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Measurement	of	the	effec;ve	
electromagne;c	coupling	in	the	
space-like	region	with	
Bhabha	scaDering.	
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Theory	kickoff	workshop	(II)	



g-2	anomaly		
Summary	of	the	present	status	

•  E821	experiment	at	BNL:	
aμE821	=	(11659208.9	±	6.3)×10-10	[0.54	ppm]	

•  The	SM	predicbon:	
aμSM	=(11659180.2	±	4.9)×10-10	[0.42	ppm]	

•  3.5σ	discrepancy:	
	aμE821	-	aμSM		=	(28	±	8	)×10-10		

•  Significance	is	limited	by:	
–  Experimental	uncertainty:		

New	experiments	planned	at	FNAL	E989	and	J-PARC,		aiming	to	improve	
the	precision	x4.		

–  Theore;cal	uncertainty:		
Theorebcal	precision	is	limited	by	low	energy	hadronic	effects.	
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Hadronic	Leading	Order	Contribu;on	

aμHLO	=	(692.3±4.2)×10-10				

δaμHLO/aμHLO	~	0.6%	

Main	contribu;on	to	the	muon	g-2	anomaly		
due	to	non	perturba;ve	hadronic	effects		
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With	;me-like	data	

We	aim	to		
δaμHLO/aμHLO	~	0.3%	

With	the	new	approach	

hadronic	vacuum	polariza;on	



aμHLO	calcula;on	with	;me-like	data	
•  Opbcal	theorem	and	

analybcity:		

	

	
•  The	main	contribubon	is	in	the	

highly	fluctuabng	low	energy	
region.	
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Collec;on	of	many	experimental	results	

The	high-energy	tail	of	the	integral		
is	calculated	using	pQCD	
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The	elas;c	scaDering		
μ	+	e(rest)	à	μ	+	e	

Δα(t)	=Δαlep(t)	+	Δαhad(t)		

μ	 μ	

e	 e	

t=q2<0	

α(t)	through:		

Δαhad(t)	

Δαlep(t)	



aμHLO	space-like	approach		
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•  It	requires	just	the	single	process	
μ	+	e	à	μ	+	e	elas;c		
High	intensity	CERN	muon	beam	of		
Eμ	~	150	GeV	colliding	on	atomic	
electrons	at	rest.	

•  Highly	boosted	final	state:	
0	<	-	t	<	0.161	GeV2			

0	<	x	<	0.93	(peak	is	at	x	=	0.914)	
The	range	covers	87%	of	the	integral.	

•  Beyond	the	kinemabcs	limit	the	
integral	(13%)	can	be	determined	using	
pQCD	&	bme-like	data,	and/or	lalce	
QCD	results.	

The	expected	shape	of	integral	func;on	

x	



Op;mal	Muon	Beam	Momentum		

Incoming muon momentum (GeV/c)
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Frac;on	of	the	aμHLO	dispersive	integral	as	a	func;on	of	the	muon	
beam	momentum:	pμ	=	150	GeV	à	87%	of	the	integral	(0	<	x	<	93).	
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Beyond	the	kinemabcs	limit	the	integral	can	be	determined	using	pQCD	&	bme-like	data,	
and/or	lalce	QCD	results.	



Muon	beam	M2	at	CERN	
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“Forty	years	ago,	on	7	May	1977,	CERN	inaugurated	the	world’s	largest	accelerator	at	the	
bme	–	the	Super	Proton	Synchrotron”.	

Ibeam>	107	muon/s,	Eμ	=	160	GeV	



Luminosity	
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Luminosity	(II)	
Monte	Carlo	generated	events	
LO	elas;c	cross-sec;on	



Detec;on	principles	
•  We	need	to	distribute	the	low	Z	target	material	in	thin	layers.	

Each	layer	has	a	thickness	of	the	order	of	10	mm.	
•  A	detecbon	module	must	be	transparent	to	non	interacbng	

muons,	but	has	to	let	us	track	muons	while	passing	through,	
in	order	to	measure	the	muon	direcbon	at	any	stage.	

