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:KDW�LV�D 3RPHURQ "
,Q�KDGURQLF FROOLVLRQV��WKHUH�LV�D�FODVV�RI�
HYHQWV�LQ�ZKLFK�DQ�LQFLGHQW�EHDP�SDUWLFOH�
UHPDLQV�LQ�WKH�ILQDO�VWDWH�ZLWK�D�VPDOO��∆S�S�
ORVV��ZKRVH�PRVW�OLNHO\�YDOXH�LV�QHDU�]HUR��

:KHQ��DW�KLJK�HQHUJLHV��WKLV�FRUUHVSRQGV�WR�
ODUJH�HQHUJ\�WUDQVIHU�WR�WKH�RWKHU�EHDP�
SDUWLFOH��KDUG�VFDWWHULQJ�LV�REVHUYHG��H�J��
MHWV�� ,QJHOPDQ DQG�3�6���������8$���+(5$

([FKDQJHG�∆S�S�V\VWHP�LV KDUG��FRORU�VLQJOHW��
GRPLQDQWO\�JOXRQLF� 3RPHURQ
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:KDW�LV�D 3RPHURQ "

/RRN�DW�WKH�3RPHURQ�IURP�
D�SXUHO\�REVHUYDWLRQDO�SRLQW�

RI�YLHZ�DV�D�VWUXFWXUH�
FRPSRQHQW�LQ�WKH�SURWRQ
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6FDWWHULQJ�ZLWK�3RPHURQ�EHDPV

p´
p   or   γ*

Signature:  p´ seen in final state with xP > 0.97 (pure Pexchange)     

ξ = 1-xP

P ˚

No other particles seen near p´          “Rapidity Gap”

Analysis of data in pp, pp and ep interactions demonstrates
factorization between Pomeron existence and interaction.

d2σ /dξdt = FP/p(ξ,t) σPp(s´)

{p

s´  =  MX
2 = ξ s
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ξ�GHSHQGHQFH�LQ�)OX[�)DFWRU

= 1 - ξ

The most likely Pomeron
momentum fraction is near 
zero. 

The Regge-pole description of 
exchange process is: 

FP/p(ξ,t)   §�� ξ1-2α(t)

where: α(t) = 1 + ε + α´ t

At fixed-t, FP/p(ξ) §�1/ξn

Experimentally, α(t) is not a fixed Regge trajectory. ε and α´ depend on energy
in pp interactions and are different in ep interaction.   At  t=0, n = 1.06 - 1.32
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´)O\�LQ�WKH�RLQWPHQWµ

Flux Factor,  FP/p(ξ,t),  is not universal.

5HDVRQ:  Pomeron’s existence is non-perturbative. 
Multi-Pomeron-exchange effects (a.k.a. “screening”,
“shadowing”, “damping”, “absorption”) increase with 
energy and depend on particle types. Kaidalov, 
Ponomarev, Ter-Martirosyan (Sov. Jour. Nucl. Phys 
44 [1986] 468) showed that these effects are 
phenomenologically equivalent to smaller effective 
Pomeron trajectory intercept with energy. 
Let’s look at what the data say.
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6LQJOH�'LIIUDFWLYH�3DUDPHWUL]DWLRQ
7ULSOH�5HJJH�SDUDPHWUL]DWLRQ�ILWV�DOO�DYDLODEOH�VLQJOH�

GLIIUDFWLYH�GDWD�DW���,65��636��DQG�7HYDWURQ�
� 8$��� 1XFO��3K\V��%��������������
� (UKDQ�	�6FKOHLQ�����3K\V��/HWW��%����������������

� G�σ �GξGW = )P�S�ξ�W��� σPS�V·�

 ������_)��W�_� H���W��ξ���α�W��� >�V·� ���������V·������@

V��� ��0;
�  �ξ V

:RUNLQJ�DVVXPSWLRQ������σPS� OLNH�D�UHDO�SDUWLFOH�σ
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(IIHFWLYH 3RPHURQ 7UDMHFWRU\
� (IIHFWLYH�ε DQG�α· GHFUHDVH�ZLWK�V�

