL 10.4 10.4 21.5 21.5 21.5 21.9 28.6 28.5 28.3 28.4
Cuaq 5.4 5.5 14.9 14.9 15.0 14.9 15.1 15.0 15.0 15.0
CuE 8.9 8.9 22.2 22.2 30.2 30.0 30.1 30.3 31.2 31.2
Cru 3.7 3.7 8.0 8.0 8.1 8.1 8.1 8.1 8.3 8.3
Cup 3.2 3.2 7.1 7.0 7.1 7.1 7.0 7.1 7.1 7.1

|* Substantial improvement in sensitivity

|
Sk T A | T ———

* Reach well into multi-TeV range
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(Mainly) QCD Uncertainties

« I'y:Higgs WG: A", = +5% should be 1.7%
— Higher-order QCD 0.25%
— m,, uncertainty overstated by factor 4
— Error could be reduced by running SuperKEK-B above Y
— 5-loop running underway
— Need Inputs from LE: m,, m, agy, 0
— 0.3% possible
« My
— 4- Ioop uncertainty of 2.1 MeV msufﬁment use I\/IS m;
— Could do 4-loop mixed EW/QCD
e m
— calculation of o at NNNLO underway o




(Mainly) QCD Uncertainties

— A(non-singlet) =101 KeV ~ \_ %/ "2 N[

— A(singlet) V (3g) = 2.7 KeV, A (2g) =42 KeV

— Difficult to do next order Zo & A | g
. T, v v

— Correction @ Ggmz2a? = 0.1 MeV

— Smaller corrections if use MSbar m,, but need to know 4-loop
conversion (underway)

— Not well-defined at higher order: bbcc final states!

b ¢ c
I ' . 5000 G
® W . AV ¢ + vy
b c

— Mixed EW/QCD calculated @ 2-loop: — 0.55 MeV
— 3-loop ayy0,° difficult but feasible




WW Production at Threshold

* Aim at Amy, <1 MeV: need Ac <<0.1%

e Current Amy, <4 MeV
— Should make off-shell treatment: -

— 4-fermion production known @ NLO and leading
NNLO

— Threshold corrections included e
— Need more understanding of ISR ./ -

— NNLO EW calculation of on-shell WW Wlthln reach
— Sufficient for Amy, <1 MeV

— NNLO off-shell calculation beyond current reach

R .

L




High-Energy Measurements of o,

TLEP study quotes Ao, =0.0002 from Z decays
based on NNNLO calculation

W decays could yield Aa,= 0.00015?
Important CKM uncertainty, mainly due to AV
— Assume unitarity? Measure V  better?

Possible strategy: Use Z value @ W to measure
V, use @ t to constrain non-perturbative effects

Need to study uncertainty In running ‘

5 . = Yy w
“‘- ':ji ". " .
L : >

S



Measurement of o, 1n T
Decays

LEP data still dominate t analyses
— Systematic uncertainties at B factories

0.5 f L

Ol.-"-.- | I i

ALEPH
« T =V O8]
_1_[|
w3n’, 2nn'n’, (6n)
Wi, e, (KK-bar(x))
— QCD prediction
----- parton mode

0 0.5

1 15 2 25 3 35

s (Gevd)

Assume charged-current universality OK, but check

W to wv/uv

QCD predicts moments of spectral function
— Expect small non-perturbative piece, can be fitted from data |

2 ways of summing QCD give estimate of error:

ay(m,) = 0.339 vs 0.318, a,(m;) = 0.1210 vs 0.1198 |

Uncertainty due to running: c threshold!

ricn el
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Possible Future Higgs Measurements