•  The	detecbon	module	where	the	interacbon	would	take	place	
must	act	as	a	standalone,	independent	detector.	
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Module	n	 Module	n+1	

Target	 Target	 Target	

μ	

μ	

e	

D=	n×d				L	=	I	D	ρ		
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μ	

e	

Detec;on	principles	(II)	
PID	capabili;es	

Module	response	



Measuring	electron	and	muon	angles	
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Target	 Silicon	s;p	detectors	

hit	resolu;on	~10	μm		

10	cm		

d μ		

e		

μ		

expected	angular	resolu;on	~	10	μm	/	0.5	m	=	0.02	mrad		

50	cm		



18	

Elas;c	scaDering	in	the	(θe	,	θμ)	plane	
Coplanarity	of	the	momentum	vectors	and	angular	kinema;cal	constraint		

e-out	

μ-out	

μ-in	θe	

θμ	

θe	à	Ee	à	t	=	q2	=	2me
2	-	2meEe	



NA7	experiment	
A	MEASUREMENT	OF	THE	SPACE-LIKE	PION	ELECTROMAGNETIC	FORM	FACTOR,		

“The	q2	variable	for	the	final	sample	was	determined	from	the	angles	alone,	up	to	the	
kinemabc	ambiguity	which	was	resolved	using	the	shower	detectors.	In	this	procedure	
the	only	rejecbon	criterion	involving	the	momenta	was	a	cut	against	electrons	of	less	
than	1	GeV/c”.	

“The	pion	form	factor	has	been	measured	in	the	space-like	q2	region		
0.014	to	0.26	(GeV/c)2	by	scaDering	300	GeV	pions	from	the	electrons	of	a	liquid	
hydrogen	target”.	

Target:	28	cm	liquid	Hydrogen	
X0	(liquid	H2)	=	890.5	cm	
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“A	frac;on	of	the	hadronic	background	was	rejected	by	requiring	
coplanarity	of	the	incident	and	scaDered	tracks”	

“The	scaDer	distribu;on	of	the	measured	polar	angles	of	the	right	
and	lex-going	par;cles	(θR,θL).	Our	es;mate	of	q2	was	made	from	the	
point	on	the	theore;cal	kinema;c	curve	nearest	to	these	angle	
coordinates”.	

NA7	experiment	
Coplanarity	Elas;c	scaDering	in	the	(θR,θL)	plane			

20	
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d	=	1	cm	
d	=	2	cm	
d	=	3	cm	

Effect	of	Mul;ple	ScaDering	(MSC)	
GEANT4,	1	GeV	electrons,	Be	target		

Ver;ces	of	the		μ	+	e	à	μ	+	e	collisions	will	be	uniformly	distributed	inside	the	
target	along	the	direcbon	of	the	beam	axis.	
The	observable	angles	(electron	and	muon	angles)	depend	therefore	on	the	
parbcles’	path	length	inside	the	material	and	on	their	energies.			
We	need	a	MSC	model	to	relate	the	observed	angles	to	the	scaFering	ones.	
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Modeling	the	MSC	

Gaussian	core,	σ	=	3.6	mrad	

GEANT4	events	

Highland	formula	(PDG)	=	3.593	mrad			
€ 
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Modeling	the	MSC	

root	[24]	hphie->Fit("gaus")	
 FCN=236.513 FROM MIGRAD    STATUS=CONVERGED      65 CALLS          66 TOTAL
                     EDM=9.91583e-08    STRATEGY= 1      ERROR MATRIX ACCURATE 
  EXT PARAMETER                                   STEP         FIRST   
  NO.   NAME      VALUE            ERROR          SIZE      DERIVATIVE 
			1		Constant					6.09655e+02			8.04895e+00			4.65925e-02		-4.73491e-05	
			2		Mean								-6.82802e-04			3.86606e-03			2.90922e-05		-4.96273e-02	
			3		Sigma								3.80668e-01			3.21060e-03			1.49209e-05			1.26108e-02	

13.6/10.*TMath::Sqrt(3./35.28)*(1. + 0.038 * TMath::Log(3./35.28)	=	
3.59440486937782688e-01		

10	GeV	
D	=	30	mm	



20	detec;on	modules	
	Beryllium	target	of	d	=	30	mm	
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electrons	angular	distribu;on	

108	events		

μ		+	e	(rest)	à	μ		+	e	

electron	angle	(mrad)	

Ee	>	500	MeV	
at	the	

generator	level		



Observable	electron	angle	

26	ScaDering		electron	angle	[mrad]	
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Observable	2D	distribu;on	
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97996290	
Signal	events	only	
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0.	<	angle_e	<	100.	mrad	
0.	<	angle_μ	<	5.	mrad	
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Observable	2D	distribu;on	

46741288	
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0.	<	angle_e	<	100.	mrad	
0.	<	angle_μ	<	5.	mrad	
Ee	>	1	GeV	
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Observable	angular	distribu;on	

46744332	
99837076	

E	>	1	GeV	

E	>	0.5	GeV	

electron	angle	(mrad)	