¥V  ������*HY α�W�  ������������W�������W�

¥V  ������*HY�����α�W�  ������������W�������W�

¥V  �����*HY�����α�W�  ������������W�������W�

� 7HYDWURQ�FRQVLVWHQW�ZLWK� ¥V  ���� *HY�
� 7UDMHFWRU\�IODWWHQV�DW�KLJK�W
� $W�¥V  ����*HY���VDPH�ε DV��IURP��WRWDO��σSS YV� V�
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8$����)ODWWHQLQJ�RI�WUDMHFWRU\

Í 6LJQDWXUH�IRU
IODWWHQLQJ�RI�WUDMHFWRU\

1R�HYLGHQFH�WKDW�GLIIUDFWLYH SHDN�GLVDSSHDUV��DV�_W_�
LQFUHDVHV��DV�ZRXOG�EH�H[SHFWHG�IRU�D�W�� ����������W

8$�����>3K\V��/HWW���%��������������@
)LWV�WR G1�Gξ DW�IL[HG�W�
)LWV�WR�d2σ /dξdt DW�636���,65

DQG���ξ���D�W���
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α�W��6XPPDU\

.H\�5HVXOWV�

� 1R�V�GHSHQGHQFH�RI�
WUDMHFWRU\�DW�KLJK�W

� ,QWHUFHSW�DQG�VORSH��
H[KLELW�V�GHSHQGHQFH�������
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α�W�� �1.035 ��0.165 W���0.06 W�

χ��')� ����

,QWHJUDO���LV��WRWDO���σGLI��

Í 7KH�GDWD�UHTXLUH�D�VPDOOHU�
LQWHUFHSW�DQG�VORSH�

Í 7UDMHFWRU\�DW�KLJK�W�
DJUHHV�ZLWK�8$��UHVXOWV�

V�GHSHQGHQW�ε IURP�ILWV�WR�Gσ�GW

636
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V�GHSHQGHQW�ε IURP�ILWV�WR Gσ�GW

α�W�� �ε ��α·�W���α·· W�

��SDUDPHWHU��ILW�
ε  ������� �����ORJ�V������
α·� ������� �����ORJ�V������
α··� ������� �����ORJ�V�����

V�GHSHQGHQW��ε VWDUWV�
ZLWKLQ�,65�UDQJH��
α�W� IODWWHQV�DW�KLJK�W�

,65
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7HYDWURQ � �����*H9 �&')��

3UHGLFW�d2σ /dξdt DW�
7HYDWURQ��XVLQJ�8$��
)OX[��)DFWRU��ZLWK�
GLIIHUHQW��LQWHUFHSWV�

&')�IXQFWLRQ�ILW�WR�
WKHLU�GDWD�DJUHHV�ZLWK�
D�ORZHU�LQWHUFHSW�
)��$EH�HW�DO���3K\V�5HY��'�
���������������
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'RXEOH�3RPHURQ�([FKDQJH���'3(�

0RQWH�&DUOR�JHQHUDWLRQ���SRLQWV�LQ���GLPHQVLRQDO�VSDFH��
ξ1��W1, φ1, ξ2�W2, φ2    DFFRUGLQJ�WR�

G�σ �Gξ1GW1Gξ2GW2  = )P�S�ξ1�W1���)P�S�ξ2�W2���σPP�V·�

� XVH�)OX[�)DFWRUV�IURP�VLQJOH�GLIIUDFWLRQ�

� RQO\�XVH�SK\VLFDO�UHJLRQ�RI��ξ1��W1, φ1, ξ2�W2, φ2 �V�!����

V’ = ξ1 ξ2  V� �0[
�V
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([SHULPHQW�8$��
,Q�DGGLWLRQ�WR�WKH�ILUVW�REVHUYDWLRQ�RI�KDUG�
GLIIUDFWLRQ��LWV�RULJLQDO�SXUSRVH����8$��DOVR�
PHDVXUHG�VLQJOH�GLIIUDFWLRQ�DQG�GRXEOH�
3RPHURQ H[FKDQJH��'3(��
$SSDUDWXV
'3(�HYHQW�VHOHFWLRQ
)LQDO�UHVXOWV�IURP�DQDO\VLV�RI�'3(�GDWD�
([WUDFWLRQ�RI 3RPHURQ�3RPHURQ WRWDO�σ
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8$�� �8$����5RPDQ�SRW�VSHFWURP�

TOF counters had pseudorapidity 2.3-4.1

R.p.R.p.