Fucility ILC ILC(LumiUp)  TLYP (4 IP) CLIC
/5 (GeV) 250 500 1000 250/500/1000 240 | 350 350 1400 3000
[ £dt () 250 +500 41000 11504160042500¢ 10000| +2600 | 500 41500 42000 |
P(e~,et)  (-08,403) [—08,+03)] (~0.8,40.2) (same) (0,0 (0,00 |(-08,0) (-08,0) (-0.8,0)
T 12% 5.0% 1.6% 2.5% 19%| 10% | 2% s5%  84%
iy 18% 8.4% 1.0% 2.4% 17%|  15% - 5.9%  <5.9%
g 6.4% 2.3% 1.6% 0.9% 11%| 08% | 41%  23%  22%
R 19% 1.2% 1.2% 0.6% 0857 019% | 26% @ 21%  21%
iz 1.3% 1.0% 1.0% 0.5% 0167 015% | 21% @ 21%  21%
Ku 1% 91% 16% 10% 6.4%| 6.2% — 1%  56%
fir 5.8% 24% 1.8% 1.0% 0.04% 054% | 40%  25%  <25%
fie 6.8% 2.8% 1.8% 11% 10%| 071% | 38% @ 24%  22%
b 5.3% 1.7% 1.3% 0.8% 0887 042% | 28% @ 22%  21%
e - 14% 3.2% 2.0% - | 13% - 45%  <A5%
0.9% < 0.9% < 0.9% 0.4% 0.19%] <0.19%

Interpretation?

> i —

=

B

|+ Theoretical uncertainties and new physics interpretations

T Vg



Possible Future Higgs Measurements
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H Coupling Measurements @ TLEP

M =246.0 = 0.8 GeV, €= O.OOOOT0-0015_0.0010

10°} .

2(1+€)
B mf 1+ o mv
o= V() - Z(MHEE)

. WZ t

10! 102
m [GeV] JE & Tevong You




. Global Analysis of Higgs @ TLEP

« One-dimensional y? for M, ¢ l

iz

Coupling-Mass Proportionality marg. « Coupling-Mass Proportionality marg. M

94'0 242 244 246 248 250 !Dl 0 —0.005 0.000 0.005 0.010

M [GeV] €

| M =246.0 + 0.8 GeV, & =o.oooo+0-0015_0_001‘




.
Rare Leptonic Z Decays? ﬁ

 Upper limits from flavour-changing neutral

currents (FCNC)
* Current and future < BR(u—eee)kl10*®

bounds on LFV pand , BR(t—uuu)<2 108 (10°)
T decays:
* BR(t—eee)3 108 (10°)
* These bounds imply: « BR(Z

N R ST T W e

. B

7

- - [ .")'?.?’215.,‘ i1 FF GG Y
5% \Eﬂ/; 1‘*«"’ il A R AR




!l Rare Hadronic Z Decays?

 Upper limits from flavour-changing neutral
currents (FCNC)
* From present expts in B physics one gets

Ubsl <~4 10* and |U| <~ 104 Burasetal

BR(Z—bd) <~ 10, BR(Z—bs) <~ 2 108

* How far can TLEP go? How will b id perform'> s
e From D mixing one gets |U | < ~2 103 5

, B (Zecu) N 5 10 > Opportunities

. T, 3 —"-n
R - ; b e

PRV TR S ¢ |

r"‘,¢ ’-'),:”w“?'.-;s: "r v|':'.'/’.l“ \‘[\"I‘ |

BTN O

-



Rare Higgs Decays?

* Upper limits from FCNC, EDMs, ...

|* Quark FCNC bounds exclude observability of
quark-flavour-violating h decays

|+ Lepton-flavour-violating h decays could be large: -
| BR(tp) or BR(te) could be O(10)% "
BR(ue) mustbe <2 X 10> |

N5 ')-«“".‘ p

~ Blankenburg, JE, Isidori: arXiv:1202.5704

= - = ol
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Constraints on quark-
flavour-changing
couplings from FCNC