0.	<	angle_e	<	100.	mrad	

D	=30	mm		
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No	energy	cut	

E	>	1	GeV	

Ra;os	Beryllium	d=	30mm		

electron	angle	(mrad)	

Enhancement	



Ra;os	
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1		1.00759	
2  1.01764
3  0.999437
4		1.00531	
5  0.996328
6  1.01035
7  0.998516
8		1.00633	
9		1.00795	
10  0.994549
11		1.00478	
12		1.00082	
13		1.0053	
14		0.998777	
15		1.00503	
16		1.00232	
17		1.00762	
18		1.00529	
19		1.00248	
20		1.00979	

21		1.00321	
22		1.00402	
23		1.00218	
24		1.00136	
25		1.00983	
26		1.00531	
27		1.01385	
28		1.00673	
29		0.997822	
30		1.00677	
31		1.01088	
32		1.00544	
33		1.01321	
34		1.00858	
35		1.0079	
36		1.0104	
37		1.0089	
38		1.00614	
39		1.00501	
40		1.00742	

1  1.36456
2		1.17188	
3		1.08106	
4		1.06502	
5  1.03915
6  1.04478
7		1.02638	
8  1.03087
9  1.02947
10		1.0136	
11		1.02227	
12		1.01763	
13		1.02187	
14  1.01443
15		1.02077	
16  1.01715
17  1.02284
18		1.02102	
19  1.018
20		1.02547	

21		1.01907	
22		1.02001	
23  1.01851
24		1.01821	
25		1.0275	
26		1.02305	
27  1.0327
28  1.02592
29  1.01759
30  1.02757
31  1.03269
32		1.0279	
33  1.0367
34  1.03324
35  1.03377
36  1.03778
37  1.03779
38  1.0362
39  1.0372
40  1.04158

No	energy	cut	 E	>	1	GeV	



Elas;city	cut	
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0.95	s <	(p_e		+	p_μ)2 <	1.05	s	

(p_e		+	p_μ)2 >	0.9	s	

Gaussian	Model	



Remarks	
•  With	the	condibon	Ee	>	1GeV	the	rabo:		

	 	r	=	obs_angle_e	/	true_angle_e		
turns	out	to	be	1.	within	1%.	

•  Aiming	to	r	=	1.001:	1.	within	0.1%	we	have	to	
decrease	the	targets	thickness	or	found	selec;on	
cuts	to	define	the	elas;c	events	confidence	region.	

•  The	rabo	(efficency)	must	be	evaluated	bin	per	bin	
by	means	of	GEANT.	GEANT	has	to	be	cross	checked	
against	experimental	data:	to	be	precise	at	~	1%.	

•  The	detector	last	module	will	provide	the	reference,	
calibrabon	data.	
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Test	Beam	

•  27	Sep-3	October	2017		allocated	at	CERN	in	"H8	Beam	Line"	
•  5	Si	strips	planes:	2	before	(upstream)	and	3	azer	the	target	
•  Max	rate	10	kHz	
•  Beam	energy	in	the	range	90	-	190	GeV		

Be	or	C		target	here	

μ/e	beam	

Check	Geant4	MSC	predic;on	and	populate	the	2D	(θe	,	θμ)	scaDering	plane		
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Test	Beam	(II)	

Calorimeter	



e	

μ	

target	n	 target	n	+1	

module	n		

~	50	cm	

e	

μ	

Target		

Last	module	of	the	detector				 ECAL	 MUON	

Measure	both	angle_e	and	Ee	to	define	the	reference,	
calibra;on	curve.	Detailed	check	of	GEANT	predic;ons.	



D	=	20	mm	
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Observable	angular	distribu;on	

E	>	0.5	GeV	

0.	<	angle_e	<	100.	mrad	

D	=20	mm		

E	>	1	GeV	

99915812	
47533327	
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Ra;os	Beryllium	d=	20mm		

No	energy	cut	

E	>	1	GeV	
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1  1.19309
2		1.08886	
3		1.04524	
4  1.03398
5  1.0173
6		1.02618	
7  1.01393
8  1.01658
9  1.0194
10		1.0044	
11		1.01432	
12		1.00881	
13		1.01282	
14		1.00564	
15  1.01356
16		1.00786	
17  1.01358
18  1.01372
19		1.00975	
20		1.01411	

21		1.01225	
22		1.01173	
23		1.01013	
24		1.01071	
25  1.01855
26		1.01135	
27		1.0224	
28  1.01534
29		1.00949	
30		1.01689	
31		1.02039	
32		1.01412	
33		1.02374	
34		1.02165	
35		1.02047	
36		1.02246	
37		1.02272	
38		1.02401	
39		1.02129	
40  1.02346

41  1.02574
42		1.02706	
43  1.03396
44		1.02646	
45		1.02733	
46  1.03529
47  1.0271
48  1.03381
49  1.03274
50  1.03892
51  1.03623
52		1.02796	
53  1.03448
54		1.04138	
55  1.04564
56  1.04313
57  1.03974
58  1.03706
59  1.04133
60  1.03571

41		1.00432	
42		1.00434	
43		1.00975	
44  1.00033
45  0.999697
46		1.00499	
47  0.994047
48		0.997874	
49		0.993085	
50  0.994343
51		0.986071	
52		0.971313	
53  0.96847
54		0.964214	
55  0.952927
56		0.932623	
57  0.905642
58		0.8722	
59		0.837489	
60  0.783976

21		1.00323	
22		1.00275	
23		1.0007	
24		1.0011	
25		1.00853	
26		1.00082	
27		1.01157	
28		1.00421	
29  0.997773
30		1.00478	
31		1.00734	
32		1.00071	
33		1.00968	
34		1.00692	
35		1.00514	
36		1.00601	
37		1.00579	
38		1.0061	
39		1.00228	
40  1.00347

1		1.00096	
2		1.00889	
3		1.0004	
4  1.00391
5  0.996003
6		1.00775	
7  0.998485
8  1.00318
9		1.00748	
10		0.993426	
11		1.00464	
12		0.999535	
13		1.00403	
14		0.99684	
15		1.00504	
16  0.999135
17		1.00529	
18		1.00502	
19		1.00065	
20		1.00508	
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23068735	

E	>	0.5	GeV	

E	>	1	GeV	

99915812	

47533327	

E	>	2	GeV	

Observable	angular	distribu;on	

0.	<	angle_e	<	100.	mrad	

D	=20	mm		



bin	1	ra;o		0.996624	
bin	2	ra;o		1.0054	
bin	3	ra;o		0.998382	
bin	4	ra;o		1.00245	
bin	5	ra;o		0.994901	
bin	6	ra;o		1.00657	
bin	7	ra;o		0.997231	
bin	8	ra;o		1.00177	
bin	9	ra;o		1.00598	
bin	10	ra;o		0.99185	
bin	11	ra;o		1.00301	
bin	12	ra;o		0.997863	
bin	13	ra;o		1.00205	
bin	14	ra;o		0.994623	
bin	15	ra;o		1.00263	
bin	16	ra;o		0.996467	
bin	17	ra;o		1.00242	
bin	18	ra;o		1.00182	
bin	19	ra;o		0.997101	
bin	20	ra;o		1.00116	
bin	21	ra;o		0.998962	
bin	22	ra;o		0.997866	
bin	23	ra;o		0.995547	
bin	24	ra;o		0.995385	
bin	25	ra;o		1.00223	
bin	26	ra;o		0.993994	
bin	27	ra;o		1.00383	
bin	28	ra;o		0.995649	
bin	29	ra;o		0.988656	
bin	30	ra;o		0.994456	

bin	1	ra;o		1.00096	
bin	2	ra;o		1.00889	
bin	3	ra;o		1.0004	
bin	4	ra;o		1.00391	
bin	5	ra;o		0.996003	
bin	6	ra;o		1.00775	
bin	7	ra;o		0.998485	
bin	8	ra;o		1.00318	
bin	9	ra;o		1.00748	
bin	10	ra;o		0.993426	
bin	11	ra;o		1.00464	
bin	12	ra;o		0.999535	
bin	13	ra;o		1.00403	
bin	14	ra;o		0.99684	
bin	15	ra;o		1.00504	
bin	16	ra;o		0.999135	
bin	17	ra;o		1.00529	
bin	18	ra;o		1.00502	
bin	19	ra;o		1.00065	
bin	20	ra;o		1.00508	
bin	21	ra;o		1.00323	
bin	22	ra;o		1.00275	
bin	23	ra;o		1.0007	
bin	24	ra;o		1.0011	
bin	25	ra;o		1.00853	
bin	26	ra;o		1.00082	
bin	27	ra;o		1.01157	
bin	28	ra;o		1.00421	
bin	29	ra;o		0.997773	
bin	30	ra;o		1.00478	

bin	1	ra;o		1.19309	
bin	2	ra;o		1.08886	
bin	3	ra;o		1.04524	
bin	4	ra;o		1.03398	
bin	5	ra;o		1.0173	
bin	6	ra;o		1.02618	
bin	7	ra;o		1.01393	
bin	8	ra;o		1.01658	
bin	9	ra;o		1.0194	
bin	10	ra;o		1.0044	
bin	11	ra;o		1.01432	
bin	12	ra;o		1.00881	
bin	13	ra;o		1.01282	
bin	14	ra;o		1.00564	
bin	15	ra;o		1.01356	
bin	16	ra;o		1.00786	
bin	17	ra;o		1.01358	
bin	18	ra;o		1.01372	
bin	19	ra;o		1.00975	
bin	20	ra;o		1.01411	
bin	21	ra;o		1.01225	
bin	22	ra;o		1.01173	
bin	23	ra;o		1.01013	
bin	24	ra;o		1.01071	
bin	25	ra;o		1.01855	
bin	26	ra;o		1.01135	
bin	27	ra;o		1.0224	
bin	28	ra;o		1.01534	
bin	29	ra;o		1.00949	
bin	30	ra;o		1.01689	

2	GeV	1	GeV	0	GeV	
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D	=	5	mm	
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44	

Observable	angular	distribu;on	

E	>	0.5	GeV	

E	>	1	GeV	

D	=	5	mm		

99988629	
48747856	



E	>	1	GeV	
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Ra;os	Beryllium	d=	5	mm		
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1  1.02939
2  1.01557
3		1.0049	
4		1.00692	
5  0.999663
6		1.00873	
7  0.99971
8		1.00279	
9		1.0046	
10  0.995461
11		1.00569	
12		1.00027	
13  1.0039
14		1.00045	
15		1.00223	
16  0.999789
17		1.00436	
18  1.00325
19		1.0007	
20		1.00538	

1  0.999839
2		1.00304	
3		0.998245	
4		1.00281	
5  0.996298
6		1.00606	
7  0.997309
8		1.00078	
9  1.00302
10  0.993748
11		1.00414	
12		0.998707	
13		1.00233	
14		0.999013	
15		1.00081	
16  0.998311
17  1.00284
18  1.00173
19  0.999116
20		1.00366	

21		1.00122	
22		1.00116	
23		1.00245	
24		1.00037	
25		1.00581	
26  1.00176
27		1.0065	
28  1.00257
29  0.999569
30		1.00268	
31		1.00245	
32  1.0034
33		1.00835	
34		1.00553	
35		1.00261	
36		1.00658	
37		1.00409	
38		1.00431	
39  1.0028
40		1.00606	

21		0.999531	
22		0.999446	
23		1.00073	
24		0.998558	
25  1.00394
26  0.999656
27		1.00438	
28  1.00033
29  0.997146
30  1.00029
31  0.999884
32		1.00068	
33		1.00552	
34		1.00244	
35  0.99945
36  1.0032
37		1.00058	
38		1.00068	
39  0.998918
40  1.00186
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1		0.971294	
2		0.987654	
3		0.993379	
4		0.995923	
5  0.996633
6  0.997357
7  0.997598
8  0.99799
9  0.99843
10		0.998279	
11  0.998458
12		0.998436	
13		0.998432	
14  0.998565
15  0.998585
16  0.998522
17  0.998483
18  0.998485
19  0.998419
20		0.998289	

21		0.998316	
22		0.998291	
23		0.998284	
24		0.99819	
25  0.998139
26		0.997898	
27		0.9979	
28  0.997759
29  0.997576
30  0.997616
31  0.997438
32		0.997291	
33  0.997191
34  0.996929
35  0.996852
36  0.996639
37  0.996508
38  0.996384
39  0.99613
40  0.99583

41  0.995665
42		0.99538	
43		0.995208	
44		0.994824	
45  0.994403
46  0.994128
47  0.9936
48		0.993122	
49		0.99263	
50		0.992056	
51  0.991451
52		0.990224	
53		0.989379	
54		0.98789	
55  0.986045
56  0.983765
57  0.980368
58  0.974541
59  0.964604
60  0.946174

Ra;o	of	ra;os	Beryllium	d=	5	mm		



Conclusions	
•  Correcbons	to	the	observed	electrons’	angular	
distribubons	of	the	0.1%	level	seems	to	be	
achievable	by	using	thin	~10mm	low	Z	targets.	

•  GEANT	4	predicbons	can	be	compared	to	the	
calibrabon	module	response	(the	last	module).	
The	CM	will	provide	both	the	electron	angle	and	
energy	measurements.	

•  We	have	to	start	the	effect	of	elasbcity	selecbon	
cuts	in	terms	of	efficiency	and	rejecbon	power.	

•  We	are	working	to	build	a	prototype	of	the	
calibrabon	module	to	be	tested	next	year.	

•  Tests	of	MSC	descripbon	in	Geant4	will	come	
soon.		
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