“AND” data
p and p   seen.
“OR” data
p or p  seen.
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'3(�´$1'µ����7RWDO�9LVLEOH�
(QHUJ\

9LVLEOH�(QHUJ\�
S���S���FDORULPHWU\

�E��UDSLGLW\�JDSV��

VKDGHG��WRSRORJ\�

FXWV��

�F��LQYHUVH�RUGHU���

��
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'3(�´$1'µ����(YHQW�6HOHFWLRQ

S��DQG��S��7RSRORJ\

p p

Mx

S��S���83����φ  ���R

0LQLPXP�3W�DFFHSWDQFH�
LV����*H9�F�



Peter Schlein                 SLAC           28 May, 2002       19

´$1'µ�� ´25µ���&DORULPHWHU�3W

6XPPHG�WUDQVYHUVH
PRPHQWXP�LQ�FDORULPHWHU

$1'����Σ3W� !����*H9

25�������Σ3W� !����*H9
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&DORU��,QYDULDQW�0DVV�&RUUHFWLRQ

0WUXH  ����������0REV

Using UA2 
Calorimeter MC
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0LVVLQJ�0DVV�YV��,QYDULDQW�0DVV
'3(�´$1'µ�GDWD

$YHUDJH�0LVVLQJ�0DVV�
IRU��ELQV�RI�FDORULPHWHU�
LQYDULDQW�PDVV�

([FHOOHQW�FRUUHODWLRQ��

,QYDULDQW�PDVV�UHVROXWLRQ�
LV����*H9�
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'3(�0RQWH�&DUOR�VLPXODWLRQ
(YHQWV�JHQHUDWHG�LQ���GLPHQVLRQDO�VSDFH�DFFRUGLQJ�
WR�SURGXFW�RI�WZR�)OX[�)DFWRUV����UHTXLULQJ��V·�!����
Í LPSOLHV�σPP�V·��LV�LQGHSHQGHQW�RI�V·�
&HQWUDO�V\VWHP�GHFD\�PXOWLSOLFLW\��1FK  �����0[

1XPEHU�RI�KLW�FHOOV�LQ�
FDORULPHWHU�YV��0[

'DVKHG�OLQH�LV�1� �����0[DATA
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(0�7RWDO�(QHUJ\�LQ�&DORULPHWHU

� 1πο  �����1π±

Í1R�DQRPDORXV�
EHKDYLRU

MC

'3(��´$1'µ��GDWD

Right-hand peak due to low-energy charged particles being absorbed in e.m. calorimeter
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'3(�´$1'µ�/RQJLWXGLQDO�6WUXFWXUH

FRV θ IRU��KLW�FDORULPHWHU�
FHOOV�LQ�F�P��RI�0[

� 0[ ����*H9��LVRWURSLF

� 0[�!���*H9��SRODU�
SHDNHG

MC tuned to data by selecting isotropically-generated 
events which have average cos2θ larger than 0.375



Peter Schlein                 SLAC           28 May, 2002       25

'3(�´25µ�GDWD���(YHQW�6HOHFWLRQ

$Q�DGGLWLRQDO�'3(�GDWD�VDPSOH�IURP�',)�
WULJJHU�

� 2QO\��S��25��S��GHWHFWHG�LQ�5RPDQ�SRWV�
� 8QGHWHFWHG��S��25��S��LV�SUHGRPLQDQWO\�DW�
[)  ���DQG�W� ���

� 2IIOLQH�UDSLGLW\�JDS�UHTXLUHPHQW�LQ�ERWK�
DUPV�LVRODWHV�'3(�VLJQDO
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'3(�´25µ�&DORULPHWHU�∑3ORQJLWXGLQDO

'3(�´25µ�([WUDFWHG�IURP
'LIIUDFWLYH��WULJJHU

5DSLGLW\�JDSV������� ���
',)��✘
'3( ✔

Í 5DS��JDSV�SURGXFH�
V\PPHWU\�LQ�FDORULP�

7ULJJHU�VLGH
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'3(�´25µ� YV�',)��&DORULPHWHU�
3KL