Constraints on lepton-
flavour-changing
couplings

Operator Eff. couplings 95% C.L. Bound Observables Operator Eff. couplings Bound Constraint
Jeot] | [Tm(cetr)| (Arer)(@rar), (prer)(@ar) | el lceul® |30 x 1075 | B, . (Ti) <43 x 1022
Grdi)ede) | e ciy | LIXA0TO Y ALAOTR ] Am ek ) Guppig), () (izmr) | e Jur | 20 x 1070 | T(r — uipr) < 20 x 10
(5rdr)?, (5rdR) s Cod 2.2 x 10__9 0.8 x 10:10 _ (trer)(iLpr), (Trer)(irpr) | lerel’, leerl® | 48 x 107" | T(r — efip) < 2.7 x 10°°
| ) e, 0007 L0 Amilafpl g o 08 % 107 | Tr  ee) < L x 108
Crul, @uR)’| Go oo L 10_ 25 % 10_ (Trer)(Brer), (Trer)(irer) | |cbuct|, lctucrel
deL )(brdR) Chd 0.9x 1078 | 2.7 x107° | Amp,; Sp,suk ES e W= E— £ |' | £ 10X 10 | T0 S o) < L7 X 10
(brdp)?, (brdr)? | %, ¢ | 1.0x 1078 | 3.0 x 1072 RILICLIR), ATL RIVCLIR) | e Cyr o [CepCrpel ) 2 TTrERR) <
; on SL)(bLSR) . 20 %107 | 2.0 x 107 Ams, (TrRpp)(€rpr), (7L pr)(Erpr) | |cheCrl, |Checryl
I (br51)” (brsr)® U Cho 22x 1077 | 221077 Eff. couplings Bound Constraint
i Eff. couplngs Bound Constramt [cererel - (lceucel) LLx 10_2 (1.8x 10_1) [me| < me 12
: |csb| | |q,5|2 50 % 10-5 B(Bs —}-p"'p_) —14x 105 |Re(cercre)|  (|Re(cepcue)|) | 0.8 x 10_ (1.4 x 10_ ) |6ae| < 6 x 1_0
[Tm(cerere)]  (ITm(eepcpe)]) | 1.1 x 1077 (1.9 x 1079) | |de| < 1.6 x 10727 ecm
2 |Cdb|2 lepa? | 1.3 x 107° | B(Bg — ptp~ ) <32x107* leyreral 9 |6m,| < my,
P & |Re(curery)| 2 x 1072 |6a.| < 4 x 1079
[Tm(eyrer,)| 8 |dy| < 1.2 x 1071 ecm
[cercrpl, |erecur] 2.4 x 1078 B — ey) < 2.4 x 10712
leprl?, |eral? 6.6 x 101 B(r — py) < 4.4 x 1078
leer |2, 5.2 4.7 x 107 B(r — ey) < 3.3 x 1073




Neutrino Counting?

Z line shape

e

Jarlskog’s theorem

T heorem.

In the standard model, with »n left-handed lepton
doublcts and & - n night-handed neutrinos, the effec-
{ive number of neutrinos, ¢ # %, defined by

f'(Z-neutrinos)=<ndiy,

where [, 158 the standard width for one massless neu-
irino, satisfies the inequality




“Neutrino Counting”

On Z peak: 'y '=2.984 +0.008

Error AN, dominated by AL, theory dommated
Bhabha uncertainty £ 0.0046

Building blocks available to bring perturbative
error < 0.1%

Radiative return: N, =2.92 = 0.05
EW corrections!
Useful to study WWy vertex: EW NLO




Direct Searches for New Particles?

* Best chance may be pair-production of dark

SM

T il
e By G|

=y 80 100




Impact of Higgs Measurements

Best ‘Fit Predi;tions

|+ Predictions of current best fits | == | |
in simple SUSY models

. . . h—Z7}
e Current uncertainties in SM

x
calculations [LHC Higgs WG]  #-ww| ;: f

* Comparisons with hrgg
~ LHC i
o Supersymmetric
- HL-LHC A model fits
B L HC
- ILC = :—tLC—LHC
B TLEP
1 SMunc. Higgs WG

'« Don’t decide before LHC 13/4  (BR-BRy)/BRo(T) L
T i Z 5 ’ W s,

&3 e e .':-w"'
Ol ' - o . Y TR Sl T o TP



cf, LEP and LHC

o “Those who don't know history are doomed
to repeat it...”

— Edmund Burke
o “... and maybe also those who do.”
» LEP: Precisggn Z studies, W+W-,
search for lgiggs, anything else
|+ LHC: search fgr Higgs, anything else
* Do not decide anything until LHC 13/4 :

anamaih o