φ RI�Σ3W LQ�FDORULPHWHU�IRU�
HYHQWV�ZLWK�'2:1�S�RU�S��
'3(�KDV�UDSLGLW\�JDSV�

φ GLVWULEXWLRQ�LV�QDUURZHU�
IRU�'3(�HYHQWV�

Í HQWLUH�V\VWHP�FRQWDLQHG



Peter Schlein                 SLAC           28 May, 2002       28

;) &RPSDULVRQ
� '3(�VXSSUHVVHG�DW�[� ���

GXH�WR�XQSK\VLFDO�
UHJLRQV�LQ���GLPHQVLRQDO�
VSDFH���W��φ, ξ IRU�HDFK�

� &XUYHV�LQ��E��DUH�0&
² 'DVKHG�LV�FRQVWDQW�

33�FURVV�VHFWLRQ�
² 6ROLG�KDV�DUELWUDU\�

HQKDQFHG�ORZ�PDVV�
FURVV�VHFWLRQ�

� &RQFOXGH��DQRWKHU�
PDQLIHVWDWLRQ�RI�ORZ�P�
HQKDQFHG�FURVV�VHFWLRQ

DIF

DPE
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´$1'µ�� ´25µ�(YHQW�6DPSOH

G1���G0[

$FFHSWDQFH�LV�UDWKHU�IODW�
DV�D�IXQFWLRQ�RI�0[�

Í 3HDNLQJ�DW�ORZ�PDVV�LQ�
ERWK�´$1'µ DQG�´25µ GDWD�
LV�PRVWO\�GXH�WR�)OX[�
)DFWRUV
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'3(�´$1'µ�� ´25µ��� Gσ�G0[

|t1|, |t2| > 1 GeV2 |t1| or  |t2| > 1 GeV2

0&
σPP  �� PE
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3RPHURQ�3RPHURQ 7RWDO�6LJPD
5HG�OLQH�LV�IDFWRUL]DWLRQ�SUHGLFWLRQ��DERXW���� PE�
Í +LJK�PDVV�SRLQWV�DSSHDU�WR�DJUHH�ZLWK�SUHGLFWLRQ
Í σPP ORZ�PDVV�HQKDQFHPHQWV�LQ�ERWK�GDWD�VHWV�
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)DFWRUL]DWLRQ
� 2SWLFDO�WKHRUHP�UHODWHV�σWRWDO WR�IRUZDUG�HODVWLF�DPSOLWXGHV�

)DFWRUL]DWLRQ�SUHGLFWV�

Vertices cancel in numerator and denominator of both 
l.h.s. and r.h.s., thus verifying equality. 

σPP =
[σPp]2

σpp

Total Cross Sections
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&RQFOXVLRQV
� 'HVSLWH�SRWHQWLDO�FRPSOLFDWLRQV�IURP�PXOWL�SRPHURQ�

H[FKDQJH��5HJJH�IRUPDOLVP�GHVFULEHV�DOO�GDWD�LI�V�
GHSHQGHQW�WUDMHFWRU\�LQWHUFHSW�DQG�VORSH�DUH�XVHG�

� 7KHUH�LV�ODUJH�HQKDQFHPHQW�LQ σPP IRU 0[ ����*H9��
YHU\�SURQRXQFHG�LQ�WKH�´$1'µ�GDWD�ZLWK�∆3W� ���

� )DFWRUL]DWLRQ�SUHGLFWLRQ�DJUHHV�IRU 0[ !��� *H9�
� 5+,&�LV�LQ�D�JRRG�SRVLWLRQ�WR�VWXG\�PXOWL�SRPHURQ

HIIHFWV�DQG�WR�SHUIRUP�D�'3(�H[SHULPHQW�ZLWK�D�
KLJK�UHVROXWLRQ�FHQWUDO�GHWHFWRU�WR�ILQG�RXW�LI�8$��
ORZ�PDVV�HQKDQFHPHQW�LV�GXH�WR�JOXHEDOO�SURGXFWLRQ��
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)DFWRUL]DWLRQ�WHVW����HS�DQG�SS
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)DFWRUL]DWLRQ�WHVW� HS DQG SS
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ε GHSHQGV�RQ�4� ��=(86�H[S�



Peter Schlein                 SLAC           28 May, 2002       37

)DFWRUL]DWLRQ�WHVW���+��H[S�
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)DFWRUL]DWLRQ�WHVW���=(86�H[S�


